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PREFACE

T he use of dietary supplements continues to increase worldwide. In the US, sales of dietary supplement is
reaching $30 billion per year, but their use transcend cultural barriers, and dietary supplement products

now can be found virtually anywhere in the world.
One reason for the widespread use of dietary supplements is the increasing concern in the general

population about diet-related chronic diseases, such as diabetes, arthritis, and cardiovascular diseases. In
addition, limited access to preventive health care (particularly in the US) may encourage people to self-
medicate, as a means to reduce any perceived risk of disease. Claims on the curative properties of dietary
supplements abound, many times based on individual testimonials or unsubstantiated data. Still, most health
practitioners are likely to confront the decision of whether to recommend (or to allow) a nutritional
supplement, based on their own experience and on the best scientific evidence available.

This compilation of articles from the acclaimed EHN focuses on nutritional supplements1. These include
the traditional, well-known substances such as vitamins and major minerals, present in most diets consumed
by humans. They also include other food constituents such as certain fatty acids and amino acids, fiber,
carotenoids, and other compounds. Some of these may not have a defined nutritional role, but do affect
health by their involvement in specific physiological functions. In addition, several chapters describe key
biological mechanisms related to dietary supplement effects, such as cellular antioxidant activity.

We trust that the scientific information provided in this compilation will assist the health care professional
and the educated consumer in making reasonable choices when dealing with the sometimes limited evidence
on supplements’ effects. We also hope that this book will provide a scientific basis for assessing the validity of
claims and indications of the ever increasing number of supplements that are coming into the market.

Benjamin Caballero
Johns Hopkins University, Maryland USA

1 The other group of supplements would include botanicals, extracts from animal tissues, and other compounds not commonly present in

human diets.
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A
AMINO ACIDS

Specific Functions

M C G van de Poll, Y C Luiking, C H C Dejong and
P B Soeters, University Hospital Maastricht,
Maastricht, The Netherlands

ª 2009 Elsevier Ltd. All rights reserved.

Introduction

Apart from being the building blocks of proteins,
many amino acids are indispensable for certain
vital functions or have specific functions of their
own. They can function as neurotransmitters, as
precursors for neurotransmitters and other impor-
tant metabolites, including crucial oligo- and poly-
peptides, as a stimulus for hormonal release, and in
inter-organ nitrogen transport and nitrogen excre-
tion. Consequently, manipulation of free amino
acid levels by dietary or topical supplementation
may support and modulate these specific functions.

Amino Acid Flux, Concentration, and
Function

Many amino acids have specific functions or support
specific functions by serving as precursors or sub-
strates for reactions in which vital end products are
produced. The availability of amino acids to serve
these purposes is determined by the rate at which
they are released into the plasma and other pools in
which these reactions take place, as well as by the
rate of disappearance through excretion, protein
synthesis, or conversion to other amino acids. The
rate of this release, referred to as amino acid flux, is
determined by the breakdown of (dietary) proteins
or the conversion from other amino acids. Increased
demand for one or more amino acids generally leads
to an increased flux of the required amino acids
across specific organs. Since it is the flux of an
amino acid that determines its availability for meta-
bolic processes, the flux is far more important for
maintenance of specific functions than the plasma
concentration. In fact it is striking that fluxes of

some amino acids can double without significantly
affecting plasma levels despite the fact that the
plasma pool may be quantitatively negligible com-
pared to the flux per hour. Plasma amino acid con-
centrations must therefore be subject to strong
regulatory mechanisms. Increased demand and utili-
zation of a specific amino acid may lead to decreased
plasma and tissue concentrations, which may act as a
signal to increase flux. Thus, a low plasma concentra-
tion in itself does not necessarily imply that the supply
of the amino acid in question is inadequate, but it
may indicate that there is increased turnover of the
amino acid and that deficiencies may result when
dietary or endogenous supply is inadequate. Other
factors determining amino acid concentration are
induction of enzymes and stimulation or blocking of
specific amino acid transporters affecting the
exchange and distribution of amino acids between
different compartments. The regulation of plasma
and tissue concentrations of specific amino acids
may also be executed by the fact that release of the
amino acid by an organ (e.g., muscle) and the uptake
of that amino acid by another organ (e.g., liver) are
subject to a highly integrated network including the
action of cytokines and other hormones.

By repeated conversion of one amino acid to
another, metabolic pathways arise by which (part
of) the carbon backbone of a single amino acid can
pass through a succession of different amino acids.
Because of this interconvertibility, groups of amino
acids rather than one specific amino acid contribute
to specific functions. Apart from the rate at which
these amino acids interconvert, the rate at which
they gain access to the tissue where the specific end
products exert their functions is also an important
determinant of deficiencies of amino acids.

Amino acid Deficiencies and
Supplementation

In many diseases and during undernutrition dimin-
ished turnover of amino acids can occur. These defi-
ciencies may concern specific amino acids in certain



diseases or a more generalized amino acid defi-
ciency. The resulting functional deficits can contri-
bute to the symptoms, severity, and progress of the
disease. In some instances these deficits can be coun-
teracted by simple supplementation of the deficient
amino acids. Amino acid supplementation is also
applied to enhance turnover and improve amino
acid function in nondeficient patients. However,
amino acid supplementation in nondeficient states
does not necessarily lead to an increased function
since the organism utilizes what is programed by
regulating hormones and cytokines. An additional
factor to consider is that metabolic processes can
be subject to counter-regulatory feedback mechan-
isms. Some important metabolic processes served by
a specific amino acid require only a marginal part of
the total flux of that amino acid. The question may
be raised whether true shortages may arise in such
pathways, and supplemented amino acids may be
disposed of in pathways other than those serving to
improve a specific function.

Assessment of Amino Acid Function

The effectiveness of amino acid supplementation,
particularly with respect to clinical effectiveness,
can be assessed at four levels. First, the interven-
tion should lead to an increased local or systemic
concentration of the amino acid in question. The
conversion of amino acids in (interorgan) meta-
bolic pathways can lead to an increase in the levels
of amino acids other than the one supplemented,
increasing or mediating its functionality. Alterna-
tively, supplementation of one amino acid may
decrease the uptake of other amino acids because
they compete for a common transporter. Second,
the metabolic process for which the supplemented
amino acid forms the substrate should be stimu-
lated or upregulated by this increased amino acid
availability. Third, this enhanced metabolic activ-
ity must lead to physiological changes. Fourth,
these changes must be clinically effective in a
desirable fashion.

Table 1 Specific functions of amino acids and their intermediate products

Amino acid Intermediate products Function Supplementation efficacy

Alanine Pyruvate Gluconeogenesis Data too limited

Nitrogen transport

Arginine Nitric oxide Vasodilation Positive effects of arginine-containing

immunonutrition on morbidity in surgical

and trauma patients suggested; further

research required

Immunomodulation

Neurotransmission

Urea Ammonia detoxification

Creatine Muscle constituent/fuel

Agmatine Cell signaling

Ornithine precursor

Citrulline Arginine production

Ornithine Polyamines Cell differentiation Improves healing of burns (ornithine �-

ketoglutarate)

Proline precursor

Proline Hydroxyproline Hepatocyte DNA, protein synthesis

Collagen synthesis

Asparagine Aspartic acid precursor (Asparaginase-induced asparagine

depletion is therapeutic in leukemia)

Aspartic acid Oxaloacetate, fumarate Gluconeogenesis

Methionine Cysteine precursor

Creatine (see arginine)

Cysteine

(Cystine)

Glutathione Antioxidant Improves antioxidant status in

undernutrition, inflammatory diseases

Taurine Bile acid conjugation, neuronal cell

development, regulation of

membrane potential, calcium transport,

antioxidant

Reduces contrast-induced nephropathy in

renal failure

Mucolysis, symptom reduction in COPD

Hepatoprotective in acetaminophen

intoxication

Glutamic acid Glutamine Ammonia disposal

�-ketoglutarate Gluconeogenesis

Glutathione Antioxidant

�-aminobutyric acid Inhibition CNS

Excitation CNS (NMDA receptor)

2 AMINO ACIDS/Specific Functions



Alanine

Alanine and glutamine are the principal amino acid
substrates for hepatic gluconeogenesis and ureagen-
esis. Alanine is produced in peripheral tissues in
transamination processes with glutamate, branched
chain amino acids, and other amino acids; following
its release in the systemic circulation, alanine is pre-
dominantly taken up by the liver and to a lesser

extent by the kidney. Here, alanine can be deami-
nated to yield pyruvate and an amino group, which
can be used for transamination processes, ureagen-
esis, or can be excreted in urine. Thus, the alanine
released from peripheral tissues may be converted to
glucose in the liver or kidney and eventually become
a substrate for peripheral (mainly muscular) glyco-
lysis. This so-called glucose-alanine cycle may be

Glutamine Ammonia Inter-organ nitrogen transport Reduces infectious morbidity in trauma

patients, burn patients, and surgical

patientsRenal HCO3
� production

Purines, pyrimidines RNA synthesis, DNA synthesis

Glutamic acid precursor

Glycine Inhibition CNS (glycine receptor) Adjuvant to antipsychotics, probably

reduces negative symptoms of

schizophrenia

Excitation CNS (NMDA receptor)

Glutathione Antioxidant

Creatine (see arginine)

Serine precursor

Serine D-serine Excitation CNS (NMDA receptor) Adjuvant to antipsychotics, probably

reduces negative symptoms of

schizophrenia

Glycine precursor

Cysteine precursor

Threonine Glycine Brain development

Serine

Histidine Histamine Immunomodulation

Gastric acid secretion

Lysine Carnitine Mitochondrial oxidation of long-chain fatty

acids

Reduces chronic stress-induced anxiety

Glutamate

Branched chain amino acids

Isoleucine �-keto-�-methylvaleric acid Upper gastrointestinal hemorrhage

Leucine �-ketoisocaproic acid Important in regulation of energy and protein

metabolism

Improve protein malnutrition and restore

amino acid and neurotransmitter balance

in hepatic failure and hepatic

encephalopathy (supplemented BCAA)

Substrate for glutamine synthesis

Valine �-ketoisovaleric acid

Aromatic amino acids

Phenylalanine Tyrosine precursor

Tyrosine L-dopa Dopamine synthesis Possible slight improvement of cognitive

functions after physical or mental

exhaustion. Metabolites are powerful

pharmacotherapeutic drugs

Dopamine Movement, affect on pleasure, motivation

Noradrenaline, adrenaline Activation of sympathetic nervous system

(fight-or-flight response)

Tri-iodothyronine,

thyroxine

Regulation of basal metabolic rate

Tryptophan Kynureninic acid CNS inhibition No scientific evidence for beneficial effects

of supplementation

Quinolinic acid CNS excitation

Serotonin Mood regulation

Sleep regulation

Intestinal motility

Melatonin Regulation of circadian rhythms

Different fonts indicate: nonessential amino acids, essential amino acids, and conditionally essential amino acids.

AMINO ACIDS/Specific Functions 3
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especially relevant during metabolic stress and criti-
cal illness when the endogenous alanine release from
peripheral tissues is increased. Simultaneously, ala-
nine serves as a nitrogen carrier in this manner.
Alanine is often used as the second amino acid in
glutamine dipeptides that are applied to increase
solubility and stability of glutamine in nutritional
solutions.

Supplementation

No clinical benefits have been ascribed to supple-
mentation with alanine, although it has never been
considered whether the beneficial effects of the
dipeptide alanine-glutamine, which are generally
ascribed to glutamine, may also be due to alanine.
In this context, it should be realized, however, that
alanine itself constitutes the strongest drive for hepa-
tic ureagenesis (leading to breakdown of alanine).

Arginine, Citrulline, Ornithine, and
Proline (Figure 1)

Arginine is a nitrogen-rich amino acid because it
contains three nitrogen atoms and is the precursor
for nitric oxide (NO). The conversion to NO is
catalyzed by the enzyme nitric oxide synthase
(NOS), and results in coproduction of the amino
acid citrulline. Depending on its site of release, NO
exerts several functions including stimulation of the
pituitary gland, vasodilation, neurotransmission,
and immune modulation. Arginine is also a precur-
sor for urea synthesis in the urea cycle, which has an
important function in the detoxification of ammonia
and excretion of waste nitrogen from the body. A
full urea cycle is only present in the liver, but the
arginase enzyme that converts arginine to urea and
ornithine is to a limited extent also found in other
tissues and cells, such as brain, kidney, small intes-
tine, and red blood cells. Ornithine is utilized for the
formation of proline, polyamines (putrescine, sper-
mine, and spermidine), glutamic acid, and

glutamine. Arginine is involved in collagen forma-
tion, tissue repair, and wound healing via proline,
which is hydroxylated to form hydroxyproline. This
role in wound healing may additionally be mediated
by stimulation of collagen synthesis by NO,
although this claim is still under investigation. It is
currently thought that arginine availability is regu-
lated by the balance between NOS and arginase
enzyme activity, which subsequently determines sub-
strate availability for NO and ornithine production.
Proline also stimulates hepatocyte DNA and protein
synthesis. Polyamines are potent inducers of cell
differentiation.

In addition to synthesis of NO, urea, and
ornithine, arginine is used for synthesis of creatine,
which is an important constituent of skeletal muscle
and neurons and acts as an energy source for these
tissues. Furthermore, arginine may be catabolyzed to
agmatine, which acts as a cell-signaling molecule.
Arginine not only acts as an intermediate in the
synthesis of functional products, but also is a potent
stimulus for the release of several hormones, such as
insulin, glucagon, somatostatin, and growth hor-
mone, illustrating its pharmacological
characteristics.

Arginine can be synthesized by the body from
citrulline. However, since virtually all arginine pro-
duced in the liver is trapped within the urea cycle,
the kidney is the only arginine-synthesizing organ
that significantly contributes to the total body pool
of free arginine. Diminished renal arginine synthesis
has been found in patients with renal failure and in
highly catabolic conditions, like sepsis, burn injury,
or trauma (which may be related to concomitant
renal failure). In these situations arginine may be
considered a conditionally essential amino acid and
it has been suggested that arginine supplementation
can become useful in these situations.

Citrulline is formed from glutamine, glutamic
acid, and proline in the intestine. Plasma citrulline
concentration reflects intestinal metabolic function
and has recently been introduced as a potential
marker for (reduced) enterocyte mass.

Supplementation

Based on its pluripotent functions, arginine has
been widely used in supplemental nutrition for
surgical patients, patients with burns, and patients
with sepsis and cancer in order to modify the
inflammatory response, to enhance organ perfu-
sion, and to stimulate wound healing. However,
the benefits of arginine supplementation in these
conditions are not uniformly proven and accepted.
Moreover, arginine is never given alone but is

ArginineOrnithine
Nitric oxide
(vasodilation,
antimicrobial,

neurotransmission)

Proline
(hepatocyte DNA

and protein synthesis)

Urea
(ammonia detoxification)

Polyamines
(cell differentiation) Citrulline

Hydroxyproline
(collagen synthesis)

 Agmatine
(cell signaling)

Creatin
(energy source
skeletal muscle
and neurons)

Figure 1 Specific functions of arginine metabolism.
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always provided in a mixture of amino acids and
other nutrients. The use of NO donors that have
vasodilatory actions is an established therapeutic
modality in coronary artery disease and for erectile
dysfunction. Given this fact it remains worthwhile
to clarify the need for arginine supplementation as
the natural substrate for NO synthesis in other
conditions.

Using citrulline as an arginine-delivering substrate
has been suggested, but has not been applied clini-
cally. Ornithine is supplied as part of the ornithine-
�-ketoglutarate molecule (see glutamine). Creatine is
widely used by professional and recreational athletes
as a nutritional supplement, although the ascribed
performance-enhancing effects have not been
proven.

Asparagine and Aspartic Acid

Asparagine can be converted by asparaginase to
ammonia and aspartic acid, which is the precursor
of the citrate cycle intermediates oxaloacetate and
fumarate; this reaction is reversible. In fasting
humans asparagine and aspartic acid are utilized as
precursors for de novo synthesis of glutamine and
alanine in muscle.

Supplementation

The claim that asparagine or aspartic acid supple-
mentation improves endurance has not been con-
firmed in human studies. Asparaginase, which
degrades asparagine, is widely used in the treat-
ment of pediatric leukemia since the resulting
asparagine depletion leads to apoptosis of leuke-
mic cells.

Cysteine, Cystine, Methionine, and
Taurine (Figure 2)

Methionine is converted to cysteine and its dipeptide
cystine. In addition methionine is a precursor for
creatine (see arginine). The potential for formation
of disulfide bonds between its thiol (-SH) groups
makes protein-bound cysteine important in the fold-
ing and structural assembly of proteins. Reduced
cysteine thiol groups are found in protein (albumin),
free cysteine, and in the principal intracellular anti-
oxidant tripeptide glutathione (see glycine, glutamic
acid) for which free cysteine is the synthesis rate-
limiting constituent. Through the formation of
disulfides (e.g., cystine, cysteinyl-glutathione,
glutathione disulfide, mercaptalbumin) thiol-

containing molecules can scavenge oxygen-derived
free radicals. The ratio between oxidized and
reduced thiol groups reflects the cellular redox
state. Owing to its small pool size cysteine deficien-
cies rapidly occur during malnutrition.

Cysteine is also the precursor for taurine, which is
abundant in all mammalian cells, particularly in
neuronal cells and lymphocytes, but is not a true
amino acid and is not incorporated in proteins.
Taurine is involved in the conjugation of bile acids
and may act as an antioxidant. Moreover, taurine is
an osmolyte by virtue of the fact that through its
transporter its intracellular concentrations are
between 50 and100-fold higher than in the extracel-
lular compartment. This gradient contributes to the
maintenance of the cellular hydration state. Simi-
larly, it has been proposed that taurine is involved
in stabilization of cell membrane potential and reg-
ulation of Ca2+ transport through several calcium-
ion channels. Based upon these characteristics it has
been suggested that taurine is involved in the control
of cardiac muscle cell contraction, which has led to
the addition of taurine to commercially available
energy drinks. Its high level in lymphocytes suggests
an important role in immunological resistance to
infections. Taurine plays an important part in the
development and maintenance of neuronal and espe-
cially retinal cells.

Supplementation

Although methionine is the only sulfur-containing
essential amino acid, it has not been considered as
part of supplementation regimes. Since cysteine
easily oxidizes to cystine, which has a poor solubi-
lity, it is generally supplemented in the form of n-
acetylcysteine (NAC). Both directly and indirectly,
as a precursor for glutathione, NAC has attracted
attention as a potentially protective agent against
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Glycine

Serine
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Figure 2 Specific functions of sulfur-containing amino acids.
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oxidative injury in numerous conditions including
endurance exercise, ischemia reperfusion injury,
adult respiratory distress syndrome (ARDS), and
cystic fibrosis. In addition, NAC has mucolytic
properties in chronic obstructive pulmonary disease
(COPD) patients by reducing disulfide bonds of
polymers in mucus, blocking their reactivity. Cur-
rently, only robust evidence exists for the usefulness
of NAC supplementation in the protection against
nephropathy, induced by administration of iodine-
containing contrast agents for radiological imaging
in patients with chronic renal failure, in the reduc-
tion of the number of exacerbations and disability in
COPD patients, and in the treatment of liver injury
induced by acetaminophen intoxication. On the
other hand it has been suggested that glutathione
depletion by buthionine sulfoximine administration
potentiates the effect of radiotherapy by increasing
the susceptibility of tumor cells to radiation-induced
oxidative injury.

In a few studies it has been demonstrated that
taurine supplementation improves retinal develop-
ment in premature babies receiving parenteral nutri-
tion. Human data on the efficacy of taurine
supplementation in so-called energy drinks are very
limited. In the absence of taurine supplementation in
children taurine concentrations drop, suggesting its
conditional indispensability also in the postneonatal
period. This has led to the addition of taurine to
standard feeding formulas for infants and growing
children.

Glutamine, Glutamic acid, and Ornithine
a-Ketoglutarate (Figure 3)

Glutamine is the most abundant amino acid in
plasma and in tissue. In glutamine-consuming cells
it is readily converted by the enzyme glutaminase to
form ammonia and glutamic acid, which is the pri-
mary intermediate in almost all routes of glutamine

degradation. In the presence of ammonia this pro-
cess can occur in reverse, catalyzed by the enzyme
glutamine synthetase. In contrast to glutamic acid,
glutamine can easily pass through the cellular mem-
brane, thus exporting waste nitrogen out of the cell
and serving as an inter-organ nitrogen carrier. In the
kidney glutamine donates NH3, which is the accep-
tor for protons released from carbonic acid, to form
NH4

+ and thus facilitates the formation of HCO3
�,

which is essential in plasma pH regulation.
Following conversion to glutamic acid and sub-

sequently �-ketoglutarate, glutamine may supple-
ment intermediates of the citrate cycle. In this
manner glutamine serves as the preferred fuel for
rapidly dividing cells of, for example, the immune
system cells and intestinal mucosa. In the brain
glutamic acid is the most abundant excitatory neu-
rotransmitter and the precursor for gamma-amino-
butyric acid, which is an important inhibitory
neurotransmitter. Glutamine is a direct precursor
for purine and pyrimidine and therefore is
involved in RNA and DNA synthesis and cell
proliferation. In addition it is a constituent of the
tripeptide glutathione, which is the principal
intracellular antioxidant in eukaryotes (see also
sections on cysteine and glycine).

Supplementation

Of all the compounds discussed above glutamine is
the most extensively applied in clinical and experi-
mental amino acid supplementation, often in the
form of the more soluble and stable dipeptides ala-
nyl- and glycyl-glutamine. Glutamic acid and �-
ketoglutarate are less ideally suited for use in feed-
ing formulas because of poor inward transport of
glutamic acid and poor solubility and stability of �-
ketoglutarate. Moreover, glutamic acid has been
related to the ‘Chinese restaurant syndrome,’ char-
acterized by light-headiness and nausea after con-
sumption of Chinese food containing glutamic acid
for flavor improvement. However, scientific evi-
dence is weak. Numerous experimental and
clinical studies have suggested that glutamine sup-
plementation has positive effects on immune func-
tion, intestinal mucosal integrity, nitrogen balance,
and glutathione concentration in a wide variety of
conditions. Nevertheless, the true benefit of gluta-
mine supplementation is difficult to quantify in
clinical practice. Its benefit has especially been
claimed in the critically ill and surgical patients in
whom clinical outcome is multifactorial. Recent
meta-analyses support the view that glutamine sup-
plementation is safe and may reduce infectious mor-
bidity and hospital stay in surgical patients. A
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Figure 3 Specific functions of glutamine and glutamine degra-

dation products.
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positive effect of glutamine supplementation on
morbidity and mortality in critical illness, trauma
patients, and burn patients has been demonstrated
in a few well-designed clinical trials. However, due
to the paucity of such trials reliable meta-analyses
are not possible in these latter patient categories. It
has been demonstrated in some small clinical series
that supplementation with ornithine �-ketoglutarate
may improve wound healing in burn patients,
benefiting from the combined actions of both
�-ketoglutarate and ornithine (see sections on
arginine and ornithine).

Glycine, Serine, and Threonine

Threonine is an essential amino acid, which can be
converted to glycine in the liver and subsequently to
serine. Glycine is a constituent of glutathione (see
also sections on cysteine and glutamic acid) and is a
versatile neurotransmitter in the central nervous sys-
tem. Through the glycine receptor it has a direct
inhibitory neurotransmitter function but it is also a
ligand for the glycine site at the N-methyl-D-aspar-
tate (NMDA) glutamic acid receptor. Activation of
this glycine site is needed for NMDA activation,
which makes glycine a mediator in the excitatory
neurotransmitter effects of glutamic acid. Besides a
role in the central nervous system, glycine is also
thought to possess anti-inflammatory properties,
but to date these properties have only been demon-
strated in the test tube. Furthermore, glycine can
react with arginine and methionine to form creatine
(see section on arginine). Finally, glycine, like taur-
ine, is a conjugate for bile acids.

Glycine is convertible to serine in a reversible
reaction, which can be converted to its stereoiso-
meric form D-serine; this is also a ligand for the
glycine site at the NMDA receptor. Furthermore,
serine is an intermediate in the pathway from
methionine to cysteine and a precursor for pyrimi-
dines and purines and as such is involved in cell
proliferation. It is also a precursor for gluconeogen-
esis, albeit of lesser importance than glutamine and
alanine.

Supplementation

Based upon their excitatory effects on the central
nervous system both glycine and D-serine have been
implicated in the treatment of schizophrenia. As
adjuvant therapy to standard psychopharmacologi-
cal treatment they may reduce the negative symp-
toms of the disease.

High doses of threonine in adults have been used
as tentative therapy for spastic syndromes, a therapy
that probably acts through increased glycine forma-
tion. A negative effect of excessive threonine, which
is abundant in bovine infant formula nutrition, has
been considered in experimental studies on brain
development, and it has been suggested that this
happens through its conversion to glycine and ser-
ine, or through competition of amino acid transport
across the blood–brain barrier.

Histidine

Histidine is the precursor for histamine, which is
important for the immune system by mediating
growth and functionality of immune cells. Excessive
release of histamine from mast cells induces the
clinical signs of allergy (dilation of capillaries and
larger blood vessels, increased capillary permeability
and swelling, itching, and anaphylactic shock).
These phenomena are effected via the H1 receptor,
which is found in smooth muscle cells of the vascu-
lar wall and bronchi, among others. Furthermore,
histamine acts as a neurotransmitter and mediates
gastric acid production. The latter occurs via the H2

receptor found in gastric mucosa. There is no litera-
ture available on the potential relationship between
histidine availability and histamine production and
action.

Supplementation

H1 receptor antagonists are applied in the treatment
of allergy and H2 receptor antagonists have been
shown to be very effective in the inhibition of gastric
acid secretion and have greatly improved the treat-
ment of individuals with peptic ulcer disease and
acid reflux esophagitis. Histamine is present in
abundance in many dietary sources; no beneficial
effects of supplementation of either histidine or his-
tamine are known.

Branched Chain Amino Acids (Isoleucine,
Leucine, Valine)

Branched chain amino acids (BCAAs) are essential
amino acids, which together compose approxi-
mately a third of the daily amino acid requirement
in humans. BCAAs, and especially leucine, play an
important role in the regulation of energy and
protein metabolism. BCAAs are primarily oxidized
in skeletal muscle and not in the liver. BCAAs
donate their amino groups to furnish glutamic
acid in muscle in transamination reactions yielding
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the �-ketoacids �-ketoisocaproic acid, �-keto-�-
methylvaleric acid, and �-ketoisovaleric acid.
These transamination products of BCAAs can
enter the citrate cycle and contribute to ATP pro-
duction by aerobic substrate oxidation, which is
important during the change from rest to exercise.
After consumption of protein-containing meals, a
large part of the BCAA passes through the liver
and is taken up by muscle where it primarily con-
tributes to protein synthesis and the synthesis of
glutamine, which accounts for about 70% of the
amino acid release from muscle. The importance
of the essential branched chain amino acids for
protein synthesis is strikingly exemplified by the
negative nitrogen balance and catabolism that fol-
lows upper gastrointestinal bleeding caused by
ingestion of large amounts of hemoglobin (which
lacks isoleucine). Leucine has been suggested to
regulate the turnover of protein in muscle cells
by inhibiting protein degradation and enhancing
protein synthesis. This has led to a worldwide
interest in the possible use of BCAAs in general,
and leucine in particular, for metabolic support.

In liver failure the plasma concentrations of the
aromatic amino acids (AAAs) tyrosine, phenylala-
nine, and tryptophan increase, probably because
they are predominantly broken down in the liver,
whereas the plasma levels of BCAAs decrease
while they are degraded in excess in muscle as a
consequence of hepatic failure-induced catabolism.
As AAAs and BCAAs are all neutral amino acids
and share a common transporter across the blood–
brain barrier (system L carrier), changes in their
plasma ratio are reflected in the brain, subse-
quently disrupting the neurotransmitter profile of
the catecholamines and indoleamines (see sections
on tyrosine and tryptophan). It has been hypothe-
sized that this disturbance contributes to the multi-
factorial pathogenesis of hepatic encephalopathy.
In line with this hypothesis it has been suggested
that normalization of the amino acid pattern by
supplementing extra BCAAs counteracts hepatic
encephalopathy.

Supplementation

Specialized formulas that are widely used for hepatic
failure and hepatic encephalopathy are based on a
high content of BCAAs to improve protein malnu-
trition and restore the amino acid and neurotrans-
mitter balance. Although BCAA-enriched formulas
have been proven to improve neurological status in
comatose liver patients it is not certain that this is

achieved by the addition of BCAAs specifically,
because of a lack of adequate control groups.

Since BCAAs compete with tryptophan for uptake
by the brain, they have (in line with the ascribed
benefits in hepatic encephalopathy) been applied as
competitive antagonists for tryptophan transport,
reducing tryptophan-induced cognitive impairment
(see also section on tryptophan).

Isoleucine, which is absent in the hemoglobin
molecule, can be supplemented to patients with
upper gastrointestinal bleeding to restore the bal-
ance of amino acids that are taken up by the
splanchnic organs. This has been demonstrated to
improve mainly protein synthesis in liver and muscle
in small observational studies. Prospective rando-
mized clinical trials are, however, still lacking.

Lysine

Lysine is an essential amino acid that is mainly
provided by meat products and is therefore limited
in diets where wheat is the primary protein source.
Lysine is also the first rate-limiting amino acid in
milk-fed newborns for growth and protein synthesis.
Lysine is catabolized to glutamate and acetyl-CoA
and is also the precursor for the synthesis of carni-
tine, which is needed for mitochondrial oxidation of
long-chain fatty acids.

Supplementation

Lysine supplementation in patients with renal failure
is contraindicated, as the amino acid shows some
degree of nephrotoxicity.

Phenylalanine and Tyrosine

Phenylalanine is hydroxylated to tyrosine by the
enzyme phenylalanine hydroxylase. The inborn dis-
ease phenylketonuria is characterized by a deficiency
of this enzyme.

Tyrosine is the precursor for dihydroxyphenylala-
nine (dopa), which can successively be converted to
the catecholamines dopamine, noradrenaline (nore-
pinephrine) and adrenaline (epinephrine). Although
only a small proportion of tyrosine is used in this
pathway, this metabolic route is extremely relevant.
Dopamine is an important neurotransmitter in dif-
ferent parts of the brain and is involved in move-
ment and affects pleasure and motivation.
Disruption of dopamine neurons in the basal ganglia
is the cause of Parkinson’s disease. Noradrenaline
and ardrenaline are the most important neurotrans-
mitters in the sympathetic nervous system. The
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sympathetic nervous system becomes activated dur-
ing different forms of emotional and physical arou-
sal, and results in the induction of phenomena such
as increased blood pressure and heart rate, increased
alertness, and decreased intestinal motility (fight-or-
flight response). Besides acting as a precursor for
catecholamines, tyrosine can be iodinated and as
such is the precursor for the thyroid hormones triio-
dothyronine and thyroxine. These hormones are
important regulators of general whole body rate of
metabolic activity.

Supplementation

The processes described in the paragraph above
quantitatively contribute only marginally to total
tyrosine turnover and the limited data on tyrosine
supplementation in phenylketonuria suggest that
tyrosine deficiency is not causal in the development
of cognitive dysfunction in the disease. In two stu-
dies tyrosine supplementation has been found to
modestly increase mental status and cognitive per-
formance following exhausting efforts such as pro-
longed wakefulness and intensive military training.
In contrast, tyrosine derivatives (L-dopa, noradrena-
line, adrenaline) have strong pharmacological prop-
erties. L-dopa is the direct precursor of dopamine
synthesis and has been found to have strong bene-
ficial effects in Parkinson’s disease. The fact that
administration of tyrosine as the physiological pre-
cursor of catecholamines has no or minor effects on
catecholamine-induced sympathic activity, whereas
the effects of the catecholamines or more direct pre-
cursors is very strong, suggests that tyrosine hydro-
xylation to L-dopa is not limited by substrate
availability.

Tryptophan

Functional end products of the essential amino acid
tryptophan arise mainly through two distinctive
pathways. The major pathway is degradation of
tryptophan by oxidation, which fuels the kynurenine
pathway (See 02011). The second and quantitatively
minor pathway is hydroxylation of tryptophan and
its subsequent decarboxylation to the indoleamine
5-hydroxytryptamine (serotonin) and subsequently
melatonin. The metabolites of the kynurenine path-
way, indicated as kynurenines, include quinolic acid
and kynurenic acid. Quinolinic acid is an agonist of
the NMDA receptor (see also section on glutamic
acid), while kynurenic acid is a nonselective NMDA-
receptor antagonist with a high affinity for the gly-
cine site of the NMDA receptor (see also section on

glycine), and as such is a blocker of amino acid-
modulated excitation of the central nervous system.
Imbalance between kynurenic acid and quinolinic
acid can lead to excitotoxic neuronal cell death
and is believed to play a role in the development of
several neurological diseases such as Huntington’s
chorea and epilepsy. In addition, an immunomodu-
latory role is suggested for several metabolites of the
kynurenine pathway.

Serotonin is synthesized in the central nervous system
and is involved in the regulation of mood and sleep. In
addition it is found in high quantities in neurons in the
gastrointestinal tract where it is involved in regulation
of gut motility. Tryptophan competes with BCAAs for
transport across the blood–brain barrier and the ratio
between tryptophan and BCAAs therefore determines
the uptake of both (groups of) amino acids by the brain
(see section on BCAAs). Since albumin has a strong
tryptophan-binding capacity, the plasma albumin con-
centration is inversely related to the plasma concentra-
tion of free tryptophan and as such influences the
BCAA to tryptophan ratio and hence the brain uptake
of both BCAAs and tryptophan. It has been suggested
that increased plasma AAAs (tyrosine, phenylalanine,
and tryptophan) levels in patients with liver failure are
caused by the inability of the liver to degrade these
amino acids. The resulting change in the ratio between
AAA and BCAA plasma levels has been implied in the
pathogenesis of hepatic encephalopathy since this may
cause marked disturbances in transport of both AAAs
and BCAAs across the blood–brain barrier, leading to
disturbed release of indoleamines and catecholamines
in the brain (see also section on BCAAs). High trypto-
phan concentrations have been associatedwith chronic
fatigue disorders and hepatic encephalopathy while
low tryptophan plasma concentrations have been
implicated in the etiology of mood disorders, cognitive
impairment, and functional bowel disorders. Melato-
nin, which is produced in the degradation pathway of
serotonin during the darkperiod of the light-dark cycle,
is an important mediator of circadian rhythms.

Supplementation

Inhibition of serotonin reuptake from the neuronal
synapse and the subsequent increase in its function-
ality is one of the mainstays of the pharmacological
treatment of depression. Like many amino acids,
tryptophan is commercially available as a nutritional
supplement or as a so-called smart drug, claiming to
reduce symptoms of depression, anxiety, obsessive-
compulsive disorders, insomnia, fibromyalgia, alco-
hol withdrawal, and migraine. However, no convin-
cing clinical data are available to support these
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claims. In contrast tryptophan depletion induced by
ingestion of a tryptophan-deficient amino acid mix-
ture, is widely used in experimental psychiatry to
study the biological background of various psychia-
tric disorders.
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ANEMIA

Iron-Deficiency Anemia
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Anemia is defined by abnormally low circulating
hemoglobin concentrations. A variety of etiologies
exist for anemia, including dietary deficiencies of
folate or vitamin B12 (pernicious or macrocytic
anemia), infections and inflammatory states (ane-
mia of chronic disease), and conditions that result
in insufficient production of red blood cells (aplas-
tic anemia) or excessive destruction of red blood
cells (hemolytic anemia). However, worldwide, the
most prevalent form of anemia is that of iron defi-
ciency, which causes anemia characterized by hypo-
chromic and normo- or microcytic red blood cells.
Iron deficiency anemia remains a health problem in
both the developed and the developing world. This
article discusses the metabolism of iron; the assess-
ment of iron deficiency; iron requirements across
the life span; and the consequences, prevention,
and treatment of iron deficiency and iron deficiency
anemia.

Iron Metabolism

The adult body contains 2.5–5 g of iron, approxi-
mately two-thirds of which is present in hemoglo-
bin. Other essential iron-containing systems

include muscle myoglobin (3%) and a variety of
iron-containing enzymes (5–15%), including cyto-
chromes. In addition to the role of iron in oxygen
transfer via hemoglobin and myoglobin, iron is
involved in energy metabolism and also affects
neural myelination and neurotransmitter metabo-
lism. Iron stores vary considerably but may repre-
sent up to 30% of body iron, and iron that
circulates with transferrin represents less than 1%
of body iron. Men have a higher concentration of
iron per kilogram body weight than women
because they have larger erythrocyte mass and
iron stores.

More than 90% of body iron is conserved
through the recycling of iron through the reticu-
loendothelial system (Figure 1). Iron is transported
through the body by the protein transferrin, which
carries up to two iron atoms. The distribution of
iron to body tissues is mediated by transferrin
receptors (TfRs), which are upregulated in the
face of increased tissue demand for iron. The
transferrin/TfR complex is internalized via cell
invagination, iron is released into the cell
cytosol, and transferrin is recycled back to the
cell surface.

In hematopoietic cells, iron is used to produce
hemoglobin through its combination with zinc pro-
toporphyrin to form heme. Therefore, protopor-
phyrin accumulates relative to hemoglobin in red
blood cells during iron deficiency. Mature red
blood cells circulate in the body for approximately
120 days before being destroyed. Macrophage cells
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of the liver and spleen phagocytize senescent red
blood cells and the iron released in this process is
recycled back to the circulation or, when iron is
readily available, incorporated with ferritin or
hemosiderin for storage. A typical ferritin molecule
may contain 2000 iron atoms. Hemosiderin is a less
soluble variant of ferritin that may contain even
greater amounts of iron.

The production of transferrin receptors and fer-
ritin is regulated by iron response proteins (IRPs)
that ‘sense’ intracellular iron concentrations and
interact with iron response elements (IREs) of pro-
tein mRNA. When cellular iron concentrations are
low, the IRP–IRE interaction works to prevent
translation of mRNA to ferritin or to stabilize
mRNA to enhance the translation of transferrin
receptors. Identifying other proteins regulated
through the IRP–IRE interaction is an area of
particular interest. Although body iron is highly
conserved, daily basal losses of iron of �1mg/day
do occur even in healthy individuals. These basal
losses occur primarily through the gastrointestinal
tract (in bile, sloughing of ferritin-containing
enterocytes, and via blood loss), and sweat and
urine are additional minor sources of iron loss
(Figure 1). Iron losses are not strictly regulated;
rather, iron balance is achieved through the regu-
lation of dietary iron absorption.

Dietary Iron Absorption

The efficiency of iron absorption depends on both
the bioavailability of dietary iron and iron status.
Typically, 5–20% of the iron present in a mixed diet
is absorbed. Dietary iron exists in two forms, heme
and non-heme. Heme iron is derived from animal
source food and is more bioavailable than non-heme
iron, with approximately 20–30% of heme iron
absorbed via endocytosis of the entire heme mole-
cule. Iron is then released into the enterocyte by a
heme oxidase.

Non-heme iron exists in plant products and its bioa-
vailability is compromised by the concurrent ingestion
of tannins, phytates, soy, and other plant constituents,
that decrease its solubility in the intestinal lumen. Bioa-
vailability of non-heme iron is increased by concurrent
ingestion of ascorbic acid and meat products. Non-
heme iron is reduced from the ferric to the ferrous
form in the intestinal lumen and transported into enter-
ocytes via the divalent metal transporter (DMT-1).
Once inside the enterocyte, iron from heme and non-
heme sources is similarly transported through the cell
and across the basolateralmembrane by the ferroportin
transporter in conjunction with the ferroxidase
hephaestin after which it can be taken up by transferrin
into the circulation. The regulation of iron across the
basolateral membrane of the enterocyte is considered
the most important aspect of iron absorption.

Gastrointestinal tract

INPUT:
Diet

LOSSES:

Hematopoietic Cells
of Bone Marrow:

Fe for Hb production

RE Macrophages of
Liver, Spleen, Marrow:

Storage as ferritin

Breakdown of RBC;
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Fe for myoglobin,
enzyme production

RBC: Fe in Hb;
tissue oxygenation

Circulation:

Fe bound to Tf

absorption

Sweat

Urine

bile bleeding

cell sloughing

Figure 1 Iron metabolism and balance: inputs, losses, and recycling of iron through the reticuloendothelial system. Fe, iron; Tf,

transferrin; Hb, hemoglobin; RBC, red blood cell; RE, reticuloendothelial.
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The absorption efficiency of non-heme iron in
particular is also inversely related to iron status.
The factor responsible for communicating body
iron status to the enterocyte to allow for the up- or
downregulation of iron absorption remained elusive
until recently, when the hormone hepcidin was iden-
tified. Hepcidin declines during iron deficiency, and
its decline is associated with an increased production
of the DMT-1 and ferroportin transporters in a rat
model, although its exact mode of action is
unknown. Hepcidin may also regulate iron absorp-
tion and retention or release of iron from body
stores during conditions of enhanced erythropoiesis
and inflammation.

Iron Requirements

Iron requirements depend on iron losses and growth
demands for iron across life stages. To maintain iron
balance or achieve positive iron balance, therefore,
the amount of iron absorbed from the diet must
equal or exceed the basal losses plus any additional
demands for iron attributable to physiologic state
(e.g., growth, menstruation, and pregnancy) and/or
pathological iron losses (e.g., excess bleeding). When
iron balance is negative, iron deficiency will occur
following the depletion of the body’s iron reserves.
Thus, ensuring an adequate supply of dietary iron is
of paramount importance. The risk of iron defi-
ciency and iron deficiency anemia varies across the
life cycle as iron demand and/or the likelihood of
consuming adequate dietary iron changes.

Basal Iron Loss

Because basal iron losses are due to cell exfoliation,
these losses are relative to interior body surfaces,
totaling an estimated 14 mg/kg body weight/day,
and are approximately 0.8mg/day for nonmenstru-
ating women and 1.0mg/day for men. Basal losses
in infants and children have not been directly deter-
mined and are estimated from data available on
adult men. Basal losses are reduced in people with
iron deficiency and increased in people with iron
overload. The absorbed iron requirement for adult
men and nonmenstruating women is based on these
obligate iron losses.

Infancy and Childhood

The iron content of a newborn infant is approxi-
mately 75mg/kg body weight, and much of this iron
is found in hemoglobin. The body iron of the new-
born is derived from maternal–fetal iron transfer,
80% of which occurs during the third trimester of
pregnancy. Preterm infants, with less opportunity to

establish iron stores, have a substantially reduced
endowment of body iron at birth than term infants.

During the first 2months of life, there is a phy-
siologic shift of body iron from hemoglobin to iron
stores. For the first 6months of life, the iron require-
ment of a term infant is satisfied by storage iron and
breast milk iron, which is present in low concentra-
tions but is highly bioavailable (50–100%) to the
infant. However, by 6months of age in term infants,
and even earlier in preterm infants, iron intake and
body stores become insufficient to meet the demands
for growth (expanding erythrocyte mass and growth
of body tissues), such that negative iron balance will
ensue at this time without the introduction of iron
supplements or iron-rich weaning foods.

A full-term infant almost doubles its body iron
content and triples its body weight in the first year
of life. Although growth continues through child-
hood, the rate of growth declines following the
first year of life. Similarly, the requirement for iron
expressed per kilogram body weight declines
through childhood from a high of 0.10mg/kg in
the first 6months to 0.03mg/kg/d by 7–10 years of
age until increasing again during the adolescent
growth spurt. Throughout the period of growth,
the iron concentration of the diet of infants and
children must be greater than that of an adult man
in order to achieve iron balance.

Adolescence

Adolescents have very high iron requirements, and
the iron demand of individual children during peri-
ods of rapid growth is highly variable and may
exceed mean estimated requirements. Boys going
through puberty experience a large increase in ery-
throcyte mass and hemoglobin concentration. The
growth spurt in adolescent girls usually occurs in
early adolescence before menarche, but growth con-
tinues postmenarche at a slower rate. The addition
of menstrual iron loss to the iron demand for
growth leads to particularly high iron requirements
for postmenarchal adolescent girls.

Menstruation

Although the quantity of menstrual blood loss is
fairly constant across time for an individual, it varies
considerably from woman to woman. The mean
menstrual iron loss is 0.56mg/day when averaged
over a monthly cycle. However, menstrual blood
losses are highly skewed so that a small proportion
of women have heavy losses. In 10% of women,
menstrual iron loss exceeds 1.47mg/day and in 5%
it exceeds 2.04mg/day. Therefore, the daily iron
requirement for menstruating women is set quite
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high to cover the iron needs of most of the popula-
tion. Menstrual blood loss is decreased by oral con-
traceptives but increased by intrauterine devices.
However, recent progesterone-releasing versions of
the device lead to decreased menstrual blood loss or
amenorrhea.

Pregnancy and Lactation

The body’s iron needs during pregnancy are very
high despite the cessation of menstruation during
this period. Demand for iron comes primarily from
the expansion of the red blood cell mass (450mg),
the fetus (270mg), the placenta and cord (90mg),
and blood loss at parturition (150mg). However,
the requirement for iron is not spread evenly over
the course of pregnancy, as depicted in Figure 2,
with iron requirements actually reduced in the first
trimester because menstrual blood loss is absent and
fetal demand for iron is negligible. Iron require-
ments increase dramatically through the second
and third trimesters to support expansion of mater-
nal red blood cell mass and fetal growth. The mater-
nal red cell mass expands approximately 35% in the
second and third trimesters to meet increased mater-
nal oxygen needs. When iron deficiency is present,
the expansion of the red cell mass is compromised,
resulting in anemia. Furthermore, an expansion of
the plasma fluid that is proportionately greater than
that of the red cell mass results in a physiologic
anemia attributable to hemodilution.

To attempt to meet iron requirements during
pregnancy, iron absorption becomes more efficient
in the second and third trimesters. Iron absorption
nearly doubles in the second trimester and can
increase up to four times in the third trimester.
Despite this dramatic increase in iron absorption, it

is virtually impossible for pregnant women to
acquire sufficient iron through diet alone because
of the concurrent increase in iron requirements dur-
ing the latter half of pregnancy (Figure 2).

There is also an iron cost of lactation to women of
approximately 0.3mg/day as iron is lost in breast-
milk. However, this is compensated by the absence
of menstrual iron losses and the gain in iron stores
achieved when much of the iron previously invested
in expansion of the red cell mass is recovered
postpartum.

Pathological Losses

Conditions that cause excessive bleeding addition-
ally compromise iron status. Approximately 1mg of
iron is lost in each 1ml of packed red blood cells.
Excessive losses of blood may occur from the gastro-
intestinal tract, urinary tract, and lung in a variety
of clinical pathologies, including ulcers, malignan-
cies, inflammatory bowel disease, hemorrhoids,
hemoglobinuria, and idiopathic pulmonary hemosi-
derosis. In developing countries, parasitic infestation
with hookworm and schistosomiasis can contribute
substantially to gastrointestinal blood loss and iron
deficiency.

Recommended Nutrient Intakes for Iron

Recommended intakes of dietary iron are based on
the requirement for absorbed iron and assumptions
about the bioavailability of iron in the diet. They are
meant to cover the iron needs of nearly the entire
population group. Thus, the amount of dietary iron
necessary to meet an iron requirement depends in
large part on the bioavailability of iron in the diet
(Figure 3). Americans consume approximately
15mg of iron daily from a diet that is considered
moderately to highly bioavailable (10–15%) due to
the meat and ascorbic acid content. Studies in Eur-
opean countries suggest that iron intake averages
10mg/day, representing a decline in dietary iron.
Although estimates of total iron intake in developing
countries are not substantially lower than that, iron
is often consumed in plant-based diets that inhibit its
absorption and contain few animal products to
counterbalance that effect, such that the bioavail-
ability of iron is closer to 5%. Thus, Figure 3
demonstrates the total amount of dietary iron that
would be necessary to meet the iron requirements of
various population groups based on its bioavailabil-
ity. Where intakes are sufficient and bioavailability
adequate, dietary iron can meet the iron needs of
adolescent boys and adult men and also lactating
and postmenopausal women. However, regardless
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of bioavailability, iron requirements are not met by
many adolescent girls and adult menstruating
women who have above average menstrual blood
loss. Few if any population groups can achieve iron
intakes sufficient to meet iron requirements when
bioavailability of iron is poor.

Dietary recommendations for infants are based on
the iron content and bioavailability of human milk.
The iron in infant formula is much less bioavailable
(10%) than that of human milk and is thus present
in greater concentrations than that of human milk.
Infants who are not breast-fed should consume iron-
fortified formula. Complementary foods offered
after 6months of age can potentially meet iron
needs if they have a high content of meat and ascor-
bic acid. This is rarely the case in developing or
developed countries, and fortified infant cereals
and iron drops are often introduced at this time in
developed countries. In developing countries where
diets are poor in bioavailable iron, iron-fortified
weaning foods are not commonly consumed, and
iron supplements are rarely given to infants and
children.

Pregnant women rarely have sufficient iron stores
and consume diets adequate to maintain positive
iron balance, particularly in the latter half of preg-
nancy, as previously discussed. They cannot meet
their iron requirements through diet alone even in
developed countries, where high iron content diets
with high bioavailability are common.

Supplementation is universally recommended for
pregnant women, as discussed later.

Indicators of Iron Deficiency and Anemia

Indicators of iron deficiency can be used to distin-
guish the degree of iron deficiency that exists across
the spectrum from the depletion of body iron stores
to frank anemia (Table 1). Indicator cutoffs vary by
age, sex, race, and physiologic state (e.g., preg-
nancy), so using a proper reference is important
when interpreting indicators of iron deficiency.

Serum ferritin is directly related to liver iron
stores—a gold standard for iron deficiency that is
infrequently used due to the invasive nature of the
test. Different sources place the cutoff for serum
ferritin concentrations indicative of depleted stores
at 12 or 15 m g/l. Once iron stores are exhausted,
serum ferritin is not useful for determining the
extent of iron deficiency. Serum ferritin is also useful
for diagnosing iron excess. A major limitation of
serum ferritin is the fact that it acts as an acute
phase reactant and therefore is mildly to substan-
tially elevated in the presence of inflammation or
infection, complicating its interpretation when such
conditions exist.

Transferrin saturation is measured as the ratio
between total serum iron (which declines during
iron deficiency) and total iron binding capacity
(which increases during iron deficiency). Typically,
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transferrin is approximately 30% saturated, and low
transferrin saturation (< 16%) is indicative of iron
deficiency. Transferrin saturation concentrations
higher than 60% are indicative of iron overload
associated with hereditary hemochromatosis. The
use of transferrin saturation to distinguish iron defi-
ciency is limited because of marked diurnal variation
and its lack of sensitivity as an indicator.

Elevated circulating TfRs are a sensitive indicator
of the tissue demand for iron. Circulating TfR is not
affected by inflammation, a limitation of other indi-
cators of iron status. Furthermore, expressing TfR as
a ratio with ferritin appears to distinguish with a
great deal of sensitivity iron deficiency anemia from
anemia of chronic disease, making this combined
measure potentially very useful in settings in which
these conditions coexist.

Elevated erythrocyte zinc protoporphyrin indi-
cates iron-deficient erythropoiesis. Protoporphyrin
concentrations may also be elevated by inflamma-
tion and lead exposure.

Finally, although hemoglobin concentrations or
percentage hematocrit are not specific for iron defi-
ciency, these measures are used most frequently as a
proxy for iron deficiency in field settings because of
their technical ease. Anemia is defined as a hemo-
globin concentration of less than 110 g/l for those
6months to 5 years old and for pregnant women,
115 g/l for those 5–11 years old, 120 g/l for nonpreg-
nant females older than 11 years and for males
12–15 years old, or 130 g/l for males older than
15 years of age. Other measures of red blood cell

characteristics include total red blood cell counts,
mean corpuscular volume, and mean hemoglobin
volume.

The choice of indicators and the strategy for
assessment will depend on technical feasibility and
whether a screening or survey approach is war-
ranted. When more than 5% of a population is
anemic, iron deficiency is considered a public health
problem, and population-based surveys may be use-
ful for assessing and monitoring the prevalence of
iron deficiency. When anemia is less prevalent,
screening for iron deficiency in high-risk groups or
symptomatic individuals is a more efficient
approach. Hemoglobin alone would be insufficient
to diagnose iron deficiency in an individual, but
hemoglobin distributions can offer clues as to the
extent to which anemia is attributable to iron defi-
ciency in a population. Preferred indicators, such as
transferrin and/or ferritin, may not be feasible due to
blood collection requirements, cost, or technical dif-
ficulty in a population survey, but they may be
indispensable for characterizing iron status of a
population subgroup or individual.

Prevalence of Iron Deficiency and Iron
Deficiency Anemia

Although iron deficiency anemia is considered the
most prevalent nutritional deficiency globally, accu-
rate prevalence estimates are difficult to obtain.
Worldwide, prevalence estimates for iron deficiency
anemia have ranged from 500 million to approxi-
mately 2 billion people affected. However, most
global prevalence estimates are based on anemia
surveys, which will overestimate the amount of ane-
mia attributable to iron deficiency but underestimate
the prevalence of less severe iron deficiency. There is
clearly a disparity in anemia prevalence between the
developing and developed world, with �50% of
children and nonpregnant women in the developing
world considered anemic compared with �10% in
the developed world. The prevalence of anemia
increases during pregnancy, with �20% of US
women anemic during pregnancy and estimates of
anemia prevalence in some developing countries
exceeding 60%.

Data from the US NHANES III (1988–1994) sur-
vey, which used a variety of indicators of iron status,
showed that 9% of US toddlers were iron deficient
and 3% had iron deficiency anemia. Eleven percent
of adolescent females and women of reproductive
age were iron deficient, and 3–5% of these women
had iron deficiency anemia. Iron deficiency in the
developed world is more common among low-
income minorities.

Table 1 Indicators for assessing the progression of iron

deficiency from depletion of iron stores to iron deficiency anemia

Stage of iron

deficiency

Consequence Indicator

Depletion

Deficiency

Depletion

Decline in storage

iron

# Serum ferritin

Decreased circulating

iron

# Serum iron

" Total iron binding

capacity

# Transferrin

saturation

Insufficient tissue iron " Transferrin

receptor

Impaired heme

synthesis

" Protoporphyrin/

heme

Impaired red blood

cell production

# Hemoglobin

# Hematocrit

# Red blood cell

indices
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Consequences of Iron Deficiency and
Iron Deficiency Anemia

Iron deficiency anemia has been implicated in
adverse pregnancy outcomes, maternal and infant
mortality, cognitive dysfunction and developmental
delays in infants and children, and compromised
physical capacity in children and adults. However,
data to support causal relationships with some of
these outcomes is limited, and the extent to which
outcomes are associated with iron deficiency speci-
fically or more generally with anemia regardless of
the etiology is the subject of debate.

A variety of observational studies demonstrate an
association of maternal hemoglobin concentrations
during pregnancy with birth weight, the likelihood
of low birth weight and preterm birth, and perinatal
mortality, such that adverse pregnancy outcomes are
associated in a ‘U-shaped’ manner with the lowest
and highest maternal hemoglobin concentrations.
Anemia during pregnancy may not be specific to
iron deficiency, and randomized trials utilizing a
strict placebo to firmly establish a causal link
between iron status per se and adverse pregnancy
outcomes are rare because of ethical concerns about
denying women iron supplements during pregnancy.
However, two randomized trials, one conducted in a
developed country and the other in a developing
country, have shown a positive impact of iron sup-
plementation during pregnancy on birth weight. In
the developed country study, control women with
evidence of compromised iron stores were offered
iron supplements at 28weeks of gestation after
8weeks of randomized iron supplementation. In
the developing country study, the control group
received supplemental vitamin A and the interven-
tion group received folic acid in addition to iron.

Mortality among pregnant women and infants
and children also increases with severe anemia.
However, most data showing this relationship are
observational and clinic based. Anemia in such cir-
cumstances is unlikely to be attributable to iron
deficiency alone; furthermore, the degree to which
mild to moderate anemia influences mortality out-
comes is not well established.

Iron deficiency and iron deficiency anemia have
been associated with impaired cognitive develop-
ment and functioning. These effects of iron defi-
ciency may be mediated in part by the deprivation
of functional iron in brain tissue, and the impact of
iron deprivation may vary depending on its timing in
relation to critical stages of brain development. Iron
interventions in anemic school-age children gener-
ally result in improved school performance. The
results of iron interventions in infants and

preschool-age children are less clear, perhaps in
part because cognition is more difficult to measure
in this age group.

Studies have shown a negative impact of iron
deficiency anemia on work productivity among
adult male and female workers in settings requiring
both strenuous labor (rubber plantation) and less
intensive efforts (factory work). The impact of iron
deficiency anemia on performance may be mediated
by a reduction in the oxygen-carrying capacity of
blood associated with low hemoglobin concentra-
tion and by a reduction in muscle tissue oxidative
capacity related to reductions in myoglobin and
effects on iron-containing proteins involved in cellu-
lar respiration.

Interventions: Prevention and Treatment
of Iron Deficiency Anemia

Supplementation

Iron supplementation is the most common interven-
tion used to prevent and treat iron deficiency ane-
mia. Global guidelines established by the
International Nutritional Anemia Consultative
Group, the World Health Organization, and UNI-
CEF identify pregnant women and children 6–
24months of age as the priority target groups for
iron supplementation because these populations are
at the highest risk of iron deficiency and most likely
to benefit from its control. However, recommenda-
tions are given for other target groups, such as chil-
dren, adolescents, and women of reproductive age,
who may also benefit from iron supplementation for
the prevention of iron deficiency. The recommenda-
tions are given in Table 2. Recommended dose and/
or duration of supplementation are increased for
populations where the prevalence of anemia is
40% or higher. The recommended treatment for
severe anemia (Hb < 70 g/l) is to double prophylac-
tic doses for 3months and then to continue the
preventive supplementation regimen.

Ferrous sulfate is the most common form of iron
used in iron tablets, but fumarate and gluconate are
also sometimes used. A liquid formulation is avail-
able for infants, but it is not used often in anemia
control programs in developing countries because of
the expense compared to tablets. Crushed tablets
can be given to infants and young children as an
alternative, but this has not been very successful
programmatically.

Efforts to improve the iron status of populations
worldwide through supplementation have met with
mixed success. Given the frequency with which iron
tablets must be taken to be effective, a lack of
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efficacy of iron supplementation in research studies
and programs has often been attributed to poor
compliance and the presence of side effects such as
nausea and constipation. Ensuring compliance in
some settings also requires extensive logistical sup-
port. Although in developing countries the maxi-
mum coverage of iron supplementation programs
for pregnant women is higher than 50%, other
high-risk groups are less frequently targeted for
iron supplementation.

Comparative trials have demonstrated that both
weekly and daily iron supplementation regimens sig-
nificantly increase indicators of iron status and ane-
mia, but that daily supplements are more efficacious
at reducing the prevalence of iron deficiency and
anemia, particularly among pregnant women and
young children who have high iron demands. There-
fore, daily iron supplements continue to be the
recommended choice for pregnant women and
young children because there is often a high preva-
lence of iron deficiency anemia in these populations.
Weekly supplementation in school-age children and
adolescents holds promise for anemia prevention
programs because it reduces side effects, improves
compliance, and lowers costs. Further assessment of
the relative effectiveness of the two approaches is
needed to determine which is more effective in the
context of programs.

Fortification

Iron fortification of food is the addition of supple-
mental iron to a mass-produced food vehicle con-
sumed by target populations at risk of iron
deficiency anemia. Among anemia control strategies,
iron fortification has the greatest potential to
improve the iron status of populations. However,
its success has been limited by technical challenges

of the fortification process: (i) the identification of a
suitable iron compound that does not alter the taste
or appearance of the food vehicle but is adequately
absorbed and (ii) the inhibitory effect of phytic acid
and other dietary components that limit iron absorp-
tion. Water-soluble iron compounds, such as ferrous
sulfate, are readily absorbed but cause rancidity of
fats and color changes in some potential food vehi-
cles (e.g., cereal flours). In contrast, elemental iron
compounds do not cause these sensory changes but
are poorly absorbed and are unlikely to benefit iron
status. Research on iron compounds and iron
absorption enhancers that addresses these problems
has yielded some promising alternatives. Encapsu-
lated iron compounds prevent some of the sensory
changes that occur in fortified food vehicles. The
addition of ascorbic acid enhances iron absorption
from fortified foods, and NaFe–EDTA provides
highly absorbable iron in the presence of phytic
acid.

Many iron-fortified products have been tested for
the compatibility of the fortificant with the food
vehicle and for the bioavailability of the fortified
iron, but few efficacy or effectiveness trials have
been done. Iron-fortified fish sauce, sugar, infant
formula, and infant cereal have been shown to
improve iron status. In contrast, attempts to fortify
cereal flours with iron have met with little success
because they contain high levels of phytic acid and
the characteristics of these foods require the use of
poorly bioavailable iron compounds.

In the developed world, iron fortification has
resulted in decreased rates of iron deficiency and
anemia during the past few decades. Some debate
remains, however, about the potential for the acqui-
sition of excess iron, which has been associated with
increased chronic disease risk in some studies. In
Europe, Finland and Denmark have recently

Table 2 Guidelines for iron supplementation to prevent iron deficiency anemia

Target group Dose Duration

Pregnant women 60mg iron+400mg folic acid daily 6months in pregnancya,b

Children 6–24months (normal birth weight) 12.5mg ironc+50mg folic acid daily 6–12months of aged

Children 6–24months (low birth weight) 12.5mg iron +50mg folic acid daily 2–24months of age

Children 2–5 years 20–30mg ironc daily

Children 6–11years 30–60mg iron daily

Adolescents and adults 60mg iron dailye

aIf 6-months’ duration cannot be achieved during pregnancy, continue to supplement during the postpartum period for 6months or

increase the dose to 120mg iron daily during pregnancy.
bContinue for 3months postpartum where the prevalence of pregnancy anemia is �40%.
cIron dosage based on 2mg iron/kg body weight/day.
dContinue until 24months of age where the prevalence of anemia is �40%.
eFor adolescent girls and women of reproductive age, 400mg folic acid should be included with iron supplementation.
Adapted with permission from Stoltzfus RJ and Dreyfuss ML (1998) Guidelines for the Use of Iron Supplements to Prevent and Treat

Iron Deficiency Anemia. Washington, DC: International Nutritional Anemia Consultative Group.
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discontinued food fortification programs because of
concerns of iron overload. Individuals with heredi-
tary hemochromatosis, �5/1000 individuals in
populations of European descent, are at particular
risk of iron overload.

Control of Parasitic Infections

Because geohelminths such as hookworm also con-
tribute to iron deficiency, programs that increase
iron intakes but do not address this major source
of iron loss are unlikely to be effective at improving
iron status. Other infections and inflammation also
cause anemia, as does malaria, and the safety of iron
supplementation during infection or malaria has
been debated. Where malaria and iron deficiency
coexist, the current view is that iron supplementa-
tion is sufficiently beneficial to support its use. Ide-
ally, however, where multiple etiologies of anemia
coexist, these etiologies need to be recognized and
simultaneously addressed.

Other Micronutrients

Other nutrients and their deficiencies that can
impact iron status, utilization, or anemia include
vitamin A, folate, vitamin B12, riboflavin, and ascor-
bic acid (vitamin C). Improving iron status can also
increase the utilization of iodine and vitamin A from
supplements. On the other hand, it is increasingly
recognized that simultaneous provision of iron and
zinc in supplements may decrease the benefit of one
or both of these nutrients. These complex micronu-
trient interactions and their implications for nutri-
tional interventions are incompletely understood but
have significant implications for population-based
supplementation strategies.

Summary

Iron deficiency anemia exists throughout the world,
and pregnant women and infants 6–24months old
are at highest risk because of their high iron require-
ments. Women of reproductive age, school-age chil-
dren, and adolescents are also high-risk groups that
may require attention in anemia control programs.
Although numerous indicators exist to characterize
the progression of iron deficiency to anemia, diffi-
culties remain with their use and interpretation,
particularly in the face of other causes of anemia.
Despite the proven efficacy of iron supplementation

and fortification to improve iron status, there are
few examples of effective anemia prevention pro-
grams. More innovative programmatic approaches
that aim to improve iron status, such as geohelminth
control or prevention of other micronutrient defi-
ciencies, deserve more attention. Challenges remain
in preventing and controlling iron deficiency anemia
worldwide.

See also: Folic Acid.
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Introduction

Oxygen is an essential ‘nutrient’ for most organ-
isms. Paradoxically, however, oxygen damages
key biological sites. This has led to oxygen
being referred to as a double-edged sword. The
beneficial side of oxygen is that it permits energy-
efficient catabolism of fuel by acting as the
ultimate electron acceptor within mitochondria.
During aerobic respiration, an oxygen atom
accepts two electrons, forming (with hydrogen)
harmless water. The less friendly side of oxygen
is the unavoidable and continuous production of
partially reduced oxygen intermediates within the
body. These ‘free radicals’ (reactive oxygen spe-
cies; ROS) are more reactive than ground-state
oxygen and cause oxidative changes to carbohy-
drate, DNA, lipid, and protein. Such changes can
affect the structures and functions of macromole-
cules, organelles, cells, and biological systems.
This induces oxidant stress if allowed to proceed
unopposed.

The human body is generally well equipped
with an array of ‘antioxidative’ strategies to
protect against the damaging effects of ROS.
Our endogenous antioxidants are inadequate,
however, as we are unable to synthesize at
least two important antioxidant compounds,
vitamin C and vitamin E. Ingestion of these,
and perhaps other, antioxidants is needed to
augment our defenses and prevent or minimize
oxidative damage. In this article, the causes and
consequences of oxidant stress and the types and
action of antioxidants will be described, the
source and role of dietary antioxidants will be
discussed, and current evidence relating to diet-
ary antioxidants and human health will be
briefly reviewed.

Oxidant Stress

Oxidant, or oxidative, stress is a pro-oxidant shift in
the oxidant–antioxidant balance caused by a relative
or absolute deficiency of antioxidants (Figure 1). A
pro-oxidant shift promotes damaging oxidative
changes to important cellular constituents, and this
may, in turn, lead to cellular dysfunction and, ulti-
mately, to aging, disability, and disease.

Molecular oxygen is relatively unreactive in its
ground state. However, molecular oxygen can be
reduced in several ways within the body to produce
more reactive species (Table 1). These species
include radical and nonradical forms of oxygen,
some of which contain nitrogen or chlorine. A ‘free
radical’ is capable of independent existence and has
a single (unpaired) electron in an orbital. Electrons
stabilize as pairs with opposing spins within an
orbital. An unpaired electron seeks a partner for
stability, and this increases the reactivity of the radi-
cal. A partner electron can be obtained by removing
(‘abstracting’) an electron from another species or
co-reactant. The result of this interaction may be
either quenching by reduction (electron addition) of
the radical with the production of a new radical by
oxidation (electron loss) of the reductive (‘antioxi-
dant’) co-reactant or quenching of two radicals if
the co-reactant is also a radical (one quenched by
reduction (electron addition) and one by oxidation
(electron removal)).

Free radicals produced in vivo include superoxide,
the hydroxyl radical, nitric oxide, oxygen-centered
organic radicals such as peroxyl and alkoxyl radi-
cals, and sulfur-centered thiyl radicals. Other oxy-
gen-containing reactive species that are not radicals
are also formed. These include hydrogen peroxide,
peroxynitrite, and hypochlorous acid. While these
are not radical species, they are actually or poten-
tially damaging oxidants. The collective term ROS is
often used to describe both radical and nonradical
species.

What Causes Oxidant Stress?

Oxidant stress is caused by the damaging action of
ROS. There are two main routes of production of
ROS in the body: one is deliberate and useful; the
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other is accidental but unavoidable (Figure 2).
Deliberate production of ROS is seen, for example,
during the respiratory burst of activated phagocytic
white cells (macrophages, neutrophils, and mono-
cytes). Activated phagocytes produce large amounts
of superoxide and hypochlorous acid for microbial
killing. The ROS nitric oxide is produced constitu-
tively and inducibly, is a powerful vasodilator, and
is vital for the maintenance of normal blood pres-
sure. Nitric oxide also decreases platelet aggregabil-
ity, decreasing the likelihood of the blood clotting
within the circulation. Hydrogen peroxide is pro-
duced enzymatically from superoxide by the action
of the superoxide dismutases (SODs) and is recog-
nized increasingly as playing a central role in cell
signalling and gene activation. Nonetheless, while
some ROS are physiologically useful, they are dama-
ging if they accumulate in excess as a result of, for
example, acute or chronic inflammation or
ischaemia.

Accidental, but unavoidable, production of ROS
occurs during the passage of electrons along the
mitochondrial electron transport chain. Leakage of
electrons from the chain leads to the single-electron
reduction of oxygen, with the consequent formation
of superoxide. This can be regarded as a normal, but
undesirable, by-product of aerobic metabolism.
Around 1–3% of electrons entering the respiratory
chain are estimated to end up in superoxide, and this
results in a large daily ROS load in vivo. If anything
increases oxygen use, such as exercise, then more
ROS will be formed, and oxidant stress may
increase owing to a pro-oxidant shift. Significant
amounts of ROS are also produced during the meta-
bolism of drugs and pollutants by the mixed-func-
tion cytochrome P-450 oxidase (phase I) detoxifying
system and as a consequence of the transformation
of xanthine dehydrogenase to its truncated oxidase
form, which occurs as a result of ischemia. This
causes a flood of superoxide to be formed when

Pro-oxidant:antioxidant balance
Foods and drugs

Aerobic
metabolism

Environment

Radiation
Antioxidants

Oxidative   stress

Reactive
oxygen
species

Endogenous

Dietary

so
urce

s– +

Figure 1 Antioxidant defenses balance reactive oxygen species load and oppose oxidant stress.

Table 1 Reactive oxygen species found in vivo in general order of reactivity (from lowest to highest)

Name of

species

Sign/

formula

Radical (R) or

nonradical (NR)

Comment

Molecular

oxygen

O2 R Biradical, with two unpaired electrons; these are in parallel spins, and this limits

reactivity

Nitric oxide NO_ R Important to maintain normal vasomotor tone

Superoxide O2
_� R Single electron reduction product of O2; large amounts produced in vivo

Peroxyl ROO_ R R is often a carbon of an unsaturated fatty acid

Singlet

oxygen

1�gO2 NR ‘Energized’ nonradical forms of molecular oxygen; one unpaired electron is

transferred to the same orbital as the other unpaired electron
1�g

+O2

Hydrogen

peroxide

H2O2 NR Small, uncharged, freely diffusible ROS formed by dismutation of superoxide

Hydroperoxyl HOO_ R Protonated, more reactive form of superoxide; formed at sites of low pH

Alkoxyl RO_ R R is carbon in a carbon-centered radical formed by peroxidation of unsaturated

fatty acid

Hypochlorous HOCl NR Formed in activated phagocytes to aid in microbial killing

Peroxynitrite HNOO� NR Highly reactive product of nitric oxide and superoxide

Hydroxyl _OH R Fiercely, indiscriminately reactive radical
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the oxygen supply is restored. In addition, if free
iron is present (as may happen in iron overload,
acute intravascular hemolysis, or cell injury), there
is a risk of a cycle of ROS production via iron-
catalyzed ‘autoxidation’ of various constituents in
biological fluids, including ascorbic acid, catechola-
mines, dopamine, hemoglobin, flavins, and thiol
compounds such as cysteine or homocysteine. Pre-
formed reactive species in food further contribute to
the oxidant load of the body, and ROS are also
produced by pathological processes and agents
such as chronic inflammation, infection, ionizing
radiation, and cigarette smoke. Breathing oxygen-
enriched air results in enhanced production of ROS
within the lungs, and various toxins and drugs, such
as aflatoxin, acetominophen, carbon tetrachloride,
chloroform, and ethanol, produce reactive radical
species during their metabolism or detoxification
and excretion by the liver or kidneys. Clearly, all
body tissues are exposed to ROS on a regular or
even constant basis. However, sites of particularly
high ROS loads within the human body include the
mitochondria, the eyes, the skin, areas of cell
damage, inflammation, and post-ischemic reperfu-
sion, the liver, the lungs (especially if oxygen-
enriched air is breathed), and the brain.

What does Oxidant Stress Cause?

A sudden and large increase in ROS load can over-
whelm local antioxidant defenses and induce severe

oxidant stress, with cell damage, cell death, and
subsequent organ failure. However, less dramatic
chronic oxidant stress may lead to depletion of
defenses and accumulation of damage and ulti-
mately cause physiological dysfunction and patholo-
gical change resulting in disability and disease. This
is because oxidant stress causes oxidative changes to
DNA, lipid, and protein. These changes lead in turn
to DNA breaks, mutagenesis, changed phenotypic
expression, membrane disruption, mitochondrial
dysfunction, adenosine triphosphate depletion,
intracellular accumulation of non-degradable oxi-
dized proteins, increased atherogenicity of low-
density lipoproteins, and crosslinking of proteins
with subsequent loss of function of specialized pro-
tein structures, for example, enzymes, receptors, and
the crystallins of the ocular lens. In addition, the
aldehydic degradation products of oxidized polyun-
saturated fatty acids (PUFAs) are carcinogenic and
cytotoxic. Increased oxidant stress can also trigger
apoptosis, or programed cell death, through a chan-
ged redox balance, damage to membrane ion-trans-
port channels, and increased intracellular calcium
levels (Figure 3).

Oxidant stress, through its effects on key biologi-
cal sites and structures, is implicated in chronic
noncommunicable diseases such as coronary heart
disease, cancer, cataract, dementia, and stroke
(Figure 4). Oxidant stress is also thought to be a
key player in the aging process itself. A cause-and-
effect relationship between oxidant stress and aging

May be produced accidentally
but unavoidably:

e.g., leakage of electrons from mitochondrial
respiratory chain; autoxidation of

catecholamines; during post-ischaemic
reperfusion; some photosensitizing reactions

Can be purposeful and directed:
e.g., during respiratory burst of activated
phagocytes; as nitric oxide (produced for
vasodilation); for cell signalling and gene

activation

Are always potentially
damaging to protein, lipid,

and DNA

May serve no purpose, but are
generally unavoidable and often

damaging:
e.g., from food, pollutants, cytochrome P-450
reactions; some photosensitizing reactions;

ionizing radiation

ROS
a continuous and unavoidable threat

Figure 2 Sources of reactive oxygen species found in vivo.
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and disease has not been confirmed, however, and it
is very unlikely that oxidant stress is the sole cause
of aging and chronic degenerative disease.

Nonetheless, there is evidence that oxidant stress
contributes substantially to age-related physiological
decline and pathological changes. Consequently, if it

ROS

Mitochondrial damage/disruption

Disordered cellular metabolism

Carcinogenesis

Atherogenesis

Autoimmunity

Cell damage/death

Stroke

Cataract

Coronary
heart disease

Aging

Cancer

Diabetes

Dementia

DNA breakage and
mutation

Oncogene activation

Tumor-suppressor
gene inactivation

Peroxidation of
unsaturated fatty acids

Loss of membrane
fluidity/function

OxLDL formation
Changes in

immunogenicity

Enzyme
activation/inactivation

Protein crosslinking

Protein fragmentation

Receptor disturbance

Carbohydrate
crosslinking

Figure 3 Possible involvement of reactive oxygen species (ROS) in ageing and chronic degenerative disease. OxLDL, oxidized low

density lipoprotein.
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is accepted that oxidant stress is associated with
aging and degenerative disease, then opposing oxi-
dant stress by increasing antioxidant defense offers a
potentially effective means of delaying the deleter-
ious effects of aging, decreasing the risk of chronic
disease, and achieving functional longevity. For this
reason, there has been great interest in recent years
in the source, action, and potential health benefits of
dietary antioxidants.

Antioxidant Defense

An antioxidant can be described in simple terms as
anything that can delay or prevent oxidation of a
susceptible substrate. Our antioxidant system is
complex, however, and consists of various intracel-
lular and extracellular, endogenous and exogenous,
and aqueous and lipid-soluble components that act
in concert to prevent ROS formation (preventative
antioxidants), destroy or inactivate ROS that are
formed (scavenging and enzymatic antioxidants),
and terminate chains of ROS-initiated peroxidation
of biological substrates (chain-breaking antioxi-
dants). In addition, metals and minerals (such as
selenium, copper, and zinc) that are key components
of antioxidant enzymes are often referred to as
antioxidants.

There are many biological and dietary constitu-
ents that show ‘antioxidant’ properties in vitro. For
an antioxidant to have a physiological role, how-
ever, certain criteria must be met.

1. The antioxidant must be able to react with ROS
found at the site(s) in the body where the putative
antioxidant is found.

2. Upon interacting with a ROS, the putative anti-
oxidant must not be transformed into a more
reactive species than the original ROS.

3. The antioxidant must be found in sufficient
quantity at the site of its presumed action in
vivo for it to make an appreciable contribution
to defense at that site: if its concentration is very
low, there must be some way of continuously
recycling or resupplying the putative antioxidant.

Antioxidants Found Within the Human
Body

The structures of the human body are exposed con-
tinuously to a variety of ROS. Humans have evolved
an effective antioxidant system to defend against
these damaging agents. Different sites of the body
contain different antioxidants or contain the same

antioxidants but in different amounts. Differences
are likely to reflect the different requirements and
characteristics of these sites.

Human plasma and other biological fluids are
generally rich in scavenging and chain-breaking anti-
oxidants, including vitamin C (ascorbic acid) and
‘vitamin E.’ Vitamin E is the name given to a
group of eight lipid-soluble tocopherols and toco-
trienols. In the human diet, �-tocopherol is the
main form of vitamin E, but the predominant form
in human plasma is �-tocopherol. Bilirubin, uric
acid, glutathione, flavonoids, and carotenoids also
have antioxidant activity and are found in cells and/
or plasma. Scavenging and chain-breaking antioxi-
dants found in vivo are derived overall from both
endogenous and exogenous sources. Cells contain, in
addition, antioxidant enzymes, the SODs, glu-
tathione peroxidase, and catalase. The transition
metals iron and copper, which can degrade pre-
existing peroxides and form highly reactive ROS,
are kept out of the peroxidation equation by being
tightly bound to, or incorporated within, specific
proteins such as transferrin and ferritin (for iron)
and caeruloplasmin (for copper). These proteins are
regarded as preventive antioxidants. Caeruloplasmin
ferroxidase activity is also important for the non-
ROS-producing route of ferrous (Fe(II)) to ferric
(Fe(III)) oxidation and for incorporating released
iron into ferritin for ‘safe’ iron storage. Haptoglobin
(which binds released hemoglobin), hemopexin
(which binds released hem), and albumin (which
binds transition-metal ions and localizes or absorbs
their oxidative effects) can also be regarded as anti-
oxidants in that they protect against metal-ion-cata-
lyzed redox reactions that may produce ROS. An
overview of the major types of antioxidants within
the body and their interactions is given in Table 2
and Figure 5.

Table 2 Types of antioxidants

Physical barriers prevent ROS generation or ROS access to

important biological sites; e.g., UV filters, cell membranes

Chemical traps or sinks ‘absorb’ energy and electrons and

quench ROS; e.g., carotenoids, anthocyanidins

Catalytic systems neutralize or divert ROS, e.g., the antioxidant

enzymes superoxide dismutase, catalase, and glutathione

peroxidase

Binding and redox inactivation of metal ions prevent generation

of ROS by inhibiting the Haber–Weiss reaction; e.g., ferritin,

caeruloplasmin, catechins

Sacrificial and chain-breaking antioxidants scavenge and destroy

ROS; e.g., ascorbic acid (vitamin C), tocopherols (vitamin E),

uric acid, glutathione, flavonoids

ROS, reactive oxygen species.
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Dietary Antioxidants

The human endogenous antioxidant system is
impressive but incomplete. Regular and adequate
dietary intakes of (largely) plant-based antioxidants,
most notably vitamin C, vitamin E, and folic acid,
are needed. Fresh fruits and vegetables are rich in
antioxidants (Figure 6), and epidemiological evi-
dence of protection by diets rich in fruits and vege-
tables is strong. To decrease the risk of cancer of
various sites, five or more servings per day of fruits
and vegetables are recommended. However, it is not
known whether it is one, some, or all antioxidant(s)
that are the key protective agents in these foods.
Furthermore, it may be that antioxidants are simple
co-travellers with other, as yet unidentified, compo-
nents of antioxidant-rich foods. Perhaps antioxi-
dants are not ‘magic bullets’ but rather ‘magic
markers’ of protective elements. Nonetheless, the
US recommended daily intakes (RDIs) for vitamin
C and vitamin E were increased in 2000 in recogni-
tion of the strong evidence that regular high intakes
of these antioxidant vitamins are associated with a
decreased risk of chronic disease and with lower all-
cause mortality.

To date, research on dietary antioxidant micronu-
trients has concentrated mainly on vitamin C and
vitamin E. This is likely to be because humans have
an undoubted requirement for these antioxidants,
which we cannot synthesize and must obtain in
regular adequate amounts from food. However,
there are a plethora of other dietary antioxidants.
Some or all of the thousands of carotenoids, flavo-
noids, and phenolics found in plant-based foods,
herbs, and beverages, such as teas and wines, may

also be important for human health, although there
are currently no RDIs for these. Furthermore, while
there are recommended intakes for vitamin C, vita-
min E, and folic acid, these vary among countries,
and there is currently no agreement as regards the
‘optimal’ intake for health. In addition, there is
growing evidence that other dietary constituents
with antioxidant properties, such as quercetin and
catechins (found in teas, wines, apples, and onions),
lycopene, lutein, and zeaxanthin (found in tomatoes,
spinach, and herbs) contribute to human health.
Zinc (found especially in lamb, leafy and root vege-
tables, and shellfish) and selenium (found especially
in beef, cereals, nuts, and fish) are incorporated into
the antioxidant enzymes SOD and glutathione per-
oxidase, and the elements are themselves sometimes
referred to as antioxidants.

The levels of ascorbic acid, �-tocopherol, folic
acid, carotenoids, and flavonoids within the body
are maintained by dietary intake. While the role
and importance of dietary antioxidants are currently
unclear, antioxidant defense can be modulated by
increasing or decreasing the intake of foods contain-
ing these antioxidants. There are a number of rea-
sons for recommending dietary changes in
preference to supplementation for achieving
increased antioxidant status, as follows.

1. It is not clear which antioxidants confer
protection.

2. The hierarchy of protection may vary depending
on body conditions.

3. A cooperative mix of antioxidants is likely to be
more effective than an increased intake of one
antioxidant.
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Figure 6 Antioxidant capacity varies among different fruits and vegetables. FRAP, Ferric Reducing/Anti-oxidant Power.
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4. Antioxidants, including vitamin A, �-carotene,
vitamin C, selenium, and copper, can be harmful
in large doses or under certain circumstances.

5. Antioxidant status is likely to be affected by the
overall composition of the diet, e.g., the fatty-
acid and phytochemical mix.

6. The iron status of the body, environmental con-
ditions, and lifestyle undoubtedly affect antioxi-
dant demand.

Antioxidant defense, therefore, is likely to be opti-
mized through a balanced intake of a variety of
antioxidants from natural sources rather than by
pharmacological doses of one or a few antioxidants.

Dietary Recommendations for Increased
Antioxidant Defense

Dietary recommendations that would result in
increased antioxidant defense are not inconsistent
with accepted recommendations for healthy eating.
The recommendation to increase the consumption of
plant-based foods and beverages is one that is widely
perceived as health promoting, and the consistent
and strong epidemiological links between high fruit
and vegetable intake and the greater life expectancy
seen in various groups worldwide whose diet is high
in plant-based foods indicate that more emphasis
should be given to this particular dietary recommen-
dation. Vitamin C, vitamin E, various carotenoids,
flavonoids, isoflavonoids, phenolic acids, organosul-
fur compounds, folic acid, copper, zinc, and

selenium are all important for antioxidant defense,
and these are found in plant-based foods and bev-
erages such as fruits, vegetables, nuts, seeds, teas,
herbs, and wines. Dietary strategies for health pro-
motion should be directed towards optimizing the
consumption of these items.

It is recommended generally that at least five ser-
vings of fruits and vegetables are eaten each day.
This recommendation is based on a wealth of epide-
miological evidence that, overall, indicates that 30–
40% of all cancers can be prevented by diet. How-
ever, it is estimated that most individuals in devel-
oped countries eat less than half this amount of
fruits and vegetables, and intake by people in devel-
oping nations is often very low. Furthermore, the
antioxidant contents (both of individual antioxi-
dants and in total) of foods vary widely among
different food items and even within the same food
item, depending on storage, processing, and cooking
method. In addition, the issues of bioavailability and
distribution must be considered, and it is of interest
to see where dietary antioxidants accumulate
(Table 3). Vitamin C is absorbed well at low doses
and is concentrated in nucleated cells and in the
eyes, but relative absorption within the gastrointest-
inal tract decreases as dose ingested increases. Of the
eight isomers of ‘vitamin E,’ �-tocopherol and �-
tocopherol are distributed around the body and are
found in various sites, including skin and adipose
tissue. Vitamin E protects lipid systems, such as
membranes and lipoproteins. While �-tocopherol is

Table 3 Dietary antioxidants: source, bioavailability, and concentrations in human plasma

Dietary source Bioavailability Concentration Comment

Ascorbic acid (vitamin C) Fruits and vegetables,

particularly strawberries,

citrus, kiwi, Brussels

sprouts, and cauliflower

100% at low doses

(<100mg)

decreasing to

<15% at > 10g

25–80mmol l�1 Unstable at neutral pH,

concentrated in cells and

the eye

‘Vitamin E’ (in humans

mainly �-tocopherol)

Green leafy vegetables,

e.g., spinach, nuts,

seeds, especially

wheatgerm, vegetable

oils, especially sunflower

10–95%, but limited

hepatic uptake of

absorbed

tocopherol

15–40mmol l�1

(depending

on vitamin

supply and

lipid levels)

Major tocopherol in diet is

� form, but � form is

preferentially taken up

by human liver

Carotenoids (hundreds) Orange/red fruits and

vegetables (carrot,

tomato, apricot, melon,

yam), green leafy

vegetables

Unclear, dose and

form dependent,

probably <15%

Very low

(<1 mmol l�1)

Lutein and zeaxanthin are

concentrated in macula

region of the eye

Flavonoids (enormous

range of different types)

Berries, apples, onions, tea,

red wine, some herbs

(parsley, thyme), citrus

fruits, grapes, cherries

Most poorly absorbed,

quercetin

absorption 20–50%,

catechins < 2%,

dependent on form

and dose

No data for

most, likely

<3 mmol l�1

in total

Quercetin and catechins

may be most relevant to

humans health as intake

is relatively high, there is

some absorption,

possible gastrointestinal-

tract protection by

unabsorbed flavonoids
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by far the predominant form in human lipophilic
structures, there is limited information on the bioa-
vailabilities and roles of the other isomers. Gastro-
intestinal absorption of catechins (a type of
flavonoid found in high quantity in tea) is very
low, and, although it has been shown that plasma
antioxidant capacity increases after ingesting cate-
chin-rich green tea, catechins appear to be excreted
via the urine fairly rapidly. Some are likely to be
taken up by membranes and cells, although this is
not clear, but most of the flavonoids ingested are
likely to remain within the gastrointestinal tract.
However, this does not necessarily mean that they
have no role to play in antioxidant defense, as the
unabsorbed antioxidants may provide local defense
to the gut lining (Figure 7).

With regard to plasma and intracellular distribu-
tions of dietary antioxidants, if it is confirmed that
increasing defense by dietary means is desirable,
frequent small doses of antioxidant-rich food may
be the most effective way to achieve this. Further-
more, ingestion of those foods with the highest anti-
oxidant contents may be the most cost-effective
strategy. For example, it has been estimated that
around 100mg of ascorbic acid (meeting the
recently revised US RDI for vitamin C) is supplied
by one orange, a few strawberries, one kiwi fruit,
two slices of pineapple, or a handful of raw cauli-
flower or uncooked spinach leaves. Interestingly,
apples, bananas, pears, and plums, which are prob-
ably the most commonly consumed fruits in Western
countries, are very low in vitamin C. However,
these, and other, fruits contain a significant amount
of antioxidant power, which is conferred by a vari-
ety of other scavenging and chain-breaking antiox-
idants (Figure 6).

Dietary Antioxidants and Human Health

Plants produce a very impressive array of antioxi-
dant compounds, including carotenoids, flavonoids,
cinnamic acids, benzoic acids, folic acid, ascorbic
acid, tocopherols, and tocotrienols, and plant-based
foods are our major source of dietary antioxidants.
Antioxidant compounds are concentrated in the oxi-
dation-prone sites of the plant, such as the oxygen-
producing chloroplast and the PUFA-rich seeds and
oils. Plants make antioxidants to protect their own
structures from oxidant stress, and plants increase
antioxidant synthesis at times of additional need and
when environmental conditions are particularly
harsh.

Humans also can upregulate the synthesis of
endogenous antioxidants, but this facility is very
limited. For example, production of the antioxidant

enzyme SOD is increased with regular exercise, pre-
sumably as an adaptation to the increased ROS load
resulting from higher oxygen use. However, an
increase in other endogenous antioxidants, such as
bilirubin and uric acid, is associated with disease,
not with improved health. Increasing the antioxi-
dant status of the body by purposefully increasing
the production of these antioxidants, therefore, is
not a realistic strategy. However, the concept that
increased antioxidant intake leads to increased anti-
oxidant defense, conferring increased protection
against oxidant stress and, thereby, decreasing the
risk of disease, is a simple and attractive one. Anti-
oxidant defense can be modulated by varying the
dietary intake of foods rich in natural antioxidants.
It has been shown that following ingestion of an
antioxidant-rich food, drink, or herb the antioxidant
status of the plasma does indeed increase. The ques-
tion remains, however, as to whether increasing the
antioxidant defense of the body by dietary means,

Figure 7 Dietary antioxidants are absorbed and distributed to

various sites within the human body.
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while achievable, is a desirable strategy to promote
human health and well-being.

There are many age-related disorders that, in
theory at least, may be prevented or delayed by
increased antioxidant defense. These disorders
include arthritis, cancer, coronary heart disease,
cataract, dementia, hypertension, macular degen-
eration, the metabolic complications of diabetes
mellitus, and stroke. The rationale for prevention
of disease by antioxidants is based on the follow-
ing facts.

1. Epidemiological evidence shows that a high
intake of antioxidant-rich foods, and in some
cases antioxidant supplements, is associated
with a lower risk of these diseases.

2. Experimental evidence shows that oxidation of
cells and structures (such as low-density lipopro-
tein, DNA, membranes, proteins, and mitochon-
dria) is increased in individuals suffering from
these disorders.

3. Experimental evidence shows that antioxidants
protect protein, lipid, and DNA from oxidative
damage.

4. Experimental evidence shows that biomarkers
of oxidative damage to key structures are ame-
liorated by an increased intake of dietary
antioxidants.

However, the following cautionary statements
must be noted.

1. While there is a large body of observational evi-
dence supporting a protective effect of dietary
antioxidants, it has been suggested that the
importance of this has been overstated, and
recent studies are less supportive.

2. While phenomenological evidence is strong that
oxidative damage does occur in aging and in
chronic degenerative diseases, cause-and-effect
relationships have not been confirmed.

3. While experimental evidence is quite strong, stu-
dies have generally been performed in vitro using
very high concentrations of antioxidants, making
their physiological relevance unclear.

4. Evidence from intervention trials is of variable
quality and conflicting; animal studies have
shown positive results but have often used
very high does of antioxidants, and the rele-
vance to human health is unclear; large human
intervention trials completed to date, such as
the �-Tocopherol �-Carotene Cancer Preven-
tion Study, Gruppo Italiano per Io Studio
Delia Sopravivenza nell’Infarto Miocardico,
the Heart Protection Study, the Heart

Outcomes Prevention Evaluation, and the Pri-
mary Prevention Project, have been largely dis-
appointing in that they have not shown the
expected benefits. These studies are summarized
in Table 4.

Overall, observational data are supportive of ben-
eficial effects of diets rich in antioxidants (Figure 8),
and intervention trials have often used high-risk
groups or individuals with established disease
(Table 4). In addition, intervention trials have gen-
erally used antioxidant supplements (usually vitamin
C or vitamin E) rather than antioxidant mixtures or
antioxidant-rich foods. Therefore, while observa-
tional data support a role for antioxidant-rich food
in health promotion, whether or not it is the anti-
oxidants in the food that are responsible for the
benefit remains to be confirmed.

Summary and Concluding Remarks

Our diet contains a multitude of antioxidants that
we cannot synthesize, and most are plant-based.
The available evidence supports a role for antiox-
idant-rich foods in the promotion of health,
although it is not yet clear how many antioxidants
and how much of each are needed to achieve an
optimal status of antioxidant defense and mini-
mize disease risk. Nor is it clear whether the ben-
efit is of a threshold type or whether it continues
to increase with the amount of antioxidant
ingested. It is also not yet known whether those
dietary antioxidants for which there is no absolute
known requirement play a significant role in
human antioxidant defense and health or whether
they are merely coincidental co-travellers with
other, as yet unknown, antioxidant or nonantiox-
idant dietary constituents that have beneficial
effects. A reasonable recommendation is to eat a
variety of antioxidant-rich foods on a regular
basis. This is likely to be beneficial and is not
associated with any harmful effects. However,
further study is needed before firm conclusions
can be drawn regarding the long-term health ben-
efits of increasing antioxidant defense per se,
whether through food or supplements. The chal-
lenge in nutritional and biomedical science
remains to develop tools that will allow the mea-
surement of biomarkers of functional and nutri-
tional status and to clarify human requirements
for dietary antioxidants, the goal being the design
of nutritional strategies to promote health and
functional longevity.
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A predominantly plant-based diet reduces the risk of
developing several chronic diseases, including cancer
and cardiovascular disease (CVD) coronary heart
disease and stroke. It is often assumed that antiox-
idants, including vitamin C, vitamin E, the carote-
noids (e.g., �-carotene, lycopene, and lutein),
selenium, and the flavonoids (e.g., quercetin,
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kaempferol, myricetin, luteolin, and apigenin), con-
tribute to this protection by interfering passively
with oxidative damage to DNA, lipids, and proteins.
This hypothesis is supported by numerous in vitro
studies in animals and humans. A large number of
descriptive, case–control, and cohort studies have
also demonstrated an inverse association between
high intakes and/or plasma levels of antioxidants
and risk of CVD and cancer at numerous sites, as
well as other conditions associated with oxidative
damage, such as age-related macular degeneration,
cataracts, and chronic obstructive pulmonary dis-
ease (COPD).

These findings provided a strong incentive for the
initiation of intervention studies to investigate
whether a lack of dietary antioxidants is causally
related to chronic disease risk and if providing anti-
oxidant supplements confers benefits for the preven-
tion and treatment of these conditions. This article
summarizes the findings of the largest primary and
secondary trials published to date and considers
their implications for future research and current
dietary advice.

Cardiovascular Disease

Of all the diseases in which excess oxidative
stress has been implicated, CVD has the strongest
supporting evidence. Oxidation of low-density
lipoprotein (LDL) cholesterol appears to be a
key step in the development of atherosclerosis, a
known risk factor in the development of CVD.
Small studies have demonstrated reductions in
LDL oxidation (mostly in vitro) following supple-
mentation with dietary antioxidants (particularly
vitamin E, which is primarily carried in LDL-
cholesterol), suggesting that they may provide
protection against the development of heart dis-
ease. A number of large intervention trials using
disease outcomes (rather than biomarkers such as
LDL oxidation) have also been conducted to try
to demonstrate a protective effect of vitamin E,
�-carotene, and, to a lesser extent, vitamin C
supplements on cardiovascular disease. Most
have been carried out in high-risk groups (e.g.,
smokers) or those with established heart disease
(i.e., people with angina or who have already
suffered a heart attack).

Primary Prevention

The results of most primary prevention trials have
not been encouraging (Table 1). For example, in the
Finnish Alpha-Tocopherol Beta-Carotene Cancer
Prevention (ATBC) study, approximately 30 000

male smokers received vitamin E (50mg/day of �-
tocopherol), �-carotene (20mg/day), both, or an
inactive substance (placebo) for approximately
6 years. There was no reduction in risk of major
coronary events with any of the treatments despite
a 50% increase in blood vitamin E concentrations
and a 17-fold increase in �-carotene levels. More-
over, with vitamin E supplementation, there was an
unexpected increase in risk of death from hemorrha-
gic stroke and a small but significant increase in
mortality from all causes with �-carotene supple-
mentation (RR, 1.08; 95% confidence interval
(CI), 1–16). An increase in CVD deaths was also
observed in the Beta-Carotene and Retinol Efficacy
Trial (CARET), which tested the effects of combined
treatment with �-carotene (30mg/day) and retinyl
palmitate (25 000 IU/day) in 18 000 men and
women with a history of cigarette smoking or occu-
pational exposure to asbestos compared to the pla-
cebo group (RR, 1.26; 95% CI, 0.99–1.61).

Secondary Prevention

The most positive results from secondary prevention
trials came from the Cambridge Heart Antioxidant
Study (CHAOS), a controlled trial on 2002 heart
disease patients with angiographically proven coron-
ary atherosclerosis randomly assigned to receive a
high dose of vitamin E (400 or 800 IU/day) or
placebo (Table 2). Those receiving the supplements
were 77% less likely to suffer from nonfatal heart
disease over the 112-year trial period than those who
did not receive vitamin E (RR, 0.23; 95% CI,
0.11–0.47), although there was no reduction in
CVD deaths. However, other large secondary pre-
vention trials with longer follow-up have been less
encouraging. For example, in a further analysis of
the ATBC study, the �-carotene supplementation
was associated with an increased risk of coronary
heart disease (CHD) deaths among men who had a
previous heart attack and were thus at high risk of
subsequent coronary events. There were significantly
more deaths from fatal CHD in the �-carotene
group (RR, 1.75; 95% CI, 1.16–2.64) and in the
combined �-carotene and vitamin E group compared
to the placebo group (RR, 1.58; 95% CI, 1.05–
2.40). The Heart Outcomes Prevention Evaluation
Study (HOPE) observed no benefit from vitamin E
supplementation (400 IU/day) on CVD or all-cause
mortality. The Heart Protection Study in the United
Kingdom examined the effect of 5 years of supple-
mentation with a cocktail of antioxidant vitamins
(600mg vitamin E, 250mg vitamin C, and 20mg �-
carotene) alone or in combination with the lipid-
lowering drug Simvastatin or placebo in more than
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20 000 adults with CHD, other occlusive arterial
disease, or diabetes mellitus. Although blood levels
of antioxidant vitamins were substantially increased,
no significant reduction in the 5-year mortality from
vascular disease or any other major outcome was
noted. In the Italian GISSI-Prevenzione Trial dietary
fish oils reduced the risk of fatal or nonfatal CVD in
men and women who had recently suffered from a
heart attack but vitamin E supplementation (300mg
daily for 312 years) did not provide any benefit. In
these three trials, no significant adverse effects of
vitamin E were observed.

Systematic reviews and meta-analyses of the clin-
ical trials to date have therefore concluded that
despite evidence from observational studies, people
with a high occurrence of CVD often have low

intakes or plasma levels of antioxidant nutrients.
Supplementation with any single antioxidant nutri-
ent or combination of nutrients has not demon-
strated any benefit for the treatment or prevention
of CVD.

Cancer

The oxidative hypothesis of carcinogenesis asserts
that carcinogens generate reactive oxygen species
that damage RNA and DNA in cells, predisposing
these cells to malignant changes and enhanced can-
cer risk. Most, but not all, damage is corrected by
internal surveillance and repair systems involving
dietary antioxidants, as well as endogenous antiox-
idant mechanisms. Antioxidants are therefore

Table 1 Summary of large intervention trials (> 1000 subjects) investigating the role of antioxidants and CVD in primary prevention

Trial Characteristics of

subjects

Sex Length

of follow-

up

(years)

Treatment Effect of antioxidant supplementation

ATBC 29133 smokers,

Finland

Male 6 50mg �-tocopherol

and/or 20mg �-

carotene

No significant effect on fatal or

nonfatal-CHD or total strokes with

either supplement

Increase in deaths from hemorrhagic

stroke in vitamin E group

Increase in hemorrhagic stroke

(+62%) and total mortality (+8%) in

�-carotene group

CARET 14254 smokers,

4 060 asbestos

workers, United

States

Male and Female 4 30mg �-carotene

and 25000 IU

retinol

Increase in deaths from CVD (+26%)

(terminated early)

LCPS 29584 poorly

nourished,

China

Male and Female 5 15mg �-carotene,

30mg �-

tocopherol, and

50mg selenium

Small decline in total mortality (+9%)

Reduction in deaths from stroke in

men (�55%) but not women

PHS 22071 physicians,

United States

Male 12 50mg �-carotene

and/or aspirin

(alternate days)

No effect on fatal or nonfatal

myocardial infarction or stroke

PPP 4495 with one or

more CVD risk

factors, Italy

Male and Female 312 Low-dose aspirin

and/or 300mg �-

tocopherol

No effect on CVD deaths or events

(but inadequate power due to

premature interruption of trial)

SCPS 1720 with recent

nonmelanoma

skin cancer,

Australia

Male and Female 8 50mg �-carotene No effect on CVD mortality

VACP II 1 204 former

asbestos

workers,

Australia

Male and Female 5 30mg �-carotene

or 25 000 IU

retinol (no

placebo group)

No effect of �-carotene

on CHD deaths

WHS 39876, United

States

Female 2 50mg �-carotene

(alternate days)

No effect on fatal or

nonfatal CVD

ATBC, Alpha Tocopherol Beta Carotene Prevention Study; CARET, Beta Carotene and Retinol Efficacy Trial; LCPS, Linxian Cancer

Prevention Study; PHS, Physicians Health Study; PPP, Primary Prevention Project; SCPS, Skin Cancer Prevention Study; VACP,

Vitamin A and Cancer Prevention; WHS, Women’s Health Study; CHD, Coronary Heart Disease; CVD, Cardiovascular disease.
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proposed to prevent cell damage by neutralizing free
radicals and oxidants, thus preventing subsequent
development of cancer.

b-Carotene

Many of the randomized controlled trials (RCTs)
investigating a protective role for antioxidant
nutrients in cancer prevention (Table 3) have
focused on �-carotene. A study in Linxian,
China, of a rural population with poor nutritional
status found that supplementation with a combi-
nation of �-carotene, selenium, and vitamin E for
5 years provided a 21% reduction in stomach can-
cer mortality and a 13% reduction in all cancer
deaths. Although interesting, the population stu-
died was likely to have very low intakes of a
number of micronutrients and this study does not
contribute to knowledge about the effects of indi-
vidual antioxidants or offer any insight into their
effects on populations with good nutritional
status.

The findings of a number of large double-blind
RCTs in well-fed subjects using high-dose �-

carotene supplements (either alone or in combina-
tion with other agents) have generally been unsup-
portive of any protective effect, although most
have only focused on high-risk groups (e.g., smo-
kers, asbestos workers, and older age groups). In
the ATBC Cancer Prevention Trial, in which
29 000 male smokers were randomly assigned to
receive �-carotene and/or �-tocopherol or placebo
each day, �-carotene showed no protective effect
on the incidence of any type of cancer after
approximately 6 years. In fact, concern was raised
following the publication of the findings of this
trial because those randomized to receive this vita-
min had an 18% higher risk of lung cancer (RR,
1.18; 95% CI, 3–36) as well as an 8% higher total
mortality than nonrecipients. Subgroup analyses
suggested that the adverse effect of �-carotene on
lung cancer risk was restricted to heavy smokers
and that the risk appeared to be transient, being
lost at follow-up 4–6 years after cessation of
supplementation.

The CARET was also terminated early because of
similar findings; subjects receiving a combination of
supplements (30mg �-carotene and vitamin A daily)

Table 2 Summary of large intervention trials (> 1000 subjects) investigating the role of antioxidants and CVD in secondary

preventiona

Trial Characteristics of

subjects

Sex Length of

follow-up (years)

Treatment Effect of antioxidant

supplementation

ATBC 1862 smokers with

previous MI,

Finland

Male 512 50mg �-tocopherol and/

or 20mg �-carotene

No effect on total coronary

events (fatal and nonfatal)

Increase in deaths from fatal

CHD in �-carotene (+75%)

and combined

�-carotene/vitamin E

group (+58%) vs placebo

1795 heavy

smokers with

previous angina,

Finland

No effect on symptoms or

progression of angina or

on total coronary events

CHAOS 2002 patients with

coronary

atherosclerosis,

United Kingdom

Male and Female 112 300 or 800 IU

�-tocopherol

Reduction in nonfatal MI

(�77%) but no effect on

CVD mortality

GISSI 11324 patients with

recent MI, Italy

300mg �-tocopherol

and/or 1 g n-3 PUFA

No benefit from vitamin E

HOPE 9541 known CVD or

diabetes, Canada

Male and Female 4–6 400 IU �-tocopherol

and/or ACE inhibitor

No effect on MI, stroke, or

CVD death

HPS 20536 with known

vascular disease

or at high risk,

United Kingdom

Male and Female � 5 20mg �-carotene,

600mg �-tocopherol,

and 250mg vitamin C

No effect on fatal or nonfatal

MI or stroke

aSecondary prevention is defined as including patients with known or documented vascular disease.

ACE, angiotensin converting enzyme; ATBC, Alpha Tocopherol Beta Carotene Prevention Study; CHAOS, Cambridge Heart Antiox-

idant Study; GISSI, GISSI Prevenzione Trial; HOPE, Heart Outcomes Prevention Evaluation Study; HPS, Heart Protection Study; CHD,

Coronary Heart Disease; CVD, cardiovascular disease; MI, myocardial infarction; PUFA, polyunsatutated fatty acids.
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experienced a 28% increased risk of lung cancer
incidence compared with the placebo group (RR,
1.28; 95% CI, 1.04–1.57). Subgroup analyses also
suggested that the effect was found in current, but
not former, smokers. In contrast, in the Physicians
Health Study, supplementation of male physicians
with 50mg �-carotene on alternate days had no
effect on cancer incidence (men who were smokers
did not experience any benefit or harm). The
Heart Protection Study also demonstrated no
effect on 5-year cancer incidence or mortality
from supplementation with 20mg �-carotene in
combination with vitamins E and C in individuals
at high risk of CVD, despite increases in blood
concentrations of these nutrients (plasma �-caro-
tene concentrations increased 4-fold). They did
not, however, find any harmful effects from these
vitamins.

A number of trials have attempted to investigate
the effect of �-carotene supplementation on nonme-
lanoma skin cancer, the most common forms of
which are basal cell and squamous cell carcinomas
(these types of cells are both found in the top layer
of the skin). However, none have shown any signifi-
cant effect on skin cancer prevention. For example,
the Physicians Health Study found no effect after
12 years of �-carotene supplementation on the devel-
opment of a first nonmelanoma skin cancer. The
Nambour Skin Cancer Prevention Trial of 1621
men and women followed for nearly 5 years (most
of whom had no history of skin cancer at baseline)
showed that those supplemented with 30mg �-car-
otene did not experience any reduction in risk of
basal cell or squamous cell carcinoma or the occur-
rence of solar keratoses (precancerous skin growths
that are a strong determinant of squamous cell

Table 3 Summary of large intervention trials (> 1000 subjects) investigating the role of antioxidants and cancer in primary prevention

Trial Characteristics of

subjects

Sex Length of

follow-up

(years)

Treatment Effect of antioxidant

supplementation

ATBC 29133 smokers,

Finland

Male 5–8 50mg �-tocopherol

and/or 20mg �-

carotene

18% increase in lung cancer

in �-carotene group (no

effect in vitamin E group)

34% reduction in incidence of

prostate cancer in vitamin E

group

No effect of either vitamin on

colorectal, pancreatic, or

urinary tract cancer

CARET 14 254 smokers,

4060 asbestos

workers, United

States

Male and Female 4 30mg �-carotene and

25000 IU retinol

Lung cancer increased by

28%

HPS 20536 at high CVD

risk, United

Kingdom

Male and Female � 5 20mg �-carotene,

600mg �-tocopherol,

and 250mg vitamin C

No effect on cancer incidence

or mortality

LCPS 29584 poorly

nourished, China

Male and Female 5 15mg �-carotene,

30mg �-tocopherol,

and 50mg selenium

Cancer deaths declined by

13%

Stomach cancer declined by

21%

NSCPT 1621 (73% without

skin cancer at

baseline),

Australia

Male and Female 412 30mg �-carotene with

or without sunscreen

application

No effect on basal cell or

squamous cell carcinoma

PHS 22071 physicians,

United States

Male 12 50mg �-carotene and/

or aspirin (alternate

days)

No effect on incidence of

malignant neoplasms or

nonmelanoma skin cancer

VACP

II

1204 former

asbestos workers,

Australia

Male and Female 5 30mg �-carotene or

25 000 IU retinol (no

placebo group)

No effect of �-carotene on

cancer mortality

WHS 39876, United

States

Female 2 50mg �-carotene

(alternate days)

No effect on cancer incidence

ATBC, Alpha Tocopherol Beta Carotene Prevention Study; CARET, Beta Carotene and Retinol Efficacy Trial; HPS, Heart Protection

Study; LCPS, Linxian Cancer Prevention Study; NSCPT, Nambour Skin Cancer Prevention Trial; PHS, Physicians Health Study;

VACP, Vitamin A and Cancer Prevention; WHS, Women’s Health Study; CVD, Cardio Vascular disease.
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carcinoma). A 5-year trial of 1805 men and women
with recent nonmelanoma skin cancer (the Skin
Cancer Prevention Study) also found that supple-
mentation with 50mg of �-carotene gave no protec-
tion against either type of skin cancer, although this
may have been because these cancers have a long
latency period of approximately 12 years (Table 4).

Together, these trials suggest that �-carotene sup-
plements offer no protection against cancer at any
site and, among smokers, may actually increase the
risk of lung cancer. Investigators have sought to
explain these findings by proposing that components
of cigarette smoke may promote oxidation of �-
carotene in the lungs, causing it to exert a proox-
idant (rather than antioxidant) effect and act as a
tumor promoter.

Vitamin C

There are no published RCTs of vitamin C alone in
primary prevention, but data from the small number
of trials of vitamin C in combination with other
nutrients have not provided any support for a role
for high-dose vitamin C supplementation in cancer
prevention (Table 3). The Linxian trial found no
significant effect of supplementing Chinese men
and women with 120mg vitamin C and 30 mg
molybdenum daily for 5 years on the risk of cancers
of the oesophagus or stomach. The Polyp Prevention
Study, a trial of 864 patients with previous ade-
noma, found no effect of either �-carotene or a
combination of vitamins E and C (1000mg) on the
incidence of subsequent colorectal adenomas. The
Heart Protection Study also found no beneficial
effects of supplementation with these three vitamins
on cancer mortality. However, trials have generally

been carried out on those with diets containing suf-
ficient amounts of vitamin C and there is a need for
further studies in people with low intakes.

Vitamin E

The ATBC trial showed no significant effect of �-
tocopherol supplementation (50mg/day) on risk of
lung, pancreatic, colorectal, or urinary tract cancers
among heavy smokers (Table 3). However, in a post
hoc subgroup analysis a 34% reduction in the risk
of prostate cancer was seen in men who received this
supplement. Although interesting, prostate cancer
was not a primary endpoint of this study, and no
other studies have supported a preventative effect of
vitamin E for prostate cancer. The Heart Protection
Study found no effect of vitamin E in combination
with vitamin C and �-carotene on cancer incidence
or mortality. Two smaller, short-term intervention
studies found no effect of �-tocopherol supplemen-
tation on mammary dysplasia or benign breast dis-
ease. Several trials have also been unable to
demonstrate a protective effect of vitamin E supple-
mentation on the risk or recurrence of colorectal
adenomatous polyps.

Selenium

A few trials have suggested that selenium supple-
mentation may have a protective effect on liver can-
cer in high-risk groups living in low-selenium areas.
The provision of selenium-fortified salt to a town in
Qidong, China, with high rates of primary liver
cancer, reduced the incidence of this cancer by
35% compared with towns that did not receive
this intervention (Table 3). Trials have also demon-
strated the incidence of liver cancer to be

Table 4 Summary of large intervention trials (> 1000 subjects) investigating the role of antioxidants and cancer in secondary

preventiona

Trial Characteristics of

subjects

Sex Length of

follow-up (years)

Treatment Effect of antioxidant

supplementation

NPCT 1312 with history of

basal or squamous

cell carcinoma,

United States

Male and Female 412 200mg selenium No effect on incidence of

skin cancer

Reduce cancer mortality (50%),

cancer incidence (37%),

prostate cancer (63%),

colorectal cancer (58%), and

lung cancer (46%)

SCPS 1805 with recent

nonmelanoma skin

cancer, United States

Male and Female 5 50mg �-carotene No effect on occurrence of new

nonmelanoma skin cancer

aSecondary prevention defined as subjects with documented cancer including nonmelanoma skin cancer (although some of the

primary prevention trials did not exclude those with nonmelanoma skin cancer at baseline).

NPCT, Nutritional Prevention of Cancer Trial; SCPS: Skin Cancer Prevention Study.
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significantly reduced in subjects with hepatitis B and
among members of families with a history of liver
cancer receiving a daily supplement of 200 mg of
selenium for 4 and 2 years, respectively.

The Nutritional Prevention of Cancer Trial in the
United States also supported a possible protective
role of selenium (Table 4): 1312 patients (mostly
men) with a previous history of skin cancer were
supplemented with either placebo or 200 mg sele-
nium per day for 412 years and those receiving sele-
nium demonstrated significant reductions in the risk
of cancer incidence (37%) and mortality (50%).
Although selenium was not found to have a protec-
tive effect against recurrent skin cancer, the sele-
nium-treated group had substantial reductions in
the incidence of lung, colorectal, and prostate can-
cers of 46, 58, and 63%, respectively. Further ana-
lysis showed the protective effect on prostate cancer
to be confined to those with lower baseline prostate-
specific antigen and plasma selenium levels.
Although these data need confirmation, they suggest
that adequate selenium intake may be important for
cancer prevention.

Other Diseases Associated with
Oxidative Damage

Type 2 Diabetes

Type 2 diabetes is associated with elevated oxidative
stress (especially lipid peroxidation) and declines in
antioxidant defense. This is thought to be due in
part to elevated blood glucose levels (hyperglyce-
mia), but severe oxidative stress may also precede
and accelerate the development of type 2 diabetes
and then of diabetic complications (CVD and micro-
vascular complications such as retinopathy, neuro-
pathy, and nephropathy).

Small-scale human trials have shown administra-
tion of high doses of vitamin E to reduce oxidative
stress and improve some CVD risk factors, such as
blood glycated hemoglobin, insulin, and triglyceride
levels, in people with diabetes. Such trials have also
indicated benefit from vitamin E in improving
endothelial function, retinal blood flow, and renal
dysfunction. However, the findings of large clinical
trials investigating the role of individual or a combi-
nation of antioxidant nutrients in reducing the risk
of CVD and microvascular complications in people
with diabetes have generally been disappointing. For
example, the Heart Outcomes Prevention Evaluation
Trial investigated the effects of vitamin E and the
drug Ramipril in patients at high risk for CVD
events and included a large number of middle-aged
and elderly people with diabetes (more than 3600).

An average of 412 years of supplementation with
400 IU of vitamin E per day was found to exert no
beneficial or harmful effect on CVD outcomes or on
nephropathy. The Primary Prevention Project trial
found no effect of vitamin E (300mg/day) supple-
mentation for 3 or 4 years in diabetic subjects, and
the Heart Protection Study, which included a num-
ber of people with diabetes, also reported no benefit
of a combination of antioxidant vitamins on mor-
tality or incidence of vascular disease.

Chronic Obstructive Pulmonary Disease (COPD)

The generation of oxygen free radicals by acti-
vated inflammatory cells produces many of the
pathophysiological changes associated with
COPD. Common examples of COPD are asthma
and bronchitis, each of which affects large num-
bers of children and adults. Antioxidant nutrients
have therefore been suggested to play a role in the
prevention and treatment of these conditions. A
number of studies have demonstrated a beneficial
effect of fruit and vegetable intake on lung func-
tion. For example, regular consumption of fresh
fruit rich in vitamin C (citrus fruits and kiwi) has
been found to have a beneficial effect on reducing
wheezing and coughs in children.

Vitamin C is the major antioxidant present in
extracellular fluid lining the lung, and intake in the
general population has been inversely correlated
with the incidence of asthma, bronchitis, and wheez-
ing and with pulmonary problems. Although some
trials have shown high-dose supplementation (1–2 g/
day) to improve symptoms of asthma in adults and
protect against airway responsiveness to viral infec-
tions, allergens, and irritants, this effect has been
attributed to the antihistaminic action of the vitamin
rather than to any antioxidant effect. The results of
these trials have also been inconsistent, and a
Cochrane review of eight RCTs concluded that
there is insufficient evidence to recommend a speci-
fic role for the vitamin in the treatment of asthma.
However, a need for further trials to address the
question of the effectiveness of vitamin C in asth-
matic children was highlighted.

Other dietary antioxidants have been positively
associated with lung function in cohort studies but
the findings of clinical trials have been mixed. In a
study of 158 children with moderate to severe
asthma, supplementation with vitamin E (50mg/
day) and vitamin C (250mg/day) led to some
improvement in lung function following ozone
exposure. However, the much larger ATBC trial
found no benefit from supplementation with �-toco-
pherol (50mg/day) and �-carotene (20mg/day) on
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symptoms of COPD, despite the fact that those with
high dietary intakes and blood levels of these vita-
mins at baseline had a lower prevalence of chronic
bronchitis and dyspnea. A small trial investigating
the effects of selenium supplementation in asth-
matics found that those receiving the supplements
experienced a significant increase in glutathione per-
oxidase levels and reported improvement in their
asthma symptoms. However, this improvement
could not be validated by significant changes in the
separate clinical parameters of lung function and
airway hyperresponsiveness. Therefore, there is little
evidence to support the role of other nutrients in
COPD treatment.

Macular Degeneration and Cataracts

The eye is at particular risk of oxidative damage due
to high oxygen concentrations, large amounts of
oxidizable fatty acids in the retina, and exposure to
ultraviolet rays. In Western countries, age-related
macular degeneration (AMD) is the leading cause
of blindness among older people. Cataracts are
also widespread among the elderly and occur when
the lens is unable to function properly due to the
formation of opacities within the lens. These
develop when proteins in the eye are damaged by
photooxidation; these damaged proteins build up,
clump, and precipitate. It has been proposed that
antioxidants may prevent cellular damage in the
eye by reacting with free radicals produced during
the process of light absorption.

The results of intervention trials in this area have
also been mixed. The Age-Related Eye Disease Study
in the United States investigating the effects of com-
bined antioxidant vitamins C (500mg), E (400 IU),
and �-carotene (15mg) with and without 80mg zinc
daily for 6 years showed some protective effect (a
reduction in risk of approximately 25%) on the
progression of moderately advanced AMD but no
benefit on the incidence or progression or early
AMD or cataracts. The Lutein Antioxidant Supple-
mentation Trial, a 12-month study of 90 patients
with AMD, found significant improvements in
visual function with 10mg/day lutein (one of the
major carotenoids found in the pigment of a normal
retina) alone or in combination with a number of
other antioxidant nutrients. The Roche European
Cataract Trial, providing a combined daily supple-
ment of �-carotene, vitamin C, and vitamin E
among adults with early signs of age-related catar-
act, showed a small deceleration in the progression
of cataract after 3 years.

However, the Linxian trial found no influence of
vitamin supplementation on risk of cataract; the

ATBC trial found no reduction in the prevalence of
cataracts with vitamin E, �-carotene, or both among
male smokers; and the Health Physicians Study of
more than 22000 men showed no benefit from
12years of supplementation with �-carotene (50mg
on alternate days) on cataract incidence. In fact, cur-
rent smokers at the beginning of this trial who received
the supplement experienced an increased risk of catar-
act (by approximately 25%) compared to the placebo
group. The Vitamin E, Cataract and Age-Related
Maculopathy Trial also reported no effect of supple-
mentation with vitamin E for 4 years (500 IU/day) on
the incidence or progression of cataracts or AMD.

Possible Explanations for the
Disagreement between the Findings of
Observational Studies and Clinical Trials

Various explanations have been given for the differ-
ent findings of observational studies and interven-
tion trials. Clearly, nonrandomized studies are
unable to exclude the possibility that antioxidants
are simply acting as a surrogate measure of a healthy
diet or lifestyle and that the protective effect of
certain dietary patterns, which has been presumed
to be associated with dietary antioxidants, may in
fact be due to other compounds in plant foods,
substitution of these foods for others, or a reflection
of other health behaviors common to people who
have a high fruit and vegetable intake. However,
although intervention studies provide a more rigor-
ous source of evidence than observational studies,
they are not without weaknesses from a nutritional
perspective and the trials have been criticized for a
number of reasons:

� The nature of the supplements used: It has been
suggested that the synthetic forms used in most
trials may have different biological activity or
potency from natural forms of these vitamins,
although trials using the natural forms have not
found different clinical effects. The type of isomer
used has also been questioned (e.g., �-carotene
versus other carotenoids such as lycopene or
lutein or �-tocopherol versus �-tocopherol). Trials
have not investigated other potentially beneficial
antioxidants in foods, such as flavonoids and
lycopenes.

� The use of high doses of one or two antioxidants:
Mechanistic and epidemiological data suggest that
antioxidants act not only individually but also
cooperatively and in some cases synergistically.
Single supplements may interfere with the uptake,
transport, distribution, and metabolism of other
antioxidant nutrients. An optimal effect would
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therefore be expected to be seen with a combi-
nation of nutrients at levels similar to those
contained in the diet (corresponding to higher
levels of intake associated with reduced risk in
the observational studies). The findings of clin-
ical trials testing the effect of a cocktail of anti-
oxidant nutrients at low doses are awaited, but
the Heart Protection Study did not demonstrate
a protective effect of multiple antioxidants and
a small RCT of 160 patients with coronary dis-
ease, using a combination of antioxidant nutri-
ents (800 IU �-tocopherol, 1000mg vitamin C,
25mg �-carotene, and 100 mg selenium twice
daily) for 3 years, showed no benefit for second-
ary prevention of vascular disease.

� Insufficient duration of treatment and follow-up:
Most of the intervention trials published to date
(except the Physicians Health Study, which found
no effect despite 12 years of follow-up) had dura-
tions of treatment and follow-up lasting only
approximately 4–6 years. Diseases such as cancer
and CVD develop over a long period of time and
trials may have been too short to demonstrate any
benefit.

� The use of high-risk groups: Many of the sup-
plementation trials have not been undertaken
on normal ‘healthy’ individuals but on those
with preexisting oxidative stress, either through
smoking or through preexisting disease, among
whom increasing antioxidant intake may not
have been able to repair the oxidative damage
process sufficiently to affect cancer or CVD
risk.

� Lack of information about the impact of
genetic variability: Unknown genetic factors
(interacting with nutrition) may explain some
of the lack of effect in intervention studies. A
greater understanding of the impact of factors
such as genotype, age, and ill health on the
interactions between antioxidants and reactive
oxygen species would be helpful in designing
future trials.

The Supplementation en Vitamines et Minéraux
AntioXydants Study (SU.VI.MAX) has taken
account of many of these issues in its design.
This is a randomized, placebo-controlled trial test-
ing the efficacy of supplementation among more
than 12 000 healthy men and women over an 8-
year period with a cocktail of antioxidant vitamins
(120mg vitamin C, 30mg vitamin E, and 6mg �-
carotene) and minerals (100 mg selenium and
20mg zinc) at doses achievable by diet (approxi-
mately one to three times the daily recommended

dietary allowances) on premature death from CVD
and cancer. Early reports suggest that this regime
has not demonstrated an effect on CVD risk but
has led to a 31% decrease in cancer incidence and
a 37% reduction in total mortality among men but
not women. This may reflect higher dietary intakes
of these nutrients among the women in the trial
compared to men, but publication of these results
is still awaited. However, this is a good illustration
of the type of nutritional approach that may be
needed in the future.

Conclusion

Although there is a substantial body of evidence
that diets rich in plant foods (particularly fruit and
vegetables) convey health benefits, as do high
plasma levels of several antioxidant nutrients
found in these foods, a causal link between lack
of antioxidants and disease occurrence or between
antioxidant administration and disease prevention
remains to be established. There is a lack of under-
standing of the mechanisms underpinning the
apparent protective effect of plant foods and, as
yet, no clear picture of which components are
effective and hence no way of predicting whether
all or just some plant foods are important in this
respect.

If future trials do demonstrate a reduction in
chronic disease risk with antioxidant supplementa-
tion, this cannot be definitively attributed to the
antioxidant effect of these nutrients because other
biological functions may also play a role. For exam-
ple, in addition to retarding LDL oxidation, vitamin
E may help to protect against CVD via its action on
platelet aggregation and adhesion or by inhibition of
the proliferation of smooth muscle cells. Further-
more, although vitamin C, vitamin E, and selenium
have been shown to decrease the concentration of
some of the biomarkers associated with oxidative
stress, the relationship between many of these bio-
markers and chronic disease remains to be
elucidated.

The intervention studies highlight the lack of
information on the safety of sustained intakes of
moderate to high doses of micronutrient supple-
ments and long-term harm cannot be ruled out,
particularly in smokers. Further evidence is
required regarding the efficacy, safety, and appro-
priate dosage of antioxidants in relation to
chronic disease.

Currently, the most prudent public health advice
continues to be to consume a variety of plant
foods.
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Introduction

The study of temporal and geographical variation in
disease prevalence in association with differences in
environment, diet, and lifestyle helps identify

possible factors that may modulate the risk of dis-
ease within and across populations. As such, obser-
vational epidemiology is a powerful, albeit blunt,
tool that serves to inform and guide experimental
studies and intervention trials. In the case of dietary
antioxidants and chronic age-related disease, there is
a logical biochemical rationale for the protective
effect of antioxidants, and there is strong, and con-
sistent observational evidence supportive of this.
The way in which dietary antioxidants are believed
to act is described in a separate chapter. In this
chapter, observational evidence relating to dietary
antioxidants and the risk of disease states is
discussed.

Epidemiology: Setting the Scene

The risk of developing a disease can be increased by
exposure to a disease-promoting factor or decreased
by a protective factor. In terms of antioxidants, high
risk is generally assumed to be associated with low
intakes, plasma levels, or tissue concentrations of
antioxidants. Epidemiological studies often express
results in terms of the relative risk (RR) of mortality
or disease. The RR is generally given as the mean
and 95% confidence interval (CI). In general, an RR
of 0.80 indicates an average reduction in risk of
20%; however, RR values must be interpreted with
caution and the CI must be considered. If the CI
spans 1.0, the RR is not statistically significant,
regardless of its magnitude.

Different approaches are used in observational
epidemiology. Cross-cultural studies compare stan-
dardized mortality rates (from all causes or from a
specific disease) or disease prevalence and the factor
of interest (‘exposure variable’) in different popula-
tions within or between countries. These can be
regarded as ‘snapshot’ observational surveys. Case–
control studies compare the factor of interest in
people who have a disease (the cases) with that in
those who do not (the controls). Prospective trials
are longitudinal studies of apparently disease-free
subjects whose health is monitored over years or
decades; the exposure variable of interest is com-
pared, retrospectively, between those who develop
the disease of interest and those who do not.

The Observational View of Dietary
Antioxidants

Cancer and cardiovascular disease (CVD) are the
two leading causes of death worldwide, diabetes
mellitus is reaching epidemic proportions, and
dementia and maculopathy are largely untreatable
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irreversible disorders that are increasingly common
in our aging population. The prevalence and stan-
dardized mortality rates of these diseases vary con-
siderably between and within populations. Mortality
from CVD varies more than 10-fold amongst differ-
ent populations, and incidences of specific cancers
vary 20-fold or more across the globe. This enor-
mous variation highlights the multiple factors at
play in the etiology of chronic age-related diseases.
These factors include smoking habit, socioeconomic
status, exposure to infectious agents, cholesterol
levels, certain genetic factors, and diet. Dietary fac-
tors have long been known to play an important role
in determining disease risk. Indeed, 30–40% of
overall cancer risk is reported to be diet-related,
and there is a wealth of compelling observational
evidence that a lower risk of cancer, CVD, diabetes,
and other chronic age-related disorders is associated
with diets that are rich in antioxidants.

In terms of dietary antioxidants, the major
research focus to date has been on the water-soluble
vitamin C (ascorbic acid) and the lipophilic vitamin
E. ‘Vitamin E’ is a group of eight lipid-soluble toco-
pherols and tocotrienols; however, the most widely
studied form to date is �-tocopherol because it is the
most abundant form in human plasma. Neither vita-
min C nor vitamin E can be synthesized by humans,
so they must be obtained in the diet, most coming
from plant-based foods and oils. Deficiency of either
of these vitamins is rare and can be prevented by the
daily intake of a few milligrams of each. However,
an adequate intake to prevent simple deficiency is
unlikely to be sufficient for optimal health. Based on
observational findings and experimental evidence
that vitamin C and vitamin E protect key biological
sites from oxidative damage in vitro, it has been
suggested that there is a threshold of intake or
plasma concentration for these antioxidants that

confers minimum disease risk and promotes optimal
health. The strength of the data supporting the
health benefits of increased intakes of these vitamins
was acknowledged in the US Food and Nutrition
Board recommendation in 2000 to increase the
daily intake of vitamin C to 75mg day�1 for
women and 90mgday�1 for men and to increase
that of vitamin E to 15mgday�1 for both men and
women. However, whether these new recommended
intakes are ‘optimal’ is a contentious issue.

Supplementation trials with vitamin C or vitamin E
have not to date shown the expected health benefits.
The reasons for this mismatch between observational
and supplementation data are not yet known, but
some suggested reasons are outlined in Table 1. None-
theless, despite the apparent lack of effect in supple-
mentation trials, the variety and strength of
observational findings, backed by a solid body of in
vitro biochemical data, keep dietary antioxidants in
the research spotlight, and in recent years attention
has focused on the influence of ‘non-nutrient’ dietary
antioxidants, such as polyphenolic compounds, in
addition to the effects of vitamin C and vitamin E.
The current evidence for vitamin C, vitamin E, and
non-nutrient dietary antioxidants in relation to the
major causes of morbidity and mortality in developed
countries is discussed briefly below.

Vitamin C

Low plasma ascorbic-acid concentrations have been
reported to be strongly predictive of mortality, par-
ticularly in men. Results of a prospective trial in the
UK (EPIC-Norfolk Prospective Study), in which
19 496 men and women aged 45–79 years were
followed for 4 years, showed that men and women
in the highest quintile of plasma ascorbic-acid con-
centration in samples collected within 1 year of

Table 1 Possible reasons for the conflict in results between observational epidemiological and supplementation trials

� Antioxidants are likely to work in cooperation with each other; more of one may increase the need for another
� The action of an antioxidant within a heterogeneous food matrix may be different from that in pure supplemental form
� A high intake of antioxidants may help to promote health when taken regularly over decades but may have little discernable effect

over a few months or years
� A high intake of antioxidants may slow or even prevent some of the deleterious age-related changes that lead to chronic disease,

but antioxidants are unlikely to reverse established pathological changes
� Benefits of increased antioxidant intake may be seen only in those with marginal or depleted antioxidant status at baseline
� The effect of antioxidant supplementation may be seen only in subgroups of the study population, e.g., in those individuals with

certain single-nucleotide polymorphisms
� The key players may not be the most widely studied antioxidants; for example, �-tocopherol, rather than �-tocopherol, may play

an important role in modulation of cancer risk but has been little studied to date
� Antioxidants can act as pro-oxidants under certain conditions, and the net effect of a dietary antioxidant may well depend on dose

and conditions at its site of action
� Antioxidant action per se may not be the key mechanism of action of protection; for example, immunomodulatory, anti-

inflammatory, anti-proliferative, and pro-apoptotic effects of dietary agents (antioxidants or otherwise) may be more relevant to

overall effects in terms of disease risk
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entry into the study had significantly (p< 0.0001)
lower all-cause mortality than those in the lowest
quintile. Highest-quintile concentrations of plasma
ascorbic acid (mean� standard deviation) were
72.6� 11.5 mmol l�1 for men and 85.1� 13.7 mmol
l�1 for women; lowest quintiles were 20.8� 7.1
mmol l�1 and 30.3� 10.1 mmol l�1, respectively, for
men and women. In men and women in the highest
quintile, RRs (CI) for all-cause mortality were,
respectively, 0.48 (0.33–0.70) and 0.50 (0.32–
0.81), relative to those in the lowest quintile.
Mortality from ischemic heart disease was also sig-
nificantly (p< 0.001) lower in the highest quintiles:
for men the RR (CI) was 0.32 (0.15–0.75), and for
women it was 0.07 (0.01–0.67). The relationship
held for CVD and cancer in men (p< 0.001), but
no significant difference in cancer mortality was
seen in women, and CVD rates in women were
affected less than those in men. The mean ascorbic-
acid level in each quintile in women was around
10 mmol l�1 higher than that in men. Interestingly,
the relationship between ascorbic-acid concentration
and mortality was continuous throughout the range
of plasma ascorbic-acid concentrations found. It was
estimated that a 20mmol l�1 increase in plasma
ascorbic acid (achievable by one or two additional
servings of fruit and vegetables each day) was asso-
ciated with a 20% decrease in all-cause mortality,
independent of age, blood pressure, cholesterol,
smoking habit, and diabetes. Interestingly, also,
mortality was not associated with supplement use,
indicating that dietary sources of vitamin C are
crucial.

In the Third National Health and Nutrition
Examination Survey (NHANES III) in the USA, the
plasma ascorbic-acid concentrations of 7658 men
and women were not found to be independently
associated with a history of cardiovascular disease
in participants who reported no alcohol consump-
tion; however, in 3497 participants who consumed
alcohol a significantly lower prevalence of pre-
existing angina was found in those with high plasma
ascorbic acid (> 56 mmol l�1) than in those with ‘low
to marginal’ levels (< 22 mmol l�1). No significant
association was seen between plasma ascorbic acid
and previous myocardial infarction or stroke in this
cross-sectional survey. In the NHANES II prospec-
tive study, a 43% decrease in mortality was asso-
ciated with higher plasma ascorbic-acid levels in
more than 3000 men followed for up to 16 years.
Plasma ascorbic-acid levels in the highest and lowest
quartiles in this study were more than 73 mmol l�1

and less than 28.4 mmol l�1, respectively. The corre-
sponding values in women were again higher, at
more than 85 mmol l�1 and less than 39.7 mmol l�1,

respectively, and no significant relationship between
plasma ascorbic-acid levels and mortality was seen
in women.

The Kuopio IHD (ischemic heart disease) Risk
Factor Study followed 1605 men for 5 years and
reported an RR (CI) of 0.11 (0.04–0.30) for acute
myocardial infarction in those men with higher
plasma ascorbic-acid concentrations. The Medical
Research Council Trial of Assessment and Manage-
ment of Older People in the Community, a prospec-
tive trial in the UK of 1214 elderly subjects followed
for a median of 4.4 years, showed that those in the
highest quintile of plasma ascorbic-acid level
(> 66 mmol l�1) at entry had less than half the risk
of dying in the follow-up period compared with
those in the lowest quintile (plasma ascorbic-acid
level of < 17 mmol l�1). Data on men and women
were not analyzed separately, but there were fewer
men (27%) in the highest quintile of ascorbic-acid
level. No relationship was seen between mortality
and plasma levels or intake of �-carotene or lipid-
standardized �-tocopherol. Interestingly, while the
relationship between mortality and the concentra-
tion of plasma ascorbic acid was strong, there was
no significant association between mortality and
estimated dietary intake of vitamin C. This may
reflect the difficulty in obtaining accurate dietary
information, but it also suggests that different indi-
viduals may well need different intakes to achieve
certain plasma levels of ascorbic acid.

There have been many case–control and cohort
studies performed in Europe and the USA and pub-
lished in the past 15 years, and some data from Asia
have been gathered. In most case–control studies no
significant relationship has been demonstrated
between intake and/or plasma ascorbic-acid levels
and the risk of cardiovascular events; however, the
combination of findings from individual studies is
revealing. In a detailed analysis of 11 cohort studies
comparing high and low intakes of ascorbic acid in
50 000 subjects overall, with 2148 CVD events dur-
ing follow-up, a Peto’s Odds Ratio (95% CI) of 0.89
(0.79–0.99) for CVD was calculated, indicating a
modest reduction in risk associated with a high
intake of vitamin C. In an analysis of five cohort
studies comparing high and low plasma ascorbic-
acid levels, involving 13 018 subjects overall with
543 CVD events during follow-up, a Peto’s Odds
Ratio for CVD of 0.58 (0.47–0.72) was calculated.
This was interpreted as showing high plasma ascor-
bic-acid levels to be a powerful predictor of freedom
from CVD during follow-up.

The relationship between antioxidant-rich diets
and protection from cancer is strong and clear; how-
ever, the influences of individual antioxidants are
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difficult to isolate. Cancer risk increases as total
calorie intake increases, and this confounds prospec-
tive and retrospective dietary studies. Cancer causes
many biochemical changes, and cancer treatment is
harsh, and this confounds the results of studies com-
paring antioxidant levels in plasma in cases and
controls unless the samples were collected and ana-
lysed before cancer developed (which may be a con-
siderable time before diagnosis). Currently, the
evidence for a cancer-opposing effect of high intakes
or plasma concentrations of ascorbic acid is conflict-
ing. To date, the strongest evidence of a role for
vitamin C in lowering cancer risk is in relation to
cancer of the stomach, with a low intake of vitamin
C being associated with a two-to-three-fold increase
in the risk of stomach cancer. A Spanish study
showed a 69% lower risk of stomach cancer in
those in the highest quintile of vitamin C intake,
and low levels of ascorbic acid in gastric juice are
found in patients with chronic atrophic gastritis or
Helicobacter pylori infection, both of which are
associated with a greatly increased risk of gastric
cancer. Whether the decrease in ascorbic acid is
directly related to the development of gastric cancer
is not known, but it is known that ascorbic acid
inactivates carcinogenic nitrosamines within the sto-
mach. There is also evidence of a decreased risk of
cancer of the mouth, pharynx, pancreas, lung, cer-
vix, and breast in association with increased vitamin
C intake, though not all studies find this. It has been
estimated that if the diets of postmenopausal women
were enriched with vitamin C, a 16% decrease in
breast cancer in these women would result. No sig-
nificant association was reported between vitamin C
intake and the incidence of ovarian cancer in
16 years of follow-up of 80 326 women in the
Nurses’ Health Study. A study of 100 children
with brain tumours showed a three-fold increase in
risk in those children whose mothers had a low
intake of vitamin C during pregnancy, suggesting
that the dietary intake of vitamin C by pregnant
women may help to determine the future cancer
risk in their children. In a prospective study of
19 496 British men and women aged 45–79 years
and followed for 4 years (the EPIC (European Pro-
spective Investigation into Cancer and Nutrition)
study), the RR (CI) of mortality from cancer for a
20 mmol l�1 increase in plasma ascorbic acid was
0.85 (0.74–0.99). In men there was a strong and
continuous decrease in cancer risk with increasing
plasma ascorbic-acid concentrations, with an RR
(CI) in the highest quintile relative to the lowest
quintile of 0.47 (0.27–0.88); i.e., the average risk in
those with the highest plasma ascorbic-acid concen-
trations was less than half that of those in the

lowest quintile. In women the decrease in RR did
not reach statistical significance. The NHANES II
study reported that men in the lowest quartile of
ascorbic-acid level had a 62% higher risk of death
from cancer during 12 years of follow-up than
those in the highest quartile. However, this rela-
tionship was not seen in women. Of possible rele-
vance here is the common finding in these studies
that men, in general, had lower ascorbic-acid levels
than women.

Vitamin C is concentrated in ocular tissues and
fluids, particularly in the anterior aspect (cornea and
lens). A case–control study in Spain reported a 64%
reduction in the risk of cataract (p< 0.0001) in
those with a plasma ascorbic-acid concentration of
more than 49 mmol l�1; however, no significant asso-
ciation with the dietary intake of vitamin C was
seen. In a case–control study in the Netherlands,
the prevalence of age-related maculopathy was
reported to be twice as high in those with low anti-
oxidant intake (from fruits and vegetables); however
the data on vitamin C intake or plasma levels and
maculopathy are conflicting. Lipid-soluble antioxi-
dants, especially zeaxanthin and lutein (dietary-
derived carotenoids that are highly concentrated in
the lipid-rich fovea), may be more relevant in this
condition than water-soluble vitamin C.

High plasma concentrations of ascorbic acid are
reportedly associated with better memory perfor-
mance, and lower plasma and cerebrospinal-fluid
concentrations of ascorbic acid were found in
patients with Alzheimer’s disease than in non-
demented controls. Individuals who took vitamin C
supplements were reported to have a lower preva-
lence of Alzheimer’s disease on follow-up after
4.3 years. However, not all studies have shown a
significant association between vitamin C intake or
plasma levels and cognitive decline or dementia.

Vitamin E

An extensive review noted that the data in relation
to a connection between vitamin E and CVD risk
are strong and convincing. In a large cross-cultural
European (WHO/MONICA) observational study, a
strong inverse relationship (r2=0.60, p< 0.005) was
found between plasma concentrations of lipid-
standardized vitamin E and mortality from coronary
heart disease (CHD) across 16 populations. In a
detailed analysis, this relationship was found to be
stronger than that between mortality and plasma
cholesterol, smoking, and diastolic blood pressure
combined (r2 = 0.44, p< 0.02). In a case–control
study in Scotland, patients with previously undiag-
nosed angina pectoris were found to have lower
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levels of plasma lipid-standardized vitamin E than
controls. After adjustment for classical CHD risk
factors, men in the highest quintile of lipid-standar-
dized vitamin E level had an almost three-fold
decrease in risk. Confusingly, some studies have
reported a higher CVD risk in individuals with
increased plasma total vitamin E, but these results
are probably driven by elevated blood lipids. Vita-
min E is carried in the lipoproteins, and it is impor-
tant to lipid standardize plasma concentrations of
this, and other, lipophilic antioxidants.

The Nurses’ Health Study (women) and the
Health Professionals Study (men) were initiated in
the USA in 1980 and 1986, respectively, and
recruited almost 200 000 subjects. It was found
that women at the high end of vitamin E intake
from diet alone had a small and non-significant
decrease in CVD risk; however, those women in
the highest quintile of vitamin E intake (more than
100 IU day�1) had an RR (CI) for CVD of 0.54
(0.36–0.82). It should be noted that an intake of
100 IU day�1 of vitamin E is achievable only by
using supplements: intake from food alone is unli-
kely be more than 15 IUday�1. In this study, protec-
tion against CVD was seen only in those women
who had taken vitamin E supplements for at least
2 years. In the Health Professionals Follow-up Study
the findings were very similar. Supplemental, but
not dietary, intake of vitamin E (more than 100 IU
day�1) in men was associated with a significant
decrease in CVD risk, averaging over 30%, but
again the effect was seen only if supplements had
been taken for at least 2 years. A separate study in
the USA of more than 11 000 elderly subjects
showed that the use of vitamin E supplements was
associated with a significant decrease in the risk of
heart disease (RR (CI) of 0.53 (0.34–0.84)). The
results also showed a significant decrease in all-
cause mortality in users of vitamin E supplements
and suggested that long-term use was beneficial. A
study in Finland of more than 5000 men and women
showed an average of 40% lower CVD risk in the
highest versus the lowest tertile of vitamin E intake.
Interestingly, most (97%) of subjects in this study
did not take supplements, indicating that the protec-
tive effect was due to higher intake from food. An
inverse association between dietary vitamin E intake
and heart disease was also seen in The Women’s
Iowa Health Study, which involved almost 35 000
postmenopausal women. In this study, an RR (CI) of
0.38 (0.18–0.80) for CVD mortality was seen in
women in the highest quintile relative to those in
the lowest quintile of vitamin E intake from food
alone. However, the Medical Research Council Trial
of Assessment and Management of Older People in

the Community (UK) found no relation between
either dietary intake of vitamin E or plasma concen-
tration of lipid-standardized �-tocopherol and all-
cause mortality or death from CVD in 1214 elderly
participants followed for a median of 4.4 years.

Cancer is caused by mutations in key genes. Any-
thing that protects DNA will, in theory, help to
prevent cancer-causing mutations. Lipid peroxide
degradation products are reported to be carcino-
genic, and vitamin E opposes lipid peroxidation,
possibly conferring indirect protection against can-
cer. Furthermore, by interacting with reactive spe-
cies elsewhere in the cell, vitamin E may spare other
antioxidants, thereby also indirectly protecting
DNA. Vitamin E reportedly protects against cancer
of the upper digestive tract, skin cancer, including
melanoma, and lung cancer. Follow-up analysis of
the placebo group of the Finnish ATBC (Alpha
Tocopherol Beta Carotene) study (incidentally, a
study that showed no protection against lung cancer
in a high-risk group supplemented with �-toco-
pherol and/or �-carotene) showed that there was a
36% higher incidence of lung cancer in those in the
lowest quartile than in those in the highest quartile
of diet-derived vitamin E. Vitamin E from dietary
sources, but not supplements, has been reported to
confer modest protection against breast cancer;
however, as with vitamin C, no association was
seen between vitamin E intake and the risk of ovar-
ian cancer in the Nurses’ Health Study follow-up.

Colorectal cancer is the second and third most
common cancer in men and women, respectively.
Dietary influences on the risk of colorectal cancer
are currently unclear, and, based on recent find-
ings of large prospective trials, it has been sug-
gested that the influence of antioxidant-rich foods
has been overstated. Nonetheless, there is evidence
that vitamin E may be protective. In a case–con-
trol study in the USA of almost 1000 cases of
rectal cancer, the risk was reported to be modestly
decreased in women with a high vitamin E intake,
but not in men. In a meta-analysis of five prospec-
tive nested case–control studies, there was a mar-
ginal decrease in the incidence of colorectal cancer
in those in the highest quartile of plasma �-toco-
pherol, although no significant inverse association
was seen in any of the studies individually. In the
Iowa Women’s Health Study, women with the
highest risk of colon cancer were those with the
lowest intake of vitamin E, although the relation-
ship was significant only in women aged 55–59
years.

In addition to its antioxidant properties, vita-
min E is reported to have immune-boosting and
anti-inflammatory effects and to inhibit cell
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division, all of which may help explain the
reported relationship between low intake or
plasma concentrations of vitamin E and increased
risk of various cancers. Currently, there is much
interest in vitamin E in association with selenium
in relation to the prevention of prostate, lung,
and colon cancer. Indeed, the combination of
vitamin E with other antioxidant micronutrients
may be much more important than vitamin E
alone. Furthermore, the different members of the
vitamin E family may play cooperative or com-
plementary roles in modulating the risk of dis-
ease. In terms of cancer prevention, �-tocopherol
is attracting much interest. Dietary intake of this
form of vitamin E can be up to three times
higher than that of �-tocopherol. Corn, canola,
palm, soya bean, and peanut oils contain more �-
tocopherol than �-tocopherol. Despite a higher
intake, however, our plasma levels of �-
tocopherol are only around 10% of those of �-
tocopherol, owing to preferential placement of
the �-form into very low-density lipoproteins.
Interestingly, higher tissue levels of �-tocopherol
are reportedly found in animals fed both �-
tocopherol and �-tocopherol than in animals fed
�-tocopherol alone, suggesting that intake of
both forms may enhance the enrichment of tis-
sues. Furthermore, the lower reaches of the
gastrointestinal tract may contain high levels of
�-tocopherol, and this may help to destroy fecal
mutagens. None of the epidemiological studies to
date have estimated the dietary intake of �-toco-
pherol, but the few studies that have measured
plasma levels of �-tocopherol show interesting
results. In a nested case–control study of 6000
Japanese men, there was a statistically significant
inverse relationship between the risk of cancer of
the upper digestive tract and plasma levels of �-
tocopherol but not �-tocopherol. In a nested
case–control study in the USA, a statistically sig-
nificant protective effect against prostate cancer
was found only when both plasma �-tocopherol
and �-tocopherol levels were high, with a five-
fold decrease in prostate cancer in those in the
highest quintile relative to those in the lowest
quintile. Some of the putative effect of �-toco-
pherol may be mediated through its antioxidant
properties; however, �-tocopherol has other prop-
erties relevant to cancer prevention, including
effects on oncogenes and tumor suppressor genes
and on cell cycle events, that the �-form does not
have or demonstrates to a lesser extent. It is of
interest that most vitamin E supplementation
trials to date have used �-tocopherol. It may be
that intake of both isomers is needed for optimal

tissue uptake and effect. Furthermore, in view of
the ability of �-tocopherol to displace bound �-
tocopherol, supplementation with the �-form
alone may be counterproductive, in that it may
deplete tissues of �-tocopherol. Further studies
are needed in this area.

The brain is rich in unsaturated fatty acids, and
there is a reasonable rationale for the protection
of lipid-rich neurones by vitamin E. Plasma and
cerebrospinal �-tocopherol concentrations were
found to be low in patients with Alzheimer’s dis-
ease in some but not all studies. Cognitive func-
tion is reported to be directly correlated with
plasma �-tocopherol levels. A high intake of vita-
min E is associated with a decreased risk of the
subsequent development of Alzheimer’s disease,
and an 8 month delay in significant worsening
of Alzheimer’s disease was reported in association
with increased intakes of vitamin E. In the
NHANES III study, better memory performance
in elderly participants was reportedly found in
those with higher plasma �-tocopherol levels.
Based on data such as these, vitamin E (2000 IU
day�1) is currently being studied in relation to its
possible ability to delay the onset of Alzheimer’s
disease in people with mild cognitive impairment.

‘Non-Nutrient’ Antioxidants

Plant-based foods contain a multitude of antiox-
idants other than vitamin C and vitamin E. The
two major classes of these other dietary-derived
antioxidants are the carotenoids and the polyphe-
nolic flavonoids. There are hundreds of different
carotenoids and thousands of flavonoids, and
these compounds give fruits, vegetables, teas,
and herbs their wonderful colors in shades of
red, orange, yellow, and purple. These com-
pounds are synthesized exclusively in plants and
have no known function in human metabolism.
No deficiency state for either class of compounds
has been identified in humans. Consequently,
there is no recommended daily intake or agreed
requirement for any of these compounds, and
they are regarded as ‘non-nutrients.’ Nonetheless,
there is evidence that diets rich in carotenoids
and flavonoids are beneficial to health. For
example, in a study of 1299 elderly people in
the USA, those with diets rich in carotenoid-con-
taining fruits and vegetables were found to have
a significantly decreased rate of CVD and fatal
myocardial infarction: the RRs (CI) when the
highest and lowest quartiles of intake were com-
pared were 0.54 (0.34–0.86) for fatal CVD and
0.25 (0.09–0.67) for fatal myocardial infarction.
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The carotenoid lycopene has been reported to
lower the risk of prostate cancer, but the evi-
dence for a relationship between carotenoid
intake and the risk of other cancers is conflicting.
Increased intake of lutein and zeaxanthin may
help to delay or prevent age-related maculopathy,
because these carotenoids are concentrated in the
macula and are likely to be very important in
local protection of the lipid-rich retina. To date,
however, epidemiological findings point to health
benefits of foods containing carotenoids, and the
influence, if any, of individual carotenoids
remains to be established.

The same is true for the polyphenolic flavo-
noids, anthocyanins, and various other plant-
based non-nutrient antioxidants in the diet. Many
of these have antioxidant powers far higher than
those of vitamin C and vitamin E when tested in in
vitro systems. Dietary intake can be similar to that
of vitamin C (100mg day�1 or higher), but, as
their bioavailability is low, plasma levels of indi-
vidual flavonoids and other phenolic antioxidants
are very low or undetectable. The major dietary
polyphenolic compounds are quercetin, kaemp-
ferol, myricitin, and the catechins. These flavo-
noids are found in onions, apples, kale, broccoli,
Brussels sprouts, teas, grapes, and wine. Moderate
wine intake, especially of red wine (which is very
rich in polyphenolic antioxidants), is associated
with a significant decrease in the risk of CHD.
Tea consumption, especially a high intake of
green tea, is associated with a lower risk of CVD
and cancer. However, which of the myriad com-
pounds contribute to the reported health benefits
is not yet clear. It may be many; it may be none. It

must be remembered that association does not
prove causality. Equally, the lack of significant
effects of supplementation trials in healthy subject
does not mean that there is no effect. As outlined
in Table 1, and further delineated in Table 2,
observational studies have several limitations, and
there are various reasons why a conflict may exist
between what we observe and the outcome of
supplementation trials.

Summary and Research Needs

Strong evidence from a variety of sources indicates
that a high intake of vitamin C or something very
closely associated with it in the diet is protective
against cancer and CVD, the major causes of dis-
ability and death in our aging communities.
Indeed, it may be that plasma ascorbic-acid con-
centration can predict overall mortality risk. This
interesting concept remains to be confirmed. The
evidence for the benefits of a high intake of vita-
min E is also strong, but research is needed into
which member(s) of the vitamin E family are most
important. The evidence for the benefits of carote-
noids and flavonoids stems largely from observa-
tional studies that show a decreased risk of disease
in association with a high intake of foods or bev-
erages rich in these non-nutrient antioxidants
rather than the agents themselves. However, indi-
viduals who take these foods in large quantities
are often more health conscious, take fewer total
calories, do not smoke, exercise more, and eat less
red meat and saturated fat. The relationship
between diet and health is clear, but diet is

Table 2 Limitations of observational epidemiological studies of diet and disease

� Cross-cultural study has no power if rates of disease and/or population means of the exposure variable of interest do not vary

significantly between the populations being compared
� Behavioral, genetic, and geographical, rather than dietary, variation may account for differences detected
� A ‘snapshot’ view of recent dietary habits or current status may not be representative of those in earlier or later life, and

differences during these periods will confound and confuse the results
� In case–control studies, the disease process itself, drug treatment, or post-diagnosis changes in diet or lifestyle may cause or

mask changes in the exposure variable
� Subclinical or undetected disease may be present in controls, decreasing contrast with cases
� Retrospective dietary recall may be unreliable, food tables may be out of date or incomplete, and analysis methods may be

inaccurate
� In nested case–control studies, long-term follow-up is needed and may rely on a distant ‘snapshot‘ measure of the exposure

variable as a representative index of past and future levels
� Instability or inaccurate measurement of the exposure variable will lead to bias in the results
� Assessment methods and ‘high’ or ‘low’ thresholds may vary in different areas supplying data
� If protection is maximal above a ‘threshold’ level of the exposure variable, then no effect will be detectable if levels in most of the

study population are below or above the threshold
� Prospective studies are very expensive, requiring a very large study group and years or decades of follow-up
� Prospective trials generally have disease or death as the measured outcome; this means that the participants in the trial cannot

benefit from its findings
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complex and dynamic, the underlying mechanisms
of chronic diseases are uncertain, and the influence
of individual dietary antioxidants is difficult to
discern within the heterogeneous framework of
the human diet and lifestyle. Antioxidants do
appear to play a role in protecting key biological
sites, but further study is needed to establish
which, how, and where and to establish the doses
needed to achieve optimal effect. To date there is
no evidence that high intakes of antioxidants in
the diet are harmful. It is not yet known, however,
whether intake above a threshold level brings
additional benefit or whether the benefit of
increased intake is limited to those with initially
poor or marginal antioxidant status. Furthermore,
antioxidants are likely to act within a coordinated
system, and more of one may require more of
others for beneficial effects to be achieved. Achiev-
ing ‘target thresholds’ of several antioxidants
may be critical to achieving the optimal effect of
each, and threshold plasma concentrations of
50 mmol l�1 and 30 mmol l�1 for vitamin C and
vitamin E, respectively, with a ratio of more than
1.3, have been proposed for minimizing the risk of
CHD.

To establish cause and effect and to make firm
recommendations about the type and dose of anti-
oxidants needed to achieve optimal health
requires much in the way of further study. Of
particular interest and value in such study is the
growing field of orthomolecular nutrition, in
which advances in genomics and proteomics are
used to determine gene–nutrient interaction and
the influence of diet on epigenetic phenomena.
Such molecular-based studies, guided by epide-
miological data and incorporated into future sup-
plementation trials, will help answer the questions
about the mechanisms of action and which, if
any, antioxidants are important, how much, and
for whom. However, while many questions relat-
ing to dietary antioxidants and health remain
unanswered, to understand how to obtain a mix-
ture of antioxidants and promote health we need
look only at the macro level of food rather than
at the micro level of specific constituents or mole-
cular level of response. Fruits, vegetables, teas,
herbs, wines, juices, and some types of chocolate
are rich in antioxidants. It is known that
diets rich in a variety of such foods are beneficial
to health. The results of molecular-based
experimental studies will determine whether
these two truths are linked in a cause-and-effect
relationship.
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Ascorbic acid is a vitamin (vitamin C) for only a
limited number of species: man and the other pri-
mates, bats, the guinea pig, and a number of birds
and fishes.

In other species ascorbic acid is not a vitamin, but is
an intermediate in glucuronic acid catabolism, and its
rate of synthesis bears no relation to physiological
requirements for ascorbate. Species for which ascor-
bate is a vitamin lack the enzyme gulonolactone oxi-
dase (EC 1.11.3.8) and have an alternative pathway
for glucuronic acid metabolism.

Ascorbic acid functions as a relatively nonspecific,
radical-trapping antioxidant and also reduces the
tocopheroxyl radical formed by oxidation of vita-
min E. It has a specific metabolic function as the
redox coenzyme for dopamine �-hydroxylase and
peptidyl glycine hydroxylase, and it is required to
maintain the iron of 2-oxoglutarate-dependent
hydroxylases in the reduced state.

Absorption, Transport, and Storage

In species for which ascorbate is not a vitamin,
intestinal absorption is passive, while in human
beings and guinea pigs there is sodium-dependent
active transport of the vitamin at the brush border
membrane, with a sodium-independent mechanism
at the basolateral membrane. Dehydroascorbate is
absorbed passively in the intestinal mucosa and is
reduced to ascorbate before transport across the
basolateral membrane.

At intakes up to about 100mg per day, 80–95%
of dietary ascorbate is absorbed, falling from 50%
of a 1 g dose to 25% of a 6 g and 16% of a 12 g
dose. Unabsorbed ascorbate is a substrate for intest-
inal bacterial metabolism.

Ascorbate and dehydroascorbate circulate in the
bloodstream both in free solution and bound to
albumin. About 5% of plasma vitamin C is normally
in the form of dehydroascorbate. Ascorbate enters
cells by sodium-dependent active transport; dehy-
droascorbate is transported by the insulin-dependent
glucose transporter and is accumulated

intracellularly by reduction to ascorbate. In poorly
controlled diabetes mellitus, tissue uptake of dehy-
droascorbate is impaired because of competition by
glucose, and there may be functional deficiency of
vitamin C despite an apparently adequate intake.

About 70% of blood-borne ascorbate is in plasma
and erythrocytes (which do not concentrate the vita-
min from plasma). The remainder is in white cells,
which have a marked ability to concentrate ascor-
bate; mononuclear leukocytes achieve 80-fold con-
centration, platelets 40-fold, and granulocytes 25-
fold, compared with the plasma concentration.

There is no specific storage organ for ascorbate;
apart from leukocytes (which account for 10% of
total blood ascorbate), the only tissues showing a
significant concentration of the vitamin are the adre-
nal and pituitary glands. Although the concentration
of ascorbate in muscle is relatively low, skeletal
muscle contains much of the body pool of 5–
8.5mmol (900–1500mg) of ascorbate.

Metabolism and Excretion

As shown in Figure 1, oxidation of ascorbic acid
proceeds by a one-electron process, forming mono-
dehydroascorbate, which disproportionates to ascor-
bate and dehydroascorbate. Most tissues also
contain monodehydroascorbate reductase
(EC 1.6.5.4), a flavoprotein that reduces the radical
back to ascorbate. Dehydroascorbate is reduced to
ascorbate by dehydroascorbate reductase
(EC 1.8.5.1), a glutathione-dependent enzyme; little
is oxidized to diketogulonic acid in human beings.

Both ascorbate and dehydroascorbate are filtered
at the glomerulus, then reabsorbed by facilitated
diffusion. When glomerular filtration exceeds the
capacity of the transport systems, at a plasma con-
centration of ascorbate above about 85 mmol/l, the
vitamin is excreted in the urine in amounts propor-
tional to intake.

It has been reported that approximately 25% of
the dietary intake of ascorbate is excreted as oxa-
late; this would account for about 40% of the total
urinary excretion of oxalate. However, there is no
known metabolic pathway for the synthesis of oxa-
late from ascorbate, and it is likely that all or most
of the oxalate found in urine after loading doses of
ascorbate is formed nonenzymically, after the urine
has been collected. Even in people at risk of forming
oxalate renal stones it is unlikely that normal or
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high intakes of ascorbate pose any additional
hazard.

Metabolic Functions of Ascorbic Acid

Ascorbic acid has specific and well-defined roles in
two classes of enzymes: copper-containing hydroxy-
lases and the 2-oxoglutarate-linked, iron-containing
hydroxylases. It also increases the activity of a num-
ber of other enzymes in vitro—a nonspecific redu-
cing action rather than reflecting a metabolic
function of the vitamin. In addition, ascorbic acid
has a number of less specific effects due to its action
as a reducing agent and oxygen radical quencher.
There is also evidence that ascorbate has a role in
regulating the expression of connective tissue pro-
tein (and some other) genes; its mechanism of action
is unknown.

Copper-Containing Hydroxylases

Dopamine �-hydroxylase (EC 1.14.17.1) is a cop-
per-containing enzyme involved in the synthesis of
the catecholamines noradrenaline and adrenaline
from tyrosine in the adrenal medulla and central

nervous system. The active enzyme contains Cu+,
which is oxidized to Cu2+ during the hydroxylation
of the substrate; reduction back to Cu+ specifically
requires ascorbate, which is oxidized to
monodehydroascorbate.

A number of peptide hormones have a terminal
amide, and amidation is essential for biological
activity. The amide group is derived from a glycine
residue in the precursor peptide, by proteolysis to
leave a carboxy terminal glycine. This is hydroxy-
lated on the �-carbon; the hydroxyglycine decom-
poses nonenzymically to yield the amidated peptide
and glyoxylate. This reaction is catalyzed by pepti-
dyl glycine hydroxylase (peptidyl �-amidase, EC
1.14.17.3); like dopamine �-hydroxylase, it is a cop-
per-containing enzyme, and it requires ascorbate as
the electron donor.

2-Oxoglutarate-Linked, Iron-Containing
Hydroxylases

A number of iron-containing hydroxylases (Table 1)
share a common reaction mechanism, in which
hydroxylation of the substrate is linked to decarbox-
ylation of 2-oxoglutarate. Ascorbate is required for
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Figure 1 The metabolism of ascorbate. Monodehydroascorbate reductase, EC 1.6.5.4; dehydroascorbate reductase, EC 1.8.5.1.
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the activity of all of these enzymes, but it does not
function as either a stoichiometric substrate or a
conventional coenzyme (which would not be con-
sumed in the reaction).

Proline and lysine hydroxylases are required for
the postsynthetic modification of collagen, and pro-
line hydroxylase also for the postsynthetic modifica-
tion of osteocalcin in bone and the Clq component
of complement. Aspartate �-hydroxylase is required
for the postsynthetic modification of protein C, the
vitamin K-dependent protease which hydrolyzes
activated factor V in the blood-clotting cascade.
Trimethyllysine and �-butyrobetaine hydroxylases
are required for the synthesis of carnitine.

The best studied of this class of enzymes is pro-
collagen proline hydroxylase; it is assumed that the

others follow essentially the same mechanism. As
shown in Figure 2, the first step is binding of oxygen
to the enzyme-bound iron, followed by attack on the
2-oxoglutarate substrate, resulting in decarboxyla-
tion to succinate, leaving a ferryl radical at the
active site of the enzyme. This catalyzes the hydro-
xylation of proline, restoring the free iron to
undergo further reaction with oxygen.

It has long been known that ascorbate is oxidized
during the reaction, but not stoichiometrically with
hydroxylation of proline and decarboxylation of 2-
oxoglutarate. The purified enzyme is active in the
absence of ascorbate, but after about 5–10 s (about
15–30 cycles of enzyme action) the rate of reaction
falls. The loss of activity is due a side reaction of the
highly reactive ferryl radical in which the iron is
oxidized to Fe3+, which is catalytically inactive—
so-called uncoupled decarboxylation of 2-oxogluta-
rate. Activity is only restored by ascorbate, which
reduces the iron back to Fe2+.

The Role of Ascorbate in Iron Absorption

Inorganic dietary iron is absorbed as Fe2+ and not
as Fe3+; ascorbic acid in the intestinal lumen not
only maintains iron in the reduced state but also
chelates it, increasing absorption considerably. A
dose of 25mg of vitamin C taken together with a
meal increases the absorption of iron
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Figure 2 The reaction of procollagen proline hydroxylase.

Table 1 VitaminC-dependent, 2-oxoglutarate-linked hydroxylases

Aspartate �-hydroxylase EC 1.14.11.16

�-Butyrobetaine hydroxylase EC 1.14.11.1

p-Hydroxyphenylpyruvate hydroxylase EC 1.14.11.27

Procollagen lysine hydroxylase EC 1.14.11.4

Procollagen proline 3-hydroxylase EC 1.14.11.7

Procollagen proline 4-hydroxylase EC 1.14.11.2

Pyrimidine deoxynucleotide dioxygenase EC 1.14.11.3

Thymidine dioxygenase EC 1.14.11.10

Thymine dioxygenase EC 1.14.11.6

Trimethyllysine hydroxylase EC 1.14.11.8
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approximately 65%, while a 1 g dose gives a 9-
fold increase. This is an effect of ascorbic acid
present together with the test meal; neither intra-
venous administration of vitamin C nor supple-
ments several hours before the test meal affects
iron absorption, although the ascorbate secreted
in gastric juice should be effective. This is not a
specific effect of ascorbate; a variety of other redu-
cing agents including alcohol and fructose also
enhance the absorption of inorganic iron.

Inhibition of Nitrosamine Formation

Oral bacteria can reduce nitrate to nitrite which,
under the acidic conditions of the stomach, can
react with amines in foods to form carcinogenic N-
nitrosamines. In addition to dietary sources, a sig-
nificant amount of nitrate is formed endogenously
by the metabolism of nitric oxide—1mg/kg body
weight/day (about the same as the average dietary
intake), increasing 20-fold in response to inflamma-
tion and immune stimulation, and nitrate is secreted
in saliva.

Ascorbate reacts with nitrite forming NO, NO2,
and N2, so preventing the formation of nitrosa-
mines. In addition to ascorbate in foods, there is
considerable secretion of ascorbate in the gastric
juice, and inhibition of gastric secretion for treat-
ment of gastric ulcers, as well as reducing vitamin
B12 absorption, also inhibits this presumably protec-
tive gastric secretion of ascorbate.

However, while ascorbate can deplete nitrosating
compounds under anaerobic conditions, the situa-
tion may be reversed in the presence of oxygen.
Nitric oxide reacts with oxygen to form N2O3 and
N2O4, both of which are nitrosating reagents, and
can also react with ascorbate to form NO and
monodehydroascorbate. It is thus possible for ascor-
bate to be depleted, with no significant effect on the
total concentration of nitrosating species. It remains
to be determined whether or not ascorbate has any
significant effect in reducing the risk of nitrosamine
formation and carcinogenesis.

Antioxidant and Prooxidant Actions of Ascorbate

Chemically, ascorbate is a potent reducing agent,
both reducing hydrogen peroxide and also acting
as a radical trapping antioxidant, reacting with
superoxide and a proton to yield hydrogen per-
oxide or with the hydroxy radical to yield water.
In each case the product is monodehydroascor-
bate, which, as shown in Figure 1, undergoes
dismutation to ascorbate and dehydroascorbate.
In studies of ascorbate depletion in men there is
a significant increase in abnormalities of sperm

DNA, suggesting that vitamin C may have a
general, nonspecific radical-trapping antioxidant
function.

Ascorbate also acts to reduce the tocopheroxyl
radical formed by oxidation of vitamin E in cell
membranes and plasma lipoproteins. It thus has a
vitamin E sparing antioxidant action, coupling lipo-
philic and hydrophilic antioxidant reactions.

The antioxidant efficiency of ascorbate is variable.
From the chemistry involved, it would be expected
that overall 2mol of tocopheroxyl radical would be
reduced per mole of ascorbate because of the reac-
tion of 2mol of monodehydroascorbate to yield
ascorbate and dehydroascorbate. However, as the
concentration of ascorbate increases, so the molar
ratio decreases, and it is only at very low concentra-
tions of ascorbate that it tends toward the theoreti-
cal ratio. This is because, as well as its antioxidant
role, ascorbate can be a source of hydroxyl and
superoxide radicals.

At high concentrations, ascorbate can reduce
molecular oxygen to superoxide, being oxidized to
monodehydroascorbate. Both Fe3+ and Cu2+ ions are
reduced by ascorbate, again yielding monodehy-
droascorbate; the resultant Fe2+ and Cu+ are reox-
idized by reaction with hydrogen peroxide to yield
hydroxide ions and hydroxyl radicals. Thus, as well
as its antioxidant role, ascorbate has prooxidant
action; the net result will depend on the relative
rates of formation of superoxide and hydroxyl radi-
cals by autooxidation and metal-catalyzed reactions
of ascorbate, and the trapping of these radicals by
ascorbate.

It seems likely that the prooxidant actions of
ascorbate are of relatively little importance in vivo.
Except in cases of iron overload there are almost no
transition metal ions in free solution, they are all
bound to proteins, and because the renal transport
system is readily saturated, plasma and tissue con-
centrations of ascorbate are unlikely to rise to a
sufficient extent to lead to significant radical
formation.

Assessment of Vitamin C Status

The early method of assessing vitamin C nutritional
status was by testing the extent of saturation of the
body’s reserves by giving a test dose of 500mg
(2.8mmol) and measuring the amount excreted in
the urine. In a subject with high status, more or less
all of the test dose is recovered over a period of 5 or
6 h.

More sensitive assessment of status is achieved by
measuring the concentration of the vitamin in whole
blood, plasma, or leukocytes. Criteria of adequacy
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are shown in Table 2. The determination of ascor-
bate in whole blood is complicated by nonenzymic
oxidation of the vitamin by hemoglobin, and most
studies rely on plasma or leukocyte concentrations
of ascorbate.

A problem arises in the interpretation of leukocyte
ascorbate concentrations because of the different
capacity of different classes of leukocytes to accu-
mulate the vitamin. Granulocytes are saturated at a
concentration of about 530 pmol/106 cells, while
mononuclear leukocytes can accumulate 2.5 times
more ascorbate. A considerable mythology has
developed to the effect that vitamin C requirements
are increased in response to infection, inflammation,
and trauma, based on reduced leukocyte concentra-
tions of ascorbate in these conditions. However, the
fall in leukocyte ascorbate can be accounted for by
an increase in the proportion of granulocytes in
response to trauma and infection (and hence a fall
in the proportion of mononuclear leukocytes). Total
leukocyte ascorbate is not a useful index of vitamin
C status without a differential white cell count.

There is increased formation of 8-hydroxyguanine
(a marker of oxidative radical damage) in DNA
during (short-term) vitamin C depletion, and the
rate of removal of 8-hydroxyguanine from DNA by
excision repair, and hence its urinary excretion, is
affected by vitamin C status. This suggests that
measurement of urinary excretion of 8-hydroxygua-
nine may provide a biomarker of optimum status, as
a basis for estimating requirements.

Requirements

While the minimum requirement for ascorbate is
firmly established, there are considerable differences
between the reference intakes published by different
national and international authorities. Depending on
the chosen criteria of adequacy, and assumptions
made in interpreting experimental results, it is pos-
sible to produce arguments in support of reference
intakes ranging from 30 to 100mg/day. Studies of
intakes associated with reduced risks of cancer and
cardiovascular disease suggest an average

requirement of 90–100mg/day and a reference
intake of 120mg/day.

Minimum Requirement

The minimum requirement for vitamin C was estab-
lished in the 1940s in a depletion/repletion study,
which showed that an intake of less than 10mg per
day was adequate to prevent the development of
scurvy, or to cure the clinical signs. At this level of
intake, wound healing is impaired, and optimum
wound healing requires a mean intake of 20mg per
day. Allowing for individual variation, this gives
reference intake of 30mg/day, which was the UK
figure until 1991 and the WHO/FAO figure until
2001.

Requirements Estimated from the Plasma and
Leukocyte Concentrations of Ascorbate

The plasma concentration of ascorbate shows a sig-
moidal relationship with intake. Below about 30mg/
day it is extremely low and does not reflect increas-
ing intake to any significant extent. As the intake
rises above 30mg/day, so the plasma concentration
begins to increase sharply, reaching a plateau of 70–
85 mmol/l, at intakes between 70 and 100mg/day,
when the renal threshold is reached and the vitamin
is excreted quantitatively with increasing intake.

The point at which the plasma concentration
increases more or less linearly with increasing intake
represents a state where reserves are adequate and
ascorbate is available for transfer between tissues.
This corresponds to an intake of 40mg/day and is
the basis of the UK, EU, and FAO figures. At this
level of intake the total body pool is about 5.1mmol
(900mg). It has been argued that setting require-
ments and reference intakes on the basis of the
steep part of a sigmoidal curve is undesirable, and
a more appropriate point would be the intake at
which the plasma concentration reaches a plateau,
at an intake of around 100–200mg/day.

The US/Canadian reference intakes of 75mg for
women and 90mg for men are based on studies of
leukocyte saturation during depletion/repletion
studies.

Table 2 Plasma and leukocyte ascorbate concentrations as criteria of vitamin C nutritional status

Deficient Marginal Adequate

Whole blood mmol/l < 17 17–28 28

mg/l < 3.0 3.0–5.0 > 5.0

Plasma mmol/l < 11 11–17 >17

mg/l < 2.0 2.0–3.0 > 3.0

Leukocytes pmol/106 cells < 1.1 1.1–2.8 > 2.8

m g/106 cells < 0.2 0.2–0.5 > 0.5
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Requirements Estimated from Maintenance of the
Body Pool of Ascorbate

An alternative approach to estimating requirements
is to determine the fractional rate of catabolism of
total body ascorbate; an appropriate intake would
then be that required to replace losses and maintain
the body pool.

Clinical signs of scurvy are seen when the total
body pool of ascorbate is below 1.7mmol (300mg).
The pool increases with intake, reaching a maxi-
mum of about 8.5mmol (1500mg) in adults—
114 mmol (20mg)/kg body weight. The basis for
the 1989 US RDA of 60mg was the observed
mean fractional turnover rate of 3.2% of a body
pool of 20mg/kg body weight/day, with allowances
for incomplete absorption of dietary ascorbate and
individual variation.

It has been argued that a total body pool of
5.1mmol (900mg) is adequate; it is threefold higher
than the minimum required to prevent scurvy, and
there is no evidence that there are any health bene-
fits from a body pool greater than 600mg. The
observed body pool of 8.5mmol in depletion/reple-
tion studies was found in subjects previously con-
suming a self-selected diet, with a relatively high
intake of vitamin C, and therefore might not repre-
sent any index of requirement. Assuming a total
body pool of 5.1mmol and catabolism of 2.7%/
day, allowing for efficiency of absorption and indi-
vidual variation gives a reference intake of 40mg/
day.

Because the fractional turnover rate was deter-
mined during a depletion study, and the rate of
ascorbate catabolism varies with intake, it has been
suggested that this implies a rate of 3.6%/day before
depletion. On this basis, and allowing for incom-
plete absorption and individual variation, various
national authorities arrive at a recommended intake
of 80mg.

The rate of ascorbate catabolism is affected by
intake, and the requirement to maintain the body
pool cannot be estimated as an absolute value. A
habitual low intake, with a consequent low rate of
catabolism, will maintain the same body pool as a
habitual higher intake with a higher rate of
catabolism.

Dietary Sources and High Intakes

It is apparent from the list of rich sources of vitamin
C in Table 3 that the major determinant of vitamin
C intake is the consumption of fruit and vegetables;
deficiency is likely in people whose habitual intake
of fruit and vegetables is very low. However, clinical

signs of deficiency are rarely seen in developed coun-
tries. The range of intakes by healthy adults in Brit-
ain reflects fruit and vegetable consumption: the 2.5
percentile intake is 19mg per day (men) and 14mg
per day (women), while the 97.5 percentile intake
from foods (excluding supplements) is 170mg per
day (men) and 160mg per day (women). Smokers
may be at increased risk of deficiency; there is some
evidence that the rate of ascorbate catabolism is 2-
fold higher in smokers than in nonsmokers.

There is a school of thought that human require-
ments for vitamin C are considerably higher than

Table 3 Rich sources of vitamin C

Portion (g) mg/portion

Black currants 80 160

Oranges 250 125

Orange juice 200 100

Strawberries 100 60

Grapefruit 140 56

Melon 200 50

Green peppers 45 45

Sweet potato 150 38

Loganberries 85 34

Spinach 130 33

Red currants 80 32

White currants 80 32

Pineapple 125 31

Brussels sprouts 75 30

Mangoes 100 30

Satsumas 100 30

Tangerines 100 30

Turnips 120 30

Gooseberries 70 28

Potato chips 265 27

Broccoli 75 26

Swedes 120 24

Spring greens 75 23

Artichokes, globe 220 22

Potatoes 140 21

Avocados 130 20

Leeks 125 20

Lemons 25 20

Okra 80 20

Peas 75 20

Raspberries 80 20

Tomato juice 100 20

Plantain, green 85 17

Bilberries 80 16

Blackberries 80 16

Kidney 150 15

Tomatoes 75 15

Bananas 135 14

Cauliflower 65 13

Beans, broad 75 11

Cabbage 75 11

Nectarines 110 11

Parsnips 110 11

Rhubarb 100 10

ASCORBIC ACID/Physiology, Dietary Sources and Requirements 53



those discussed above. The evidence is largely based
on observation of the vitamin C intake of gorillas in
captivity, assuming that this is the same as their
intake in the wild (where they eat considerably less
fruit than under zoo conditions), and then assuming
that because they have this intake, it is their require-
ment—an unjustified assumption. Scaling this to
human beings suggests a requirement of 1–2 g per
day.

Intakes in excess of about 80–100mg per day lead
to a quantitative increase in urinary excretion of
unmetabolized ascorbate, suggesting saturation of
tissue reserves. It is difficult to justify a requirement
in excess of tissue storage capacity.

A number of studies have reported low ascorbate
status in patients with advanced cancer—perhaps an
unsurprising finding in seriously ill patients. One
study has suggested, on the basis of an uncontrolled
open trial, that 10 g daily doses of vitamin C
resulted in increased survival. Controlled studies
have not demonstrated any beneficial effects of
high-dose ascorbic acid in the treatment of advanced
cancer.

High doses of ascorbate are popularly recom-
mended for the prevention and treatment of the
common cold. The evidence from controlled trials
is unconvincing, and meta-analysis shows no evi-
dence of a protective effect against the incidence of
colds. There is, however, consistent evidence of a
beneficial effect in reducing the severity and dura-
tion of symptoms. This may be due to the antiox-
idant actions of ascorbate against the oxidizing
agents produced by, and released from, activated
phagocytes, and hence a decreased inflammatory
response.

Scorbutic guinea pigs develop hypercholesterole-
mia. While there is no evidence that high intakes of
vitamin C result in increased cholesterol catabolism,
there is evidence that monodehydroascorbate inhi-
bits hydroxymethylglutaryl CoA reductase, resulting
in reduced synthesis of cholesterol, and high intakes
of ascorbate may have some hypocholesterolaemic
action. There is limited evidence of benefits of high
intakes of vitamin C in reducing the incidence of

stroke, but inconsistent evidence with respect to
coronary heart disease.

Regardless of whether or not high intakes of
ascorbate have any beneficial effects, large numbers
of people habitually take between 1 and 5 g per day
of vitamin C supplements. There is little evidence of
any significant toxicity from these high intakes.
Once the plasma concentration of ascorbate reaches
the renal threshold, it is excreted more or less quan-
titatively with increasing intake.

Because the rate of ascorbate catabolism increases
with increasing intake, it has been suggested that
abrupt cessation of high intakes of ascorbate may
result in rebound scurvy because of ‘metabolic con-
ditioning’ and a greatly increased rate of catabolism.
While there have been a number of anecdotal
reports, there is no evidence that this occurs.

See also: Antioxidants: Diet and Antioxidant Defense.
Vitamin E: Physiology and Health Effects.
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Biotin is a water-soluble vitamin that is generally
classified in the B complex group. Biotin was dis-
covered in nutritional experiments that demon-
strated a factor in many foodstuffs capable of
curing the scaly dermatitis, hair loss, and neurologic
signs induced in rats fed dried egg white. Avidin, a
glycoprotein found in egg white, binds biotin very
specifically and tightly. From an evolutionary stand-
point, avidin probably serves as a bacteriostat in egg
white; consistent with this hypothesis is the observa-
tion that avidin is resistant to a broad range of
bacterial proteases in both the free and biotin-
bound form. Because avidin is also resistant to pan-
creatic proteases, dietary avidin binds to dietary
biotin (and probably any biotin from intestinal
microbes) and prevents absorption, carrying the bio-
tin through the gastrointestinal tract. Biotin is
synthesized by many intestinal microbes; however,
the contribution of microbial biotin to absorbed
biotin, if any, remains unknown. Cooking denatures
avidin, rendering this protein susceptible to diges-
tion and unable to interfere with absorption of
biotin.

Absorption and Transport

Digestion of Protein-Bound Biotin

The content of free biotin and protein-bound biotin
in foods is variable, but the majority of biotin in
meats and cereals appears to be protein-bound via
an amide bond between biotin and lysine. Neither
the mechanisms of intestinal hydrolysis of protein-
bound biotin nor the determinants of bioavailability
have been clearly delineated. Because this bond is
not hydrolyzed by cellular proteases, release is likely
mediated by a specific biotin—amide hydrolase (bio-
tinidase, EC 3.5.1.12). Biotinidase mRNA is present
in pancreas and, in lesser amounts, in intestinal

mucosa. Biotinidase is also present in many other
tissues, including heart, brain, liver, lung, skeletal
muscle, kidney, plasma, and placenta. Biotinidase
also likely plays a critical role in intracellular recy-
cling of biotin by releasing biotin from intracellular
proteins such as carboxylases during protein
turnover.

Intestinal Absorption and Transport into Somatic
Cells

At physiologic pH, the carboxylate group of biotin is
negatively charged. Thus, biotin is at least modestly
water-soluble and requires a transporter to cross cell
membranes suchas enterocytes for intestinal absorption,
somatic cells for utilization, and renal tubule cells for
reclamation from the glomerular filtrate. In intact intest-
inal preparations such as loops and everted gut sacks,
biotin transport exhibits two components. One compo-
nent is saturable at a km of approximately 10mMbiotin;
the other is not saturable even at very large concentra-
tions of biotin. This observation is consistent with pas-
sive diffusion.Absorption of biocytin, the biotinyl-lysine
product of intraluminal protein digestion, is inefficient
relative to biotin, suggesting that biotinidase releases
biotin from dietary protein. The transporter is present
in the intestinal brush border membrane. Transport is
highly structurally specific, temperature dependent,Naþ

coupled, and electroneutral. In the presence of a sodium
ion gradient, biotin transport occurs against a concen-
tration gradient.

In rats, biotin transport is upregulated with
maturation and by biotin deficiency. Although car-
rier-mediated transport of biotin is most active in
the proximal small bowel of the rat, the absorption of
biotin from the proximal colon is still significant, sup-
porting the potential nutritional significance of biotin
synthesized and released by enteric flora. Clinical stu-
dies have provided evidence that biotin is absorbed from
the human colon, but studies in swine indicate that
absorption of biotin from the hindgut is much less
efficient than from the upper intestine; furthermore,
biotin synthesized by enteric flora is probably not pre-
sent at a location or in a form in which bacterial biotin
contributes importantly to absorbed biotin. Exit of



biotin from the enterocyte (i.e., transport across the
basolateral membrane) is also carrier mediated. How-
ever, basolateral transport is independent of Naþ, elec-
trogenic, and does not accumulate biotin against a
concentration gradient.

Based on a study in which biotin was administered
orally in pharmacologic amounts, the bioavailability of
biotin is approximately 100%. Thus, the pharmacologic
doses of biotin given to treat biotin-dependent inborn
errors of metabolism are likely to be well absorbed.
Moreover, the finding of high bioavailability of biotin
at pharmacologic doses provides at least some basis for
predicting that bioavailability will also be high at the
physiologic doses at which the biotin transporter med-
iates uptake.

Studies of a variety of hepatic cell lines indicate
that uptake of free biotin is similar to intestinal
uptake; transport is mediated by a specialized carrier
system that is Naþ dependent, electroneutral, and
structurally specific for a free carboxyl group. At
large concentrations, transport is mediated by diffu-
sion. Metabolic trapping (e.g., biotin bound cova-
lently to intracellular proteins) is also important.
After entering the hepatocyte, biotin diffuses into
the mitochondria via a pH-dependent process.

Two biotin transporters have been described: a
multivitamin transporter present in many tissues and
a biotin transporter identified in human lymphocytes.
In 1997, Prasad and coworkers discovered a Naþ-
coupled, saturable, structurally specific transporter
present in human placental choriocarcinoma cells
that can transport pantothenic acid, lipoic acid, and
biotin. This sodium-dependent multivitamin trans-
porter has been named SMVT and is widely
expressed in human tissues. Studies by Said and cow-
orkers using RNA interference specific for SMVT
provide strong evidence that biotin uptake by Caco-
2 and HepG2 cells occurs via SMVT; thus, intestinal
absorption and hepatic uptake are likely mediated by
SMVT. The biotin transporter identified in lympho-
cytes is also Naþ coupled, saturable, and structurally
specific. Studies by Zempleni and coworkers provide
evidence in favor of monocarboxylate transporter-1
as the lymphocyte biotin transporter.

A child with biotin dependence due to a defect in
the lymphocyte biotin transporter has been reported.
The SMVT gene sequence was normal. The investi-
gators speculate that lymphocyte biotin transporter
is expressed in other tissues and mediates some cri-
tical aspect of biotin homeostasis.

Ozand and collaborators described several patients in
Saudi Arabia with biotin-responsive basal ganglia dis-
ease. Symptoms include confusion, lethargy, vomiting,
seizures, dystonia, dysarthria, dysphagia, seventh nerve
paralysis, quadriparesis, ataxia, hypertension, chorea,

andcoma.Adefect in thebiotin transporter systemacross
the blood–brain barrierwas postulated.Additionalwork
by Gusella and coworkers has suggested that SLC19A3
may be responsible for the reported defect.

The relationship of these putative biotin transpor-
ters to each other and their relative roles in intestinal
absorption, transport into various organs, and renal
reclamation remain to be elucidated.

Transport of Biotin from the Intestine to Peripheral
Tissues

Biotin concentrations in plasma are small relative
those of other water-soluble vitamins. Most biotin
in plasma is free, dissolved in the aqueous phase of
plasma. However, small amounts are reversibly
bound and covalently bound to plasma protein
(approximately 7 and 12%, respectively); binding
to human serum albumin likely accounts for the
reversible binding. Biotinidase has been proposed
as a biotin binding protein or biotin carrier protein
for the transport into cells. A biotin binding plasma
glycoprotein has been observed in pregnant rats.
Although the importance of protein binding in the
transport of biotin from the intestine to the periph-
eral tissues is not clear, the immunoneutralization of
this protein led to decreased transport of biotin to
the fetus and early death of the embryo.

Transport of Biotin into the Central Nervous
System

Biotin is transported across the blood–brain barrier.
The transporter is saturable and structurally specific
for the free carboxylate group on the valeric acid
side chain. Transport into the neuron also appears
to involve a specific transport system with subse-
quent trapping of biotin by covalent binding to
brain proteins, presumably carboxylases.

Placental Transport of Biotin

Biotin concentrations are 3- to 17-fold greater in
plasma from human fetuses compared to those in
their mothers in the second trimester, consistent
with active placental transport. The microvillus
membrane of the placenta contains a saturable
transport system for biotin that is Naþ dependent
and actively accumulates biotin within the placenta,
consistent with SMVT.

Transport of Biotin into Human Milk

More than 95% of the biotin in human milk is free in
the skim fraction. The concentration of biotin varies
substantially in some women and exceeds the concen-
tration in serum by one or two orders of magnitude,
suggesting that there is a system for transport into
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milk. Metabolites account for more than half of the
total biotin plus metabolites in early and transitional
human milk. With postpartum maturation, the biotin
concentration increases, but inactive metabolites still
account for approximately one-third of the total bio-
tin plus metabolites at 5weeks postpartum. Studies
have not detected a soluble biotin binding protein.

Metabolism and Urinary Excretion of
Biotin and Metabolites

Biotin is a bicyclic compound (Figure 1). One of the
rings contains an ureido group (�N�CO�N�). The
tetrahydrothiophene ring contains sulfur and has a
valeric acid side chain. A significant proportion of
biotin undergoes catabolism before excretion
(Figure 1). Two principal pathways of biotin catabo-
lism have been identified in mammals. In the first
pathway, the valeric acid side chain of biotin is
degraded by �-oxidation. �-Oxidation of biotin leads
to the formation of bisnorbiotin, tetranorbiotin, and
related intermediates that are known to result from
�-oxidation of fatty acids. The cellular site of this
�-oxidation of biotin is uncertain. Spontaneous (none-
nzymatic) decarboxylation of the unstable �-keto
acids (�-keto-biotin and �-keto-bisnorbiotin) leads to
formation of bisnorbiotin methylketone and tetranor-
biotin methylketone; these catabolites appear in urine.

In the second pathway, the sulfur in the thiophane
ring of biotin is oxidized, leading to the formation of
biotin-L-sulfoxide, biotin-D-sulfoxide, and biotin sul-
fone. Sulfur oxidation may be catalyzed by a
NADPH-dependent process in the smooth endoplas-
mic reticulum. Combined oxidation of the ring sulfur
and �-oxidation of the side chain lead to metabolites
such as bisnorbiotin sulfone. In mammals, degrada-
tion of the biotin ring to release carbon dioxide and
urea is quantitatively minor. Biotin metabolism is
accelerated in some individuals by anticonvulsants
and during pregnancy, thereby increasing in urine
the ratio of biotin metabolites to biotin.

Animal studies and studies using brush border mem-
brane vesicles from human kidney cortex indicate that
biotin is reclaimed from the glomerular filtrate against
a concentration gradient by a saturable, Naþ-depen-
dent, structurally specific system, but biocytin does not
inhibit tubular reabsorption of biotin. Subsequent
egress of biotin from the tubular cells occurs via a
basolateral membrane transport system that is not
dependent onNaþ. Studies of patients with biotinidase
deficiency suggest that there may be a role for biotini-
dase in the renal handling of biotin.

On a molar basis, biotin accounts for approximately
half of the total avidin-binding substances in human

serum and urine (Table 1). Biocytin, bisnorbiotin, bis-
norbiotin methylketone, biotin-D,L-sulfoxide, and bio-
tin sulfone account for most of the balance.

Biliary Excretion of Biotin and
Metabolites

Biliary excretion of biotin and metabolites is quan-
titatively negligible based on animal studies. When
[14C]biotin was injected intravenously into rats, bio-
tin, bisnorbiotin, biotin-D,L-sulfoxide, and bisnor-
biotin methylketone accounted for less than 2% of
the administered 14C, but urinary excretion
accounted for 60%. Although the concentrations of
biotin, bisnorbiotin, and biotin-D,L-sulfoxide were
approximately 10-fold greater in bile than in serum
of pigs, the bile-to-serum ratios of biotin and meta-
bolites were more than 10-fold less than those of
bilirubin, which is actively excreted in bile.

Metabolic Functions

In mammals, biotin serves as an essential cofactor
for five carboxylases, each of which catalyses a cri-
tical step in intermediary metabolism. All five of the
mammalian carboxylases catalyze the incorporation
of bicarbonate as a carboxyl group into a substrate
and employ a similar catalytic mechanism.

Biotin is attached to the apocarboxylase by a
condensation reaction catalyzed by holocarboxylase
synthetase (Figure 1). An amide bond is formed
between the carboxyl group of the valeric acid side
chain of biotin and the "-amino group of a specific
lysyl residue in the apocarboxylase; these regions
contain sequences of amino acids that are highly
conserved for the individual carboxylases both
within and between species.

In the carboxylase reaction, the carboxyl moiety is
first attached to biotin at the ureido nitrogen oppo-
site the side chain; then the carboxyl group is trans-
ferred to the substrate. The reaction is driven by the
hydrolysis of ATP to ADP and inorganic phosphate.
Subsequent reactions in the pathways of the mam-
malian carboxylases release carbon dioxide from the
product of the carboxylase reaction. Thus, these
reaction sequences rearrange the substrates into
more useful intermediates but do not violate the
classic observation that mammalian metabolism
does not result in the net fixation of carbon dioxide.

Regulation of intracellular mammalian carboxy-
lase activity by biotin remains to be elucidated. How-
ever, the interaction of biotin synthesis and
production of holoacetyl-CoA carboxylase in Escher-
ichia coli has been extensively studied. In the bacterial
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system, the apocarboxylase protein and biotin (as the
intermediate biotinyl-AMP) act together to control
the rate of biotin synthesis by direct interaction with
promoter regions of the biotin operon, which in turn
controls a cluster of genes that encode enzymes that
catalyze the synthesis of biotin.

The five biotin-dependent mammalian carboxy-
lases are acetyl-CoA carboxylase isoforms I and II
(also known as �-ACC (EC 6.4.1.2) and �-ACC (EC
6.4.1.2)), pyruvate carboxylase (EC 6.4.1.1), methyl-
crotonyl-CoA carboxylase (EC 6.4.1.4), and propio-
nyl-CoA carboxylase (EC 6.4.1.3). ACC catalyzes the
incorporation of bicarbonate into acetyl-CoA to form
malonyl-CoA (Figure 2). There are two isoforms of
ACC. Isoform I is located in the cytosol and produces
malonyl-CoA, which is rate limiting in fatty acid
synthesis (elongation). Isoform II is located on the
outer mitochondrial membrane and controls fatty
acid oxidation in mitochondria through the inhibi-
tory effect of malonyl-CoA on fatty acid transport

into mitochondria. An inactive mitochondrial form
of ACC may serve as storage for biotin.

The three remaining carboxylases are mitochon-
drial. Pyruvate carboxylase (PC) catalyzes the incor-
poration of bicarbonate into pyruvate to form
oxaloacetate, an intermediate in the Krebs tricar-
boxylic acid cycle (Figure 2). Thus, PC catalyzes an
anaplerotic reaction. In gluconeogenic tissues (i.e.,
liver and kidney), the oxaloacetate can be converted
to glucose. Deficiency of PC is probably the cause of
the lactic acidemia, central nervous system lactic
acidosis, and abnormalities in glucose regulation
observed in biotin deficiency and biotinidase defi-
ciency. �-Methylcrotonyl-CoA carboxylase (MCC)
catalyzes an essential step in the degradation of the
branched-chain amino acid leucine (Figure 2). Defi-
cient activity of MCC leads to metabolism of
3-methylcrotonyl-CoA to 3-hydroxyisovaleric acid
and 3-methylcrotonylglycine by an alternate pathway.
Thus, increased urinary excretion of these abnormal
metabolites reflects deficient activity of MCC.

Propionyl-CoA carboxylase (PCC) catalyzes the
incorporation of bicarbonate into propionyl-CoA
to form methylmalonyl-CoA; methylmalonyl-CoA
undergoes isomerization to succinyl-CoA and
enters the tricarboxylic acid cycle (Figure 2). In a
manner analogous to MCC deficiency, deficiency of
PCC leads to increased urinary excretion of 3-
hydroxypropionic acid and 3-methylcitric acid.

In the normal turnover of cellular proteins, holo-
carboxylases are degraded to biocytin or biotin linked
to an oligopeptide containing at most a few amino
acid residues (Figure 1). Biotinidase releases biotin for
recycling. Genetic deficiencies of holocarboxylase
synthetase and biotinidase cause the two types of
multiple carboxylase deficiency that were previously
designated the neonatal and juvenile forms.

Table 1 Normal range for biotin and metabolites in human

serum and urinea

Compound Serum

(pmol/l)

Urine

(nmol/24h)

Biotin 133–329 18–127

Bisnorbiotin 21–563 6–39

Biotin-D,L-sulfoxide 0–120 5–19

Bisnorbiotin methylketone 0–120 2–13

Biotin sulfone ND 1–8

Biocytin 0–26 1–13

Total biotinyl compounds 294–1021b 46–128

aNormal ranges are reported (n=15 for serum; n=16 for urine,

except biocytin, n= 10).
bIncluding unidentified biotin metabolites.
ND, not determined.

Figure 2 Interrelationship of pathways catalyzed by biotin-dependent enzymes (shown in boxes).
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A Potential Role for Biotin in Gene
Expression

In 1995, Hymes and Wolf discovered that biotini-
dase can act as a biotinyl-transferase; biocytin serves
as the source of biotin, and histones are specifically
biotinylated. Approximately 25% of total cellular
biotinidase activity occurs in the nucleus. Zempleni
and coworkers demonstrated that the abundance of
biotinylated histones varies with the cell cycle, that
biotinylated histones are increased approximately
twofold compared to quiescent lymphocytes, and
that histones are debiotinylated enzymatically in a
process that is at least partially catalyzed by biotini-
dase. These observations suggest that biotin plays a
role in regulating DNA transcription and regulation.

Although the mechanisms remain to be elucidated,
biotin status has been shown to clearly effect gene
expression. Cell culture studies suggest that cell pro-
liferation generates an increased demand for biotin,
perhaps mediated by increased synthesis of biotin-
dependent carboxylases. Solozano-Vargas and cowor-
kers reported that biotin deficiency reduces messenger
RNA levels of holocarboxylase synthetase, �-ACC,
and PCC and postulated that a cyclic GMP-dependent
signaling pathway is involved in the pathogenesis.

Studies have been conducted on diabetic humans
and rats that support an effect of biotin status on
carbohydrate metabolism. Genes studied include glu-
cokinase, phosphoenolpyruvate carboxykinase
(PEPCK), and expression of the asialoglycoprotein
receptor on the surface of hepatocytes. The effect of
biotin status on PEPCK expression was particularly
striking when diabetic rats were compared to nondia-
betic rats. However, most studies have been per-
formed on rats in which metabolic pathways have
been perturbed prior to administration of biotin.
Thus, the role of biotin in regulation of these genes
during normal biotin status remains to be elucidated.

Hyperammonemia is a finding in biotin defi-
ciency. Maeda and colleges have reported that
ornithine transcarbamoylase (an enzyme in the urea
cycle) is significantly reduced in biotin-deficient rats.

Assessment of Biotin Status

Measurement of Biotin

For measuring biotin at physiological concentrations
(i.e., 100 pmol l�1 to 100 nmol l�1), a variety of
assays have been proposed, and a limited number
have been used to study biotin nutritional status.
Most published studies of biotin nutritional status
have used one of two basic types of biotin assays:

bioassays (most studies) or avidin-binding assays
(several recent studies).

Bioassays are generally sensitive enough to mea-
sure biotin in blood and urine. However, the bacter-
ial bioassays (and perhaps the eukaryotic bioassays
as well) suffer interference from unrelated sub-
stances and variable growth response to biotin ana-
logues. Bioassays give conflicting results if biotin is
bound to protein.

Avidin-binding assays generally measure the abil-
ity of biotin (i) to compete with radiolabeled biotin
for binding to avidin (isotope dilution assays), (ii) to
bind to avidin coupled to a reporter and thus pre-
vent the avidin from binding to a biotin linked to
solid phase, or (iii) to prevent inhibition of a bioti-
nylated enzyme by avidin. Avidin-binding assays
generally detect all avidin-binding substances,
although the relative detectabilities of biotin and
analogues vary between analogues and between
assays, depending on how the assay is conducted.
Chromatographic separation of biotin analogues
with subsequent avidin-binding assay of the chroma-
tographic fractions appears to be both sensitive and
chemically specific.

Laboratory Findings of Biotin Deficiency

Although various indices have been used to assess
biotin status, these have been validated in humans
only twice during progressive biotin deficiency. In
both studies, marginal biotin deficiency was
induced in normal adults by feeding egg white.
The urinary excretion of biotin declined dramati-
cally with time on the egg-white diet, reaching
frankly abnormal values in 17 of 21 subjects by
day 20 of egg-white feeding. Bisnorbiotin excretion
declined in parallel, providing evidence for regu-
lated catabolism of biotin. In most subjects, urinary
excretion of 3-hydroxyisovaleric acid increased
steadily. By day 14 of egg-white feeding, 3-hydro-
xyisovaleric acid excretion was abnormally
increased in 18 of 21 subjects, providing evidence
that biotin depletion decreases the activity of MCC
and alters leucine metabolism early in progressive
biotin deficiency. Based on a study of only 5
subjects, 3-hydroxyisovaleric acid excretion in
response to a leucine challenge may be even more
sensitive than 3-hydroxyisovaleric acid excretion.
Urinary excretions of 3-methylcrotonylglycine, 3-
hydroxypropionic acid, and 3-methylcitric acid are
not sensitive indicators of biotin deficiency com-
pared to 3-hydroxyisovaleric acid excretion.

In a single study, plasma concentrations of free
biotin decreased to abnormal values in only half of
the subjects. This observation provides confirmation
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of the impression that blood biotin concentration is
not an early or sensitive indicator of marginal biotin
deficiency.

Lymphocyte PCC activity is an early and sensitive
indicator of marginal biotin deficiency. In 11 of 11
subjects, lymphocyte PCC activity decreased to abnor-
mal values by day 28 of egg-white feeding and
returned to normal in 8 of 11 within 3weeks of resum-
ing a general diet with or without biotin supplement.

Odd-chain fatty acid accumulation is also a
marker of biotin deficiency. The accumulation of
odd-chain fatty acid is thought to result from PCC
deficiency (Figure 3); the accumulation of propionyl-
CoA likely leads to the substitution of a propionyl-
CoA moiety for acetyl-CoA in the ACC reaction and
to the incorporation of a three- (rather than two-)
carbon moiety during fatty acid elongation. How-
ever, in comparison to lymphocyte PCC activity and
urinary excretion of 3-hydroxyisovaleric acid, odd-
chain fatty acids accumulate in blood lipids more
slowly during biotin deficiency and return to normal
more gradually after biotin repletion.

Requirements and Allowances

Data providing an accurate estimate of the dietary
and parenteral biotin requirements for infants, chil-
dren, and adults are lacking. However, recommen-
dations for biotin supplementation have been
formulated for oral and parenteral intake for pre-
term infants, term infants, children, and adults
(Table 2).

Dietary Sources, Deficiency, and High
Intakes

Dietary Sources

There is no published evidence that biotin can be
synthesized by mammals; thus, the higher animals
must derive biotin from other sources. The ultimate
source of biotin appears to be de novo synthesis by
bacteria, primitive eukaryotic organisms such as
yeast, moulds, and algae, and some plant species.

The great majority of measurements of biotin
content of foods have used bioassays. Recent pub-
lications provide evidence that the values are likely
to contain substantial errors. However, some worth-
while generalizations can be made. Biotin is widely
distributed in natural foodstuffs, but the absolute
content of even the richest sources is low compared
to the content of most other water-soluble vitamins.

Figure 3 Organic acids and odd-chain fatty acids accumulate because biotin deficiency causes reduced activity of biotin-dependent

enzymes. Hatched bars denote metabolic blocks at deficient carboxylases; ovals denote accumulation of products from alternative pathways.

Table 2 Adequate intake of biotin

Life-stage group Adequate intake (�g/day)

Infants (months)

0–6 5

7–12 6

Children (years)

1–3 8

4–8 12

Males and females (years)

9–13 20

14–18 25

�19 30

Pregnancy 30

Lactation 35
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Foods relatively rich in biotin are listed in Table 3.
The average daily dietary biotin intake has been
estimated to be approximately 35–70 mg.

Circumstances Leading to Deficiency

The fact that normal humans have a requirement
for biotin has been clearly documented in two
situations: prolonged consumption of raw egg
white and parenteral nutrition without biotin sup-
plementation in patients with short bowel syn-
drome and other causes of malabsorption. Based
on lymphocyte carboxylase activities and plasma
biotin levels, some children with severe protein–
energy malnutrition are biotin deficient. Investiga-
tors have speculated that the effects of biotin defi-
ciency may be responsible for part of the clinical
syndrome of protein–energy malnutrition.

Biotin deficiency has also been reported or
inferred in several other clinical circumstances,
including long-term anticonvulsant therapy, Leiner’s
disease, sudden infant death syndrome, renal dialy-
sis, gastrointestinal diseases, and alcoholism. Studies
of biotin status during pregnancy and of biotin sup-
plementation during pregnancy provide evidence
that a marginal degree of biotin deficiency develops
in at least one-third of women during normal preg-
nancy. Although the degree of biotin deficiency is
not severe enough to produce overt manifestations
of biotin deficiency, the deficiency is sufficiently
severe to produce metabolic derangements. A similar
marginal degree of biotin deficiency causes high
rates of fetal malformations in some mammals.
Moreover, data from a multivitamin supplementa-
tion study provide significant albeit indirect evidence
that the marginal degree of biotin deficiency that
occurs spontaneously in normal human gestation is
teratogenic.

Clinical Findings of Frank Deficiency

The clinical findings of frank biotin deficiency in
adults, older children, and infants are similar. Typi-
cally, the findings appear gradually after weeks to
several years of egg-white feeding or parenteral
nutrition. Thinning of hair and progression to loss
of all hair, including eyebrows and lashes, has been
reported. A scaly (seborrheic), red (eczematous) skin
rash was present in the majority; in several, the rash
was distributed around the eyes, nose, mouth, and
perineal orifices. These cutaneous manifestations,
in conjunction with an unusual distribution of
facial fat, have been termed ‘biotin deficiency
facies.’ Depression, lethargy, hallucinations, and
paraesthesia of the extremities were prominent neu-
rologic symptoms in the majority of adults. The
most striking neurologic findings in infants were
hypotonia, lethargy, and developmental delay.

The clinical response to administration of biotin
has been dramatic in all well-documented cases of
biotin deficiency. Healing of the rash was striking
within a few weeks, and growth of healthy hair was
generally present by 1 or 2months. Hypotonia,
lethargy, and depression generally resolved within
1 or 2weeks, followed by accelerated mental and
motor development in infants. Pharmacological
doses of biotin (e.g., 1–10mg) have been used to
treat most patients.

High Intakes

Daily doses up to 200mg orally and up to 20mg
intravenously have been given to treat biotin-respon-
sive inborn errors of metabolism and acquired biotin
deficiency. Toxicity has not been reported.

See also: Microbiota of the Intestine: Prebiotics.

Table 3 Foods relatively rich in biotin

Food ng biotin/g food serving size (g) �g biotin/serving

Chicken liver, cooked 1872.00 74 138.00

Beef liver, cooked 416.00 74 30.80

Egg, whole, cooked 214.00 47 10.00

Peanuts, roasted, salted 175.00 28 4.91

Egg, yolk, cooked 272.00 15 4.08

Salmon, pink, canned in water 59.00 63 3.69

Pork chop, cooked 45.00 80 3.57

Mushrooms, canned 21.60 120 2.59

Sunflower seeds, roasted, salted 78.00 31 2.42

Chili 5.20 441 2.29

Hot dog, chicken and pork, cooked 37.00 56 2.06

Egg, white, cooked 58.00 35 2.02

Banana pudding 10.20 170 1.73

Strawberries, fresh 15.00 111 1.67
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During the period 1820–1827, three white crystal-
line substances called ‘caffein’ or ‘coffein,’ ‘guar-
anin,’ and ‘thein’ were isolated from green coffee
beans, guarana, and tea, respectively. These sub-
stances were shown in 1838–1840 to be identical.
Later, caffeine was also discovered in maté prepared
from Ilex paraguariensis and kola nuts. Since then,
caffeine has been shown to be a natural constituent
of more than 60 plant species.

Two other related compounds, theophylline and
theobromine, have also been isolated from tea and
cocoa beans, respectively while a third, paraxanthine,
was isolated from human urine (Figure 1). By the end
of the nineteenth century, all of these methylated
xanthines had been synthesized. Caffeine, both nat-
ural and synthetic, has been used as a flavoring agent
in food and beverages and as an active component of
a variety of over-the-counter pharmaceutical products
and drugs. A regulation adopted by the European
Commission requires the compulsory labeling ‘high
caffeine content’ when soft drinks contain more than
150mg caffeine per liter.

In addition to natural caffeine obtained by the
industrial decaffeination process, caffeine can also
be obtained by the methylation of theobromine
and also by total chemical synthesis using dimethyl-
carbamide and malonic acid.

Chemistry

Caffeine (Mr 194.19) is also called, more systema-
tically, 1,3,7-trimethylxanthine, 1,3,7-trimethyl-2,6-
dioxopurine, or 3,7-dihydro-1,3,7-trimethyl-lH-
purine-2,6-dione and has been referred to as a
purine alkaloid.

Caffeine is odourless and has a characteristic bit-
ter taste. It is a white powder (density (d18=4) 1.23)
moderately soluble in organic solvents and water.
However, its solubility in water is considerably

increased at higher temperatures (1% (w/v) at
15 �C and 10% at 60 �C). Its melting point is 234–
239 �C and the temperature of sublimation at atmo-
spheric pressure is 178 �C. Caffeine is a very weak
base, reacting with acids to yield readily hydrolyzed
salts, and relatively stable in dilute acids and alkali.
Caffeine forms unstable salts with acids and is
decomposed by strong solutions of caustic alkali.

In aqueous solution, caffeine is nonionized at phys-
iological pH. Dimers as well as polymers have been
described. The solubility of caffeine in water is
increased by the formation of benzoate, cinnamate,
citrate, and salicylate complexes. In plants, chloro-
genic acid, coumarin, isoeugenol, indolacetic acid,
and anthocyanidin have been shown to complex
with caffeine.

Caffeine exhibits an ultraviolet absorption spec-
trum with a maximum at 274 nm and an absorption
coefficient of 9700 in aqueous solution. Upon crys-
tallization from water, silky needles are obtained
containing 6.9% water (a 4=5 hydrate).

Determination

Caffeine has traditionally been identified in foods by
ultraviolet spectrophotometry of an organic solvent
extract after suitable cleanup by column chromato-
graphy. Such methods tend to be laborious and may
be subject to interference from other ultraviolet-
absorbing compounds. Recently, high-performance
liquid chromatography has been more extensively
used. This technique, often in conjunction with
solid phase extraction, can provide accurate data
for the determination of caffeine in foods and phys-
iological samples.

Absorption, Distribution, and Elimination

Following oral ingestion, caffeine is rapidly and
virtually completely absorbed from the gastroin-
testinal tract into the bloodstream. Mean plasma
concentrations of 8–10mg l�1 are observed



following oral or intravenous doses of 5–8mg
kg�1. The plasma kinetics of caffeine can be influ-
enced by a number of factors, including the total
dose of caffeine, the presence of food in the sto-
mach, and low pH values of drinks, which can
modify gastric emptying. Caffeine enters the intracel-
lular tissue water and is found in all body fluids:
cerebrospinal fluid, saliva, bile, semen, breast milk,
and umbilical cord blood. A higher fraction of the
ingested dose of caffeine is recovered in sweat

compared to urine. The fraction of caffeine bound to
plasma protein varies from 10 to 30%.

There is no blood–brain barrier and no placental
barrier limiting the passage of caffeine through
tissues. Therefore, from mother to fetus and to
the embryo, an equilibrium can be continuously
maintained.

The elimination of caffeine is impaired in neonates
because of their immature metabolizing hepatic
enzyme systems. For example, plasma half-lives of
65–103h in neonates have been reported compared
to 3–6h in adults and the elderly.

Gender, exercise, and thermal stress have no effect
on caffeine pharmacokinetics in men and women.
Cigarette smoking increases the elimination of caf-
feine, whereas decreases have been observed during
late pregnancy or with the use of oral contraceptives
and in patients with liver diseases. Drug interactions
leading to impaired caffeine elimination are fre-
quently reported.

There is no accumulation of caffeine or its metab-
olites in the body and less than 2% of caffeine is
excreted unchanged in the urine. Some rate-limiting
steps in caffeine metabolism, particularly demethy-
lation into paraxanthine that is selectively cata-
lyzed by CYP1A2, determine the rate of caffeine
clearance and the dose-dependent pharmacoki-
netics in humans.

Important kinetic differences and variations in the
quantitative as well as qualitative metabolic profiles
have been shown between species, thus making extra-
polation from one species to another very difficult.
All of the metabolic transformations include multiple
and separate pathways with demethylation to
dimethyl- and monomethylxanthines, formation of
dimethyl- and monomethylurates, and ring opening
yielding substituted diaminouracils (Figure 2). The
reverse biotransformation of theophylline to caffeine
is demonstrated not only in infants but also in adults.

From metabolic studies, an isotopic caffeine breath
test has been developed that detects impaired liver
function using the quantitative formation of labeled
carbon dioxide as an index. From the urinary excre-
tion of an acetylated uracil metabolite, human acet-
ylator phenotype can be easily identified and the
analysis of the ratio of the urinary concentrations of
other metabolites represents a sensitive test to deter-
mine the hepatic enzymatic activities of xanthine
oxidase and microsomal 3-methyl demethylation,
7-methyl demethylation, and 8-hydroxylation. Quan-
titative analyses of paraxanthine urinary metabolites
may be used as a biomarker of caffeine intake. Fecal
excretion is a minor elimination route, with recovery
of only 2–5% of the ingested dose.

N

C
N

C

C
C

C

N1

2

5

6 7

84

3
N9

N

N N

H

N

O

H3C

O

CH3

CH3

N

N N

H

N

O

H

O

CH3

CH3

N

N N

H

N

O

H3C

O

CH3

H

N

N N

H

N

O

H3C

O

H

CH3

(A)

(B)

(C)

(D)

(E)

Figure 1 Chemical structures of caffeine and the dimethyl-

xanthines. (A) Purine ring nomenclature according to E. Fischer;

(B) caffeine; (C) theobromine; (D) theophylline; (E) paraxanthine.

From Dews (1984).

66 CAFFEINE



Physiological and Pharmacological
Properties

Because the physiological and pharmacological
properties of caffeine represent the cumulative
effects of not only the parent compound but also
its metabolites, it is quite possible that effects attrib-
uted to caffeine per se are in fact mediated by one or
more of its metabolites. It must also be noted that
most of the knowledge about caffeine’s effects has
been derived from acute administration to fasted
subjects submitted to a period of caffeine abstinence
in order to ensure low plasma caffeine concentra-
tions. It is thus difficult to extrapolate the results to
the usual pattern of caffeine consumption in which

most people consume it at different intervals
throughout the day and over periods of years.

Effects on the Central Nervous System

Animal experiments have shown caffeine-mediated
effects at the neuroendocrine level, such as increased
serum corticosterone and �-endorphin and decreased
serum growth hormone and thyrotropin, but it is
expected that habitual human consumption has only
marginal or inconsistent neuroendocrine effects.
Caffeine is described as a central nervous system
(CNS) stimulant, and the increased formation and
release of neurotransmitters such as catecholamines,
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serotonin, �-aminobutyric acid, norepinephrine, and
acetyl-choline have been reported.

Behavioral effects can be observed in humans
after acute and moderate doses of 1–5mg kg�1 of
caffeine. In these studies, the subjects felt more
alert and active with improved cognitive function,
including vigilance, learning, memory, and mood
state. It was claimed that they would be better
able to cope with their jobs when bored or fati-
gued and after night work and sleep deprivation.
Population-based studies of the effect of caffeine
intake on cognition showed a positive trend, espe-
cially among elderly women. Comparative studies
on regular and deprived caffeine consumers sug-
gest that reversal of caffeine withdrawal is a major
component of the effects of caffeine on mood and
performance.

A dose-dependent delay in sleep onset is found as
well as a decrease in total sleep time and an impair-
ment of sleep quality characterized by an increased
number of spontaneous awakenings and body move-
ments. In premature infants, sleep organization
appears to be unaffected by treatment with 5mg/
kg/day caffeine to prevent apnoea.

The observation that sensitive subjects are more
likely to have trembling hands is considered to be a
CNS effect and not a direct effect on muscle.
Caffeine doses higher than 15mgkg�1 induce head-
aches, jitteriness, nervousness, restlessness, irritabil-
ity, tinnitus, muscle twitchings, and palpitations.
These symptoms of chronic excessive caffeine intake
are part of the criteria used to make the diagnosis of
caffeinism. The same symptoms have been reported
in adults on abrupt cessation of caffeine use.

With 100–200mg kg�1 doses, mild delirium
appears, followed by seizures and death. Although
tolerance with low doses led to a pleasant stimula-
tion, alertness, and performance benefits, on with-
drawal, headache, drowsiness, fatigue, and anxiety
were reported.

Epidemiology and laboratory studies suggest ben-
eficial effects of caffeine consumption in the devel-
opment of Parkinson’s disease and the mechanisms
involved may be mediated through adenosine A2A

receptors. The role of these receptors in neuronal
injury and degeneration, as well as in other diseases
such as Alzheimer’s disease, has important therapeu-
tic potential but needs further investigation.

Effects on the Cardiovascular System

Caffeine produces a direct stimulation of myocardial
tissue leading to an increase in the rate and force of
contraction. This direct cardiac effect can be

inhibited by a depressant effect on the heart via
medullary vagal stimulation. These opposing effects
may explain why bradycardia, tachycardia, or no
change can be observed in individuals receiving simi-
lar doses of caffeine. The traditional clinical view
that caffeine induces arrhythmias in humans has not
been confirmed by controlled experimental studies.

Caffeine decreases peripheral resistance by direct
vasodilatation and increases blood flow to a small
extent. This effect results from the relaxation of
smooth muscle of blood vessels. For coronary
arteries, vasodilatation is also observed in vitro,
but the effects of caffeine in human coronary
arteries in vivo are unknown. Different effects of
caffeine on circulation can be observed in different
vascular beds and, for example, the treatment of
migraine headaches by caffeine is mediated through
the vasoconstriction of cerebral arteries. It has also
been shown that caffeine is capable of attenuating
postprandial hypotension in patients with auto-
nomic failure.

The observed cardiovascular effects consist of a
5–10% increase in both mean systolic and diastolic
blood pressure for 1–3 h. A significant association
was found between caffeine-related increase in sys-
tolic blood pressure and caffeine-related increase in
pain tolerance. However, in contrast to the acute
pressor effect reported, several epidemiological stud-
ies showed that habitual caffeine intake lowers
blood pressure. Heart rate is decreased by 5–10%
during the first hour, followed by an increase above
baseline during the next 2 h. These effects are not
detectable in regular coffee drinkers, suggesting that
a complete tolerance can be developed. The toler-
ance to chronic caffeine intake can explain contra-
dictory results reported in the literature. A few
studies suggest that caffeine is partly responsible
for the homocysteine-raising effect of coffee. This
effect is associated with increased risk of cardiovas-
cular disease, but it is uncertain whether this rela-
tion is causal.

Epidemiological studies designed to establish a
relationship between caffeine intake and the inci-
dences of myocardial infarction, mortality from
ischaemic heart disease, or cerebrovascular accidents
have provided conflicting results and have failed to
establish a significant correlation.

Effects on Renal Functions

In humans, the administration of a single dose of
4mg kg�1 caffeine increases the urinary excretion
of sodium, calcium, magnesium, potassium, chlo-
ride, and urine volume. The mechanism of this mild
diuresis has been attributed to an increase in renal
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blood flow, an increased glomerular filtration, and
a decrease in tubular reabsorption of sodium ions
and other ions. Although these effects appeared
more pronounced for a higher acute dose of
10mg kg�1, a review concluded that caffeine
consumption stimulates a mild diuresis similar to
water. There was no evidence of a fluid–electrolyte
imbalance as well as disturbed thermoregulation,
and caffeine was not detrimental to exercise per-
formance or health.

Tolerance to the diuretic action of caffeine was
demonstrated more than 50 years ago and was
shown to develop on chronic caffeine intake so
that the clinical significance of hypokalemia and
calciuria is difficult to evaluate. Although controver-
sial, some epidemiological studies have implicated
caffeine in the increased risk for poor calcium reten-
tion. For calcium intakes lower than 750mgper day,
increased rate of bone loss and lower bone density
were reported. However, it has been suggested that
the effect on bone of high caffeine intake requires a
genetic predisposition toward osteoporosis. In indi-
viduals who ingest calcium recommended daily
allowances, there is no evidence of any effect of
caffeine on bone status and calcium economy.

Effects on the Respiratory System

In caffeine-naive subjects, a dose of 4mgkg�1

increases the mean respiratory rate. This effect is
not found in chronic caffeine ingestion. Several
mechanisms have been suggested, such as an
increase in pulmonary blood flow, an increased sup-
ply of air to the lungs due to the relaxation of
bronchiolar and alveolar smooth muscle, an increase
in sensitivity of the medullary respiratory center to
carbon dioxide, stimulation of the central respira-
tory drive, an improved skeletal muscle contraction,
and an increase in cardiac output.

At higher doses (7mg kg�1), caffeine ingested by
trained volunteers alters ventilatory and gas
exchange kinetics during exercise, leading to a tran-
sient reduction in body carbon dioxide stores.

Effects on Muscles

Caffeine has been shown to have a bronchial and
smooth muscle relaxant effect and to improve ske-
letal muscle contractility. Significant increases in
hand tremor and forearm extensor electromyogram
were observed in human subjects after the ingestion
of 6mgkg�1 of caffeine. This effect is more likely
due to a CNS stimulatory effect than to direct action
on the muscle fibers. Skeletal muscle fatigue can be
reversed by high concentrations of caffeine obtained
only in vitro but not in vivo.

Effects on the Gastrointestinal System

Caffeine relaxes smooth muscle of the biliary and
gastrointestinal tracts and has a weak effect on peri-
stalsis. However, high doses can produce biphasic
responses, with an initial contraction followed by
relaxation. Caffeine seems to have no effect on the
lower oesophageal sphincter. The increase in both
gastric and pepsin secretions is linearly related to the
plasma levels obtained after the administration of a
dose of 4–8mgkg�1. In the small intestine, caffeine
modifies the fluid exchange from a net absorption to
a net excretion of water and sodium.

The role of caffeine in the pathogenesis of peptic
ulcer and gastrointestinal complaints remains
unclear, and no association has been found in clin-
ical and epidemiological studies.

Effects on Energy Metabolism

Acute administration of caffeine produces a 5–25%
increase in the basal metabolic rate. Inactive subjects
exhibit a greater increase in resting metabolic rate
than do exercise-trained subjects. It is concluded
that endurance training seems to result in a reduced
thermogenic response to a caffeine challenge.

These modifications of energy metabolism were
associated with significant increases in serum free
fatty acids, glycerol, and lactate concentrations,
whereas inconsistent findings were reported for
blood glucose levels. Acute administration of caf-
feine was shown to decrease insulin sensitivity and
to impair glucose tolerance, possibly as a result of
elevated plasma epinephrine. However, it is not
understood why a large and long-term epidemiolo-
gical study associated significant lower risks for type
2 diabetes in both men and women with total caf-
feine intake. The lipolytic effect is generally
explained by the inhibition of phosphodiesterase,
the release of catecholamine, or adenosine receptor
antagonism. The increased availability of free fatty
acids and their oxidation may have a glycogen-
sparing effect. However, increasingly more results
do not support the hypothesis that caffeine improves
endurance performance by stimulating lipolysis, and
some of the ergogenic effects in endurance exercise
performance may occur directly at the skeletal mus-
cle and CNS levels. In addition, this effect may be
suppressed by the simultaneous ingestion of a high-
carbohydrate meal, which is a common practice
prior to competition.

Despite the controversy among scientists concern-
ing the ergogenic potential of caffeine on sport
performance, it is accepted that caffeine will
not improve performance during short-term, high-
intensity work, whereas an increase in both work
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output and endurance in long-term exercise is
expected. Most studies also show that the duration
and the magnitude of the ergogenic effect of caffeine
are greater in nonusers than in users.

Based on the assumption that caffeine may
enhance athletic performance, the International
Olympic Committee defined an upper concentration
limit of 12 mg/ml in urine samples, above which an
athlete was disqualified. However, in the World
Anti-Doping Agency Executive Committee Meeting
(September 2003), it was observed that the stimu-
lant effect of caffeine is obtained at levels lower than
12. As a consequence, caffeine was removed from
the 2004 list of prohibited substances because ath-
letes must be allowed to behave like other people in
society and may thus be allowed to drink coffee.

Safety and Toxicology

The acute oral LD50 (dose sufficient to kill one-half of
the population of tested subjects) of caffeine is more
than 200mgkg�1 in rats, 230mgkg�1 in hamsters and
guinea pigs, 246mgkg�1 in rabbits, and 127mgkg�1

in mice. The sensitivity of rats to the lethal effects of
caffeine increases with age, and higher toxicity is
observed in male than in female rats.

Vomiting, abdominal pain, photophobia, palpita-
tions, muscle twitching, convulsions, miosis, and
unconsciousness were described in several reports of
nonfatal caffeine poisonings in children who ingested
80mgkg�1 caffeine. In several fatal accidental caffeine
poisonings, cold chills, stomach cramps, tetanic
spasms, and cyanosis were reported. The likely lethal
dose in adult humans has been estimated to be
approximately 10 g, which corresponds roughly to
150–200mgkg�1. With daily doses of 110mgkg�1

given via intragastric cannula to female rats over
100days, hypertrophy of organs such as the salivary
gland, liver, heart, and kidneys was reported. Caffeine
also induced thymic and testicular atrophy. Develop-
mental and reproductive toxicity was associated with
high, single daily doses of caffeine. The no-effect level
for teratogenicity is 40mgkg�1 caffeine per day in the
rat, although delayed sternebral ossification can be
observed at lower doses. This effect has been shown
to be reversed in the postnatal period. Available epi-
demiological evidence suggests that maternal caffeine
consumption does not cause morphological malforma-
tion in the fetus. Caffeine intake has been linked with
reduced fetal size in some studies, particularly when
intake was more than 600mgper day, whereas others
have not shown an impact on growth. High daily levels
given as divided doses in rats were less toxic thanwhen
given as a single dose, in which case reduced fetal body
weight was the only effect observed.

Caffeine at high concentration levels has mutagenic
effects in bacteria and fungi and causes chromosomal
damage in vitro. However, there is consensus that
caffeine is not mutagenic in higher animals.

An epidemiological study showed no chromoso-
mal aberrations in lymphocytes of normal, caffei-
ne-exposed people, and other studies reported an
increased frequency of micronucleated blood cells
and the absence of mutagenic compounds in urine.
In long-term studies, caffeine was shown to have no
carcinogenic potential in rodents. Caffeine has not
been classified as carcinogenic in animals or humans
by the International Agency for Research on Cancer.

Therapeutic Uses

The most extensively investigated and most firmly
established clinical application of caffeine is the con-
trol of neonatal apnoea in premature infants. The
respirogenic properties of theophylline were first
reported, and caffeine is increasingly being used as
a substitute for theophylline because of its wider
therapeutic index. For infants with a body weight
of 2.5 kg, the therapeutic loading doses varied from
5 to 30mgkg�1, followed by a maintenance dose of
3mg kg�1 per day. Plasma caffeine levels must be
controlled carefully to reach 10–20mg l�1.

Because of the bronchial muscle relaxant effect,
caffeine is used in chronic obstructive pulmonary
disease and for the treatment of asthma. The use of
caffeine in the treatment of children with minimal
brain dysfunction, to increase the duration of elec-
troconvulsive therapy-induced seizure, for allergic
rhinitis, as well as for atopic dermatitis has also
been described. Recently, caffeine has been used as
a diagnostic test for malignant hyperthermia and in
the diagnosis of neuroleptic malignant syndrome, a
complication of neuroleptic therapy.

Caffeine is found in many drug preparations, both
prescription and over-the-counter. Caffeine is present
in drugs used as stimulants, pain relievers, diuretics,
and cold remedies. When used as an analgesic adju-
vant, the potency of the analgesic drug is significantly
enhanced by the addition of caffeine.

Although caffeine has been shown to promote ther-
mogenesis in humans, it is no longer allowed as an
ingredient in weight-control products in the USmarket
because long-term clinical studies demonstrate that it
does not help those wishing to lose weight.

Biochemical Mechanisms of Action

The physiological and pharmacological properties of
caffeine cannot be explained by a single biochemical
mechanism. Three principal hypotheses have been
investigated to explain the diverse actions of caffeine.
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The first biochemical effect described was the
inhibition of phosphodiesterase, the enzyme that
catalyzes the breakdown of cyclic adenosine 30,50-
phosphate (cAMP). Caffeine was shown to increase
cAMP concentrations in various tissues. This inhibi-
tion occurs at large concentrations (millimolar
range) and is of limited importance with regard to
the physiological effects of caffeine at levels at which
it is normally consumed.

Calcium translocation is the second mechanism
frequently suggested from experiments using skeletal
muscles. However, high concentrations of caffeine
are also necessary to modify intracellular calcium
ion storage.

In the plasma, increased levels of �-endorphin,
epinephrine, norepinephrine, corticosterone,
ACTH, renin, and angiotensin I and decreased levels
of growth hormone, thyroxine, triiodothyronine,
and thyrotropin were reported with high caffeine
doses. The mechanisms responsible for these various
effects are largely unknown, and the mediation of
adenosine receptors is suggested. The antagonism of
benzodiazepine at the receptor level is observed at
lower caffeine concentrations (0.5–0.7mM) than
those required for phosphodiesterase inhibition.

The third mechanism, antagonism of the endogen-
ous adenosine, is the most plausible mode of action
because caffeine exerts its antagonism at micromolar
levels. Its main metabolite, paraxanthine, is as potent
as caffeine in blocking adenosine receptors. Caffeine
is more potent at A2A receptors and less potent at A3

receptors compared to A1 and A2B receptors. An
upregulation of adenosine receptor is the postulated
biochemical mechanism of caffeine tolerance.

Adenosine receptor antagonism appears to be
the mechanism that explains most of the effects
of caffeine on CNS activity, intestinal peristalsis,
respiration, blood pressure, lipolysis, catechola-
mine release, and renin release. However, some
effects, such as opiate antagonism or effects that

are similar to those of adenosine, must be
mediated by other mechanisms, such as the poten-
tiation by caffeine of inhibitors of prostaglandin
synthesis.

See also: Sports Nutrition.
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Calcium is an essential nutrient. Although most of
the calcium in the body is found in bones and teeth,
the other 1% has critical, life-sustaining functions.
Most people in the world, including those in indus-
trialized countries, fail to consume the recom-
mended amounts of calcium, which will ultimately
result in poor bone health and increase the risk of
osteoporosis. Adequate calcium intake is critical to
the achievement of peak bone mass in the first sev-
eral decades of life, the retention of bone during
middle adulthood, and the minimization of bone
loss during the last several decades. Without ade-
quate intake, the intestine, bone, and renal systems
have intricate ways of retaining more calcium and
normalizing serum calcium levels. These three pri-
mary tissues of calcium homeostasis (intestine, bone,
and kidneys) are dynamic in their handling of cal-
cium, reacting to dietary intake, physiological need,
or disease processes. This article discusses calcium
absorption, regulation, function, metabolism, and
excretion as well as the changes in calcium physiol-
ogy during the lifespan.

Absorption and Transport

Intake and Distribution

The dietary intake of calcium in the United States is
approximately 20mmol (600–1200mg) per day
unless supplements are consumed. Approximately
73% of dietary calcium is supplied from milk pro-
ducts, 9% from fruits and vegetables, 5% from
grains, and the remaining 12% from all other
sources. Approximately 25% of women take a nutri-
tional supplement that contains calcium, but supple-
ment use by men and children is much lower.

Approximately 25–50% of dietary calcium is
absorbed and delivered to the exchangeable calcium
pool. Of the 25–30mol (1000–1200 g) of calcium in
the body, 99% is found in the skeleton and teeth. The
remaining 1% is in the blood, extracellular fluid,
muscle, and other tissues. The extracellular pool of
calcium turns over 20–30 times per day in adults,
whereas bone calcium turns over every 5 or 6 years.
A remarkably large amount is filtered through

the kidneys, approximately 250mmol (10 000mg)
per day, of which approximately 98% is reabsorbed,
so that urinary excretion of the mineral is only
2.5–5mmol (100–200mg) per day (Figure 1).

Intestinal Calcium Absorption

The efficiency of dietary calcium absorption depends
on two major factors: its interaction with other diet-
ary constituents and physiological/pathological fac-
tors. Dietary factors that reduce the total amount of
calcium absorbed by the intestine include phosphate,
oxalate, phytate, fiber, and very low calcium
intakes, whereas those that increase absorption
include protein (or specific amino acids, lysine and
arginine) and lactose in infants. The physiological/
pathological factors that decrease intestinal calcium
absorption include low serum 1,25(OH)2 vitamin D
(the form of the vitamin that effects calcium absorp-
tion), chronic renal insufficiency, hypoparathyroid-
ism, aging, and vitamin D deficiency, whereas
increased absorption is observed during growth,
pregnancy, primary hyperparathyroidism, sarcoido-
sis, and estrogen and growth hormone administra-
tion. The interindividual variability in intestinal
calcium absorption is very high for reasons that are
not entirely clear. On tightly controlled diets, a
homogenous group of subjects can have intestinal
calcium absorptions ranging from 10 to 50%.

Dietary calcium is complexed to food constituents
such as proteins, phosphate, and oxalate, from which
it needs to be released prior to absorption. The role of
gastric acid (or the lack thereof induced by commonly
used proton pump inhibiting drugs) in intestinal cal-
cium absorption is not well established, although
achlorhydria can impair absorption in the fasted state.

Calcium crosses the intestinal mucosa by both
active and passive transport. The active process is
saturable, transcellular, and occurs throughout the

DIET
1000 mg

GUT

FECES
825 mg

300 mg

125 mg
175 mg

9825 mg 10 000 mg

500 mg

500 mg

175 mg

URINE

BONE

ECF Ca++

900 mg

Figure 1 Daily calcium turnover.
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small intestine. The transcellular pathway is a multi-
step process, starting with the entry of luminal cal-
cium into the enterocyte (possibly via a calcium
channel) and translocation of calcium from the
microvillus border of the apical plasma membrane
to the basolateral membrane followed by extrusion
out of the enterocyte. Calbindin, a calcium binding
protein that is regulated by the hormonal form of
vitamin D, 1,25(OH)2D3, affects every step in the
movement of calcium through the enterocyte,
including entry into the cell, movement in the cell
interior, and transfer into the lamina propria.
Although details of the movement of calcium through
intestinal cells are still under investigation, it appears
that the vitamin D-dependent calcium binding pro-
tein calbindin-D9k and the plasma membrane cal-
cium-pumping ATPase 1b (PMCA1b) are critical
transport molecules in the cytoplasm and basolateral
membrane, respectively. The active transport path-
way is predominant at lower levels of calcium intake,
and it becomes more efficient in calcium deficiency or
when intakes are low and also when calcium require-
ments are high during infancy, adolescence, and preg-
nancy. It becomes less efficient in vitamin D-deficient
individuals and in elderly women after menopause.

The passive transport pathway is nonsaturable and
paracellular. It occurs throughout the small intestine
and is unaffected by calcium status or parathyroid
hormone (PTH). It is relatively independent of
1,25(OH)2D3, although this metabolite has been found
by some investigators to increase the permeability of the
paracellular pathway. A substantial amount of calcium
is absorbed by passive transport in the ileum due to the
relatively slow passage of food through this section of
the intestine. The amount of calcium absorbed by pas-
sive transport will be proportional to the intake and
bioavailability of calcium consumed.

Fractional calcium absorption increases in response
to low intake but varies throughout life. It is highest
during infancy (60%) and puberty (25–35%), stable at
approximately 25% in adults, and then declines with
age (by approximately 2%per decade after meno-
pause). There is little difference in calcium absorption
efficiency between Caucasians and African Americans.
The lower urinary calcium and better calcium conser-
vation in African Americans probably contributes to
their higher bone mineral density.

Storage

The skeleton acts as the storage site for calcium.
Bone calcium exists primarily in the form of hydro-
xyapatite (Ca10(PO4)6(OH)2), and this mineral com-
prises 40% of bone weight. In the short term, the
release of calcium from bone serves to maintain

serum calcium concentrations. In the longer term,
however, persistent use of skeletal calcium for this
purpose without adequate replenishment will result
in loss of bone density. The storage of very small
amounts of calcium in intracellular organelles and
its subsequent release into cytosol acts as an intra-
cellular signal for a variety of functions.

Between 60 and 80% of the variance in peak bone
mass is explained by genetics, including polymorph-
isms in the vitamin D–receptor gene and in genes
responsible for insulin-like growth factor-1 (IGF-1)
and collagen production.

Metabolism and Excretion

Regulation by Hormones

The concentration of ionized calcium in serum is
closely regulated because it has profound effects on
the function of nerves and muscles, blood clotting,
and hormone secretion. The principal regulators of
calcium homeostasis in humans and most terrestrial
vertebrates are PTH and the active form of vitamin D,
1,25(OH)2 vitamin D3 (Figure 2).

PTH is a single-chain polypeptide that is released from
the parathyroid when there is a decrease in the calcium
concentration in extracellular fluid. The calcium-sensing
receptor (acting as the thermostat for calcium) is found
on the parathyroid gland, where it detects small pertur-
bations in serum ionized calcium. The decline in serum
calcium induces an increase in PTH secretion. PTH
has the effect of restoring extracellular calcium concen-
trations by stimulating the resorption of bone to release

Figure 2 Hormonal regulation of calcium metabolism.

CALCIUM 73



calcium, by increasing the renal reabsorption of calcium,
and by enhancing the renal conversion of 25(OH)D3 to
the active, hormonal form of the vitamin, 1,25(OH)2
vitamin D3. The active form of vitamin D
then increases the synthesis of intestinal calcium bind-
ing protein (CaBP), leading tomore efficient intestinal
calcium absorption. PTH release is inhibited when
serum calcium and 1,25(OH)2 vitamin D3 increase
or when serum phosphate is decreased. The highly
regulated interactions among PTH, calcium,
1,25(OH)2 vitamin D3, and phosphate maintain
blood calcium levels remarkably constant despite sig-
nificant changes in calcium intake or absorption, bone
metabolism, or renal functions. The extracellular cal-
cium concentration is the most important regulator of
PTH secretion and occurs on a minute-by-minute
basis. Acute PTH administration leads to release of
the rapidly turning over pool of calcium near the bone
surface. Chronic administration of PTH increases
osteoclast cell number and activity. Interestingly and
paradoxically, intermittent PTH administration is
anabolic, increasing formation of trabecular bone. In
the kidney, PTH has three major functions: It
increases calcium reabsorption, inhibits phosphate
reabsorption, and enhances the synthesis of the active
form of vitamin D. All of these actions are designed to
defend against hypocalcemia.

There are two sources of vitamin D: the diet
(where it is found as the fortificant vitamin D2 or
natural D3) or synthesis in skin during exposure to
ultraviolet radiation (sunlight). The vitamin enters
the circulation and is transported on a vitamin D
binding protein to the liver, where it is hydroxy-
lated to 25(OH) cholecalciferol, which leaves the
liver, is bound again to the binding protein in the
circulation, and enters the kidney where it is hydro-
xylated again to 1,25(OH)2D3, the most active
metabolite of the vitamin. The primary biological
effect of 1,25(OH)2D3 is to defend against hypocal-
cemia by increasing the efficiency of intestinal cal-
cium absorption and by stimulating bone
resorption. 1,25(OH)2D3 interacts with the vitamin
D receptor on the osteoblasts, and via RANKL/
RANK it stimulates the maturation of osteoclasts
that function to dissolve bone, releasing calcium
into the extracellular space. The recently discovered
RANK ligand, a member of the tumor necrosis
factor superfamily, and its two receptors (RANK
and osteoprotegerin) are pivotal regulators of osteo-
clastic bone resorption, both in vivo and in vitro.
More of the active metabolite is produced during
calcium deficiency or after a low calcium intake in
order to restore serum calcium by increasing intest-
inal calcium absorption, renal calcium reabsorp-
tion, and bone turnover.

Serum vitamin D concentrations decline in winter
and are generally related to vitamin D intake and
sunlight exposure. When serum 25(OH)D3 concen-
trations decline below 110 nmol/l, PTH levels
increase, contributing to the bone loss that occurs
in vitamin D deficiency and that is evident in north-
ern Europe, the United States, Japan, and Canada
during winter months. Rickets is becoming a more
recognized health problem, particularly in infants of
African American mothers who are not taking vita-
min D supplements or consuming adequate amounts
of vitamin D-fortified milk and who are exclusively
breast-feeding their infants. In the US national nutri-
tion survey conducted in the 1990s, 42% of African
American women had low 25(OH) vitamin D con-
centrations in plasma. Thus, vitamin D deficiency is
more prevalent than once believed, and it is partic-
ularly a risk for the elderly due to their reduced
capacity for synthesizing vitamin D precursors in
their skin, in those who are infirm and/or in nursing
homes or living at more northern or southern lati-
tudes, or in other situations in which the skin is not
exposed to sunlight. The result of vitamin D defi-
ciency is normal serum calcium and elevated PTH
and alkaline phosphatase. The secondary hyperpar-
athyroidism causes increased osteoclastic activity,
calcium loss from bone, and ultimately bone loss.

Several other hormones also affect calcium metabo-
lism. Notably, estrogens are necessary for the mainte-
nance of balance between bone resorption and accretion.
The decrease in serum estrogen concentrations at
approximately the time of menopause is the primary
factor contributing to the elevated rate of bone resorp-
tion that occurs at this stage of life and that is the primary
contributory factor to osteoporosis. Estrogen treatment
will reduce bone resorption within a few weeks and
subsequently lead to higher serum concentrations of
PTH and 1,25(OH)2D3 and improved intestinal absorp-
tion and renal reabsorption of calcium.Testosterone also
inhibits bone resorption, and lack of this hormone can
cause osteoporosis in men. Glucocorticoids, sometimes
used to treat conditions such as osteoid arthritis,
inflammatory bowel disease, and asthma, inhibit
both osteoclastic and osteoblastic activity, impair
collagen and cartilage synthesis, and reduce cal-
cium absorption. Consequently, excessive bone
loss often results from glucocorticoid treatment
or occurs when excessive amounts of the hormone
are secreted, such as in Cushing’s disease. Oral
calcium supplements should be considered for
patients receiving exogenous glucocorticoids.
Thyroid hormones stimulate bone resorption so
that bone abnormalities occur in both hyper- and
hypothyroidism. Growth hormone stimulates car-
tilage formation, the formation of 1,25(OH)2D,
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and intestinal calcium absorption. Insulin stimu-
lates collagen production by osteoblasts and
impairs the renal reabsorption of calcium.

Excretion

Ionized calcium in the plasma is freely filtered by the
kidney so that very large amounts enter the kidney
each day, but 99.8% of this calcium is reabsorbed
throughout the nephron. Regulated active transport
occurs in the distal convoluted tubule and involves
vitamin D, CaBP, and PTH. Typically, approxi-
mately 2.5–6mmol (100–240mg) of calcium is
excreted in urine daily.

Dietary calcium has a relatively small impact on
urinary calcium (e.g., only 6–8% of an increase in
dietary calcium intake will appear in the urine). The
major food components that affect urinary calcium
are protein, phosphorus, caffeine, and sodium. For
each 50-g increment in dietary protein, approxi-
mately 1.5mmol (60mg) of additional calcium is
lost in urine. The higher amounts of phosphorus
consumed concurrently with a high-protein diet can
blunt, but not eliminate, this phenomenon. Dietary
phosphorus (as well as intravenously administered
phosphorus) increases PTH synthesis and subse-
quently stimulates renal calcium reabsorption and
reduces the urinary excretion of calcium. Caffeine
causes a reduction in renal reabsorption of calcium
and a subsequently increased loss of urinary calcium
soon after it is consumed. It has been shown repeat-
edly in animals and humans that dietary sodium, in
the form of salt (NaCl), increases urinary calcium
excretion. On average, for every 100mmol
(2300mg) of sodium excreted in urine, there is an
approximately 0.6–1mmol (24–40mg) loss of cal-
cium in free-living healthy populations of various
ages. Because most of the urinary calcium is of bone
origin, it is commonly hypothesized that those nutri-
ents or food components that are hypercalciuretic are
also detrimental to the skeleton. On the other hand,
thiazide medications are hypocalciuric and, as such,
may have modest positive effects on bone.

Metabolic Functions

The most obvious role of calcium is to provide
structural integrity and strength in bones and teeth.
Approximately 99% of the total body calcium con-
tent is used for this purpose. Bone also serves as a
reservoir of calcium that can be drawn upon when
serum calcium concentrations decline. The remain-
ing 1% of the body’s calcium is contained in blood,
extracellular space, muscle, and other tissues, in
which calcium concentrations are kept relatively

constant. The maintenance of constant serum cal-
cium concentrations at approximately 2.5mmol/l is
critical for a number of cellular functions.

The extracellular concentration of calcium is in
the 10�3M range, whereas in the cytosol it is
approximately 10�6M. Almost all of the intracellu-
lar calcium is bound within organelles such as the
nucleus, endoplasmic reticulum, and vesicles. Cyto-
solic calcium concentrations are very low and influ-
enced greatly by release of some calcium from
cellular organelles. Therefore, a small change in the
release of calcium from intracellular sites or trans-
port across the cell membrane results in a relatively
large change in cytosolic calcium concentration.
Binding of a hormone or a growth factor to a
plasma membrane receptor increases inositol triphos-
phate release, which in turn increases the free intra-
cellular calcium concentration. The ionized calcium
then binds to calmodulin, followed by a conforma-
tion change in the protein to trigger cellular events
such as muscle contraction, nerve conduction, cell
movement and differentiation, cell division, cell-to-
cell communication, and secretion of hormones such
as insulin. In these roles, calcium acts as an intracel-
lular messenger.

Calcium may play a role in energy regulation and
risk of obesity. Dietary calcium regulation of circu-
lating 1,25(OH)2D3 in turn regulates the concentra-
tion of calcium in adipocytes. When adipocyte
intracellular calcium concentration increases, this
promotes the expression of lipogenic genes, and fat
breakdown is reduced leading to accumulation of
lipid in adipocytes. Through this pathway, low-
calcium diets appear to promote fat deposition,
whereas high-calcium intakes afford some protec-
tion from obesity.

Changes in Calcium Metabolism during
the Life Span

The total body calcium content of the newborn
infant is approximately 0.75mol (30 g), which
increases during growth to approximately 1000 g in
adult women and 1200 g in adult men. This repre-
sents an average daily accumulation of approxi-
mately 2.5–3.7mmol (100–150mg) from infancy to
adulthood.

The efficiency of calcium absorption is highest
during infancy (approximately 60%), and the
amount absorbed from breast milk does not appear
to be affected by calcium consumed in solid foods.
During the growth spurt of adolescence, calcium
retention and accretion increase to peak at approxi-
mately 200–300mgper day in girls and boys,
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respectively. It involves the action of growth hor-
mone, IGF-1, and sex steroids. The onset of men-
struation in girls is associated with a rapid decline in
bone formation and resorption. Intestinal calcium
absorption is predictably more efficient during the
growth spurt and also decreases subsequently.
Importantly, it is thought that calcium intakes dur-
ing the period of growth can affect the peak bone
mass achieved and therefore influence the amount of
bone mineral remaining when osteoporosis begins in
later life. Bone mass may continue to accumulate up
to approximately age 30 years, although the amount
gained is relatively small after age 18 years.

During pregnancy, a relatively small amount of
calcium, approximately 625–750mmol, is trans-
ported to the fetus. Most of this calcium is thought
to be obtained through greater efficiency of mater-
nal intestinal calcium absorption, possibly induced
by increases in 1,25(OH)2D3 production. For this
reason, a higher calcium intake during pregnancy is
probably not required.

Most studies have reported that there is no
increase in intestinal calcium absorption during lac-
tation even when dietary intake of the mineral is
relatively low. Changes in biochemical markers and
kinetic studies using isotopes indicate that the source
of much of the calcium secreted in breast milk is the
maternal skeleton, as well as more efficient renal
reabsorption and subsequently lower urinary excre-
tion of the mineral. Bone calcium is restored at the
end of lactation as the infant is weaned, when ovar-
ian function returns and menstruation resumes. At
this time, intestinal calcium absorption increases,
urinary calcium remains low, and bone turnover
rates decline to normal levels. There is no strong
evidence that lactation per se or maternal calcium
intake during lactation affect later risk of osteoporo-
sis in women. Thus, there is no strong rationale for
increasing maternal calcium intake during lactation.
Breast milk calcium concentration is relatively unaf-
fected by maternal intake, and it remains stable
throughout lactation.

Menopause begins a period of bone loss that
extends until the end of life. It is the major contri-
butor to higher rates of osteoporotic fractures in
older women. The decrease in serum estrogen con-
centrations at menopause is associated with acceler-
ated bone loss, especially from the spine, for the
next 5 years, during which approximately 15% of
skeletal calcium is lost. The calcium loss by women
in early menopause cannot be prevented unless
estrogen therapy is provided. Calcium supplements
alone are not very helpful in preventing postmeno-
pausal bone loss. Upon estrogen treatment, bone
resorption is reduced and the intestinal calcium

absorption and renal reabsorption of calcium are
both increased. Similarly, amenorrheic women have
reduced intestinal calcium absorption, high urinary
calcium excretion, and lower rates of bone forma-
tion (compared to eumenorrheic women). In both
men and women, there is a substantial decline in
intestinal absorption of calcium in later life.

Calcium Deficiency

When calcium absorption is chronically low,
because of low intakes, poor bioavailability, or con-
ditions that impair intestinal absorption, there is a
decrease in the serum ionized calcium concentration.
This in turn stimulates the release of PTH, which
returns serum calcium to normal by increasing renal
calcium reabsorption, stimulating the renal produc-
tion of 1,25(OH)2D3, and inducing bone reabsorp-
tion. The result of long-term calcium deficiency is
accelerated bone loss in older individuals or the
inability to fully achieve peak bone mass in younger
individuals.

Dietary Sources

Food Sources

The majority of dietary calcium in industrialized
countries comes from milk products; one serving
(i.e., 250ml milk or yogurt or 40 g cheese) contains
approximately 7.5mmol (300mg). Nondairy
sources (fruits, vegetables, and grain products) sup-
ply approximately 25% of total calcium. When sub-
stantial amounts of grains are consumed, for
example, in breads or as maize products, these can
be important sources, although the calcium in cer-
eals tends to be less bioavailable than that in dairy
products. Other foods high in calcium include tofu
set with a calcium salt, kale, broccoli, and, increas-
ingly, calcium-fortified juices and cereals. No matter
what the source, a high percentage of people in both
industrialized and less wealthy countries fail to meet
recommended guidelines for optimal calcium intake.

Bioavailability

Several dietary constituents decrease the bioavailability
of calcium in food. Increasing fiber intake by, for exam-
ple, replacing white flour by whole wheat flour in a
typical Western diet has long been associated with nega-
tive calcium balance even when calcium intakes meet
recommended levels. Likewise, the fiber in fruits and
vegetables can cause negative calciumbalance. In cereals,
phytic acid is the main constituent of fiber that binds
calcium, making it unavailable for absorption. The
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fermentation of bread during leavening reduces phytate
content substantially, making calcium more bioavail-
able. In fruits and vegetables, the uronic acids in hemi-
cellulose are strong calcium binders, as is the oxalic acid
present in high concentrations in foods such as spinach.
Calcium bioavailability from beans is approximately
half and that from spinach approximately one-tenth of
the bioavailability from milk. In contrast, calcium
absorption from low-oxalate vegetables, such as kale,
broccoli, and collard greens, is as good as that from
milk. The difference in calcium absorption between the
various forms of supplements is not large.

Dietary fat does not affect calcium absorption
except in individuals with diseases that impair fat
malabsorption (e.g., short bowel syndrome, celiac
disease, and pancreatitis). In these conditions, the
calcium forms an insoluble and unabsorbable ‘soap’
with the unabsorbed fat in the alkaline lumen of the
small intestine, potentially resulting in impaired bone
mineralization. In addition, the luminal calcium is not
available to precipitate the oxalates, meaning that the
free oxalates will be hyperabsorbed leading to
increased risk for renal oxalate stones. Neither diet-
ary phosphorus nor a wide range of phosphorus-to-
calcium ratios affect intestinal calcium absorption in
very low-birth-weight infants and adults.

Lactose improves calcium absorption in young
infants, in whom absorption of calcium is predomi-
nantly by passive transport. In adults, the presence
of lactose in the diet has little effect on the efficiency
of calcium absorption.

Effects of High Calcium Intakes

Calcium can inhibit the absorption of both heme iron
(found in meat, fish, and poultry) and non-heme iron.
The mechanism by which this occurs remains con-
troversial, but the inhibition probably occurs within
the mucosal cells rather than in the intestinal lumen.
This interaction is of concern because calcium supple-
ments are taken by many women who may have
difficulty maintaining adequate iron stores. Approxi-
mately 300–600mg of calcium, as a supplement or in
foods, reduces the absorption of both heme and non-
heme iron by approximately 30–50% when con-
sumed in the same meal. The inhibitory effect on
iron absorption is inversely related to iron status so
that it is relatively unimportant above a serum ferritin
concentration of approximately 50–60mg/l. Thus,
consideration should be given to monitoring the
iron status of menstruating women with low iron
stores who take calcium supplements. There is no
inhibitory effect when calcium and iron supplements

are consumed together in the absence of food, and
inhibition may be less with calcium citrate.

In the past, it was common to restrict dietary
calcium in patients with a history of calcium oxalate
stones. However, recent data suggest that a severe
calcium restriction in patients with oxalate stones is
not only ineffective but also can lead to bone demin-
eralization. For the prevention of recurrent stone
formation, a diet restricted in oxalate, sodium, and
animal protein is probably most effective. Only if
absorptive hypercalciuria is present should a moder-
ate calcium restriction be imposed.

Long-term consumption of approximately 1500–
2000mg calcium per day is safe for most indivi-
duals, although there will be some reduction in the
efficiency of iron absorption. However, higher
intakes from supplements (62.5mmol or 2.5 g per
day) can result in milk–alkali syndrome (MAS),
with symptoms of hypercalcemia, renal insuffi-
ciency, metabolic alkalosis, and severe alterations
in metabolism. Based on risk of developing MAS,
the upper limit for calcium intake is 2500mgper day
for adults and children.

See also: Vitamin D: Physiology, Dietary Sources and
Requirements; Rickets and Osteomalacia.
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Introduction

Carbohydrates are an important energy source in
the human diet. They generally supply about 45%
of the energy requirement in developed countries
and up to 85% in developing countries. Carbohy-
drates have been considered a fundamental source
of nourishment and inexpensive and versatile staple
of the diet.

The type and composition of dietary carbohydrates
varies greatly among different food products. Dietary
carbohydrates can be predominantly found in the
form of sugar (monosaccharides and disaccharides)
and starch or nonstarch polysaccharides. Furthermore,
in the food industry they can be used in the form
of hydrolyzed cornstarch, high-fructose corn syrups,
modified starches, gums, mucilages, and sugar
alcohols.

The current global emphasis for healthy eating
focuses on increasing carbohydrate consumption,
particularly in the form of whole grains, fruit, and
vegetables. Epidemiological and clinical studies have
shown a positive association between carbohydrate
consumption and reduced risk of chronic disease
and certain types of cancer.

Dietary Sources and Intakes

The major sources of carbohydrates are cereals,
accounting for over 50% of carbohydrate consumed
in both developed and developing countries, fol-
lowed by sweeteners, root crops, pulses, vegetables,
fruit, and milk products. Carbohydrate and nutrient
intake in general can be estimated using data from
food production and balance sheets, household sur-
veys, and individual assessments (Table 1). Figure 1
shows the trends in carbohydrate consumption by
food group as a percentage of total carbohydrate in
developed and developing countries, obtained from
food balance data in 1994.

Sugars

The term ‘sugar’ includes monosaccharides and dis-
accharides. The most common monosaccharides are
glucose (or dextrose), fructose, and galactose. Glu-
cose is found in fruit, honey, maple syrup, and vege-
tables. Glucose is also formed from sucrose
hydrolysis in honey, maple syrup and invert sugar,
and from starch hydrolysis in corn syrups. The prop-
erties of glucose are important for improving food
texture, flavor, and palatability. Glucose is the
major cell fuel and the principal energy source for
the brain. Fructose is found in honey, maple sugar,
fruit, and vegetables. Fructose is also formed from
sucrose hydrolysis in honey, maple syrup, and invert
sugar. It is commonly used as a sweetener in soft
drinks, bakery products, and candy in the form of
high-fructose corn syrups. Galactose is found pri-
marily in milk and dairy products.

Table 1 Approaches for determination of trends in nutrient consumption worldwide

Approach Advantages Disadvantages

Food production Figures available for every crop Affected by agricultural practices, weather

conditions, external forces

Food balance sheets Figures available for every food item Inadequate to determine food waste and spoilage

Household surveys Figures close to actual food consumption Inadequate to determine food consumption outside

the home, food waste, and spoilage

Individual assessments Figures close to actual food consumption Data not available for all countries

Diverse methods of assessment
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The most common disaccharides are sucrose, lac-
tose, and maltose. Sucrose is mostly found in sugar
cane and beet, and in lesser amounts in honey, maple
sugar, fruit, and vegetables. The properties of sucrose
are important in improving viscosity, sweetness, and
flavor of baked foods, ice cream, and desserts. Mal-
tose is formed from starch digestion. It is also pro-
duced from the germination of grain for malt liquors.
Lactose is found in milk and dairy products, and is
not as sweet as glucose or sucrose.

In the second part of the twentieth century, sugar
intake increased markedly in the US, because of
increased consumption of added sugars in beverages
and foods. According to the US Food Supply Data,
consumption of added sugars has increased from
27 teaspoons/person/day in 1970 to 32 teaspoons/
person/day in 1996, which represents a 23%
increase. Soft drinks are the most frequently used
form of added sugars, and account for one-third of
total sugar intake. In Europe the trend of sugar
consumption has been a steady one.

Polysaccharides

Starch Starch is the most important and abundant
food polysaccharide. Starch is predominantly
derived from plant seed, such as wheat, maize,
rice, oats, and rye, and from plant roots, such as
potatoes. Legumes and vegetables also contribute to
the starch content of the diet. Bread and pasta are
popular forms of starch, while tropical starchy
foods, such as plantains, cassava, sweet potatoes,
and yams are increasingly contributing to carbohy-
drate intake. Starch accounts for 20–50% of total

energy intake, depending on the total carbohydrate
consumption.

Nonstarch Nonstarch polysaccharides (NSP), for-
merly referred to as ‘dietary fiber,’ can either be
soluble or insoluble and are mainly derived from
cereals, especially wholegrain. Wheat, rice, and
maize contain predominantly insoluble NSP, while
oats, rye, and barley contain predominantly soluble
NSP. Vegetables are also a source of NSP and con-
tain equal amounts of insoluble and soluble NSP.
Intakes of NSP range from about 19 g day�1 in Europe
and North American countries to 30 g day�1 in
rural Africa.

Health Effects of Carbohydrates

Carbohydrates are stored in the human body as
glycogen mainly in the liver and muscle. The
human body has a limited storage capacity for car-
bohydrates compared to fat. The total amount of
carbohydrates stored in tissues and circulating in
the blood as glucose is approximately 7.56MJ
(1800 kcal). Diets high in carbohydrate ensure ade-
quate glycogen storage available for immediate
energy utilization. Carbohydrates are the preferred
energy source for the human brain and have an
important role in reducing protein breakdown
when energy intake is inadequate.

Dietary carbohydrates are absorbed in their hex-
ose form (glucose, fructose, galactose) and provide
15.6 kJ g�1 (3.75 kcal g�1) of energy. Although
sugars and polysaccharides provide similar amounts
of energy, they differ in their physiological and

Developed countries

Developing countries
%

 C
ar

b
o

h
yd

ra
te

s

Cereals

Roo
t c

ro
p

Swee
ten

er

Pulse
s

Veg
eta

ble Fr
uit M
ilk

80

70

60

50

40

30

20

10

0

Figure 1 Trends in energy consumption by carbohydrate food group as a percentage of total carbohydrate in developed and
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metabolic properties. The effects of carbohydrate-
containing foods on blood glucose levels during
digestion and absorption are variable, depending
on the type of dietary carbohydrate. Postprandial
glucose response is reduced when glucose absorp-
tion is slow. Glycemic index (GI) is used for the
quantification of blood glucose response after car-
bohydrate consumption. GI is the area under the
curve of the blood glucose increase 2 h after carbo-
hydrate ingestion of a set amount of a particular
food (e.g., 50 g) compared to the blood glucose
increase 2 h after ingestion of the same amount of
a reference food (white bread or glucose). GI is
influenced significantly by the carbohydrate types
and physical determinants of digestion rate (intact
versus ground grains, cooked versus uncooked food,
and soluble fiber content). Carbohydrate ingestion in
the presence of fat and protein reduces the GI of a
meal. The GI of carbohydrate-containing meals has
been linked to several health outcomes. The role of
carbohydrates in health is a growing area of research
and has received a great amount of interest in the
past decade.

Carbohydrates and Nutrient Density

Increased sugar consumption has generated concern
in recent years because of the potential to displace
the micronutrient content of the diet by increasing
‘empty calories’ and energy intake. There is some
evidence that essential nutrient intake decreases with
increasing total sugar intake. However, sugar intake
has not been shown to accurately predict micronu-
trient ingestion. Moderate intakes of sugar coincide
with sufficient nutrient intake. The risk of low
micronutrient status is increased for individuals
with a diet high in sugars and low in total energy
intake, as in the case of children or people on restric-
tive diets. Data analysis on food intake of preschool
children suggests that the intake of some micronu-
trients (calcium, zinc, thiamin, riboflavin, and nia-
cin) is inversely related to sugar intake. However,
the dilutional effects of sugars may be somewhat
distorted by the fact that some rich sources of
added sugars are also fortified with micronutrients,
as in the case of breakfast cereals. The Dietary
Reference Intake (DRI) Panel on Macronutrients,
using national food intake data, reported that a
clear dilutional effect on micronutrient intake starts
when sugar intake approaches 25% of total calories.
The American Heart Association dietary guidelines
stress the consumption of fruit, vegetables, grains,
and complex carbohydrates so that micronutrient
requirements are met by whole rather than supple-
mented foods.

Several human studies have demonstrated that
diets rich in NSP may reduce the bioavailability of
minerals, such as iron, calcium, and zinc. Neverthe-
less, this effect is more likely due to the presence of
phytate, which inhibits the absorption of those
minerals, than the NSP content of the diet.

Carbohydrates and Obesity

Several studies have been conducted to establish an
association between sugar ingestion and total energy
intake. There have been consistent reports of a nega-
tive association between sugar intake and body mass
index in adults and children. However, this observa-
tion could be confounded by the correlation of diet-
ary fat and obesity, since high-fat diets are usually
low in carbohydrates. Some ad libitum dietary stud-
ies have shown that diets low in sugar are asso-
ciated with weight loss, maybe as a result of reduced
calorie intake. Nevertheless, in human metabolic
studies, no effect on weight or energy expenditure
was observed when carbohydrate was replaced by
fat or protein in isocaloric diets.

Foods high in sugars or GI are highly palatable
and it has been suggested that they create a potential
risk for energy overconsumption and weight gain.
However, there is no evidence to support this claim
or confirm the role of GI in body weight regulation.
Foods high in sugar have high energy density and
thus decreasing their consumption can assist in
weight reduction. On the contrary, foods rich in
NSP are bulky and have less energy density and as
a result induce greater satiety when ingested. It fol-
lows that diets rich in NSP may be useful for obesity
prevention, since they prevent energy overconsump-
tion. However, there is no evidence to indicate that
increasing the carbohydrate content of a low-energy
diet facilitates weight loss.

The consumption of sugar-sweetened soft drinks
may contribute to weight gain because of the low
satiety of liquid foods. Short-term human studies
have shown that sugar-sweetened soft drink con-
sumption does not result in a decrease of total
energy intake. Thus, sugar-sweetened soft drinks
can significantly increase the total caloric intake
and result in weight gain. Consumption of these
drinks has been associated with childhood obesity.

Carbohydrate and Cardiovascular Disease

Dietary factors influence the risk factors, such as
obesity, diabetes, and hyperlipidemia, that lead to
the development of cardiovascular disease (CVD). A
diet rich in carbohydrates in the form of whole grain
cereals, fruit, and vegetables may assist in the reduc-
tion of saturated fat and may increase the
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antioxidant content of the diet, thus reducing the
risk of heart disease. On the contrary, a high intake
of carbohydrates (>65% of total calories), especially
in the form of refined sugars and starch, may
increase serum triacylglycerol levels and adversely
affect plasma lipoprotein profile. Short-term studies
show a consistent relationship between sugar con-
sumption and elevation of triacylglycerol levels as
well as a decrease in plasma high-density lipoprotein
(HDL) levels, which could result in increased ather-
osclerosis and heart disease risk. However, longitu-
dinal cohort studies have failed to show a consistent
association of sugar consumption with CVD, mainly
because of the confounding factors associated with
increased heart disease risk.

Certain NSP (for example � glycans) have been
shown to reduce low-density lipoprotein (LDL) and
total cholesterol levels on a short-term basis. There-
fore, a protective effect for CVD has been shown
with consumption of foods high in NSP. This pro-
tective effect has not been duplicated with NSP sup-
plements. Furthermore, no long-term effect has been
established.

High-GI diets have been shown to slightly
increase hemoglobin A1c, total serum cholesterol
and triacylglycerols, and decrease HDL cholesterol
and urinary C-peptide in diabetic and hyperlipi-
demic individuals. In addition, low-GI diets have
been shown to decrease cholesterol and triacylgly-
cerol levels in dyslipidemic individuals. There are
insufficient studies performed on healthy individuals
and further research on the role of GI in lipid profile
and CVD risk factors is warranted.

Carbohydrates and Type 2 Diabetes

There is little evidence from prospective studies to
support a positive association between total dietary
carbohydrate consumption and risk of type 2 dia-
betes. Some recent evidence suggests that rapidly
digested refined sugars, which have a high GI, may
increase the risk of type 2 diabetes. Short-term stud-
ies have shown that decreasing the GI of a meal
can improve glucose tolerance and insulin sensitivity
in healthy people. Furthermore, the substitution of
high-GI with low-GI carbohydrates can decrease
postprandial glucose and insulin levels. Some epide-
miological studies have demonstrated a protective
effect of NSP consumption against type 2 diabetes.

Carbohydrates and Dental Caries

The quantity and frequency of sugars in the diet play
a significant role in the development of dental caries.
Their digestion by salivary amylase provides an acid
environment for the growth of bacteria in the

mouth, thus increasing the rate of plaque formation.
Sucrose is the most cariogenic of the sugars, fol-
lowed by glucose, fructose, and maltose. The milk
sugars (lactose and galactose) are considerably less
cariogenic. There is no epidemiological evidence to
support a cariogenic role of polysaccharide foods
with no added sugars.

Dental caries is a multifaceted disease, affected
not only by the frequency and type of sugar con-
sumed, but also by oral hygiene and fluoride supple-
mentation and use. Despite the increase in sugar
consumption, the incidence of dental caries has
decreased worldwide because of the increased use
of fluoride and improvement in oral hygiene.

Carbohydrate and Cancer

Case-control studies have shown that colorectal can-
cer risk increases with high intakes of sugar-rich
foods, while other studies have failed to prove such
a relationship. Thus, there is insufficient evidence to
support the role of sugar in the risk for colorectal
cancer. On the contrary, carbohydrate consumption
in the form of fruit, vegetables, and cereals has been
shown to be protective against colorectal cancer.

Carbohydrate foods are a good source of phytoes-
trogens, which may protect against breast cancer.
However, studies related to carbohydrate intake
and breast cancer have been inconsistent and are
insufficient to establish an association between car-
bohydrates and breast cancer risk.

The Health Professionals Follow-up Study showed
a negative association of prostate cancer risk with
high fructose intake. Additional data on the role of
sugar consumption on prostate cancer risk is lack-
ing. Some evidence suggests that increased fiber
intakes are related to decreased prostate cancer risk.

Carbohydrates and Gastrointestinal Health

High intakes of NSP, in the range of 4–32 g day�1,
have been shown to contribute to the prevention and
treatment of constipation. Population studies have
linked the prevalence of hemorrhoids, diverticular
disease, and appendicitis to NSP intakes, although
there are several dietary and lifestyle confounding
factors that could directly affect these relationships.
High-carbohydrate diets may be related to bacterial
growth in the gut and subsequent reduction of acute
infective gastrointestinal disease risk.

Low-Carbohydrate Diets

The recent trend of weight loss diets promotes some
level of carbohydrate restriction and increased pro-
tein consumption. Some examples are Dr Atkins
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New Diet Revolution, The South Beach Diet, and
The Carbohydrate Addict’s Diet. This dietary advice
is contrary to that proposed by governmental agen-
cies (US Department of Agriculture/Department of
Health Services, National Institutes of Health) and
nongovernmental organizations (American Dietetic
Association, American Heart Association, American
Diabetes Association, and American Cancer
Society).

There is consistent evidence that weight loss in
low-carbohydrate diets is triggered by negative
energy balance resulting from low caloric intake,
and that it is not a function of macronutrient com-
position. There is no scientific evidence to suggest
that low-carbohydrate diets are more metabolically
efficient than restricted calorie conventional diets.
Several studies have shown that low-carbohydrate
diets result in weight loss because of reduced caloric
intake.

Low-carbohydrate diets promote the lipolysis of
stored triacylglycerols known as ketosis, reduce glu-
cose and insulin levels, and suppress appetite. As a
result, there is an increase in blood uric acid con-
centration. Some studies have shown that the con-
sumption of high amounts of nondairy protein
results in a decline in kidney functions in individuals
with mildly compromised kidney function. How-
ever, no such effect has been shown in individuals
with normal kidney functions. Furthermore, low-
carbohydrate diets can have side effects such as
bad taste, constipation, diarrhea, dizziness, head-
ache, nausea, thirst, and fatigue.

Low-carbohydrate diets lack essential vitamins
and minerals because of inadequate consumption
of fruit, vegetables, and grains, and require supple-
mentation to achieve nutritional adequacy. Con-
trolled trials of low-carbohydrate diets are
necessary to establish long-term effectiveness and
adverse health effects or benefits.

Requirements and Recommendations

According to the new definition of the expert panel
appointed by the Institute of Medicine of the
National Academies of Science (IOM), dietary refer-
ence intakes (DRIs) are defined as a set of reference
values for nutrient intake, and include the estimated
average requirement (EAR), recommended dietary
allowance (RDA), adequate intake (AI), and toler-
able upper intake level (UL). EAR refers to the
average daily intake value of a nutrient that is esti-
mated to fulfill the needs of healthy people in a
particular lifestage or group. RDA refers to the
minimum daily intake that fulfills the need of almost
all healthy people in a particular lifestage or group.
AI refers to the observed intake of a particular group
of healthy people, and is used when there is lack of
scientific experimentation for the determination of
the EAR or the RDA. UL refers to the maximum
daily intake level of a nutrient that is not likely to
pose an adverse health effect for almost all people.

The DRIs for carbohydrate consumption of indi-
vidual groups and lifestages are outlined in Table 2.
These values are based on the average minimum
amount of glucose needed for brain function. A UL
for carbohydrates was not set because no studies
have shown that excessive consumption of carbohy-
drates has a detrimental effect on health. Based on
the dilutional effect of added sugars on micronutri-
ents, the expert panel suggests a maximal intake of
less than 25% of energy from added sugars. Total
sugar intake can be decreased by limiting foods high
in added sugars and consuming naturally occurring
sugar products, like milk, dairy products, and fruit.

The IOM does not specify dietary requirements or
recommendations for NSP consumption, but has
provided recommended intakes for fiber, which
includes NSP. The DRIs for total fiber consumption
of individual groups and lifestages are outlined in

Table 2 Carbohydrate requirements and recommendations (DRIs)

Age group/Life stage EAR (g day�1) RDA (g day�1) AI (g day�1)

Males Females Males Females

Infants (0–6 months) 60

Infants (6–12 months) 95

Children (1–18 years) 100 100 130 130

Adults (>18 years) 100 100 130 130

Pregnancy 135 175

Lactation 160 210

DRIs, dietary reference intakes; EAR, estimated average requirement; RDA, recommended dietary allowance; AI, adequate intake.-

Data from Institute of Medicine of the National Academies (2002) Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat,

Fatty Acids, Cholesterol, Protein, Amino Acids. Washington, DC: The National Academies Press.
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Table 3. It has not been shown that a high fiber
intake has a harmful effect in healthy individuals.
Therefore, a UL for fiber has not been set.

There is insufficient evidence to support a
recommendation by the IOM for the consumption
of low-GI foods or the replacement of high-GI
foods, like bread and potatoes. Although several
studies propose adverse effects of high-GI carbo-
hydrates and beneficial effects of low-GI foods, a
recommendation on consumption of low-GI foods
is a major dietary change that requires substantial
scientific evidence. Therefore, a UL based on GI is
not set.

The 1998 report of the Food and Agriculture
Organization (FAO) and the World Health Organi-
zation (WHO) regarding the role of carbohydrates
in human nutrition recommends the consumption of
at least 55% of total energy in the form of carbohy-
drates from a variety of sources. The committee
proposes that the majority of carbohydrates con-
sumed should originate from NSP, principally from
cereals, vegetables, legumes, and fruit. Furthermore,
it suggests that free sugars should be restricted to
less than 10% of total energy. This report recognizes
that there is no direct causal link between sugar
consumption and chronic disease. However, sugars
significantly increase the energy density of the
human diet and high-sugar drinks have been asso-
ciated with childhood obesity.

A 2002 report of the American Heart Association
suggests the restriction of sugar consumption. This
report recognizes that there are no beneficial effects
of increased sugar consumption. On the contrary,
some studies suggest that it may have adverse health
effects. In order to enhance the nutrient density and

reduce the energy density of the diet, increased con-
sumption of high-sugar foods should be avoided.

See also: Carbohydrates: Resistant Starch and
Oligosaccharides. Dietary Fiber: Role in Nutritional
Management of Disease.
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Table 3 Total fiber recommendations (DRIs)

Age group/Lifestage AI (g day�1)

Males Females

Children (1–3 years) 19 19

Children (4–8 years) 25 25

Children (9–13 years) 31 26

Children (14–18 years) 38 26

Adults (19–50 years) 38 25

Adults (>51 years) 30 21

Pregnancy 28

Lactation 29

DRIs, dietary reference intakes; AI, adequate intake.Data from

Institute of Medicine of the National Academies (2001) Dietary

Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty

Acids, Cholesterol, Protein, Amino Acids. Washington, DC: The

National Academies Press.
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Introduction

In recent years, there has been increasing interest in
those carbohydrates that escape absorption in the
small intestine and enter the colon, where they may
have specific health benefits due to their fermenta-
tion by the colonic microflora and their effect on gut
physiology. This entry considers the definition,
classification, dietary sources, methods of analysis,
colonic fermentation, and health benefits of both
resistant starch and oligosaccharides, and compares
them with those of dietary fiber.

Resistant Starch

Definition

In 1992, a concerted action of European researchers
defined resistant starch as ‘‘the sum of starch and the
products of starch degradation not absorbed in the
small intestine of healthy individuals.’’ This concept
completely changed our understanding of the action
of carbohydrates in the diet because up until the early
1980s, it was thought that starches were completely
digested and absorbed in the human small intestine.
Three important considerations are attached to this
physiological definition. First, resistant starch is made
up not only of high-molecular weight polymers but
also can include dextrins, small oligosaccharides, and
even glucose, all derived from digested starch that
escapes absorption. Second, resistant starches reach
the human large intestine where they are metabolized
by the complex colonic microflora. Finally, the actual
amount of resistant starch in a food (i.e., the amount
reaching the colon) depends on the physiology of the
individual and it may be affected by age.

Classification and Dietary Sources

Food starches can be classified according to the way
they are metabolized by the human small intestine into
those that are rapidly digested, those that are slowly
digested, and those that are resistant to
digestion. Similarly, resistant starch has been classified
into three types: physically inaccessible starch, resis-
tant starch granules, and retrograded starch (Table 1).

Physically inaccessible starch (RS1) Type I resistant
starch is physically inaccessible and is protected
from the action of �-amylase, the enzyme that
hydrolyzes the breakdown of starch in the human
small intestine. This inaccessibility is due to the pre-
sence of plant cell walls that entrap the starch, for
example, in legume seeds and partially milled and
whole grains. RS1 can also be found in highly com-
pact processed food like pasta. The RS1 content is
affected by disruption of the food structure during
processing (e.g., milling) and, to some extent, by
chewing.

Resistant granules (RS2) Starch granules are plant
organelles where starch is produced and stored.
Each plant has characteristic starch granules that
differ in size, shape, amylose to amylopectin ratio,
crystalline to amorphous material ratio, starch
supramolecular architecture, and amylose–lipid
complexes, amongst other features. It is believed
that combinations of these factors make some gran-
ules more resistant to the attack of digestive
enzymes than other granules. Type II resistant starch
is found in unripe bananas, uncooked potatoes, and
high amylose starches. RS2 disappears during
cooking, especially in water, because a combination
of water and heat make the starch gelatinize, giving
more access to amylases.

Table 1 Classification of resistant starch

Food source Typea Content in

food

(g per 100 g)

Contribution

to total RS

intake

Cereal products

containing whole

grains or grain

fragments

RS1 1–9 Minor

Brown breads

Legumes

Pastas

Unripe bananas RS2 17–75 Very little

Uncooked potatoes

High amylose starches

Bread RS3 1–10 Major

Cornflakes

Cooked cooled

potatoes

Legumes

Amylose–lipid

complex

Others Not known Unknown

Modified starches

aRS1, physically inaccessible starch; RS2, resistant granules;

RS3, retrograded starch.
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Retrograded starch (RS3) Type III resistant starch
is the most abundant of the resistant starches present
in food. It is formed during usual food processing by
cooking and then cooling. When starch is cooked in
an excess of water, it gelatinizes, i.e., the granular
structure is disrupted, the granule swells, and amy-
lose leaks out of the amylopectin matrix. Then,
when the food is cooled down, amylose (and more
slowly amylopectin) recrystallizes to a new ordered
and more compact structure (process known as ret-
rogradation), which decreases access for digestive
enzymes. RS3 production can be affected by the
amylose to amylopectin ratio, amount of water,
and temperature during cooking, and the number
of repeated cooking and cooling cycles. Retrograded
starch can be found in bread, some brands of corn
flakes, cooked-cooled potatoes, and legumes.

Others sources of resistant starch In recent years,
amylose–lipid complex and modified starches have
also been recognized as other sources of resistant
starches (Table 1). Amylose–lipid complexes occur
when fatty acids (12–18 carbons) are held within the
helical structure of amylose. They are formed natu-
rally during starch biosynthesis, but may also be
produced during cooking. Lipids may interfere with
amylose retrogradation, impairing the production of
retrograded starch during processing. However,
these complexes themselves have lower digestibility
than cooked starch.

As well as naturally resistant starch complexes,
there are different types of modified starches that are
manufactured by the food industry for a variety of
reasons. They can be defined as native starches that
have been submitted to one or more physical, chemi-
cal, or enzymatic treatments promoting granular dis-
organization, polymer degradation, molecular
rearrangements, oxidation, or chemical group

addition. Modified starches can be classified into
four main categories accordingly to their main physi-
cochemical characteristic: pregelatinized, derivatized,
cross-linked, and dextrinized starches (Table 2). How-
ever, they usually are known as physically, chemically,
or enzymatically modified starch because of the way
they are produced (Table 3). The digestibility of these
modified starches is variable and depends on the type
and extent of the treatment. Some authors have pro-
posed a new category, type IV resistant starch, to
include chemically modified starches. Indeed, it has

Table 2 Classification of modified starches

Starch Modifying agent Physicochemical characteristic Use in food

Pregelatinized Extrusion Soluble in cold water Cake and instant products

Drum drying

Derivatized Acetyl Stable at freeze-thawing cycles Canned and frozen food

Hydroxypropyl

Phosphate

Cross-linked Epiclorhydrine Stable at higher temperatures,

extreme pH, and higher shear

forces

Meat sauce thickeners

Trimetaphosphate Instant soup

Weaning infant food

Dressings

Dextrinized Acid hydrolysis Soluble in cold water Chewing gums

Oxidizing agents Lower or nil viscosity Jelly

Irradiation Syrups

Heat (pyrodextrins)

Amylolytic enzymes

Table 3 Methods of modified starch production

Treatment Modification Description

Physically

modified

Pregelatinization Starch paste is

precooked and dried

by extrusion or drum

drying

Dextrinization Starch polymers are

hydrolyzed to smaller

molecules by

irradiation

Chemically

modified

Derivatizationa Lateral groups are added

to starch lateral chains

Cross-linkinga Multifunctional groups

are used to link two

different starch

molecules together

Dextrinization Starch polymers are

hydrolyzed by

oxidizing agents, acid

hydrolysis,

pyrodextrinization

Enzymatically

modified

Dextrinization Starch polymers are

hydrolyzed to smaller

molecules by

incubation with

amylases

aDouble-derived starches are produced by combination of these

two processes.

CARBOHYDRATES/Resistant Starch and Oligosaccharides 85



been shown that cross-linked starches have a 15–19%
decrease in in vitro digestibility when compared with
their native starches, and hydroxypropylated starch is
only 50% digestible. However, pregelatinized starches
produced by drum drying and extrusion have a 3–6%
and 5–11% decrease in digestibility, respectively. Part
but not all of this reduction in digestibility is due to
the formation of retrograded starch; therefore, physi-
cally modified starches should also be considered as a
category of resistant starch.

In addition to the starch properties already
described, several starchy foods (for instance, cereals
and legumes) have antinutritional factors, such as
lectins, tannins, phytates, and enzyme inhibitors
(both protease and amylase inhibitors). Amylase inhi-
bitors present in raw pulses may reduce the activity of
amylase in the human small intestine. However, most
of these factors, especially enzyme inhibitors, are
inactivated during food processing and cooking.

Analysis

The definition of resistant starch is based on its
physiological behavior in the human small intestine,
i.e., resistant starch is a heterogeneous group of
molecules from small monosaccharides to large
polymers with different molecular weight, degree
of polymerization, and supramolecular architecture.
This complexity makes it difficult to quantify
accurately. All in vitro methods therefore need to
be corroborated against in vivo models; however,
in vivo models are also very difficult to validate.

In general, in vitro methods try to imitate human
small intestine digestion using different sample pre-
paration (i.e., milling, chewing, etc.), sample
pretreatment (i.e., simulation of oral or stomach diges-
tion), sample treatment (i.e., different enzymes mix-
tures), sample post-treatment (i.e., different resistant
starch solubilizing agents and enzyme mixtures), and
incubation conditions (i.e., shaking/stirring, pH, tem-
perature, time) (Table 4). The choice of each of these
multiple factors represents a huge analytical problem
because not only a compromise between physiological
conditions and analytical handling has to be achieved,
but also because the resistant starch content values
must be in agreement with in vivo data.

On the other hand, in human in vivo methods,
samples of digested food that reach the end of the
small intestine are taken for analysis, either from
ileostomy patients (i.e., where the large intestine has
been removed) or from healthy volunteers using spe-
cial cannulas in the ileum. Animals can also be
employed for in vivo experiments, such as gnotobiotic
(i.e., germ-free) and pseudognotobiotic (i.e., antibiotic
treated) rats. In these cases, colonic bacterial

fermentation is absent or suppressed by antibiotics
and it is assumed that what reaches the end of the
small intestine appears in feces. The main difficulty
with these methods is that in vivo starch digestion
may occur during the whole transit through the small
intestine, which varies between individuals and the
type of meal consumed. Moreover, these studies are
difficult to perform in healthy volunteers and the phy-
siological significance of using ileostomy patients is
debatable, for example, it may not relate to infants
and children who have decreased digestive capacity.

The initial in vitro assays were adapted from the
enzymatic-gravimetric method used for dietary fiber
assessment, but could only measure RS3. Soon new
approaches to assess other types of resistant starch
were developed. The Berry method, for instance,
measures both RS3 and RS2 using an exhaustive
incubation (16 h) of milled sample with �-amylase
and pullulanase, following by centrifugation to sepa-
rate the insoluble residue, which contains the resis-
tant starch. This residue is treated with KOH to
disperse retrograded and native starches, which are
then hydrolyzed to glucose with amyloglucosidase.
Finally, released glucose is quantified by a colori-
metric assay. The Berry method has been subse-
quently modified by Faisant et al. and Goñi et al.:
the pullulanase was eliminated from the enzyme
mixture and a pretreatment with pepsin added to
decrease starch-protein interactions (Table 4).

Other methods have been developed to assess all
types of resistant starch. Indeed, the Englyst method
was developed to assess all nutritionally important
starch fractions, such as rapidly digestible and slowly
digestible starches, along with the three types of resis-
tant starches described above. In this method, resistant
starch fractions are estimated altogether by difference
between total and digestible starches. Sample prepara-
tion is kept to a minimum in an attempt to mimic the
way food is consumed. After pretreatment with pepsin,
the sample is incubated with a mixture of amylogluco-
sidase, invertase, and pancreatic enzymes for 2h. Glu-
cose released is then used to estimate the digestible
starch. Next, total starch is measured as glucose
released after solubilization of the nondigestible frac-
tions with KOH, followed by amyloglucosidase hydro-
lysis. The Englyst method also allows evaluation of
RS1, RS2, and RS3. Themain problemwith this method
is its low reproducibility, especially between labora-
tories, because of the technical difficulties involved.
Two other methods include chewing by volunteer sub-
jects as sample preparation. In the Muir method, for
instance, the chewed sample is sequentially treated
with pepsin and an amyloglucosidase–pancreatic amy-
lasemixture to obtain the nondigestible fraction, which
is then boiled with Termamyl (a thermostable
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�-amylase) and solubilized with dimethyl sulfoxide
followed by another amyloglucosidase–pancreatic
amylase mixture step to yield finally glucose. The Aker-
berg method is similar to the Muir method, but it
includes other steps that permit the estimation of avail-
able starch and dietary fiber along with resistant starch
(Table 4).

Recently, the most commonly used in vitro
methods were extensively evaluated and a simpli-
fied version was proposed (McCleary method).
Here, samples are treated with an amyloglucosi-
dase–pancreatic amylase mixture only and the
insoluble residue, after washing with ethanol, is
dispersed with KOH, followed by the amyloglu-
cosidase step to yield glucose. This protocol has
been accepted by AOAC International (AOAC
method 2002.02) and the American Association
of Cereal Chemists (AACC method 32-40)
(Table 4).

Regarding the quantification of the resistant frac-
tions in modified starches, care must be taken
because some nondigestible fractions are soluble in
water and they can be lost during washing steps.
This is particularly important with pregelatinized
starches and pyrodextrins. One suitable way to
look at the impact of the modification on the starch
availability is measure total starch before and after
the modification.

Dietary Intake

It is very difficult to assess resistant starch intake at
present, because there are not enough data on the
resistant starch content of foods. In addition, as
the resistance of the starch to digestion depends on
the method of cooking and the temperature of the
food as eaten, the values gained from looking at old
dietary intake data may be misleading. Despite this,
an average value for resistant starch intake across
Europe has been estimated as 4.1 g day�1. Figures
comparable with this estimation have been made
in other countries, for instance, Venezuela (4.3 g
day�1). It is very difficult to separate the benefits
of slowly, but completely, digestible starches from
those that are resistant. In some groups like small
children, whose small intestinal digestive capacity is
reduced, the very same food may provide more
starch that is resistant to digestion than it would in
normal adults.

Quantification of modified starch intake is even
more difficult. First, food labels do not usually pro-
vide information about the nature of the modification
used. Second, the commonly used method to estimate
resistant starch can underestimate any nondigestible
fractions that became soluble in water because of the

modification. At present, there is no data available on
how much modified starch is eaten.

Fermentation in the Colon

The main nutritional properties of resistant starch
arise from its potential fermentation in the colon.
The diverse and numerous colonic microflora ferments
unabsorbed carbohydrates to short-chain fatty acids
(SCFA), mainly acetate, propionate and butyrate, and
gases (H2, CO2, and CH4). Acetate is the main SCFA
produced (50–70%) and is the only one to reach per-
ipheral circulation in significant amounts, providing
energy for muscle and other tissues. Propionate is the
second most abundant SCFA and is mainly metabo-
lized by the liver, where its carbons are used to produce
glucose (via gluconeogenesis). Propionate has also
been associated with reduced cholesterol and lipid
synthesis. Finally, butyrate is mainly used as fuel by
the colonic enterocytes, but has been shown in vitro to
have many potential anticancer actions, such as stimu-
lating apoptosis (i.e., programed cell death) and cancer
cell differentiation (i.e., increasing expression of nor-
mal cell function), and inhibiting histone deacetylation
(this protects the DNA). Resistant starch fermentation
has been shown to increase the molar proportion of
butyrate in the colon.

The main physiological effects of digestion and
fermentation of resistant starch are summarized
in Table 5. However, most of these effects have
been observed with a resistant starch intake of
around 20–30 g day�1, which represents from 5
to 7 times the estimated intake for the European
population.

Oligosaccharides

Definition and Classification

Oligosaccharides are carbohydrate chains contain-
ing 3–10 sugar units. However, some authors also
include carbohydrates with up to 20 residues or
even disaccharides. Oligosaccharides can be made
of any sugar monomers, but most research
has been carried out on fructooligosaccharides
(e.g., oligofructose) and galactooligosaccharides
(e.g., raffinose, human milk oligosaccharides).
Few oligosaccharides are hydrolyzed and absorbed
in the small intestine (e.g., maltotriose), but
nearly all enter the colon intact (nondigestible
oligosaccharides). Table 6 shows several examples
of oligosaccharides (and disaccharides, for com-
parison purposes), their chemical structure, and
source.
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Dietary Sources and Intake

The first source of oligosaccharides in the human
diet is mother’s milk, which contains approxi-
mately 12 g l�1. In human breast milk, there are
over 100 different oligosaccharides with both sim-
ple and complex structures. They are composed
of galactose, fucose, sialic acid, glucose, and
N-acetylglucosamine. Most are of low molecular
weight, but a small proportion are of high
molecular weight. Ninety per cent of breast milk
oligosaccharides are neutral; the remainder are
acidic. Interestingly, the nature of these oligosac-
charide structures is determined by the mother’s
blood group. These oligosaccharides may have
important function in the small intestine, where
they can bind to the mucosa or to bacteria, inter-
fering with pathogenic bacterial attachment and
thus acting as anti-infective agents. As they are
nondigestible, they enter the colon and may act as

a major energy for the colonic microflora and pro-
mote the growth of typical lactic acid bacteria that
are characteristic of the normal breast-fed infant.
More recently, oligosaccharides have been added to
some infant formulas to mimic the actions of those
in human milk. Recently, several studies have
shown that these promote the growth of bifidobac-
teria in feces and make the stools more like those of
breast-fed infants in terms of consistency, fre-
quency, and pH.

In adults, the main dietary sources of oligosacchar-
ides are chicory, artichokes, onions, garlic, leeks, bana-
nas, and wheat. However, much research has been
carried out on purified or synthetic oligosaccharide
mixtures, mostly fructooligosaccharides derived from
inulin. The normal dietary intake of oligosaccharides is
difficult to estimate, as they are not a major dietary
component. Around 3gday�1 has been suggested in
the European diet. However, with the increasing infor-
mation on the health benefits of isolated oligosacchar-
ide sources (see below) they are being incorporated
into functional foods.

Analysis

In general, oligosaccharides are a less heterogeneous
group of compounds than resistant starches. Almost
all nondigestible oligosaccharides (some fructooligo-
saccharides are an exception) are soluble in 80%
(v/v) ethanol solution, which makes them relatively
easy to isolate from insoluble components. Liquid
chromatography, more specifically high-performance
anion exchange chromatography (HPAEC), has been
extensively employed not only to separate mixtures of
different oligosaccharides, but also to separate, iden-
tify, and quantify individual carbohydrate moieties
after appropriate hydrolysis of the oligosaccharide to
its individual monomers. A more comprehensive study
of the oligosaccharide structure can be achieved using
more sophisticated techniques, like nuclear magnetic
resonance and mass spectrometry. However, from a
nutritional viewpoint, where simpler methods are
needed for quality control and labeling purposes,
HPAEC is usually applied to quantify the monomers
(and dimers) present before and after hydrolysis of the
studied oligosaccharide with appropriate enzymes and
then the oligosaccharide level is worked out by
difference.

Fermentation in the Colon and Health Benefits

Most oligosaccharides escape digestion in the
small intestine and are fermented by the colonic
bacteria. They are rapidly fermented resulting in a
low pH and have been shown to increase the

Table 5 Physiological effects of resistant starch intake

Energy 8–13 kJg�1; cf. 17 kJ g�1 for digestible

starches

Glycemic and

insulinemic

response

Depends on food, e.g., legumes (high

in RS1) and amylose-rich starchy

foods (which tend to produce RS3 on

cooking) increase glucose tolerance,

but cornflakes and cooked potatoes,

both with high and similar glycemic

indexes, have different resistant

starch content

Lipid metabolism Decreases plasma cholesterol and

triacylglyceride levels in rat, but not

in humans

Fermentability Complete, although some RS3 are

more resistant

SCFA production Increased production, especially

butyrate

CO2 and H2

production

Occurs

Colonic pH Decreased, especially by lactate

production

Bile salts Deoxycholate, a secondary bile salt

with cytotoxic activity, precipitated

due to the low pH

Colon cell

proliferation

Stimulated in proximal colon, but

repressed in distal colon; may be

mediated by butyrate

Fecal excretion At high dose, fecal bulk increases due

to an increase in bacteria mass and

water retention

Transit time Increased intestinal transit at high dose

Nitrogen metabolism Increased bacterial nitrogen and

biomass

Minerals May increase calcium and magnesium

absorption in large intestine

Disease prevention Epidemiological studies suggest

prevention against colorectal cancer

and constipation
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survival of so-called probiotic organisms, i.e., lac-
tobacilli and bifidobacteria. Probiotic bacteria
have been show to have strain-specific effects,
including reduction in duration of rotavirus and
other infective diarrhea and reduction in symp-
toms of atopic eczema. They may also have some
anticarcinogenic effects, but these have not been
demonstrated in human in vivo studies. This
action of oligosaccharides to promote the growth
of bifidobacteria and lactobacilli defines them as
prebiotics. Some studies are now investigating the
synergistic effects of probiotics mixed with prebio-
tics. These mixtures are termed synbiotics. In addi-
tion to these actions, some oligosaccharides have
similar health benefits to fermentable dietary fiber
and resistant starch by increasing colonic fermenta-
tion, production of SCFA (especially butyrate), and
reduction in colonic pH.

Resistant Starch, Oligosaccharides, or
Just Dietary Fiber?

There has been much debate of the definition of
dietary fiber and in particular whether it should
include carbohydrates other than nonstarch poly-
saccharides. Recently, the American Association of
Cereal Chemists (AACC) proposed a new defini-
tion of dietary fiber, which would include both
oligosaccharides and resistant starch as well as
associated plant substances. This new definition
would also require complete or partial fermenta-
tion and demonstration of physiological effects
such as laxation, and reduction in blood glucose
or blood cholesterol. A similar approach to
include beneficial physiological effects is also pro-
posed by the Food and Nutrition Board of the US
Institute of Medicine.

Table 6 Chemical structure and source of sugars and oligosaccharides

Common name Simplified structurea Source NDOb

Sugars (disaccharides)

Lactose Gal�1!4Glc Milk, milk products No

Maltose Glc�1! 4Glc Glucose syrups, hydrolysis

of starch

No

Sucrose Fru�2!1Glc Table sugar No

Cellobiose Glc�1!4Glc Hydrolysis of cellulose Yes

Trehalose Glc�1! 1Glc Mushrooms, yeast No

Melibiose Gal�1!6Glc Hydrolysis of raffinose Yes

Gentiobiose Glc�1!6Glc� Plant pigments, like

saffron

Yes

Trisaccharides

Maltotriose Glc�1! 4Glc�1! 4Glc Glucose syrups, hydrolysis

of starch

No

Umbelliferose Gal�1!2Glc�1!2Fru� Plant tissues Yes

Raffinose Gal�1!6Glc�1!2Fru� Legume seeds Yes

Planteose Gal�1!6Fru�2!1Glc Plant tissues Yes

Sialyl�(2–3)lactose NeuAc�2! 3Gal�1!4Glc Human milk Yes

Tetrasaccharides

Stachyose Gal�1!6Gal�1! 6Glc�1! 2Fru� Legume seeds Yes

Lychnose Gal�1!6Glc�1!2Fru�1!1Gal Plant tissues Yes

Isolychnose Gal�1!6Glc�1!2Fru�3!1Gal Plant tissues Yes

Sesamose Gal�1!6Gal�1! 6Fru�2! 1Glc Plant tissues Yes

Pentasaccharides

Verbacose Gal�1!6Gal�1! 6Gal�1! 6Glc�1! 2Fru� Plant tissues Yes

Lacto-N-fucopentaose I Fuc�1!2Gal�1! 3GlcNAc�1!3Gal�1! 4Glc Human milk Yes

Lacto-N-fucopentaose II Gal�1!3[Fuc�1!4]GlcNAc�1!3Gal�1! 4Glc Human milk Yes

Fructans

Oligofructose [Fru�2! 1]Fru�2!1Glc with 1–9 [Fru�2! 1]

residues

Hydrolysis of inulin or

synthesis from sucrose

Yes

Inulin (polysaccharide) [Fru�2! 1]Fru�2!1Glc with 10–64 [Fru�2! 1]

residues

Artichokes Yes

aFru, D-fructose; Fuc, L-fucose; Gal, D-galactose; Glc, D-glucose; GlcNAc, N-acetylglucosamine; NeuAc, N-acetylneuraminic acid

(or sialic acid).
bNDO, nondigestible oligosaccharides.
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Thus, it is being increasingly recognized that
oligosaccharides, resistant starch, and nonstarch
polysaccharides are very similar especially in their
effects on gut physiology and colonic
fermentation. A comparison of their actions is
summarized in Table 7. This inclusion of resistant
starch and oligosaccharides in the definition of
dietary fiber could have major implications for
food labeling.

See also: Dietary Fiber: Physiological Effects and
Effects on Absorption; Potential Role in Etiology of
Disease; Role in Nutritional Management of Disease.
Microbiota of the Intestine: Prebiotics.
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Table 7 The physiological effects of resistant starch, oligosaccharides, and dietary fiber

Physiological effect Resistant starch Oligosaccharides Dietary fiber

Energy supply 8–13 kJ g�1 8–13 kJ g�1 8–13 kJg�1

Increased glucose tolerance Some foods No Some NSPa

Decreased plasma cholesterol and triacylglyceride

levels

No Not known Some NSP

Fermentability Complete Complete Variable

Production of SCFA Yes Yes Yes

Increased butyrate production High High Variable

CO2 and H2 production Yes Yes Variable

Decreased fecal pH Yes Yes Some NSP

Decreased production of deoxycholate Yes Yes Some NSP

Increased colonocyte proliferation Yes Yes Yes

Increased fecal bulk At high dose No Variable

Faster whole gut transit time At high dose No Yes

Increased bacterial nitrogen and biomass Yes Yes Yes

Reduced mineral absorption in small intestine No No Some NSP

Increased mineral absorption in large intestine Yes Yes Some NSP

Possible prevention of colorectal cancer Yes Not known Yes

aNSP, nonstarch polysaccharide.
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Chemistry

Structure

Most carotenoids are 40-carbon isoprenoid com-
pounds called tetraterpenes. Isoprenoids are formed
from the basic five-carbon building block, isoprene
(Figure 1). In nature, carotenoids are synthesized
through the stepwise addition of isopentenyl dipho-
sphate (IPP) units to dimethylallyl diphosphate
(DMAPP) to form the 20-carbon precursor geranylger-
anyl diphosphate (GGPP). Two molecules of GGPP
are combined to form the first carotenoid in the bio-
synthetic pathway, phytoene, which is then desatu-
rated, producing 11 conjugated double bonds to form
lycopene, the red pigment in ripe tomato fruit
(Figure 1). Nearly all other carotenoids can be derived
from lycopene. Lycopene can be cyclized on either or
both ends to form �- or �-carotene, and these in turn
can be oxygenated to form xanthophylls such as
�-cryptoxanthin, zeaxanthin, or lutein (Figure 1 and
Figure 2). Carotenoids having fewer than 40 carbons
can result from loss of carbons within the chain (nor-
carotenoids) or loss of carbons from the end of the
molecule (apocarotenoids). Longer carotenoids,
homocarotenoids (C45–C50), are found in some bac-
terial species. The alternating double bonds along the
backbone of carotenoid molecules form a polyene
chain, which imparts unique qualities to this group
of compounds. This alternation of single and double
bonds also allows a number of geometrical isomers to
exist for each carotenoid (Figure 1). For lycopene, the
theoretical number of steric forms is 1056; however,
when steric hindrance is considered, that number is
reduced to 72. In nature most carotenoids are found
in the all-trans form although mutants are known in
plants, e.g., Lycopersicon esculentum (Mill.) var. Tan-
gerine tomato, and eukaryotic algae that produce

poly-cis forms of carotenoids. The mutant plant is
missing an enzyme, carotenoid isomerase (CRTISO),
which catalyzes the isomerization of the cis isomers of
lycopene and its precursors to the all-trans form during
biosynthesis. Light can also cause cis to trans isomeri-
zation of these carotenoids depending upon the sur-
rounding environment. The isomeric form determines
the shape of the molecule and can thus change the
properties of the carotenoid affecting solubility and
absorbability. Trans forms of carotenoids are more
rigid and have a greater tendency to crystallize or
aggregate than the cis forms. Therefore, Cis forms
may be more easily absorbed and transported. End
groups such as the � or " rings of �-carotene and
�-carotene and the amount of oxygenation will also
affect carotenoid properties.

Chemical Properties

In general, carotenoids are hydrophobic molecules
and thus are soluble only in organic solvents, having
only limited solubility in water. Addition of hydro-
xyl groups to the end groups causes the carotenoid
to become more polar, affecting its solubility in
various organic solvents. Alternatively, carotenoids
can solubilize in aqueous environments by prior
integration into liposomes or into cyclic oligosac-
charides such as cyclodextrins.

In general, carotenoid molecules are very sensitive
to elevated temperatures and the presence of acid,
oxygen, and light when in solution, and are subject
to oxidative degradation.

Electronic Properties

What sets carotenoids apart from other molecules
and gives them their electrochemical properties
is the conjugated double bond system. In this
alternating double and single bond system, the
�-electrons are delocalized over the length of
the polyene chain. This polyene chain or chromo-
phore imparts the characteristic electronic spectra
and photophysical and photochemical properties
to this group of molecules. The highly delocalized
�-electrons require little energy to reach an excited
state so that light energy can cause a transition.
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The length of the conjugated polyene or chromo-
phore affects the amount of energy needed to
excite the �-electrons. The longer the conjugated
system, the easier it is to excite, so longer wave-
lengths of light can be absorbed. The result is that
phytoene, having three conjugated double bonds is

colorless, and phytofluene, having five, is color-
less, but fluoresces green under UV light. Zeta-
carotene has seven, absorbs light at �400 nm and
appears yellow, while neurosporene has nine,
absorbs light at �451, and appears orange, and
lycopene has eleven conjugated double bonds,
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Figure 1 Carotenoid structures. Lycopene is shown with numbered carbons. The down arrow on 2,6-cyclolycopene-1,5-diol A

indicates the only difference from the B isomer.
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absorbs at �472, and appears red. The polyene
chain also allows transfer of singlet or triplet
energy.

Reactions

Light and Chemical Energy

The basic energy-transfer reactions are assumed to
be similar in plants and animals, even though envir-
onments differ. Excess light can cause excitation of
porphyrin molecules (porphyrin triplets). These triplet-
state porphyrin molecules can transfer their

energy to oxygen-forming singlet oxygen, 1O2. Sing-
let oxygen can damage DNA and cause lipid per-
oxidation, thereby killing the cell. Carotenoids, having
nine or more conjugated double bonds, can prevent
damage by singlet oxygen through: (1) transfer of
triplet energy from the excited porphyrin to the car-
otenoid, forming a carotenoid triplet, which would
be too low in energy for further transfer and would
simply dissipate as heat; or (2) singlet oxygen energy
could transfer to the carotenoid, also forming a tri-
plet carotenoid, dissipating heat, and returning to the
ground state. This ability to quench sensitized triplets
has been useful in treating protoporphyria (PP) and
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Figure 2 Provitamin A carotenoids. Dotted lines indicate the provitamin A moiety.
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congenital erythropoietic porphyria (CEP) in humans.
Porphyrias are disorders resulting from a defect in
heme biosynthesis. Precursor porphyrins accumulate
and can be sensitized to the singlet state and drop to
the lower triplet state. The triplet state is longer-lived
and thus more likely to react with other molecules
such as oxygen to form singlet oxygen, which can
cause cellular damage. Because �-carotene can trans-
fer and dissipate either sensitized triplet or singlet
oxygen energy it has been used to treat these
disorders.

Light absorption and possibly scavenging of
destructive oxygen species by the xanthophylls
lutein and zeaxanthin are also important in the
macula of the primate eye. Lutein and two isomers
of zeaxanthin are selectively accumulated in the
macula, creating a yellow area of the retina respon-
sible for high visual acuity (smaller amounts are also
found in the lens). Both carotenoids absorb light of
about 450 nm ‘blue light,’ thus filtering light to the
light receptors behind the carotenoid layer in the
macula. Filtering blue light can reduce oxidative
stress to retinal light receptors and chromatic aber-
ration resulting from the refraction of blue light.
A similar filter effect may occur in the lens, but the
concentration of the xanthophylls is much lower,
and further protection occurs with age when the
lens yellows. Whether scavenging of destructive oxy-
gen species by these carotenoids is useful here is
unproven, but the retina is an area of higher blood
flow and light exposure than other tissues.

Cleavage to Vitamin A

Provitamin A carotenoids are sources of vitamin A.
Of the 50–60 carotenoids having provitamin A
activity, �-carotene, �-cryptoxanthin, and �-carotene
are the major sources of vitamin A nutrition
in humans, �-carotene being the most important
(Figure 2). Vitamin A (retinol) and its derivatives
retinal and retinoic acid perform vital functions in the
vertebrate body. Retinal (11-cis retinal) combinedwith
opsin functions in the visual system in signal transduc-
tion of light reception. Retinol and retinoic acid func-
tion in reproduction (spermatogenesis), growth
regulation (general development and limbmorphogen-
esis), and cell differentiation. Provitamin A activity
requires at least one unsubstituted �-ionone ring, the
correct number and orientation of methyl groups along
the polyene backbone, and the correct number of con-
jugated double bonds, preferably in the trans-isomer
orientation. Two pathways for the formation of retinal
from �-carotene have been proposed. First, central
cleavage by which �-carotene 15,150-mono- or dioxy-
genase catalyzes �-carotene cleavage to form two

molecules of retinal, which can then be converted to
retinol or retinoic acid (Figure 2). Some debate on the
mechanism of the �-carotene central cleavage enzyme
still exists, but evidence leans towards activity as a
monooxygenase, not a dioxygenase. Alternatively, in
the eccentric cleavage pathway �-carotene can be
cleaved at any of the double bonds along the polyene
backbone (other than the 15-150double bond). Prod-
ucts of these reactions (apocarotenals) are then
further metabolized to retinoic acid and retinol. An
asymmetric cleavage enzyme has recently been cloned
that cleaves �-carotene at the 90-100-double bond to
form �-ionone and �-apo-100-carotenal. The discovery
of this enzyme indicates at least some eccentric clea-
vage occurs in vertebrates. This eccentric cleavage pro-
cess has been proposed to occur during more oxidative
conditions, while central cleavage would predominate
under normal physiological conditions. Central clea-
vage is considered to be the major pathway because of
the scarcity of eccentric cleavage products detected
in vivo.

Radical Reactions

Excess amounts of radicals, molecules having
unpaired electrons, e.g., peroxyls (ROO �), can be
created in tissues exogenously, e.g., by light expo-
sure, or endogenously, e.g., by overexercising. Radi-
cals react with lipids, proteins, and DNA causing
damage, which possibly contributes to disease symp-
toms and aging. The special properties of the
polyene chain make carotenoids susceptible to elec-
trophilic attack, resulting in formation of resonance-
stabilized radicals that are less reactive.

Three possible reactions can occur with carotenoids.

1. Adduct formation (CAR.þR�!R-CAR �); these
products should be stable because of resonance in
the polyene structure. If the radical were a lipid per-
oxyl, this reaction (CARþ. ROO

�!ROO-CAR �)
would prevent further propagation (chain-breaking).

2. Hydrogen atom abstraction (CAR.þR
�! CAR

�

þ. RH), where a hydrogen atom is taken from
the carotenoid allylic to the polyene chain, leav-
ing a resonance-stabilized carotenoid radical.

3. Electron transfer (CAR.þR
�!CAR � þ

.. þR�),
which has been reported in plant and cyanobac-
terial photosystems using laser flash photolysis of
Photosystem II.

In many cases, the products formed are colorless, thus
revealing the bleaching effect of many oxidants on
carotenoids. Further oxidation of the carotenoid or
carotenoid radical can occur as in studies of soybean
(Glycine max) and recombinant pea (Pisum sativum)
lipoxygenase-mediated cooxidation of carotenoids
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and polyunsaturated fatty acids. Approximately 50
breakdown products of �-carotene were detected.
This large number of products seems to indicate a
random attack along the polyene chain of �-carotene
by a linoleoylperoxyl radical. Studies using potassium
permanganate, a metalloporphyrin (a P450 enzyme
center mimic), and autooxidation have been per-
formed with lycopene, resulting in formation of a
number of apo-lycopenals and apo-lycopenones.
However, only two metabolites of lycopene have
been identified in human plasma, 2,6-cyclolycopene-
1,5 diols A and B (Figure 1). Additionally, seven meta-
bolites of the carotenoids lutein and zeaxanthin have
been detected in human tissues.

Prooxidant Behavior

The ability to quench singlet oxygen, porphyrin triplet
energies, and free radical reactions are examples of the
antioxidant nature of carotenoids. An in vitro study
showed that, at low partial pressures of oxygen (pO2),
�-carotene consumed peroxy radicals efficiently as in:
CAR.þROO�!CAR�þ

. þROO. At higher pO2, how-
ever, �-carotene became a prooxidant through auto-
oxidation. Recently, experiments in intact murine
normal and tumor thymocytes showed that �-caro-
tene lost its antioxidant potency at higher pO2, and
the effect was more pronounced in tumor cells. It is
still unclear, however, whether some effects of caro-
tenoid behavior at higher pO2 are due to prooxidant
activity or simply lack of antioxidant ability. Proox-
idant effects of �-carotene have also been used to
explain results from intervention trials of �-carotene
supplementation in diets of smokers or individuals
suffering from asbestosis where the incidence of car-
cinogenesis was higher in those individuals taking the
�-carotene supplement. Generation of deleterious
oxidation products from �-carotene reaction with
reactive oxygen species in tobacco smoke or as a
result of asbestosis has been proposed. Interference
with retinoid signaling was also considered. How-
ever, whether those effects were due to prooxidant
behavior or lack of antioxidant ability is still unclear.

Dietary Sources

Carotenoids cannot be synthesized by humans; there-
fore they must be obtained from dietary sources. These
are primarily highly pigmented red, orange, and yellow
fruits and vegetables. The carotenoid lycopene is red;
however, not all red fruits and vegetables contain lyco-
pene. For example, the red in strawberries, apples, and
cherries is a result of their anthocyanin content;
whereas, tomatoes, watermelon, and pink grapefruit
derive their red color from lycopene. The carotenoids

�-carotene, �-cryptoxanthin, lutein, zeaxanthin, and
violaxanthin are yellow to orange, and phytoene and
phytofluene are colorless. Green, leafy vegetables also
contain carotenoids, whose colors are masked by the
green color of chlorophyll. Table 1 lists carotenoids

Table 1 Carotenoid content (mgper g fresh weight) of fresh

fruit and vegetables

Carotenoid Concentration

(�g per g fresh

weight)

Source

Lycopene 380–3054 Gac (Momordica

cochinchinensis,

Spreng) aril

179–483 Autumn olive (Elaeagnus

umbellate)

27–200 Tomato

23–72 Watermelon

53 Guava

19–40 Papaya

8–33 Grapefruit, pink

�-Carotene 101–770 Gac aril

49–257 Carrot, orange

16–216 Cantaloupe

15–92 Kale

0.5–92 Sweet potato

47–89 Spinach

46 Turnip greens

26–64 Apricot

22–58 Gac mesocarp

3–70 Tomato

42 Squash, butternut

40 Swiss chard

14–34 Mango

33 Collards

4–10 Grapefruit, pink

0.51–1.2* Orange (*blood)

Lutein 64–150 Kale

6–129 Mango

108 Parsley

39–95 Spinach

33–51 Collards

15–28 Broccoli

27 Chinese cabbage

26 Watercress

25 Pepper, orange

24 Squash, butternut

1–7 Tomato

Zeaxanthin 16–85 Pepper, orange

43 Gou Qi Zi (Lycium

barabarum)

9 Gac aril

22 Pepper, red

7 Watercress

1–5 Spinach

5 Parsley

5 Japanese persimmon

1–3 Kale

3 Squash, butternut

0.4 Broccoli

0.03–0.5 Tomato

Continued
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found in fruits and vegetables. Smaller amounts are also
available from animal sources such as ocean fish and
dairy products. The pink color of salmon, for example,
is derived from the xanthophylls, astaxanthin and
canthaxanthin, which they obtain from eating small
crustaceans and krill. Lutein imparts its yellow-orange
color to eggs, and milk, butter, and cheese contain
retinols and �-carotene. Carotenoids, such as lutein
from marigolds and bixin (red color) from annatto,
are also used widely as colorants in processed foods to
make them more attractive.

Concentrations of carotenoids in fruit and vegeta-
ble sources vary, resulting from differences in
conditions under which they are grown (tempera-
ture, amount of sunlight, degrees of stress from
extremes in climate such as drought, heat, and
cold), genotype, and maturity or ripeness. The car-
otenoid content in animal sources depends upon
amounts contained in animal feeds and seasons of
the year, which affect the availability of carotenoid-
containing plants eaten by grazing animals.

Human diets and tissues contain six carotenoids
in significant amounts (listed in Table 1). Lycopene
is typically the carotenoid consumed in greatest
amounts in Western diets. Per capita intakes in
Europe and North America average from 1.6 to more

than 18mg lycopene per day. More than 85% of the
lycopene in North American diets comes from
tomato products, which also contain significant
amounts of other carotenoids (�- and �-carotene
and lutein/zeaxanthin), as well as vitamins C, A,
and E, and potassium and folic acid. (Flavonoids
are also found in tomato skin; thus, cherry toma-
toes contain higher concentrations.) In the US, the
annual per capita consumption of tomatoes by
1999 averaged about 17.6 pounds of fresh and
72.8 pounds of processed tomatoes.

Effects of Storage and Processing

Carotenoids are susceptible to oxidative degradation
and isomerization resulting from storage and proces-
sing conditions. These reactions result in both loss of
color and biological activity and formation of often
unpleasant volatile compounds. Degradation occurs
upon exposure to oxygen and is accelerated by the
presence of substances such as metals, enzymes, unsa-
turated lipids, and prooxidants; exposure to light; and
conditions that destroy cell wall and ultrastructural
integrity. Heating can promote isomerization of the
naturally occurring all-trans to various cis isomers.
This process then affects bioavailability of the carote-
noid. Processing also affects bioavailability by macer-
ating tissues, destroying or weakening cell
ultrastructure, denaturing or weakening complexes
with proteins, and cleaving ester linkages, thereby
releasing carotenoids from the food matrix.

Processed foods are frequently fortified with car-
otenoids to increase nutritive value and/or enhance
attractiveness. For example, annatto, an extract
from the seeds of the Bixa orella tree, containing
the carotenoids bixin and norbixin, is added to
butter, margarine, and processed cheese to give a
yellow-orange color to these products. Tomato
oleoresin is added to processed tomato products,
increasing lycopene content while enhancing their
attractive red color.

Physiology

Digestion

Numerous factors affect the intestinal absorption of
carotenoids. Digestion of food in the stomach
increases accessibility of carotenoids for absorption
by maceration in HCl and digestive enzymes. The
acidic environment of the stomach helps to disrupt
cell walls and other cellular ultrastructure of raw
fruits and vegetables and causes further breakdown
of cooked foods to release carotenoids from food
matrices in which they are contained or bound.

Table 1 Continued

Carotenoid Concentration

(�g per g fresh

weight)

Source

Luteinþ
zeaxanthin

71–3956 Kale

119 Spinach

84 Turnip greens

26 Lettuce

24 Broccoli

21 Squash, zucchini

16 Brussel sprouts

8 Japanese persimmon

7 Watercress

6 Beans, green snap

5 Tangerine

�-Cryptoxanthin 22 Pepper, sweet red

14 Japanese persimmon

11 Starfruit

0.7–9 Pepper, chili

2–8 Pepper, orange

0.5–5 Tangerine

4 Cilantro

1.4 Papaya

1 Watermelon

�-Carotene 20–206 Carrot

8 Squash, butternut

2 Collards

1 Tomato

0.7–0.9 Beans, green snap

0.5 Swiss chard
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Carotenoids in green leafy vegetables are found in
chloroplasts; those in fruit are located in chromo-
plasts. Absorption studies comparing plasma levels
of �-carotene and retinol after consuming fruit vs.
green leafy vegetables showed that �-carotene is
more efficiently absorbed from fruit, indicating
that chloroplasts (or the bonds linking chloroplast
proteins and carotenoids) are more resistant to dis-
ruption in the digestive tract than chromoplasts.
Thus, the location of a carotenoid in the cell affects
its accessibility.

Carotenoid isomerization can occur in the acidic
gastric milieu. Lycopene present in fruits and vege-
tables occurs almost exclusively as the all-trans iso-
mer, but is converted to cis isomers, which seem to
be more bioavailable. Plasma and tissue profiles
show that cis isomers make up more than 50% of
the total lycopene present. On the other hand, stud-
ies show that no trans/cis isomerization of �-caro-
tene occurs in the stomach. In fact, evidence has
been found for transfer of a significant portion of
both �- and �-carotene to the fat phase of the meal
in the stomach, which would increase bioavailability
of these carotenoids for absorption. No studies are
available relating isomerization to bioavailability of
other carotenoids.

Absorption and Transport

Because carotenoids are hydrophobic molecules,
they are associated with lipophilic sites in cells,
such as bilayer membranes. Polar substituents such
as hydroxyl groups decrease their hydrophobicity
and their orientation with respect to membranes.

Lycopene and �-carotene are aligned parallel to
membrane surfaces to maintain a hydrophobic
environment, whereas the more polar xanthophylls
lutein and zeaxanthin become oriented perpendicu-
lar to membrane surfaces to keep their hydroxyl
groups in a more hydrophilic environment. These
differences can affect the physical nature of a mem-
brane as well as its function. Carotenoids can form
complexes with proteins, which would aid them in
moving through an aqueous environment. They can
also interact with hydrophobic regions of lipo-
proteins. Carotenoproteins have been found mainly
in plants and invertebrates, but intracellular �-
carotene-binding proteins have been found in bovine
liver and intestine and in livers of the rat and ferret.
In addition, a xanthophyll-binding protein has been
found in human retina and macula. Carotenoids are
also present in nature as crystalline aggregates
(lycopene in chromoplasts) or as fine dispersions in
aqueous media (�-carotene in oranges).

In the intestinal lumen (Figure 3) where carote-
noids are released from the food matrix, cleavage of
carotenoproteins and fatty acid esters by carboxylic
ester hydrolase, which is secreted by the pancreas,
can occur. Carotenoids are then solubilized into
lipid micelles. These hydrophobic compounds are
thus more efficiently absorbed when accompanied
by at least a small amount of fat. The amount of
fat for optimal carotenoid absorption seems to differ
among carotenoids. For example, lutein esters
require more fat for optimal absorption than �-carotene.
These differences have not been quantified for
each carotenoid. In addition, the presence of a non-
absorbable, fat-soluble component was shown to
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Figure 3 Factors affecting digestion, absorption, metabolism, and transport of carotenoids. crt, carotenoids; CEH, carboxylic ester

hydrolase, secreted by the pancreas; LPL, lipoprotein lipase; VLDL, very low-density lipoprotein; LDL, low-density lipoprotein; HDL,

high-density lipoprotein.
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decrease carotenoid absorption. Sucrose polyester, a
nonabsorbable fat replacer decreased carotenoid
levels in plasma after ingestion by 20–120%. The
extent of this inhibition depends upon the amount of
nonabsorbable compound ingested, as well as the
particular carotenoid under consideration. The
mechanism for this inhibition is apparently similar
to the action of fiber, i.e., sequestration. The type of
fat that is ingested along with carotenoids will also
affect carotenoid absorption. As macerated food
passes into the intestinal lumen, carotenoids freed
from the food matrix then become incorporated into
micelles, consisting of free fatty acids, monoglycer-
ides, phospholipids, and bile acids. Many other fac-
tors can affect intestinal absorption such as micelle
size, phospholipid composition, solubilization of car-
otenoids into mixed micelles, and concentration
of available bile salts, among others.

The presence of other carotenoids can affect the
absorption of carotenoids into intestinal mucosal
cells, since carotenoids can compete for absorption
or facilitate the absorption of another. Data on
carotenoid interactions are not clear. Human studies
show that �-carotene decreases lutein absorption,
while lutein has either no effect or a lowering effect
on �-carotene absorption. Although not confirmed
in humans, the inhibitory effect of lutein on
�-carotene absorption might be partly attributed to
the inhibition of the �-carotene cleavage enzyme by
lutein shown in rats. Beta-carotene also seemed to
lower absorption of canthaxanthin, whereas
canthaxanthin did not inhibit �-carotene absorption.
Studies showed that �-carotene increased lycopene
absorption, although lycopene had no effect on
�-carotene. Alpha-carotene and cryptoxanthin
show high serum responses to dietary intake
compared to lutein. In addition, cis isomers of lyco-
pene seem to be more bioavailable than the all-trans,
and selective intestinal absorption of all-trans
�-carotene occurs, as well as conversion of the
9-cis isomer to all-trans �-carotene. It is clear,
then, that selective absorption of carotenoids takes
place into the intestinal mucosal cell.

Another complicating factor in the intestinal muco-
sal cell is the partial conversion of provitamin A car-
otenoids (�- and �-carotenes and cryptoxanthin) to
vitamin A (primarily to retinyl esters). Therefore, in
absorption studies these metabolic reactions must be
accounted for in measuring intestinal transport. Non-
provitamin A carotenoids such as lycopene, lutein, and
zeaxanthin are incorporated intact, although some
cleavage can occur. Earlier studies on rats indicated
that lycopene and �-carotene are absorbed by passive
diffusion. However, recent evidence from the kinetics
of �-carotene transport through Caco-2 cell

monolayers indicates the involvement of a specific
epithelial transporter that facilitates absorption.

In the intestinal mucosa, both carotenoids and
retinyl esters are incorporated into chylomicrons
and secreted into the lymph for transport to blood.
In blood, lipoprotein lipase rapidly degrades the
chylomicrons, and the liver sequesters the resulting
carotenoid-containing fragments. The liver then
secretes carotenoids back into the bloodstream in
association with hepatic very low-density lipopro-
teins (VLDL). Most carotenoids in fasting plasma
are carried by low-density lipoproteins (LDL) and
high-density lipoproteins (HDL). Seventy-five per
cent of the hydrocarbon carotenoids, e.g., lycopene
and �-carotene, are associated with LDL, the rest is
associated with HDL and, in smaller amounts, with
VLDL. More polar carotenoids such as lutein and
zeaxanthin are found equally distributed between
HDL and LDL. After ingestion, carotenoids first
appear in the bloodstream in chylomicrons, resulting
from excretion from intestinal mucosal cells (4–8 h).
HDL carotenoid levels peak in the circulation
between 16 and 28h; LDL carotenoid levels peak
between 24 and 48 h. The bloodstream then trans-
ports carotenoids to different tissues (e.g., liver,
prostate gland, fat, ocular macula) where they are
sequestered by various mechanisms.

Distribution and Impact on Health

In general, carotenoid concentrations in serum
reflect concentrations contained in the food that is
ingested. Carotenoids have been found in various
human organs and tissues. These include human
liver, lung, breast, cervix, skin, and adipose and
ocular tissues. The major storage organs are adipose
tissue (probably because of its volume) and the liver.
Tissues containing large amounts of LDL receptors
seem to accumulate high levels of carotenoids, prob-
ably as a result of nonspecific uptake by lipoprotein
carriers. Preferential uptake, however, is indicated in
some cases. For example, unusually high concentra-
tions of phytoene in the lung, �-carotene and
phytofluene in breast tissue, lycopene in the prostate
and colon, lycopene, �-carotene, and phytofluene in
cervical tissue, and lutein and zeaxanthin in ocular
tissues have been found.

The epidemiological findings that the ingestion of
tomato and tomato products is strongly correlated
with a reduced risk of several types of cancer, parti-
cularly prostate cancer, has stimulated a great deal of
research on the protective effects of lycopene. Lyco-
pene is the most efficient biological antioxidant.
Hence, it has been assumed that it is this anti-
oxidant activity that is responsible for the protection
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against prostate cancer. However, a recent study
in which carcinogenesis was induced in rats using
N-methyl-N-nitrosourea showed that a diet contain-
ing whole tomato powder inhibited development of
prostate cancer, but the same diet to which pure
synthetic lycopene was added instead did not. These
results indicate that lycopene alone was ineffective in
reducing the incidence of prostate cancer. Therefore,
either some other element in the tomato powder was
the effective agent or the effect was obtained by
lycopene working in concert with other tomato con-
stituents. Obviously, more studies are required to
determine which elements contained in tomato are
responsible for the protective effect.

The finding that lutein and zeaxanthin are accu-
mulated in the macula lutea of the eye has led to the
hope that dietary supplementation might reduce the
risk of age-related macular degeneration (AMD),
which affects the central portion of the retina and
is the most common cause of irreversible blindness
in the Western world. Some studies have indicated
benefits of diets supplemented with lutein and
zeaxanthin from spinach in preventing AMD; others
found no significant correlation between plasma
levels of these carotenoids and reduced risk
of AMD. Lutein, zeaxanthin, and a zeaxanthin
stereoisomer 3R, 30S(=meso)-zeaxanthin form
the yellow pigment of the macula lutea. 3R,
30S(=meso)-zeaxanthin is not found in either food
or plasma in significant amounts. Also notable is
that, in most food consumed in large quantities,
the concentration of lutein is much greater than
that of zeaxanthin (e.g., see Table 1, spinach, kale,
broccoli, tomato). The yellow pigment of the macula
is located in the center of the macula, covering the
central fovea and overlapping the avascular zone.
This location would allow the pigment to shield
the photoreceptors from blue light. An environmen-
tal factor that seems to play a role in the develop-
ment of age-related macular degeneration is ocular
exposure to sunlight, in particular a history of expo-
sure to blue light in the preceding 20 years. Light has
been shown to induce oxidative damage in the pre-
sence of photosensitizers. Macular carotenoids are
distributed in a pattern that is particularly advanta-
geous. The two stereoisomers of zeaxanthin are con-
centrated in the central area and lutein in higher
concentrations in the more peripheral regions. The
lutein: zeaxanthin ratio in the center of the macula is
about 0.8, in the peripheral regions about 2.4, but in
plasma between 4 and 7. Therefore, the macula is
able to concentrate lutein and zeaxanthin, change
concentration ratios that are normally found in
plasma, and invert the ratio to achieve higher zeax-
anthin concentrations in the center of the macula

lutea. The exact mechanism for this accumulation
is not known; however, a specific membrane-asso-
ciated, xanthophyll-binding protein was recently iso-
lated from the human retina.

Carotenoids are believed to play a significant role
in protecting skin from oxidative damage. In vivo
measurements in humans of lycopene, �-, �-, �-, and
�-carotenes, lutein and zeaxanthin, phytoene, and
phytofluene have shown that carotenoid concentra-
tions are correlated with the presence or absence of
skin cancer and precancerous lesions. Carotenoids
are also believed to protect against several other
types of cancer, cardiovascular diseases, and catar-
act formation and aid in immune function and gap-
junction communication between cells, which is
believed to be a protective mechanism related to
their cancer-preventative activities.

Conclusions

Numerous studies indicate that carotenoids and
their metabolites play a role in combating degrada-
tive reactions that are harmful to human health.
Most of these functions seem to be related to their
antioxidant nature and ability to dissipate energy
from light and free radical-generating reactions.
Obviously much research is still required to shed
light onto mechanisms involved in these protective
functions. Other fascinating roles in nature are also
being discovered, for example, the signaling of
apparent good health and consequently good
potential parenting in birds by the red coloration
of beaks, which seems to serve as an attractant to
prospective mates.

See also: Carotenoids: Epidemiology of Health Effects.
Vitamin A: Biochemistry and Physiological Role.
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Introduction

The colors of many fruits and vegetables are due to
a class of compounds known as carotenoids. Over
600 carotenoids have been identified in nature.
Humans are unique in that they can assimilate carot-
enoids from the foods that they eat whereas many
other animals do not. Thus, carotenoids are an
important class of phytochemicals. Phytochemicals
are compounds derived from plants that may or may
not have nutritional value. While many carotenoids
circulate in humans, the most commonly studied
ones are �-carotene, �-carotene, �-cryptoxanthin,
lycopene, lutein, and zeaxanthin (Figure 1). The
nutritional significance of carotenoids is that some
are used by the body to make vitamin A. Indeed,
approximately 50 carotenoids can be converted by
the body into vitamin A and are known as pro-
vitamin A carotenoids. The three most abundant
provitamin A carotenoids in foods are �-carotene,
�-carotene, and �-cryptoxanthin. Provitamin A carot-
enoids, especially �-carotene, provide less than
one-half of the vitamin A supply in North America
but provide more than one-half in Africa and Asia.

Dietary recommendations for the intake of specific
carotenoids have not been established due to lack of
an adequate evidence base. To date, carotenoids
are not considered essential nutrients. Dietary

recommendations for vitamin A exist: 900 retinol
activity equivalents (RAE) for men and 700 RAE for
women. An RAE is equivalent to 1mg of retinol. The
recommendations for infants and children are less and
range from 300 to 600 RAE depending on age. Con-
sumers need to eat sufficient amounts of carotenoid-
rich fruits and vegetables to meet their daily vitamin A
requirement, and to achieve optimal dietary carote-
noid intake to lower the risk of certain chronic dis-
eases. In 2001, the Institute of Medicine revised the
amount of carotenoids needed to provide vitamin A
from foods as being approximately 12mg of �-carotene
or 24mg of other provitamin A carotenoids to yield 1
RAE. Currently, high-dose pharmacological supple-
mentation with carotenoids is not advised. Despite
this, a tolerable upper intake level, the maximum
daily amount of a nutrient that appears to be safe,
has not been established for any individual carotenoid;
however, supplemental �-carotene at 20mgday�1 or
more is contraindicated for use in current heavy smo-
kers by the European Commission.

Because many factors affect the assimilation of
carotenoids from foods (Figure 2), conversion fac-
tors need to be considered. This is especially impor-
tant when most sources of vitamin A are from
provitamin A carotenoids in the population. Bio-
availability of preformed vitamin A, i.e., retinol
and retinyl esters, is not a major concern because
80–95% of them are absorbed. However, foods that
are high in preformed retinol (liver, eggs, and for-
tified milk) are not necessarily consumed by every-
body. When discussing carotenoids from food, four
terms need to be defined (see Table 1):

� bioaccessibility refers to how much carotenoid
can be extracted from the food and is available
for absorption;

� bioavailability is how much carotenoid is
absorbed from the food and is available for phy-
siological function;

� bioconversion relates to the provitamin A carot-
enoids and is defined as the amount of retinol that
is formed from absorbed provitamin A carot-
enoids; and

� bioefficacy encompasses all of the biological pro-
cessing of provitamin A carotenoids and is the
amount of retinol formed from the amount of
carotenoid contained in the food.

The study of carotenoid bioefficacy from foods is
important in international health as the most fre-
quently consumed sources of vitamin A are fruit
and vegetables. A 100% bioefficacy means that
1 mmol of dietary �-carotene provides 2 mmol of reti-
nol in the body; however, 100% bioefficacy does
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not actually occur in the process of digestion and
carotenoid uptake by the body.

Once in the body, carotenoids can act as potent
antioxidants, which are substances that neutralize
free radicals formed from the natural metabolic pro-
cesses of cells. Free radicals damage tissues and cells
through oxidative processes. While free radical for-
mation is a natural process in the body, environ-
mental factors such as smoking and pollution can
increase free radical load and thus disease risk.
Carotenoids may counter these influences by func-
tioning as an antioxidant and quenching oxygen-

containing free radicals. In high- and low-density
lipoproteins and cell membranes, carotenoids may
also regenerate the antioxidant form of vitamin E as
well as protect vitamin E from oxidation.

At the whole-body level, some population studies
have indicated that certain carotenoids from either
dietary intake or blood concentration data are asso-
ciated with better immune response, lower rates of
age-related macular degeneration (AMD) and catar-
act, as well as lower risk for certain cancers and
cardiovascular disease. �-Carotene may increase
immunological functions by enhancing lymphocyte

Lycopene

HO

HO

OH

Zeaxanthin

HO

OH

Lutein

Figure 1 The structures of the most common carotenoids found in the human body. Three of them, �-carotene, �-carotene and

�-cryptoxanthin, can be used by the body to make vitamin A. All carotenoids are antioxidants found in fruits and vegetables.
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proliferation independent of its provitamin A func-
tions. The associations between specific carotenoids
and decreased risk of various diseases are summa-
rized in Table 2.

Blood levels of specific carotenoids are often used
as biomarkers of fruit and vegetable intake to
strengthen or replace dietary intake data. A wide
variation in analytical methods exists and standardi-
zation between laboratories does not routinely
occur. Nonetheless, higher blood concentrations
have been favorably correlated with certain disease
states. For example, vitamin A and carotenoid con-
centrations in serum were measured in middle-aged
women who later developed breast cancer. Median
concentrations of �-carotene, lycopene, lutein, and
total carotenoids were significantly lower in women
with breast cancer compared with case-control
women who had not developed breast cancer. In
contrast, vitamin A concentrations were either not
different or showed a mixed response between
cohorts, suggesting that carotenoids may be protec-
tive against breast cancer. Furthermore, the Nurses’
Health Study, which included a cohort of over
83000 women, also showed a significant inverse
association between dietary �-carotene intake and
breast cancer risk. This was especially strong for
premenopausal women with a family history of
breast cancer or high alcohol consumption. However,
other prospective studies have had mixed results.

Hydrocarbon Carotenoid: b-Carotene

�-Carotene is one of the most widely studied carot-
enoids – for both its vitamin A activity and its
abundance in fruits and vegetables. Epidemiological
studies have often pointed to an abundance of carot-
enoids in the diet being protective against many
diseases. Diets rich in fruits and vegetables are
recommended to reduce the risk of cardiovascular
disease and some forms of cancer. However, when
�-carotene is removed from the plant matrix and
administered as a supplement, these benefits

Intestinal
wall

Cleaved

Retinol

Reduced

Retinol

Figure 2 A schematic outlining the path of �-carotene (�-C) as

it moves out from the food into the intestinal wall. The definition of

terms associated with understanding �-carotene release, absorp-

tion, and conversion to retinol are illustrated: bioaccessibility,

bioavailability, bionconversion, and bioefficacy. (Reproduced with

permission from Tanumihardjo SA (2002) Factors influencing

the conversion of carotenoids to retinol: Bioavailability to

bioconversion to bioefficacy. International Journal of Vitamin and

Nutrition Research 72: 40–45.)

Table 1 Terms that are associated with the �-carotene vitamin A

value of foods and subsequent utilization as retinol

Term Definition 100%

Bioaccessibility �-Carotene freed 1mmol freed

�-Carotene in food 1mmol in food

Bioavailability �-Carotene absorbed 1mmol absorbed

�-Carotene in food 1mmol in food

Bioconversion Retinol formed 2mmol formed

�-Carotene absorbed 1mmol absorbed

Bioefficacy Retinol formed 2mmol formed

�-Carotene in food 1mmol in food

Table 2 A summary of epidemiologic and/or clinical studies where carotenoids and a significant association to a specific disease risk

has been shown in at least one studya

Carotenoid Cardiovascular disease Cataract Macular degeneration Lung cancer Prostate cancer

�-Carotene Yes – – Yesb –

�-Carotene Yes – – Yes –

�-Cryptoxanthin – – – Yes –

Lycopene Yes – – Yes Yes

Lutein/zeaxanthin Yes Yes Yes Yes –

aFor a more complete discussion of the association of specific carotenoids to disease please refer to: Krinsky NI, Mayne SI, and

Sies H, (eds.) (2004) Carotenoids in Health and Disease. New York: Marcel Dekker.
bThe opposite finding has been observed in clinical trials.
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sometimes disappear. For example, because lung
cancer is the leading cause of cancer death in many
developed countries, the �-Carotene and Retinol
Efficacy Trial (CARET) in the 1990s set out to test
whether �-carotene conferred protection against
cancer. CARET was based on a number of observa-
tional studies that showed high levels of �-carotene
from food sources were protective against lung can-
cer. However, the CARET trial was halted for show-
ing an increased risk for lung cancer in the treatment
group over the control. Subsequent studies in ferrets
showed that the amounts of �-carotene commonly
consumed from fruit and vegetables were protective
against lung damage but higher amounts, equivalent
to those in CARET, increased the formation of
abnormal tissue in the lung.

A similar outcome was observed among smokers
in the �-Tocopherol �-Carotene (ATBC) Study
Group. Although evidence clearly exists showing
an association between �-carotene and enhanced
lung function, as in the CARET study, the ATBC
trial also found an increase in lung cancer rates
among smokers. It is plausible that the lung cancer
had already been initiated in the smokers and sup-
plementation with �-carotene could not prevent the
development of cancer. The ATBC study also
showed an increased incidence of angina pectoris, a
mild warning sign of heart disease characterized by
chest pain, among heavy smokers. This may have
been due to low blood levels of vitamin C in the
study group leading to the inability of the indivi-
duals to quench �-carotene radicals, but this rela-
tionship requires more research.

In both the CARET and ATBC intervention trials,
much higher doses of �-carotene were used than
could be obtained from the diet, and the blood levels
attained were two to six times higher than the 95th
percentile level of �-carotene in a survey of a repre-
sentative sample of the US population. Thus, it
remains unclear whether �-carotene is a procarcino-
gen or an anticarcinogen. The associations for lower
disease risk observed in epidemiologic studies may
reflect other protective dietary agents or an interac-
tion between dietary components. Furthermore,
people with higher intake of fruits and vegetables
may have healthier lifestyles that contribute to their
lower risk of chronic diseases. The higher disease
risk observed in the clinical trials may be correlated
with the use of high doses of �-carotene where the
mechanisms have not yet been identified, the limited
duration of treatment, and/or the timing of the inter-
ventions was too late for cancers that were already
present due to a history of heavy smoking. More
research on �-carotene’s biological actions is needed
to explore the mechanisms involved. Current

consensus is that the beneficial effects of �-carotene
are associated with dietary consumption, whereas
the harmful effects in some subpopulations are
with pharmacological supplements.

Another explanation for a lack of a beneficial
outcome with �-carotene supplementation may be
that not all people respond to the same degree to
�-carotene treatment, some being low- or non-
responders. Some researchers believe that individuals
who do not respond to �-carotene supplementation
may be better at converting it to vitamin A. Blood
response to �-carotene supplementation is also
inversely related to body mass index (BMI), which
may be due to increased sequestration of lipophilic
�-carotene by the larger amount of fat stores present
in people with larger BMI. This theory may not hold
true as individuals with larger BMIs do not necessar-
ily have a high body fat percentage, but rather
increased lean muscle mass.

Excellent food sources of �-carotene include car-
rots, winter squash, red-orange sweet potato, and
various types of dark green leafy vegetables. No
deficiency or toxicity has been observed from diet-
ary �-carotene intake, although very rarely high
intakes can be associated with yellow pigmentation
of the skin as carotenoids are stored in adipose
tissue. Supplements containing �-carotene are com-
mon. In the Women’s Health Initiative, the largest
observational/intervention study in postmenopausal
women to date, approximately 50% reported using
a supplement containing �-carotene. This trial
included both a clinical trial and observational
study involving more than 160 000 women. The
Physicians’ Health Study II also included �-carotene
as one of its interventions to determine the balance
of risks and benefits of this carotenoid with cancer,
cardiovascular disease, and eye disease.

Hydrocarbon Carotenoid: a-Carotene

�-Carotene, another carotenoid frequently present
in food, also has provitamin A activity. Based on
its structure, it is only converted to one molecule
of biologically active retinol after central cleavage.
Like other carotenoids, it has antioxidant and pos-
sibly anticarcinogenic properties, and may enhance
immune function as well. Some, but not all, epi-
demiological studies observed that higher �-caro-
tene intake was associated with lower risk of
cardiovascular disease and cancer, whereas others
did not. Clinical trials to test �-carotene influences
in humans have not been conducted to date. This
is probably because �-carotene is usually asso-
ciated with ample amounts of �-carotene when
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found in fruits and vegetables and singling out �-
carotene is difficult.

�-Carotene’s concentration is especially high in
orange carrots. Low or high dietary intake of
�-carotene alone has not been associated with any
specific disease outcome or health condition.

Xanthophyll: b-Cryptoxanthin

�-Cryptoxanthin is one of the lesser known carote-
noids that also has provitamin A activity
and appears to have a protective health role. Several
epidemiological studies suggest that dietary
�-cryptoxanthin is associated with lower rates of
lung cancer and improved lung function in humans.
A large prospective study on dietary intake and cancer,
which included an interview on dietary habits and
life style, identified �-cryptoxanthin as protective
against lung cancer after correcting for smoking.
However, the beneficial effects for �-cryptoxanthin
suggested by these results could be merely an indi-
cator for other antioxidants and/or a measure of a
healthy life style that are more common in people
with high dietary intakes of �-cryptoxanthin. In
tissue culture, �-cryptoxanthin has a direct stimula-
tory effect on bone formation and an inhibitory
effect on bone resorption. Studies of these beneficial
effects in humans have not been conducted.

No deficiency or toxicity has been observed from
dietary �-cryptoxanthin intake. The best food
sources for �-cryptoxanthin are oranges, papaya,
peaches, and tangerines. Tropical fruit intake is
directly proportional to �-cryptoxanthin blood
concentrations.

Hydrocarbon Carotenoid: Lycopene

Lycopene, while having no provitamin A activity, is
a potent antioxidant with twice the activity of
�-carotene for quenching singlet oxygen and
10 times the antioxidant activity of �-tocopherol in
some model systems. The antioxidant potential of
food chemicals varies widely according to location
in the body and the presence of other body chemicals.
The primary sources of dietary lycopene are tomatoes
and tomato products. Epidemiological evidence
shows an inverse association between lycopene con-
sumption and the incidence and development of cer-
tain cancers. This association is especially strong for
prostate cancer, which is the most common cancer
among men in Western countries and the second
leading cause of cancer death in American men. Pros-
tate cancer rates in Asian countries are much lower,
but appear to be increasing rapidly. Lycopene is

localized in prostate tissue. The current consensus is
that a high consumption of tomatoes or high circulat-
ing concentrations of lycopene are associated with a
30–40% risk reduction for prostate cancer, especially
the most aggressive forms. Recent studies in rats show
that tomato products are more protective against
prostate cancer than isolated lycopene.

Epidemiologic studies have also observed lower
rates of bladder, cervical, and breast cancers as
well as cancers of the gastrointestinal tract among
people with high intake of lycopene. The discovery
of significant concentrations of lycopene in specific
tissues in the body, i.e., plasma, testes, adrenal
glands, liver and kidney, suggests that lycopene
may play a role in these tissues.

While the body of evidence seems strong, several
studies have found either no or weak associations
between lycopene consumption and disease. Some of
this may be explained by the fact that blood lyco-
pene concentrations were much lower in these stu-
dies than in those that showed a beneficial effect.
Thus, future dietary based studies need to include
blood sampling to further define the range of blood
concentrations of lycopene in the population, ideally
with method standardization so that studies can be
directly compared. The prostate cancer association
is usually stronger for cooked tomato products
rather than raw tomatoes or total lycopene intake.
This too supports the idea that it is the whole food,
with a broad array of nutrients and nonnutritive
bioactive components, that is important for overall
health rather than isolated compounds. It is possible
that the beneficial effects of tomatoes are increased
by preparing a concentrated product that enhances
the nutrient bioavailability, as processed and cooked
tomatoes are more closely associated to decreased
risk of disease than either raw tomatoes or tomato
juice.

Because lycopene is a potent antioxidant, it may be
protective against heart disease by slowing down the
oxidation of polyunsaturated fats in the low-density
lipoprotein particles in the blood. Epidemiological
and clinical studies show that higher blood lycopene
concentrations are associated with lower risk and
incidence of cardiovascular disease. Higher fat stores
of lycopene have also been associated with lower risk
of myocardial infarction. The most profound protec-
tive effect is in nonsmokers. The evidence for protec-
tive cardiovascular effects is compelling, as studies
have shown a 20–60% improvement in cardiovascu-
lar parameters with higher blood concentrations of
lycopene. Furthermore, higher intake of fruits and
vegetables is associated with better lung function. In
particular, high tomato intake is associated with
higher timed expiratory volume.
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The major food source of lycopene globally is
tomatoes and tomato products. In the US, more
than 80% of dietary lycopene comes from tomatoes.
Other sources include watermelon, pink grapefruit,
and red carrots.

Xanthophylls: Lutein and Zeaxanthin

The structural isomers lutein and zeaxanthin are
non-provitamin A carotenoids that are also measur-
able in human blood and tissues. Lutein and zea-
xanthin have been identified as the xanthophylls that
constitute the macular pigment of the human retina.
The relative concentration of lutein to zeaxanthin in
the macula is distinctive. Zeaxanthin is more centra-
lized and lutein predominates towards the outer area
of the macula. A putative xanthophyll-binding pro-
tein has also been described, which may explain the
high variability among people to accumulate these
carotenoids into eye tissues. Increased lutein intake
from both food sources and supplements is posi-
tively correlated with increased macular pigment
density, which is theorized to lower risk for macular
degeneration. AMD is the leading cause of irrever-
sible blindness in the elderly in developed countries.
AMD adversely affects the central field of vision and
the ability to see fine detail. Some, but not all,
population studies suggest lower rates of AMD
among people with higher levels of lutein and zea-
xanthin in the diet or blood. Possible mechanisms of
action for these carotenoids include antioxidant pro-
tection of the retinal tissue and the macular pigment
filtering of damaging blue light.

Free radical damage is also linked to the develop-
ment of cataracts. Cataracts remain the leading
cause of visual disability in the US and about one-
half of the 30–50million cases of blindness through-
out the world. Although cataracts are treatable,
blindness occurs because individuals have either
chosen not to correct the disease or do not have
access to the appropriate medical treatment. Several
epidemiological studies have shown inverse associa-
tions between the risk of cataracts and carotenoid
intake. However, these studies also present inconsis-
tencies with regard to the different carotenoids and
their association with cataract risk. Lutein and zea-
xanthin are found in the lens and are thought to
protect cells in the eye against oxidative damage,
and consequently prevent formation of cataracts.
However, to date, there is no evidence that any
carotenoid supplement can protect against cataract
development. Eating plenty of fruits and vegetables,
good sources of many antioxidants including carot-
enoids, is a preventative measure for many diseases.

Because lutein and zeaxanthin may be involved in
disease prevention, much needs to be learned regard-
ing human consumption of these carotenoids.
One complicating factor that requires better under-
standing is the bioavailability of lutein from food
sources and supplements. The food matrix is an
important factor influencing lutein bioavailability
and the amount and type of food processing generally
influences the bioavailability of all carotenoids. For
example, the processing of spinach does not affect
bioavailability of lutein, but it does enhance that of
�-carotene. Such studies have been conducted with
lutein supplements and/or foods containing lutein fed
to human subjects. In humans, lutein from vegetables
seems to be more bioavailable than �-carotene; how-
ever, this may be partially explained by bioconversion
of �-carotene to vitamin A. Competition between
carotenoids, such as lutein and �-carotene, for incor-
poration into chylomicra has been noted in humans
consuming vegetables and supplements. The amount
of fat consumed with the lutein source also affects
bioavailability, as higher fat increases the bioavail-
ability of lipid-soluble carotenoids. Decreased plasma
lutein concentrations are noted when alcohol is con-
sumed, but the mechanism is poorly defined.

Lutein may also protect against some forms of can-
cer and enhance immune function. Lutein may work in
concert with other carotenoids such as �-carotene to
lower cancer risk due to their antimutagenic and
antitumor properties. Because of these potential
health benefits, lutein supplements are sold commer-
cially and incorporated into some multivitamins.
However, the amount provided in multivitamins
(about 10–20% of the level in an average diet) is
likely to be too low for a biological influence. Levels
of lutein available as a single supplement vary widely
and neither benefit nor safety of lutein supplements
has been adequately studied. Major dietary sources
of both lutein and zeaxanthin in the diet include
corn, green leafy vegetables, and eggs. Lutein tends
to be the predominant isomer in foods. Lutein sup-
plements are often derived from marigold flowers.

Summary

Most of the epidemiological evidence points to carote-
noids being a very important class of phytochemicals.
While some of the effects may be attributable to a diet
high in fruits and vegetables, and an overall healthy
lifestyle, the presence of specific carotenoids localized
in different areas of the human body lend evidence to
their overall importance in the human diet. As methods
are developed to assess carotenoid levels noninvasively
in humans, large-scale studies that determine carot-
enoid levels in blood, skin, and the eye may lead to a
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better understanding of their importance in human
health and disease prevention. Additional epidemiolo-
gic studies to further strengthen the associations that
have been observed in populations are needed.

It must be kept in mind that study design and statis-
tical analyses vary across published work and no one
study can give conclusive evidence. An integrated mul-
tidisciplinary approach to study the functions and
actions of carotenoids in the body is necessary to under-
stand fully the role of carotenoids in health and disease
prevention. This includes comparisons of carotenoids
in whole fruits and vegetables and their effect on
human health and well being. High fruit and vegetable
intake is associated with a decreased risk of cancer,
cardiovascular disease, diabetes, AMD, and osteoporo-
sis. Removing any one class of phytochemicals from the
intricate matrix of the whole plant may not give the
same beneficial outcome in terms of human health.
Considering that the average intake of fruits and vege-
tables is still less than that recommended by health
professionals, programs that promote the consumption
of more fruit and vegetables may be more effective at
preventing disease in the long-term than using indivi-
dual pharmacological carotenoid supplements.

A question that remains is whether or not carote-
noids can be considered nutrients. A variety of phy-
tochemicals contained in fruits and vegetables
including carotenoids are assumed to be needed for
optimal health and reduction of chronic disease risk,
but have not been classified as nutrients. Indeed, in
2000, the Institute of Medicine was unable to recom-
mend a daily reference intake for any carotenoid.
Several factors have been defined that categorize sub-
stances as nutrients: substances that must be obtained
from the diet because the body cannot synthesize the
active form, and are used in the body for growth,
maintenance, and tissue repair. In addition, to being
classified as a nutrient, further studies must be done
to determine the essentiality of the substance and its
specific function in the body. Other criteria for defin-
ing a nutrient include concentration in specific tis-
sues, consumption, and/or supplementation resulting
in tissue concentration increases and improved tissue
function. Lastly, a daily established dosage needs to
be defined and a biomarker identified to assess status.

A large body of observational studies suggests
that high blood concentrations of carotenoids
obtained from food are associated with chronic
disease risk reduction. However, there is little
other evidence of their specific role in the body.
Lutein and zeaxanthin are the only carotenoids
found in a specific tissue (the macular region of
the retina) that seem to have a specific function.
Providing lutein in the diet increases macular

pigment in humans. Animal studies show that a
diet low in lutein can deplete macular pigment,
but the influence on the health of the eye is not
yet well understood. To further our understanding,
large randomized prospective intervention trials
need to be conducted to explore the essentiality of
lutein supplementation for reducing ocular disease
risk in humans. Thus, to date, no one specific car-
otenoid has been classified as an essential nutrient.

See also: Antioxidants: Diet and Antioxidant Defense;
Observational Studies; Intervention Studies.
Carotenoids: Chemistry, Sources and Physiology.
Coronary Heart Disease: Prevention. Lycopenes and
Related Compounds. Phytochemicals:
Epidemiological Factors. Supplementation: Dietary
Supplements.
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Introduction

Choline, an essential nutrient for humans, is con-
sumed in many foods. It is part of several major
phospholipids (including phosphatidylcholine – also
called lecithin) that are critical for normal mem-
brane structure and function. Also, as the major
precursor of betaine it is used by the kidney to
maintain water balance and by the liver as a source
of methyl groups for the removal of homocysteine in
methionine formation. Finally, choline is used to
produce the important neurotransmitter acetylcho-
line (catalyzed by choline acetyltransferase in choli-
nergic neurons and in such non-nervous tissues as
the placenta). Each of these functions for choline is
absolutely vital for the maintenance of normal
function.

Although there is significant capacity for bio-
synthesis of the choline moiety in the liver, choline
deficiency can occur in humans. Male adults
deprived of dietary choline become depleted of cho-
line in their tissues and develop liver and muscle
damage. Premenopausal women may not be sensi-
tive to dietary choline deficiency (unpublished data).
No experiments have been conducted to determine if
this occurs in similarly deprived pregnant women,
infants, and children.

Endogenous Formation of Choline
Moiety as Phosphatidylcholine

Unless eaten in the diet, choline can only be formed
during phosphatidylcholine biosynthesis through
the methylation of phosphatidylethanolamine by
phosphatidylethanolamine N-methyltransferase
(PEMT) using S-adenosylmethionine as the methyl
donor. This enzyme is most active in the liver but
has been identified in many other tissues including
brain and mammary gland. At least two isoforms of
PEMT exist: PEMT1, localized to the endoplasmic
reticulum and generating the majority of PEMT
activity, and PEMT2, which resides on mitochondria-
associated membranes. Both enzymes are encoded
by the same gene but differ either because of post-
translational modification or alternative splicing.
This gene is very polymorphic and functional

SNPs (single nucleotide polymorphisms) in humans
may exist and, if so, would influence dietary
requirements for choline. In mice in which this
gene is knocked out, the dietary requirement for
choline is increased and they get fatty liver when
eating a normal choline diet. Estrogen induces
greater activity of PEMT perhaps explaining why
premenopausal women require less choline in their
diets. In addition to formation of choline, this
enzyme has an essential role in lipoprotein secretion
from the liver.

Choline, Homocysteine, and Folate are
Interrelated Nutrients

Choline, methionine, methyltetrahydrofolate
(methyl-THF), and vitamins B6 and B12 are closely
interconnected at the transmethylation metabolic
pathways that form methionine from homocys-
teine. Perturbing the metabolism of one of these
pathways results in compensatory changes in the
others. For example, as noted above, choline can
be synthesized de novo using methyl groups
derived from methionine (via S-adenosylmethio-
nine). Methionine can be formed from homocys-
teine using methyl groups from methyl-THF, or
using methyl groups from betaine that are derived
from choline. Similarly, methyl-THF can be
formed from one-carbon units derived from serine
or from the methyl groups of choline via
dimethylglycine. When animals and humans are
deprived of choline, they use more methyl-THF
to remethylate homocysteine in the liver and
increase dietary folate requirements. Conversely,
when they are deprived of folate, they use more
methyl groups from choline, increasing the dietary
requirement for choline. There is a common poly-
morphism in the gene for methyltetrahydrofolate
reductase that increases dietary requirement for
folic acid; 15–30% of humans have this mutation.
In mice in which this gene is knocked out, the diet-
ary requirement for choline is increased and they get
fatty liver when eating a normal choline diet.

Choline in Foods

Choline, choline esters, and betaine can be found
in significant amounts in many foods consumed
by humans (see Figure 1 and Figure 2); some of
the choline and betaine is added during processing
(especially in the preparation of infant formula).

108 CHOLINE AND PHOSPHATIDYLCHOLINE



Though the different esters of choline have differ-
ent bioavailability, it is likely that choline in all
forms is fungible; therefore, total choline content
is probably the best indicator of food choline
content. Betaine should also be considered, as it
spares the use of choline for methyl donation.

A number of epidemiologic studies have exam-
ined the relationship between dietary folic acid and
cancer or heart disease. It may be helpful to also
consider choline intake as a confounding factor
because folate and choline methyl donation can be
interchangeable.

Dietary Recommendations

The Institute of Medicine, USA National Academy
of Sciences, recommended an adequate intake (I) of
550mg/70 kg body weight for choline in the diet.
This amount may be influenced by gender, and it
may be influenced by pregnancy, lactation, and
stage of development (Table 1).

Amino acid-glucose solutions used in total parent-
eral nutrition of humans lack choline. The lipid emul-
sions that deliver extra calories and essential fatty
acids during parenteral nutrition contain choline in
the form of lecithin (20% emulsion contains
13.2mmol l�1). Humans treated with parenteral nutri-
tion require 1–1.7mmol of choline-containing phos-
pholipid per day during the first week of parenteral
nutrition therapy to maintain plasma choline levels.

Human milk, which contains approximately
200mg l�1 choline and choline esters, is an espe-
cially good source of choline. An infant consuming
500ml breast milk in a day ingests 50mg choline.
Human milk is not a static food; its choline compo-
sition changes over time postnatally. The choline
composition of infant formulas can differ greatly
from that present in human milk. It is essential
that variations in the bioavailability and utilization
of choline, phosphocholine, glycerophosphocholine,
and lecithin in milk be considered when milk sub-
stitutes are developed.

Functional Effects of Varying Choline
in the Diet

Fatty Liver

The triacylglycerol (TG) produced by the liver is
mainly delivered to other tissues as very low-density
lipoprotein (VLDL) of which lecithin is a required

Bee
f li

ve
r

Egg

W
he

at
 g

er
m
Bac

on

Soy
a 

be
an

s (
dr

ied
)

Cod

Gro
un

d 
be

ef

Chic
ke

n

Pea
nu

t b
ut

te
r

M
ilk

 ch
oc

ola
te

Tof
u

Bre
ad

Spin
ac

h

Cow
s’ 

m
ilk

0
50

100

150
200

250
300

350
400

450

m
g/

10
0 

g 
fo

od

Figure 1 Total choline content of some common foods. Foods,

which had been prepared as normally eaten, were analyzed for

choline, phosphocholine, glycerophosphocholine, phosphatidyl-

choline, and sphingomyelin content using an HPLC mass spec-

trometric method. (Modified from Zeisel SH, Mar M-H, Howe JC,

and Holden JM (2003) Concentrations of choline-containing

compounds and betaine in common foods. Journal of Nutrition

133: 1302–1307.)
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Figure 2 Total choline plus betaine content of some common

foods. For methyl donation choline must be converted to

betaine, thus the methyl donor capacity is best expressed as

total choline and betaine content, assayed as in Figure 1.

Several vegetable and grain products contain significant

amounts of betaine (Modified from Zeisel SH, Mar M-H, Howe

JC, and Holden JM (2003) Concentrations of choline-containing

compounds and betaine in common foods. Journal of Nutrition

133: 1302–1307.)

Table 1 Recommended adequate intakes (AI) for choline

Population Age AI (mgday�1)

Infants 0–6months 125

6–12months 150

Children 1 through 3 years 200

4 through 8 years 250

9 through 13 years 375

Males 14 through 18 years 550

19 years and older 550

Females 14 through 18 years 400

19 years and older 425

Pregnancy All ages 450

Lactation All ages 550

From Institute of Medicine, National Academy of Sciences USA

(1998) Dietary reference intakes for folate, thiamin, riboflavin,

niacin, vitamin B12, panthothenic acid, biotin, and choline,

vol. 1. Washington DC: National Academy Press.
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component. In choline deficiency, the diminished
ability of liver cells to synthesize new lecithin mole-
cules results in the intracellular accumulation of TG.
Treating malnourished patients with high-calorie
total parenteral nutrition (TPN) solutions that
contain little or no choline will deplete choline
stores and cause fatty liver and hepatic dysfunc-
tion that can be reversed by treatment with
phosphatidylcholine.

Liver Cell Death

When deprived of dietary choline, healthy male
subjects have diminished plasma concentrations of
choline and phosphatidylcholine, and they develop
liver cell death (elevated plasma alanine aminotrans-
ferase). In similarly deprived animal models, the
liver cell death is caused by apoptosis, a regulated
form of cell suicide. In an ongoing study of choline
deficiency in humans, muscle cell death (elevated
plasma creatine phosphokinase, MM form) has
also been noted.

Liver Cancer

Dietary deficiency of choline in rodents causes
development of hepatocarcinomas in the absence
of any known carcinogen. Choline is the only
single nutrient for which this is true. It is interest-
ing that choline-deficient rats not only have a
higher incidence of spontaneous hepatocarcinoma
but also are markedly sensitized to the effects of
administered carcinogens. Several mechanisms are
suggested for the cancer-promoting effect of a
choline-devoid diet. A progressive increase in cell
proliferation that is related to regeneration after
parenchymal cell death occurs in the choline-
deficient liver. Cell proliferation and its associated
increased rate of DNA synthesis could be the
cause of the heightened sensitivity to chemical
carcinogens. Methylation of DNA is essential to
the regulation of expression of genetic informa-
tion, and the undermethylation of DNA observed
during choline deficiency (despite adequate dietary
methionine) may be responsible for carcinogen-
esis. Choline-deficient rats experience increased
lipid peroxidation in the liver. Lipid peroxides in
the nucleus are a possible source of free radicals
that could modify DNA and cause carcinogenesis.
Choline deficiency activates protein kinase C
signaling, usually involved in growth factor sig-
naling in hepatocytes. Finally, a defect in cell
suicide (apoptosis) mechanisms may contribute to
the carcinogenesis of choline deficiency.

Kidney Function

Renal function is compromised by choline defi-
ciency, which leads to abnormal concentrating abil-
ity, free-water reabsorption, sodium excretion,
glomerular filtration rate, renal plasma flow, and
gross renal hemorrhage. The deterioration in renal
function may be related to changes in acetylcholine
release by nerves that regulate blood flow to the
kidney. Additionally, the renal glomerulus uses the
choline-metabolite betaine as an osmolyte to assist
cells in maintaining their volume in the presence of
concentrated salts in urine.

Brain Development

During the fetal and neonatal period, the avail-
ability of choline to tissues fluctuates because of
the varied dietary intake of choline among neo-
nates and the slower oxidation of choline during
the first weeks of life. However, ensured availabil-
ity of this amine appears to be vital to infants
because organ growth, which is extremely rapid
in the neonate, requires large amounts of choline
for membrane biosynthesis. Choline is also parti-
cularly important during the neonatal period
because it appears to change brain function.
There are two sensitive periods in rat brain devel-
opment during which treatment with choline pro-
duces long-lasting enhancement of spatial memory
that is lifelong and has been detected in elderly
rats. The first occurs during embryonic days
12–17 and the second, during postnatal days 16–30.
Choline supplementation during these critical
periods elicits a major improvement in memory
performance at all stages of training on a 12-arm
radial maze.

The choline-induced spatial memory facilitation
correlates with altered distribution and morphology
of neurons involved in memory storage within the
brain, with biochemical changes in the adult
hippocampus and with electrophysiological changes
in the adult hippocampus. It also correlates with
changes in proliferation, apoptosis, and migration
of neuronal precursor cells in the hippocampus dur-
ing fetal brain development. When pregnant rats
were treated with varying levels of dietary choline
between day 12 and 18 of gestation, it was found
that choline deficiency significantly decreased the
rate of mitosis in the neuroepithelium of fetal
brain adjacent to the hippocampus. An increased
number of apoptotic cells were found in the region
of the dentate gyrus of choline-deficient hippocam-
pus compared to controls. Modulation of dietary
choline availability changed the distribution and
migration of precursor cells produced on embryonic
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day 16 in the fimbria, primordial dentate gyrus,
and Ammon’s horn of the fetal hippocampus. Cho-
line deficiency also decreased the migration of
newly proliferating cells from the neuroepithelium
into the lateral septum, thus indicating that the
sensitivity of fetal brain to choline availability is
not restricted to the hippocampus. The expression
of TOAD-64 protein, an early neuronal differentia-
tion marker, increased in the hippocampus of cho-
line-deficient day E18 fetal brains compared to
controls. These findings show that dietary choline
availability during pregnancy alters the timing of
mitosis, apoptosis, migration, and the early com-
mitment to neuronal differentiation by progenitor
cells in fetal brain hippocampus and septum, two
regions known to be associated with learning and
memory.

A disruption in choline uptake and metabolism
during neurulation produces neural tube defects in
mouse embryos grown in vitro. Exposing early
somite staged mouse embryos in vitro with an inhi-
bitor of choline uptake and metabolism, 2-dimethy-
laminoethanol (DMAE) causes craniofacial
hypoplasia and open neural tube defects in the fore-
brain, midbrain, and hindbrain regions. Embryos
exposed to an inhibitor of phosphatidylcholine
synthesis, 1-O-octadecyl-2-O-methyl-rac-glycero-3-
phosphocholine (ET-18-OCH3) exhibit similar
defects or expansion of the brain vesicles and a
distended neural tube at the posterior neuropore as
well as increased areas of cell death. Thus, choline
like folic acid is important during neural tube
closure.

Are these findings in rats likely to apply to
humans? We do not know. Human and rat brains
mature at different rates; rat brain is comparatively
more mature at birth than is the human brain, but
in humans synaptogenesis may continue for months
after birth. Are we varying the availability of cho-
line when we substitute infant formulas for human
milk? Does choline intake in infancy contribute to
variations in memory observed between humans?
These are good questions that warrant additional
research.

Brain Function in Adults

It is unlikely that choline acetyltransferase in brain
is saturated with either of its substrates, so that
choline (and possibly acetyl-CoA) availability deter-
mines the rate of acetylcholine synthesis. Under
conditions of rapid neuronal firing acetylcholine
release by brain neurons can be directly altered by
dietary intake of choline. Based on this observation,
choline has been used as a possible memory-

improvement drug. In some patients with Alzheimer’s
disease, choline or phosphatidylcholine has
beneficial effects, but this effect is variable. Both
verbal and visual memory may be impaired in other
patients who require long-term intravenous feeding
and this may be improved with choline
supplementation.

Measurement of Choline and
Choline Esters

Radioisotopic, high-pressure liquid chromatography,
and gas chromatography/isotope dilution mass spec-
trometry (GC/IDMS) methods are available for mea-
surement of choline. However, these existing methods
are cumbersome and time consuming, and none mea-
sures all of the compounds of choline derivatives.
Recently, a new method has been established for
quantifying choline, betaine, acetylcholine, glycero-
phosphocholine, cytidine diphosphocholine, phospho-
choline, phosphatidylcholine, and sphingomyelin in
liver, plasma, various foods, and brain using liquid
chromatography/electrospray ionization-isotope dilu-
tion mass spectrometry (LC/ESI-IDMS).
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Introduction

Transition metals occupy a special niche in aerobic
physiology: as facile electron donors and accep-
tors, they are essential participants in oxidation/
reduction reactions throughout the cell. These
unique properties of transition metals are largely
dependent on the electronic configuration of the
electrons in the outer shell and in the penultimate
outer shell. These metals can exist in different
oxidation states, which is critical for their useful-
ness as catalysts. However, it is during these same
committed reactions essential for aerobic metabo-
lism that toxic reactive oxygen species can be gen-
erated. As such the transition metals are
chaperoned as they traffic through the body and
are regulated tightly. Subtle disruptions of metal
homeostasis culminate in disease and death. Iron,
copper, and zinc are the most abundant and well-
studied transition metals. Copper is the oldest
metal in use: copper artifacts dating back to
8700BC have been found. The physiology, require-
ments, and dietary sources of copper are described
here with an emphasis on the role of copper in
human health and disease.

Copper, as a trace metal, can be found in all living
cells in either the oxidized Cu(II) or reduced Cu(I)
state. Copper is an essential cofactor for many
enzymes critical for cellular oxidation. These
include: cytochrome c-oxidase, which is essential
for mitochondrial respiration as the terminal enzyme
in the electron transport chain; superoxide dismu-
tase, a potent antioxidant defense mechanism;

tyrosinase, which is critical for melanin production;
dopamine B-hydroxylase, a prerequisite for catecho-
lamine production; lysyl oxidase, which is responsible
for collagen and elastin cross-linking; ceruloplasmin, a
ferroxidase/metallo-oxidase; hephaestin, a ferroxidase/
metallo-oxidase; and peptidylglycine �-amidating
monooxygenase, a peptide processor (Table 1). Mice
that lack the copper transport protein Ctr1 are
embryonic lethal, which confirms the importance of
copper in enzyme function and normal cellular
homeostasis.

Copper Homeostasis

Dietary intake of copper is approximately 5mg
day�1 with an equivalent amount being excreted
by bile in stool. Approximately 2mgday�1 are
directly absorbed across the gastrointestinal tract
daily and incorporated into blood, serum, liver,
brain, muscle, and kidney. An equal amount is
excreted and maintains the sensitive copper balance
(Figure 1). The main sources of copper are seeds,
grains, nuts, beans, shellfish, and liver (Table 2).
Drinking water no longer contributes significantly.
When copper pipes were commonly used for

Table 1 Mammalian copper enzymes

Enzyme Function

Cytochrome c-oxidase Mitochondrial respiration

cu,zn-Superoxide

dismutase

Antioxidant defense

Tyrosinase Melanin production

Dopamine B-hydroxylase Catecholamine production

Lysyl oxidase Collagen and elastin cross-linking

Ceruloplasmin Ferroxidase/metallo-oxidase

Hephaestin Ferroxidase/metallo-oxidase

PAM Peptide processing

112 COPPER



plumbing, copper toxicity was a more recognized
phenomenon.

It is difficult to define specific dietary copper
requirements because of the lack of suitable indices
to assess copper status. As such, knowledge of
factors affecting the bioavailability of dietary cop-
per is limited. Ceruloplasmin contains 95% of the
copper found in serum and is frequently used as a
marker of copper status. However, ceruloplasmin
levels vary with pregnancy and inflammation and
ceruloplasmin mRNA is regulated by estrogen,
infection, and hypoxia among other factors. Cur-
rently, investigators are searching for genetic bio-
markers in intestinal, liver, and lymphocyte cells
that respond to copper levels and may serve as
better markers of copper status. Whole-body cop-
per metabolism is difficult to study in human sub-
jects. However, isotopic tracers and kinetic
modeling have added a dimension to what can be
learned in humans by direct measurement. These
studies suggest that the efficiency of copper
absorption varies greatly, depending on dietary
intake. Mechanisms regulating total body copper
seem to be strong, given the relatively small and
constant body pool, but they are not yet well
understood. Changes in efficiency of absorption
help to regulate the amount of copper retained by
the body. In addition, endogenous excretion of
copper into the gastrointestinal tract depends heav-
ily on the amount of copper absorbed. When diet-
ary copper is high and an excess is absorbed,
endogenous excretion increases, protecting against
toxic accumulation of copper in the body. When
intake is low, little endogenous copper is excreted,
protecting against copper depletion. Regulation is
not sufficient with very low amounts of dietary
copper (0.38mg day�1) and appears to be delayed
when copper intake is high.

Recommended Intakes

The Tolerable Upper Intake Limit (UL) for adults is
10mg daily, based on degree of liver damage asso-
ciated with intake. UL for children vary with age:
1–3 years/1mg daily, 4–8years/3mg daily, 9–13years/
5mg daily, 14–18 years/8mg daily (irrespective of
pregnancy or lactation status). UL for children
under the age of 1 year are not possible to establish.
There are no official recommended daily allowances
(RDAs) for copper in children. The RDA for adult
males and females is a daily intake of 0.9mg. Mea-
surements of the dietary requirements for copper in
adult men have shown the requirement to range from
about 1.0 to 1.6mg daily. A review of nutrient
intakes in the US from 1909 to 1994 confirms

Liver

Storage

20 mg

Blood 10 mg

RBC 5.5 mg
(SOD)

Ceruloplasmin 4.3 mg

35 mg20 mgBrain Muscle Kidney 5 mg

Connective tissue 10 mg

Dietary copper
(5 mg day–1)

2.0 mg day–1

2.0 mg day –1

Feces
(5 mg day–1)

Duodenum

Figure 1 Mammalian copper metabolism: daily copper cycle

including oral absorption, tissue distribution, and excretion.

Values are for adult men (mgday�1). An equal amount of copper

is absorbed and excreted to maintain copper balance.

Table 2 Copper content of various foods

Food Copper

concentration

(mg wet wt)

Size of typical

serving (g)

Copper/

serving

(mgg�1)

Fish 0.61 120 0.070

Turkey 0.71 120 0.090

Chicken 0.34 120 0.040

Hamburger 0.95 120 0.110

Roast beef 0.82 120 0.100

Steak 1.2 120 0.140

Sheep liver 157.05 120 18.850

Pork liver 141.14 120 16.940

Egg 0.8 40 0.030

Single sliced

cheese

0.43 120 0.050

Whole wheat 1.07 30 0.030

Scallops 6.08 120 0.030

Clams 7.39 120 0.730

Crab 1.75 120 0.890

Shrimp 1.75 120 0.210

Oysters 2.89 120 0.350

Smoked

oysters

15 120 1.800

Mussels 4.75 120 0.570

Lobster 36.6 120 4.390

Candy bar 1.18 15 0.020

Milk 0.33 120 0.040

Peas 2.38 120 0.290

Soy beans 109 120 0.130

Applesauce

(can)

0.2 120 0.020

Avocado 1.68 120 0.200

Raisins 1.68 30 0.050

Peanut

butter

8.53 30 0.260
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that intake varied between 1.5mgday�1 (1965) to
2.1mgday�1 (1909). These trends reflect a diet
higher in copper-rich potatoes and grain predominat-
ing in 1909 versus a decline in potato popularity in
1965. Daily intake recommendations for children
vary with age (see Table 3). Persons who consume
diets high in zinc and low in protein are at risk of
copper deficiency. High intakes of dietary fiber
apparently increase the dietary requirement for cop-
per. Diets in Western countries provide copper below
or in the low range of the estimated safe and ade-
quate daily dietary intake. Copper deficiency is
usually a consequence of low copper stores at birth,
inadequate dietary copper intake, poor absorption,
elevated requirements induced by rapid growth, or
increased copper losses.

Bioavailability

The issue of bioavailability from food sources and
the interactions between food groups and copper
availability remains a critical question. Lonnerdal
et al. demonstrated that heat treatment of cows’
milk formula decreases the copper bioavailability.
Transitional complexes form in the milk upon heat-
ing that have a similar configuration to copper and
thereby directly inhibit copper absorption. High
doses of zinc also reduce copper bioavailability, as
does combined iron and zinc supplementation. The
dilemma is how to prepare an infant formula con-
taining adequate copper, iron, and zinc that will
meet the RDA for copper. Other nutrients dramati-
cally affect copper absorption from foods. Soy pro-
tein-based diets promote less copper retention in
tissues than lactalbumin-based diets. However, it is
unclear if this effect is solely due to the soy protein
composition or to the higher zinc in these soy-based
formulas. In animals, phytate causes a drop in serum
copper but human stable isotope studies reveal no

effect on copper absorption in adult men. Patients
with low copper indices need to be evaluated for the
copper content of their diets, other foods ingested at
the same time, and other mineral supplements that
may be given.

Absorption and Excretion

Dietary copper is absorbed across the small intes-
tine. It diffuses through the mucous layer that cov-
ers the wall of the bowel via the divalent metal
transporter DMT1. Copper is thus released into
the serum and presumably is transported bound to
either albumin or histidine to the multiple sites that
require copper or to storage tissues. The liver is the
primary storage organ for copper followed by mus-
cle and bone. Not all of the copper ingested is
absorbed and gastrointestinal cells that hold on to
the excess copper are ‘sloughed’ when the lining of
the gut is turned over every 24–48 hs. Copper
bound to albumin or histidine enters the hepatocyte
via the high-affinity mammalian copper transporter,
hCtr1. Initially identified in yeast by functional
complementation studies, this protein has subse-
quently been cloned in mice and humans. Human
Ctr1 has a high homology to the yeast proteins
Ctr1 and Ctr3 involved in high-affinity copper
uptake. The N-terminus of the protein is rich in
histidine and methionine residues, which presum-
ably bind the copper and move it into the cell.
Characterization of hCtr1 confirms its localization
on the plasma membrane consistent with its role as
a copper transporter. In vitro work has also
identified a vesicular perinuclear distribution for
hCtr1 that is copper concentration dependent.
Redistribution of the hCtr1 suggests that under
different copper states, copper moves through the
membrane transporter and into a vesicular com-
partment for further ‘assignment’ within the cell.
hCtr2, a low-affinity copper uptake transporter,
has also been identified. This low-affinity copper
transporter is unable to complement the respiratory
defect seen in yeast strains lacking copper transport
capabilities. Once inside the cell, copper has one of
four fates: (1) bind to and be stored within a glu-
tathione/metallothionein pool; (2) bind to CCS, the
copper chaperone for Cu, Zn - SOD; (3) bind to
cox 17 for delivery to mitochondrial cytochrome c-
oxidase; or (4) bind to HAH1 (human Atox1
homolog) for subsequent copper delivery to either
the Wilson disease P-type ATPase or the Menkes’
P-type ATPase. Copper from HAH1 is incorporated
into ceruloplasmin, the most abundant serum
cuproprotein, within the trans golgi network
(TGN). How the protein unfolds within the TGN

Table 3 Recommended dietary allowances for copper (mgday�1)

Age RDA (daily)

Infants

<6months 0.2 (30mcg/kg)

6–12months 0.2–0.3 (24mcg/kg)

Children

1–3 years 0.34

4–8 years 0.44

9–13 years 0.7

14–18years 0.89

Adult

19þ years 0.9

Pregnant women 1

Nursing women 1.3
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to accept copper and how the copper is incorpo-
rated into ceruloplasmin is still under study. Ceru-
loplasmin is then secreted into the serum, and any
excess copper not incorporated into ceruloplasmin
is recycled in vesicles containing either the Wilson
disease P-type ATPase or Menkes’ P-type ATPase,
and excreted into bile or stored in the liver. Recent
characterization of a new protein, Murr1, suggests
that this protein regulates copper excretion into bile
such that mutations in the Murr1 gene are asso-
ciated with normal copper uptake but severe defects
in exporting copper from hepatocytes.

Approximately 15% of the total copper
absorbed is actually transported to tissues while
the remaining 85% is excreted. Of that copper
pool, 98% is excreted in bile with the remaining
2% eliminated in the urine. The liver is the pre-
dominant organ responsible for regulating copper
homeostasis at the level of excretion. Whereas
copper import is highly conserved between yeast
and humans, copper export in vertebrates
involves a complex vesicular system that culmi-
nates in a lysosomal excretion pathway ‘dumping’
copper into the bile for elimination. At steady
state, the amount of copper excreted into the
biliary system is directly proportional to the
hepatic copper load. In response to an increasing
copper concentration within the hepatocyte, bili-
ary copper excretion increases. There is no enter-
ohepatic recirculation of copper and once the
unabsorbable copper complex is in bile it is
excreted in stool. Localization studies reveal
redistribution of the ATP7b from the TGN to a
vesicular compartment that migrates out to the
biliary epithelium in response to increasing cop-
per concentrations. Alternatively, under condi-
tions of copper deficiency, the ATP7b remains
tightly incorporated with the TGN for maximal
copper incorporation into ceruloplasmin.

The highly homologous Wilson disease P-type
ATPase (ATP7b) and the Menkes’s P-type ATPase
(ATP7a) differ only in their tissue expression and both
function to move copper from one intracellular com-
partment to another. The ATP7a is predominantly
located in the placenta, blood–brain barrier, and gastro-
intestinal tract and hence any mutation in the Menkes’s
P-type ATPase results in a copper deficiency in the fetus,
brain, and tissues. In contrast, the Wilson’s disease
P-type ATPase is expressed in the liver and mutations
in this culminate in profound copper overload of the
liver because of the inability to shuttle copper into the
trans golgi network for incorporation into ceruloplas-
min. The excess copper is stored in the liver and even-
tually leaks out in the serumwhere it is depositedwithin
sensitive tissues: the eye and brain. The psychiatric

illnesses ascribed to Wilson’s disease are a result of
hepatocyte-derived copper ‘leaking’ out of the liver
and accumulating within the basal ganglia. Similarly,
Kayser-Fleischer rings arise from copper deposition in
the cornea. The toxic copper in the liver eventually
results in cirrhosis and hepatic fibrosis as a result of
oxyradical damage. Menkes’s syndrome has an inci-
dence of 1:300000 while Wilson’s disease has an inci-
dence of 1:30000. Expression of these diseases may
differ considerably among affected family members.

The recognition of a novel disorder of iron metabo-
lism associated with mutations in the copper-
containing protein ceruloplasmin revealed an essential
role for ceruloplasmin as a ferroxidase and regulator
of iron homeostasis. Patients and mice lacking the
serum protein ceruloplasmin have normal copper
kinetics: normal absorption, distribution, and copper-
dependent activity. These data suggest that although
under experimental conditions ceruloplasmin may
donate copper, ceruloplasmin is not a copper transport
protein. The six atoms of copper are incorporated into
three type 1 coppers, one type 2 copper, and a type 3
copper. The type 1 coppers provide the electron shuttle
necessary for the concomitant reduction of oxygen to
water that occurs within the trinuclear copper cluster
comprised of the type 2 and type 3 copper. This reac-
tion is coupled with the oxidation of a variety of sub-
strates: amines, peroxidases, iron, NO, and possibly
copper. The recent observation that Fet3, the yeast
ceruloplasmin homolog, also has critical cuprous oxi-
dase activity in addition to ferroxidase activity has
prompted renaming some of the multicopper oxidases
(ceruloplasmin, Fet3, hephaestin) as ‘metallo-oxidases’
rather than ferroxidases.

Copper Deficiency

Reports of human copper deficiency are limited and
suggest that severe nutrient deficiency coupled with
malabsorption is required for this disease state to
occur. Infants fed an exclusive cows’ milk diet are
at risk for copper deficiency. Cows’ milk not only
has substantially less copper than human milk but
the bioavailability is also reduced. High oral intake
of iron or zinc decrease copper absorption and may
predispose an individual to copper deficiency. Other
infants at risk include those with: (1) prematurity
secondary to a lack of hepatic copper stores;
(2) prolonged diarrhea; and (3) intestinal malabsorp-
tion syndromes. Even the premature liver is capable
of impressive copper storage. By 26weeks’ gesta-
tional age the liver already has 3mg of copper
stored. By 40weeks’ gestational age, the hepatic
liver has 10–12mg copper stored with the majority
being deposited in the third trimester. Iron and zinc
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have been shown to interfere with copper absorption
and further complicate the picture of copper defi-
ciency. The most frequent clinical manifestations of
copper deficiency are anemia refractory to iron
treatment, neutropenia, and bone demineralization
presenting as fractures.

The anemia is characterized as hypochromic and
normocytic with a reduced reticulocyte count, hypo-
ferremia, and thrombocytopenia. Bone marrow aspi-
rate reveals megaloblastic changes and vacuolization
of both erythroid and myeloid progenitor lineages. It
is believed that a profound copper deficiency results
in a multicopper oxidase deficient state and as such
bone marrow demands are unmet by the lack of
ferroxidase activity. Bone abnormalities are com-
mon and manifest as osteoporosis, fractures, and
epiphyseal separation. Other manifestations of cop-
per deficiency include hypopigmentation, hypotonia,
growth arrest, abnormal cholesterol and glucose
metabolism, and increased rate of infections.

Multiple factors associated with copper deficiency
are responsible for the increased rate of infection
seen. Most copper-deficient patients are malnour-
ished and suffer from impaired weight gain. The
immune system requires copper to perform several
functions. Recent research showed that interleukin 2
is reduced in copper deficiency and is probably the
mechanism by which T-cell proliferation is reduced.
These results were extended to show that even in
marginal deficiency, when common indexes of cop-
per are not affected by the diet, the proliferative
response and interleukin concentrations are reduced.
The number of neutrophils in human peripheral
blood is reduced in cases of severe copper deficiency.
Not only are they reduced in number, but their
ability to generate superoxide anion and kill
ingested microorganisms is also reduced in both
overt and marginal copper deficiency. This mechan-
ism is not yet understood.

Copper Excess

Excess copper is the result of either excessive cop-
per absorption or ineffective copper excretion. The
most common diseases associated with copper
excess are: (1) Wilson’s disease, a genetic disease
resulting in mutations in the Wilson’s disease P-type
ATPase and excessive hepatocyte copper accumula-
tion; (2) renal disease, in patients on hemodialysis
due to kidney failure when dialysate solutions
become contaminated with excess copper; and
(3) biliary obstruction. Excessive use of copper sup-
plements may also contribute to copper toxicity
and is clinically manifested by severe anemia, nau-
sea and vomiting, abdominal pain, and diarrhea.

Copper toxicosis can rapidly progress to coma and
death if not recognized. Current management of
most diseases associated with copper toxicity
includes a low-copper diet, a high-zinc diet (com-
petitively interferes with copper absorption), and
use of copper chelators such as penicillamine and
trientine. Affected individuals should have their tap
water analyzed for copper content and drink demi-
neralized water if their water contains more than
100 mg/liter. Given that the liver is the most signifi-
cant copper storage organ, any activity that can
affect hepatic cellular metabolism needs to be mon-
itored. Hence, alcohol consumption is strongly
discouraged.

There are reports of chronic copper exposure
resulting in toxic accumulation. Fortunately, these
events appear to be geographically restricted.
Indian childhood cirrhosis (ICC), also known as
Indian infantile cirrhosis or idiopathic copper tox-
icosis, has been associated with increased copper
intake from contaminated pots used to heat up
infant milk. The milk is stored and warmed in
brass (a copper alloy) or copper containers. It is
interesting to note that the increased copper
absorption alone is not critical for disease forma-
tion but rather this occurs in infants that already
have prenatal liver copper stores in excess of adult
values. How the neonatal liver is able to compart-
mentalize this toxic metal so effectively is
unknown. Perhaps in ICC, this delicate balance is
disrupted. Tyrolean liver disease, occurring in the
Austrian Tyrol, despite having a Mendelian pat-
tern of inheritance suggestive of an autosomal
recessive trait, appears related to use of copper
cooking utensils. However, recent reports describe
how a persistent percentage of the German popu-
lation remains susceptible to copper toxicosis
despite adjustments in cooking utensils. Perhaps a
genetic susceptibility exists in this population that
has yet to be determined.

Conclusion

Adult copper homeostasis rests on the foundation of
an adequate copper balance in early life. Copper defi-
ciency, either due to inadequate intake or abnormal
absorption, may result. While the clinical stigmata of
severe copper deficiency are easy to identify, the
subtle changes in neurobehavioral development asso-
ciated with mild copper deficiency are unknown.
Given the high copper concentration in the brain,
one could postulate that critical copper deficiency
during development could lead to significant central
nervous system deficits. Recent evidence suggesting
that copper metabolism may be involved as an
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epigenetic factor in the development of Alzheimer’s
disease (AD) highlights the importance of balance. In
this scenario, elevated central nervous system copper,
as seen in AD, may initiate increased oxyradical for-
mation and hasten damage. In fact, some are advo-
cating that serum copper might be a good biomarker
for AD. Copper is an essential trace metal critical for
normal development. The goal of future studies will
be to develop sensitive biomarkers for copper status.
Only with these tools can we adequately assess cop-
per status and treat copper-deficient and copper
excess states appropriately.

See also: Zinc: Physiology.
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Introduction

Arteriosclerosis is a group of conditions characterized
by thickening and stiffening of the arterial wall. Ather-
osclerosis is characterized by the formation of ather-
omas (lipid-laden plaques) in medium to large arteries.
These are associated with calcifications of the arterial
wall along with other changes. Eventually, the arterial
lumen is reduced and the restricted blood flow due to
these changes leads to clinical symptoms. Over the
years there have been varying theories about the devel-
opment of arterial lesions and these theories become

more complex as our biochemical and molecular bio-
logical skills and knowledge increase.

Arterial fatty streaks are ubiquitous in humans and
appear early in life. The fatty streak is comprised of
lipid-rich macrophages and smooth muscle cells.
Macrophages that accumulate lipid and are trans-
formed into foam cells may be involved in the trans-
formation of the fatty streak to an atherosclerotic
lesion. In susceptible persons the fatty streaks may
progress to fibrous plaques. Fibrous plaques, at their
core, consist of a mixture of cholesterol-rich smooth
muscle and foam cells. This core may contain cellular
debris, cholesteryl esters, cholesterol crystals, and cal-
cium. The fibrous cap consists of smooth muscle and
foam cells, collagen, and lipid. The final stage in this
process is the complicated plaque, which can obstruct
the arterial lumen. Rupture of the cap may lead to clot
formation and occlusion of the artery.
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There are several theories of atherogenesis and
these may eventually be shown to be interactive.
The lipid hypothesis suggests that persistent hyperli-
pidemia leads to cholesterol accumulation in the
arterial endothelium. Hypercholesterolemia may
activate protein growth factors, which stimulate
smooth muscle cell proliferation.

The lipid infiltration hypothesis proposes that el-
evated LDL levels increase LDL infiltration which,
in turn, increases uptake of epithelial cells, smooth
muscle cells, and macrophages. This cascade leads to
cholesterol accumulation and, eventually, atheroma
formation. The endothelial injury may arise from
the action of oxidized lipid.

The endothelial injury hypothesis may help to
explain the focal distribution of atheromas, which
is not adequately accounted for by the lipid hypo-
thesis. The endothelial injury hypothesis asserts that
plaque formation begins when the endothelial cells
that cover fatty streaks separate thus exposing the
underlying lesion to the circulation. This may lead
to smooth muscle proliferation, stimulated by circu-
lating mitogens, or may cause platelet aggregation
leading to mural thrombosis.

Another hypothesis relating to atherogenesis is
the response-to-injury hypothesis. In this hypo-
thesis the injury may be due to mechanical factors,
chronic hypercholesterolemia, toxins, viruses, or
immune reactions: these increase endothelial per-
meability, and lead to monocyte adherence to the
epithelium or infiltration and platelet aggregation
or adherence at the site of the injury. Injury
releases growth factors that stimulate prolifera-
tion of fibrous elements in the intima. These
growth factors may arise from the endothelial
cell, monocyte, macrophages, platelet, smooth
muscle cell, and T cell. They include epidermal
growth factor, insulin-like growth factors, inter-
leukins 1 and 2, platelet-derived growth factors,
transforming growth factors � and �, and tumor
necrosis factors � and �, among others. Mono-
cytes and smooth muscle cells carry the ‘scaven-
ger’ receptor, which binds oxidized but not native
low-density lipoprotein (LDL) in a nonsaturable
fashion. Uptake of oxidized LDL converts macro-
phages and smooth muscle cells into foam cells.
Another theory of atherogenesis suggests that it
begins as an immunological disease, which starts
by an autoimmune reaction against the heat stress
protein, hsp60. There have been suggestions that
oxidized LDL may be an underlying cause of
arterial injury.

The term ‘atherosclerosis’ is derived from the
Greek words athere, meaning gruel, and skleros,
meaning hardening. The term was coined by

Marchand in 1904 to describe the ongoing process
beginning with the early lipid deposits in the arteries
to the eventual hardening. The World Health Orga-
nization (WHO) definition describes atherosclerosis
as a ‘variable combination of changes in the intima
of the arteries involving focal accumulation of lipids
and complex carbohydrates with blood and its
constituents accompanied by fibrous tissue forma-
tion, calcification, and associated changes in the
media’ – a decidedly more complex concept than
attributing it all to the dietary cholesterol.

Discussions of the etiology of heart disease
always describe it as a life-style disease and list a
number of risk factors, which include family his-
tory, hypercholesterolemia, hypertension, obesity,
and cigarette smoking. Having listed these factors,
discussion generally reverts to blood cholesterol and
its control.

The fasting blood plasma of a healthy indivi-
dual is a clear, straw-colored liquid, which may
contain 400–800mg of lipids per 100ml. This
clear solution, which is high in lipids, is made
possible by the water-soluble complex of lipids
with protein, the lipoproteins. A generalized
view of lipoprotein metabolism is provided in
Figure 1. The existence of soluble lipid–protein

Liver Intestine

HDL
(A, C, E)Chylomicron

(B, C)

VLDL
(B, C)

IDL
(B, C, E)

LDL
(B)

Catabolism by liver (Apo B and E-LDL receptors)
Catabolism by tissue (Apo B and E-LDL receptors)

Figure 1 Outline of lipid metabolism. Letters in parentheses

refer to apolipoproteins (apo). HDL, high-density lipoprotein;

VLDL, very-low-density lipoprotein; IDL, intermediate-density

lipoprotein; LDL, low-density lipoprotein.
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complexes in serum was suggested about a cen-
tury ago. Precipitation of a lipoprotein from
horse serum was achieved in 1929 and classes of
lipoproteins were adduced from studies using
moving boundary electrophoresis. The critical
experiments were carried out by Gofman and his
group in the 1950s. They demonstrated that
classes of lipoprotein complexes could be identi-
fied by their flotation characteristics in the analy-
tical ultracentrifuge. These complexes were
separable because they possessed different
hydrated densities and they were defined initially
by Svedberg units of flotation (Sf). The
lipoproteins vary in chemical composition and
although it is common to provide tables describ-
ing lipoprotein composition, the values are gener-
ally average values. This is so since the
lipoproteins exist in a dynamic state exchanging
their lipid components with those of tissues or
other lipoproteins. Since identification is made
according to a physical property, i.e., hydrated
density, it is evident that different agglomerates
of lipid and protein may have similar hydrated
densities. In general, the lipoproteins are a series
of macromolecules that, as they progress from
low to high density, display decreasing triacylgly-
cerol content and increasing cholesteryl ester,
phospholipid, and protein.

Table 1 describes the major lipoproteins. Their
chemical composition is described in Table 2.

As research continues and as analytical metho-
dology becomes more precise we find a higher
resolution of some lipoprotein classes and better
definition of their roles. One example is lipopro-
tein (a) (lp(a)), first described in 1963. Lipoprotein
(a) is an LDL whose normal apoprotein (apo B) is
linked to an additional protein, apoprotein a, via a
disulfide bridge. Lipoprotein (a) interferes with
normal fibrinolysis leading to an increased preva-
lence of blood clots, and is thought to present an
especially high risk for myocardial infarction.
Characteristics and functions of lipoproteins are
described in Table 3.

Molecular size influences the ease with which LDL
particles can enter the arterial wall. Diabetic rabbits
have greatly elevated plasma lipid levels but display
surprisingly little atherosclerosis. The reason for this
apparent discrepancy is that the lipoproteins of diabetic
rabbits are rather large in size and do not penetrate the
artery. Since 1982 we have known of an array of LDL
particles ranging from small and dense to large and
comparatively light. An LDL pattern characterized by
an excess of small, dense particles is associated with a
threefold increased risk of myocardial infarction, inde-
pendent of age, sex, or body weight. Commonly, LDL
is known as the ‘bad’ cholesterol and high-density
lipoprotein (HDL) as the ‘good’ cholesterol. These
recent findings indicate the presence of ‘good, bad’
cholesterol and ‘bad, good’ cholesterol.

Among the apolipoproteins, polymorphism of
apoprotein E apparently dictates a subject’s chances
for successful treatment of lipidemia. The apoE
alleles are designated as E2, E3, and E4. The most
common pattern (55%) is homozygosity for E3,
which gives rise to the E3/E3 phenotype. The next
most common phenotype is E3/E4 (26%). The least
frequently observed phenotype is E2/E (1%), which
is often associated with type III hyperlipoproteine-
mia. There is some evidence suggesting that subjects
bearing the E4 allele have higher levels of LDL than
those with the E3/E3 pattern; they may also be more

Table 1 Major plasma lipoproteins

Lipoprotein

class

Size (nm) Mol. wt Density

(g ml�1)

Electrophoretic

mobility

Origin Major apoproteins

Chylomicron 100–400 106–107 <0.95 Origin Intestine A-I, B-48, C-II, C-III, E

VLDL 40–70 5�103 0.95–1.006 Prebeta Liver B-100, C-II, C-III, E

IDL 30–40 4.5�103 1.006–1.019 Between prebeta

and beta

Catabolism of VLDL B-100, C-II, C-III, E

LDL 22.5–27.5 2�103 1.019–1.063 Beta Catabolism of VLDL and IDL B-100

HDL 7.5–10 0.4�103 1.063–1.210 Alpha Liver, intestine A-I, A-II, C-II, C-III, E

VLDL, very-low-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein.

Table 2 Plasma lipoprotein composition

Lipoprotein Composition (wt%)

FC CE TAG PL PROT

Chylomicron 1 3 90 4 2

VLDL 7 14 55 16 8

IDL 6 22 30 24 18

LDL 7 48 5 20 20

HDL 4 15 4 27 50

FC, free cholesterol; CE, cholesteryl ester; TAG, triacylglycerol; PL,

phospholipid; PROT, protein; VLDL, very-low-density lipoprotein;

IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein;

HDL, high-density lipoprotein.
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prone to Alzheimer’s disease. Tables 4 and 5 list
primary and secondary dyslipoproteinemias.

Cholesterol and Cholesterolemia

In 1913 Anitschkow showed that it was possible
to establish atherosclerosis in rabbits by feeding
cholesterol. Since then virtually all research on
atherosclerosis has centered on cholesterol –
circulating cholesterol and dietary cholesterol.
The epidemiological data suggest a role for dietary
fat, and hypercholesterolemia has been established as
a principal risk factor for atherosclerosis. The lipid
hypothesis was developed from the data obtained in
the Framingham study, which suggested a curvilinear
relationship between risk of atherosclerosis and
plasma or serum cholesterol levels. However, studies
of actual cholesterol intake as it affects cholesterol
levels have yielded equivocal results.

Several studies have shown that the addition of
one or two eggs to their daily diet did not influence
serum cholesterol levels of free-living subjects. Data
from the Framingham study show no correlation
between cholesterol intake and cholesterol level. So
we are left with the anomalous situation that blood
cholesterol is an indicator of susceptibility to coron-
ary disease but it is relatively unaffected by dietary

cholesterol. It is of interest to point out that we are
also seeing a correlation between low plasma or
serum cholesterol levels and noncoronary death.

The type of fat in the diet has a strong influence
on serum or plasma cholesterol levels. Rabbits fed
saturated fat develop more severe atherosclerosis
than do rabbits fed unsaturated fat. In 1965 the
groups of Keys and Hegsted independently devel-
oped formulae for predicting changes in cholesterol
levels based on changes in the diet. Their formulae
were based upon changes in quantity of saturated
and unsaturated fat and in dietary cholesterol, but
the last value makes a very small contribution to the
overall number. The Keys formula is:

DC = 1:35ð2DS� DPÞ þ 1:5DZ

where DC represents the change in cholesterol level,
DS and DP represent changes in levels of saturated
and unsaturated fat, and Z is the square root of
dietary cholesterol in mg per 1000 kcal of diet. The
Hegsted formula is:

DCP = 2:16DS� 1:65DPþ 0:168DCD þ 85

where DCP is change in plasma cholesterol and
DCD is change in dietary cholesterol in mg per
1000 kcal.

Table 3 Characteristics and functions of major apolipoproteins

Apolipoprotein Lipoprotein (Approximate

molecular

weight (kD))

Source (Average plasma)

concentration

(mg dL�1)

(Physiologic) function

A-1 HDL, chylomicrons 28 Liver, intestine 100–120 Structural apoprotein of HDL,

cofactor for LCAT

A-II HDL, chylomicrons 17 Intestine, liver 35–45 Structural apoprotein of HDL,

cofactor for hepatic lipase

A-IV HDL, chylomicrons 46 Liver, intestine 10–20 Unknown

Apo (a) Lp(a) 600 Liver 1–10 Unknown

B-48 Chylomicrons 264 Intestine Trace Major structural apoprotein,

secretion and clearance of

chlylomicrons

B-100 VLDL, LDL 550 Liver 100–125 Ligand for LDL receptor,

structural apoprotein of VLDL

and LDL

C-I Chylomicrons,

VLDL, HDL

5.80 Liver 6–8 Cofactor for LCAT

C-II Chylomicrons,

VLDL, HDL

9.10 Liver 3–5 Cofactor for LCAT

C-III Chylomicrons,

VLDL, HDL

8.75 Liver 12–15 Inhibitor of LPL, involved in

lipoprotein remnant uptake

E-2 Chylomicrons,

VLDL, HDL

35 Liver, peripheral

tissues

4–5 Ligand for cell receptor

E-3 Chylomicrons,

VLDL, HDL

35 Liver, peripheral

tissues

4–5 Ligand for cell receptor

E-4 Chylomicrons,

VLDL, HDL

35 Liver, peripheral

tissues

4–5 Ligand for cell receptor

HDL, LDL, VLDL, high-, low-, and very-low-density lipoprotein; LCAT, lecithin-cholesterol acyltransferase; LPL, lipoprotein lipase.
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Both studies found that changes in dietary stearic
acid did not fit the formula. Since those formulae
were introduced a number of newer formulae have
appeared, which provide a coefficient for every indi-
vidual fatty acid, but the original formulae are still
used most frequently. Under metabolic ward condi-
tions it has been shown that lauric (C12:0), myristic
(C14:0), and palmitic (C16:0) acids raise both LDL
and HDL cholesterol levels, and that oleic (C18:1)
and linoleic (C18:2) acids raise HDL and lower LDL
levels slightly. Thus, the type of fat is the determin-
ing factor in considering dietary fat effects on serum
cholesterol. Experiments in which subjects were fed

low or high levels of cholesterol in diets containing
high or low ratios of saturated to polyunsaturated
fat have been reported. When the fat was homolo-
gous, changing from low to high dietary cholesterol
raised serum cholesterol concentration by 2%.
However, even under conditions in which low levels
of cholesterol were fed, changing from saturated to
unsaturated fat raised serum cholesterol levels by
10% or more.

In nature most, but not all, unsaturated fatty
acids are in the cis configuration. The major source
of fats containing trans unsaturated fatty acids
(trans fats) in the diet of developed nations is

Table 4 The primary dyslipoproteinemias

Type Changes in plasma Apparent genetic disorder Biochemical defect

Lipids Lipoproteins

I TAG " CM " Familial LPL deficiency Loss of LPL activity

II-a C " LDL " Familial hypercholesterolemia Deficiency of LDL receptor and

activity

II-b C ", TAG " LDL, VLDL " Familial combined

hyperlipidemia

Unknown

III C ", TAG " �-VLDL " Familial type III hyperlipidemia Defect in TAG-rich remnant

clearance

IV TAG " VLDL " Familial hypertriacylglycerolemia VLDL synthesis ", catabolism #
V TAG ", C " VLDL ", CM " Familial type V

hyperlipoproteinemia

Lipolysis of TGA-rich LP #,
Production of VLDL TAG "

Hyper Lp(a) C " Lp(a) " Familial hyper apo(a)

lipoproteinemia

Inhibits fibrinolysis

Hyperapobeta-

lipoproteinemia

TAG " VLDL, LDL " Familial type V

hyperlipoproteinemia

CETP deficiency

Familial hypobeta-

lipoproteinemia

C #, TAG # CM #, VLDL ",
LDL #

? Inability to synthesize apo B-48

and apo B-100

A-beta-lipoproteinemia C #, TAG # CM #, VLDL #,
LDL #

? Apo B-48 and apo B-100 not

secreted into plasma

Hypo-alphalipoproteinemia C #, TAG # HDL # ? LCAT deficiency

Tangier disease Apo A-I #, apo C-III #
Fish eye disease Abnormal apo A-I, and apo A-II

metabolism

C, cholesterol; CM, chylomicrons; CETP, cholesteryl ester transfer protein; HDL, LDL, VLDL, high-, low-, and very-low-density

lipoprotein; LCAT, lecithin-cholesterol acyltransferase; LPL, lipoprotein lipase; TAG, triacylglycerol.

Table 5 Secondary dyslipoproteinemias

Type Associated disease Lipoproteins elevated Apparent underlying defect

I Lupus erythematosis Chylomicrons Circulating LPL inhibitor

II Nephrotic syndrome, Cushing’s syndrome VLDL and LDL Overproduction of VLDL particles,

defective lipolysis of VLDL triglycerides

III Hypothyroidism, dysglobulinemia VLDL and LDL Suppression of LDL receptor activity,

overproduction of VLDL triglycerides

IV Renal failure, diabetes mellitus, acute hepatitis VLDL Defective lipolysis of triglyceride-rich

VLDL due to inhibition of LPL and HL

V Noninsulin dependent diabetes VLDL Overproduction and defective lipolysis of

VLDL triglycerides

HDL, LDL, VLDL, high-, low, and very-low-density lipoprotein; HL, hepatic lipase; LPL, lipoprotein lipase.
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hydrogenated fat, such as is present in commercial
margarines and cooking fats. Interest in trans fat
effects on atherosclerosis and cholesterolemia was
first evinced in the 1960s. In general, trans fats
behave like saturated fats and raise serum choles-
terol levels, but have not been found to be more
atherogenic than saturated fats in studies carried
out in rabbits, monkeys, and swine. Studies have
also shown that trans fat effects may be relatively
small if the diet contains sufficient quantities of
essential fatty acids.

Studies, clinical and epidemiological, on the influ-
ence of trans unsaturated fats on the risk of coron-
ary heart disease have continued. The evidence is
that trans fats may influence the chemical indicators
of heart disease risk but final proof must rest on
verification by clinical trial. The concerns relative
to trans fat effects have led to recommendations
that the levels of trans fats present in the diet be
reduced as much as possible. The availability of
trans-free margarines and other fats may render the
entire argument obsolete.

Protein

The type of protein in the diet also influences cho-
lesterolemia and atherosclerosis. In animal studies in
which the sole source of protein is of animal or plant
origin, the former is more cholesterolemic than
atherogenic. However, a 1:1 mix of animal and
plant protein provides the higher-grade protein of
animal protein and the normocholesterolemic effects
of plant protein. The results underline the need for a
balanced diet.

Fiber

Dietary fiber may influence lipidemia and athero-
sclerosis. Substances designated as insoluble fibers
(wheat bran, for instance) possess laxative proper-
ties but have little effect on serum lipid levels.
Soluble fibers (gel-forming fibers such as pectin or
guar gum) influence lipidemia and glycemia. Oat
bran, which contains �-glucans, which are soluble
fibers, will lower cholesterol levels despite its
designation.

Variations in Cholesterol Levels

Ignoring the differences of technique involved in
cholesterol measurement in the laboratory – varia-
tions that are amenable to resolution – there are
physiological considerations that should be recog-
nized. Age, gender, genetics, adiposity, and person-
ality traits can affect cholesterol levels, as can

diseases unrelated to coronary disease. Stress (job
stress, deadlines, examinations) can lead to
increased cholesterol levels.

A definite seasonal variation in cholesterol levels
(usually higher in winter months) has been seen in a
number of studies. Scientists from the National
Institutes of Health in the US carried out one of
the finest studies in this area. They examined care-
fully the data from the 10 American Lipid Research
Clinics. They observed that the etiology of their
findings was unknown but they found the total and
LDL cholesterol levels varied inversely with length
of day. The level of HDL cholesterol varied much
less, but its variation was correlated directly with
ambient temperature. The foregoing does not reduce
the importance of measuring cholesterol levels but
makes it important to take into consideration the
subjects’ physical and mental state as well as time
of year.

Figure 2 attempts to summarize the many factors
now considered to play a role in the formation of
the atherosclerotic plaque.

See also: Coronary Heart Disease: Prevention. Fatty
Acids: Trans Fatty Acids.
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Introduction

Coronary heart disease (CHD) is the leading cause
of death in the world. While it is well established as
the foremost contributor to mortality in most devel-
oped countries, it is also a major and rapidly rising
cause of death in many developing countries. Global
health transitions, which have seen substantial
changes in age-specific coronary mortality rates
across the world, in the past half a century, have
also been associated with changes in nutrition,
which explain a large part of the rise or fall of
CHD-related death rates.

Diet and nutrition have been extensively investi-
gated as risk factors for CHD. Many dietary factors
have been linked directly to an increased or
decreased risk of CHD or to major established risk
factors of CHD like high blood pressure, disordered
blood fats (dyslipidemia), diabetes and metabolic
syndrome, overweight and obesity, and also to
emerging risk factors like inflammatory markers
and homocysteine. Nutrition influences atherogen-
esis, thrombosis, and inflammation – all of which
are interconnected pathways that lead to CHD.

Observational epidemiological studies and clinical
trials have contributed to a wide body of knowledge
of the role that some nutrients (like saturated and
trans fats, salt, and refined carbohydrates) play in

increasing the risk of CHD and of the protective effect
of other nutrients (such as fruit and vegetables, poly-
unsaturated fats, nuts, and fish) against CHD. This
knowledge has been successfully applied both in pub-
lic health and in clinical practice to reduce the risk of
CHD in populations as well as in individuals. The
present state of that knowledge, as relevant to pre-
vention of CHD, is summarized below.

Global Trends in CHD as a Reflection of
Nutrition Transition

Coronary heart disease accounted for 7.2million
deaths in 2002, which forms a large fraction of
not only the total number of deaths worldwide
due to cardiovascular diseases (16.6million) but
also of the global total number of deaths from
any cause (57million). While age-specific coron-
ary mortality rates have declined in the industrial
countries over the past three decades, the absolute
burdens of CHD continue to be high. CHD death
rates are rising in the developing countries, where
about half of these deaths occur below the age of
70 years. In Eastern and Central Europe CHD
mortality rates rose sharply in the 1980s and
1990s and have only recently shown signs of
stabilization, albeit at high levels.

These changes in CHD mortality rates have
accompanied well-documented or clearly discern-
ible shifts in the nutritional state of the popula-
tions. The decline of CHD mortality in Western
and Northern Europe was linked to a reduction in
the consumption of unhealthy fats (saturated fats
and trans fats) and salt as well as an increased
consumption of fruits and vegetables. This is best
documented in The Netherlands and Finland.
Similarly, the recent decline of CHD mortality in
Poland was explained by the increase in fruit and
vegetable consumption and growing substitution
of vegetable fats for animal fats. Similar evidence
of a favorable nutrition transition preceding the
decline in CHD mortality rates is available from
other developed countries like the US, Canada,
Australia, and New Zealand.

The developing countries have, however, wit-
nessed a recent transition in the opposite direction.
China, for example, has experienced a large
increase in fat consumption over the past two dec-
ades, accompanied by a progressive rise in the
mean plasma cholesterol levels of the population
as well as in the CHD mortality rates. Other devel-
oping countries are also increasingly adopting
unhealthy dietary patterns that augment the risk
of CHD.
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Understanding the Links between
Nutrition and CHD

The pathogenesis of CHD is mediated through the
interconnected pathways of atherogenesis (fat
deposition in the walls of the coronary arteries to
form plaques), thrombosis (blood clotting over
disrupted plaques) and inflammation (which initially
damages the blood vessel walls and continues to
destabilize the plaques). Nutrition has a major role
in influencing each of these pathways and often
provides the connecting link between them.

Major coronary risk factors include an abnormal
blood lipid profile (especially plasma cholesterol and
its subfractions), high blood pressure, and diabetes.
Overweight and obesity (both the general and cen-
tral patterns) are also associated with an increased
risk of CHD. Nutrition has a powerful influence on
all of these risk factors, with an unhealthy diet
pattern tending to elevate them and a healthy diet
pattern reducing the levels of risk. Diet becomes
especially important in the context of the metabolic
syndrome (a complex of central obesity, high blood
pressure, dyslipidemia, and glucose intolerance), an
entity which is being increasingly identified as a
major risk factor for CHD. Nutrition is also linked
to the propensity to develop cardiac arrhythmias, in
the setting of CHD, and is an important predictor
of sudden cardiac death. These links between diet-
ary patterns and several specific nutrients not only
manifest as fat deposition in the arteries, plaque
growth, plaque instability, and thrombosis but are
evident much earlier in the natural history of CHD,
as endothelial dysfunction (inability of the arteries
to dilate normally), elevated levels of inflammatory
markers (such as C reactive protein), and increased
intimal medial thickness of arterial walls. These
precede and predict the clinical manifestation
of CHD.

Nutrients and CHD

Dietary Fats: Cholesterol

The relationship between dietary fats and cardiovas-
cular disease (CVD), especially CHD, has been
extensively investigated, with strong and consistent
associations emerging from a wide body of evidence
accrued from animal experiments, as well as obser-
vational studies, clinical trials, and metabolic studies
conducted in diverse human populations. This rela-
tionship was initially considered to be mediated
mainly through the atherogenic effects of plasma
lipids (total cholesterol, lipoprotein fractions, and
triglycerides). The effects of dietary fats on

thrombosis and endothelial function as well as the
relationship of plasma and tissue lipids to the path-
ways of inflammation have been more recently
understood. Similarly, the effects of dietary fats on
blood pressure have also become more evident
through observational and experimental research.

Cholesterol in the blood and tissues is derived
from two sources: diet and endogenous synthesis.
Dairy fat and meat are major dietary sources. Diet-
ary cholesterol raises plasma cholesterol levels.
Although both high-density lipoprotein (HDL) and
low-density lipoprotein (LDL) fractions increase, the
effect on the total/HDL ratio is still unfavorable, but
small. The upper limit for dietary cholesterol intake
has been prescribed, in most guidelines, to be
300mgday�1. However, as endogenous synthesis is
sufficient to meet the physiological needs, there is no
requirement for dietary cholesterol and it is advisa-
ble to keep the intake as low as possible. If intake of
dairy fat and meat are controlled, then there is no
need for severe restriction of egg yolk intake,
although some limitation remains prudent.

Saturated Fatty Acids (SFAs)

The relationship of dietary saturated fat to plasma
cholesterol levels and to CHD was graphically
demonstrated by the Seven Countries Study invol-
ving 16 cohorts, in which saturated fat intake
explained up to 73% of the total variance in CHD
across these cohorts. In the Nurses’ Health Study,
the effect of saturated fatty acids was much more
modest, especially if saturates were replaced by car-
bohydrates. The most effective replacement for satu-
rated fatty acids in terms of CHD prevention is by
polyunsaturated fatty acids (PUFAs). This agrees
with the outcome of large randomized clinical trials,
in which replacement of saturated and trans fats by
polyunsaturated vegetable oils effectively lowered
CHD risk.

Trans-Fatty Acids (t-FAs)

t-FAs (Trans-Fatty Acids) are geometrical isomers of
unsaturated fatty acids that assume a saturated fatty
acid-like configuration. Partial hydrogenation, the
process used to create t-FAs, also removes essential
fatty acids such as LA (Linoleic Acid) and ALNA
(Alpha Linolenic Acid). Metabolic studies have
demonstrated that t-FAs render the plasma lipid
profile even more atherogenic than SFAs, by not
only elevating LDL cholesterol to similar levels but
also decreasing HDL cholesterol. As a result, the
ratio of LDL cholesterol to HDL cholesterol is sig-
nificantly higher with a t-FA diet (2.58) than with a
SFA diet (2.34) or an oleic acid diet (2.02). This
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greatly enhances the risk of CHD. Evidence that
intake of t-FAs increases the risk of CHD initially
became available from large population-based
cohort studies in the US and in an elderly Dutch
population. Eliminating t-FAs from the diet would
be an important public health strategy to prevent
CHD. Since these are commercially introduced
agents into the diet, policy measures related to the
food industry practices would be required along
with public education. t-FAs have been eliminated
from retail fats and spreads in many parts of the
world, but deep-fat fried fast foods and baked goods
are a major and increasing source.

Monounsaturated Fatty Acids (MUFAs)

The only nutritionally important MUFA is oleic
acid, which is abundant in olive and canola oils
and also in nuts. The epidemiological evidence
related to MUFAs and CHD is derived from studies
on the Mediterranean diet (see below), as well as
from the Nurses’ Health Study and other similar
studies in the US.

Polyunsaturated Fatty Acids (PUFAs)

PUFAs are categorized as n-6 PUFAs (mainly derived
from linoleic acid) and n-3 PUFAs (mainly present in
fatty fish and also derived from alpha-linoleic acid).
Clinical trials, in which n-6 PUFAs (containing lino-
leic acid) were substituted for SFAs showed a greater
impact on reduction of both plasma cholesterol and
CHD risk, in contrast to trials where low-fat diets
were employed.

Much of the epidemiological evidence related to
n-3 PUFAs is derived from the study of fish con-
sumption in populations or interventions involving
fish diets in clinical trials. Fish oils were, however,
used in a large clinical trial of 11 300 survivors of
myocardial infarction. After 3.5 years of follow-up,
the fish oil group (1 g day�1) had a statistically sig-
nificant 20% reduction in total mortality, 30%
reduction in cardiovascular death, and 45%
decrease in sudden death.

The Lyon Heart Study in France incorporated an
n-3 fatty acid (alpha-linolenic acid) into a diet that
was altered to develop a ‘Mediterranean diet’ inter-
vention. In the experimental group, plasma ALNA
and EPA (Eicosapentenoic Acid) increased signifi-
cantly and the trial reported a 70% reduction in
cardiovascular mortality at 5 years. Total and LDL
cholesterol were identical in the experimental and
control groups, suggesting that thrombotic and per-
haps arrhythmic events may have been favorably
influenced by n-3 PUFAs. Since the diet altered
many other variables, such as fiber and antioxidants

(by increasing fruit and vegetable consumption),
direct attribution of benefits to n-3 PUFAs becomes
difficult to establish.

The proportions of SFAs, MUFAs, and PUFAs as
constituents of total fat intake and total energy con-
sumption have engaged active attention, in view of
the strong relationship of these fatty acids to the risk
of CHD. The reduction of SFAs in the diet has been
widely recommended, but its replacement has been
an area of debate, as to whether the place of reduced
SFAs should be taken by MUFAs, PUFAs, or carbo-
hydrate. Both MUFAs and PUFAs improve the lipo-
protein profile, although PUFAs are somewhat more
effective. In view of this, several recent dietary
recommendations suggested that SFAs should be
kept below 10% of daily energy intake (preferably
reduced to 7–8%), MUFAs should be increased to
13–15%, and PUFAs raised to 7–10% of daily
energy, with the total fat contributing to less than
30% of all calories consumed. These may need to be
adjusted for populations who consume less quanti-
ties of total fat, so as to ensure an adequate intake of
MUFAs and PUFAs even under those circumstances.
The emphasis is now shifting from the quantity of
fat to the quality of fat, with growing evidence that
even diets with 30–35% fat intake may be protective
if the type of fats consumed are mostly from the
MUFA and PUFA categories. Enhancing the nutri-
tional quality of dietary fat consumption, to provide
greater cardiovascular protection, may be attempted
by decreasing the sources of saturated fats and elim-
inating t-FAs in the diet, increasing the consumption
of foods containing unsaturated fatty acids (both
MUFAs and PUFAs), and decreasing dietary choles-
terol consumption.

Carbohydrates

Diets which are high in refined carbohydrates
appear to reduce HDL cholesterol levels and
increase the fraction of small dense LDL, both of
which may impact adversely on vascular disease.
This dyslipidemic pattern is consistent with the ele-
vation of plasma triglycerides and is typical of the
‘metabolic syndrome.’ Carbohydrate diets with high
glycemic index might adversely impact on glucose
control, with associated changes in plasma lipids,
and have been linked to an increased risk of CHD.

Fiber

Most soluble fibers reduce plasma total and LDL
cholesterol concentrations, as reported by several
trials. Fiber consumption strongly predicts insulin
levels, weight gain, and cardiovascular risk factors
like blood pressure, plasma triglycerides, LDL and
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HDL cholesterol, and fibrinogen. Several large
cohort studies in the US, Finland, and Norway
have reported that subjects consuming relatively
large amounts of whole-grain cereals have signifi-
cantly lower rates of CHD.

Antioxidants

Though several cohort studies showed significant
reductions in the incidence of cardiac events in men
and women taking high-dose vitamin E supplements,
large clinical trials failed to demonstrate a cardiopro-
tective effect of vitamin E supplements. Beta-carotene
supplements also did not provide protection against
CHD and, in some trials, appeared to increase the risk.

Folate

The relationship of folate to CVD has been mostly
explored through its effect on homocysteine, which
has been put forward as an independent risk factor
for CHD. Reduced plasma folate has been strongly
associated with elevated plasma homocysteine levels
and folate supplementation has been demonstrated
to decrease those levels. Data from the Nurses’
Health Study in the US showed that folate and
vitamin B6, from diet and supplements, conferred
protection against CHD (fatal and nonfatal events
combined) and suggested a role for their increased
intake as an intervention for primary prevention of
CHD. Recommendations related to folate supple-
mentation must, however, await the results of
ongoing clinical trials. Dietary intake of folate
through natural food sources may be encouraged in
the meanwhile, especially in individuals at a high
risk of arterial or venous thrombosis and elevated
plasma homocysteine levels.

Flavonoids and Other Phytochemicals

Flavonoids are polyphenolic antioxidants, which
occur in a variety of foods of vegetable origin, such
as tea, onions, and apples. Data from several prospec-
tive studies indicate an inverse association of dietary
flavonoids with CHD. The role of these and other
phytochemicals (such as plant stanols and sterols) in
relation to CHD needs to be elucidated further.

Sodium and Potassium

High blood pressure (HBP) is a major risk factor for
CHD. The relative risk of CHD, for both systolic
and diastolic blood pressures, operates in a conti-
nuum of increasing risk for rising pressure but the
absolute risk of CHD is considerably modified by
coexisting risk factors (such as blood lipids and
diabetes), many of which are also influenced by
diet. A cohort study in Finland observed a 51%

greater risk of CHD mortality with a 100mmol
increase in 24-h urinary sodium excretion. Several
clinical trials have convincingly demonstrated the
ability of reduced sodium diets to lower blood pres-
sure. A meta-analysis of long-term trials suggests
that reducing daily salt intake from 12 g day�1 to
3 g day�1 is likely to reduce CHD by 25% (and
strokes by 33%). Even more modest reductions
would have substantial benefits (10% lower CHD
for a 3-g salt reduction). The benefits of dietary
potassium in lowering blood pressure have been
well demonstrated but specific effects on CHD risk
have not been well studied. Keeping the dietary
sodium:potassium ratio at a low level is essential to
avoid hypertension.

Food Items

Fruits and Vegetables

A systematic review reported that nine of ten ecolog-
ical studies, two of three case–control studies, and
six of sixteen cohort studies found a significant pro-
tective association for CHD with consumption of
fruits and vegetables or surrogate nutrients. In a
12-year follow-up of 15 220 male physicians in the
US, men who consumed at least 2.5 servings of
vegetables per day were observed to have a 33%
lower risk for CHD, compared with men in the
lowest category (<1 serving per day). A follow-up
study of NHANES (National Health and Nutrition
Examination Survey), a large national survey in the
US, also reported a coronary protective effect of
regular fruit and vegetable intake. Persons who con-
sumed fruits and vegetables 3 or more times a day
were at 24% lower risk than those who consumed
less than one portion a day. A global study of risk
factors of CHD in 52 countries (INTERHEART)
also reported low consumption of fruit and vegeta-
bles to be a major risk factor, across all regions.

Fish

In the UK diet and reinfarction trial, 2-year mortality
was reduced by 29% in survivors of a first myocardial
infarction in those receiving advice to consume fatty
fish at least twice a week. A meta-analysis of 13 large
cohort studies suggests a protective effect of fish
intake against CHD. Compared with those who
never consumed fish or did so less than once a
month, persons who ate fish had a lower risk of
CHD (38% lower for 5 or more times a week, 23%
lower for 2–4 times a week, 15% lower for once a
week, and 11% lower for 1–3 times a month). Each
20 g day�1 increase in fish consumption was related
to a 7% lower risk of CHD.
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Nuts

Several large epidemiological studies, the best
known among them being the Adventist Health
Study, demonstrated that frequent consumption of
nuts was associated with decreased risk of CHD.
The extent of risk reduction ranged from 18% to
57% for subjects who consumed nuts more than 5
times a week compared to those who never con-
sumed nuts. An inverse dose–response relationship
was demonstrated between the frequency of nut
consumption and the risk of CHD, in men as well
as in women. Most of these studies considered nuts
as a group, combining many types of nuts (walnuts,
almonds, pistachio, pecans, macadamia nuts, and
legume peanuts).

Soy

Soy is rich in isoflavones, compounds that are
structurally and functionally similar to estrogen.
Several animal experiments suggest that intake of
these isoflavones may provide protection against
CHD, but human data on efficacy and safety are
still awaited. Naturally occurring isoflavones,
isolated with soy protein, reduced the plasma
concentrations of total and LDL cholesterol
without affecting the concentrations of triglycer-
ides or HDL cholesterol in hypercholesterolemic
individuals.

Dairy Products

Dairy consumption has been correlated positively, in
ecological studies, with blood cholesterol as well as
coronary mortality. Milk consumption correlated
positively with coronary mortality rates in 43 coun-
tries and with myocardial infarction in 19 regions of
Europe.

Alcohol

The relationship of alcohol to overall mortality and
cardiovascular mortality has generally been
J-shaped, when studied in Western populations in
whom the rates of atherothrombotic vascular disor-
ders are high. The protective effect of moderate
ethanol consumption is primarily mediated through
its effect on the risk of CHD, as supported by more
than 60 prospective studies. A consistent coronary
protective effect has been observed for consumption
of 1–2 drinks per day of an alcohol-containing bev-
erage but heavy drinkers have higher total mortality
than moderate drinkers or abstainers, as do binge
drinkers.

Composite Diets and CHD

The Mediterranean diet

The traditional Mediterranean diet has been
described to have eight components:

1. high monounsaturated-to-saturated fat ratio;
2. moderate ethanol consumption;
3. high consumption of legumes;
4. high consumption of cereals (including bread);
5. high consumption of fruits;
6. high consumption of vegetables;
7. low consumption of meat and meat products; and
8. moderate consumption of milk and dairy

products.

Most of these features are found in many diets in
that region. The characteristic component is olive
oil, and many equate a Mediterranean diet with
consumption of olive oil.

A secondary prevention trial of dietary inter-
vention in survivors of a first recent myocardial
infarction (the Lyon Heart study), which aimed to
study the cardioprotective effects of a ‘Mediterra-
nean type’ of diet, actually left out its most char-
acteristic component, olive oil. The main fat
source was rapeseed oil. Vegetables and fruits
were also increased in the diet. On a 4-year fol-
low-up, the study reported a 72% reduction in
cardiac death and nonfatal myocardial infarction.
The risk of overall mortality was lowered by
56%. Large cohort studies in Greece and in sev-
eral elderly European population groups have
also recently reported a protective effect against
CHD and better over all survival in persons con-
suming a Mediterranean type of diet. The protec-
tion was afforded by the composite diet rather
than by any single component. Improvement in
metabolic syndrome and reduction of inflamma-
tory markers has also been observed with this
diet, which may explain part of the protection
against CHD.

DASH Diets

A composite diet, employed in the Dietary Approaches
to Stop Hypertension (DASH) trials, has been found to
be very effective in reducing blood pressure in persons
with clinical hypertension as well as in people with
blood pressure levels below that threshold. This diet
combines fruits and vegetables with food products that
are low in saturated fats. The blood pressure lowering
effect is even greater when the DASH diet is modified
to reduce the sodium content. Though the effects on
CHD prevention have not been directly studied, the
blood pressure and lipid-lowering effects of the low
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salt-DASH diet are likely to have a substantial impact
on CHD risk.

Vegetarian Diets

A reduced risk of CVD has been reported in popula-
tions of vegetarians living in affluent countries and
in case–control comparisons in developing countries.
Reduced consumption of animal fat and increased
consumption of fruit, vegetables, nuts, and cereals
may underlie such a protective effect. However,
‘vegetarian diets’ per se need not be healthful. If
not well planned, they can contain a large amount
of refined carbohydrates and t-FAs, while being defi-
cient in the levels of vegetable and fruit consump-
tion. The composition of the vegetarian diet should,
therefore, be defined in terms of its cardioprotective
constituents.

Prudent versus Western Patterns

In the Health professionals follow-up study in the
US, a prudent diet pattern was characterized by
higher intake of vegetables, fruits, legumes, whole
grains, fish, and poultry, whereas the Western
pattern was defined by higher intake of red meat,
processed meat, refined grains, sweets and dessert,
French fries, and high-fat dairy products. After
adjustment for age and other coronary risk factors,
relative risks, from the lowest to the highest quin-
tiles of the prudent pattern score, were 1.0, 0.87,
0.79, 0.75, and 0.70, indicating a high level of
protection. In contrast, the relative risks, across
increasing quintiles of the western pattern, were
1.0, 1.21, 1.36, 1.40, and 1.64, indicating a mount-
ing level of excess risk. These associations persisted
in subgroup analyses according to cigarette smok-
ing, body mass index, and parental history of myo-
cardial infarction.

Japanese Diet

The traditional Japanese diet has attracted much
attention because of the high life expectancy and
low CHD mortality rates among the Japanese. This
diet is low in fat and sugar and includes soy,
seaweeds, raw fish, and a predominant use of rice.
It has been high in salt, but salt consumption has
recently been declining in response to Japanese
Health Ministry guidelines.

Prevention Pathways

The powerful relationship of specific nutrients, food
items and dietary patterns to CHD has been persua-
sively demonstrated by observational epidemiologi-
cal studies (which indicate the potential for primary

prevention in populations) and by clinical trials
(which demonstrate the impact on secondary pre-
vention in individuals).

Atherosclerotic vascular diseases (especially
CHD) are multifactorial in origin. Each of the risk
factors operates in a continuous manner, rather
than across an arbitrary threshold. When multiple
risk factors coexist, the overall risk becomes multi-
plicative. As a result of these two phenomena, the
majority of CHD events occurring in any popula-
tion arise from any individuals with modest eleva-
tions of multiple risk factors rather than from the
few individuals with marked elevation of a single
risk factor.

These phenomena have two major implications
for CHD prevention. First, it must be recognized
that a successful prevention strategy must com-
bine population-wide interventions (through pol-
icy measures and public education) with
individual risk reduction approaches (usually
involving counseling and clinical interventions).
Second, diet is a major pathway for CHD preven-
tion, as it influences many of the risk factors for
CHD, and can have a widespread impact on
populations and substantially reduce the risk in
high-risk individuals. Even small changes in blood
pressure, blood lipids, body weight, central obe-
sity, blood sugar, inflammatory markers, etc., can
significantly alter the CHD rates, if the changes
are widespread across the population. Modest
population-wide dietary changes can accomplish
this, as demonstrated in Finland and Poland. At
the same time, diet remains a powerful intervention
to substantially reduce the risk of a CHD-related
event in individuals who are at high risk due to
multiple risk factors, prior vascular disease, or
diabetes.

A diet that is protective against CHD should inte-
grate: plenty of fruits and vegetables (400–600gday�1);
a moderate amount of fish (2–3 times a week); a
small quantity of nuts; adequate amounts of PUFAs
and MUFAs (together constituting about 75% of
the daily fat intake); low levels of SFAs (less than
25% of the daily fat intake); limited salt intake
(preferably less than 5 day�1); and restricted use of
sugar. Such diets should be culturally appropriate,
economically affordable, and based on locally avail-
able foods.

National policies and international trade practices
must be shaped to facilitate the wide availability and
uptake of such diets. Nutrition counseling of indivi-
duals at high risk must also adopt these principles
while customizing dietary advice to specific needs of
the person. CHD is eminently preventable, as evi-
dent from research and demonstrated in practice
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across the world. Appropriate nutrition is a major
pathway for CHD prevention and must be used
more widely to make CHD prevention even more
effective at the global level.

See also: Antioxidants: Diet and Antioxidant Defense;
Observational Studies; Intervention Studies. Coronary
Heart Disease: Lipid Theory. Dietary Fiber: Role in
Nutritional Management of Disease. Fatty Acids:
Monounsaturated; Omega-3 Polyunsaturated; Omega-6
Polyunsaturated; Saturated. Fish. Folic Acid.
Potassium. Sodium: Physiology; Salt Intake and Health.
Vegetarian Diets.
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Introduction

It has long been recognized that both animal feedstuffs
and human foods contain poorly digestible compo-
nents, which do not contribute to nutrition in the
classical sense of providing essential substances or
metabolic energy. With the development of scientific
approaches to animal husbandry in the nineteenth
century, the term ‘crude fiber’ was coined to describe
the material that remained after rigorous nonenzymic
hydrolysis of feeds. During the twentieth century,
various strands of thought concerning the virtues of
‘whole’ foods, derived from plant components that
had undergone only minimal processing, began to
converge, leading eventually to the dietary fiber
hypothesis. Put simply, this states that the nondigesti-
ble components of plant cell walls are essential for the
maintenance of human health.

In the early 1970s the physician and epidemiolo-
gist Hugh Trowell recognized that the crude fiber
figures available at the time for foods had little
physiological significance and were of no practical
value in the context of human diets. He was
amongst the first to use the term dietary fiber to
describe the ‘remnants of plant cell walls resistant
to hydrolysis (digestion) by the alimentary enzymes
of man.’ This definition was later refined and given
the more quantitative form: ‘‘The sum of lignin and
the plant polysaccharides that are not digested by
the endogenous secretions of the mammalian

digestive tract.’’ This definition paved the way for
the development of analytical methods that could be
used to define the fiber content of human foods.
Broadly, these techniques are based on enzymic
removal of the digestible elements in food, followed
by either gravimetric analysis of the residue (‘South-
gate’ and Association of Analytical Chemists
(AOAC) methods), which results in the retention
of some undigested starch, or chemical analysis
(‘Englyst’ method), which enables a more precise
separation of starch from the structural
polysaccharides of the cell wall. In the latter case,
the cell wall components are defined as ‘nonstarch
polysaccharides’ (NSP). Whatever analytical ap-
proach is used, both ‘dietary fiber’ and nonstarch
polysaccharides are shorthand terms for large and
complex mixtures of polysaccharides. The compo-
nents of such mixtures vary widely among foods and
they often share few properties other than resistance
to digestion in the small intestine. A summary of the
main types of plant cell polysaccharides contained in
the general definition of dietary fiber is given in
Table 1.

In recent years this problem has been made more
complex in some ways because of the explosion of
interest in functional foods for gastrointestinal
health. These often contain high levels of novel
oligo- and polysaccharides, which might perhaps
be regarded as analogs of dietary fiber. Fructose
oligosaccharides, which are nondigestible but highly
fermentable, are now often added to foods as pre-
biotic substrates for the colonic microflora. Such
materials may not fit the original definition of diet-
ary fiber, but it is certainly not helpful to exclude
them from the contemporary concept, which
needs to expand to accommodate modern
developments.



The presence of large undigested cell wall frag-
ments, finely dispersed particulates, or soluble poly-
saccharides can alter physiological processes
throughout the gut. The effects of different fiber
components depend upon their varied physical and
chemical properties during digestion, and also upon
their susceptibility to degradation by bacterial
enzymes in the colon. The complex nature of the
various substances covered by the general definition
of dietary fiber means that a single analytical value
for the fiber content of a food is a poor guide to its
physiological effects. This article will review the
main mechanisms of action of resistant polysacchar-
ides in the alimentary tract and their implications
for human health.

Sources and Types of Dietary Fiber

The main sources of dietary fiber in most Western
diets are well characterized, and high-quality data
are available for both food composition and dietary
intakes. This is not always true for diets in develop-
ing countries, however, and this problem bedevils
attempts to investigate the importance of fiber by
making international comparisons of diet and dis-
ease. Another problem is that different analytical
approaches give slightly different values for the diet-
ary fiber content of foods, and do not reflect the
physical and chemical properties of the different
polysaccharide components. The use of enzymic
hydrolysis to determine the ‘unavailable carbohy-
drate’ content of foods was refined by Southgate,
and his technique was used for the 4th edition of
the UK standard food tables, The Composition of
Foods published in 1978. The 6th edition, published
in 2002, contains values for nonstarch polysacchar-
ides, derived using the Englyst technique, but recom-
mends use of AOAC methods for food labeling
purposes. A comparison of values for nonstarch
polysaccharides and dietary fiber values obtained
by the AOAC method is given in Table 2.

In the UK about 47% of dietary fiber is obtained
from cereal products, including bread and breakfast
cereals. The level of cell wall polysaccharides in a
product made from flour depends on the extraction
rate, which is the proportion of the original grain
present in the flour after milling. Thus a ‘white’
flour with an extraction rate of 70% usually con-
tains about 3% NSP, whereas a ‘wholemeal’ flour
with an extraction rate of 100% contains about
10% NSP. The terms ‘soluble’ and ‘insoluble’ fiber
have been coined in order to partially overcome the
problem of the lack of correspondence between the
total analytical value for fiber and the physical
properties of the measured polysaccharides. By
adopting the Englyst technique for the separation
and chemical analysis of nonstarch polysaccharides
it is possible to specify both the soluble and insolu-
ble fiber content of foods. Some representative
values for soluble and insoluble fiber in cereal
foods are given in Table 3, and those for fruits and
vegetables, which provide a further 45% of the fiber
in UK diets, are given in Table 4.

Fiber in the Digestive Tract

The primary function of the alimentary tract is to
break down the complex organic macromolecules of
which other organisms are composed into smaller
molecules, which can then be selectively absorbed
into the circulation by specialized mucosal epithelial
cells. Food is conveyed progressively through the
alimentary tract, stored at intervals, and broken
down mechanically as required, by a tightly con-
trolled system of rhythmic muscular contractions.
The digestive enzymes are released into the lumen
at the appropriate stages to facilitate the decomposi-
tion of carbohydrates, proteins, and complex lipids.
By definition, the polysaccharides that comprise

Table 2 A Comparison of values for nonstarch polysaccharides

and dietary fiber

Food source Nonstarch

Polysaccharides

(Englyst method)

Total dietary

fiber

(AOAC method)

White bread 2.1 2.9

Brown bread 3.5 5.0

Wholemeal bread 5.0 7.0

Green vegetables 2.7 3.3

Potatoes 1.9 2.4

Fresh fruit 1.4 1.9

Nuts 6.6 8.8

Data modified from McCance and Widdowson’s (2002) The

Composition of Foods, 6th Edition, Cambridge: Royal Society

of Chemistry.

Table 1 Major components of dietary fiber

Food source Polysaccharides and related substances

Fruits and

vegetables

Cellulose, xyloglucans, arabinogalactans,

pectic substances, glycoproteins

Cereals Cellulose, arabinoxylans,

glucoarabinoxylans, �-D-glucans, lignin,

and phenolic esters

Legume seeds Cellulose, xyloglucans, galactomannans,

pectic substances

Manufactured

products

Gums (guar gum, gum arabic), alginates,

carrageenan, modified cellulose gums

(methyl cellulose, carboxymethyl cellulose)
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dietary fiber are not digested by endogenous
enzymes, though they are often fermented to a
greater or lesser degree by bacterial enzymes in the
large intestine.

The Mouth and Pharynx

The earliest stages of digestion begin in the mouth,
where food particles are reduced in size, lubricated
with saliva, and prepared for swallowing. The saliva
also contains the digestive enzyme salivary amylase,
which begins the hydrolysis of starch molecules. Cell
wall polysaccharides are an important determinant
of food texture, and they exert an indirect effect on
the degree of mechanical breakdown of plant foods
prior to swallowing. Hard foods tend to be chewed
more thoroughly than soft ones, and hence the pre-
sence of dietary fiber in unrefined foods may begin
to regulate digestion at a very early stage.

The Stomach

The first delay in the transit of food through the
digestive tract occurs in the stomach, where large
food fragments are further degraded by rigorous
muscular activity in the presence of hydrochloric
acid and proteolytic enzymes. The need to disrupt
and disperse intractable food particles and cell walls
appears to delay the digestive process significantly.
For example, the absorption of sugar from whole
apples is significantly slower than from apple juice.
Similarly, the rate at which the starch is digested and
absorbed from cubes of cooked potato has been
shown to be much slower when they are swallowed
whole than when they are chewed normally. Thus,
simple mechanical factors can limit the rate at
which glucose from carbohydrate foods enters the
circulation.

The Small Intestine

The small intestine is the main site of nutrient absorp-
tion, and it is in fact the largest of the digestive
organs in terms of surface area. The semi-liquid pro-
ducts of gastric digestion are released periodically
into the duodenum, and then propelled downstream
by peristaltic movements, at about 1 cmperminute.
The hydrolysis of proteins, triglycerides, and starch
continues within the duodenum and upper jejunum,
under the influence of pancreatic enzymes. The final
stages of hydrolysis of dietary macromolecules occur
under the influence of extracellular enzymes at the
mucosal surface. The released products are absorbed
into the circulation, along with water and electro-
lytes, via the specialized epithelial cells of the intest-
inal villi. Muscular activity in the small intestinal
wall, together with rhythmic contractions of the
villi, ensures that the partially digested chyme is
well stirred. In adults, the first fermentable residues
from a meal containing complex carbohydrates enter
the colon approximately 4.5h after ingestion. When
a solution containing indigestible sugar is swallowed

Table 4 Soluble and insoluble nonstarch polysaccharides in

some vegetables and fruits

Food source Nonstarch polysaccharides (g per 100g fresh

weight)

Total NSP Soluble NSP Insoluble NSP

Apples (Cox) 1.7 0.7 1.0

Oranges 2.1 1.4 0.7

Plums 1.8 1.2 0.6

Bananas 1.1 0.7 0.4

Potatoes 1.1 0.6 0.5

Sprouts 4.8 2.5 2.3

Peas (frozen) 5.2 1.6 3.6

Carrots 2.5 1.4 1.1

Courgettes 1.2 0.6 0.6

Runner beans 2.3 0.9 1.4

Baked beans 3.5 2.1 1.4

Tomato 1.1 0.4 0.7

Lettuce 1.2 0.6 0.6

Onion 1.7 0.9 0.8

Celery 1.3 0.6 0.7

Data modified from Englyst HN, Bingham SA, Runswick SS,

Collinson E, and Cummings JH (1989) Dietary fibre (non-starch

polysaccharides) in fruit vegetables and nuts. Journal of Human

Nutrition and Dietetics 1: 247–286.

Table 3 Soluble and insoluble nonstarch polysaccharides in

some cereal products and nuts

Food source Nonstarch polysaccharides (g per 100 g

fresh weight)

Total NSP Soluble NSP Insoluble

NSP

Sliced white bread 1.5 0.9 0.6

Sliced brown bread 3.6 1.1 2.5

Wholemeal bread 4.8 1.6 3.2

Spaghetti 1.2 0.6 0.6

Rye biscuits 11.7 3.9 7.8

Cornflakes 0.9 0.4 0.5

Crunchy oat cereal 6.0 3.3 2.7

Walnuts 3.5 1.5 2.0

Hazelnuts 6.5 2.5 4.0

Peanuts 6.2 1.9 4.3

Brazil nuts 4.3 1.3 3.0

Data modified from Englyst HN, Bingham SA, Runswick SS,

Collinson E, and Cummings JH (1989) Dietary fibre (non-starch

polysaccharides) in cereal products. Journal of Human

Nutrition and Dietetics 2: 253–271 and Englyst HN, Bingham SA,

Runswick SS, Collinson E, Cummings JH (1989) Dietary fibre

(non-starch polysaccharides) in fruit vegetables and nuts.

Journal of Human Nutrition and Dietetics 1: 247–286.
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without food it reaches the colon about 1.5h earlier
than when the same material is added to a solid meal
containing dietary fiber. The presence of solid food
residues slows transit, probably by delaying gastric
emptying and perhaps also by increasing the viscosity
of the chyme so that it tends to resist the peristaltic
flow. Soluble polysaccharides such as guar gum, pec-
tin, and �-glucan from oats increase mouth to cecum
transit time still further.

In creating the dietary fiber hypothesis, Trowell’s
principal interest was its role in the prevention of
metabolic disorders. In particular, he believed that
dietary fiber was a major factor in the prevention of
diabetes mellitus, which, he argued, was probably
unknown in Western Europe prior to the introduc-
tion of mechanized flour milling. In earlier times
the near-universal consumption of unrefined carbo-
hydrate foods would have ensured that intact indi-
gestible cell wall polysaccharides were present
throughout the upper alimentary tract during diges-
tion. This, according to Trowell and others, favored
slow absorption of glucose, which in turn placed less
strain upon the ability of the pancreas to maintain
glucose homeostasis. There is no doubt that type 2
diabetes has become more common in Western
countries as prosperity, and an excess of energy
consumption over expenditure, has grown. It is not
established that rapid absorption of glucose due to
consumption of refined starches is a primary cause
of diabetes, but the control of glucose assimilation is
certainly a key factor in its management. Cell wall
polysaccharides influence the digestion and absorp-
tion of carbohydrates in a variety of ways, and are a
major determinant of the ‘glycemic index,’ which is
essentially a quantitative expression of the quantity
of glucose appearing in the bloodstream after inges-
tion of a carbohydrate-rich food. To calculate
the index, fasted subjects are given a test meal of
the experimental food containing a standardized
quantity of carbohydrate. The change in concentra-
tion of glucose in the blood is then measured over a
period of time. The ratio of the area under the
blood-glucose curve in response to the test meal to
that produced by an equal quantity of a standard
reference food is then calculated and expressed as a
percentage. When glucose is used as the standard,
most complex starchy foods have glycemic indices
lower than 100%.

The physical resistance of plant cell walls during
their passage through the gut varies considerably
from one food to another. Cell walls that remain
intact in the small intestine will impede the access of
pancreatic amylase to starch. This is particularly
true of the cells of legume seeds, which have been
shown to retain much of their integrity during

digestion. Legume-based foods such as lentils and
chilli beans have glycemic indices that are amongst
the lowest of all complex carbohydrate foods. Even
when enzymes and their substrates do come into
contact, the presence of cell wall polysaccharides
may slow the diffusion of hydrolytic products
through the partially digested matrix in the gut
lumen. These effects of dietary fiber on carbohy-
drate metabolism emphasize once more that physio-
logical effects cannot be predicted from simple
analytical values for total fiber, because they are
consequences of cellular structure, rather than the
absolute quantity of cell wall polysaccharides within
the food.

Many studies on postprandial glycemia have
been conducted using isolated fiber supplements
such, as pectin or guar gum added to glucose test-
meals or to low-fiber sources of starch. They
demonstrate that, contrary to Trowell’s original
hypothesis, wheat bran and other insoluble cell
wall materials have little effect on glucose metabo-
lism. However, certain soluble polysaccharides,
such as guar gum, pectin, and oat �-glucan,
which form viscous solutions in the stomach and
small intestine, do slow the absorption of glucose.
Highly viscous food components may delay gastric
emptying and inhibit the dispersion of the digesta
along the small intestine, but the primary mechan-
ism of action appears to be suppression of convec-
tive stirring in the fluid layer adjacent to the
mucosal surface. The rapid uptake of monosac-
charides by the epithelial cells tends to reduce the
concentration of glucose in this boundary layer, so
that absorption from the gut lumen becomes rate-
limited by the relatively slow process of diffusion.
The overall effect is to delay the assimilation of
glucose and hence suppress the glycemic response
to glucose or starchy foods in both healthy volun-
teers and in people with diabetes. A similar mecha-
nism probably inhibits the reabsorption of cholesterol
and bile salts in the distal ileum and this may
account for the ability of some viscous types of
soluble dietary fiber such as guar gum and �-glucan
to reduce plasma cholesterol levels in humans.

One of the main reasons for developing analytical
methods to distinguish between soluble and insolu-
ble components of dietary fiber was to provide a
means of assessing the capacity of fiber-rich foods
to influence carbohydrate and lipid metabolism.
There is evidence that diets that provide 30–50%
of their fiber in the form of soluble polysaccharides
are associated with lower cholesterol levels and bet-
ter glycemic control than diets that contain mostly
insoluble fiber. Several officially recognized sets of
guidelines for patients with impaired glucose
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metabolism and its complications (syndrome X)
now specifically recommend a high intake of carbo-
hydrate foods that are rich in soluble fiber.

Some of the interactions between cell wall poly-
saccharides and other food components in the small
intestine are much more specific. There has been
considerable interest over a number of years in the
possibility that the polysaccharides and complex
phenolic components of cell walls contain polar
groups that could interact with and bind ionized
species in the gastrointestinal contents, thereby redu-
cing their availability for absorption. Intraluminal
binding of heavy metals, toxins, and carcinogens
might be a valuable protective mechanism, but bind-
ing of micronutrients could seriously compromise
nutritional status.

Interactions of this type can be shown to occur
in vitro, and studies with animals and human ileos-
tomists suggest that charged polysaccharides such as
pectin can displace cations into the colon under
experimental conditions. However, there is little
objective evidence that dietary fiber per se has
much of an adverse effect on mineral metabolism
in humans. Indeed, highly fermentable polysacchar-
ides and fructose oligosaccharides have recently
been shown to promote the absorption of calcium
and magnesium in both animal and human studies.
The mechanism for the effect is not entirely clear,
but it is probably a consequence of fermentation
acidifying the luminal contents of the colon and
enhancing carrier-mediated transport of minerals
across the colonic mucosa.

In unprocessed legume seeds, oats, and other cere-
als phytate (myo-inositol hexaphosphate) is often
present in close association with cell wall polysac-
charides. Unlike the polysaccharides themselves,
phytate does exert a potent binding effect on miner-
als, and has been shown to significantly reduce the
availability of magnesium, zinc, and calcium for
absorption in humans. Phytate levels in foods can
be reduced by the activity of endogenous phytase,
by hydrolysis with exogenous enzymes, or by fer-
mentation. Dephytinized products may therefore be
of benefit to individuals at risk of suboptimal
mineral status. However, there are indications from
animal and in vitro studies that phytate is an antic-
arcinogen that may contribute to the protective
effects of complex fiber-rich foods. The overall sig-
nificance of phytate in the diet therefore requires
further assessment in human trials.

The Large Intestine

Microorganisms occur throughout the alimentary
tract but in healthy individuals their numbers and

diversity are maintained within strict limits by the
combined effects of intraluminal conditions, rapid
transit, and host immunity. The colon and rectum,
however, are adapted to facilitate bacterial coloniza-
tion, and the typical adult human colonic microflora
has been estimated to contain about 400 different
bacterial species. The largest single groups present
are Gram-negative anaerobes of the genus Bacter-
oides, and Gram-positive organisms including bifi-
dobacteria, eubacteria, lactobacilli, and clostridia.
However, a large proportion of the species present
cannot be cultured in vitro and are very poorly
characterized.

The proximal colon, which receives undigested
food residues, intestinal secretions, and the remnants
of exfoliated enterocytes from the distal ileum, con-
tains around 200 g of bacteria and substrates in a
semiliquid state. These conditions are ideal for bac-
terial fermentation. Most of the bacteria of the
human colon utilize carbohydrate as a source of
energy, although not all can degrade polysaccharides
directly. Many that are ultimately dependent upon
dietary carbohydrate residues for energy are adapted
to utilize the initial degradation products of the
polysaccharide utilizers, rather than the polymers
themselves. It has been estimated that somewhere
between 20 and 80 g of carbohydrate enter the
human colon every day, about half of which is
undigested starch. Around 30 g of bacteria are pro-
duced for every 100 g of carbohydrate fermented.

Apart from dietary fiber, there are three major
sources of unabsorbed carbohydrate for the colonic
microflora. Perhaps the most important is resistant
starch, which consists of retrograded starch poly-
mers and starch granules enclosed within intact
plant cell walls. Nondigestible sugars, sugar alco-
hols, and oligosaccharides such as fructooligosac-
charides and galactooligosaccharides occur only
sparingly in most plant foods, but they are now of
great commercial interest because they can be used
as prebiotics to selectively manipulate the numbers
of bifidobacteria in the human colon. Endogenous
substrates including mucus are also important for
the colonic microflora. Mucus is an aqueous disper-
sion of a complex group of glycoproteins containing
oligosaccharide side-chains, which are a major
source of fermentable substrates. Even when the
colon is surgically isolated and has no access to
exogenous substrates it still supports a complex
microflora.

The beneficial effects of dietary fiber on the ali-
mentary tract were emphasized by another of the
founders of the dietary fiber hypothesis, Denis Bur-
kitt, who based his arguments largely on the concept
of fecal bulk, developed as a result of field
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observations in rural Africa, where cancer and other
chronic bowel diseases were rare. His hypothesis
was that populations consuming the traditional
rural diets, rich in vegetables and cereal foods, pro-
duced bulkier, more frequent stools than persons
eating the refined diets typical of industrialized
societies. Chronic constipation was thought to
cause straining of abdominal muscles during passage
of stool, leading to prolonged high pressures within
the colonic lumen and the lower abdomen. This in
turn was thought to increase the risk of various
diseases of muscular degeneration including varicose
veins, hemorrhoids, hiatus hernia, and colonic diver-
ticulas. Colorectal neoplasia was also thought to
result from infrequent defecation, because it caused
prolonged exposure of the colonic epithelial cells to
mutagenic chemicals, which could initiate cancer.
Burkitt’s overall hypothesis for the beneficial effects
of fecal bulk has never really been refuted, and
epidemiological evidence continues to support a pro-
tective role of fiber against colorectal cancer, parti-
cularly within Europe. However, the origins of
intestinal neoplasia are now known to be far more
complex than Burkitt was able to envisage, and
there is little evidence to suggest a direct causal
link between chronic constipation and colorectal
cancer. Indeed, in one recent prevention trial, the
risk of recurrence of colorectal polyps was slightly
increased by prolonged supplementation with a bulk
laxative based on one specialized source of cell wall
polysaccharides.

Whatever the relationship to disease, it is certainly
true that the consumption of dietary fiber is one
major determinant of both fecal bulk and the fre-
quency of defecation (bowel habit). However, the
magnitude of the effect depends upon the type of
fiber consumed. Soluble cell wall polysaccharides
such as pectin are readily fermented by the micro-
flora, whereas lignified tissues such as wheat bran
tend to remain at least partially intact in the feces.
Both classes of dietary fiber can contribute to fecal
bulk but by different mechanisms. The increment in
stool mass caused by wheat bran depends to some
extent on particle size, but in healthy Western popu-
lations it has been shown that for every 1 g of wheat
bran consumed per day, the output of stool is
increased by between 3 and 5 g. Other sources of
dietary fiber also favor water retention. For exam-
ple, isphagula, a mucilaginous material derived from
Psyllium, is used pharmaceutically as a bulk laxa-
tive. Soluble polysaccharides such as guar and oat
�-glucan are readily fermented by anaerobic bac-
teria, but solubility is no guarantee of fermentabil-
ity, as is illustrated by modified cellulose gums such
as methylcellulose, which is highly resistant to

degradation in the human gut. Fermentation reduces
the mass and water-holding capacity of soluble poly-
saccharides considerably, but the bacterial cells
derived from them do make some contribution to
total fecal output. Thus, although all forms of diet-
ary fiber are mild laxatives, the single analytical
measurement of total fiber content again
provides no simple predictive measure of physiolo-
gical effect.

Although fermentation of fiber tends to reduce
its effectiveness as a source of fecal bulk, it has
other very important benefits. The absorption and
metabolism of short-chain fatty acids derived from
carbohydrate fermentation provides the route for
the recovery of energy from undigested polysac-
charides. Butyrate functions as the preferred
source of energy for the colonic mucosal cells,
whilst propionate and acetate are absorbed and
metabolized systemically. There continues to be
much debate about the importance of butyrate
for the colon. In vitro, butyrate causes differentia-
tion of tumor cells, suppresses cell division, and
induces programed cell death (apoptosis). These
effects are thought likely to suppress the develop-
ment of cancer, but it is not yet entirely clear
whether they also occur in the intact intestine.
Research continues on the importance of butyrate
and other short-chain fatty acids for human
health.

The other major breakdown products of carbohy-
drate fermentation are hydrogen, methane, and car-
bon dioxide, which together comprise flatus gas.
Excess gas production can cause distension and
pain in some individuals, especially if they attempt
to increase their fiber consumption too abruptly. In
most cases, however, extreme flatus is probably
caused more by fermentation of oligosaccharides
such as stachyose and verbascose, which are found
principally in legume seeds, rather than the cell wall
polysaccharides themselves.

Conclusion

Several decades of research have confirmed that
cell wall polysaccharides modify physiological
mechanisms throughout the alimentary tract.
Delayed absorption of glucose and lipids in the
small intestine makes an important contribution to
metabolic control in type 2 diabetes, and certain
types of hypercholesterolemia, respectively. Any
loss of carbohydrates to the colon will lead to
increased fermentative activity, and through this
pathway, most of the unabsorbed energy will be
recovered as short-chain fatty acids. Unfermented
cell wall polysaccharides and increased bacterial
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mass contribute to fecal bulk. All these established
physiological effects, coupled with the possibility of
using oligosaccharides as prebiotics to modify the
colonic microflora, have greatly stimulated interest
in nondigestible carbohydrates amongst food man-
ufacturers and consumers in the past few years.
There is little to suggest that conventional sources
of fiber compromise micronutrient metabolism in
otherwise healthy individuals, but the possibility
of this and other adverse effects needs to be con-
sidered, as the use of novel polysaccharides as
sources or analogs of dietary fiber, both for
conventional products and for functional foods,
continues to expand.

See also: Carbohydrates: Resistant Starch and
Oligosaccharides. Dietary Fiber: Potential Role in
Etiology of Disease; Role in Nutritional Management of
Disease. Functional Foods: Health Effects and Clinical
Applications.
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Noninfectious diseases cause much morbidity and
mortality in developed countries in Europe, the
Americas, Asia, and Australasia. They are expected
to increase due to an alarming increase in obesity,
with its attendant risk of diabetes, coronary heart
disease (CHD), and some cancers. Equally impor-
tant, they are becoming an issue in developing coun-
tries through greater affluence. In every case, they
have serious negative socioeconomic impacts, and
their prevention through appropriate dietary and
lifestyle change is the optimal strategy to minimize
personal and community costs. This strategy is
believed to have contributed substantially to
economic growth in countries where it has been
applied.

Obesity is a fairly visible problem that tends to
overshadow other considerations. Energy intake in
excess of expenditure is the root cause of obesity,
and dietary carbohydrates are implicated specifi-
cally in the development of overweight. Exclusion
of carbohydrates is attracting attention as a weight
control strategy but this ignores the fact that digest-
ible carbohydrates (including starch) provide the
same amount of energy per gram as protein and
less than 45% of the energy of fat and 60% of the
energy of alcohol. Furthermore, it overlooks the
many early comparative population studies that
showed that several low-risk groups ate high-starch
diets compared to high-risk populations that con-
sumed processed foods high in refined carbohy-
drates and fat and low in fiber. With time, dietary
fiber (rather than the whole diet) received specific
attention, and many studies were conducted on the
health benefits. This may have contributed to some
of the current lack of clarity of the role of fiber and
complex carbohydrates in health promotion. It may
be compounded by the inadequacy of population
data linking fiber (and also starches) to disease
processes for important conditions such as color-
ectal cancer. Only recently have good population
data emerged for a protective role for fiber in this
condition. This is in marked contrast to the well-
established therapeutic and preventive action of
fiber in constipation and diverticular disease.
Furthermore, it is critical to determine what is
meant by the term ‘dietary fiber’ because other
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food components may contribute to the major
effects ascribed to fiber. This is important when
considering the apparent protection conferred by
whole grains against disease risk, especially because
a health claim is permitted in the United States for
their consumption.

Associations between Dietary Fiber and
Disease Processes

The early population studies of Walker, Burkitt,
and Trowell in Africa in the 1950s showed that
serum cholesterol concentrations were low in
South African Bantus (at low risk of CHD) who
consumed a diet apparently high in fiber and low
in fat. Additionally, colon cancer was virtually
unknown among the latter, in contrast to white
South Africans. Dietary fiber was known to resist
digestion by human intestinal enzymes, which
helped to explain the greater fecal bulk seen with
higher fiber intakes. This was thought to lower
colonic exposure to carcinogens through a simple
dilution effect with fiber consumption. Subse-
quently, it was suggested that diabetes may be
related to a deficiency of fiber in the diet whereas
other epidemiological studies have shown associa-
tions between more dietary fiber consumption and
lower risk of some of the hormone-dependent can-
cers (prostate and breast). Many of these observa-
tional population studies are limited by their
reliance on reported food intakes which may be
compromised in turn by food compositional data
because the latter can be limited by the analytical
methodology used. Multinational comparisons may
be affected by the fact that food sources and pro-
cessing vary between countries. There are other
potential confounders. For example, diets high in
fiber-rich foods may contain other protective agents
(e.g., phyotoestrogens folate and antioxidants) that
could be the actual mediators of protection. Finally,
some of the experimental studies and human inter-
ventions, especially in colorectal cancer, have given
ambiguous or negative outcomes due to limitations
of study design.

Dietary Fiber, Complex Carbohydrates,
and Health Outcomes: A Need for Fiber
Equivalents?

Technology has proved to be a significant issue in
human fiber research. Early studies were limited by
the relatively simple analytical methods then cur-
rent. These were designed to measure the fiber com-
ponents of forage consumed by important ruminant

farm animals. Forage foods are high in insoluble
polysaccharides and contain lignin (which is not a
carbohydrate but a complex polyphenolic ether) and
look ‘fibrous,’ so dietary fiber was equated with
roughage and was defined as ‘‘those structural and
exudative components of plants that were resistant
to digestion by human gut enzymes.’’ The methods
used initially were quite severe and, with increasing
sophistication of analytical methodology (notably
chromatography), it became apparent that lignin
was only a minor component of fiber compared
with nonstarch polysaccharides (NSPs). Technologi-
cal advances have revealed the importance of frac-
tions such as soluble NSPs. As their name suggests,
these dissolve in water but not necessarily under gut
conditions. Fiber was then redefined as NSPs plus
lignin, which has moved the concept of away from
the roughage model. Recently, there has been a
further substantial revision of the view of what
exactly constitutes dietary fiber with the emerging
recognition of the contribution of resistant starch
(RS) and oligosaccharides (OSs) to ‘fiber’ action. It
was thought that all of dietary starch consumed in
cooked foods was digested in the human small intes-
tine. It is becoming clear that this is not so, and that
a substantial fraction of ingested starch, RS, escapes
from the small intestine and enters the colon of
healthy humans. In terms of the dietary polysacchar-
ides entering that viscus, RS may exceed NSPs in
quantity and in the range of its actions. Indeed,
some populations that were thought to consume
high-fiber diets actually eat less than higher risk
groups. An example is the native Africans studied
by Burkitt and colleagues who eat unrefined diets
based on maize but in fact eat less fiber than the
high-risk whites.

Unlike NSPs (which are intrinsically resistant to
human digestive enzymes), RS is influenced greatly
by physiological and physical factors. Thus, raw
starches are highly resistant and gelatinized starches
(cooked in the presence of water) are much more
digestible due to hydration and the loss of granular
structure. However, cooling of cooked starchy foods
leads to the generation of RS through retrogradation
(which is a realignment of the polysaccharide
chains). Other factors, including the relative propor-
tions of amylose and amylopectin and the presence
of other food components such as NSPs and lipids,
influence RS. High-fiber foods tend to be higher in
RS, whereas fats can form complexes with starch
that resist digestion. Mastication, transit time, and
gender can influence the amount of RS, which
means that purely chemical determinations probably
give an underestimate of the quantity of starch
entering the large bowel. Physical breakdown of
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foods (especially whole grains) may be particularly
important because access to upper intestinal diges-
tive enzymes is limited in large particles, especially
in the presence of NSPs. RS has been classified into
four types based on the main factors that influence
its presence, including physical inaccessibility, cook-
ing, and retrogradation (RS types RS1–3). Of parti-
cular interest is the emergence of chemically
modified starches (RS4) as RS because these are
used widely in food processing.

In the large bowel NSPs and RS are fermented by
the microflora, yielding metabolic end products,
principally short-chain fatty acids (SCFAs), which
may mediate some of the health benefits ascribed to
the carbohydrates. Undigested protein (resistant
protein) and other nondigested carbohydrates
(e.g., OSs) also contribute to large bowel fermenta-
tion. These nondigested fractions contribute to diet-
ary fiber via fermentation and could be considered
in net dietary fiber intake. This problem could be
overcome relatively easily by classifying them (and
other non-NSP carbohydrates) as fiber equivalents
in which their actions are compared against an
agreed standard. This is similar to the situation
with other nutrients such as vitamin A, where reti-
nol equivalents include carotenoids, which are reti-
nol precursors. It follows that classifications based
on chemical composition alone appear to be quite
inadequate if one considers as improved health and
diminished disease risk as the most important
issues.

Dietary Fiber and the Etiology of
Coronary Heart Disease

Population Studies

Consumption of unrefined plant foods has been
related to lower risk of CHD for some time, but
the hypothesis that dietary fiber (i.e., NSP) intake
could protect directly against the disease is relatively
recent. The suggestion has been supported by a
number of epidemiological studies linking higher
intakes with lower risk. Vegetarians who consume
more plant foods tend to have lower plasma lipids
and blood pressure than age- and gender-matched
omnivores. However, the strongest evidence derives
not from these studies but from a number of very
large cohort studies in several countries showing a
consistent protective effect of whole grain consump-
tion and CHD risk. Whole grain cereal consumption
has been related to substantially lower risk of CHD
in both men and women. The evidence for the latter
is considered to be sufficiently strong for the US

Food and Drug Administration to permit a health
claim for consumption of whole grain cereal foods
and lowering of the risk of CHD. Similar claims are
being considered in Europe. However, these rela-
tionships are a long way from proving a specific
protective effect of dietary fiber. A study of the
relationship of long-term intake of dietary fiber by
68 782 women showed a substantial lowering
of relative risk of 0.53 for women in the highest
quintile of fiber consumption (22.9 g/day) compared
with the lowest (11.5 g/day). These intakes are
low compared to those recommended by health
authorities. Nevertheless, they do support the view
that fiber is protective against CHD. Only the effect
of cereal fiber was significant; that of fruits and
vegetables was not. However, they leave unan-
swered the question of the relationship of other
contributors to the effects of dietary fiber (e.g., RS)
and CHD risk.

Potential Mechanisms Indicating a Role in the
Etiology of Coronary Heart Disease

The mechanism for risk reduction and the fiber
components responsible need resolution. Elevated
plasma total and low-density lipoprotein (LDL) cho-
lesterol concentrations are established risk factors
for coronary morbidity and mortality. There are
abundant human and animal data showing that
diets high in soluble fiber lower plasma cholesterol.
One population study has shown a significant nega-
tive relationship between viscous (soluble) fiber
intake and carotid artery atherogensis as measured
by intima–media thickness. This association was sig-
nificant statistically even though average fiber
intakes were not particularly high. When dietary
fiber intakes have been related to measures of actual
disease outcomes, the evidence is less convincing. A
protective effect is often observed on univariate ana-
lyses, but once confounding variables are added,
dietary fiber intake tends not to be a significant
independent predictor of risk for developing CHD.
However, in one 12-year follow-up study of men
and women, a 6-g increase in daily dietary fiber
intake was associated with a 25% reduction in the
risk of developing CHD. The most likely direct pro-
tective role for dietary fiber in CHD etiology is
through plasma lipid lowering. The effect appears
to be specific for plasma total and LDL cholesterol,
and, possibly, triacylglycerols (TAG). Of the main
fiber components, soluble NSPs seem to be effective,
but insoluble NSPs and RS (and probably OSs) are
not. Indeed, it appears that some insoluble NSP
preparations, such as wheat bran, may raise plasma
cholesterol slightly. There is good evidence from
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animal and human studies to support a hypocholes-
terolemic effect of soluble NSPs either in enriched
plant fractions (e.g., oat bran) or as natural (e.g.,
pectins and guar gum) or synthetic isolates (e.g.,
hydroxypropylmethylcellulose). The magnitude
of the effect varies with dose, but reductions of
approximately 5–10% at intakes of 6–12 g of
NSPs/day appear to be reasonable. This lowering
response approaches that seen with certain drugs,
such as cholestyramine, used to manage hypercho-
lesterolemia. Some studies have also shown a reduc-
tion in TAGs with soluble fibers such as oat bran.
However, it is important to recognize that many of
the demonstrations of plasma cholesterol lowering
by soluble fiber products are against insoluble NSPs
such as wheat bran.

There are several hypotheses to explain the NSP
action on plasma cholesterol, including enhanced
bile acid and neutral sterol excretion, the slowing
of fat and cholesterol absorption and direct inhibi-
tion of hepatic cholesterol synthesis by propionate
formed by large bowel fermentation of NSPs. Whole
body cholesterol homoeostasis represents a balance
between influx and loss. Cholesterol influx can
come from dietary intake and de novo synthesis.
Losses occur through the sloughing of epithelial
cells and through the fecal excretion of nonabsorbed
dietary cholesterol and biliary steroids (bile acids
and neutral sterols). Bile acids are generally recov-
ered in the ileum, and those that are not absorbed
are excreted in the feces. Any increase in bile acid
excretion leads to enhanced hepatic uptake of cho-
lesterol and its conversion to bile acids with a con-
sequent depletion of the plasma cholesterol pool.

It was initially thought that fiber could bind some
bile acids selectively, in a similar manner to choles-
tyramine, an ion exchange resin that binds bile
acids. Bile acid binding in vitro by insoluble fiber
preparations appears to be an artefact. Cholestyra-
mine is strongly charged, whereas most NSPs with
cholesterol-lowering potential are neutral or even
acidic (e.g., pectins). Neutrality is not consistent
with ionic binding and uronic acid residues would
repel bile acids at the pH of the small intestine. The
property that appears to mediate the increased ster-
oid excretion is the viscosity in solution. Most (but
not necessarily all) NSPs that lower cholesterol form
viscous solutions in water. Presumably, bile acids
are lost from the ileum through a form of entrap-
ment in a viscous gel. This would also contribute to
the loss of cholesterol and the slower digestion of fat
seen with ingestion of NSPs. Abundant animal and
human data show that feeding soluble NSPs
increases fecal steroid excretion. However, the
major problem with these relationships is that

although soluble fibers may lower plasma choles-
terol, the strongest evidence of a protective effect is
for insoluble fibers which do not lower plasma cho-
lesterol. It may be that other components in the
grain are actually mediating the effect and fiber is
the surrogate marker for their intake.

Dietary Fiber and the Etiology of
Cancers—Colon and Rectum

Population Studies

This is one long-standing association that has been
surprisingly problematic. Early studies on native
Africans who consumed an unrefined diet showed
them to have a very low incidence of this cancer.
Although subsequent studies have shown a negative
association between greater fiber intake and low-
ered risk, it has proved to be relatively weak.
Indeed, in one US study there was no real associa-
tion between fiber intake and cancer susceptibility.
Some of the loss of significance seen in this evalua-
tion may reflect the lack of allowance for con-
founding variables. For example, in a 6-year
follow-up of women, the association between low
fiber intake and the incidence of colon cancer dis-
appeared after adjustment was made for meat
intake. In another study of men, low fiber intake
was an independent risk factor for the incidence of
adenomatous polyps during a 2-year follow-up
period.

Fruit and vegetable fiber has been consistently
associated with a lower risk of colon cancer, but
the relationship with cereal fiber is less clear. How-
ever, whole grain cereals appear to be protective—a
further anomaly in the relationships between plant
foods and disease risk. These discrepancies may be
in the process of resolution. First, it seems that the
early observational data were confounded by the
analytical technologies available, and the perception
that native populations consuming unrefined diets
had high fiber intakes is incorrect. It seems likely
that they ate relatively little fiber but had high
intakes of RS. Population studies have shown a
protective effect of apparent RS intake and color-
ectal cancer risk. The word ‘apparent’ is pivotal
because there is currently no accepted method for
RS determination and thus, there are no reliable
data on dietary intakes. There are also issues regard-
ing the intakes of dietary fiber and cancer risk. Part
of the problem inherent in the study of colonic
cancer is that, in contrast to CHD (in which there
are easily measurable risk markers such as plasma
cholesterol that can be modified by diet), the only
indices for colon cancer are not easily measurable:
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the appearance of aberrant crypts, adenomatous
polyps, or the disease itself. Hitherto, animal studies
have largely been confined to rodents treated with
chemical carcinogens (usually dimethylhydrazine),
and they suggest that dietary fiber from wheat
bran and cellulose may afford greater protection
against the development of colon cancer when asso-
ciated with a low-fat diet compared with soluble
NSPs. These data stand in contrast to observational
studies but are supported by interventions in
humans with familial adenomatous polyposis.
These people are at genetically greater risk of colo-
nic cancer and represent one means of assessing risk
modification through dietary intervention and mon-
itoring polyp size and frequency through colono-
scopy. In the Australian Polyp Prevention Trial,
subjects consumed 25 g of wheat bran per day and
there was a decrease in dysplasia and total adenoma
surface area when the diet was also low in fat. This
supports epidemiological studies that show that
increased fat and protein intakes increase risk.
Other prevention trials have examined the effects
of increasing fiber intake on the recurrence of polyps
following a polypectomy. In a Canadian study of
201 men and women, a high-fiber, low-fat diet pro-
tected against polyp recurrence in women but in
men there was actually an increase. A third trial
examined the effects of diet on the prevalence of
rectal polyps in 64 people with familial polyposis
coli who had a total colectomy. Those who received
and actually took the high-fiber (22.5 g fiber as a
breakfast cereal) showed a reduction in polyps.
These data are not conclusive but are reasonably
consistent with overall knowledge.

Complex Carbohydrates and Colorectal Cancer

An obvious factor for the inconsistent results of the
effect of different intakes of dietary fiber on color-
ectal cancer is the variation in the analytical meth-
odology used in different studies. There is also
increasing evidence that total dietary complex car-
bohydrates may be as important as fiber. Analysis
of stool weight from 20 populations in 12 countries
showed that larger stools were correlated with a
lower incidence of colon cancer. Intakes of starch
and dietary fiber (rather than fiber alone) were the
best dietary correlates with stool weight. A subse-
quent meta-analysis showed that greater consump-
tion of starch (but not of NSPs) was associated
with low risk of colorectal cancer in 12 popula-
tions. The examination also showed that fat and
protein intakes correlated positively with risk. This
meta-analysis is probably the first of its kind to

suggest a protective role for starch in large bowel
cancer and underscores the need to consider com-
plex carbohydrates as fiber equivalents and not just
as NSPs and starch. The need for better informa-
tion on dietary intake data and risk is underscored
by the data from the European Prospective Investi-
gation of Cancer and Nutrition, which showed a
substantial reduction in risk with increasing fiber
intake. This multinational study is important
because it has sufficient power (expressed as a
range of fiber intakes and individuals observed) to
give confidence in the observations. Follow-up of
1 939 011 person-years throughout 10 countries
showed that a doubling of fiber intake from foods
could reduce risk by 40%.

Potential Mechanisms Indicating a Role in the
Etiology of Colorectal Cancer

Colorectal tumorigenesis is a multistep process.
These steps involve a number of genetic alterations
that convert a normal epithelium to a hyperproli-
ferative state and then to early adenomas, later ade-
nomas, and, finally, frank carcinoma and metastasis.
Fiber may, and probably does, play a role in all of
these stages, and several mechanisms have been pro-
posed by which it could play a role in the etiology of
the disease (Table 1).

Table 1 Effects of dietary fiber and resistant starch that could

impact on the etiology of colorectal cancer

Increased stool bulk (mainly insoluble NSPs)

Decreases transit time, minimizing contact between colonocytes

and luminal carcinogens

Reduces exposure through dilution of carcinogens

Binding of bile acids and other potential carcinogens

(mainly insoluble NSPs)

Lowers free concentrations of mutagens

Modifying fecal flora and increasing bacterial numbers

(soluble and insoluble NSPs and RS)

Decreases secondary bile acids, which are potential carcinogens

Lowers colonic NH3 (a cytotoxic agent) by fixing nitrogen in the

bacterial mass

Lowering fecal pH through SCFA production (NSPs but

mainly RS)

Inhibits growth of pH-sensitive, potentially pathogenic species,

which may degrade food constituents, and endogenous

secretions to potential carcinogens

Lowers absorption of toxic alkaline compounds (e.g., amines)

Lowers solubility of secondary bile acids

Fermentation to SCFAs (NSPs but mainly RS)

Depending on source, raises butyrate which is a preferred

substrate for normal colonocytes, and (in vitro) promotes a

normal cell phenotype, retards the growth of cancer cells, and

facilitates DNA repair

NSPs, nonstarch polysaccharides; RS, resistant starch; SCFAs,

short-chain Fatty acids.
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A number of agents may induce genetic damage in
the colonocyte, including mono- and diacylglycerols,
nonesterified fatty acids, secondary bile acids, aryl
hydrocarbons and other pyrrolytic products of high-
temperature cooking, and ammonia and amines and
other products of large bowel bacterial protein
degradation. One of the simplest protective mechan-
isms for dietary fiber is purely physical. By increas-
ing fecal bulk, fiber could produce a more rapid
transit time as well as act as a diluent and thus
reduce exposure to potential mutagenic agents. It is
also possible that fiber components could bind
mutagens. However, because this appears to be unli-
kely for bile acids, the same may apply to other
carcinogens.

Production of SCFAs by the resident microflora
induces a number of general changes in the colonic
environment, including a lowering of pH. Case–
control studies show that pH is higher in patients
with cancer compared to controls but this may
reflect altered dietary habits rather than long-term
risk. However, at lower pH, basic toxins are ionized
while secondary bile acids are less soluble so that the
absorption of both would be reduced. The activities
of both of the enzymes 7�-dehydroxylase and glu-
curonidase are decreased at lower pH. These
changes would diminish the conversion of primary
to secondary bile acids and the hydrolysis of glucur-
onide conjugates, respectively and thus limit their
carcinogenic potential. However, there is consensus
that the effects of SCFAs may be rather more speci-
fic and mediated through one acid—butyrate. Buty-
rate is a preferred substrate for normal colonocytes
and numerous studies in vitro have shown that it has
several actions that promote a normal cell pheno-
type. Cell studies show that butyrate induces hyper-
acylation of histones, leading to downregulation of
gene expression and arrest of proliferation. Other
actions include DNA hypermethylation which
would have similar effects on tumor cell growth.
Butyrate also has favorable effects on apoptosis so
that a normal program of cell death is maintained.
One marker of a differentiated colonocyte is its
ability to produce alkaline phosphatase and butyrate
is a powerful promoter of alkaline phosphatase in
vitro. There is reciprocal downregulation of various
oncogenes in colorectal cancer cell lines. These data
are very promising for a direct role of butyrate in
protecting against colonic cancer but there is an
emerging paradox. In the presence of butyrate,
there is either increased proliferation or no effect in
normal cells but the proliferation of neoplastic cells
is reduced. The differentiation of the normal cells is

unchanged or suppressed with butyrate but is
induced in cancer cells. These differing effects may
be explained by neoplastic alterations (perhaps as a
result of mutations in oncogenes) in cell signal
systems.

It must be emphasized that none of the effects of
butyrate in vitro have been duplicated in vivo, but
they are of great promise and supportive evidence
continues to accumulate. This is especially true for
RS which appears to produce relatively more buty-
rate than other nondigestible carbohydrates. How-
ever, consideration may also need to be given to the
existence of interindividual differences in the fer-
mentative capacity of the microflora, the fact that
RS from different sources may be fermented to dif-
ferent extents, and the actual colonic site at which
fermentation takes place (i.e., whether in the prox-
imal or distal colon).

Inter alia, the data suggest that protection against
colorectal cancer is due to several mechanisms and
that these can interact. One factor of considerable
importance is the issue of overweight which is an
independent risk factor for colorectal cancer. Obe-
sity may have to be taken into account much more
than has been the case in earlier studies. It appears
that some of the effect may be mediated through
raised plasma insulin and insulin-like growth factors
(which may well be influenced by dietary
carbohydrates).

Dietary Fiber and the Etiology of
Hormone-Dependent Cancers

Population Studies

Cancers of the breast, endometrium, ovary, and
prostate fall into the hormone-dependent classifica-
tion. An association between hormonal status and
cancer risk arose from observations of oestrogen
deprivation and breast cancer and testosterone
deprivation and prostate cancer. Nutritional influ-
ences on breast cancer have been studied extensively
and several (but not all) studies show diminished
risk with greater intakes of dietary fiber. The situa-
tion for other cancers, especially prostate cancer,
appears to be rather unclear, but given the common-
ality of the proposed protective mechanisms, it is
reasonable to expect that some linkage may be
found. Male vegetarians have been reported to
have lower testosterone and oestradiol plasma con-
centrations compared to omnivores, and inverse cor-
relations of testosterone and oestradiol with fiber
intake have been reported.
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Potential Mechanisms Indicating a Role in the
Etiology of Hormone-Dependent Cancers

There are many published studies that have pro-
duced mixed and inconsistent results on the poten-
tial mechanisms involved. Dietary fiber could act by
reducing circulating concentrations of oestrogen
and testosterone. Such an effect would not be unex-
pected in view of the fact that soluble NSPs can
increase bile acid and neutral steroid excretion and
fecal steroid outputs are higher in vegetarians than
in omnivores. However, one anomaly is the finding
that wheat bran (which does not enhance biliary
steroid excretion) lowers circulating and urinary
oestrogens. It is possible that fiber acts rather dif-
ferently on hormones than on bile acids and neutral
sterols. For example, the colonic flora may be mod-
ified so as to increase deconjugation of the sex
hormone precursors or their conversion to other
metabolites. Direct binding of sex hormones is pos-
sible but is subject to the same concerns as were
raised for cholesterol reduction. In addition, it is
possible that other components in, or associated
with, fiber (phytooestrogens or antioxidants) may
be responsible for any observed protective effect.
Soy phytooestrogens are believed to play a role in
lowering the risk of breast cancer in Asian popula-
tions. Lycopenes are antioxidant carotenoids from
tomatoes, and their intake has been correlated with
a lower risk of prostate cancer.

Dietary Fiber, Obesity, and the Etiology
of Diabetes

In 1975, Trowell suggested that the etiology of
diabetes might be related to a dietary fiber defi-
ciency. This is supported by several key pieces of
evidence. Vegetarians who consume a high-fiber
lacto-ovo vegetarian diet appear to have a lower
risk of mortality from diabetes-related causes com-
pared to nonvegetarians. Consumption of whole
grain cereals is associated with a lower risk of
diabetes. Importantly, the same dietary pattern
appears to lower the risk of obesity, itself an inde-
pendent risk factor in the etiology of type 2 dia-
betes. Obesity is emerging as a problem of epidemic
proportions in affluent and developing countries.
Consumption of whole grain cereal products lowers
the risk of diabetes. A report showed that in 91 249
women questioned about dietary habits in 1991,
greater cereal fiber intake was significantly related
to lowered risk of type 2 diabetes. In this study,
glycemic index (but not glycemic load) was also a
significant risk factor, and this interacted with a
low-fiber diet to increase risk. These results provide

epidemiological evidence of a role of fiber in the
etiology of diabetes.

Potential Mechanisms Indicating a Role in the
Etiology of Diabetes

It can be hypothesized that a reduction in the gen-
eral and postprandial glycemic and insulinemic
response may delay the development of insulin resis-
tance and thus the development of diabetes
(NIDDM) although there is very little direct evi-
dence to support this hypothesis. However, diets
high in both carbohydrate and dietary fiber have
been reported to improve insulin sensitivity. Much
of the research in this area has studied the effect of
dietary fiber on the management rather than the
prevention or etiology of diabetes.

There is good evidence that diminished glucose
absorption lowers the insulin response to a meal.
The action of fiber in this regard may be through
slowing the digestion of starch and other nutrients.
It seems that soluble fiber may play a role because
large amounts of soluble dietary fiber have been
shown to reduce postprandial glucose concentration
and insulinemic responses after a single meal in both
normal and diabetic subjects. However, the effect
appears to be dependent on viscosity rather than
on solubility per se. The very viscous gum, guar
gum, gum tragacanth, and oat gum are all very
effective whereas psyllium and some pectins are
less viscous and less effective. One suggested
mechanism for reducing the glycemic response is
an impairment in the convective movement of glu-
cose and water in the intestinal lumen due to the
formation of a viscous gel: Glucose is trapped in the
gel matrix, such that there is less movement toward
the absorptive brush border of the surface of the
intestinal wall and the glucose needs to be squeezed
out by the intestinal motor activity of the intestine.
However, other factors may also be important.
There may be some impairment in digestive activity
in the lumen, an alteration in hormonal secretion
by cells in the gut mucosa, and a reduced gut
motility that delays transit time. In the case of
whole grains, there is scope for the fiber to interfere
with the physical accessibility of starch to small
intestinal �-amylase. Clearly, there is also potential
for foods of low glycemic index to be high in RS
and this does seem to be the case. A specific
instance is a novel barley cultivar that exhibits
both characteristics. It should be noted that there
are reports of a second meal effect (i.e., the dietary
fiber ingested at one meal can affect the glucose rise
after the subsequent meal). The mechanism for this
is unknown.
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A Role for Fiber in the Etiology of Other Diseases?

Although much of the earlier observational studies
in native African populations were wide ranging,
most attention has subsequently focused on CHD
and cancer. Probably this is a reflection of the socio-
economic importance of these conditions in econom-
ically developed societies. However, fiber has a role
in the prevention and management of other condi-
tions, but much of the relevant information has
come from interventions, not from case–control or
cross-sectional studies.

Constipation, diverticular disease, and laxation
Unquestionably, fiber is of direct benefit in relieving
the symptoms of constipation and diverticular dis-
ease but there is little information about its role
in the etiology of these conditions. Numerous inter-
ventions have shown that foods high in insoluble
NSPs (e.g., certain cereal brans) and some soluble
NSP preparations (e.g., psyllium) are very effective
at controlling constipation and diverticular disease
and enhancing laxation. The actual effect can vary
with source. Wheat bran increases undigested resi-
due, and fiber from fruits and vegetables and soluble
polysaccharides tend to be fermented extensively
and are more likely to increase microbial cell mass.
Some NSP (and OS) preparations retain water in the
colon. The physical form of the fiber is also impor-
tant: Coarsely ground wheat bran is a very effective
source of fiber to increase fecal bulk, whereas finely
ground wheat bran has little or no effect and may
even be constipating. RS appears to be a mild laxa-
tive and seems to complement the laxative effects of
NSPs. The effective dose appears to be approxi-
mately 20–30 g of total fiber/day consumed either
in food or as a supplement. In addition, animal
studies show that NSPs and RS appear to prevent
colonic atrophy seen in low-fiber diets. The mechan-
ism of action appears to be greater fecal bulking and
fermentation and the generation of SCFAs, which is
necessary to prevent atrophy.

Diarrhea Colonic SCFA absorption stimulates
fluid and electrolyte uptake in the colon and thus
can assist in reducing diarrhea. Complex carbohy-
drates may also play a role in modifying the colonic
microflora thus reducing the number of pathogens.
An etiological role for fiber is unknown, but there is
good evidence that RS can act to minimize the fluid
losses that occur in serious conditions such as
cholera.

Inflammatory bowel diseases (colitis and Crohn’s
disease) Clearly, inflammatory conditions have an
immune component. In the case of Crohn’s disease,
there appears to be no established therapeutic or
etiological role for fiber. The situation is slightly
different for distal ulcerative colitis, in which fiber
intake seems unrelated to incidence. However, rectal
infusion of SCFAs (especially butyrate) has been
reported to lead to remission, so it appears that
either the generation of these acids or their delivery
to the distal colon may be the issue.

See also: Coronary Heart Disease: Prevention. Dietary
Fiber: Physiological Effects and Effects on Absorption.;
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Introduction

Dietary Fiber was an unknown phrase to all but a
handful of individuals in the early years of the
1970s when a wide range of potential therapeutic
applications were suggested by Hugh Trowell, Denis
Burkitt, and Alexander Walker. Twenty-five years
later there can hardly be an ordinary mortal who
has not heard the term, though he may not be able
to define it. In some cases the claims remain largely
unsubstantiated but in three areas, hyperlipidemia,
diabetes, and bowel function, there is sufficient evi-
dence to allow dietary advice to be given.

Hyperlipidemia

Some forms of dietary fiber lower blood lipids, nota-
bly total cholesterol and low-density lipoprotein
(LDL) cholesterol. The earliest observations on fiber
preparations and blood lipids date from the mid
1930s when there was a fairly extensive investigation
of the effects of pectin (polygalacturonic acid). The
next period of investigation dates from 1974 when
extracted and purified dietary fiber preparations such
as guar gum – a glucomannan – were tested in nor-
mal subjects, diabetics, and hyperlipidemic subjects
and were found to lower blood cholesterol when
given in sufficient quantities. In very large doses
these materials increase fecal excretion of fat and
sterol compounds and would be expected to reduce
the body bile salt pool. Subsequent work has shown
that at lower doses preparations of soluble dietary
fiber have a mild cholestyramine-like effect: they bind
bile salts rendering them unavailable for reabsorption
in the terminal ileum, thus interfering with the nor-
mal entero-hepatic cycle of bile salts and depleting
the bile salt pool. Total and LDL cholesterol fall as
cholesterol is diverted for the resynthesis of lost bile
salts. There have been few direct clinical applications
of the early experimental work on pectin and guar
gum. No pectin compounds have been developed
commercially, but there are a few pharmaceutical
preparations of guar gum presented primarily as
adjuncts to dietary therapy in diabetes rather than
for lipid lowering. Dietetic food products containing
guar gum have been developed, again for use in con-
trolling diabetes.

Preparations of soluble dietary fiber have been
shown to lower blood cholesterol whereas most
preparations of predominantly insoluble fiber, such
as wheat bran, have little or no effect. The major
food sources of soluble fiber are oats, beans, lentils,
rye, and barley, and these foods have naturally
become the subject of investigations. The addition
of oats to the diet in normolipidemic and hyperlipi-
demic subjects following either their normal diets
or where pretreated with low-fat diets has been the
subject of extensive research. In sufficient quantity
oats, oat products, and oat �-glucan (providing at
least 3 g oat �-beta glucan per day) lower blood
total cholesterol and LDL cholesterol (usually by
5–10%) while leaving triglycerides and HDL cho-
lesterol largely unchanged. A sufficiently large num-
ber of good-quality studies have now been done on
oats that the Food and Drug Administration (FDA)
has allowed the first ever food-specific health claim:
‘‘Soluble fiber from oatmeal, as part of a low satu-
rated fat, low cholesterol diet, may reduce the risk
of heart disease.’’ Products that are labeled with
this claim must provide at least 0.75 g of soluble
fiber (as �-glucan) per serving. When considering
the above claim the FDA reviewed 37 studies
and found that a sufficient number provided
convincing evidence of efficacy. An earlier meta-
analysis of some of those trials had shown that
the efficacy of oats and oat products was influenced
by the initial values of blood cholesterol in the
subjects: patients with high starting values (over
6.7mmol per liter total cholesterol) showed the
greatest reductions when treated with oats, while
healthy young subjects with low–normal starting
values showed little response. There was a dose
effect: food products providing more than 3 g solu-
ble fiber per day had a greater blood cholesterol
lowering effect than diets that provided less than
3 g per day.

Other soluble fiber-containing products have been
shown to lower blood cholesterol. Recent extensive
studies on psyllium (Plantago ovata) presented both
as a pharmaceutical preparation and as a food pro-
duct (a ready to eat breakfast cereal) have shown
blood cholesterol-lowering properties where the
dose–effect relationship is such that a useful addi-
tional therapeutically meaningful lipid-lowering
effect can be achieved by prescribing a daily portion
of psyllium-fortified breakfast cereal. Products of
this type are now marketed in the US and Australia,
and the US FDA has now allowed a food specific
health claim for psyllium.

There is also a small literature on the effects of
beans on blood lipids and the findings of a blood
cholesterol-lowering effect are as expected.
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Virtually all of the reports of the effects of soluble
fiber products on blood lipids report lowering
effects on total cholesterol and LDL cholesterol
without any effect on HDL cholesterol or triglycer-
ides – this contrasts with the effects of some drugs
that may cause slight rises of triglycerides and falls
of HDL cholesterol. The relationship between low-
ering of blood cholesterol and lowering of risk of
heart disease is now generally accepted and a pro-
ven lipid-lowering effect is taken to mean a bene-
ficial effect on risk of coronary heart disease. This
means that in clinical practice it is perfectly reason-
able to include advice on use of foods high in
soluble dietary fiber in a lipid-lowering diet, and
perfectly proper to emphasize the benefits of oats
and oat products. Generally, a high-soluble-fiber
diet is more acceptable when the soluble fiber is
drawn from smaller quantities of a larger range of
foods; thus the diet includes beans, lentils, rye
breads, and barley as well as generous use of oats.
A range of foods containing mycoprotein and fun-
gal mycelial cell walls (chitin) may also help to
lower blood cholesterol.

Diabetes

Diabetes mellitus is characterized by either an abso-
lute or relative lack of insulin, which has short-term
and long-term consequences. Diabetic people may
develop both microvascular complications (mainly
affecting the eyes, kidneys, and nerves) and macro-
vascular complications (essentially accelerated
development of atherosclerosis presenting mainly
as heart attack and peripheral vascular disease).
Medical management aims to replace the insulin,
or modulate its production or efficacy using
oral (hypoglycemic) drugs, in a metabolic environ-
ment enhanced by good control of diet and body
composition. Medical management also aims to
achieve early detection of complications and other
risk factors for cardiovascular disease by regular
testing of blood and urine biochemical variables
and blood pressure and by regular physical exam-
ination of the eyes, neurological, and cardiovascular
systems.

Control of dietary energy intake (in relation to the
varying demands for growth, maintenance, physical
activity, etc.) remains the key feature of dietary
control affecting metabolic fluxes, blood glucose
levels, and body weight. Views on the appropriate
proportional sources of energy from fat, carbohy-
drate, and protein have changed enormously over
the last century from seriously energy-restricted
high-fat diets (with percentage energy from fat as
high as 70% raising some doubts about the level of

compliance) through to very high-carbohydrate diets
(sometimes 60–65% energy from carbohydrate)
used in specialist centers in the US. Today, for
most diabetic patients in most countries the target
is to achieve 50–55% energy from carbohydrate
sources. Prior to the 1970s, when the move towards
high-carbohydrate diets began, the high fat content
of the diet along with less tight blood glucose (and
urine glucose) control than is customary today was
partly responsible for the high relative mortality
from cardiovascular disease seen among diabetic
patients. At that time young male diabetics were
up to nine times more likely to die from heart attack
than matched nondiabetic individuals. Reduction of
fat in the diet and achievement of an optimal dis-
tribution from saturated, monounsaturated, and
polyunsaturated sources (<10%, 10–20%, and no
more than 10%, respectively, for patients with dia-
betes in the UK) remain a major aspect of dietary
management of diabetic people in order to reduce
the risk of developing coronary heart disease.

Control of blood glucose is critical in order to
achieve avoidance of prolonged periods of hypergly-
cemia, which is associated with glycation of proteins
and the risk of development of microvascular com-
plications, and avoidance of hypoglycemia with its
attendant risks of coma. In day-to-day practice, the
avoidance of hypoglycemia is very important to
patients and any new method of achieving normal-
ization of blood glucose profiles is an advance. Diet-
ary fiber offered such an advance from the mid
1970s when some forms (notably isolated polysac-
charides such as guar gum, a glucomannan, and
pectin, polygalacturonic acid) were shown to reduce
the area under the blood glucose and insulin curves
after acute test meals. Subsequent long-term
(6-week) clinical trials showed that diets high in
foods containing soluble dietary fiber, such as
beans, oats, and barley, were more effective in redu-
cing the area under the 24-h blood glucose profiles
than diets containing more high-fiber foods based on
wheat products.

Research in this area led David Jenkins to describe
(in 1981) the concept of the ‘glycemic index’ (GI)
which is a numerical expression of the ability of a
food to raise blood glucose levels. In practice it is
measured by comparing the blood glucose response
to a 50-g carbohydrate portion of food with the
response to 50 g glucose (in some papers the com-
parison is with a 50-g carbohydrate portion of
bread). The dietary fiber (especially soluble fiber)
content of a food slows down the rate of digestion
and absorption of starch in foods giving flatter
blood glucose responses and a lower GI; however,
the structure of the starch (whether amylose or
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amylopectin) influences its rate of degradation and
the extent to which the starch granules are hydrated
by processing (including cooking) is also important.
The physical structure of the food (particularly the
extent to which plant cells are intact), the presence
of fat, which may slow gastric emptying, and the
presence of some ‘antinutrient’ substances may all
influence the GI. Low-GI diets have been shown in
many clinical trials to improve important variables
that are secondary indicators of blood glucose con-
trol, and to reduce blood lipids. Low-GI diets may
be particularly helpful to patients who are fre-
quently troubled by episodes of hypoglycemia
though adequate proof of this is still awaited.
Low-GI diets are not just relevant to treatment of
diabetes but have been shown in two large-scale
epidemiological surveys published in 1997 to result
in a significant reduction in the risk of development
of maturity onset (type 2) diabetes in middle-aged
American men and women. Thus, there is good
reason to believe that there should be greater
emphasis on the GI of diabetic diets and the fiber
content, as well as emphasis on GI for those at risk
of developing diabetes, especially the older obese
person. Expert committees in many developed coun-
tries of the world have set target values for dietary
fiber intake for diabetic patients (e.., the American
Diabetes Association (ADA) recommends 20–35 g
day�1 total dietary fiber by the AOAC method)
and many, especially the Australian Diabetes Asso-
ciation and with the notable exception of the ADA,
have recommended an increase in low-GI foods. In
2003 even Diabetes UK (the UK Diabetes Associa-
tion) noted that there might be merit in taking
account of GI in dietary management for those
with diabetes. Some physicians believe that the GI
of foods is too complex an issue for patients to
grasp, but in essence simply requires a partial sub-
stitution of bread and potatoes with pasta products,
an increased use of high-fiber breakfast cereals
including oats, increased use of beans and lentils,
and emphasis on the use of temperate fruits (e.g.,
apples and pears).

Obesity (body mass index (weight in kilograms
divided by height in meters squared) in excess of
30 kgm�2) is becoming more prevalent in develop-
ing countries and attracts an increased risk of the
development of diabetes mellitus; a high proportion
of established type 2 diabetics are obese and over-
weight. In the popular diet book ‘The F-Plan Diet,’
published in 1982, Audrey Eyton claimed that diet-
ary fiber would help people lose weight by a number
of mechanisms including reducing the efficiency of
dietary energy absorption and by making people feel
full for longer after meals thus having an overall

effect on reducing food intake. At the time of pub-
lication these ideas were hypothetical - subsequent
investigation has shown that increasing fiber intake
two- or threefold by a variety of dietary changes can
increase fecal energy losses by 75–100 kcal day�1.
Studies on the effects of dietary fiber on postpran-
dial satiety where experimental meals are carefully
designed to differ little except for fiber content have
given variable results. However, there is a clear
effect of fiber on chewing (the number of chews
necessary to eat the same energy equivalent of
food) where high- and low-fiber types of commonly
consumed foods are eaten and this may have an
important satiating effect. Clinical trials of high-
fiber weight loss regimens have given variable
results. Double-blind placebo-controlled trials using
pressed barley fiber and pectin tablets compared to a
starch control have been undertaken in Scandinavia
and have demonstrated statistically significantly
greater weight losses in the fiber-treated groups up
to 26weeks of treatment. It seems reasonable to
conclude that under some conditions the right kind
of high-fiber diet can facilitate weight loss, but may
not always do so.

Diabetic people are more likely to have dyslipide-
mia than nondiabetic people. When control
of diabetes is lost, patients may demonstrate
gross hypertriglyceridemia due to increased produc-
tion of very-low-density lipoprotein (VLDL) parti-
cles in the liver as a consequence of the increased
flux of free fatty acids from the peripheral tissues. At
the same time total and LDL cholesterol
may be raised. Improvement in diabetic control
often achieves normalization of blood lipids, but
where hyperlipidemia persists there may be a place
for use of dietary fiber, especially soluble fiber, and
especially oat �-glucan-containing foods as an
adjunct to dietary and pharmacological therapy
(see above).

Bowel Disorders

Denis Burkitt first suggested a role for dietary fiber
in bowel disorders in 1971. In the intervening period
understanding of the normal physiology and patho-
physiology of the colon have improved enormously.
During the same period methods of analysis have
been refined and a distinction is drawn between
dietary fiber (as determined by the AOAC gravi-
metric method) and nonstarch polysaccharide
(NSP; determined by GLC analysis of component
sugars), and starch not digested in the small gut is
now defined as being resistant. Three types of resis-
tant starch have been described. These advances in
analysis have helped physiologists appreciate the
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contributions of various substrates to colonic fer-
mentation and stool bulking.

The intake of dietary fiber (nonstarch polysac-
charides) is directly related to the amount of wet
stool passed each day in large population groups.
An average wet stool weight for the UK is about
105 g day�1, which corresponds roughly to a non-
starch polysaccharide (Englyst method) intact of
12.5 g day�1. Nearly half of the members of groups
studied in the UK have stool weights of less than
100 g day�1 below which complaints of constipation
are common. Stool weight has been shown to be
clearly inversely related to colon cancer incidence
in population groups: a mean daily stool weight of
105 g corresponding to a relatively high population
colon cancer incidence of about 22 per 100 000 per
annum. An incidence rate of 11 per 100 000 per
annum corresponds to a mean daily stool weight of
about 175 g day�1. This information was used as the
numerical basis for calculating the UK’s dietary
reference value (DRV) for nonstarch polysaccharide
(NSP) in the late 1980s. In the UK the population is
urged to increase NSP intake by 50% to a popula-
tion averageof 18 g day�1 in order to shift the dis-
tribution of wet stool weight upwards.

Constipation is generally considered to be infre-
quent opening of the bowels with straining to pass
stools (less than three defecations per week and
straining and or the passing of hard stools in more
than one in four defecations). Constipation is some-
times caused by other specific disease of either an
endocrine nature (e.g., myxoedema – reduced thyr-
oid function) or physical obstructive nature (e.g.,
colon cancer). Where constipation has developed
recently in a previously nonconstipated individual
over the age of 40 years colon cancer must be
excluded as the cause of the change of bowel
habit. In the absence of evidence that the constipa-
tion is secondary it is probably due to dietary and
life-style factors. The mucosa of the lower colon has
a great capacity to desiccate its contents. If the call
to stool does not occur or is ignored residual mate-
rial drys out and individual fecal pellets become
smaller. There is experimental evidence to suggest
that greater abdominal pressures are needed to expel
pellets that are 1 cm in diameter than those that are
2 cm in diameter. Thus, factors that result in the call
to stool being ignored, like not allowing sufficient
time for defecation after a stimulus such as breakfast
or the walk to the station or being unprepared to
defecate anywhere except at home (a common char-
acteristic consistent with mammalian behavior), are
likely to cause constipation. Simple solutions include
going to bed earlier and getting up earlier in the
morning, and finding another acceptable location

for defecation at the workplace. Increasing fiber in
the diet, most easily achieved by making breakfast a
high-fiber meal with either high-fiber breakfast cer-
eals or high-fiber breads, will increase stool bulk,
shorten transit time (the time for a marker to pass
from the mouth and be passed in the stool), and
alleviate symptoms in many cases. The importance
of exercise in maintaining normal colon function is
gradually being recognized – the importance of brisk
walking should not be underestimated. However,
some specific types of simple constipation have
been identified which do not necessarily respond to
high-fiber diets. Grossly prolonged transit times
reflecting seriously slow colonic motility has been
seen particularly in young women and do not
respond well to high-fiber diets, and some ‘outflow
abnormalities,’ which sometimes have a basis in
abnormal rectal conformation, may also not
respond.

Diverticular disease of the colon, characterized
by the development of protrusions of mucosa
through the bowel wall, is common and usually
asymptomatic. It has been shown to be less likely
to develop in those following a high-fiber diet, and
once acquired can be managed, in many cases, by
ensuring an adequate amount of fiber in the diet.
Experimentally, various fiber supplements and
‘bulking agents’ have been shown to reduce the
abnormally high peak intracolonic pressures that
are characteristic of diverticular disease. Sometimes
10–20 g of coarse wheat bran as a supplement is all
that is required, but some patients develop flatu-
lence and distension at least initially. Other fiber
supplements such as ispaghula husk (psyllium) may
be as effective, without the initial adverse side
effects. Sometimes, simple dietary changes to
achieve an adequate total daily intake of dietary
fiber particularly from wheat-based foods are effec-
tive. Diverticulitis (inflammation of the diverticula)
is a complication requiring medical management,
which will usually include a short period of absten-
tion from food. Many patients remain largely with-
out symptoms once the right ‘fiber’ regimen has
been determined.

The irritable bowel syndrome (IBS) is a ‘functional’
disorder of the bowel, which is said to affect up to
15% of the population and is characterized by some,
but not necessarily all, of a range of symptoms includ-
ing abdominal pain relieved by constipation, alternat-
ing diarrhea and constipation, recurrent abdominal
pain, and urgent or frequent defecation. An impor-
tant part of management is the exclusion of other
serious organic disease such as inflammatory bowel
diseases. In IBS the gut is abnormally sensitive to
distension, and symptoms may be related to or
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exacerbated by external emotional events. The role of
high-fiber diets in IBS has been investigated and not
surprisingly is only of benefit in some cases: in those
patients in whom the predominant feature is consti-
pation. In some patients high-fiber diets may make
their symptoms worse.

In inflammatory bowel disease (IBD) high fiber
diets have no special part to play in the management
of Crohn’s disease where enteral feeding (with for-
mula low-residue, low-fiber preparations) is espe-
cially beneficial where there is acute extensive small
bowel disease. In ulcerative colitis specific dietary
advice is usually unnecessary though fiber supple-
ments may be of benefit in patients whose disease is
limited to proctitis (inflammation of the rectum).

The treatment of newly diagnosed colon cancer
does not include diet therapy, but treatment of
those at increased risk of developing colon cancer
by dietary and other means will become increas-
ingly common as more information about the
effects of high fiber diets and supplements on
colon function becomes available. The critical step
in the adenoma-carcinoma sequence in the human
large bowel is the enlargement of the small ade-
noma (which has a low risk of malignant transfor-
mation) to a large adenoma (which has a high risk
of malignant transformation); dietary factors,
including low amounts of fiber in the diet, enhance
adenoma growth. Bile acids are strongly linked to
adenoma growth and bile acid concentrations in the
colon are influenced by dietary fat and dietary
fiber. Other effects of fiber may also be protective:
bulking the stool and accelerating material through
the colon, and provision of substrate for fermenta-
tion particularly with production of butyrate, which
may have antineoplastic properties. However,

despite a great deal of epidemiological and experi-
mental work the potential role of dietary fiber in
modulating the risk of colon cancer remains
controversial.

See also: Dietary Fiber: Physiological Effects and
Effects on Absorption; Potential Role in Etiology of
Disease.
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Introduction

Fatty acids and glucose are the primary metabolic
fuels used by higher organisms, including man. As
such, fatty acids occupy a central position in
human nutrition. Fat, carbohydrate, and protein
comprise the macronutrients. When nutritionists
speak of fat, they are referring mainly to triacylgly-
cerol (triglyceride), which consists of three fatty-
acid molecules covalently linked to a backbone of
glycerol. Several properties of fatty acids and tria-
cylglycerol make them highly suited to the storage
and provision of energy. When a gram of fatty acid
is burned as fuel, about 9 kcal of energy is recov-
ered – more than twice that yielded when a gram of
carbohydrate or protein is utilized. Unlike carbohy-
drates, fat can be stored in an anhydrous compact
state, allowing the organism to amass large quanti-
ties of fuel reserves in times of plenty. This
property can have unfortunate consequences in
prosperous societies, as evidenced by the increasing
incidence of obesity. Fatty acids are also fundamen-
tal building blocks for the synthesis of most biolo-
gically important lipids, including phospholipids,
sphingolipids, and cholesterol esters. They are the
precursors of bioactive molecules such as

prostaglandins and other eicosanoids. In addition,
fatty acids and their coenzyme A derivatives have
many metabolic regulatory roles.

Fatty-Acid Nomenclature Conventions

In this article, fatty acids will be identified by
their chain length, the number of double bonds
present, and the position of the first double bond
from the methyl end of the molecule. Thus 14:0
denotes a saturated fatty acid with 14 carbon
atoms, 16:1n-9 denotes a monounsaturated fatty
acid with 16 carbon atoms in which one double
bond occurs nine carbon atoms from the methyl
end, and 20:4n-6 denotes a polyunsaturated fatty
acid with 20 carbon atoms in which the first of
four double bonds is found six carbon atoms from
the methyl end. Unless otherwise noted, all double
bonds are in the cis configuration and double
bonds in polyunsaturated fatty acids are separated
by a single methylene (–CH2–) group. The car-
boxyl carbon atom of any fatty acid is carbon-1.
The adjacent carbon atom is referred to as either
carbon-2 or the �-carbon; the next is carbon-3 or
the �-carbon, and so on. Some examples are
shown in Figure 1.

Physical Properties of Fatty Acids

Fatty acids are aliphatic organic acids with the
fundamental structure CH3(CH2)nCOOH, where
n can range from zero to more than 26. Thus,
fatty acids range from the shortest, acetic acid
(2:0), to the very long-chain fatty acids



containing 26 or more carbon atoms (e.g., 26:0).
Although fatty acids with an odd number of
carbon atoms exist in nature, most
common fatty acids have an even number. The
most abundant fatty acids in human lipids and in
dietary lipids are the long-chain fatty acids 16:0
(palmitic acid) and 18:1n-9 (oleic acid) (Figure 1).
The hydrophobic nature of the hydrocarbon
chain of fatty acids containing more than eight
carbon atoms renders them quite insoluble in
aqueous media. It has been estimated that for
every two additional carbon atoms in the fatty-
acid chain its solubility decreases 10-fold.

Owing to the poor solubility of the most abun-
dant fatty acids, free (non-esterified) fatty acids are
often found associated with binding and/or trans-
port proteins. Serum albumin has at least six binding
sites for fatty acids and is the primary transporter of
these molecules through the bloodstream. Several
low-molecular-weight fatty-acid binding proteins
have been identified and implicated in the intracel-
lular transport of free fatty acids. While free fatty
acids can associate with lipophilic cellular and orga-
nellar membranes, concentrations of these non-
esterified compounds in membranes are typically
very low.

C

O

O–

(B)

C

O

O–

(C)

C

O

O–

(D)

C

O

O–

(E)

C

O

O–

(F)

C O–

O(G)

16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

O

(A)

O–CH3CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2C

16 1

Figure 1 Fatty-acid structure and nomenclature. (A) Chemical formula and carbon atom numbering system for a 16-carbon saturated

fatty acid (16:0). (B) Schematic representation of 16:0. (C) A monounsaturated fatty acid, 18:1n-9, showing the double bond nine

carbon atoms from the methyl end (carbon 18). (D) The essential n-6 fatty acid 18:2n-6, where the first double bond is found six carbon

atoms from the methyl end. The two double bonds are separated by a methylene (–CH2–) group. (E) The essential n-3 fatty

acid 18:3n-3, where the first double bond is found three carbon atoms from the methyl end. (F) Phytanic acid, a dietary �-methyl-

branched-chain fatty acid (3,7,11,15-tetramethyl 16:0). The methyl group on carbon 3 prevents this fatty acid from degradation

by �-oxidation. (G) Pristanic acid (2,6,10,14-tetramethyl 15:0) is the product of phytanic acid �-oxidation, in which a single carbon

(carbon 1) is lost. The methyl group on carbon 2 does not preclude subsequent degradation by �-oxidation.
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Fatty-Acid Activation

Biochemically, fatty acids are rather nonreactive
molecules unless they are first activated by thioesteri-
fication to coenzyme A (CoA). This reaction is
catalyzed by acyl-CoA synthetases (also known as
acid : CoA ligases, E.C. 6.2.1.x). The overall acyl-
CoA synthetase reaction is

RCOOH þ ATP þ CoA-SH
! RCO-S-CoA þ AMP þ PPi

where PPi is inorganic pyrophosphate, ATP is ade-
nosine triphosphate, and AMP is adenosine mono-
phosphate. Owing to the wide diversity of fatty-acid
chain lengths, many enzymes with varied substrate
specificities have been identified.

It is estimated that humans have more than
25 enzymes capable of activating fatty acids and/or
fatty-acid-like compounds. Acyl-CoA synthetases
that activate fatty acids of similar chain lengths
often have different tissue-expression patterns and/
or different subcellular locations. Thus, each enzyme
may direct its fatty-acid substrates into a particular
metabolic pathway.

Mitochondrial Fatty-Acid b-Oxidation

To recover their stored energy, fatty acids must be
oxidized. Quantitatively, the most important
energy-yielding degradation pathway is mitochon-
drial �-oxidation (Figure 2). Fatty acids must first
enter cells or tissues. Serum triacylglycerol, usually
associated with lipoproteins, is hydrolyzed by
lipoprotein lipase located on the capillary endothe-
lium, releasing fatty acids for cellular uptake. In
addition, albumin-bound circulating free fatty
acids (e.g., produced by the mobilization of adipo-
cyte fat stores) reach the cell surface. Although
hydrophobic fatty acids can traverse the plasma
membrane by simple diffusion, a role for membrane
transport proteins in this process remains contro-
versial. Once inside the cell, fatty acids are thought
to be moved to the mitochondria (or other intracel-
lular sites) by intracellular fatty-acid binding
proteins.

Acyl-CoA synthetase activity towards long-chain
fatty-acid substrates is present in the outer
mitochondrial membrane. However, fatty acyl-
CoAs do not readily traverse biological membranes
such as the inner mitochondrial membrane. A highly
sophisticated transport system has evolved to
allow tight regulation of fatty-acid entry into the
mitochondrion (Figure 2). Carnitine palmitoyl trans-
ferase 1 (CPT1), located on the inner aspect of the

outer mitochondrial membrane, catalyzes a transes-
terification reaction:

fatty acyl-CoA þ carnitine
! fatty acyl-carnitine þ CoA-SH

Carnitine–acylcarnitine translocase (CACT), located
in the inner mitochondrial membrane, carries
the fatty acyl-carnitine inside the mitochondrion in
exchange for a free carnitine molecule. CPT2,
located inside the mitochondrion, then catalyzes
the reversal of the CPT1 reaction. Thus, the con-
certed actions of CPT1, CACT, and CPT2 effec-
tively translocate fatty acyl-CoA across the inner
mitochondrial membrane.

Entry of fatty acids into the mitochondrion is
regulated by several mechanisms. Although long-
chain fatty acids can readily diffuse across the
lipophilic inner mitochondrial membrane, the
mitochondrial matrix lacks long-chain acyl-CoA
synthetase activity. Thus, long-chain fatty acids
cannot be activated intramitochondrially to enter
the �-oxidation pathway. Control is also exerted
extramitochondrially via malonyl-CoA, a cytoplas-
mic intermediate in fatty-acid biosynthesis and an
indicator of high cellular energy status. Malonyl-
CoA is a potent inhibitor of CPT1, prohibiting
fatty acids from entering the mitochondria to be
degraded.

As depicted in Figure 2, the four primary
enzymes of mitochondrial �-oxidation act on intra-
mitochondrial fatty acyl-CoA by sequential dehy-
drogenation, hydration, dehydrogenation, and
thiolytic cleavage reactions. The products are
(1) fatty acyl-CoA that has been shortened by two
carbon atoms, (2) acetyl-CoA, (3) reduced flavin
adenine dinucleotide (FADH2), and (4) reduced
nicotinamide adenine dinucleotide (NADH).
FADH2 and NADH can directly enter the electron
transport chain at complex 2 and complex 1,
respectively, yielding about five ATP molecules.
Acetyl-CoA can be further degraded to carbon
dioxide and water by the tricarboxylic acid cycle,
yielding additional reducing equivalents that can
enter the electron transport chain and produce
ATP. Importantly, the entire �-oxidation process
can be repeated using the shortened fatty acyl-
CoA as a substrate. This process can be repeated
until the entire carbon skeleton of the fatty acid has
been degraded to two-carbon acetyl-CoA units.
Theoretically, complete oxidation of one molecule
of 16:0 (�-oxidation and tricarboxylic acid cycle)
will yield more than 160 ATP molecules.

Essentially all cells and tissues can use carbohy-
drate (glucose) for fuel, and a few (e.g., nerves and
erythrocytes) are dependent on this fuel source. An
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important nutritional consideration is that carbon
derived from fatty acids via �-oxidation cannot be
converted to glucose in net quantities. In the post-
prandial state, however, most cell types other than
nerves and erythrocytes derive the majority of their
energy from fatty-acid oxidation under normal phy-
siologic conditions. Some tissues, e.g., skeletal mus-
cle, completely oxidize fatty acids to carbon dioxide
and water. Others, e.g., liver, only partially oxidize
fatty acids, using the acetyl-CoA product
for biosynthethic needs. In particular, liver uses
intramitochondrial acetyl-CoA for the synthesis of
ketone bodies, acetoacetate and �-hydroxybutyrate
(Figure 3). Ketone bodies can be oxidized by all
tissues except the liver and provide an alternative
fuel source during starvation. In particular, nervous
tissue can oxidize ketone bodies. During prolonged
starvation, increased ketone-body use spares the
brain’s requirement for glucose.

Peroxisomal Fatty-Acid b-Oxidation

Like mitochondria, peroxisomes contain pathways
for the �-oxidation of fatty acids. The mechanism
by which fatty acids enter peroxisomes is unclear
but does not appear to involve the CPT1–CACT–
CPT2 pathway. Long-chain and very-long-chain
acyl-CoA synthetase activities are associated with
peroxisomes, but it has not been established
whether fatty acids or fatty acyl-CoAs traverse the
peroxisomal membrane. The basic reactions of per-
oxisomal �-oxidation resemble those found in mito-
chondria, but the peroxisomal and mitochondrial
enzymes are distinct proteins (Figure 4). In fact,
peroxisomes contain two sets of �-oxidation
enzymes, which appear to function with distinct
substrates.

Unlike mitochondria, peroxisomes do not contain
an electron transport chain or tricarboxylic acid
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   translocase
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Figure 2 Mitochondrial fatty-acid (FA) �-oxidation pathway. Long-chain fatty acids are activated, converted to carnitine esters,

transported across the inner mitochondrial membrane, and re-converted to their CoA thioester once in the mitochondrial matrix. Four

sequential mitochondrial enzyme reactions shorten the fatty acyl-CoA (FA-CoA) by two carbon atoms, which are released as

acetyl-CoA. The shortened fatty acyl-CoA can undergo additional cycles of degradation until the entire carbon chain has been
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chain for ATP production. Acetyl-CoA enters the tricarboxylic acid (TCA) cycle, yielding additional NADH and FADH2 for ATP

production. Mitochondrial �-oxidation is the primary pathway for recovering the energy stored as triacylglycerol or ‘fat’.
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cycle, and, thus, peroxisomal fatty-acid degradation
is not directly coupled to energy production. Rather,
peroxisomes have a more specialized fatty-acid oxi-
dation role, degrading fatty-acid substrates that can-
not be catabolized in mitochondria. Peroxisomes are
indispensable for the degradation of very-long-chain
fatty acids (containing more than 22 carbon atoms),
which are neurotoxic if allowed to accumulate.
These fatty acids undergo several cycles of peroxiso-
mal �-oxidation until they are between eight and 10
carbon atoms long, after which they go to the mito-
chondria for further catabolism. Degradation of
xenobiotic fatty acyl-like compounds (e.g., sulphur-
substituted fatty acids and many nonsteroidal anti-
inflammatory drugs) takes place in peroxisomes.
Oxidation of dicarboxylic acids (from the diet or
from !-oxidation) and 2-methyl-branched-chain
fatty acids (from the diet or from �-oxidation) also
occurs in peroxisomes.

The peroxisomal �-oxidation pathway also fulfils
an important biosynthetic role. In the hepatic synthe-
sis of bile acids from cholesterol, the aliphatic side
chain, which resembles an �-methyl-branched-chain
fatty acid, must be shortened. A single cycle of
peroxisomal �-oxidation will remove a three-carbon

portion of the side chain, converting the 27-carbon
bile acid precursors dihydroxycholestanoic and tri-
hydroxycholestanoic acids into the 24-carbon pri-
mary bile acids chenodeoxycholate and cholate,
respectively.

Fatty-Acid a-Oxidation and w-Oxidation

Other important fatty-acid catabolic pathways
include �-oxidation and !-oxidation. �-Oxidation is
required for degradation of the dietary fatty acid
phytanic acid (3,7,11,15-tetramethyl-16:0). This
fatty acid cannot be degraded by �-oxidation owing
to the methyl group on carbon-3. In the human diet,
phytanic acid is obtained from the consumption of
ruminant meats, fats, and dairy products. Rumen
bacteria hydrolyze chlorophyll, releasing the phytol
side chain; phytol is oxidized to phytanic acid and
incorporated into triacylglycerol and phospholipids
by the animal. Humans typically ingest 50–100mg
of phytanic acid per day. The current view of the
�-oxidation pathway, which is found in peroxisomes,
is shown in Figure 5. After activation to its CoA
derivative, phytanoyl-CoA is hydroxylated on the
2-carbon. The next reaction catalyzes the removal of
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a one-carbon CoA derivative as formyl-CoA. The
other product of this reaction is an aldehyde, prista-
nal, that can be oxidized to form pristanic acid
(2,6,10,14-tetramethyl-15:0). This chain-shortening
reaction effectively shifts the position of the first

methyl group from carbon-3 (in phytanic acid) to
carbon-2 (in pristanic acid). The 2-methyl-branched
chain fatty acids can then be degraded further via
peroxisomal �-oxidation.

Another mechanism for degradation of fatty
acids that cannot undergo �-oxidation is known as
!-oxidation. In this process, the terminal methyl
group (referred to as the !-end) of a fatty-acid
chain is oxidized to a carboxylic acid via cyto-
chrome P450 isozymes, particularly the CYP52A
family, in the endoplasmic reticulum. The resulting
dicarboxylic acids can then be at least partially
degraded by �-oxidation from the !-end, primarily
in peroxisomes.

Fatty-Acid de novo Synthesis

Much of our need for fatty acids as constituents
of phospholipids and other complex lipids is met
by the diet. In addition, certain lipogenic tissues
are capable of the de novo synthesis of fatty acids
(Figure 6). These tissues include liver (hepatocytes),
adipose tissue, and lactating mammary gland.
Much of the fatty acids synthesized by all three
tissues is incorporated into triacylglycerol. Hepatic
synthesis is primarily for export to other tissues (in
very low-density lipoproteins), while synthesis in
adipocytes and mammary gland is for local
storage.

The carbon used for fatty-acid synthesis typically
derives from the products of glycolysis. The end
product of glycolysis, pyruvate, enters the mitochon-
dria and becomes the substrate for two separate
reactions. In one, pyruvate is decarboxylated via
the pyruvate dehydrogenase complex, yielding
acetyl-CoA. Lipogenic tissues also contain another
mitochondrial enzyme, pyruvate carboxylase, which
converts pyruvate to the four-carbon acid oxaloace-
tate (OAA). Acetyl-CoA and oxaloacetate condense
to form the six-carbon acid citrate. As citrate accu-
mulates within the mitochondrion, it is exported to
the cytoplasm, where it is converted back to oxaloa-
cetate and acetyl-CoA. Cytoplasmic acetyl-CoA is
the fundamental building block for de novo synth-
esis of fatty acids.

The first enzyme unique to fatty-acid synthesis is
acetyl-CoA carboxylase, which converts the two-
carbon substrate acetyl-CoA into the three-carbon
product malonyl-CoA. Citrate, in addition to
being the precursor of cytoplasmic acetyl-CoA,
has a regulatory role. Citrate is an allosteric acti-
vator of acetyl-CoA carboxylase and serves as a
signal that there is an ample carbon supply for
fatty-acid synthesis. As noted above, malonyl-
CoA is a potent inhibitor of CPT1. Cytoplasmic
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While saturated long-chain fatty acids (LCFA) are preferentially

degrade in mitochondria, saturated very-long-chain fatty acids

(VLCFA) and some LCFA are shortened by peroxisomal

�-oxidation. Degradation of pristanic acid, the product of phytanic

acid �-oxidation, and the conversion of the cholesterol-derived

27-carbon bile-acid precursors dihydroxycholestanoic acid

(DHCA) and trihydroxycholestanoic acid (THCA) to 24-carbon

bile acids also require this pathway. The mechanism by which

these substrates enter peroxisomes is unknown. Four enzymatic

reactions serve to shorten the substrates by either two (LCFA,

VLCFA) or three (pristanic acid, DHCA, THCA) carbon atoms. The

2-methyl group of the latter substrates is shown in brackets. SCPx

thiolase refers to the thiolase activity of sterol carrier protein x.

156 FATTY ACIDS/Metabolism



malonyl-CoA levels will be high only when there is
significant flux through glycolysis, indicative of a
high cellular energy state. Under these conditions,
entry of fatty acids into the mitochondria (and
subsequent �-oxidation) is prevented. Interestingly,
there are two isoforms of acetyl-CoA carboxylase.
One is found in the above-named lipogenic tissues.
The other is found in many tissues that are not
capable of synthesizing fatty acids, e.g., the heart.
It is thought that the primary role of the second

isozyme is to regulate mitochondrial fatty-acid
�-oxidation by synthesizing malonyl-CoA when
cellular energy needs are being met by carbohy-
drate metabolism.

The subsequent reactions of fatty-acid synthesis
in humans are catalyzed by a multienzyme com-
plex, fatty-acid synthase. After binding of one
molecule each of acetyl-CoA and malonyl-CoA to
unique binding sites within the complex, a conden-
sation reaction occurs in which carbon dioxide is
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Figure 5 Peroxisomal phytanic acid �-oxidation pathway. The dietary 3-methyl-branched fatty acid phytanic acid is toxic if allowed to

accumulate in the tissues. Its 3-methyl group prevents degradation by �-oxidation; therefore, this fatty acid is first shortened by one

carbon atom. Like the substrates for peroxisomal �-oxidation, phytanic acid enters peroxisomes by an unknown mechanism. Activated

phytanic acid is hydroxylated on carbon 2. Cleavage between carbons 1 and 2 yields a one-carbon CoA compound, formyl-CoA, and

an aldehyde, pristanal. After oxidation and reactivation to the CoA derivative, pristanoyl-CoA can be degraded by �-oxidation.
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released and an enzyme-bound 4-carbon 3-ketoacid
is formed. Subsequent reactions include a reduction
step, a dehydration step, and a second reduction
step. The intermediates produced in these reactions
are similar to those seen in �-oxidation (Figure 2),
in reverse order. The product (enzyme bound) is the
saturated fatty acid 4:0, which can then condense
with another molecule of malonyl-CoA to start
the process anew. After seven such cycles, the ulti-
mate product is 16:0, which is released from the
complex.

The reductive steps in fatty-acid synthesis require
reduced nicotinamide adenine dinucleotide phos-
phate (NADPH). Some NADPH is produced during
recycling of the oxaloacetate formed during the
cytoplasmic hydrolysis of citrate, described above.
Oxaloacetate is first converted to malate (via cyto-
plasmic malate dehydrogenase). Malate is then

decarboxylated to pyruvate in an NADPþ-dependent
reaction catalyzed by malic enzyme; NADPH is
produced in this reaction. NADPH for fatty-acid
biosynthesis also comes from reactions in the pen-
tose phosphate pathway (hexose monophosphate
shunt).

In several respects, the enzymatic reactions of
fatty-acid synthesis are the converse of those in
fatty-acid oxidation. However, there are key differ-
ences, which are summarized in Table 1.

Fatty-Acid Elongation

The primary product synthesized by the de novo
pathway is 16:0. While 16:0 is an important fatty
acid, there is a need to synthesize longer-chain acids.
Enzymes for elongation of fatty-acids have been
found in membranes of the endoplasmic reticulum
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and mitochondria. However, these pathways are less
well-characterized than that of fatty-acid synthesis.
In the endoplasmic reticulum, the reactions involved
in fatty-acid elongation are very similar to those of
cytoplasmic fatty-acid synthesis. The donor of the
added carbon atoms is also malonyl-CoA, indicating
that an active acetyl-CoA carboxylase is required for
elongation. Whereas the primary reactions of fatty-
acid synthesis are found within the fatty-acid
synthase multienzyme complex, individual proteins
catalyze the four elongation reactions (condensation,
reduction, dehydration, and reduction). Like synth-
esis, elongation in the endoplasmic reticulum
requires reducing equivalents in the form of
NADPH.

Fatty-acid elongation in mitochondrial mem-
branes is thought to be slightly different from the
process in the endoplasmic reticulum. The primary
difference is that the donor of elongation units is
thought to be acetyl-CoA, not malonyl-CoA. The
four elongation reactions are similar, but may
require NADH rather than NADPH as source of
reducing equivalents. Little is known about how
fatty-acid elongation in either the mitochondria or
the endoplasmic reticulum is regulated.

Fatty-Acid Unsaturation and the
Essential Fatty Acids

Monounsaturated and polyunsaturated fatty acids
are extraordinarily important in human health and
nutrition. Thus, the insertion of double bonds into
the carbon skeleton of a fatty acid is a vital meta-
bolic function. However, humans are in general not
capable of inserting double bonds closer than nine
carbon atoms from the methyl end of a fatty acid.
Thus, we are incapable of the de novo synthesis of

two important classes of fatty acids, the n-3 fatty
acids such as docosahexaenoic acid (22:6n-3) and the
n-6 fatty acids such as arachidonic acid (20:4n-6).
The n-3 fatty acids have proven to be beneficial in
the prevention of coronary artery disease. The fatty
acid 22:6n-3 has been shown to be important for
the normal development of the brain and retina,
leading some manufacturers to include this fatty
acid in their infant formula preparations. The n-6
fatty acids are important constituents of membrane
lipids. The fatty acid 20:4 is also the well-known
precursor of prostaglandins and other bioactive
eicosanoids. Since we cannot synthesize these fatty
acids de novo, we are dependent on the presence of
at least some n-3 and some n-6 fatty acids in the
diet. Linoleic acid (18:2n-6) and �-linolenic acid
(18:3n-3) are the precursors of most biologically
important n-3 and n-6 fatty acids; thus, they are
referred to as essential fatty acids.

As noted earlier, the most abundant fatty acids in
humans include a saturated fatty acid (16:0) and a
monounsaturated fatty acid (18:1n-9). Humans can
readily insert a cis-double bond nine carbons from
the carboxyl carbon atom of a fatty acid (�9) in a
reaction catalyzed by stearoyl-CoA desaturase
(SCD1; so-named because the preferred substrate is
the CoA derivative of 18:0, stearic acid). Because
SCD1 is involved in the synthesis of such an abun-
dant fatty acid, 18:1, the importance of this enzyme
in metabolism was initially overlooked. However,
18:1 produced by SCD1 appears to be directed spe-
cifically towards triacylglycerol synthesis. Mice in
which the SCD1 gene is disrupted have decreased
adiposity. Furthermore, genetically obese leptin-
deficient (ob–/ob–) mice in which the SCD1 gene is
also disrupted have significantly reduced body
weight compared with ob–/ob– mice, leading to the
hypothesis that leptin regulates the synthesis of
SCD1. Interestingly, dietary 18:1 seems to be more
readily incorporated into lipids other than triacylgly-
cerols, implying that the dietary and the SCD1-pro-
duced pools of this fatty acid are metabolically
distinct. As with the n-3 fatty acids, dietary inges-
tion of monounsaturated fatty acids such as 18:1 has
been associated with benefits to cardiovascular
health.

Humans are also capable of inserting cis-double
bonds either five or six carbon atoms from the car-
boxyl carbon atom of a fatty acid (�5 desaturase
and �6 desaturase activity, respectively). These
activities, when combined with the elongation path-
ways described above, form a powerful mechanism
for synthesis of highly polyunsaturated fatty acids
such as 20:4n-6 and 22:6n-3 from the dietary essen-
tial fatty acids. Previously, it was thought that

Table 1 Distinctions between fatty-acid �-oxidation and fatty-acid

synthesis

Fatty-acid

�-oxidation

Fatty-acid

synthesis

Tissues with active

pathway

Nearly all tissues

except brain,

nerve, and

erythrocytes

Liver, adipose,

and lactating

mammary

gland

Subcellular location Mitochondria Cytoplasm

Redox cofactors NAD, FAD NADPH

Acyl-group carrier CoA Enzyme-bound

acyl carrier

protein

Stereochemistry of

3-hydroxy

intermediate

L- D-
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humans also had the ability to insert a double bond
four carbon atoms from the carboxyl carbon (�4
desaturase activity), as this activity was thought to
be necessary for the conversion of 18:3n-3 to 22:6n-
3. However, attempts to measure �4 desaturase
activity experimentally were not successful. It is
now thought that, through a series of elongation
and desaturation reactions, 18:3n-3 is converted to
the penultimate intermediate, 22:5n-3. Rather than
using a �4 desaturase to complete the synthesis,
22:5n-3 is elongated to 24:5n-3, converted to
24:6n-3 by �6 desaturase, and finally chain-

shortened to 22:6n-3 by one cycle of peroxisomal
�-oxidation.

Fatty Acids as Components of Complex
Lipids

Fatty acids are important building blocks for var-
ious cellular complex lipids (Figure 7). For simpli-
city, the pathways for incorporation of fatty acids
into these lipids are outlined only briefly. More
details can be found in any good biochemistry
text. In most cases, fatty acyl-CoA and not free
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fatty acid participates in these biosynthetic reac-
tions. Nearly all cells synthesize phospholipids,
which are essential membrane constituents. Phos-
pholipid synthesis takes place in the endoplasmic
reticulum. It begins by fatty acylating the two free
hydroxyl groups in �-glycerophosphate, a triose
derived from glycolytic intermediates, yielding
phosphatidic acid. Various head groups (e.g., cho-
line, ethanolamine, inositol, or serine) can then be
linked to the phosphate group. For synthesis of
triacylglycerol, this phosphate moiety is removed,
yielding diacylglycerol, and a third fatty acyl
group is esterified to the free hydroxyl group.

Another type of lipid, the ether-linked phospholi-
pids (e.g., plasmalogens), comprises about 20% of
membrane phospholipids (Figure 7). Plasmalogen
synthesis requires enzymes present in both peroxi-
somes and the endoplasmic reticulum. These lipids
are thought to be part of the cellular defense
mechanism against oxidative injury.

Fatty acids are also found esterified to the
3-hydroxyl group of cholesterol (cholesterol esters;
ChE). ChE, which are more hydrophobic than free
cholesterol, are a transport and storage form of
cholesterol. ChE are found in high concentrations
in low-density lipoproteins. Intracellular lipid dro-
plets containing ChE are found in steroidogenic tis-
sues and are thought to be a reservoir of cholesterol
for steroid-hormone synthesis. The fatty acid most
commonly found in ChE is 18:1. It must be acti-
vated to its CoA derivative before transfer to cho-
lesterol in a reaction catalyzed by acyl-CoA
cholesterol acyltransferase. ChE are also formed
within lipoproteins by the transfer of one fatty acyl
chain from phosphatidyl choline to cholesterol, a
reaction catalyzed by circulating lecithin: cholesterol
acyltransferase.

Synthesis of sphingolipids, which include sphingo-
myelin, ceramides, cerebrosides, and gangliosides,
begins by the condensation of palmitoyl-CoA
(16:0-CoA) with serine. The amino group of serine
is then acylated by a second fatty acyl-CoA to form
ceramide; the chain length of the second fatty acid
can be variable. Transfer of phosphorylcholine
(from the phospholipid phosphatidyl choline) to
the hydroxyl group of ceramide yields sphingomye-
lin. Alternatively, sugars (from sugar nucleotide
donors) are added to produce the cerebrosides,
gangliosides, and related lipids.

Eicosanoid Synthesis

The fatty acid 20:4n-6 (arachidonic acid) is the pre-
cursor of most eicosanoids, which include the pros-
taglandins, leukotrienes, and thromboxanes.

Because it is an n-6 fatty acid, 20:4 must be derived
from dietary lipids or synthesized by elongation and
unsaturation of the essential fatty acid 18:2n-6. As
with other fatty acids, cellular concentrations of
unesterified 20:4 are low. Conversion of 20:4 to
eicosanoids begins with an agonist-induced release
of the fatty acid from the sn-2 position of membrane
phospholipids via the action of phospholipase A2.
Unlike most reactions of fatty acids, eicosanoid
synthesis appears to use free 20:4 rather than its
CoA derivative as the substrate. Cyclooxygenases
(COX1 and COX2) catalyze a complex molecular
oxygen-requiring reaction that converts 20:4 to
prostaglandin G2. This reaction involves carbon
atoms in the middle of the acyl chain, rather than
the methyl carbon (such as occurs in !-oxidation) or
the carboxyl carbon (such as occurs in nearly all
other reactions of fatty acids). Prostaglandin G2
can subsequently be converted to other prostaglan-
dins or to thromboxanes. As these compounds have
potent biological effects, including mediation of
inflammation, COX inhibitors are an important
class of anti-inflammatory drugs. Free 20:4 is also
the primary substrate for the enzyme 5-lipoxygen-
ase, which is the first step in the synthesis of
leukotrienes.

Fatty Acylation of Proteins

Covalent modification of proteins is a more recently
discovered role of fatty acids. Fatty acylation of
proteins frequently serves as a means of targeting
or anchoring a protein to a membrane. Myristoyla-
tion, the addition of 14:0 to a protein, occurs at
N-terminal glycine residues after removal of the
initiator methionine. This process is generally
co-translational and irreversible. N-myristoyl pro-
teins include many signal-transduction-associated
proteins, e.g., src and ADP-ribosylation factors.
The enzyme N-myristoyltransferase catalyzes the
reaction and uses 14:0-CoA as substrate.

Palmitoylation, the addition of 16:0 to a protein,
is also commonly observed. This modification to the
sulfydryl side chain of cysteine residues occurs post-
translationally and is reversible. Both membrane-
associated proteins and integral membrane proteins
can be palmitoylated; examples are ion channels,
neurotransmitter receptors, and sonic hedgehog.
Protein palmitoyl transferases also use the CoA deri-
vative of the fatty acid as a substrate. Several pro-
teins are modified with both an N-terminal 14:0 and
an S-linked 16:0 elsewhere in the protein chain.
�-subunits of heterotrimeric G-proteins and
endothelial nitric oxide synthase are examples of
dually acylated proteins.
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There are instances of acylation by fatty acids
with chain lengths other than 14 or 16 carbon
atoms. One nutritionally important example is the
recently identified orexigenic peptide ghrelin. The
active form of this 28-amino-acid peptide hormone
has the medium-chain fatty acid 8:0 covalently ester-
ified to the hydroxyl group of serine-3. Octanoy-
lated ghrelin is believed to act at the level of the
hypothalamus to stimulate appetite, perhaps via
neuropeptide Y.

Vitamins and Fatty-Acid Metabolism

Several of the B vitamins are essential for normal
fatty-acid metabolism (Table 2). Pantothenic acid is
a constituent of CoA and is thus required for
numerous reactions of fatty acids. Niacin and ribo-
flavin are necessary for the synthesis of oxidized
and reduced NAD(P) and FAD, respectively. These
compounds play essential roles in fatty-acid oxida-
tion, synthesis, and elongation. Biotin is a constitu-
ent of acetyl-CoA carboxylase and pyruvate
carboxylase, both of which are involved in the
synthesis of fatty acids from glucose. Thiamine is
required for activity of the pyruvate dehydrogenase
complex, which also participates in fatty-acid
synthesis from glucose.

Regulation of Fatty-Acid Metabolism

A few specific aspects of the regulation of fatty-
acid metabolism have been described above. More
global regulatory mechanisms that deserve men-
tion include those mediated by insulin and gluca-
gon, sterol regulatory element-binding protein
(SREBP) 1c, and peroxisome proliferator-activated
receptor (PPAR) �. In the fed and fasted states,
control of fuel metabolism is mediated to a large
extent by insulin and glucagon, respectively.
Effects of glucagon are mediated via cyclic adeno-
sine monophosphate (cAMP)-dependent kinases

and serve to decrease flux through glycolysis,
thus decreasing the rate of de novo fatty-acid
biosynthesis and increasing rates of mitochondrial
b-oxidation and ketogenesis. Insulin effects are
mediated through activation of its receptor tyro-
sine kinase and are in general opposite to those of
glucagon, stimulating glycolysis and fatty-acid
synthesis while inhibiting fatty-acid degradation.
Insulin and glucagon have both acute and long-
term effects on fatty-acid metabolism. The tran-
scription factor SREBP1c is thought to mediate
the action of insulin in upregulating genes involved
in fatty-acid synthesis. Activation of PPARa on the
other hand increases rates of fatty-acid oxidation
and ketogenesis. Endogenous ligands for this
nuclear receptor are thought to include polyunsat-
urated fatty acids and branched-chain fatty acids.
The PPARs heterodimerize with the retinoid X
receptor, and both receptors must be ligand-
bound for transcriptional activation. Several mito-
chondrial, microsomal, and peroxisomal genes
associated with fatty-acid catabolism are upregu-
lated via PPARa stimulation.

See also: Fatty Acids: Monounsaturated; Omega-3
Polyunsaturated; Omega-6 Polyunsaturated; Saturated;
Trans Fatty Acids.
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Introduction

Fatty acids are described according to two character-
istics: chain length and degree of saturationwith hydro-
gen.Monounsaturated fatty acids (MUFA) have, as the
name suggests, only one unsaturated bond attached to
the carbon chain. This double bond is fixed in nature
and is positioned on the ninth carbon atom counting
from the methyl (omega) end of the fatty-acid chain.
Four of these MUFA are found in significant quantities
in food, the most common being oleic acid (C18:1)
(Figure 1). This n-9 fatty acid is capable of being
synthesized by animals, including humans, but is pre-
dominantly incorporated via the diet. While butter and
animal fats contain only small amounts of oleic acid,
olive oil is a rich source. Olive oil, which comprises up
to 70% of the fat intake in Mediterranean diets, is
postulated to be effective in decreasing the risk of
certain chronic diseases. These include such diseases
as coronary heart disease, cancers, and inflammatory
disorders, particularly rheumatoid arthritis.

Cholesterol Metabolism

Cholesterol metabolism is of fundamental biological
importance. All vertebrates require cholesterol as a
precursor for bile acids and hormones, including

corticosteroids, sex steroids, and vitamin D. The
amount of cholesterol found in tissues greatly exceeds
the requirement for production of these hormones and
bile acids, and the bulk of this excess is associated with
the cell-membrane structure, where it is believed to
modulate the physical state of phospholipid bilayers.

Cholesterol circulates in plasma as a component
of lipoproteins. There are several distinct classes of
plasma lipoprotein, which differ in several respects,
including type of apolipoprotein and relative content
of triacylglycerol and cholesterol.

Cholesterol transport

Chylomicron remnants deliver dietary cholesterol
to the liver. It is then incorporated into very low-
density lipoproteins (VLDL), which are secreted in
plasma. The VLDL acquire cholesteryl esters and
apolipoprotein E (apo E) from high-density lipopro-
teins (HDL) to produce intermediate-density lipo-
proteins (IDL), which are rapidly taken up by the
liver or are further catabolized into low-density lipo-
proteins (LDL). These cholesterol-rich LDL particles
are catabolized only slowly in human plasma and
are therefore present at relatively high concentra-
tions. Elimination of cholesterol from these extra-
hepatic cells is achieved by the delivery of
cholesterol from cell membranes to plasma HDL in
the first step of a pathway known as reverse choles-
terol transport. This process allows for esterification
of cholesterol and its delivery back to the liver.

LDL, HDL, and atherosclerosis

Membrane function is compromised if it contains
either too much or too little cholesterol. Epidemio-
logical studies have classified raised plasma choles-
terol levels as a risk factor for atherosclerosis, and it
is one of the more important predictors of coronary
heart disease (CHD). Elevated plasma cholesterol
concentration (hypercholesterolemia) is associated
with an increased concentration of LDL, owing to
either an increased rate of LDL formation or a
decrease in the rate at which they are cleared from
plasma, and usually a decreased concentration of
HDL. Numerous dietary-intervention studies have
aimed both to prevent CHD and to reduce total
mortality, but almost all have been ineffective.

MUFA and CHD

Many of the trials conducted concentrated on the
substitution of polyunsaturated vegetable oils for
saturated fat from animal sources and on decreasing
the amount of dietary cholesterol. These studies fol-
lowed the reasoning that fats rich in saturated fatty
acids (SFA) raised plasma cholesterol mainly by

CO2H

Figure 1 Structure of oleic acid, C18:1.
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increasing plasma LDL cholesterol levels, and oils
rich in polyunsaturated fatty acids (PUFA) lowered
plasma cholesterol mainly by decreasing LDL cho-
lesterol. The MUFA were first considered neutral in
regard to their influence on plasma cholesterol, but
more recent findings suggest a decrease in total LDL
cholesterol concentration following substitution of
SFA by MUFA. Moreover, clinical trials have also
shown that a MUFA-rich diet does not decrease
concentrations & HDL, the lipoprotein inversely
correlated with CHD.

Although important links exist between choles-
terol metabolism and aspects of cell function, other
complicating factors must be considered. Choles-
terol metabolism is sensitive to the inflammatory
response that accompanies most pathological events.
Tumor necrosis factor (TNF) reduces LDL and HDL
cholesterol levels and inhibits lipoprotein lipase,
resulting in a fall in cholesterol and an increase in
triacylglycerol levels. These changes may be perpe-
tuated beyond the acute phase if an inflammatory
process is present. Cholesterol metabolism is also
sensitive to genetic and environmental factors,
which may have independent effects on
noncardiovascular disease. As a consequence, the
relationship between cholesterol levels and the pre-
sence or absence of a disease state must be inter-
preted with caution.

Atherogenesis and Endothelial
Dysfunction

Atherosclerosis can be considered as a chronic
inflammatory disease, which slowly progresses over
a period of decades before clinical symptoms
become manifest. The atherogenic process comprises
interactions between multiple cell types, which initi-
ate a cascade of events involving alterations in vas-
cular production of autocoids, cytokines, and
growth factors. The endothelium, because of its
location between blood and the vascular wall, has
been implicated in the atherogenic process from the
initial stages.

Function of endothelial cells

Owing to the strategic location of the endothelium,
it is able to perform many different functions. In
addition to acting as a protective barrier, endothelial
cells have been shown to play important roles in
control of homeostasis, capillary transport, and,
more importantly, regulation of the tone of under-
lying vascular smooth muscle. The endothelium
evokes relaxation of these muscle cells, allowing
vasodilation via the chemical factor endothelium-

derived relaxing factor (EDRF), which has been
identified as nitric oxide (NO). The EDRF or NO
is vital for maintaining the vasodilatory capacity of
vascular muscle and also controls levels of platelet
function and monocyte adhesion. Any endothelial
injury or dysfunction could therefore be an impor-
tant factor in atherosclerosis.

Endothelial dysfunction

Decrease in the production, release, or action of NO
may lead to enhanced expression of adhesion mole-
cules and chemotactic factors at the endothelial sur-
face. The exact nature of endothelial dysfunction is
unknown, although possibilities include a decreased
expression of NO synthase, imbalance between the
production of endothelium-derived constricting and
relaxing factors, production of an endogenous NO
synthase inhibitor, and overproduction of oxygen-
derived free radicals including O2

�. The release of the
free radical O2

� from smooth muscle cells is believed
to be responsible for the oxidation of LDL choles-
terol. Raised cholesterol levels and – more impor-
tantly – increased levels of oxidatively modified LDL
cholesterol (OxLDL) are considered to be among the
most powerful inhibitors of normal endothelial
function and hence contribute to the process of
atherogenesis.

Lipid peroxidation and atherosclerosis

Lipid peroxidation apparently plays a major role in
the pathology of atherosclerosis. Atherosclerosis,
which is usually a precondition for CHD, is a degen-
erative process leading to the accumulation of a
variable mixture of substances including lipid in
the endothelium of the arteries. This disease is char-
acterized by the formation of a fatty streak and the
accumulation of cells loaded with lipid: the foam
cells. These cells are believed to arise from white
blood cell-derived macrophages or arterial smooth
muscle cells. Most of the lipid in the foam cells is in
the form of LDL particles. Although research has
determined that LDL receptors are responsible for
the uptake of LDL by cells, the arterial uptake of
LDL, which leads to development of foam cells,
occurs by a different pathway. It is only when the
LDL particles have undergone oxidative modifica-
tion that they are available for uptake by macro-
phages via the scavenger receptor. During the course
of oxidative modification, LDL cholesterol acquires
various biological properties not present in native
LDL that make it a potentially important mediator,
promoting atherogenesis. The LDL, once oxidized,
becomes cytotoxic and causes local cellular damage
to the endothelium. This process, which enhances
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LDL uptake to generate foam cells, is considered
one of the earliest events in atherogenesis (Figure 2).

MUFA and atherogenesis

Studies have looked at the oxidizability in vitro of
LDL using nonphysiological oxidizing conditions to
evaluate the susceptibility of LDL to oxidation and
hence its atherogenic potential. It is well known that
modification of LDL is inhibited by various antiox-
idants commonly present within plasma LDL parti-
cles. More recent studies, however, indicate that
raising the ratio of C18:1 to C18:2 (linoleic acid)
may also reduce the susceptibility of LDL to oxida-
tion. The LDL is particularly vulnerable to peroxi-
dation once PUFA form part of the lipoprotein
fraction of cell membranes, as these fatty acids
have reactive double bonds in their structures. The
MUFA are much less easily oxidized as they have
only one double bond. This property may confer a
protective effect against CHD by generating LDL
particles more resistant to oxidation. Further protec-
tion may be afforded from MUFA as they do not
lower HDL. It is postulated that oxidized HDL, in
contrast to oxidized LDL, is not avidly taken up by
macrophages but instead inhibits the modification of
LDL, thereby substantially decreasing oxidized LDL
cellular uptake.

Oxidation of LDL cholesterol is, therefore, clearly
linked to damage to the endothelium and hence to
the process of atherogenesis. It has, however, more
far-reaching effects, as it has also been linked to
activation and aggregation of platelets. This process
is involved in the production of occlusive thrombo-
sis, which contributes significantly to the fibrous
atherosclerotic plaque.

Thrombosis and Fibrinolysis

The importance of thrombosis in causing heart dis-
ease is receiving increasing attention. Thrombosis, in
contrast to atherosclerosis, is an acute event result-
ing in the formation of a thrombus or blood clot,
which is an aggregate of fibrin, platelets, and red
cells. Blood clotting or coagulation is an important
process as it is responsible for repairing tissues after
injury. Under normal physiological conditions, a
blood clot forms at the site of injury. Platelets are
attracted to the damaged tissue and adhere to the
surface. They are then activated to release sub-
stances that attract more platelets, allowing platelet
aggregation and triggering coagulation mechanisms.

The coagulation cascade

The process of blood coagulation involves two
pathways: the extrinsic and intrinsic pathways
(Figure 3). The cascade is dependent on a series
of separate clotting factors, each of which acts as a
catalyst for the next step in the system. The pro-
cess results in the formation of insoluble fibrin
from the soluble protein fibrinogen. This then
interacts with a number of blood components,
including red blood cells, to form the thrombus.
Any damage to the endothelium, therefore, causes
platelet aggregation and adherence to the lining of
the blood-vessel walls, thereby triggering the coa-
gulation cascade. An imbalance of this process, by
increasing the rate of thrombus formation, could
increase the risk of CHD, and data have shown
that levels of factor VII and fibrinogen are parti-
cularly important in balancing the coagulation
cascade.

Factor VII and fibrinogen

There is accumulating evidence the factor VII is
involved in arterial thrombosis and atherogenesis.
The physiology of the factor VII system is intricate,
not least since it can potentially exist in several
forms. Activation of factor VIIc is generally achieved
by tissue factor and initiates blood coagulation by
subsequent activation of factors IX and X. It has
been further suggested that tissue factor associated
with the lipoproteins LDL and VLDL, but not HDL,
may possibly generate factor VIIc activity, and a
direct relationship is believed to exist between the
level of factor VII complex in plasma and the dietary
influence on plasma triacylglycerol concentration.

Several mechanisms have been suggested whereby
an increase in plasma fibrinogen concentration may
be linked to CHD. These include the involvement of
fibrinogen and fibrin in the evolution of the ather-
omatous plaque through fibrin deposition and in
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Figure 2 The role of oxidized LDL (OxLDL) in formation of

foam cells. Reproduced with permission from Ashwell M (1993)
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British Nutrition Foundation.
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platelet aggregation through its impact on blood
viscosity, which in turn is related to the risk of
thrombosis. A mechanism exists to dissolve the
thrombus by the breakdown or lysis of the fibrin
meshwork (fibrinolysis). Plasminogen, which is gen-
erated by plasmin, is the zymosan that ultimately
effects fibrinolysis. Failure of the mechanism to acti-
vate will cause obstruction of blood vessels and pre-
vent normal blood supply.

Fibrinolysis

Investigators have shown that a decrease in the
release of tissue plasminogen activator (tPA) and
an elevation of plasminogen activator inhibitor 1
(PAI-1) will reduce fibrinolytic function. It has
emerged that triacylglycerol-rich lipoproteins stimu-
late PAI-1 secretion from endothelial cells, and
furthermore it has been shown that OxLDL induces
secretion, whereas native LDL has no detectable

effect. Lipoprotein (a) (Lp(a)) has also been linked
with a decrease in fibrinolysis. Lp(a) is an LDL-like
particle consisting of the protein apo(a). It is
believed that apo(a) competes with plasminogen
and plasmin for binding to fibrin, thus interfering
with fibrinolysis; LDL and Lp(a) may represent,
therefore, an important link between thrombotic
and lipid mechanisms in atherogenesis.

MUFA and thrombosis

Results from animal studies have shown an eleva-
tion in platelet activation and hence greater risk of
thrombosis as a result of feeding saturated fat. Pla-
telet aggregation thresholds, however, decrease
when total fat intake is decreased or when dairy
and animal fats are partially replaced with vegetable
oils rich in PUFA. These studies failed, however, to
keep the intakes of SFA and total fat constant. More
recent work has shown that, in fact, diets high in
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PUFA significantly increase platelet aggregation in
animals, compared with MUFA-rich diets. The
changes in fatty-acid composition may affect blood
clotting because the increase in PUFA allows for
oxidation of LDL. As previously mentioned,
OxLDL is cyto-toxic, and this can cause endothelial
damage leading to the activation of platelets, gen-
eration of factor VII, and hence thrombus forma-
tion. Increased dietary intakes of MUFA may also
increase the rate of fibrinolysis by lowering levels of
LDL cholesterol and reducing the susceptibility of
LDL to oxidation, thereby affecting both PAI-1
secretion and apo(a) activity.

It must be noted that both atherosclerosis and
thrombosis are triggered by inflammation, and evi-
dence suggests that several hemostatic factors other
than the glycoprotein fibrinogen not only have an
important role in thrombotic events but are also
recognized as potentially important CHD risk
factors.

Inflammation and Oxidative Damage

Many diseases that have an inflammatory basis such
as cancer, sepsis, and chronic inflammatory diseases
such as rheumatoid arthritis (RA) have symptoms
mediated by pro-inflammatory mediators named
cytokines. These mediators, which include interleu-
kins (IL) 1–8, tumor necrosis factors (TNF), and
interferons, are essential for protection from invad-
ing bodies. They act by producing a situation in
which immune cells are attracted to the inflamma-
tory site and are activated. An inflammatory stimu-
lus, such as tissue damage incurred by trauma or
invasion of tissue by bacteria or viruses, induces
production of IL-1, IL-6, and TNF from a range of
immune cells, including phagocytic leucocytes and T
and B lymphocytes. Once induced, IL-6, IL-1, and
TNF further induce each other’s production, leading
to a cascade of cytokines, which are capable of
producing metabolic and immune effects. Inflamma-
tory stimuli also bring about the activation of neu-
trophils to release free radicals, which enhance the
production of TNF and other cytokines. Overpro-
duction of these pro-inflammatory mediators may,
therefore, allow excessive release of reactive oxygen
species (ROS) into extracellular fluid to damage its
macromolecular components.

Oxidative damage

Free radicals are any species capable of an indepen-
dent existence that contain one or more unpaired
electrons. ROS is a collective term, referring not
only to oxygen-centered radicals such as superoxide

(O_2) and the hydroxy radical (_OH), but also to
hydrogen peroxide (H2O2), ozone (O3), and singlet
oxygen (1O2). These are produced as the by-pro-
ducts of normal metabolism and, as such, are highly
reactive in chemical terms. In order to become more
stable chemically, the free radical reacts with other
molecules by either donating or taking an electron,
in either case leaving behind another unstable mole-
cule, and hence this becomes a chain reaction. So,
although oxygen is essential for life, in certain cir-
cumstances it may also be toxic. Damage caused by
ROS to cellular target sites includes oxidative
damage to proteins, membranes (lipid and proteins),
and DNA. PUFA are particularly vulnerable to ROS
attack because they have unstable double bonds in
their structure. This process is termed ‘lipid perox-
idation’; because PUFA are an essential part of the
phospholipid fraction of cell membranes, uncon-
trolled lipid peroxidation can lead to considerable
cellular damage. The balance of MUFA in cell mem-
branes is also critical to cell function, but, as already
noted, MUFA are far less vulnerable to lipid
peroxidation.

MUFA and inflammation

Oxidative damage by ROS to DNA and lipids
contributes significantly to the etiology of cancer
and atherosclerosis. A decrease in production of
pro-inflammatory mediators would, therefore, be
beneficial by decreasing the release of ROS.
Diminishing the production of cytokines is also
believed to improve the symptoms of RA. It has
been suggested that olive oil may have anti-
inflammatory properties as it can reduce the pro-
duction of these proinflammatory mediators.
Although few studies have been carried out on
the benefits of olive oil on symptoms of inflam-
mation, it is possible that olive oil produces a
similar effect to fish oil. Fish oils and butter
have both been shown to reverse the proinflam-
matory effects of one cytokine, TNF. Further
research, where C18:1 was added to a diet con-
taining coconut oil, resulted in responses to TNF
that were similar to those seen in animals fed
butter. It was assumed that, as the anti-inflamma-
tory effects of butter appeared to be due to its
oleic acid content, olive oil should be more anti-
inflammatory. This was put to the test, and,
while both butter and olive oil reduced the extent
of a number of symptoms of inflammation, olive
oil showed a greater potency than butter. From
this, it can be concluded that dietary factors such
as olive oil may play a significant protective role in
the development severity of RA.
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Carcinogenesis

Cancer is second only to CHD as a cause of death in
Western countries. Cancer in humans is a multistep
disease process in which a single cell can develop
from an otherwise normal tissue into a malignancy
that can eventually destroy the organism. Carcino-
genesis is believed to proceed through three distinct
stages. Initiation is brought about when carcinogens
mutate a single cell. This mutation provides a
growth advantage, and cells rapidly proliferate dur-
ing the second stage, promotion. Tumor promotion
produces relatively benign growths, which can be
converted into cancer in the third stage, malignant
conversion. While the causes of cancer are not
known with certainty, both initiation and conver-
sion require some form of genetic alteration, and
ROS and other free radicals have long been known
to be mutagenic (Figure 4).

Oxidation and cancer

Although PUFA are the most reactive of substrates
for ROS attack leading to lipid peroxidation, inter-
est is centering on the detection of oxidized nucleic
acids as an indicator of pro-oxidant conditions. It
has been indicated that significant oxidative
damage occurs in vitro and contributes to the etiol-
ogy of cancer. It has become apparent that many
genotoxic agents act through the common mechan-
ism of oxidative damage to DNA. Oxidative pro-
cesses may be responsible for initiating carcinogenic

changes via DNA oxidative damage and may also
act as tumor promoters, modulating the expression
of genes that regulate cell differentiation and
growth and act synergistically with the initiators.
Animal studies have indicated diets containing high
levels of C18:2 as strong promoters of tumors, and
this may be as a result of increased oxidative stress.
The fact that MUFA are much less readily oxidized
may therefore confer a protective effect against
carcinogenesis.

Immune function and cancer

The diet is believed to play an important role in the
onset of carcinogenesis, and there are a number of
carcinogens present in food, including mycotoxins,
polycyclic hydrocarbons, and pesticides. Associa-
tions have been made between dietary fat intake
and morbidity and mortality from breast and colon
cancer. Another possible mechanism for the pro-
posed protective effects against cancer of olive oil
compared with sunflower oil involves diet-induced
alterations in host immune responses. Both the type
and concentration of dietary fats have been reported
to influence immune status in several animal models.
The PUFA C18:2 is necessary for T-cell-mediated
immunity, but high intakes will suppress immune
function and may therefore increase the risk of can-
cer. Furthermore, comparisons between the effects
of diets rich in C18:2 and those rich in C18:1 on
varying indicators of immune function in mice
have shown that, while dietary C18:2 predisposed
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animals to suppression of certain T-cell-mediated
reactions, diets rich in C18:1 did not. MUFA may
therefore have a significant effect in humans against
cancer, by lowering the risk of suppression of T-cell
activity.

Other Physiological Effects

Because many, sometimes competing, mechanisms
appear to mediate the relation between intake of
MUFA and CHD incidence, no single surrogate
biochemical or physiological response can predict
with confidence the effect of a particular dietary
pattern. For this reason examinations of the rela-
tion between specific dietary factors and CHD
incidence itself are particularly valuable because
such studies integrate the effects of all known
and unknown mechanisms. The extremely low
rate of CHD in countries with high consumption
of olive oil, for instance, suggests the benefits of
substituting this fat for other fats. This kind of
analysis has been expanded further by noting that
MUFA intake is inversely associated with total
mortality as well as with CHD. Some effects
may well be because of the amount of antioxi-
dant vitamins olive oil contains. Vegetable oils
are the most important source of a-tocopherol
in most diets, and olive oil contains about 12mg
per 100 g. Evidence indicates that a-tocopherol
functions as a free-radical scavenger to protect
cellular membranes from oxidative destruction.
Oxidative stress has been linked to an increased
risk of many chronic diseases, including athero-
sclerosis, cancer, and inflammatory disorders.
Other injuries such as cataract and reperfusion
injury are also associated with an increase in
oxidative stress and a decrease in antioxidant
activity.

A large body of evidence suggests a beneficial
effect of MUFA in the diet. Although much remains
to be learned about the mechanisms by which C18:1

acts, it is believed to lower risks of CHD, several
common cancers, cataracts, and other inflammatory
disorders. It is suggested, therefore, that consuming
MUFA, for instance in the form of olive oil as used
widely in the Mediterranean diet, is likely to
enhance long-term health.

See also: Antioxidants: Diet and Antioxidant Defense.
Coronary Heart Disease: Lipid Theory; Prevention.
Fatty Acids: Metabolism; Monounsaturated; Omega-3
Polyunsaturated; Omega-6 Polyunsaturated; Saturated;
Trans Fatty Acids.
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Introduction

Over the past 20 years many studies and clinical
investigations have been carried out on the metabo-
lism of polyunsaturated fatty acids (PUFAs) in
general and on n-3 fatty acids in particular. Today
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we know that n-3 fatty acids are essential for normal
growth and development. Research has been carried
out in animal models, tissue cultures, and human
beings. The original observational studies have
given way to controlled clinical intervention trials.
Great progress has taken place in our knowledge of
the physiologic and molecular mechanisms of the
n-3 fatty acids in health and disease. Specifically,
their beneficial effects have been shown in the pre-
vention and management of coronary heart disease,
hypertension, type 2 diabetes, renal disease, rheuma-
toid arthritis, ulcerative colitis, Crohn’s disease, and
chronic obstructive pulmonary disease. This chapter
focuses on the sources, desaturation and elongation
of n-6 and n-3 fatty acids; evolutionary aspects of
diet relative to n-3 fatty acids and the n-6:n-3 bal-
ance; eicosanoid metabolism and biological effects
of n-6 and n-3 fatty acids; nutrigenetics – interaction
between the n-6:n-3 fatty acids and the genome;
effects of dietary �-linolenic acid compared with
long-chain n-3 fatty acid derivatives on physiologic
indexes; human studies in growth and development;
coronary heart disease; inflammation – a common

base for the development of coronary heart disease,
diabetes, arthritis, mental health and cancer; the
need to return the n-3 fatty acids into the food
supply for normal homeostasis; and future
considerations.

n-6 and n-3 Fatty Acids: Sources,
Desaturation and Elongation

Unsaturated fatty acids consist of monounsatu-
rates and polyunsaturates. There are two classes
of PUFA: n-6 and n-3. The distinction between
n-6 and n-3 fatty acids is based on the location
of the first double bond, counting from the methyl
end of the fatty acid molecule. In the n-6 fatty
acids, the first double bond is between the 6th and
7th carbon atoms and in the n-3 fatty acids the
first double bond is between the 3rd and 4th
carbon atoms. Monounsaturates are represented
by oleic acid an n-9 fatty acid, which can be
synthesized by all mammals including humans.
Its double bond is between the 9th and 10th car-
bon atoms (Figure 1).
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Figure 1 Structural formulas for selected fatty acids.
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n-6 and n-3 fatty acids are also known as essential
fatty acids (EFAs) because humans, like all mam-
mals, cannot make them and must obtain them in
their diet. n-6 fatty acids are represented by linoleic
acid (LA; 18:2n-6) and n-3 fatty acids by �-linolenic
acid (ALA; 18:3n-3). LA is plentiful in nature and is
found in the seeds of most plants except for coconut,
cocoa, and palm. ALA, on the other hand, is found
in the chloroplasts of green leafy vegetables and in
the seeds of flax, rape, chia, perilla, and in walnuts
(Tables 1, 2, and 3). Both EFAs are metabolized to
longer chain fatty acids of 20 and 22 carbon atoms.
LA is metabolized to arachidonic acid (AA; 20:4n-6)
and LNA to eicosapentaenoic acid (EPA; 20:5n-3)
and docosahexaenoic acid (DHA; 22:6n-3),

increasing the chain length and degree of unsatura-
tion by adding extra double bonds to the carboxyl
end of the fatty acid molecule (Figure 2).

Humans and other mammals, except for carni-
vores such as lions, can convert LA to AA
and ALA to EPA and DHA. This conversion was
shown by using deuterated ALA. There is competi-
tion between n-6 and n-3 fatty acids for the desa-
turation enzymes. However, both �-4 and �-6
desaturases prefer n-3 to n-6 fatty acids. But a high
LA intake interferes with the desaturation and elon-
gation of ALA. Trans-fatty acids interfere with the
desaturation and elongation of both LA and ALA.
�-6 desaturase is the limiting enzyme and there is
some evidence that it decreases with age. Premature
infants, hypertensive individuals, and some diabetics
are limited in their ability to make EPA and DHA
from ALA. These findings are important and need to
be considered when making dietary recommenda-
tions. EPA and DHA are found in the oils of fish,
particularly fatty fish (Table 4). AA is found pre-
dominantly in the phospholipids of grain-fed ani-
mals and eggs.

LA, ALA, and their long-chain derivatives are
important components of animal and plant cell
membranes. In mammals and birds, the n-3 fatty
acids are distributed selectively among lipid
classes. ALA is found in triglycerides, in choles-
teryl esters, and in very small amounts in phos-
pholipids. EPA is found in cholesteryl esters,
triglycerides, and phospholipids. DHA is found

Table 1 Polyunsaturated oils high in n-6 and n-3 fatty acids

n-6 oils n-3 oils

Corn oil Fish oil

Safflower oil Chia oil

Sunflower seed oil Perilla oil

Cottonseed oil Flaxseed oil

Soybean oil Canola oil

Peanut oil Walnut oil

Sesame oil Soybean oila

Grapeseed oil

Borage oil

Primrose oil

anote: soybean oil is higher in n-6 fatty acids than most n-3 oils,

so it belongs in both categories.

Table 2 Comparison of dietary fats (fatty acid content normalized to 100%)

Dietary fat Saturated fat Polyunsaturated fat Monounsaturated fat Cholesterol

LA ALA LA:ALA

Flaxseed oil 10 16 53 (0.3) 20 0

Canola (rapeseed) oil 6 22 10 (2.2) 62 0

Walnut oil 12 58 12 (4.8) 18 0

Safflower oil 10 77 Trace (77) 13 0

Sunflower oil 11 69 – (69) 20 0

Corn oil 13 61 1 (61) 25 0

Olive oil 14 8 1 (8.0) 77 0

Soybean oil 15 54 7 (7.7) 24 0

Margarine 17 32 2 (16) 49 0

Peanut oil 18 33 – (33) 49 0

Palm oila 51 9 0.3 (30) 39 0

Coconut oila 92 2 0 (2.0) 7 0

Chicken fat 31 21 1 (21) 47 11

Lard 41 11 1 (11) 47 12

Beef fat 52 3 1 (3.0) 44 14

Butter fat 66 2 2 (1.0) 30 33

apalm oil has arachidic of 0.2 and coconut oil has arachidic of 0.1.

Data on canola oil from data on file, Procter & Gamble. All other data from Reeves JB and Weihrauch JL (1979) Composition of Foods,

Agriculture Handbook No. 8-4. Washington, DC: US Department of Agriculture.
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mostly in phospholipids. In mammals, including
humans, the cerebral cortex, retina, and testis
and sperm are particularly rich in DHA. DHA is
one of the most abundant components of the

brain’s structural lipids. DHA, like EPA, can be
derived only from direct ingestion or by synthesis
from dietary EPA or ALA.

Evolutionary Aspects of Diet Relative to
n-3 Fatty Acids and the n-6:n-3 Balance

On the basis of estimates from studies in Paleolithic
nutrition and modern-day hunter-gatherer
populations, it appears that human beings evolved
consuming a diet that was much lower in saturated
fatty acids than today’s diet. Furthermore, the diet
contained small and roughly equal amounts of n-6
and n-3 PUFAs (ratio of 1–2:1) and much lower
amounts of trans-fatty acids than today’s diet
(Figure 3). The current Western diet is very high in
n-6 fatty acids (the ratio of n-6 to n-3 fatty acids
ranges between 10:1 and 30:1) because of the
recommendation to substitute vegetable oils high in
n-6 fatty acids for saturated fats to lower serum
cholesterol concentrations. Furthermore, intake of
n-3 fatty acids is much lower today because of the
decrease in fish consumption and the industrial
production of animal feeds rich in grains containing
n-6 fatty acids, leading to production of meat rich
in n-6 and poor in n-3 fatty acids. The same is true
for cultured fish and eggs. Even cultivated vegeta-
bles contain fewer n-3 fatty acids than do plants in
the wild. In summary, modern agriculture, with its
emphasis on production, has decreased the n-3 fatty
acid content in many foods: green leafy vegetables,
animal meats, eggs, and even fish, while it has
increased the amount of n-6 fatty acids in foods,
leading to high n-6 intake for the first time in the
history of human beings in many countries around
the world (Table 5). The traditional diet of Crete
(Greece) is consistent with the Paleolithic diet rela-
tive to the n-6:n-3 ratio. The Lyon Heart Study,
which was based on a modified diet of Crete, had
an n-6:n-3 ratio of 4:1 resulting in a 70% decrease
in risk for cardiac death. As shown in Table 6, the
higher the ratio of n-6 to n-3 fatty acids in platelet
phospholipids, the higher the death rate from car-
diovascular disease. As the ratio of n-6 PUFAs to
n-3 PUFAs increases, the prevalence of type 2 dia-
betes also increases (Figure 4). As will be discussed
below, a balance between the n-6 and n-3 fatty
acids is a more physiologic state in terms of gene
expression, eicosanoid metabolism, and cytokine
production.

Further support for the need to balance the
n-6:n-3 PUFAs comes from studies that clearly
show the ability of both normal rat cardiomyo-
cytes and human breast cancer cells in culture to

Table 3 Terrestrial sources of n-3 (18:3n-3) fatty acids (grams

per 100g edible portion, raw)

Nuts and seeds

Butternuts, dried 8.7

Walnuts, English/Persian 6.8

Chia seeds, dried 3.9

Walnuts, black 3.3

Beechnuts, dried 1.7

Soya bean kernels, roasted and toasted 1.5

Hickory nuts, dried 1.0

Oils

Linseed oil 53.3

Rapeseed oil (canola) 11.1

Walnut oil 10.4

Wheat germ oil 6.9

Soya bean oil 6.8

Tomato seed oil 2.3

Rice bran oil 1.6

Vegetables

Soya beans, green, raw 3.2

Soya beans, mature seeds, sprouted, cooked 2.1

Seaweed, Spirulina, dried 0.8

Radish seeds, sprouted, raw 0.7

Beans, navy, sprouted, cooked 0.3

Beans, pinto, sprouted, cooked 0.3

Kale, raw 0.2

Leeks, freeze-dried 0.2

Broccoli, raw 0.1

Cauliflower, raw 0.1

Lettuce, butterhead 0.1

Spinach, raw 0.1

Fruits

Avocados, raw, California 0.1

Raspberries, raw 0.1

Strawberries 0.1

Legumes

Soya beans, dry 1.6

Beans, common, dry 0.6

Cowpeas, dry 0.3

Lima beans, dry 0.2

Peas, garden, dry 0.2

Chickpeas, dry 0.1

Lentils, dry 0.1

Grains

Oats, germ 1.4

Wheat, germ 0.7

Barley, bran 0.3

Corn, germ 0.3

Rice, bran 0.2

Wheat, bran 0.2

Wheat, hard red winter 0.1

Data from United States Department of Agriculture. Provisional

table on the content of n-3 fatty acids and other fat components

in selected foods from Simopoulos AP, Kifer RR, and Martin RE

(eds.) (1986) Health Effects of Polyunsaturated Fatty Acids in

Seafoods. Orlando, FL: Academic Press.
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form all the n-3 fatty acids from n-6 fatty acids
when fed the cDNA encoding n-3 fatty acid desa-
turase obtained from the roundworm Caenorhab-
ditis elegans. The n-3 desaturase efficiently and
quickly converted the n-6 fatty acids that were
fed to the cardiomyocytes in culture to the corre-
sponding n-3 fatty acids. Thus, n-6 LA was con-
verted to n-3 ALA and AA was converted to EPA,
so that at equilibrium, the ratio of n-6 to n-3
PUFAs was close to 1:1. Further studies demon-
strated that the cancer cells expressing the n-3
desaturase underwent apoptotic death whereas
the control cancer cells with a high n-6:n-3 ratio
continued to proliferate.

Eicosanoid Metabolism and Biological
Effects of n-6 and n-3 Fatty Acids

When humans ingest fish or fish oil, the ingested
EPA and DHA partially replace the n-6 fatty acids
(especially AA) in cell membranes, particularly those
of platelets, erythrocytes, neutrophils, monocytes,
and liver cells.

Because of the increased amounts of n-6 fatty
acids in the Western diet, the eicosanoid metabolic
products from AA, specifically prostaglandins,

thromboxanes, leukotrienes, hydroxy fatty acids,
and lipoxins, are formed in larger quantities than
those formed from n-3 fatty acids, specifically
EPA. As a result (Figure 5), ingestion of EPA and
DHA from fish or fish oil leads to: (1) decreased
production of prostaglandin E2 metabolites; (2)
decreased concentrations of thromboxane A2, a
potent platelet aggregator and vasoconstrictor; (3)
decreased formation of leukotriene B4, an inducer
of inflammation and a powerful inducer of leuko-
cyte chemotaxis and adherence; (4) increased con-
centrations of thromboxane A3, a weak platelet
aggregator and vasoconstrictor; (5) increased con-
centrations of prostacyclin prostaglandin I3
(PGI3), leading to an overall increase in total pros-
tacyclin by increasing PGI3 without decreasing
PGI2 (both PGI2 and PGI3 are active vasodilators
and inhibitors of platelet aggregation); and (6)
increased concentrations of leukotriene B5, a
weak inducer of inflammation and a chemotactic
agent. The eicosanoids from AA are biologically
active in small quantities and if they are formed in
large amounts, they contribute to the formation of
thrombi and atheromas; the development of aller-
gic and inflammatory disorders, particularly in
susceptible people; and cell proliferation. Thus, a
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Figure 2 Essential fatty acid metabolism: desaturation and elongation of n-6 and n-3.
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diet rich in n-6 fatty acids shifts the physiologic
state to one that is prothrombotic and proaggre-
gatory, with increases in blood viscosity, vasos-
pasm, and vasoconstriction and decreases in
bleeding time. Bleeding time is shorter in groups
of patients with hypercholesterolemia, hyperlipo-
proteinemia, myocardial infarction, other forms
of atherosclerotic disease, type 2 diabetes, obesity,
and hypertriglyceridemia. Atherosclerosis is a
major complication in type 2 diabetes patients.
Bleeding time is longer in women than in men
and in younger than in older persons. There are
ethnic differences in bleeding time that appear to
be related to diet. The hypolipidemic, antithrom-
botic, anti-inflammatory, and anti-arrhythmic
effects of n-3 fatty acids have been studied exten-
sively in animal models, tissue cultures, and cells
(Table 7).

Nutrigenetics: Interaction between the
n-6:n-3 Fatty Acids and the Genome

As expected, earlier studies focused on mechanisms
that involve eicosanoid metabolites. More recently,
however, the effects of fatty acids on gene expres-
sion have been investigated and this focus of
interest has led to studies at the molecular level
(Tables 8, 9). Previous studies have shown that
fatty acids, whether released from membrane phos-
pholipids by cellular phospholipases or made avail-
able to the cell from the diet or other aspects of the
extracellular environment, are important cell signal-
ing molecules. They can act as second messengers
or substitute for the classic second messengers of
the inositide phospholipid and cyclic AMP signal
transduction pathways. They can also act as mod-
ulator molecules mediating responses of the cell to

Table 4 Content of n-3 fatty acids and other fat components in selected fish (grams per 100g edible portion, raw)

Fish Total

fat

Fatty acids (g/100g) 18:3 20:5 22:6 Cholesterol

(mg/100g)

Total

saturated

Total

monounsaturated

Total

polyunsaturated

Anchovy, European 4.8 1.3 1.2 1.6 – 0.5 0.9 –

Bass, striped 2.3 0.5 0.7 0.8 Tr 0.2 0.6 80

Bluefish 6.5 1.4 2.9 1.6 – 0.4 0.8 59

Carp 5.6 1.1 2.3 1.4 0.3 0.2 0.1 67

Catfish, brown

Bullhead

2.7 0.6 1.0 0.8 0.1 0.2 0.2 75

Catfish, channel 4.3 1.0 1.6 1.0 Tr 0.1 0.2 58

Cod, Atlantic 0.7 0.1 0.1 0.3 Tr 0.1 0.2 43

Croaker, Atlantic 3.2 1.1 1.2 0.5 Tr 0.1 0.1 61

Flounder, unspecified 1.0 0.2 0.3 0.3 Tr 0.1 0.1 46

Grouper, red 0.8 0.2 0.1 0.2 – Tr 0.2 –

Haddock 0.7 0.1 0.1 0.2 Tr 0.1 0.1 63

Halibut, Greenland 13.8 2.4 8.4 1.4 Tr 0.5 0.4 46

Halibut, Pacific 2.3 0.3 0.8 0.7 0.1 0.1 0.3 32

Herring, Pacific 13.9 3.3 6.9 2.4 0.1 1.0 0.7 77

Herring, round 4.4 1.3 0.8 1.5 0.1 0.4 0.8 28

Mackerel, king 13.0 2.5 5.9 3.2 – 1.0 1.2 53

Mullet, striped 3.7 1.2 1.1 1.1 0.1 0.3 0.2 49

Ocean perch 1.6 0.3 0.6 0.5 Tr 0.1 0.1 42

Plaice, European 1.5 0.3 0.5 0.4 Tr 0.1 0.1 70

Pollock 1.0 0.1 0.1 0.5 – 0.1 0.4 71

Pompano, Florida 9.5 3.5 2.6 1.1 – 0.2 0.4 50

Salmon, Chinook 10.4 2.5 4.5 2.1 0.1 0.8 0.6 –

Salmon, pink 3.4 0.6 0.9 1.4 Tr 0.4 0.6 –

Snapper, red 1.2 0.2 0.2 0.4 Tr Tr 0.2 –

Sole, European 1.2 0.3 0.4 0.2 Tr Tr 0.1 50

Swordfish 2.1 0.6 0.8 0.2 – 0.1 0.1 39

Trout, rainbow 3.4 0.6 1.0 1.2 0.1 0.1 0.4 57

Tuna, albacore 4.9 1.2 1.2 1.8 0.2 0.3 1.0 54

Tuna, unspecified 2.5 0.9 0.6 0.5 – 0.1 0.4 –

Dashes denote lack of reliable data for nutrient known to be present; Tr, trace (<0.05g/100 g food). Adapted from the United States

Department of Agriculture Provisional Table on the Content of Omega-3 Fatty Acids and Other Fat Components in Seafoods as

presented by Simopoulos AP, Kifer RR, and Martin RE (eds.) (1986) Health Effects of Polyunsaturated Fatty Acids in Seafoods.

Orlando, FL: Academic Press.
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extracellular signals. It has been shown that fatty
acids rapidly and directly alter the transcription of
specific genes.

5-Lipoxygenase and Atherosclerosis:
An Example of Nutrigenetics/Nutrigenomics

Leukotrienes are eicosanoids derived through the
action of 5-lipoxygenase (5-LO). It has been recently
shown that genetic variants of the 5-LO promoter,
already known to be associated with variable sensi-
tivity to anti-asthmatic medications, also influence
atherosclerosis. Variant genotypes of the 5-LO gene
were found in 6% of a cohort of 470 healthy
middle-aged men and women. Carotid intima-
media thickness (IMT), taken as a marker of the
atherosclerotic burden, was significantly increased,
by 80% in the variant group compared to carriers of
the common allele, suggesting increased 5-LO pro-
moter activity associated with the mutant (variant)
allele. Furthermore, dietary AA intake significantly
enhanced the proatherogenic effect of 5-LO gene
variants, while intake of EPA and DHA decreased
(blunted) the effect of 5-LO and was associated with
less IMT. EPA and DHA decrease the formation of
leukotrienes of the 4-series by competing with AA
(Figure 5) as substrates for 5-LO and generate
weaker leukotrienes of the 5-series. The results of
this study suggest that person with genetic variants
are at higher risk for atherosclerosis at higher AA
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lations and from longitudinal observations and their putative

changes during the preceding 100 years. Trans-fatty acids, the

result of the hydrogenation process, have increased dramatically

in the food supply during this century. (Reproduced with permis-

sion from Simopoulos AP (1999) Genetic variation and evolu-

tionary aspects of diet. In: Papas A (ed.) Antioxidants in Nutrition

and Health, pp. 65–88. Boca Raton: CRC Press.)
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Table 5 n-6:n-3 ratios in various populations

Population n-6:n-3

Paleolithic 0.79

Greece prior to 1960 1.00–2.00

Current Japan 4.00

Current India, rural 5–6.1

Current UK and northern Europe 15.00

Current US 16.74

Current India, urban 38–50

Reproduced with permission from Simopoulos AP (2003)

Importance of the ratio of omega-6/omega-3 essential fatty acids:

Evolutionary aspects.World Review of Nutrition and Diet 92: 1–22.

Table 6 Ethnic differences in fatty acid concentrations in

thrombocyte phospholipids and percentage of all deaths from

cardiovascular disease

Europe

and US

Japan Greenland

Eskimos

Arachidonic acid

(20:4n-6)

26% 21% 8.3%

Eicosapentaenoic

acid (20:5n-3)

0.5% 1.6% 8.0%

Ratio of n-6:n-3 50% 12% 1%

Mortality from

cardiovascular

disease

45% 12% 7%

Modified from Weber PC (1989) Are we what we eat? Fatty acids

in nutrition and in cell membranes: cell functions and disorders

induced by dietary conditions. In: Fish, Fats and your Health,

Report no. 4, pp. 9–18. Norway: Svanoybukt Foundation.
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intake. It also suggests that the effects of EPA and
DHA may be stronger in individuals with genetic
variants associated with increased 5-LO activity.
Therefore, clinical trials in the future should be
controlled for genetic variation.

Effects of Dietary ALA Compared with
Long-Chain n-3 Fatty Acid Derivatives on
Physiologic Indexes

Several clinical and epidemiologic studies have been
conducted to determine the effects of long-chain
n-3 PUFAs on various physiologic indexes. Whereas
the earlier studies were conducted with large doses
of fish or fish oil concentrates, more recent studies
have used lower doses. ALA, the precursor of n-3
fatty acids, can be converted to long-chain n-3
PUFAs and can therefore be substituted for fish
oils. The minimum intake of long-chain n-3
PUFAs needed for beneficial effects depends on
the intake of other fatty acids. Dietary amounts of
LA as well as the ratio of LA to ALA appear to be
important for the metabolism of ALA to long-chain
n-3 PUFAs. While keeping the amount of dietary
LA constant (3.7 g) ALA appears to have biological
effects similar to those of 0.3 g long-chain n-3

PUFAs with conversion of 11 gALA to 1 g long-
chain n-3 PUFAs. Thus, a ratio of 4 (15 g LA:3.7
gALA) is appropriate for conversion. In human
studies, the conversion of deuterated ALA to longer
chain metabolites was reduced by ffi50% when
dietary intake of LA was increased from 4.7% to
9.3% of energy as a result of the known competi-
tion between n-6 and n-3 fatty acids for desatura-
tion. After ALA supplementation there is an
increase in long-chain n-3 PUFAs in plasma and
platelet phospholipids and a decrease in platelet
aggregation. ALA supplementation does not alter
triacylglycerol concentrations. Only long-chain n-3
PUFA have triacylglycerol-lowering effects. Supple-
mentation with ALA to lower the n-6:n-3 ratio
from 13:1 to 1:1 led to a 50% reduction in
C-reactive protein (CRP), a risk factor for coronary
heart disease.

In Australian studies, ventricular fibrillation in
rats was reduced with canola oil as much or even
more efficiently than with fish oil, an effect attri-
butable to ALA. Further studies should be able to
show whether this result is a direct effect of ALA
per se or whether it occurs as a result of its desa-
turation and elongation to EPA and possibly
DHA.
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Figure 5 Oxidative metabolism of arachidonic acid and eicosapentaenoic acid by the cyclooxygenase and 5-lipoxygenase pathways.

5-HPETE denotes 5-hydroperoxyeicosatetranoic acid and 5-HPEPE denotes 5-hydroxyeicosapentaenoic acid.
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Table 7 Effects of n-3 fatty acids on factors involved in the pathophysiology of atherosclerosis and inflammation

Factor Function Effect of n-3 fatty acid

Arachidonic acid Eicosanoid precursor; aggregates platelets; stimulates white blood cells #
Thromboxane A2 Platelet aggregation; vasoconstriction; increase of intracellular Ca++ #
Prostacyclin (PGI2/3) Prevent platelet aggregation; vasodilation; increase cAMP "
Leukotriene (LTB4) Neutrophil chemoattractant; increase of intracellular Ca++ #
Fibrinogen A member of the acute phase response; and a blood clotting factor #
Tissue plasminogen

activator

Increase endogenous fibrinolysis "

Platelet activating

factor (PAF)

Activates platelets and white blood cells #

Platelet-derived growth

factor (PDGF)

Chemoattractant and mitogen for smooth muscles and macrophages #

Oxygen free radicals Cellular damage; enhance LDL uptake via scavenger pathway; stimulate

arachidonic acid metabolism

#

Lipid hydroperoxides Stimulate eicosanoid formation #
Interleukin 1 and tumor

necrosis factor

Stimulate neutrophil O2 free radical formation; stimulate lymphocyte proliferation;

stimulate PAF; express intercellular adhesion molecule-1 on endothelial cells;

inhibit plasminogen activator, thus, procoagulants

#

Interleukin-6 Stimulates the synthesis of all phase proteins involved in the inflammatory

response: C-reative protein; serum amyloid A; fibrinogen; �1-chymotrypsin; and

haptoglobin

#

C-reactive protein

(CRP)

An acute phase reactant and an independent risk factor for cardiovascular

disease

#

Endothelial-derived

relaxation factor

Reduces arterial vasoconstrictor response "

Insulin sensitivity "
VLDL #
HDL Decreases the risk for coronary heart disease "
Lp(a) Lipoprotein(a) is a genetically determined protein that has atherogenic and

thrombogenic properties

#

Triglycerides and

chylomicrons

Contribute to postprandial lipemia #

Source: Updated and modified from Weber PC, Leaf A. Cardiovascular effects of omega-3 fatty acids. Atherosclerosis risk factor

modification by omega-3 fatty acids. World Rev Nutr Diet 1991, 66: 218–32. With permission.

Table 8 Effects of polyunsaturated fatty acids on several genes encoding enzyme proteins involved in lipogenesis, glycolysis, and

glucose transport

Function and gene Linoleic acid �-Linolenic acid Arachidonic acid Eicosapentaenoic acid Docosahexaenoic acid

Hepatic cells

Lipogenesis

FAS # # # # #
S14 # # # # #
SCD1 # # # # #
SCD2 # # # # #
ACC # # # # #
ME # # # # #

Glycolysis

G6PD #
GK # # # # #
PK — # # # #

Mature adiposites

Glucose transport

GLUT4 — — # # —

GLUT1 — — " " —

#=Suppress or decrease; "= induce or increase

Source: Modified from Simopoulos AP. The role of fatty acids in gene expression: Health implications. Ann Nutr Metab 1996, 40:

303–311. With permission.
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The diets of Western countries have contained
increasingly larger amounts of LA, which has been
promoted for its cholesterol-lowering effect. It is
now recognized that dietary LA favors oxidative
modification of low-density lipoprotein (LDL) cho-
lesterol, increases platelet response to aggregation,
and suppresses the immune system. In contrast, ALA
intake is associated with inhibitory effects on the
clotting activity of platelets, on their response to
thrombin, and on the regulation of AA metabolism.
In clinical studies, ALA contributed to lowering of
blood pressure. In a prospective study, ALA was
inversely related to the risk of coronary heart disease
in men.

ALA is not equivalent in its biological effects to
the long-chain n-3 fatty acids found in fish oils.
EPA and DHA are more rapidly incorporated into
plasma and membrane lipids and produce more
rapid effects than does ALA. Relatively large
reserves of LA in body fat, as are found in vegans
or in the diet of omnivores in Western societies,
would tend to slow down the formation of long-
chain n-3 fatty acids from ALA. Therefore, the role
of ALA in human nutrition becomes important in
terms of long-term dietary intake. One advantage of
the consumption of ALA over n-3 fatty acids from
fish is that the problem of insufficient vitamin E
intake does not exist with a high intake of ALA
from plant sources.

Human Studies in Growth and
Development

Pregnancy and Fetal Growth

Since World War II, the role of maternal nutrition in
fetal growth and development has been extensively
studied in the context of protein-calorie malnutrition.
The role of n-3 fatty acids has only recently come into
focus, despite the evidence of its importance having
been demonstrated in a series of studies between 1928
and 1930 involving rats and primates. Lipid nutrition
during pregnancy and lactation is of special relevance
to human development, because brain development in
the human takes place during fetal life and in the first
2 years after birth. DHA is found in larger amounts in
the gray matter of the brain and in the retinal
membranes, where it accounts for 30% or more of
the fatty acids in the ethanolamine and serine phos-
pholipid. DHA accumulates in the neurons of the brain
between weeks 26 and 40 of gestation in humans.

During the third trimester of human development,
rapid synthesis of brain tissue occurs in association
with increasing neuromotor activity. The increase in
cell size, number, and type requires de novo synth-
esis of structural lipids, leading to accumulation of
DHA in the brain of the human infant during the
last trimester. The levels of ALA and LA are low in
the brain, whereas marked accretion of long-chain
desaturation products, specifically DHA and AA,

Table 9 Effects of polyunsaturated fatty acids on several genes encoding enzyme proteins involved in cell growth, early gene

expression, adhesion molecules, inflammation, �-oxidation, and growth factorsa

Function and gene Linoleic acid �-Linolenic acid Arachidonic acid Eicosapentaenoic acid Docosahexaenoic acid

Cell growth and early

gene expression

c-fos — — " # #
Egr-1 — — " # #

Adhesion molecules

VCAM-1 mRNAb — — # c #
Inflammation

IL-1� — — " # #
�-oxidation

Acyl-CoA oxidased " " " " ""
Growth factors

PDGF — — " # #
aVCAM, vascular cell adhesion molecule; IL, interleukin: PDGF, platelet-derived growth factor. # suppresses or decreases, " induces

or increases.
bMonounsaturated fatty acids (MONOs) also suppress VCAM1 mRNA, but to a lesser degree than does DHA. AA also suppresses to a

lesser extent than DHA.
cEicosapentachoic acid has no effect by itself but enhances the effect of docosahexachoic acid (DHA)
dMONOs also induce acyl-CoA oxidase mRNA

Source: Modified from Simopoulos AP. The role of fatty acids in gene expression: Health implications. Ann Nutr Metab 1996, 40:

303–311. With permission.
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occurs. More recent data indicate that the main
developmental changes in the brain seem to be an
increase in DHA at the end of gestation and a
decrease in oleic acid (18:1n-9) and AA in phospha-
tidlyethanolamine (PE). Similar changes occur in the
liver. Therefore, a premature infant (prior to
37weeks’ gestation) has much lower amounts of
DHA in the brain and liver and is at risk of becom-
ing deficient in DHA unless it is supplied in the diet.
In the full-term newborn, about half of the DHA
accumulates in the brain before birth and the other
half after birth.

There is epidemiologic evidence that the birth
weights of newborns in the Faroe Islands (where fish
intake is high) are higher than those in Denmark, as
is the length of gestation: 40.3� 1.7weeks for the
Faroese versus 39.7� 1.8weeks for the Danish
pregnant women. The average birth weight of
primiparas is 194g higher for the Faroe Islands. The
higher dietary n-3 fatty acid intake quite possibly influ-
ences endogenous prostaglandin metabolism. It is
hypothesized that the dietary n-3 fatty acids inhibit
the production of the dienoic prostaglandins, espe-
cially PGF2a and PGE2, because they are involved in
the mediation of uterine contractions and the ripening
of the cervix that lead to labor and delivery. These
important observations need to be further investigated,
as the prevention of prematurity is one of the most
critical issues to be overcome in perinatal medicine.

Human Milk and Infant Feeding

A number of studies from around the world indicate
that human milk contains both LNA and LA and
their long-chain n-6 and n-3 fatty acids, whereas
cow’s milk does not. The long-chain fatty acid com-
position of red blood cell membrane phospholipids
may reflect the composition of phospholipids in the
brain. Therefore, determination of red blood cell
membrane phospholipids has been carried out by
many investigators to determine the long-chain
PUFA content in breast-fed and bottle-fed infants.
As expected, the fatty acids 22:5n-3 and 22:6n-3
were higher in the erythrocytes from breast-fed
infants than those from bottle-fed babies and the
20:3n-9 was lower in the erythrocytes of the
breast-fed infants.

Following birth, the amount of red blood cell DHA
in premature infants decreases; therefore the amount
of DHA available to the premature infant assumes
critical importance. Preterm infants have a limited
ability to convert LNA to DHA (Figure 2); therefore,
a number of studies have been carried out on the DHA
status of the premature infant. Premature babies have
decreased amounts of DHA, but human milk contains

enough DHA to support normal growth of the pre-
mature baby. The amount of n-3 fatty acids in human
milk varies with the mother’s diet; in particular, DHA
is lower in vegetarians than in omnivores. One can
increase the amount of DHA in human milk by giving
fish oil rich in DHA to the mother.

The need to supplement infant formula with n-3
fatty acids and, particularly, DHA for the premature
is now recognized and many countries have licensed
infant formula enriched with n-3 fatty acids. DHA is
essential for normal visual function and visual
maturation, particularly of the premature infant.
Studies are currently in progress comparing the
growth and development of both the premature
and full-term infant who are fed mother’s milk
with those who are receiving formula supplemented
with n-3 fatty acids and those whose formula is
not supplemented, to define precisely the effects of
DHA on intelligence quotient (IQ) and overall
neuromotor development. Tables 10 and 11 show
the EFA dietary recommendations for adults, preg-
nant women, and infants made by a scientific group
at a workshop held at the National Institutes of
Health in Bethesda, Maryland in 1999.

Aging

ALA deficiency has been found in patients on
long-term gastric tube-feeding that included large
amounts of skim milk without ALA supplementa-
tion. These patients, who were in nursing homes,
developed skin lesions diagnosed as scaly dermati-
tis, which disappeared with ALA supplementation.
A number of other patients were reported to have
n-3 fatty acid deficiency, again patients on long-
term gastric tube-feeding or prolonged total par-
enteral nutrition because of chronic illnesses. If a
deficiency of total n-3 fatty acid intake is sus-
pected, its concentration in plasma should be mea-
sured. A decrease in the concentration of 20:5n-3,
22:5n-3, and particularly 22:6n-3 in plasma or
erythrocyte phospholipids indicates that the diet-
ary intake of n-3 fatty acids has been low. The
presence of clinical symptoms, along with the
biochemical determinations, provides additional
support for the diagnosis. To verify the diagnosis,
it is essential that the clinical symptoms disappear
upon supplementation of the deficient diet with n-
3 fatty acids.

With the increase in the number of elderly persons
in the population, and the proliferation of nursing
homes, particular attention must be given to the
nutritional requirements of the elderly, especially
those who are fed enterally or parenterally.
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Coronary Heart Disease

Most epidemiologic studies and clinical trials using
n-3 fatty acids in the form of fish or fish oil have
been carried out in patients with coronary heart
disease. However, studies have also been carried
out on the effects of ALA in normal subjects and
in patients with myocardial infarction.

The hypolipidemic effects of n-3 fatty acids are
similar to those of n-6 fatty acids, provided that
they replace saturated fats in the diet. n-3 fatty acids

have the added benefit of not lowering high-density
lipoprotein (HDL) and consistently lowering serum
triacylglycerol concentrations, whereas the n-6 fatty
acids do not and may even increase triglyceride levels.

Another important consideration is the finding that
during chronic fish oil feeding postprandial triacylgly-
cerol concentrations decrease. Furthermore, consump-
tion of high amounts of fish oil blunted the expected
rise in plasma cholesterol concentrations in humans.
These findings are consistent with the low rate of
coronary heart disease found in fish-eating popula-
tions. Studies in humans have shown that fish oils
reduce the rate of hepatic secretion of very low-density
lipoprotein (VLDL) triacylglycerol. In normolipidemic
subjects, n-3 fatty acids prevent and rapidly reverse
carbohydrate-induced hypertriglyceridemia. There is
also evidence from kinetic studies that fish oil increases
the fractional catabolic rate of VLDL (Table 7).

The effects of different doses of fish oil on throm-
bosis and bleeding time have been investigated. A
dose of 1.8 g EPAday�1 did not result in any prolon-
gation in bleeding time, but 4 g day�1 increased bleed-
ing time and decreased platelet count with no adverse

Table 10 Adequate intake (AI) for adults

Fatty acid Grams/day

(2000 kcal diet)

% Energy

LA 4.44 2.0

(upper limit)a 6.67 3.0

ALA 2.22 1.0

DHAþEPA 0.65 0.3

DHA to be at leastb 0.22 0.1

EPA to be at least 0.22 0.1

TRANS-FA

(upper limit)c 2.00 1.0

SAT

(upper limit)d – <8.0

MONOse – –

aAlthough the recommendation is for AI, the Working Group felt

that there is enough scientific evidence to also state an upper

limit (UL) for LA of 6.67 g day�1 based on a 2000 kcal diet or of

3.0% of energy.
bFor pregnant and lactating women, ensure 300mgday�1 of DHA.
cExcept for dairy products, other foods under natural conditions

do not contain trans-FA. Therefore, the Working Group does not

recommend trans-FA to be in the food supply as a result of

hydrogenation of unsaturated fatty acids or high-temperature

cooking (reused frying oils).
dSaturated fats should not comprise more than 8% of energy.
eThe Working Group recommended that the majority of fatty

acids are obtained from monounsaturates. The total amount of

fat in the diet is determined by the culture and dietary habits of

people around the world (total fat ranges from 15% to 40% of

energy) but with special attention to the importance of weight

control and reduction of obesity.

If sufficient scientific evidence is not available to calculate an

estimated average requirement, a reference intake called an

adequate intake is used instead of a recommended dietary

allowance. The AI is a value based on experimentally derived

intake levels or approximations of observed mean nutrient intakes

by a group (or groups) of healthy people. The AI for children and

adults is expected to meet or exceed the amount needed to

maintain a defined nutritional state or criterion of adequacy in

essentially all members of a specific healthy population.

LA, linoleic acid; ALA, �-linolenic acid; DHA, docosahexaenoic

acid; EPA, eicosapentaenoic acid; TRANS-FA, trans-fatty acids;

SAT, saturated fatty acids; MONOs, monounsaturated fatty acids.

Reproduced with permission from Simopoulos AP, Leaf A, and

Salem N Jr (1999) Essentiality of and recommended dietary

intakes for omega-6 and omega-3 fatty acids. Annals of Nutrition

and Metabolism 43: 127–130.

Table 11 Adequate intake (AI) for infant formula/diet

Fatty acid Per cent of fatty acids

LAa 10.00

ALA 1.50

AAb 0.50

DHA 0.35

EPAc

(upper limit) <0.10

aThe Working Group recognizes that in countries like Japan the

breast milk content of LA is 6–10% of fatty acids and the DHA is

higher, about 0.6%. The formula/diet composition described here

is patterned on infant formula studies in Western countries.
bThe Working Group endorsed the addition of the principal

long-chain polyunsaturates, AA and DHA, to all infant formulas.
cEPA is a natural constituent of breast milk, but in amounts more

than 0.1% in infant formula may antagonize AA and interfere with

infant growth.

If sufficient scientific evidence is not available to calculate an

estimated average requirement, a reference intake called an

adequate intake is used instead of a recommended dietary allow-

ance. The AI is a value based on experimentally derived intake

levels or approximations of observed mean nutrient intakes by a

group (or groups) of healthy people. The AI for children and adults

is expected to meet or exceed the amount needed to maintain a

defined nutritional state or criterion of adequacy in essentially all

members of a specific healthy population.

LA, linoleic acid; ALA, �-linolenic acid; AA, arachidonic acid; DHA,

docosahexaenoic acid; EPA, eicosapentaenoic acid; TRANS-FA,

trans-fatty acids; SAT, saturated fatty acids; MONOs,

monounsaturated fatty acids.

Reproduced with permission from Simopoulos AP, Leaf A, and

Salem N Jr (1999) Essentiality of and recommended dietary

intakes for omega-6 and omega-3 fatty acids. Annals of Nutrition

and Metabolism 43: 127–130.
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effects. In human studies, there has never been a case
of clinical bleeding, even in patients undergoing
angioplasty, while the patients were taking fish oil
supplements. Clinical investigations indicate that n-
3 fatty acids prevent sudden death. A series of inter-
vention trials have clearly shown that the addition of
n-3 fatty acids in the form of fish oil (EPA and DHA)
decrease the death rate in the secondary prevention of
coronary heart disease by preventing ventricular
arrhythmias that lead to sudden death.

Antiarrhythmic Effects of n-3 Fatty Acids (ALA,
EPA, and DHA)

Studies have shown that n-3 fatty acids, more so
than n-6 PUFA, can prevent ischemia-induced fatal
ventricular arrhythmias in experimental animals. n-3
fatty acids make the heart cells less excitable by
modulating the conductance of the sodium and
other ion channels. Clinical studies further support
the role of n-3 fatty acids in the prevention of sud-
den death due to ventricular arrhythmias which, in
the US, account for 50–60% of the mortality from
acute myocardial infarction and cause 250 000
deaths a year. In the intervention trials, there was
no change in lipid concentration, suggesting that the
beneficial effects of n-3 fatty acids were due to their
antithrombotic and antiarrhythmic effects.

The antiarrhythmic effects of n-3 fatty acids are
supported by clinical intervention trials (Diet and
Reinfarction Trial (DART), Lyon Heart Study,
Gruppo Italiano per lo Studio della Sopravvivenza
nell’Infarto miocardico (GISSI)-Prevenzione Trial,
Indo-Mediterranean Diet Heart Study). Their results
strongly support the role of fish or fish oil in
decreasing total mortality and sudden death in
patients with one episode of myocardial infarction.
Therefore, the addition of 1 g/d of n-3 fatty acids is
highly recommended for the primary and secondary
prevention of coronary heart disease.

Inflammation: a Common Base for the
Development of Coronary Heart Disease,
Diabetes, Arthritis, Mental Health,
Neurodegenerative Diseases and Cancer

Anti-inflammatory Aspects of n-3 Fatty Acids

Many experimental studies have provided evidence
that incorporation of alternative fatty acids into
tissues may modify inflammatory and immune
reactions and that n-3 fatty acids in particular are
potent therapeutic agents for inflammatory diseases.
Supplementing the diet with n-3 fatty acids
(3.2 g EPA and 2.2 gDHA) in normal subjects
increased the EPA content in neutrophils and

monocytes more than sevenfold without changing
the quantities of AA and DHA. The anti-inflamma-
tory effects of fish oils are partly mediated by inhi-
biting the 5-lipoxygenase pathway in neutrophils
and monocytes and inhibiting the leukotriene B4

(LTB4)-mediated function of LTB5 (Figure 5). Stud-
ies show that n-3 fatty acids influence interleukin
metabolism by decreasing IL-1� and IL-6. Inflam-
mation plays an important role in both the initiation
of atherosclerosis and the development of athero-
thrombotic events. An early step in the atherosclero-
tic process is the adhesion of monocytes to
endothelial cells. Adhesion is mediated by leukocyte
and vascular cell adhesion molecules (CAMs) such
as selectins, integrins, vascular cell adhesion mole-
cule 1 (VCAM-1), and intercellular adhesion mole-
cule 1 (ICAM-1). The expression of E-selectin,
ICAM-1, and VCAM-1, which is relatively low in
normal vascular cells, is upregulated in the presence
of various stimuli, including cytokines and oxidants.
This increased expression promotes the adhesion
of monocytes to the vessel wall. The monocytes sub-
sequently migrate across the endothelium into the
vascular intima, where they accumulate to form the
initial lesions of atherosclerosis. Atherosclerosis
plaques have been shown to have increased CAM
expression in animal models and human studies.

Diabetes is a major risk factor for coronary heart
disease. EPA and DHA increase sensitivity to insulin
and decrease the risk of coronary heart disease.
Rheumatoid arthritis has a strong inflammatory
component characterized by an increase in interleu-
kin (IL)-1�. n-3 fatty acids decrease IL-1� as well
as the number of swollen and painful joints.
Supplementation with EPA and DHA, changing the
ratio of n-6:n-3 of the background diet by increasing
the n-3 and decreasing the n-6 intake, is now standard
treatment for patients with rheumatoid arthritis
along with medication in a number of centers around
the world. Similarly, changing the background diet in
patients with asthma has led to decreases in the dose
of nonsteroidal anti-inflammatory drugs.

These studies suggest the potential for complemen-
tarity between drug therapy and dietary choices and
that increased intake of n-3 fatty acids and decreased
intake of n-6 fatty acids may lead to drug sparing
effects. Therefore, future studies need to address the
fatty acid composition and the ratio of n-6:n-3 of the
background diet, and the issue of concurrent drug
use. A diet rich in n-3 fatty acids and low in n-6
fatty acids provides the appropriate background
biochemical environment in which drugs function.

Psychologic stress in humans induces the production
of proinflammatory cytokines such as interferon gamma
(IFN�), TNF�, IL-6, and IL-10. An imbalance of n-6
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and n-3 PUFA in the peripheral blood causes an over-
production of proinflammatory cytokines. There is evi-
dence that changes in fatty acid composition are
involved in the pathophysiology of major depression.
Changes in serotonin (5-HT) receptor number and func-
tion caused by changes in PUFAs provide the theoretical
rationale connecting fatty acids with the current recep-
tor and neurotransmitter theories of depression. The
increased 20:4n-6/20:5n-3 ratio and the imbalance in
the n-6:n-3 PUFA ratio in major depression may be
related to the increased production of proinflammatory
cytokines and eicosanoids in that illness. Studies have
shown that EPA and DHA prolong remission, that is,
reduce the risk of relapse in patients with bipolar dis-
order. There are a number of studies evaluating the
therapeutic effect of EPA andDHA inmajor depression.

Earlier studies in rodents showed that ALA intake
improved learning, memory and cognition. In Zell-
weger’s syndrome (a genetic neurodegenerative dis-
ease) high amounts of DHA early in life decreased
somewhat the rate of progression of the disease. A
number of studies have suggested that people who
eat a diet rich in fish are less likely to develop
Alzheimer’s disease. Learning and memory depend
on dendritic spine action assembly and DHA. High
DHA consumption is associated with reduced risk
for Alzheimer’s disease, yet mechanisms and thera-
peutic potential remain elusive. In an Alzheimer’s
disease mouse model, reduction of dietaty n-3 fatty
acid resulted in 80%-90% losses of the p85 alpha
subunit of phosphoinositol 3-kinase and the postsy-
naptic action-regulating protein drebrin as in the
brain of patients with Alzheimer’s disease. The loss
of postsynaptic proteins was associated with
increased oxidation without concomitant neuron or
presynaptic protein loss. Treatment of the n-3 fatty
acid restricted mice with DHA protected against
these effects and behavioral deficits. Since n-3
fatty acids are essential for p85-mediated central
nervous system insulin signaling and selective pro-
tection of postsynaptic proteins, these findings have
implications for neurodegenerative diseases, where
synaptic loss is critical, especially in Alzheimer’s
disease. A few case control studies suggest that
higher EPA and DHA intake is associated with
lower risk of Alzheimer’s disease and severity of
the disease. Inflammation is a risk factor for Alzhei-
mer’s disease. It remains to be determined whether
low n-3 fatty acids, especially low DHA status, in
patients with Alzheimer’s disease is a causal factor
in the pathogenesis and progression of Alzheimer’s
disease and other neurodegenerative diseases.

Cancer is characterized by inflammation, cell pro-
liferation, and elevated IL-6 levels. Since EPA and
DHA suppress IL-6, fish oil supplementation

suppresses rectal epithelial cell proliferation and
PGE2 biosynthesis. This was achieved with a dietary
n-6:n-3 ratio of 2.5:1, but not with the same absolute
level of fish oil intake and an n-6:n-3 ratio of 4:1.
Case control studies in women with breast cancer
support the hypothesis that the balance between n-6
and n-3 in breast adipose tissue plays an important
role in breast cancer and in breast cancer metastasis.

Future Work, Conclusions, and
Recommendations

n-3 fatty acids should be added to foods rather than
be used solely as dietary supplements, which is a
quasi-pharmaceutical approach. Furthermore, the
development of a variety of n-3-rich foodstuffs
would allow increased n-3 dietary intakes with little
change of dietary habits. n-3 fatty acids maintain
their preventative and therapeutic properties when
packaged in foods other than fish. Efficient use of
dietary n-3 fatty acids will require the simultaneous
reduction in the food content of n-6 fatty acids and
their substitution with monounsaturated oils. Diet-
ary n-3 fats give rise to higher tissue levels of EPA
when the ‘background’ diet is low in n-6 fats. Com-
pared to n-6 fatty acids, olive oil increases the incor-
poration of n-3 fatty acids into tissues.

In the past, industry focused on improvements in
food production and processing to increase shelf life
of the products, whereas now and in the future the
focus will be on nutritional quality in product
development. This will necessitate the development
of research for the nutritional evaluation of the
various food products and educational programs for
professionals and the public. The definition of food
safety will have to expand in order to include
nutrient structural changes and food composition.
The dawn of the twenty-first century will enhance the
scientific base for product development and expand
collaboration among agricultural, nutritional, and
medical scientists in government, academia, and indus-
try. This should bring about a greater involvement of
nutritionists and dieticians in industrial research and
development to respond to an ever-increasing consu-
mer interest in the health attributes of foods.

Today, more is known about the mechanisms and
functions of n-3 fatty acids than other fatty acids. It
is evident that Western diets are relatively deficient
in n-3 fatty acids and that they contain much higher
amounts of n-6 fatty acids than ever before in the
evolution of human beings. Research has shown that
DHA is essential for the development of the prema-
ture infant relative to visual acuity, visual function,
and maturation. In the full-term infant, DHA may
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influence visual acuity and neural pathways asso-
ciated with the developmental progression of lan-
guage acquisition. These findings have led to the
inclusion of DHA and AA in infant formulas in
most countries around the world.

Most of the research on the role of n-3 fatty acids
in chronic diseases has been carried out in patients
with coronary heart disease. Intervention trials have
clearly shown that n-3 fatty acids decrease sudden
death and all cause mortality in the secondary pre-
vention of coronary heart disease and in one study
also in the primary prevention of coronary heart
disease. The decrease in sudden death is most likely
due to the anti-arrhythmic effects of n-3 fatty acids.

Most recent research suggests that the response to
n-3 fatty acids may be genotype dependent, since
certain individuals respond more than others. The
time has come to take genetic variation into consid-
eration when setting up clinical intervention trials.
We need to move away from the long-term prospec-
tive studies and proceed with genotype-specific clin-
ical intervention trials.

Inflammation and cell proliferation are at the base
of many chronic diseases and conditions, especially
atherosclerosis and cancer, but also diabetes, hyper-
tension, arthritis, mental health, and various
autoimmune diseases. Individuals carrying genetic
variants for these conditions are much more prone
to develop them because the high n-6:n-3 ratio leads
to proinflammatory and prothrombotic states.

The time has come to return to high n-3 fatty acid
levels in the diet and to decrease the n-6 intake.
There is good scientific evidence from studies on
the Paleolithic diet, the diet of Crete, other tradi-
tional diets (Okinawa), intervention studies, and
finally studies at the molecular level using transgenic
rodents that the physiologic n-6:n-3 ratio should be
1:1 or 2:1. Japan has already recommended a ratio
of 2:1. Industry has moved in the direction of
including n-3 fatty acids in various products starting
with n-3 enriched eggs, which are based on the
Ampelistra (Greek) egg as a model obtained under
completely natural conditions and which has a ratio
of n-6:n-3 of 1:1.

It is essential that Nutrition Science drives Food
Science and the production of foods rather than
Food Technology. This is of the utmost importance
in the development of novel foods. The scientific
evidence is strong for decreasing the n-6 and increas-
ing the n-3 fatty acid intake to improve health
throughout the life cycle. The scientific basis for
the development of a public policy to develop diet-
ary recommendations for EFA, including a balanced
n-6:n-3 ratio, is robust. What is needed is a scientific
consensus, education of professionals and the public,

the establishment of an agency on nutrition and
food policy at the national level, and willingness of
governments to institute changes. Education of the
public is essential to demand changes in the food
supply.

Abbreviations

ALA �-linolenic acid
CAM cell adhesion molecule
CRP C-reactive protein
DHA docosahexaenoic acid
EFA essential fatty acid
EPA eicosapentaenoic acid
FAS fatty acid synthase
GK glucokinase
GLUT glucose transporter
ICAM intercellular adhesion molecule
IFN interferon
IL interleukin
IMT intima-media thickness
LA linoleic acid
LO lipoxygenase
ME malic enzyme
PDGF platelet-derived growth factor
PE phosphatidylethanolamine
PG prostaglandin
PK pyruvate kinase
PUFA polyunsaturated fatty acid
TNF tumor necrosis factor
VCAM vascular cell adhesion molecule

See also: Coronary Heart Disease: Lipid Theory;
Prevention. Fatty Acids: Omega-6 Polyunsaturated.
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Structure, Function, and Nutritional
Requirements

Omega-6 (n-6) fatty acids are a class of polyunsatu-
rated fatty acids (PUFA). They have two or more cis
double bonds, with the position of the first double
bond six carbon atoms from the methyl end of the
molecule. The general formula of n-6 fatty acids is
CH3(CH2)4(CH¼CHCH2)x(CH2)yCOOH [where
x= 2–5]. Linoleic acid (cis-9, cis-12-octadecadienoic
acid, 18:2n-6, LA) and �-linolenic acid (cis-9,

cis-12, cis-15-octadecatrienoic acid, 18:3n-3, ALA)
are the precursor fatty acids of the n-6 and omega-3
(n-3) fatty acids, respectively. These two fatty acids
cannot be made by mammals and are therefore
termed essential fatty acids (EFA). In addition,
mammals are unable to interconvert LA and ALA,
or any of the n-6 and n-3 fatty acids, because mam-
malian tissues do not contain the necessary desatur-
ase enzyme. Plant tissues and plant oils tend to be
rich sources of LA. ALA is also present in plant
sources such as green vegetables, flaxseed, canola,
and some nuts. Once consumed in the diet, LA can
be converted via chain elongation and desaturation
to �-linolenic acid (GLA, 18:3n-6), dihomo-�-lino-
lenic acid (DGLA, 20:3n-6), and arachidonic acid
(AA, 20:4n-6) (Figure 1). The same enzymes
involved in elongation and desaturation of the n-6
fatty acids are common to the n-3 series of fatty
acids (Figure 1). Thus, ALA can be converted to
eicosapentaenoic acid (EPA, 20:5n-3) and docosa-
hexaenoic acid (DHA, 22:6n-3). EPA and DHA are
found in relatively high proportions in marine oils.

The n-6 and n-3 fatty acids are metabolically and
functionally distinct and often have important oppos-
ing physiological functions. Indeed, the balance of
EFA is important for good health and normal devel-
opment. Historically, human beings evolved on a diet
in which the ratio of n-6 to n-3 fatty acids was about
1:1. In contrast, Western diets have a ratio of
approximately 15:1. Evidence for this change in diet
through history comes from studies on the evolution-
ary aspects of diet, modern-day hunter–gatherers, and
traditional diets. Modern agriculture has led to a
substantial increase in n-6 fatty acids at the expense
of n-3 fatty acids, which has resulted in excessive
consumption of n-6 fatty acids by humans.

The n-6 EFAs have two main functions. First, they
act as structural components of membranes forming
the basis of the phospholipid component of the lipid
bilayer of plasmamembranes in every cell in the body,
thus providing a membrane impermeable to most
water-soluble molecules. The length and degree of
saturation of the fatty acids determine how the phos-
pholipid molecules pack together and consequently
affect membrane fluidity, signal transduction, and
the expression of cellular receptors. The second role
of n-6 fatty acids is as precursors to the eicosanoids
(Figure 1). The eicosanoids are a family of ‘hormone-
like’ compounds including prostaglandins (PGs),
leukotrienes (LTs), and hydroxy- (HETEs), dihy-
droxy- (DiHETEs), and epoxy- (EETs) fatty acids.
Eicosanoids, however, are distinct from most
hormones in that they act locally, near their sites of
synthesis, and they are catabolized extremely rapidly.
Thus, they are considered to be locally acting
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hormones. The eicosanoids modulate renal and pul-
monary function, vascular tone, and inflammatory
responses. The enzymes involved in AA metabolism
include the cyclooxygenases and lipoxygenases,which
yield the 2-series PGs and 4-series LTs, respectively.
Lipoxygenase also utilizes AA for the formation of the
HETEs. A third pathway for the utilization of AA
involves the cytochrome P-450 enzymes found in the
liver, kidney, lung, intestines, heart, small blood ves-
sels, and white blood cells. AA metabolized via cyto-
chrome P-450 yields EETs, DiHETEs, as well as
HETEs. The cytochrome P-450 metabolites play an
important role as paracrine factors and second mes-
sengers in the regulation of pulmonary, cardiac,
renal, and vascular function and modulate inflamma-
tory and growth responses.

Endothelial Function, Atherosclerosis,
and Cardiovascular Disease

Differences in n-6 fatty acid intake have the poten-
tial to influence several chronic diseases and disor-
ders. This article will focus on the effects of n-6 fatty
acids on cardiovascular disease and atherosclerosis.

The vascular endothelium is the most impor-
tant organ controlling vascular function and

consists of a single layer of epithelial cells lining
blood vessels. Its primary function is to regulate
vascular tone, but it plays a critical role in mod-
ulating coagulation and fibrinolysis, inflamma-
tion, smooth muscle cell proliferation, and
macrophage function. Many of these functions
are regulated through the release of various med-
iators including eicosanoids. There is multiple
and close interaction of the endothelial cells
with circulating cells, smooth muscle cells, and
macrophages. There is also evidence that
endothelial dysfunction precedes clinically appar-
ent atherosclerosis.

Atherosclerosis is an inflammatory disease invol-
ving multiple cellular and molecular responses that
lead to an alteration in vascular function and struc-
ture, and the development and progression of
cardiovascular disease. Atherosclerosis is character-
ized by degenerative changes, deposition of choles-
terol, proliferation of smooth muscle cells,
involvement of a range of circulating proinflamma-
tory cell types, and fibrosis. Resulting atheromatous
plaques cause narrowing of arteries and increase the
likelihood of thrombosis and occlusion. When this
process occurs in the coronary arteries, the outcome
is myocardial infarction and with possible death.
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Eicosanoids: Relevance to Endothelial
Function, Thrombosis, Inflammation,
and Atherosclerosis

In general, the eicosanoids derived from AA have
potent prothrombotic and proinflammatory activity.
In contrast, the eicosanoids derived from EPA have
reduced biological activity and are less prothrombo-
tic and proinflammatory. Eicosanoid production is
generally tightly controlled through homeostatic
mechanisms. However, eicosanoid production can
be significantly altered in situations in which
endothelial dysfunction, atherosclerosis and plaque
rupture, or various thrombotic or inflammatory con-
ditions are present.

Prostaglandins and Leukotrienes

Prostaglandins have a central role in the regulation
of platelet aggregation and vascular tone. In this
regard, two of the major prostaglandins derived
from AA are thromboxane A2, produced in platelets,
and prostacyclin I2, produced in endothelial cells.
Thromboxane A2 promotes platelet aggregation
and blood vessel constriction, while prostacyclin I2
has the opposite effects. An increase in availability
of EPA can decrease platelet thromboxane A2 and
increase thromboxane A3, the latter having consid-
erably less physiological activity. EPA supplementa-
tion also stimulates formation of prostacyclin I3,
while prostacyclin I2 is unaffected. Prostacyclin I3
and prostacyclin I2 are equipotent in their biological
activity. The net result following intake of n-3 fatty
acids is a shift in the thromboxane/prostacyclin bal-
ance toward a reduced prothrombotic state.

Leukotriene B4 is a potent inflammatory mediator
produced by neutrophils from 20:4n-6 at the site of
injury. Leukotriene B4 is also a powerful chemotac-
tic factor responsible for attracting neutrophils to
the site of injury. Leukotriene B5, which is produced
from EPA, has significantly lower biological activity.
Therefore an increased availability of EPA has the
potential to reduce inflammation.

Fatty Acid Intake and Eicosanoids

The proportional concentration of the eicosanoid
precursor fatty acids both circulating and in tissues
depends on dietary intake. DGLA and AA can be
obtained from animal meat and fat, and by desa-
turation and chain elongation of LA. The major
dietary source of EPA is fish. EPA can also be
obtained indirectly from ALA, although desatura-
tion and chain elongation of ALA appears to be a
less important pathway in humans.

Only the free form of the fatty acid precursors of
eicosanoids can be utilized by the enzymes for con-
version to the biologically active metabolites. How-
ever, the amount of precursor free fatty acid in the
cytoplasm and circulating is usually low and so too
is basal eicosanoid formation. Furthermore, basal
eicosanoid formation may depend on dietary and
adipose tissue fatty acid composition. The amount
of eicosanoid precursor free fatty acids is controlled
to a large extent by incorporation and release from
cellular phospholipids. Which eicosanoids are pro-
duced during stimulated synthesis may depend on
membrane fatty acid composition as well as the
cell type involved. Dietary fatty acid composition,
therefore, has the potential to effect basal and sti-
mulated synthesis of eicosanoids and influence
endothelial function and thrombotic and inflamma-
tory responses.

n-6 Fatty Acids and Risk
of Cardiovascular Disease

Evidence that differences in n-6 fatty acid intake can
influence cardiovascular disease risk derives from
several sources. Population studies may provide use-
ful data for establishing optimal intakes of n-6 fatty
acids. However, valuable information on the poten-
tial mechanisms and effects of these fatty acids is
derived from studies focusing on their impact on
thrombosis, inflammation, endothelial function,
and other cardiovascular risk factors.

Cardiovascular Disease: Population Studies

The incidence of cardiovascular disease within
populations with either very high or very low
intakes of n-6 fatty acids may provide some indica-
tion for optimal intakes of n-6 fatty acids. Within
populations with low n-6 fatty acid intakes (
3%)
there would appear to be a benefit of having a
higher n-6 fatty acid intake on cardiovascular dis-
ease risk reduction. These observations suggest that
very low n-6 fatty acid intakes increase the risk for
cardiovascular disease. The presence of EFA defi-
ciency in a significant proportion of such popula-
tions may explain the increased risk. Several
populations, including the Israelis, Taiwanese, and
!Kung bushmen in the African Kalahari desert, have
high to very high intakes of n-6 fatty acids. The
contribution of n-6 fatty acids to total energy intake
is about 10% in the Israelis and Taiwanese and
about 30% in the !Kung bushmen. Rates of cardio-
vascular disease are low in the Taiwanese, where
dietary n-6 fatty acids are obtained mainly from
soybean oil, and estimated to be very low in the
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!Kung bushmen, where dietary n-6 fatty acids were
obtained mainly from the monongo fruit and nut. In
the Taiwanese, the soybean oil is refined but is
accompanied by a diet rich in antioxidant polyphe-
nols, notably from tea, fruits, and vegetables. In the
!Kung bushmen the oil is unrefined and is therefore
likely to contain a range of phytochemicals. There
is, however, a high prevalence of cardiovascular
disease in the Israeli population, where n-6 PUFAs
are obtained largely from refined sources. These
observations suggest that a high n-6 fatty acid intake
can be compatible with low risk of cardiovascular
disease, but the dietary context may be very impor-
tant. Given that n-6 fatty acids are susceptible to
lipid peroxidation, high n-6 fatty acid intake may
increase risk for cardiovascular disease when con-
sumed against a background diet low in antioxi-
dants. The potential impact on eicosanoid
metabolism remains uncertain.

Several factors may need to be considered in the
interpretation of the results of population studies.
First, the effect of LA on atherosclerosis and
cardiovascular disease may depend on the back-
ground intake in the population being studied. Sec-
ond, any relationships observed may be confounded
by intake of other foods from which LA derives.
Third, LA may have differential effects on aspects
of the aetiology of cardiovascular disease, including
endothelial function, thrombosis, arrhythmia, and
atherosclerosis.

Thrombosis

Dietary fatty acids influence thrombosis by altering
the activity and function of endothelial cells, plate-
lets, and other circulating cells—effects that can be
mediated, in part, by alterations in eicosanoid
metabolism. Replacement of dietary saturated fatty
acids with unsaturated fatty acids, including n-6
fatty acids, generally lowers the risk of thrombosis
and cardiovascular disease. Furthermore, studies
have shown that an increase in n-3 fatty acid intake
can increase vasodilation, attenuate platelet aggre-
gation, and alter circulating concentrations of fac-
tors involved in coagulation and fibrinolysis. The
net effect of increasing n-3 fatty acid intake is a
tendency toward reduced risk for thrombosis. These
findings are supported by population studies
demonstrating that n-3 fatty acids may reduce the
risk of thrombosis. It remains uncertain whether
the major factor influencing these functions is the
absolute increase in n-3 fatty acids or the relative
proportions of n-6 and n-3 fatty acids in the diet
and cell membranes. There is evidence, however,
that increased n-3 fatty acid intake may be more

beneficial in populations consuming relatively small
quantities of fish, which includes many Western
populations.

Much of the evidence for a potential impact of n-
6 fatty acids on thrombosis derives from research on
platelet function. The role of platelets in thrombosis
is established and the influence of fatty acid intake
on platelet function has been assessed in many stu-
dies. Platelets play a part in thrombosis by adhering
to, and aggregating at, the site of injury. Platelet
reactivity and increased platelet activation may
increase the risk of thrombosis. In vitro and in
vivo studies assessing effects of n-6 fatty acids on
platelet aggregation are inconsistent. To date there is
little evidence that a high n-6 fatty acid diet in
humans decreases platelet aggregation and some
studies are suggestive of increased aggregation with
high n-6 fatty acid diets, primarily in the form of
LA. The effects of AA on platelet aggregation are
also not clear. One of the main difficulties in
interpreting these studies is the unresolved issue as
to how the in vitro aggregation test reflects platelet
function in vivo.

Inflammation

Conditions of increased inflammation, such as
inflammatory arthritis, dermatological conditions
such as psoriasis and atopic dermatitis, chronic
inflammatory bowel disease, autoimmune diseases,
and bronchial asthma, appear to be beneficially
influenced by n-3 fatty acids but not by n-6 fatty
acids.

Whether or not increased intake of n-6 fatty acids
can exacerbate inflammation via increased produc-
tion of proinflammatory eicosanoids remains uncer-
tain. Results of in vitro studies and intervention
studies in humans are generally consistent with this
theoretical potential of n-6 fatty acids to enhance
inflammation, at least in comparison to n-3 fatty
acids and probably n-9 monounsaturated fatty
acids. The importance of absolute and relative
intakes of n-6 fatty acids to inflammatory processes
also remains unclear. The effects of changes in n-6
fatty acid intake on inflammatory processes may
depend on the background dietary fatty acid intake,
as well as proportional and absolute intake of n-3
fatty acids.

Cholesterol and Lipoproteins

The major classes of circulating lipoproteins in
human plasma are chylomicrons, very low-density
lipoproteins (VLDL), low-density lipoproteins
(LDL), and high-density lipoproteins (HDL). High
fasting plasma concentrations of LDL cholesterol
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and triglycerides—predominantly circulating as part
of VLDL—and low plasma concentrations of HDL
cholesterol are associated with increased risk of car-
diovascular disease. Dietary fatty acids can influence
lipoprotein metabolism and therefore have the
potential to influence atherosclerosis and cardiovas-
cular disease risk. Most studies examining the effects
of n-6 PUFAs on cholesterol metabolism have
focused on LA, the major dietary n-6 fatty acid.

It is now established that LDL cholesterol low-
ering reduces the risk of cardiovascular disease. In
the fasting state LDL is the major cholesterol carry-
ing lipoprotein in human plasma. The mechanisms
through which raised plasma LDL cholesterol con-
centrations increase cardiovascular disease risk are
not entirely understood but oxidative modification
of LDL is thought to be involved. An increase in LA
intake results in a lowering of plasma LDL choles-
terol concentrations and therefore has the potential
to reduce cardiovascular disease risk. These effects
may not be linear over the entire range of LA intake
and most of the benefits appear to be gained by
moving from lower (<2% of energy) to moderate
(�4–5% of energy) intakes. In addition, it is worthy
of note that the effects of dietary n-6 PUFAs are less
than half that of lowering dietary saturated fatty
acids. Therefore, if total fat intake is maintained,
the LDL cholesterol lowering effects of increasing
n-6 PUFA intake are greatly enhanced if saturated
fatty acid intake is decreased.

HDL cholesterol is inversely associated with car-
diovascular disease risk. The mechanism by which
HDL reduces cardiovascular disease risk may
involve reverse cholesterol transport and reductions
in cholesterol accumulation in the arterial wall.
Intakes of LA within the normal ranges of intakes
in most populations do not appear to alter HDL
cholesterol concentrations. However, very high
intakes—above 12% of energy—can lower HDL
cholesterol concentrations.

Oxidative Stress

Several lines of evidence suggest that oxidatively
modified LDL plays an important role in the devel-
opment of atherosclerosis. Oxidative modification
of LDL involves peroxidation of PUFAs. LDL parti-
cles enriched in PUFAs have been shown to be more
susceptive to oxidative modification compared to
LDL particles rich in monounsaturated fatty acids.
Others have also suggested that a diet high in PUFAs
may overwhelm the antioxidant defenses of cells. In
particular, studies have shown that LA-enriched
LDL is more prone to in vitro oxidation than oleic
acid-enriched LDL. Concern also remains with

respect to the potential for increased lipid peroxida-
tion following n-3 fatty acids. To date, however, the
data in vivo are inconclusive, with observations of
increased, unchanged, and decreased lipid peroxida-
tion. The most plausible explanation relates to dif-
ferences in the methodologies employed to assess
lipid peroxidation. Much of the literature relating
to PUFAs and lipid peroxidation is based on indirect
and nonspecific assays, including measurement of
LDL oxidative susceptibility, which relies on the
isolation of LDL from plasma. In this regard, the
recent discovery of F2-isoprostanes, which are non-
enzymatic prostaglandin-like products of free radical
peroxidation of arachidonic acid, has allowed for
the direct assessment of in vivo lipid peroxidation.
There is now good evidence that quantitation of
F2-isoprostanes provides a reliable measure of
in vivo oxidative stress. Using measurement of F2-
isoprostanes, recent data have demonstrated that n-3
fatty acids decrease oxidative stress. It has also been
suggested that the concentration of PUFAs may be a
more important factor affecting lipid peroxidation
than the degree of unsaturation. Further research
using better markers of lipid peroxidation is
required before definitive statements can be made
relating to the effect of n-6 fatty acids, and indeed
PUFAs in general, on oxidative stress.

Blood Pressure

The possible effects of dietary fatty acids on blood
pressure have been explored in population studies
and dietary intervention trials. With the exception of
studies comparing vegetarian and nonvegetarian
populations, from which there is a suggestion of a
blood pressure lowering effect of diets high in
PUFAs, including LA, and lower in saturated fatty
acids, the results of most within- and between-popu-
lation studies have generally not found significant
associations. The results of intervention studies sug-
gest that n-6 fatty acids, LA in particular, may be
responsible for a small blood pressure lowering
effect. However, these studies are also inconsistent,
with several failing to find a significant blood pres-
sure lowering effect.

Conclusions

Diets low in n-6 fatty acids, principally LA, appear
to be associated with an increased risk of cardiovas-
cular disease. The results of studies examining the
effects of LA on risk factors for atherosclerosis and
cardiovascular disease are consistent with this obser-
vation. An increase in n-6 PUFA intake from a low
to a moderate intake level, in conjunction with
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decreases in total and saturated fat intake, may ben-
eficially influence lipoprotein metabolism, lower
blood pressure, and reduce cardiovascular disease
risk. Observations in populations with high n-6
PUFA intake indicate that high intakes of n-6 fatty
acids (>10%) can occur together with low rates of
cardiovascular disease and possibly also cancer.
However, where antioxidant composition of the
diet is low, there is the potential for increased risk
of cardiovascular disease. An increased susceptibility
of PUFAs to oxidative damage, particularly in the
presence of low concentrations of protective anti-
oxidants, may be an important factor involved.
The source of n-6 PUFAs in the diet, refined versus
unrefined, and the composition of the background
diet may therefore be important determinants of
whether high n-6 fatty acid intake increases or
decreases risk of cardiovascular disease. In addition,
the proportion of n-6 to n-3 fatty acids in the diet
may also play an important role in determining
cardiovascular risk.

The available evidence suggests that n-6 fatty
acid-derived eicosanoids are generally proinflamma-
tory and prothrombotic. In contrast, eicosanoids
derived from n-3 fatty acids have attenuated bio-
logical activity on cardiovascular risk factors. The
effects of altering n-6 PUFA intake, in conjunction
with changes in other polyunsaturated fatty acids, as
well as other classes of fatty acids, on endothelial
function, thrombosis, and inflammation are not
understood. The relative proportion of all the classes
of fatty acids in the diet may well be more important
and relevant to cardiovascular risk reduction than
any single class of fatty acids. Clearly such research
warrants further investigation.

See also: Coronary Heart Disease: Lipid Theory. Fatty
Acids: Metabolism; Monounsaturated; Omega-3
Polyunsaturated; Saturated; Trans Fatty Acids. Fish.
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Fats and oils always consist of a mixture of
fatty acids, although one or two fatty acids are
usually predominant. Table 1 shows the fatty acid
composition of some edible fats rich in saturated
fatty acids. In the Western diet, palmitic acid
(C16:0) is the major saturated fatty acid. A smaller
proportion comes from stearic acid (C18:0), followed
by myristic acid (C14:0), lauric acid (C12:0), and
short-chain and medium-chain fatty acids (MCFA)
(C10:0 or less).

When discussing the health effects of the total
saturated fat content of diets, this class of fatty
acids has to be compared with some other compo-
nent of the diet that provides a similar amount of
energy (isoenergetic). Otherwise, two variables are
being introduced: changes in total dietary energy
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intake and, as a consequence, changes in body
weight. Normally, an isoenergetic amount from car-
bohydrates is used for comparisons.

Cholesterol Metabolism

Lipoproteins and their associated apoproteins are
strong predictors of the risk of coronary heart dis-
ease (CHD). Concentrations of total cholesterol,
low-density lipoproteins (LDL), and apoprotein B
are positively correlated with CHD risk; high-
density lipoprotein (HDL) and apoprotein Al con-
centrations are negatively correlated. Controlled
dietary trials have now demonstrated that the total
saturated fat content and the type of saturated fatty
acid in the diet affect serum lipid and lipoprotein
levels.

Total Saturated Fat Content of Diets

Using statistical techniques, results from indepen-
dent experiments have been combined to develop
equations that estimate the mean change in serum
lipoprotein levels for a group of subjects when car-
bohydrates are replaced by an isoenergetic amount
of a mixture of saturated fatty acids. The predicted
changes for total LDL and HDL cholesterol and
triacylglycerols are shown in Figure 1. Each bar
represents the predicted change in the concentration
of that particular lipid or lipoprotein when a parti-
cular fatty acid class replaces 10% of the daily
energy intake from carbohydrates. For a group of
adults with an energy intake of 10MJ daily, 10% of
energy is provided by about 60 g of carbohydrates or
27 g of fatty acids.

A mixture of saturated fatty acids strongly ele-
vates serum total cholesterol levels. It was predicted
that when 10% of dietary energy provided by
carbohydrates was exchanged for a mixture of
saturated fatty acids, serum total cholesterol
concentrations would increase by 0.36mmol l�1.
This increase in total cholesterol will result from a

rise in both LDL and HDL cholesterol concentra-
tions. Saturated fatty acids will also lower fasting
triacylglycerol concentrations compared with carbo-
hydrates. Besides affecting LDL and HDL choles-
terol concentrations, a mixture of saturated fatty
acids also changes the concentrations of their asso-
ciated apoproteins. In general, strong associations
are observed between changes in LDL cholesterol
and changes in apo-B and between changes in
HDL cholesterol and apo-Al.

Figure 1 also shows that total and LDL choles-
terol concentrations decrease when saturated fatty
acids are replaced by unsaturated fatty acids. In
addition, slight decreases of HDL cholesterol con-
centrations are then predicted.

Effects of Specific Saturated Fatty Acids

Cocoa butter raises total cholesterol concentrations
to a lesser extent than palm oil. This difference in
the serum cholesterol-raising potency of two fats
high in saturated fatty acids (see Table 1) showed
that not all saturated fatty acids have equal effects

Table 1 Composition of fats rich in satured fatty acids

Weight per 100 g of total fatty acids (g)


C10:0 C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C18:3 Other

Butterfat 9 3 17 25 13 27 3 1 2

Palm kernel fat 8 50 16 8 2 14 2

Coconut fat 15 48 17 8 3 7 2

Palm oil 1 45 5 39 9 1

Beef fat 3 26 22 38 2 1 8

Pork fat (lard) 2 25 12 44 10 1 6

Cocoa butter 26 35 35 3 1
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Figure 1 Predicted changes in serum lipids and lipoproteins

when 10% of energy from dietary carbohydrates is replaced

by an isoenergetic amount of saturated fatty acids. From

Mensink et al. (2003) American Journal of Clinical Nutrition 77:

1146–1155. Reproduced with permission by the American

Journal of Clinical Nutrition. ª Am J Clin Nutr. American Society

for Clinical Nutrition.
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on cholesterol concentrations. Figure 2 illustrates
the effects of lauric, myristic, palmitic, and stearic
acids on LDL and HDL cholesterol concentrations.
Compared with other saturated fatty acids, lauric
and myristic acids have the strongest potency to
increase serum total and LDL cholesterol concentra-
tions and also HDL cholesterol concentrations.
Effects of lauric acid on HDL are stronger than
those of myristic acid.

Scientists are not unanimous about the choles-
terol-raising properties of palmitic acid, the major
dietary saturated fatty acid. Many studies have indi-
cated that, compared with carbohydrates, palmitic
acid raises serum total and LDL cholesterol levels
but has less effect on HDL cholesterol (Figure 2).
However, a few studies indicated that palmitic acid
might not raise total and LDL cholesterol concentra-
tions compared with carbohydrates. It has been pro-
posed that this negative finding is only present when
the linoleic acid content of the diet is adequate
(6–7% of energy). It is hypothesized that the
increased hepatic apo-B100 production caused by
palmitic acid, and the consequent elevation of con-
centrations of serum very low density lipoproteins
(VLDL) and LDL particles, is counteracted by an
increased uptake of LDL particles by the LDL recep-
tor which is upregulated by linoleic acid. To explain
the discrepancy with other studies, it has been sug-
gested that in some situations, such as hypercholes-
terolaemia or obesity, linoleic acid is unable to
increase LDL receptor activity sufficiently to neutra-
lize the cholesterol-raising effects of palmitic acid.
This theory, however, awaits confirmation, and for
now it seems justified to classify palmitic acid as a
cholesterol-raising saturated fatty acid.

Stearic acid, a major fatty acid in cocoa butter,
does not raise total, LDL, and HDL cholesterol
levels compared with carbohydrates. Also, MCFA
have been reported not to raise LDL and HDL
cholesterol concentrations compared with carbohy-
drates, but data are limited. Like carbohydrates,
diets containing large amounts of MCFA increase
fasting triacylglycerol concentrations compared
with the other saturated fatty acids. However, such
diets are the sole energy source only in parenteral or
enteral nutrition or in sports drinks. Other saturated
fatty acids have not been reported to raise triacyl-
glycerol concentrations compared with each other,
but lower triacylglycerol concentrations compared
with carbohydrates.

Platelet Aggregation

Increased platelet aggregation may be an important
risk marker for the occurrence of cardiovascular
disease, and different types of fatty acids can mod-
ify platelet aggregation in vitro. However, reports
of research on this topic are confusing. All mea-
surements have their limitations, and it is not
known whether measurement in vitro of platelet
aggregation reflects the reality of platelet reactivity
in vivo.

Many methods are available to measure platelet
aggregation in vitro. First, the blood sample is trea-
ted with an anticoagulant to avoid clotting of the
blood in the test tube or in the aggregometer; many
different anticoagulants are used, which all differ in
their mechanism of action. Second, platelet aggre-
gation can be measured in whole blood, in platelet-
rich plasma, or (to remove the influence of the
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Figure 2 Overview of the effects of particular fatty acids on serum total, LDL, and HDL cholesterol concentration when 10% of

energy from dietary carbohydrates is replaced by an isoenergetic amount of a particular saturated fatty acid. From Mensink et al.

(2003) American Journal of Clinical Nutrition 77: 1146–1155. Reproduced with permission by the American Journal of Clinical Nutrition.
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plasma constituents) in a washed platelet sample.
Finally, the platelet aggregation reaction in the
aggregometer can be initiated with many different
compounds, such as collagen, ADP, arachidonic
acid, and thrombin. Platelet aggregation can also
be studied by measuring the stable metabolites of
the proaggregatory thromboxane A2 (TxA2),
thromboxane B2 (TxB2), the stable metabolite of
the antiaggregatory prostaglandin (prostacyclin:
PGl2), or 6-keto-PGF1�.

Total Saturated Fat Content of Diets

Platelet aggregation and clotting activity of plasma
were studied in British and French farmers, who
were classified according to their intake of saturated
fatty acids. A positive correlation was observed
between thrombin-induced aggregation of platelet-
rich plasma and the intake of saturated fatty acids.
Aggregation induced by ADP or collagen, however,
did not correlate with dietary saturated fat intake. In
a follow-up study, a group of farmers consuming
high-fat diets were asked to replace dairy fat in
their diets with a special margarine rich in polyun-
saturated fatty acids. Besides lowering the intake of
saturated fatty acids, this intervention also resulted
in a lower intake of total fat. A control group of
farmers did not change their diets. After this inter-
vention the thrombin-induced aggregation of plate-
let-rich plasma decreased when saturated fat intake
decreased. Aggregation induced by ADP, however,
increased in the intervention group. From these stu-
dies, it is not clear whether the fatty acid composi-
tion of the diets or the total fatty acid content is
responsible for the changes in platelet aggregation.
Furthermore, it is not clear if one should favor
increased or decreased platelet aggregation after
decreasing the saturated fat content of diets as
effects did depend on the agonist used to induce
platelet aggregation. Saturated fatty acids from
milk fat have also been compared with unsaturated
fatty acids from sunflower and rapeseed oils. Aggre-
gation induced by ADP or collagen in platelet-rich
plasma was lower with the milk fat diet than with
either oil.

One of the mechanisms affecting platelet aggrega-
tion is alteration of the proportion of arachidonic
acid in the platelet phospholipids. Arachidonic acid
is a substrate for the production of the proaggrega-
tory TxA2 and the antiaggregatory PGI2, and the
balance between these two eicosanoids affects the
degree of platelet activation. The proportion of ara-
chidonic acid in membranes can be modified
through changes in dietary fatty acid composition.
Diets rich in saturated fatty acids increase the

arachidonic acid content of the platelet phospholi-
pids, but this is also dependent on the particular
saturated fatty acid consumed (see below).

Diets rich in saturated fatty acids have also been
associated with a lower ratio of cholesterol to phos-
pholipids in platelet membranes, which may affect
receptor activity and platelet aggregation. However,
these mechanisms have been described from studies
in vitro and on animals and have not adequately
been confirmed in human studies.

Effects of Specific Saturated Fatty Acids

Diets rich in coconut fat have been reported to raise
TxB2 and lower 6-keto-PGF1� concentrations in
collagen-activated plasma compared with diets rich
in palm or olive oils, indicating a less favourable
eicosanoid profile. The main saturated fatty acids
of coconut fat — lauric and myristic acids — did
not, however, change collagen-induced aggregation
in whole-blood samples compared with a diet rich in
oleic acid. Also, diets rich in MCFA or palmitic acid
did not change collagen-induced aggregation in
whole-blood samples. Compared with a diet rich in
a mixture of saturated fatty acids, a stearic acid diet
increased collagen-induced aggregation in platelet-
rich plasma. In addition, a decreased proportion of
arachidonic acid in platelet phospholipids was
demonstrated after a cocoa butter diet compared
with a diet rich in butterfat. Changes in eicosanoid
metabolite concentrations in urine, however, were
not observed after either diet. These results are con-
flicting and it is debatable whether measurement in
vitro of platelet aggregation truly reflects the situa-
tion in vivo.

Coagulation and Fibrinolysis

Processes involved in thrombus formation include
not only those required for the formation of a stable
thrombus (platelet aggregation and blood clotting)
but also a mechanism to dissolve the thrombus
(fibrinolysis). Long-term prospective epidemiologi-
cal studies have reported that in healthy men factor
VII coagulant activity (factor VIIc) and fibrinogen
concentrations were higher in subjects who devel-
oped cardiovascular diseases at a later stage of the
study. Factor VIIc in particular was associated with
an increased risk of dying from cardiovascular dis-
ease. A high concentration of plasminogen activator
inhibitor type 1 (PAI-1) indicates impaired fibrino-
lytic capacity of the plasma and is associated with
increased risk of occurrence of coronary events.

Saturated fatty acids can affect the plasma activity
of some of these coagulation and fibrinolytic factors
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and thus the prethrombotic state of the blood. How-
ever, the effects of saturated fatty acids on coagula-
tion and fibrinolytic factors in humans, unlike
effects on cholesterol concentrations, have received
little attention, and few well-controlled human stu-
dies have been reported. Also, regression equations
derived from a meta-analysis, which predict the
effects on coagulation and fibrinolytic factors of
different fatty acid classes compared with those of
carbohydrates, do not exist. Therefore, the reference
fatty acid is dependent on the experiment discussed.
In the epidemiological studies that have found asso-
ciations between CHD risk and factors involved in
thrombogenesis or atherogenesis, subjects were
mostly fasted. Also, the effects of saturated fatty
acids on cholesterol metabolism, platelet aggrega-
tion, and coagulation and fibrinolysis have been
studied mainly in fasted subjects. It should be
noted, however, that concentrations of some coagu-
lation factors (e.g., factor VIIc) and fibrinolytic fac-
tors change after a meal.

Total Saturated Fat Content of Diets

Coagulation Results of studies on the effects of
low-fat diets compared with high-fat diets provide
some insight into the effects of decreasing the satu-
rated fat content of diets. However, in these studies
multiple changes are introduced which makes inter-
pretation of results difficult.

Figure 3 demonstrates that decreased factor VIIc
levels were observed in subjects on low-fat diets
compared with those on high-saturated fat diets.
In many of these studies, the low-fat diet provided
smaller quantities of both saturated and unsaturated
fatty acids and more fiber than the high-saturated
fat diets. The combined results, however, suggest

that, apart from a possible effect of dietary fiber,
saturates increase factor VII levels compared with
carbohydrates. Effects on other clotting factors are
less clear. Measurements of markers of in vivo co-
agulation (e.g., prothrombin fragment 1þ 2) might
have provided more information on the effect of
saturates on blood coagulation but were unfortu-
nately not measured in most experiments.

Fibrinolysis Effects of low-fat and high-fat diets on
the fibrinolytic capacity of the blood have also been
studied. A similar problem, as stated before, is that
multiple changes were introduced within a single
experiment. Results of longer term and shorter
term studies with dietary changes of total fat
(decrease of saturated and unsaturated fatty acids
contents) and increased fiber content indicate bene-
ficially increased euglobulin fibrinolytic capacity of
the blood. However, when the saturated fatty acid
and fiber content of two diets were almost identical
and only the unsaturated fatty acid content was
changed, no significant differences in fibrinolytic
capacity were observed.

Little is known about the relative effects on fibri-
nolytic capacity of saturated fatty acids compared
with unsaturated fatty acids. It has been reported,
however, that diets rich in butterfat decreased PAI-1
activity compared with a diet rich in partially hydro-
genated soybean oil, but whether this is because of
changes in the saturated acid or the trans fatty acid
content is not clear from this study.

As for coagulation factors, the findings on the
fibrinolytic effects of saturates are still inconclusive
and need to be examined by more specific assays,
measuring the activities of the separate fibrinolytic
factors such as tPA and PAI-1.

Effects of Specific Saturated Fatty Acids

Coagulation The interest in the effects of particular
fatty acids on coagulation and fibrinolytic factors has
increased since the observation that different satu-
rated fatty acids raise serum lipids and lipoproteins
in different ways (see section on cholesterol metabo-
lism). Although results are conflicting, some studies
indicate that the most potent cholesterol-raising satu-
rated fatty acids also increase factor VII activity.

Diets rich in lauric plus myristic acids compared
with a diet rich in stearic acid also increase concen-
trations of other vitamin K-dependent coagulation
proteins. In addition, this mixture of saturated fatty
acids raised F1þ 2 concentrations, indicating
increased in vivo turnover of prothrombin to throm-
bin. This agreed with a study in rabbits where
increased F1þ 2 concentrations were associated
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with increased hepatic synthesis of vitamin K-
dependent clotting factors.

Diets rich in certain saturated fatty acids (lauric
acid and palmitic acid) and also diets rich in butter-
fat have been reported to raise fibrinogen concentra-
tions, but increases were small.

Postprandially, increased factor VIIc concentra-
tions have been demonstrated after consumption
of diets rich in fat compared with fat-free meals
(Figure 3). The response is stronger when more fat
is consumed, but this occurs regardless of whether
the fat is high in saturated or unsaturated fatty
acids. Only meals with unrealistically high amounts
of MCFA have been reported not to change factor
VIIc levels in comparison with a meal providing a
similar amount of olive oil.

Fibrinolysis Increased PAI-1 activity of a palmitic
acid-rich diet has been observed compared with diets
enriched with oleic acid, indicating impaired fibrino-
lytic capacity of the plasma. However, this was not
confirmed by other experiments on the effects of
particular saturated fatty acids (including palmitic
acid), which did not indicate changes in fibrinolytic
capacity of the blood, measured as tPA, PAI-1 activ-
ity, or antigen concentrations of tPA and PAI-1.

Conclusion

Saturated fatty acids as a group affect factors
involved in cholesterol metabolism. Relative to the
carbohydrate content of the diet, a decrease in satu-
rated fat content induces a favorable decrease in
serum total and LDL cholesterol concentrations but
unfavorably reduces HDL cholesterol concentra-
tions. Both increasing and decreasing effects of satu-
rates on platelet aggregation have been observed, as
well as the absence of effect, so results are incon-
sistent and difficult to interpret. Whether the bene-
ficial effect of a diet low in saturated fat on the
prethrombotic state of blood depends on the dietary
fiber content is still unclear.

Of the saturated fatty acids, lauric and myristic
acids have the strongest potency to raise total and
LDL cholesterol concentrations. In addition, both of
these saturated fatty acids raise HDL cholesterol
levels. Palmitic acid raises total and LDL cholesterol
levels compared with carbohydrates but is less
potent than lauric and myristic acids. Stearic acid
does not raise LDL and HDL cholesterol concentra-
tions compared with carbohydrates. Lauric, myris-
tic, and palmitic acids increase factor VII activity in
a similar way, whereas the effects of MCFA and
stearic acid seem limited.

See also: Coronary Heart Disease: Lipid Theory;
Prevention. Fatty Acids: Metabolism.
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Chemistry

The trans fatty acids are unsaturated fatty acids that
contain one or more ethylenic double bonds in the
trans geometrical configuration, i.e., on opposite
sides of the carbon chain (Figure 1). The trans
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bond is more thermodynamically stable than the cis
bond and is therefore less chemically reactive.

Trans bonds haveminimal effect on the conformation
of the carbon chain such that their physical properties
more closely resemble those of saturated fatty acids than
of cisunsaturated fatty acids. The conformation remains
linear, compared with cis fatty acids, which are kinked
(Figure 2). Hence, trans isomers can pack together more
closely than their cis counterparts.

Trans fatty acids have higher melting points than
their cis counterparts, while saturated fatty acids have
higher melting points than both trans and cis fatty
acids. For example, the melting points of C18 fatty
acids are 69.6 �C for stearic acid (18:0), 44.8 �C for
elaidic acid (trans-18:1), and 13.2 �C for oleic acid (cis-
18:1). The relative proportion of these different types
of fatty acids influences the physical properties of
cooking fats and their suitability for different uses in
the food processing industry.

In addition to geometrical isomerism (cis and
trans), unsaturated fatty acids also exhibit positional
isomerism, where the double bonds can occur in
different positions along the chain in fatty acids
which have identical chemical formulae. As with
cis fatty acids, trans fatty acids also occur as mix-
tures of positional isomers.

Occurrence

Trans fatty acids present in the diet arise from
two origins. The first is from bacterial biohydro-
genation in the forestomach of ruminants, which
is the source of trans fatty acids present in mut-
ton and beef fats. These are present at a concen-
tration of 2–9% of bovine fat. Trans-11-
octadecenoic acid is the main isomer produced
although trans-9- and trans-10-octadecenoic acid
are also produced. Thus, trans fatty acids occur
in nature and cannot be considered to be foreign
substances.

The second origin is from the industrial cataly-
tic hydrogenation of liquid oils (mainly of vege-
table origin, but also of fish oils). This produces
solid fats and partially hydrogenated oils and is
undertaken to increase the thermal stability of
liquid oils and to alter their physical properties.
The margarines, spreads, shortenings, and frying
oils produced are thus more useful in the food
processing industry than liquid oils. Chemically, a
range of trans isomers is produced that, for vege-
table oils containing predominantly C18 unsatu-
rated fatty acids, is qualitatively similar to those
produced by biohydrogenation, although the rela-
tive proportions of the isomers may differ. Use of
fish oils containing a high proportion of very
long-chain (C20 and C22) fatty acids with up to
six double bonds produces more complex mix-
tures of trans, cis, and positional isomers. How-
ever, the use of hydrogenated fish oils in food
processing is declining, owing to a general fall in
edible oil prices and to consumer preference for
products based on vegetable oils.

Analysis

Methods available for the estimation of total trans
unsaturation and to determine individual trans fatty
acids are outlined in Table 1. At present there is no
one simple and accurate method suitable for both
research applications and for use in the food indus-
try. In dietary studies data for trans fatty acid
intake are generally expressed as the sum of the
fatty acids containing trans double bonds, and
there is generally no differentiation between the
different isomers.

A report from the British Nutrition Foundation
(BNF) in 1995 highlighted concerns over the varia-
tions in estimations of trans fatty acid concentra-
tions in some food products provided by different
analytical techniques. A thorough review of the
available analytical techniques was called for.

cis configuration

trans configuration

H

CH3 C C(CH2)x (CH2)y COOH

H H

H

CH3 C C(CH2)x (CH2)y COOH

Figure 1 The trans and cis configurations of unsaturated

bonds. Reproduced with kind permission of the British Nutrition

Foundation.

cis conformation

CH3 CH

CHHOOC (CH2)y

(CH2)x

trans conformation

CH3 CH

HC COOH(CH2)y

(CH2)x

Figure 2 Conformation of the carbon chain with trans and cis

bonds. Reproduced with kind permission of the British Nutrition

Foundation.

FATTY ACIDS/Trans Fatty Acids 195



Sources and Intakes

The main sources of trans fatty acids in the UK diet are
cereal-based products (providing 27% of total trans
fatty acid intake), margarines, spreads, and frying oils
(22%), meat and meat products (18%), and milk,
butter, and cheese (16%). In the USA, the main sources
of intake are baked goods (28%), fried foods (25%),
margarine, spreads, and shortenings (25%), savory
snacks (10%), and milk and butter (9%).

Typical ranges of trans fatty acids in foods are
shown in Table 2. Trans isomers of C18:1 (elaidic
acid) are the most common trans fatty acids,
accounting for 65% of the total trans fatty acids in
the UK diet.

Intakes of trans fatty acids are difficult to assess
because of:

� analytical inaccuracies;
� difficulties of obtaining reliable information about

food intake.

A number of countries have attempted to assess
intakes of trans fatty acids (Table 3). Reliable intake
data are available for the UK, based on a 7-day
weighed intake of foods eaten both inside and out-
side the home, for 2000 adults aged 16–64 years
(Table 3). Data from the UK National Food Survey,
which does not include food eaten outside the home,

show a steady decline in intake of trans fatty acids
from 5.6 g per person per day in 1980 to 4.8 g in
1992. In the UK trans fatty acids account for
approximately 6% of dietary fat, and in the USA
for approximately 7–8% of dietary fat. Estimates of
trans fatty acid intake are likely to show a down-
ward trend because of:

� improved analytical techniques which give lower
but more accurate values for the trans fatty acid
content of foods;

� the availability of values for trans fatty acids in a
wider range of foods which allows more accurate
estimation of intakes;

� the reformulation of some products which has led
to a reduction in the concentration of trans fatty
acids in recent years.

Advances in food technology that are enabling a
gradual reduction in the trans fatty acid content
include:

1. refinements in hydrogenation processing condi-
tions which will enable the reduction and in the
future, the elimination of trans fatty acids;

2. the interesterification (rearrangement of fatty
acids within and between triacylglycerols) of
liquid oils with solid fats;

3. the future genetic modification of oils.

Table 1 Analytical methods for trans fatty acids

General method Determines Advantages Disadvantages

Infrared (IR) absorption

spectrometry

Total trans unsaturation Inexpensive; reliable results

provided concentrations of

trans isomers exceed 5%; can

analyze intact lipids

Unreliable results if

concentrations of trans isomers

less than 5%; interpretive

difficulties—need to apply

correction factors

Fourier transform IR

spectroscopy

Total trans unsaturation Reliable results if concentrations

of trans isomers less than 2%

Does not distinguish between two

esters each with one trans bond

or between one ester with two

trans bonds and one with none

Gas–liquid

chromatography

(GLC)

Individual trans fatty

acids

Presence of unidentified

compounds can give false

estimates of trans fatty content

Argentation—GLC Individual trans fatty

acids

Saturated, monounsaturated, and

diunsaturated fatty acids can

be resolved

Method is time-consuming

Capillary column GLC Individual trans fatty

acids which can be

summated to give

total trans

unsaturation

Accurate resolution of fatty acid

esters including cis and trans

isomers

Great skill required for preparing

columns and interpretation of

chromatograms

High-performance

liquid

chromatography

Individual trans fatty

acids

cis,cis- and trans,trans-dienoic

fatty acids can be separated

Nuclear magnetic

resonance (NMR)

Individual trans fatty

acids

Intact lipids can be analyzed; can

identify trans-diene isomers by

use of proton (1H) NMR

Equipment is costly; more use as

a research tool than for general

analysis
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Physiology of trans Fatty Acids

Extensive reviews of the health effects of trans fatty
acids conducted in the 1980s found no evidence for
any adverse effects of trans fatty acids on growth,

longevity, reproduction, or the occurrence of dis-
ease, including cancer, from studies conducted in
experimental animals.

Digestion, Absorption, and Metabolism

Trans fatty acids are present in the diet in esterified
form, mainly in triacylglycerols but those from
ruminant sources may also be present in phospholi-
pids. Before absorption into the body, triacylglycer-
ols must be digested by pancreatic lipase in the
upper small intestine. There is no evidence of differ-
ences in the hydrolysis and absorption of trans fatty
acids, in comparison with that of cis fatty acids.
Trans fatty acids are transported from the intestine
mainly in chylomicrons, but some are also incorpo-
rated into cholesteryl esters and phospholipids.

Trans fatty acids are incorporated into the lipids
of most tissues of the body and are present in all the
major classes of complex lipids. The positional dis-
tribution of trans fatty acids tends to show more
similarity to that of saturated fatty acids than to
that of the corresponding cis fatty acids. Some selec-
tivity between tissues results in an uneven distribu-
tion of trans fatty acids throughout the body.

Trans fatty acids occur mainly in positions 1 and
3 of triacylglycerols, the predominant lipids in adi-
pose tissue. The concentration of trans fatty acids in
adipose tissue is approximately proportional to
long-term dietary intake, and determination of the
concentrations in storage fat is one method used to
estimate trans fatty acid intake. However, this is not
entirely straightforward as variation has been
reported in the composition of adipose tissue
obtained from different sites and depths, and factors
that influence adipose tissue turnover rates such as
dieting and exercise are also complicating factors.
Trans-18:1 isomers account for approximately 70%
of the trans fatty acids found in adipose tissue,
and trans-18:2 isomers (trans,trans, trans,cis, and
cis,trans) account for about 20%.

In heart, liver, and brain, trans fatty acids occur
mainly in membrane phospholipids. The position of
the double bond as well as the conformation of the
carbon chain may determine the pattern of trans
fatty acid esterification in phospholipids, but there
is evidence that trans-18:1 fatty acids are preferen-
tially incorporated into position 1 of the phospho-
acylgly-cerols, as are saturated fatty acids; in
contrast, oleic acid is randomly distributed.

The turnover of trans fatty acids parallels that of
other types of fatty acids in the body, and trans
fatty acids are readily removed from the tissues for
oxidation. Studies in which human subjects were
fed labelled carbon-13 isotope have demonstrated

Table 2 Typical content of trans fatty acids in a range of foods

Food Content of trans

fatty acids per 100g

product (g)

Butter 3.6

Soft margarine, not high in PUFA 9.1

Soft margarine, high in PUFA 5.2

Hard margarine 12.4

Low-fat spread, not high in PUFA 4.5

Low-fat spread, high in PUFA 2.5

Blended vegetable oil 1.1

Vegetable oil (sunflower, safflower,

soya, sesame)

0

Commercial blended oil 6.7

Potato crisps 0.2

Whole wheat crisps 0.2

Low-fat crisps 0.3

Beefburger, 100% beef frozen, fried, or

grilled

0.8

Sausage, pork, fried 0.1

Sausage roll, flaky pastry 6.3

Hamburger in bun with cheese,

take-away

0.5

Biscuits, cheese-flavored 0.2

Biscuits, chocolate, full coated 3.4

Chocolate cake and butter icing 7.1

Chips, old potatoes, fresh, fried in

commercial blended oil

0.7

Chips, frozen, fine cut, fried in

commercial blended oil

0.7

PUFA, polyunsaturated fatty acids. Trans fatty acid methyl esters

were determined by capillary gas chromatography.

Reproduced with kind permission of the British Nutrition

Foundation.

Table 3 Estimated intakes of trans fatty acids in various

countries

Country Estimated daily intake

of total trans fatty

acids (g)

Year published and

basis for estimation

UK 5.6 (men) 1990: 7-day weighed

intake undertaken in

1986–87 including food

eaten outside the home

4.0 (women)

USA 8.1 1991: availability data

3.8 1994: food frequency

questionnaire

Denmark 5.0 1995: availability data

Finland 1.9 1992: duplicate diets

Spain 2.0–3.0 1993: calculated from food

consumption data

Norway 8.0 1993: food frequency

questionnaire
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that the whole-body oxidation rate for trans-18:1 is
similar to that for cis-18:1. Trans fatty acids are
a minor component of tissue lipids, and their con-
centrations in tissues are much lower than their
concentrations in the diet. However, research has
focused on C18 trans fatty acids, and more studies
are needed to investigate the effects of very long-
chain trans fatty acids derived from the hydrogena-
tion of fish oils.

Interactions with Metabolism of Essential
Fatty Acids

From experiments mainly with laboratory animals,
it has been demonstrated that relatively high intakes
of trans fatty acids in the diet in conjunction with
marginal intakes of essential fatty acids (less than
2% dietary energy from linoleic acid) can lead to the
presence of Mead acid (cis-5,8,11–20:3) in tissue
lipids and an increase in the ratio of 20:3 n-9 to
20:4 n-6. This has been interpreted to suggest early
signs of essential fatty acid deficiency, with poten-
tially increased requirements for essential fatty acids.
Mead acid can accumulate in the presence of linoleic
acid, if large amounts of nonessential fatty acids are
also present. Two mechanisms have been suggested
to explain these observations in relation to intake of
trans fatty acids:

� that trans fatty acids may compete with linoleic
acid in metabolic pathways;

� that trans fatty acids may inhibit enzymes
involved in elongation and further desaturation
of linoleic acid.

The consensus is that the significance of Mead acid
production in humans has not been established, and
further research is needed in this area. It is unlikely
that a competitive effect between polyunsaturated
fatty acids (PUFA) and trans fatty acids would arise,
because of the relatively high intakes of linoleic acid
in people freely selecting their own diets. Also, as
there is a large body pool of linoleic acid available
for conversion to long-chain PUFA, it is unlikely that
the trans fatty acids in the body would interfere even
at relatively low ratios of dietary linoleic acid to trans
fatty acids. The appearance of Mead acid is not spe-
cifically induced by trans fatty acids, and experiments
in animals have not demonstrated any adverse health
effects of its production.

Effect of trans Fatty Acids on Plasma Lipoproteins

Raised plasma concentrations of low-density lipopro-
tein (LDL) are considered to be a risk factor for
coronary heart disease (CHD); in contrast, reduced
concentrations of high-density lipoprotein (HDL) are

considered to increase risk. It therefore follows that to
help protect against CHD, diets should ideally help to
maintain plasma concentrations of HDL cholesterol
and to lower those of LDL cholesterol. Dietary fac-
tors that raise LDL and lower HDL concentrations
would be considered to be undesirable in this context.

Several trials have evaluated the effects of C18

trans monounsaturated fatty acids on plasma lipo-
proteins (Figure 3). The results have been relatively
consistent, and the following general conclusions
have been drawn from these studies:

� C18 monounsaturated trans fatty acids raise LDL
cholesterol concentration; the cholesterol-raising
effect is similar in magnitude to that of the cho-
lesterol-raising saturated fatty acids, i.e., myristic
(14:0) and palmitic (16:0) acids.

� C18 monounsaturated trans fatty acids decrease
HDL cholesterol concentration; this is in contrast
to saturated fatty acids which produce a small rise
in HDL levels.

� In comparison with the effects of oleic and lino-
leic fatty acids, C18 monounsaturated trans fatty
acids raise LDL cholesterol and lower HDL cho-
lesterol levels.

It has been calculated that ‘theoretically’, each 1%
increase in energy from trans fatty acids (18:1) in
place of oleic acid (cis-18:1) would raise plasma
LDL concentration by 0.040mmol l�1 (an approxi-
mately 1% increase based on average UK plasma
cholesterol concentration); HDL would be decreased
by 0.013mmol l�1 (a 1% decrease).

Energy intake as trans-C18:1 (%)

Li
po

pr
ot

ei
n 

ch
ol

es
te

ro
l

co
nc

en
tr

at
io

n 
(m

m
ol

 l–1
)

0.4

0.5

0.3

0.2

0.1

0

– 0.1

– 0.2

LDL

HDL

15

10

5

0

–5

0 2 4 6 8 10 12

m
g 

dl
–1

Figure 3 Effects of monounsaturated C18 trans fatty acids

on lipoprotein cholesterol concentrations relative to oleic acid

(cis-C18:1). Data are derived from six dietary comparisons

between trans and cis monounsaturated fatty acids; differences

between diets in fatty acids other than trans and cis monounsa-

turated fatty acids were adjusted for by using regression coeffi-

cients from a meta-analysis of 27 controlled trials. The regression

lines were forced through the origin because a zero change in

intake will produce a zero change in lipoprotein concentrations.

From Zock et al. (1995), reproduced with kind permission of the

American Journal of Clinical Nutrition.
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The 1995 BNF Task Force calculated that, in the
UK, replacing 2% energy from trans fatty acids
with 2% energy from oleic acid would reduce
mean plasma LDL cholesterol concentration by
0.08mmol l�1; plasma HDL concentration would
rise by 0.026mmol l�1, and the HDL ratio would
fall from 3.92 to 3.77. From estimates of the effect
of changes in LDL and HDL concentrations on
CHD risk, this was predicted to reduce the risk of
CHD by 5–15%. In comparison, replacing trans
fatty acids with either saturated fatty acids or car-
bohydrate would decrease risk by up to 8%.

The influence of trans fatty acids on plasma lipo-
proteins in relation to CHD risk would thus appear
to be more unfavorable than that of saturated fatty
acids, as determined by the effect on the ratio of
LDL to HDL cholesterol. However, the overall mag-
nitude of the effect would be dependent on the
relative intakes of trans fatty acids and saturated
fatty acids. In the UK trans fatty acids contribute
about 2% of dietary energy, in contrast to saturated
fatty acids which contribute about 15% dietary
energy, and this needs to be considered when for-
mulating dietary advice. The Task Force also esti-
mated, on the same basis, that a reduction of 6% in
energy from saturated fatty acids would decrease
risk by 37%.

However, these conclusions of the adverse effect
of trans fatty acid on plasma lipoprotein concentra-
tions are not universally accepted. It has been com-
mented that some trials used an inappropriate basis
for comparison of the different diets and did not
always control for other fatty acids that are known
to influence blood cholesterol levels.

Several studies have suggested that trans
fatty acids raise the plasma concentration of lipo-
protein(a), particularly in individuals with already
raised levels. Lipoprotein(a) has been suggested to
be an independent risk marker for CHD, although
this is not universally accepted.

Atherosclerosis and Hemostasis

Despite the reported effects of trans fatty acids on
blood lipoproteins, experiments with laboratory
animals have not provided evidence that dietary
trans fatty acids are associated with the develop-
ment of experimental atherosclerosis, provided that
the diet contains adequate levels of linoleic acid.
Similarly, there is no evidence that trans fatty
acids raise blood pressure or affect the blood co-
agulation system. However, there has been no thor-
ough evaluation of the effect of trans fatty acids on
the coagulation system, and this is an area worthy
of investigation.

The Role of trans Fatty Acids
in Coronary Heart Disease

A number of epidemiological studies have sug-
gested an association between trans fatty acids
and CHD.

Case–Control Studies

A study by Ascherio in 1994 demonstrated that in
subjects who had suffered acute myocardial infarc-
tion (AMI), past intake of trans fatty acids,
assessed from a food frequency questionnaire,
was associated with increased risk. Trans fatty
acid intake per day in the top quintile was 6.5 g
compared with 1.7 g in the lowest quintile. After
adjusting for age, energy intake, and sex, relative
risk of a first AMI for the highest compared with
the lowest quintile was 2.44 (95% confidence
interval, 1.42–4.10). However, there was not a
clear dose–response relationship.

A case–control study of sudden cardiac death
found that higher concentrations of trans isomers
of linoleic acid in adipose tissue, compared with
lower concentrations, were associated with
increased risk of sudden death. After controlling
for smoking and making an allowance for social
class, this relationship became insignificant.

A multicenter study in eight European countries
plus Israel found that the risk of AMI was not
significantly different across quartiles of the concen-
tration of trans-18:1 fatty acids in adipose tissue, the
multivariate odds ratio being 0.97 (95% confidence
interval, 0.56–1.67) for the highest compared with
the lowest quartiles. However, there were significant
differences within countries. In Norway and
Finland, relative risk was significantly increased in
the highest compared with the lowest quartiles, but
in Russia and Spain relative risk was significantly
decreased in these groups. Exclusion from the multi-
center analysis of the Spanish centers, which had
particularly low intakes of trans fatty acids, resulted
in a tendency to increased risk of AMI in the highest
quartiles of trans-18:1 concentration. However, the
trend was not statistically significant, and adjust-
ment for confounding factors had no effect on the
results.

A Prospective Study

The relationship between trans fatty acid intake
and subsequent CHD events was investigated in
approximately 85 000 US nurses (the Nurses
Health Study). Trans fatty acid intake was calcu-
lated from food frequency questionnaires for
women who had been diagnosed free from CHD,
stroke, diabetes, and hypercholesterolemia. The
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subjects were followed up for 8 years and CHD
events were recorded. The relative risk of CHD
in the highest compared with the lowest quintile
was 1.5 (95% confidence interval, 1.12–2.0), after
adjustment for age, energy intake, social class, and
smoking. However, there was no clear dose–
response relationship between the highest and the
lowest intake groups. The intake of trans fatty
acids in the top quintile was 3.2% dietary energy
compared with 1.3% in the lowest quintile.

It has been commented on that the benefit pre-
dicted by the authors, that individuals in the top
quintile of intake could halve their risk of myocar-
dial infarction by reducing their intake of trans
fatty acids to that of the lowest quintile, seems a
large effect in view of the small difference in
intakes between these groups (3.3 g). The changes
in plasma lipoprotein cholesterol concentrations
that would be predicted to occur as a result of
lowering trans fatty acid intake would not explain
all of the observed increase in risk. Also, the study
was carried out in a selected population of women
and it is unclear that the findings are applicable
to the whole population or to other population
groups.

Cancer

Although there is much evidence concerning the
effect of different intakes of different types of fats
on experimental carcinogenesis, data for trans fatty
acids are limited and are hampered by confounding
due to the lack of a suitable control diet.

Studies using different tumor models in mice
and rats have shown no effect of trans fatty acids
on tumor development. Increasing the intake of
trans fatty acids, in place of cis fatty acids, has
not demonstrated an adverse outcome with regard
to cancer risk. In humans, there is little to suggest
that trans fatty acids are adversely related to can-
cer risk at any of the major cancer sites. Early
studies did not generally find that trans fatty
acids were an important risk factor for malignant
or benign breast disease. One study did report an
association between the incidence of cancer of the
colon, breast, and prostate and the use of indust-
rially hydrogenated vegetable fats in the USA;
however, other known risk factors were not
allowed for.

Cancer of the Breast

Some epidemiological evidence suggests that total
fat intake may be related to increased risk of cancer
of the breast, although this is by no means

conclusive. There is no strong evidence that intake
of trans fatty acids per se is related to increased risk
of breast cancer and many studies have not reported
examining this relationship. A study in which adi-
pose tissue concentrations of trans-18:1 fatty acids
were assessed in 380 women with breast cancer at
various stages and in controls revealed no consistent
pattern of association. A similar, smaller study sug-
gested an increased risk with higher body stores of
trans fatty acids, but it was concluded that any such
association may be modified by adipose tissue con-
centrations of polyunsaturated fatty acids.

Cancer of the colon

Epidemiological data from the Nurses Health Study
suggested a link between intake of meat and meat
products and colon cancer. The data indicated that
high intakes of total, animal, saturated, and mono-
unsaturated fat were associated with increased risk.
Consuming beef, pork, or lamb as a main dish was
positively associated with risk; though beef and
lamb contain trans fatty acids, there was no evi-
dence that high intakes of trans fatty acids increased
risk. The Health Professionals Follow-up Study
(a prospective study in male health professionals of
parallel design to the Nurses Health Study) found
similar dietary associations for colon cancer risk,
with no suggestion of any link with intake of trans
fatty acids.

Prostate Cancer

Dietary associations with risk of prostate cancer
were also assessed from the Health Professionals
Follow-up Study. High intakes of total, saturated,
and monounsaturated fatty acids and of �-linole-
nic acid were associated with increased risk,
whereas high intakes of saturated fatty acids and
linoleic acid were found to be protective. Intake of
trans fatty acids was not found to be associated
with risk of prostate cancer.

Dietary Guidelines

The details of population dietary guidelines for the
quality and quantity of fat intake differ between
countries. However, in consideration of prevention
of CHD, dietary guidelines generally reflect advice
to reduce average total fat intakes to 30–35%
dietary energy and to lower saturated fat intakes
to approximately 10% of dietary energy. Though
the effect of trans fatty acids on the plasma LDL/
HDL ratio is less favorable than that of saturated
fatty acids, dietary advice needs to reflect the rela-
tive intakes of these two types of fatty acids. Since
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the contribution of saturated fat intake to dietary
energy is approximately 5–7 times higher than that
of trans fatty acids, advice on trans fatty acids
should not assume more importance than advice
to lower saturated fatty acids. However, because
of the unfavorable effect of trans fatty acids on
plasma lipoprotein concentrations, the 1995 BNF
Task Force report concluded that the average
intake of trans fatty acids in the UK diet (2% of
energy) should not rise, and that dietary advice
should continue to focus on reducing intake of
saturated fatty acids as a priority.

Extreme consumers of trans fatty acids may be
at greater risk, and individuals with high intakes
may benefit from advice to lower their intake. It
has been calculated that lowering total fat and
increasing carbohydrate intake (which reduces
plasma HDL cholesterol) will have minimal effect
on risk of CHD. Substituting cis unsaturated fatty
acids for saturated and trans fatty acids would be
predicted to have a greater impact. For individuals
at risk of CHD, high intakes of trans fatty acids
would appear to be undesirable. Most dietary
guidelines call for a reduction in trans fatty acids
‘‘as much as possible’’ recognizing that small
amounts of trans fats are naturally present in the
food chain. The food industry in general has
reduced or eliminated trans in many products by
improving manufacturing techniques and reducing
trans fats generated during the hydrogenation
process. Additionally, several countries now have
regulations requiring that trans fatty acid be listed
on products’ labels. In some cases, like in the US,
trans must be added to the saturated fat content
reported on the Nutrition Facts label, based on
their similar adverse effects on health. Although
listing both fats together may not be correct in
chemical terms, it is a practical way to allow con-
sumers to quickly assess the content of unhealthy
fat in a product.

Conclusions

Several lines of evidence indicate that trans fats have
an adverse effect on the lipoprotein profile and
likely on risk of cardiovascular disease. Although

reducing intake of trans fats is a desirable goal,
public health policy should keep as a central recom-
mendation the reduction of saturated fats, which
constitute four to six times more percent calories in
the diet than trans fats. Since the largest proportion
of trans fats is generated during food processing,
industry bears the main responsibility for reducing
the trans content of its products, thus helping the
general public to lower their intake of this type of
fat.

See also: Coronary Heart Disease: Lipid Theory.
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Introduction

In discussing the food uses of fishes, the term ‘fish’
refers to edible species of finfish, molluscs, and crus-
tacea coming from the marine or freshwater bodies
of the world, either by capture fisheries or by aqua-
culture. Accordingly, ‘‘fishery products’’ means any
human food product in which fish is a characterizing
ingredient, such as dried, salted, and smoked fish,
marinated fish, canned seafood, minced fish flesh
such as surimi, and miscellaneous products.

Fish is a source of high-quality animal protein,
supplying approximately 6% of the world’s protein
requirements and 16.4% of the total animal pro-
tein. According to Food and Agriculture Organiza-
tion figures, the contribution of fish to the total
animal-protein intake is 26.2% in Asia, 17.4% in
Africa, 9.2% in Europe, 9% in the former USSR,
8.8% in Oceania, 7.4% in North and Central
America, 7.2% in South America, and 21.8% in
the low-income food-deficit countries (including
China). There are wide differences among countries
in fish consumption measured as the average yearly
intake per person, ranging from countries with less
than 1.0 kg per person to countries with over
100 kg per person.

Edible fish muscle contains 18–20% protein and
1–2% ash; the percentage of lipids varies from less than
1% to more than 20% (in high-fat finfish), and fish
has the added advantage of being low in saturated fat.
In general, lean fish is not an important source of
calories, which are mostly obtained from the staple
carbohydrates in the diet. Fatty fish, however, is a
significant energy source in many fish-consuming
communities in both the developed and the develop-
ing worlds. Today it is recognized that fish is prob-
ably more important as a source of micronutrients,
minerals, and particularly essential fatty acids than
for its energy or protein value. The essential micro-
nutrients and minerals in fish include vitamins A and
D, calcium, phosphorus, magnesium, iron, zinc, sele-
nium, fluorine, and iodine (in marine fishes).

The protective effect of a small amount of fish
against mortality from coronary heart disease
(CHD) has been established by numerous epidemio-
logical studies. A diet including two or three ser-
vings of fish per week has been recommended on

this basis, and researchers have reported a 50%
reduction in CHD mortality after 20 years with
intakes of as little as 400 g of fish per week.

It has been suggested that the long-chain omega-3
(n-3) polyunsaturated fatty acids (PUFAs) (eicosapen-
tanoic acid (EPA; C20:5) and docosahexanoic acid
(DHA; C22:6)) in fish offer this protection against
CHD. Several recent studies have shown that a large
intake of omega-3 fatty acids is beneficial in lowering
blood pressure, reducing triacylglycerols, decreasing
the risk of arrhythmia, and lowering the tendency of
blood platelets to aggregate.

As fish become more popular, the reports of food-
borne diseases attributed to fish have increased.
Food-borne diseases linked with exposure to fish
can result from the fish itself (i.e., toxic species,
allergies) or from bacterial (i.e., Clostridium botuli-
num, Listeria monocytogenes, Salmonella, Vibrio,
and Staphylococcus), viral (i.e., hepatitis, Norwalk
gastroenteritis), or parasitic (i.e., Anisakis and
related worms) contamination. Also, naturally
occurring seafood toxins (i.e., scombrotoxin, cigua-
toxins, shellfish poisoning from toxic algae) or the
presence of additives and chemical residues due to
environmental contamination can cause food-borne
illnesses. In recent years, reports of contamination of
some fish with methylmercury have raised concerns
about the healthfulness of certain fish for some
populations.

General Characteristics of Finfish

A very large number of species of finfish are used for
food by the world’s population. The dressing per-
centage of finfish (60–70%) is similar to that of
beef, pork, or poultry. The percentage of edible
tissue in the dressed carcasses of finfish (without
head, skin, and viscera) is higher than that of other
food animals, because fishes contain less bone, adi-
pose tissue, and connective tissue. There are three
main categories of finfish that are widely used as
foods. The bony fishes (teleosts) provide two com-
positional categories: white fishes (or lean fishes)
and fatty fish. The third category is the cartilaginous
elasmobranch fishes.

White fishes

The flesh of these fishes is very low in fat and
consists primarily of muscle and thin layers of con-
nective tissue. The concentrations of most of the B
vitamins are similar to those in mammalian lean
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meats, although fish may contain higher amounts of
vitamins B6 and B12. The mineral levels are also
similar, although the very fine bones that are eaten
with the fish flesh can raise the calcium content; fish
is also a significant source of iodine. These fishes
accumulate oils only in their livers, which are a rich
source of vitamin A (retinol), vitamin D, and long-
chain PUFAs in their triacylglycerols (TAGs).

Fatty Fishes

These fishes have fat in their flesh, which is usually
much darker than that of white fishes, with similar
blocks of muscle and connective tissue. The amount
of fat is related to the breeding cycle of the fish, so
that the fat content falls considerably after breeding.
The flesh of fatty fishes is generally richer in the
B vitamins than that of white fishes, and significant
amounts of vitamins A and D are present. The
mineral concentrations are not very different, but
fatty fish is a better source of iron. The oil of these
fishes is particularly rich in very-long-chain PUFA,
especially those of the omega-3 (n-3) series such as
EPA and DHA. These fishes accumulate oils in their
muscles, belly flap, and skin (subdermal fat).

Cartilaginous Fishes

The cartilaginous fishes include the sharks and rays,
whose flesh is rich in connective tissue and relatively
low in fat, although they do accumulate oils in their
livers. The concentrations of vitamins and minerals
are very similar to those in white fish. These fishes
contain urea in relatively large amounts, and
so protein values based on total nitrogen are over-
estimated. The ammonia smell of cooked sharks
and rays is not an indication that the fish is spoiled
but rather is the result of enzymatic degradation
of urea.

General Characteristics of Shellfish

The term ‘shellfish’ includes any aquatic inverte-
brate, such as molluscs or crustaceans, that has a
shell or shell-like exoskeleton. The cephalopods
have an internal shell (as in squids) or no shell
(as in octopods). Owing to the presence of the tough
exoskeleton, the edible portion in shellfish (around
40%) is less than that in finfish, with the exception
of cephalopods, whose dressing percentage is
70–75%. The lipid content of the edible parts of
most shellfish is low, as bivalves store their energy
surplus as glycogen and not as depot fat, while
crustaceans and cephalopods store their fat in their
digestive glands (hepatopancreas). In many fish-

eating communities, these foods are very highly
valued gastronomically.

Molluscs

A wide range of molluscs are eaten by man, includ-
ing bivalves (such as mussels, oysters, and scallops),
gastropods (such as winkles and whelks), and
cephalopods (such as squids and octopuses). The
flesh is muscular with low levels of fat, although
the fat is more saturated and richer in cholesterol
than that of finfish. The mineral levels in shellfish
are usually somewhat higher than those in finfish,
and the vitamin concentrations are low. Bivalves
and gastropods are often eaten whole after boiling
or sometimes raw; usually, only the muscular man-
tles of cephalopods are eaten. In some cultures,
only selected parts are eaten; for example, only
the white adductor muscle of the scallop is eaten
in North America.

Crustaceans

Crustaceans include a range of species, both fresh-
water (such as crayfish) and marine (such as crabs,
shrimps, prawns, and lobsters). These animals have
a segmented body, a chitinous exoskeleton, and
paired jointed limbs. The portions eaten are the
muscular parts of the abdomen and the muscles of
the claws of crabs and lobsters. The flesh is charac-
teristically low in fat and high in minerals, with
vitamin levels similar to those found in finfish.

Nutritional Value of Fish and Shellfish:
Introductory Remarks

Fish and shellfish are excellent sources of protein. A
100g cooked serving of most types of fish and shell-
fish provides about 18–20 g of protein, or about a
third of the average daily recommended protein
intake. The fish protein is of high quality, containing
an abundance of essential amino-acids, and is very
digestible by people of all ages. Seafood is also loaded
with minerals such as iron, zinc, and calcium.

The caloric value of fish is related to the fat con-
tent and varies with species, size, diet, and season.
Seafood is generally lower in fat and calories than
beef, poultry, or pork. Most lean or low-fat species
of fish, such as cod, hake, flounder, and sole,
contain less than 100 kcal (418 kJ) per 100 g
portion, and even fatty fish, such as mackerel, her-
ring, and salmon, contain approximately 250 kcal
(1045 kJ) or less in a 100 g serving. Most crust-
aceans contain less than 1% fat in the tail muscle
because depot fat is stored in the hepatopancreas,
which is in the head region.
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Interest in the health benefits of fish and shellfish
began decades ago when researchers noted that cer-
tain groups of people – including the Inuit and the
Japanese, who rely on fish as a dietary staple – have
a low rate of ischemic diseases (i.e., heart attack or
stroke). Fish, particularly fatty fish, is a good source
of the omega-3 fatty acids EPA and DHA. These fats
help to lower serum triacylglycerols and cholesterol,
help prevent the blood clots that form in heart
attacks, and lower the chance of having an irregular
heartbeat. In fact, one study found that women who
ate fish at least once a week were 30% less likely to
die of heart disease than women who ate fish less
than once a month. Similar benefits have been found
for men. Fish consumption is also related to slower
growth of atherosclerotic plaque and lower blood
pressure. Especially good sources of omega-3 fats
are salmon, tuna, herring, mackerel, and canned
tuna and sardines.

When included in the diet of pregnant and breast-
feeding women, DHA is thought to be beneficial to
infant brain (learning ability) and eye (visual acuity)
development. Scientists have found that women who
ate fatty fish while pregnant gave birth to children
with better visual development. Babies of mothers
who had significant levels of DHA in their diet while
breastfeeding experienced faster-than-normal eye-
sight development. Preliminary research also sug-
gests that a diet rich in omega-3 fatty acids – and
in DHA in particular – may help to decrease the
chance of preterm birth, thus allowing the baby
more time for growth and development.

Recent research found that eating just one serving
a week of fish decreased the risk of developing
dementia by 30%. Eating fatty fish several times a
week may also lower the risk of developing prostate
cancer by as much as half. A Swedish study of 3500
postmenopausal women eating two servings of fatty
fish a week found that they were 40% less likely to
develop endometrial cancer than those eating less
than one-fourth of a serving a week.

Eating a variety of fish and seafood, rather than
concentrating on one species, is highly recom-
mended for both safety and nutrition. It is recom-
mended that pregnant women should avoid certain
species of fish and limit their consumption of other
fish to an average of 400 g of cooked fish per week.
The reason for this recommendation is that,
whereas nearly all fish contain trace amounts of
methylmercury (an environmental contaminant),
large predatory fish, such as swordfish, shark, tile-
fish, and king mackerel, contain the most. Excess
exposure to methylmercury from these species of
fish can harm an unborn child’s developing nervous
system. It is also suggested that nursing mothers

and young children should not eat these particular
species of fish.

Fish Lipids

In fish, depot fat is liquid at room temperature (oil)
and is seldom visible to the consumer; an exception
is the belly flaps of salmon steaks. Many species of
finfish and almost all shellfish contain less than
2.5% total fat, and less than 20% of the total calo-
ries come from fat. Almost all fish has less than 10%
total fat, and even the fattiest fish, such as herring,
mackerel, and salmon, contains no more than 20%
fat (Table 1). In order to obtain a good general idea
of the fat contents of most finfish species, flesh color
might be considered. The leanest species, such as
cod and flounder, have a white or lighter color,
while fattier fishes, such as salmon, herring, and
mackerel, have a much darker color.

The triacylglycerol depot fat in edible fish muscle
is subject to seasonal variation in all marine and
freshwater fishes from all over the world. Fat levels
tend to be higher during times of the year when
fishes are feeding heavily (usually during the warmer

Table 1 Fat levels in marine and freshwater fish and shellfish

commonly found in the marketplace

Low (<2.5% fat)

less than 20%

of total calories

from fat

Medium (2.5–5% fat)

between 20% and

35% of total calories

from fat

High (>5% fat)

between 35%

and 50% of total

calories from fat

Saltwater fish

Cod Anchovy Dogfish

Grouper Bluefish Herringa

Haddock Sea bass Mackerela

Hake Swordfish Salmona

Most flatfishes

(flounder,

sole, plaice)

Tuna (yellowfin) Sardine

Pollock Tuna (bluefin)

Shark

Skate

Snapper

Whiting

Most crustaceans

Most molluscs

Freshwater fish

Pike Bream Catfish (farmed)

Perch, bass Carp Eela

Tilapia Trout (various) Whitefish

aMore than 10% fat.

Reproduced with permission from Ariño A, Beltran JA, and

Roncalés P (2003) Dietary importance of fish and shellfish.

In: Caballero B, Trugo L, and Finglas P (eds.)Encyclopedia of Food

Sciences and Nutrition, 2nd edn. Oxford: Elsevier Science Ltd.

pp. 2471–2478.
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months) and in older and healthier individual fishes.
Fat levels tend to be lower during spawning or
reproduction. When comparing fat contents between
farmed and wild-caught food fish, it should be
remembered that farmed species have a tendency to
show a higher proportion of muscle fat than their
wild counterparts. Also, the fatty-acid composition
of farmed fish depends on the type of dietary fat
used in raising the fish. Cholesterol is independent of
fat content and is similar in wild and cultivated
fishes.

Most protein-rich foods, including red meat and
poultry as well as fish, contain cholesterol. How-
ever, almost all types of fish and shellfish contain
well under 100mg of cholesterol per 100 g, and
many of the leaner types of fish typically have
40–60mg of cholesterol in each 100 g of edible muscle.
It is known that most shellfish also contain less than
100mg of cholesterol per 100 g. Shrimp contain
somewhat higher amounts of cholesterol, over
150mg per 100 g, and squid is the only fish product
with a significantly elevated cholesterol content,
which averages 300mg per 100 g portion. Fish roe,
caviar, internal organs of fishes (such as livers), the
tomalley of lobsters, and the hepatopancreas of
crabs can contain high amounts of cholesterol.

Omega-3 PUFA in Fish and Shellfish

The PUFA of many fish lipids are dominated by two
members of the omega-3 (n-3) family, C20:5 n-3
(EPA) and C22:6 n-3 (DHA). They are so named
because the first of several double bonds occurs
three carbon atoms away from the terminal end of
the carbon chain.

All fish and shellfish contain some omega-3, but the
amount can vary, as their relative concentrations are
species specific (Table 2). Generally, the fattier fishes
contain more omega-3 fatty acids than the leaner
fishes. The amount of omega-3 fatty acids in farm-
raised products can also vary greatly, depending on
the diet of the fishes or shellfish. Many companies now
recognize this fact and provide a source of omega-3
fatty acids in their fish diets. Omega-3 fatty acids can
be destroyed by heat, air, and light, so the less proces-
sing, heat, air exposure, and storage time the better for
preserving omega-3 in fish. Freezing and normal cook-
ing cause minimal omega-3 losses, whereas deep frying
and conditions leading to oxidation (rancidity) can
destroy some omega-3 fatty acids.

The beneficial effects of eating fish for human
health have been well documented. Research has
shown that EPA and DHA are beneficial in protect-
ing against cardiovascular and other diseases
(Table 3). Studies examining the effects of fish

consumption on serum lipids indicate a reduction
in triacylglycerol and VLDL-cholesterol levels, a fac-
tor that may be protective for some individuals.
Research also indicates that EPA in particular
reduces platelet aggregation, which may help vessels
injured by plaque formation. Fish oils also appear to
help stabilize the heart rhythm, a factor that may be
important in people recovering from heart attacks.

The major PUFA in the adult mammalian brain
is DHA. It is among the materials required for
development of the fetal brain and central nervous
system and for retinal growth in late pregnancy.
Brain growth uses 70% of the fetal energy, and
80–90% of cognitive function is determined before
birth. However, the placenta depletes the mother of
DHA, a situation that is exacerbated by multiple
pregnancies. Dietary enhancement or fortification
with marine products before and during pregnancy,
rather than after the child is born, would be of great
benefit to the child and mother. Furthermore, the
food sources that are rich in DHA are also rich in
zinc, iodine, and vitamin A, so it may be possible to
provide several dietary supplements at one time.
Deficiencies of the latter micronutrients are estab-
lished causes of mental retardation and blindness.

The typical Western diet has a ratio of omega-6 to
omega-3 essential fatty acids of between 15:1 and
20:1. Several sources of information suggest that a
very high omega-6 to omega-3 ratio may promote
many diseases, including cardiovascular disease, can-
cer, and inflammatory and autoimmune diseases. Fish

Table 2 Selected fish and shellfish grouped by their omega-3

fatty-acid content

Low-level group

(<0.5 g per 100g)

Medium-level group

(0.5–1 g per 100 g)

High-level group

(>1 g per 100 g)

Finfish

Carp Bass Anchovy

Catfish Bluefish Herring

Cod, Haddock,

Pollock

Halibut Mackerel

Grouper Pike Sablefish

Most flatfishes Red Snapper Salmon (most

species)

Perch Swordfish Tuna (bluefin)

Snapper Trout Whitefish

Tilapia Whiting

Shellfish

Most crustaceans Clams

Most molluscs Oysters

Reproduced with permission from Ariño A, Beltran JA, and

Roncalés P (2003) Dietary importance of fish and shellfish.

In: Caballero B, Trugo L, and Finglas P (eds.) Encyclopedia

of Food Sciences and Nutrition, 2nd edn. Oxford: Elsevier

Science Ltd. pp. 2471–2478.
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provides an adequate intake of these omega-3 fats, thus
improving the omega-6 to omega-3 fatty-acid ratio.
Most experts do not advise the routine use of fish-oil
supplements: they favor eating fish and shellfish regu-
larly in the context of a healthy diet and a regular
pattern of physical activity. Whereas some research
shows benefits of fish-oil supplements, research has
also shown that people with weakened immune sys-
tems should avoid large doses of fish oil. The final
conclusion as to whether it is possible to substitute
fish consumption with fish oils or omega-3 fatty-acid
supplements, and gain the same reduction in mortality
from CHD, awaits more studies. However, the protec-
tive role of fish consumption is unquestioned.

Fish Proteins

Both finfish and shellfish are highly valuable sources
of proteins in human nutrition. The protein content
of fish flesh, in contrast to the fat content, is highly
constant, independent of seasonal variations caused
by the feeding and reproductive cycles, and shows
only small differences among species. Table 4 sum-
marizes the approximate protein contents of the

various finfish and shellfish groups. Fatty finfish
and crustaceans have slightly higher than average
protein concentrations. Bivalves have the lowest
values if the whole body mass is considered (most
of them are usually eaten whole), whereas values are
roughly average if specific muscular parts alone are
consumed; this is the case with the scallop, in which
only the adductor muscle is usually eaten.

The essential amino-acid compositions of fish and
shellfish are given in Table 5. Fish proteins, with
only slight differences among groups, possess a high
nutritive value, similar to that of meat proteins and
slightly lower than that of egg. It is worth pointing
out the elevated supply, relative to meat, of essential
amino-acids such as lysine, methionine, and threo-
nine. In addition, owing in part to the low collagen
content, fish proteins are easily digestible, giving rise
to a digestibility coefficient of nearly 100.

The recommended dietary allowances (RDA) or
dietary reference intakes (DRI) of protein for
human male and female adults are in the range of
45–65 g per day. In accordance with this, an intake
of 100 g of fish would contribute 15–25% of the
total daily protein requirement of healthy adults and
70% of that of children. A look at the dietary impor-
tance of the Mediterranean diet is convenient: one of
its characteristics is the high consumption of all kinds
of fish, chiefly fatty fish. In manyMediterranean coun-
tries, fish intake averages over 50g per day (edible
flesh); thus, fish protein contributes over 10% of the
total daily protein requirements steadily over the
whole year in those countries.

Less well known is the fact that the consumption
of fish protein, independently of the effect exerted
by fish fat, has been related to a decrease in the risk
of atherogenic vascular diseases. In fact, it has been
demonstrated that diets in which fish is the only
source of protein increase the blood levels of high-
density lipoprotein relative to those resulting from
diets based on milk or soy proteins.

Table 3 Summary of the beneficial effects of eating fish for cardiovascular and other diseases

Cardiovascular disease Other diseases

Protects against heart disease Protects against age-related macular degeneration

Prolongs the lives of people after a heart attack Alleviates autoimmune diseases such as rheumatoid arthritis

Protects against sudden cardiac arrest caused by arrhythmia Protects against certain types of cancer

Protects against stroke (thrombosis) Mitigates inflammation reactions and asthma

Lowers blood lipids such as triacylglycerols and VLDL-cholesterol

Lowers blood pressure

VLDL, very low-density lipoprotein.

Reproduced with permission from Ariño A, Beltran JA, and Roncalés P (2003) Dietary importance of fish and shellfish. In: Caballero B,

Trugo L, and Finglas P (eds.) Encyclopedia of Food Sciences and Nutrition, 2nd edn. Oxford: Elsevier Science Ltd. pp. 2471–2478.

Table 4 Protein content of the different groups of fish and

shellfish

Fish group g per 100 g

White finfish 16–19

Fatty finfish 18–21

Crustaceans 18–22

Bivalves 10–12

Cephalopods 16–18

Reproduced with permission from Ariño A, Beltran JA, and

Roncalés P (2003) Dietary importance of fish and shellfish.

In: Caballero B, Trugo L, and Finglas P (eds.) Encyclopedia

of Food Sciences and Nutrition, 2nd edn. Oxford: Elsevier Science

Ltd. pp. 2471–2478.
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Nonprotein Nitrogen Compounds in Fish

Nonprotein nitrogen (NPN) compounds are found
mostly in the fiber sarcoplasm and include free
amino-acids, peptides, amines, amine oxides, guani-
dine compounds, quaternary ammonium molecules,
nucleotides, and urea (Table 6). NPN compounds
account for a relatively high percentage of the total
nitrogen in the muscles of some aquatic animals,
10–20% in teleosts, about 20% in crustaceans and
molluscs, and 30–40% (and in special cases up to
50%) in elasmobranchs. In contrast, NPN com-
pounds in land animals usually represent no more
than 10% of total nitrogen.

Most marine fishes contain trimethylamine oxide
(TMAO); this colorless, odorless, and flavorless
compound is degraded to trimethylamine, which
gives a ‘fishy’ odor and causes consumer rejection.
This compound is not present in land animals and
freshwater species (except for Nile perch and tila-
pia from Lake Victoria). TMAO reductase cata-
lyzes the reaction and is found in several fish
species (in the red muscle of scombroid fishes and
in the white and red muscle of gadoids) and in
certain microorganisms (Enterobacteriaceae, She-
wanella putrefaciens).

Creatine is quantitatively the main component of
the NPN fraction. This molecule plays an important
role in fish muscle metabolism in its phosphorylated
form; it is absent in crustaceans and molluscs.

Endogenous and microbial proteases yield some free
amino-acids; taurine, alanine, glycine, and imidazole-
containing amino-acids seem to be the most frequent.
Glycine and taurine contribute to the sweet flavor of
some crustaceans. Migratory marine species such as
tuna, characterized by a high proportion of redmuscle,
have a high content (about 1%) of free histidine. A
noticeable amount of this amino-acid has been
reported in freshwater carp. The presence of free his-
tidine is relevant in several fish species because it can
be microbiologically decarboxylated to histamine.
Cooking the fish may kill the bacteria and destroy
the enzymes, but histamine is not affected by heat,
thus becoming a hazard to consumers. The symptoms
of the resulting illness (scombroid poisoning) are itch-
ing, redness, allergic symptoms, headache, diarrhea,
and peppery taste. Scombroid poisoning is most com-
mon after ingesting mahi-mahi, tuna, bluefish, mack-
erel, and skipjack.

Nucleotides and related compounds generally
play an important role as coenzymes. They parti-
cipate actively in muscle metabolism and supply

Table 5 Content of essential amino-acids in fish and shellfish (g per 100 g of protein)

Fish group Isoleucine Leucine Lysine Methionine Phenylalanine Threonine Tryptophan Valine

Finfish 5.3 8.5 9.8 2.9 4.2 4.8 1.1 5.8

Crustaceans 4.6 8.6 7.8 2.9 4.0 4.6 1.1 4.8

Molluscs 4.8 7.7 8.0 2.7 4.2 4.6 1.3 6.2

Reproduced with permission from Ariño A, Beltran JA, and Roncalés P (2003) Dietary importance of fish and shellfish. In: Caballero B,

Trugo L, and Finglas P (eds.) Encyclopedia of Food Sciences and Nutrition, 2nd edn. Oxford: Elsevier Science Ltd. pp. 2471–2478.

Table 6 Nonprotein nitrogen compounds in several commercially important fish species and mammalian muscle (mg per 100g wet

weight)

Compounds Cod Herring Shark species Lobster Mammal

Total NPN 1200 1200 3000 5500 3500

Total free amino-acids: 75 300 100 3000 350

Arginine <10 <10 <10 750 <10

Glycine 20 20 20 100–1000 <10

Glutamic acid <10 <10 <10 270 36

Histidine <1.0 86 <1.0 — <10

Proline <1.0 <1.0 <1.0 750 <1.0

Creatine 400 400 300 0 550

Betaine 0 0 150 100 —

Trimethylamine oxide 350 250 500–1000 100 0

Anserine 150 0 0 0 150

Carnosine 0 0 0 0 200

Urea 0 0 2000 — 35

NPN, nonprotein nitrogen.

Reproduced with permission from Ariño A, Beltran JA, and Roncalés P (2003) Dietary importance of fish and shellfish. In: Caballero B,

Trugo L, and Finglas P (eds.) Encyclopedia of Food Sciences and Nutrition, 2nd edn. Oxford: Elsevier Science Ltd. pp. 2471–2478.
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energy to physiological processes. They have a
noticeable participation in flavor; moreover, some
of them may be used as freshness indices. Adeno-
sine triphosphate (ATP) is degraded to adenosine
diphosphate (ADP), adenosine monophosphate
(AMP), inosine monophosphate (IMP), inosine,
and hypoxantine. This pattern of degradation
takes place in finfish, whereas AMP is degraded
to adenosine and thereafter to inosine in shellfish.
The degradation chain to IMP and AMP in finfish
and shellfish, respectively, is very fast. IMP degra-
dation to inosine is generally slow, except in scom-
broids and flat fishes. Inosine degradation to
hypoxantine is slower. IMP is a flavor potentiator,
whereas hypoxanthine imparts a sour taste and it is
toxic at high levels. ATP, ADP, and AMP decom-
pose quickly leading to a build-up of inosine and
hypoxantine. As this corresponds well to a decline
in freshness, the ratio of the quantity of inosine and
hypoxantine to the total quantity of ATP and
related substances is called the K-value and used
as a freshness index of fish meat.

Guanosine is an insoluble compound that gives
fish eyes and skin their characteristic brightness. It
is degraded to guanine, which does not have this
property; therefore, brightness decreases until it
completely disappears.

The NPN fraction contains other interesting com-
pounds, such as small peptides. Most of them contri-
bute to flavor; besides this, they have a powerful
antioxidant activity. Betaines are a special group of
compounds that contribute to the specific flavors of
different aquatic organisms: homarine in lobster and
glycine-betaine, butiro-betaine, and arsenic-betaine in
crustaceans. Arsenic-betaine has the property of fixing
arsenic into the structure, giving a useful method for
studying water contamination.

Fish Vitamins

The vitamin content of fish and shellfish is rich and
varied in composition, although somewhat variable
in concentration. In fact, significant differences are
neatly evident among groups, especially regarding
fat-soluble vitamins. Furthermore, vitamin content
shows large differences among species as a function
of feeding regimes.

The approximate vitamin concentration ranges of
the various finfish and shellfish groups are summarized
in Table 7. The RDA for adults is also given, together
with the percentage supplied by 100 g of fish. Of the
fat-soluble vitamins, vitamin E (tocopherol) is distrib-
uted most equally, showing relatively high concentra-
tions in all fish groups, higher than those of meat.

However, only a part of the vitamin E content is avail-
able as active tocopherol on consumption of fish, since
it is oxidized in protecting fatty acids from oxidation.
The presence of vitamins A (retinol) and D is closely
related to the fat content, and so they are almost absent
in most low-fat groups. Appreciable but low concen-
trations of vitamin A are found in fatty finfish and
bivalve molluscs, whereas vitamin D is very abundant
in fatty fish. In fact, 100 g of most fatty species supply
over 100% of the RDA of this vitamin.

Water-soluble vitamins are well represented in all
kinds of fish, with the sole exception of vitamin C
(ascorbic acid), which is almost absent in all of them.
The concentrations of the rest are highly variable; how-
ever, with few exceptions, they constitute amedium-to-
good source of such vitamins, comparablewith, or even
better than, meat. The contents of vitamins B2 (ribofla-
vin), B6 (pyridoxine), niacin, biotin, and B12 (cobala-
min) are relatively high. Indeed, 100g of fish can
contribute up to 38%, 60%, 50%, 33%, and 100%,
respectively, of the total daily requirements of those
vitamins. Fatty fish also provides a higher supply of
many of the water-soluble vitamins (namely pyridox-
ine, niacin, pantothenic acid, and cobalamin) than does
white fish or shellfish. Crustaceans also possess a rela-
tively higher content of pantothenic acid, whereas
bivalve molluscs have much higher concentrations of
folate and cobalamin.

A Mediterranean diet rich in fish – and especially
in fatty finfish – contributes steadily over the year
to an overall balanced vitamin supply. The last row
of Table 7 illustrates this; the supply of vitamins D,
B2, B6, B12, and niacin from this particular diet is
more than 15% of the daily requirements; all other
vitamins, except ascorbic acid, are supplied to a
lesser, but significant, extent.

Fish Minerals

The approximate amounts of selected minerals con-
tained in fish are given in Table 8. The first point to
note is that all kinds of finfish and shellfish present a
well-balanced content of most minerals, either macro-
elements or oligoelements, with only a few exceptions.
Sodium content is low, as in other muscle and animal
origin foods. However, it must be remembered that
sodium is usually added to fish in most cooking prac-
tices in the form of common salt; also, surimi-based
and other manufactured foods contain high amounts
of added sodium. Potassium and calcium levels are
also relatively low, though the latter are higher in fish
than in meat; in addition, small fish bones are fre-
quently eaten with fish flesh, thus increasing the cal-
cium intake. Fish is a good source of magnesium and
phosphorus, at least as good as meat. These elements
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are particularly abundant in crustaceans; fatty finfish
show elevated levels of phosphorus, and bivalve mol-
luscs have high amounts of magnesium.

Fish is a highly valuable source of most oligoele-
ments. Fatty fish provides a notable contribution to
iron supply, similar to that of meat, whereas shell-
fish have higher concentrations of most dietary
minerals. In particular, crustaceans and bivalve mol-
luscs supply zinc, manganese, and copper concentra-
tions well above those of finfish. Worth mentioning
is the extraordinary dietary supply of iodine in all
kinds of finfish and shellfish; however, this depends
on the concentration present in feed, particularly in
planktonic organisms.

In summary, 100 g of fish affords low levels of
sodium and medium-to-high levels of all the remaining
dietary minerals. In fact, it can contribute 50–100% of
the total daily requirements of magnesium, phos-
phorus, iron, copper, selenium, and iodine. AMediter-
ranean diet, rich in fatty fish and all kinds of shellfish,
can lead to an overall balanced mineral supply, which
may well reach over 20% of daily requirements of
phosphorus, iron, selenium, and iodine.

See also: Coronary Heart Disease: Prevention. Fatty
Acids: Omega-3 Polyunsaturated. Iodine: Physiology,
Dietary Sources and Requirements. Supplementation:
Dietary Supplements.
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Introduction

Folic acid was initially distinguished from vitamin
B12 as a dietary anti-anemia factor by Wills in the
1930s. The subsequent chemical isolation of folic
acid and the identification of its role as a cofactor
in one-carbon metabolism led to the elucidation of
deficiency diseases at the molecular level. The term
‘folate’ encompasses the entire group of folate
vitamin forms, comprising the naturally occurring

folylpolyglutamates found in food and folic acid
(pteroylglutamic acid), the synthetic form of the
vitamin added as a dietary supplement to food-
stuffs. ‘Folate’ is thus the general term used for
any form of the vitamin irrespective of the state of
reduction, type of substitution, or degree of
polyglutamylation.

Folate functions metabolically as an enzyme
cofactor in the synthesis of nucleic acids and
amino-acids. Deficiency of the vitamin leads to
impaired cell replication and other metabolic altera-
tions, particularly related to methionine synthesis.
The similar clinical manifestations of cobalamin
deficiency and folate deficiency underline the
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metabolic interrelationship between the two vita-
mins. Folate deficiency, manifested clinically as
megaloblastic anemia, is the most common vitamin
deficiency in developed countries. Much attention
has focused recently on a number of diseases for
which the risks are inversely related to folate status
even within the range of blood indicators previously
considered ‘normal.’ Food-fortification programs
introduced to prevent neural-tube defects (NTD)
have proved effective in increasing folate intakes in
populations and may be shown potentially to reduce
the risk of cardiovascular disease.

Physiology and Biochemistry

Chemistry and Biochemical Functions

Folic acid (Figure 1) consists of a pterin moiety linked
via a methylene group to a para-aminobenzoylgluta-
mate moiety. Folic acid is the synthetic form of the
vitamin; its metabolic activity requires reduction to
the tetrahydrofolic acid (THF) derivative, addition of
a chain of glutamate residues in �-peptide linkage,
and acquisition of one-carbon units.

One-carbon units at various levels of oxidation
are generated metabolically and are reactive only
as moieties attached to the N5 and/or N10 positions
of the folate molecule (Table 1).

The range of oxidation states for folate one-carbon
units extends from methanol to formate as
methyl, methylene, methenyl, formyl, or formimino
moieties. When one-carbon units are incorporated into
folate derivatives, they may be converted from one oxi-
dation state to another by the gain or loss of electrons.

The source of one-carbon units for folate One-carbon
units at the oxidation level of formate can enter

directly into the folate pool as formic acid in a reaction
catalyzed by 10-formylTHF synthase (Figure 2). Entry
at the formate level of oxidation can also take place via
a catabolic product of histidine, formaminoglutamic
acid. The third mode of entry at the formate level of
oxidation involves the formation of 5-formylTHF from
5,10-methenylTHF by the enzyme serine hydroxy-
methyl transferase (SHMT). The 5-formylTHF may be
rapidly converted to other forms of folate.

The enzyme SHMT is involved in the entry of one-
carbon units at the formaldehyde level of oxidation by
catalyzing the transfer of the �-carbon of serine to
form glycine and 5,10-methyleneTHF. Other sources
of one-carbon entry at this level of oxidation include
the glycine cleavage system and the choline-dependent
pathway; both enzyme systems generate 5,10-methy-
lene in the mitochondria of the cell.

The removal and use of one-carbon units from
folate Single-carbon units are removed from folate
by a number of reactions. The enzyme 10-formylTHF
dehydrogenase provides a mechanism for disposing of
excess one-carbon units as carbon dioxide. (Folate
administration to animals enhances the conversion of
ingested methanol and formate to carbon dioxide,
diminishing methanol toxicity.) Additionally, single-
carbon units from 10-formylTHF are used for the bio-
synthesis of purines (Figure 2).

The one-carbon unit of 5,10-methyleneTHF is trans-
ferred in two ways. Reversal of the SHMT reaction
produces serine from glycine, but since serine is also
produced from glycolysis via phosphoglycerate this
reaction is unlikely to be important. However, one-
carbon transfer from 5,10-methyleneTHF to
deoxyuridylate to form thymidylic acid, a precursor
of DNA, is of crucial importance to the cell. While the
source of the one-carbon unit, namely 5,10-
methyleneTHF, is at the formaldehyde level of oxida-
tion, the one-carbon unit transferred to form
thymidylic acid appears at the methanol level of oxida-
tion. Electrons for this reduction come from THF itself
to generate dihydrofolate as a product. The dihydrofo-
late must in turn be reduced back to THF in order to
accept further one-carbon units.

N

N N

N

OH

NH2

2
3

4 5
9

10

6

7
81

NH
H

R

O

*

** NH CH

COOH

CH2

CH2

COOH

H

H

H

C
α

β

para-aminobenzoylglutamate

pteroic acid

substituted pterin

Figure 1 Structural formula of tetrahydrofolate (THF) com-

pounds. In tetrahydrofolic acid R=H; other substituents are listed

in Table 1. The asterisk indicates the site of attachment of extra

glutamate residues; the hatched line and double asterisk indicates

the N5 and/or N10 site of attachment of one-carbon units.

Table 1 Structure and nomenclature of folate compounds (see

Figure 1)

Compound R Oxidation state

5-formylTHF �CHO Formate

10-formylTHF �CHO Formate

5-formiminoTHF �CH¼NH Formate

5,10-methenylTHF �CH¼ Formate

5,10-methyleneTHF �CH2� Formaldehyde

5-methylTHF �CH3 Methanol
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A solitary transfer of one-carbon units takes
place at the methanol level of oxidation. It
involves the transfer of the methyl group from 5-
methylTHF to homocysteine to form methionine
and THF. This reaction is catalyzed by the enzyme
methionine synthase and requires vitamin B12 as a
cofactor. The substance 5-methylTHF is the domi-
nant folate in the body, and it remains metaboli-
cally inactive until it is demethylated to THF,
whereupon polyglutamylation takes place to
allow subsequent folate-dependent reactions to
proceed efficiently.

Clinical implications of methionine synthase
inhibition The inhibition of methionine synthase
due to vitamin B12 deficiency induces megaloblastic
anemia that is clinically indistinguishable from that
caused by folate deficiency. The hematological effect
in both cases results in levels of 5,10-methyleneTHF
that are inadequate to sustain thymidylate biosyn-
thesis. Clinically, it is essential to ascertain whether
the anemia is the result of folate deficiency or vita-
min B12 deficiency by differential diagnostic techni-
ques. Vitamin B12 is essential for the synthesis of
myelin in nerve tissue, a function probably related to

food folates (monoglutamates, polyglutamates, and folic acid)
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methionine production from the methionine
synthase reaction and the subsequent formation
of S-adenosyl-methionine. Hence, vitamin B12

deficiency probably leads to nervous disorders in
addition to the hematological effects. While the
latter respond to treatment with folic acid, the
neurological effects do not. Thus, inappropriate
administration of folic acid in patients with vitamin
B12 deficiency may treat the anemia but mask the
progression of the neurological defects. Where pos-
sible, vitamin B12 and folate statuses should be
checked before giving folate supplements to treat
megaloblastic anemia. The main objection to forti-
fying food with folate is the potential to mask vita-
min B12 deficiency in the elderly, who are most
prone to it.

In summary, the biochemical function of folate
coenzymes is to transfer and use these one-carbon
units in a variety of essential reactions (Figure 2),
including de novo purine biosynthesis (formylation of
glycinamide ribonucleotide and 5-amino-4-imidazole
carboxamide ribonucleotide), pyrimidine nucleotide
biosynthesis (methylation of deoxyuridylic acid to thy-
midylic acid), amino-acid interconversions (the inter-
conversion of serine to glycine, catabolism of histidine
to glutamic acid, and conversion of homocysteine to
methionine (which also requires vitamin B12)), and the
generation and use of formate.

Many of the enzymes involved in these reactions
are multifunctional and are capable of channelling
substrates and one-carbon units from reaction to
reaction within a protein matrix. Another feature
of intracellular folate metabolism is the compart-
mentation of folate coenzymes between the cytosol
and the mitochondria. For instance, 5-methylTHF
is associated with the cytosolic fraction of the cell,
whereas most of 10-formylTHF is located in the
mitochondria. Similarly, some folate-dependent
enzymes are associated with one or other compart-
ment, though some are found in both. Metabolic
products of folate-dependent reactions, such as
serine and glycine, are readily transported between
the two locations, but the folate coenzymes are not.

Folate Deficiency and Hyperhomocysteinemia An
important consequence of folate deficiency is the
inability to remethylate homocysteine (Figure 2).
Indeed, there is an inverse correlation between the
levels of folate and those of homocysteine in the
blood of humans. Many clinical studies, beginning
with the observations of children with homocystei-
nuria presenting with vascular abnormalities and
thromboembolism, have demonstrated an associa-
tion between hyperhomocysteinemia and an
increased risk of premature atherosclerosis in the

coronary, carotid, and peripheral vasculatures.
Even mild hyperhomocysteinemia is recognized to
be an independent risk factor for cardiovascular
disease. The risk of heart disease was found to
increase proportionately in most, but not all, stu-
dies, throughout the full of range of blood homo-
cysteine concentrations. An increase in plasma
homocysteine of 5 mmol l�1 is associated with a
combined odds ratio of 1.3 for cardiovascular dis-
ease. Plasma homocysteine is usually shown to be
a greater risk factor for cardiovascular disease in
prospective studies than in retrospective studies,
probably because the populations in the former
studies are older. Metabolically, homocysteine
may be disposed of by the methionine synthase
reaction (dependent on folate and vitamin B12),
the transsulfuration pathway (dependent on vita-
min B6), and the choline degradation pathway.
Marginal deficiencies of these three vitamins are
associated with hyperhomocysteinemia. Of the
three vitamins, however, folic acid has been
shown to be the most effective in lowering levels
of homocysteine in the blood. Convincing evidence
of the potential role of folate intake in the preven-
tion of vascular disease has come from a signifi-
cant inverse relationship between serum folate
levels and fatal coronary heart disease. While
most studies have focused on the homocysteine-
lowering effects of folate, other benefits have also
been reported. Potential mechanisms include anti-
oxidant actions and interactions with the enzyme
endothelial nitric oxide synthase.

Absorption of Folates

Food folates mainly consist of reduced polygluta-
mates, which are hydrolyzed to monoglutamates in
the gut prior to absorption across the intestinal
mucosa. The conjugase enzyme that hydrolyzes
dietary folates has been found on the luminal
brush border membrane in the human jejunum
and has equal affinity for polyglutamates of var-
ious chain lengths. Transport is facilitated by a
saturable carrier-mediated uptake system, although
changes in luminal pH and the presence of con-
jugase inhibitors, folate binders, or other food
components can adversely affect the rate of hydro-
lysis and intestinal absorption. Such factors
account for the wide variation in the bioavailabil-
ity of the vitamin from foods of plant and animal
origins. Some metabolism of the resultant mono-
glutamate, mainly to 5-methylTHF, appears to
occur during the absorption process, though this
may not be necessary for transport across the
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basolateral membrane of the intestinal mucosa
into the portal circulation. The degree of meta-
bolic conversion of dietary folic acid depends on
the dose; pharmacological amounts are trans-
ported unaltered into the circulation.

Transport in the Circulation, Cellular Uptake,
and Turnover

Folate circulates in the blood predominantly as
5-methylTHF. A variable proportion circulates freely
or bound either to low-affinity protein binders such
as albumin, which accounts for about 50% of bound
folate, or to a high-affinity folate binder in serum,
which carries less than 5% of circulating folate. The
physiological importance of serum binders is unclear,
but they may control folate distribution and excretion
during deficiency.

Though most folate is initially taken up by the
liver following absorption, it is delivered to a wide
variety of tissues in which many types of folate
transporters have been described. Because these
transporters have affinities for folate in the micro-
molar range, they would not be saturated by normal
ambient concentrations of folate. Therefore, folate
uptake into tissues should be responsive to any
increases in serum folate levels arising from folate
supplementation. An important determinant of
folate uptake into cells is their mitotic activity, as
would be expected given the dependence of DNA
biosynthesis on folate coenzyme function. Folate
accumulation is more rapid in actively dividing
cells than in quiescent cells, a factor that is probably
related to the induction and activity of folylpoly-�-
glutamate synthase. This enzyme catalyzes the addi-
tion of glutamate by �-peptide linkage to the initial
glutamate moiety of the folate molecule. Although
polyglutamate derivatization may be considered a
storage strategem, this elongation is the most effi-
cient coenzyme form for normal one-carbon meta-
bolism. The activity of folylpoly-�-glutamate
synthase is highest in the liver, the folate stores of
which account for half of the estimated 5–10mg
adult complement. Retention within the cell is facili-
tated by the high proportion of folate associated
with proteins, and this is likely to be increased in
folate deficiency.

The mobilization of liver and other stores in the
body is not well understood, particularly in deficiency
states, though some accounts describe poor turnover
rates in folate-depleted rats. Transport across cell
membranes during redistribution requires deconjuga-
tion of the large negatively charged polyglutamates.
Mammalian �-glutamylhydrolases that hydrolyze

glutamate moieties residue by residue and transpepti-
dases that can hydrolyze folylpolyglutamates directly
to mono- or di-glutamate forms of the vitamin have
been described for a number of tissues. Thus, mam-
malian cells possess two types of enzyme that can play
a key role in folate homeostasis and regulation of one-
carbon metabolism: the folylpolyglutamate synthe-
tase that catalyzes the synthesis of retentive and active
folate, and a number of deconjugating enzymes that
promote the release of folate from the cell. Polyglu-
tamate forms released into the circulation either
through cell death or by a possible exocytotic
mechanism would be hydrolyzed rapidly by plasma
�-glutamyl-hydrolase to the monoglutamate form.

Catabolism and Excretion

Folate is concentrated in bile, and enterohepatic
recirculation from the intestine accounts for con-
siderable re-absorption and reuse of folate (about
100 mg day�1). Fecal folates mostly arise through
biosynthesis of the vitamin by the gut microflora,
with only a small contribution from unabsorbed
dietary folate. Urinary excretion of intact folates
accounts for only a small fraction of ingested folate
under normal physiological conditions. The greater
amount of excretion in urine is accounted for by
products that arise from cleavage of the folate
molecule at the C9–N10 bond, consisting of one
or more pteridines and p-acetamido-
benzoylglutamate. The rate of scission of the folate
molecule increases during rapid-mitotic conditions
such as pregnancy and rapid growth. Scission of
folate is perhaps the major mechanism of folate
turnover in the body.

Human Folate Requirements

The folate requirement is the minimum amount
necessary to prevent deficiency. Dietary recommen-
dations for populations, however, must allow a mar-
gin of safety to cover the needs of the vast majority
of the population. As is the case with most nutrients,
the margin of safety for folate requirement corre-
sponds to two standard deviations above the mean
requirement for a population and should therefore
meet the needs of 97.5% of the population. Thus,
international dietary recommendations contain
allowances for individual variability, the bioavail-
ability of folate from different foodstuffs, and peri-
ods of low intake and increased use. Current
international folate recommendations for FAO/
WHO, USA/Canada, and the European Union are
listed in Table 2.
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The 1998 recommendations for folate are
expressed using a term called the dietary folate
equivalent (DFE). The DFE was developed to help
account for the difference in bioavailability between
naturally occurring dietary folate and synthetic folic
acid. The Food and Nutrition Board of the US
National Academy of Sciences reasoned that, since
folic acid in supplements or in fortified food is 85%
bioavailable, but food folate is only about 50%
bioavailable, folic acid taken as supplements or in
fortified food is 85/50 (i.e., 1.7) times more avail-
able. Thus, the calculation of the DFE for a mixture
of synthetic folic acid and food is mg of DFE= mg
food folateþ (1.7� mg synthetic folate).

International recommendation tables are con-
stantly subject to review, particularly in view of
the relationship between folate status and the risk
of NTD and specific chronic diseases including cor-
onary artery disease and colorectal cancer.

Pregnancy

The crucial role of folate in the biosynthesis of
precursors for DNA suggests that folate require-
ments may vary with age, though folate use is
most obviously increased during pregnancy and
lactation. Maintaining adequate folate status in
women in their child-bearing years is particularly
important since a large proportion of pregnancies
are unplanned and many women are likely to be
unaware of their pregnancy during the first crucial
weeks of fetal development. Pregnancy requires an
increase in folate supply that is large enough to
fulfil considerable mitotic requirements related to
fetal growth, uterine expansion, placental

maturation, and expanded blood volume. The
highest prevalence of poor folate status in preg-
nant women occurs among the lowest socioeco-
nomic groups and is often exacerbated by the
higher parity rate of these women. Indeed, the
megaloblastic anemia commonly found amongst
the malnourished poor during pregnancy probably
reflects the depletion of maternal stores to the
advantage of the fetal–placental unit, as indicated
by the several-fold higher serum folate levels in the
newborn compared with the mother. Considerable
evidence indicates that maternal folate deficiency
leads to fetal growth retardation and low birth
weight. The higher incidence of low-birth-weight
infants among teenage mothers compared with
their adult counterparts is probably related to the
additional burden that adolescent growth places
on folate resources.

The lack of hard evidence about the extent of
supplementation required in pregnancy prompted
the development of a laboratory-based assessment
of metabolic turnover, which involved the assay of
total daily folate catabolites (along with intact
folate) in the urine of pregnant women. The ratio-
nale of the procedure was that this catabolic pro-
duct represents an ineluctable daily loss of folate,
the replacement of which should constitute the
daily requirement. Correcting for individual varia-
tion in catabolite excretion and the bioavailability
of dietary folate, the recommended allowances
based on this mode of assessment are in close
agreement with the latest recommendations of
the USA/Canada and FAO/WHO. The data pro-
duced by the catabolite-excretion method may
provide a useful adjunct to current methods

Table 2 Recommended dietary folate allowances for various population groups (mg day�1)

Category Age FAO/WHO (1998) USA/Canada RDA (1998) EU (1993)

Infants Up to 6months 80 65 100

6months–1 year 80 80 100

1–3 years 160 150 100

Children 4–6 years 200 200 130

7–10 years 300 (age 9–13years) 300 150

Males 11–14years 400 300 180

15–18years 400 400 200

19–24years 400 400 200

25–50years 400 400 200

Over 50 years 400 400 200

Females 11–14years 400 300 180

15–18years 400 400 200

19–24years 400 400 200

25–50years 400 400 200

Over 50 years 400 400 200

Pregnant women 600 600 400

Lactating women 500 500 350
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based on intakes, clinical examination, and blood
folate measurements to provide a more accurate
assessment of requirement.

Folate and Neural-Tube Defects

Much attention has focused over the past 15 years
on a number of diseases for which the risks are
inversely related to folate status even within the
range of serum folate levels previously considered
‘normal.’ Foremost among these is NTD, a mal-
formation in the developing embryo that is related
to a failure of the neural tube to close properly
during the fourth week of embryonic life. Incom-
plete closure of the spinal cord results in spina
bifida, while incomplete closure of the cranium
results in anencephaly. The risk of NTD was
found to be 10-fold higher (6 affected pregnancies
per 1000) in people with poor folate status (i.e.,
less than 150 mg red cell folate per litre) than in
those with good folate status (400 mg l�1). Interna-
tional agencies have published folic acid recom-
mendations for the prevention of NTD. To
prevent recurrence, 5mg of folic acid daily in
tablet form is recommended, while 400 mg daily is
recommended for the prevention of occurrence, to
be commenced prior to conception and continued
until the 12thweek of pregnancy. Given the high
proportion of unplanned pregnancies, the latter
recommendations are applicable to all fertile
women. This amount, however, could not be
introduced through fortification because high
intakes of folic acid by people consuming fortified
flour products would risk preventing the diagnosis
of pernicious anemia in the general population and
of vitamin B12 deficiency in the elderly.

The introduction of 140 mg of folic acid per 100 g
of flour in the USA, calculated to increase indivi-
dual consumption of folic acid by 100 mg day�1, has
reduced the incidence of abnormally low plasma
folate from 21% to less than 2%, the incidence of
mild hyperhomocysteinemia from 21% to 10%,
and, most importantly, the incidence of NTD by
about 20% over the first years of universal fortifi-
cation. Because 30% of the population takes
vitamin supplements and presumably would not
be expected to derive significant benefit from
fortification, the actual effect may be closer to a
30% decrease due to fortification. Recent calcula-
tions suggest that, for a variety of reasons, the
overall fortification amount was about twice the
mandatory amount.

On balance, the introduction of food fortification
with folate is regarded as beneficial not only in
preventing NTD but also in reducing the incidences

of hyperhomocysteinemia (mentioned earlier), color-
ectal cancer, and a number of neurological and neu-
ropsychiatric diseases in which folate is postulated
to play a protective role.

Lactation

Unlike during pregnancy, in which the bulk of folate
expenditure arises through catabolism, during lacta-
tion the increased requirement is chiefly due to milk
secretion. Several observations indicate that mam-
mary tissue takes precedence over other maternal
tissues for folate resources. For instance, maternal
folate status deteriorates in both early and late lac-
tation, but milk folate concentration is maintained
or increased. Moreover, supplemental folate appears
to be taken up by mammary epithelial cells prefer-
entially over hematopoietic cells in lactating women
with folate deficiency, indicating that maternal
reserves are depleted to maintain milk folate content
in lactating women. Recommendations are based on
the maintenance requirement of nonpregnant non-
lactating women and the estimated folate intake
required to replace the quantity lost in milk. This
increment of between 60 mg and 100 mg daily is
based on a milk secretion rate of 40–60 mg l�1 and
an absorption rate from dietary sources of between
50% and 70%. The official recommendations
might be underestimated, however. On the one
hand, a less efficient absorption rate of 50% from
a mixed diet is more likely, and, on the other hand,
the most recent estimations of milk folate secretion
are as high as 100 mg daily. Therefore, an addi-
tional 200 mg of folate daily or a total of 500 mg
daily seems a more realistic recommended amount
for lactating women.

Infants and Children

The high concentration of circulating folate in
newborn infants coincides with the rapid rate of
cell division in the first few months of life and is
reflected in the higher folate requirement for infants
on a weight basis than for adults. Though the
recommendation standards (see Table 2) may under-
estimate the quantities consumed by many breast-
fed infants, intake is generally sufficiently above the
recommendations that folate deficiency is unlikely.

Data on requirements for older children are
sparse, so recommendations for up to adolescence
are based on interpolations between the values for
very young children and those for adults. Daily
recommended levels are above 3.6 mg per kg of
body weight, an amount associated with no overt
folate deficiency in children and shown to maintain
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plasma folate concentrations at a low but acceptable
level.

Adolescents and Adults

Folate recommendations for adolescents are set at a
similar level to that for adults, the smaller weights of
adolescents being compensated for by higher rates of
growth.

The Elderly

Although folate deficiency occurs more frequently in
the elderly than in young adults, recommendations
are set at the same level for both groups. Reference
recommendations apply to healthy subjects. How-
ever, a significant proportion of the elderly are likely
to suffer from clinical conditions and to be exposed
to a range of factors such as chronic smoking, alco-
hol, and prescription drugs that may have a detri-
mental effect on folate status.

Food Sources of Folate

Folate is synthesized by microorganisms and higher
plants but not by mammals, for which it is an essen-
tial vitamin. The most concentrated food folate
sources include liver, yeast extract, green leafy vege-
tables, legumes, certain fruits, and fortified breakfast
cereals. Folate content is likely to depend on the
maturity and variety of particular sources. Foods
that contain a high concentration of folate are not
necessarily those that contribute most to the overall
intakes of the vitamin in a population. For example,
liver is a particularly concentrated source, providing
320mg of folate per 100 g, but it is not eaten by a
sufficient proportion of the population to make any
major contribution to total dietary folate intakes. The
potato, on the other hand, although not particularly
rich in folate, is considered a major contributor to
folate in the UK diet, accounting for 14% of total
folate intake because of its high consumption. Pro-
longed exposure to heat, air, or ultraviolet light is
known to inactivate the vitamin; thus, food prepara-
tion and cooking can make a difference to the
amount of folate ingested; boiling in particular results
in substantial food losses. The major source of folate
loss from vegetables during boiling may be leaching
as opposed to folate degradation. Broccoli and spi-
nach are particularly susceptible to loss through
leaching during boiling compared with potatoes
because of their larger surface areas. The retention
of folate during cooking depends on the food in
question as well as the method of cooking. Folates
of animal origin are stable during cooking by frying
or grilling. In addition to highlighting good food

sources, public-health measures promoting higher
folate intake should include practical advice on cook-
ing. For example, steaming in preference to boiling is
likely to double the amount of folate consumed from
green vegetables.

While cultural differences and local eating
habits determine the contribution of different
foodstuffs to folate intake (Table 3), as with
other nutrients, globalization and the integration
of the international food industry may lead to
more predictable ‘Westernized’ diets in the devel-
oped and developing world. Internationally, much
of the dietary folate in the ‘Western’ diet cur-
rently comes from fortified breakfast cereals,
though this foodstuff is likely to be joined shortly
in this regard by fortified flour products in the
light of the experience of the US food fortification
program. In the main, though, adherence to diet-
ary recommendations to increase the consumption
of folate-rich foods is likely to enhance the intake
not only of folate but also of other nutrients
essential to health.

See also: Amino Acids: Specific Functions.
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Introduction

Functional foods are foods with health benefits that
exceed those attributable to the nutritional value of the
food. The term is usually applied to foods that have
been modified or combined in order to enhance the
health benefits but may include any food that naturally
possesses components with demonstrable pharmaco-
logic activity. Functional foods are most often selected
because they contain ingredients with immune-modu-
lating, antioxidant, anti-inflammatory, antitoxic, or
ergogenic effects. The most widely studied functional
ingredients are plant-derived phenolic chemicals, pro-
biotic bacteria, and fiber or other poorly digested car-
bohydrates, but colostrum, egg yolk, and other
nonplant foods may also serve as functional food
sources. Although pharmacologic activity of most of
these substances is well established in vitro or in small
mammals, establishing clinical effects in humans poses
a challenge for functional food research.

Concept and Definition

The concept of functional foods derives from the
observation that certain foods and beverages exert
beneficial effects on human health that are not
explained by their nutritional content (i.e., macro-
nutrients, vitamins, and minerals). The definition of
functional foods varies among countries for reasons
that are historical, cultural, and regulatory. In its
broadest use, functional foods are food-derived pro-
ducts that, in addition to their nutritional value,

enhance normal physiological or cognitive functions
or prevent the abnormal function that underlies dis-
ease. A hierarchy of restrictions narrows the defini-
tion. In most countries, a functional food must take
the form of a food or beverage, not a medication,
and should be consumed the way a conventional
food or beverage is consumed. If the ingredients
are incorporated into pills, sachets, or other dosage
forms they are considered dietary supplements or
nutraceuticals, not functional foods. In Japan and
Australia, the functional food appellation has been
applied only to food that is modified for the purpose
of enhancing its health benefits; in China, Europe,
and North America, any natural or preserved food
that enhances physiological function or prevents dis-
ease might be considered a functional food. If food
is modified, there is lack of international consensus
as to whether a vitamin or mineral-enriched food
(e.g., folate-fortified flour or calcium-fortified
orange juice) should be considered a functional
food, or whether functional foods are described by
the presence of their nonnutritive components (e.g.,
fiber or polyphenols). Future development of func-
tional foods is likely to be driven by scientific
research rather than government regulation, so it is
likely that the concept (if not the definition) of
functional foods will remain fluid and flexible.

History

If the broadest, least restrictive definition is
employed, the use of functional foods for promoting
health and relieving symptoms is as old as the prac-
tice of medicine. Specific dietary recommendations
for treating or preventing various types of illness
have been documented in Hippocratic and Vedic
texts and the canons of traditional Chinese medi-
cine. Traditional Chinese remedies frequently con-
tain recipes for combining specific foods with
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culinary and nonculinary herbs to produce healing
mixtures. Folk medicine, East and West, has always
depended upon functional foods. Peppermint
(Mentha piperita) tea has a long history of use for
digestive complaints. Peppermint oil contains spas-
molytic components that block calcium channels in
smooth muscle. Cranberry (Vaccinium macrocar-
pon) juice contains proanthocyanidins that inhibit
the attachment of E.coli to the epithelium of the
urinary bladder, explaining its efficacy in prevention
of bacterial cystitis and its traditional use for treat-
ment of urinary infection.

Herbs and spices are added to food to enhance
flavor and initially were used to inhibit spoilage.
Many of these have documented medicinal uses
that render them functional foods, broadly
defined. Thyme (Lamiaceae spp.) was used to
treat worms in ancient Egypt. Thyme oils possess
potent antimicrobial properties. Ginger (Zingiber
officinale root), cinnamon (Cinnamomum spp.
bark), and licorice (Glycyrrhiza glabra root) are
common ingredients in Chinese herbal tonics and
have been widely used in Western folk medicine
for treating digestive disorders. Ginger contains
over four hundred biologically active constituents.
Some have antimicrobial, anti-inflammatory, or
anti-platelet effects; others enhance intestinal moti-
lity, protect the intestinal mucosa against ulcera-
tion and dilate or constrict blood vessels.
Cinnamon oil contains cinnamaldehyde and var-
ious phenols and terpenes with antifungal, anti-
diarrheal, vasoactive, and analgesic effects.
Recent research has identified phenolic polymers
in cinnamon with actions that increase the sensi-
tivity of cells to insulin, leading to the recognition
that regular consumption of cinnamon may help
to prevent type 2 diabetes. The most studied com-
ponent of licorice, glycyrrhizin, inhibits the
enzyme11 beta-hydroxysteroid dehydrogenase type
2, potentiating the biological activity of endogen-
ous cortisol. Glycyrrhizin also inhibits the growth
of Helicobacter pylori. Glycyrrhizin and its deri-
vatives may account for the anti-inflammatory and
anti-ulcerogenic effects of licorice.

Fermentation is a form of food modification initi-
ally developed for preservation. The health-enhan-
cing effects of fermented foods have a place in folk
medicine. Several fermented foods have health ben-
efits that exceed those of their parent foods and can
be considered functional foods, broadly defined.
These include red wine, yogurt, and tempeh. Red
wine is a whole fruit alcohol extract that concen-
trates polyphenols found primarily in the seed and
skin of the grape. Its consumption is associated with
protection against heart disease, perhaps because red

wine polyphenols inhibit the production of free radi-
cals and lipid peroxides that result from the simul-
taneous ingestion of cooked meat. Fresh yogurt
contains live cultures of lactic acid-producing bac-
teria that can prevent the development of traveler’s
diarrhea, antibiotic-induced diarrhea, rotavirus
infection, and vaginal yeast infection, decrease the
incidence of postoperative wound infection follow-
ing abdominal surgery and restore the integrity of
the intestinal mucosa of patients who have received
radiation therapy. Tempeh is made from dehulled,
cooked soy beans fermented by the fungus Rhizopus
oligosporus. Not only is its protein content higher
than the parent soy bean, but it also has antibiotic
activity in vitro and the ability to shorten childhood
diarrhea in vivo.

Modification of a food to make it less harmful by
removing potential toxins or allergens may create a
functional food. Using this criterion, infant formula,
protein hydrolysates, low-sodium salt substitutes,
low-fat dairy products, and low-erucic-acid rapeseed
oil (canola oil) might be considered functional
foods.

If the most restrictive definition of functional
foods is employed, the functional food movement
began in Japan during the 1980s, when the Japanese
government launched three major research initia-
tives designed to identify health-enhancing foods to
control the rising cost of medical care. In 1991, a
regulatory framework, Foods for Special Health
Uses (FOSHU), was implemented, identifying those
ingredients expected to have specific health benefits
when added to common foods, or identifying foods
from which allergens had been removed. FOSHU
products were to be in the form of ordinary food
(not pills or sachets) and consumed regularly as part
of the diet. Initially, 11 categories of ingredients
were identified for which sufficient scientific evi-
dence indicated beneficial health effects. The Japa-
nese Ministry of Health recognized foods containing
these ingredients as functional foods. They were
intended to improve intestinal function, reduce
blood lipids and blood pressure, enhance calcium
or iron absorption, or serve as noncariogenic sweet-
eners (see Table 1). In addition, low-phosphorus
milk was approved for people with renal insuffi-
ciency and protein-modified rice for people with
rice allergy.

Interest in the development of functional foods
quickly spread to North America and Europe,
where the concept was expanded to include any
food or food component providing health benefits
in addition to its nutritive value. In Europe, func-
tional food proponents distinguished functional
foods from dietetic foods, which are defined by
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law. European dietetic foods are intended to satisfy
special nutritional requirements of specific groups
rather than to enhance physiologic function or pre-
vent disease through nonnutritive influences. They
include infant formula, processed baby foods
(weanling foods), low-calorie foods for weight
reduction, high-calorie foods for weight gain, ergo-
genic foods for athletes, and foods for special med-
ical purposes like the treatment of diabetes or
hypertension. In the US, functional food proponents
have distinguished functional foods from medical
foods, defined by law as special foods designed to
be used under medical supervision to meet
nutritional requirements in specific medical condi-
tions. In both domains, functional foods have been
viewed as whole foods or food components with the
potential for preventing cancer, osteoporosis, or
cardiovascular disease; improving immunity, detox-
ification, physical performance, weight loss, cogni-
tive function, and the ability to cope with stress;
inhibiting inflammation, free-radical pathology and
the ravages of aging; and modulating the effects of
hormones. Researchers have sought to validate bio-
markers that demonstrate functional improvement
in response to dietary intervention, identify the che-
mical components of functional foods responsible

for those effects, and elucidate the mechanism of
action of those components. The scientific substan-
tiation of claims is a major objective.

In China, functional foods (referred to as health
foods) have been viewed as part of an unbroken med-
ical tradition that does not separate medicinal herbs
from foods. Over 3000 varieties of health foods are
available to Chinese consumers, most derived from
compound herbal formulas for which the active ingre-
dients and their mechanism of action are unknown, all
claimingmultiple effects on various body systems,with
little experimental evidence for safety and efficacy but
widespread acceptance due to their history of use.

Edible Plants and Phytochemicals

Because their consumption is known to enhance
health, vegetables, fruits, cereal grains, nuts, and
seeds are the most widely researched functional
foods. The health benefits of a plant-based diet are
usually attributed to the content of fiber and of a
variety of plant-derived substances (phytonutrients
and phytochemicals) with antioxidant, enzyme-indu-
cing, and enzyme-inhibiting effects. Some phyto-
chemicals may also exert their health effects by
modifying gene expression. Carotenoids, for exam-
ple, enhance expression of the gene responsible for
production of Connexin 43, a protein that regulates
intercellular communication. The protective effect of
carotenoid consumption against the development
of cancer is more strongly related to the ability of
individual carotenoids to upregulate Connexin 43
expression than their antioxidant effects or conver-
sion to retinol. Dietary supplementation with beta-
carotene reduces the blood levels of other carote-
noids, some of which are more potent inducers of
Connexin 43 than is beta-carotene. The unexpected
and highly publicized increase in incidence of lung
cancer among smokers taking beta-carotene supple-
ments may be explained by this mechanism.

Phytochemicals associated with health promotion
and disease prevention are described in Table 2. The
most studied food sources of these phytonutrients
are soy beans (Glycine max) and tea (Camellia
sinensis leaves), but tomatoes (Lycopersicon esculen-
tum), broccoli (Brassica oleracea), garlic (Allium
sativum), turmeric (Curcuma longa), tart cherries
(Prunus cerasus), and various types of berries are
also receiving considerable attention as functional
food candidates. An overview of the research on
soy and tea illustrates some of the clinical issues
encountered in the development of functional foods
from edible plants.

Soy protein extracts have been found to lower
cholesterol in humans, an effect that appears to be

Table 1 Some ingredients conferring FOSHU status on Japanese

functional foods

Ingredient Physiological function

Dietary fiber Improve gastrointestinal function

Psyllium seed husk

Wheat bran

Hydrolyzed guar gum

Oligosaccharides Improve gastrointestinal function

and mineral absorptionXylo-, fructo-, isomalto-

Soy-derived

Polydextrose

Bacterial cultures Improve gastrointestinal function

Lactobacilli

Bifidobacteria

Soy protein isolates Reduce cholesterol levels

Diacylglycerols Reduce triglyceride levels

Sugar alcohols Prevent dental caries

Maltitol

Palatinose

Erythritol

Green tea polyphenols Prevent dental caries

Absorbable calcium Improve bone health

Calcium citrate malate

Casein

phosphopeptide

Heme iron Correct iron deficiency

Eucommiacea (tochu)

leaf glycosides

Reduce blood pressure

Lactosucrose, lactulose,

indigestible dextrin

Improve gastrointestinal function
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related to amino acid composition. Soy protein
extracts frequently contain nonprotein isoflavones,
which have received considerable attention because
of their structural similarity to estrogen. Soy isofla-
vones are weak estrogen agonists and partial estro-
gen antagonists. Epidemiologic and experimental
data indicate that isoflavone exposure during ado-
lescence may diminish the incidence of adult breast
cancer. In vitro studies show conflicting effects. On
the one hand, soy isoflavones induce apoptosis of
many types of cancer cells; on the other hand, estro-
gen receptor-bearing human breast cancer cells pro-
liferate in tissue culture when exposed to
isoflavones. Although the widespread use of soy in
Asia is cited in support of the safety of soy foods,
the intake of isoflavones among Asian women
consuming soy regularly is in the range of 15–40mg
day�1, significantly less than the isoflavone content
of a serving of soymilk as consumed in the US. In
clinical trials, soy isoflavones have not been effective
in relieving hot flashes of menopausal women but do
diminish the increased bone resorption that causes
postmenopausal bone loss. In premenopausal
women, soy isoflavones may cause menstrual irregu-
larities. The successful development of soy deriva-
tives as functional foods will require that these
complex and diverse effects of different soy compo-
nents in different clinical settings be better
understood.

Regular consumption of tea, green or black, is
associated with a decreased risk of heart disease
and several kinds of cancer. These benefits are
attributed to tea’s high content of catechin poly-
mers, especially epigallocatechin gallate (ECGC),
which has potent antioxidant and anti-inflamma-
tory effects, that may lower cholesterol in hyperli-
pidemic individuals and alter the activity of several
enzymes involved in carcinogenesis. Catechin con-
tent is highest in young leaves. Aging and the
fermentation used to produce black tea oxidize tea
catechins, which polymerize further to form the
tannins, theaflavin and thearubigen. Although
ECGC is a more potent antioxidant than theaflavin,
theaflavin is far more potent an antioxidant than
most of the commonly used antioxidants, like glu-
tathione, vitamin E, vitamin C, and butylated
hydroxytoluene (BHT). Both ECGC and theaflavin
are partially absorbed after oral consumption, but a
clear dose–response relationship has not been estab-
lished. Tea-derived catechins and polymers are
being intensively studied as components of func-
tional foods, because the results of epidemiologic,
in vitro, and animal research indicate little toxicity
and great potential benefit in preventing cancer
or treating inflammation-associated disorders. Clin-
ical trials have shown a mild cholesterol-lowering
effect and perhaps some benefit for enhancing
weight loss.

Table 2 Phytochemicals associated with health promotion and disease prevention

Group Typical components Biological activities Food sources

Carotenoids Alpha- and beta-carotene

cryptoxanthin, lutein,

lycopene, zeaxanthin

Quench singlet and triplet oxygen,

increase cell–cell communication

Red, orange and yellow fruits and

vegetables, egg yolk, butter fat,

margarine

Glucosinolates,

isothiocyanates

Indole-3-carbinol

sulphoraphane

Increase xenobiotic metabolism,

alter estrogen metabolism

Cruciferous vegetables, horseradish

Inositol

phosphates

Inositol hexaphosphate

(phytate)

Stimulate natural killer cell function,

chelate divalent cations

Bran, soy foods

Isoflavones Genistein, daidzein Estrogen agonist and antagonist,

induce apoptosis

Soy foods, kudzu

Lignans Enterolactone,

enterolactone

Estrogen agonists and antagonists,

inhibit tyrosine kinase

Flax seed, rye

Phenolic acids Gallic, ellagic, ferulic,

chlorogenic, coumaric

Antioxidant, enhance xenobiotic

metabolism

Diverse fruits, vegetables

Phytoallexins Resveratrol Antioxidant, platelet inhibition,

induce apoptosis

Red wine, grape seed

Polyphenols Flavonoids, chalcones,

catechins, anthocyanins,

proanthocyanidins

Antioxidant, enhance xenobiotic

metabolism, inhibit numerous

enzymes

Diverse fruits, vegetables, red wine,

tea

Saponins Glycyrrhizin, ginsenosides Antimicrobial, immune boosting,

cytotoxic to cancer cells

Legumes, nuts, herbs

Sterols Beta-sistosterol,

campestrol

Bind cholesterol, decrease colonic

cell proliferation, stimulate

T-helper-1 cells

Nuts, seeds, legumes, cereal grains

Sulfides Diallyl sulfides Antimicrobial, antioxidant Garlic, onions
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Probiotics and Prebiotics

Probiotics are live microbes that exert health bene-
fits when ingested in sufficient quantities. Species of
lactobacilli and bifidobacteria, sometimes combined
with Streptococcus thermophilus, are the main bac-
teria used as probiotics in fermented dairy products.
Most probiotic research has been done with nutra-
ceutical preparations, but yogurt has been shown
to alleviate lactose intolerance, prevent vaginal can-
didosis in women with recurrent vaginitis, and
reduce the incidence or severity of gastrointestinal
infections.

Prebiotics are nondigestible food ingredients that
stimulate the growth or modify the metabolic activ-
ity of intestinal bacterial species that have the poten-
tial to improve the health of their human host.
Criteria associated with the notion that a food ingre-
dient should be classified as a prebiotic are that it
remains undigested and unabsorbed as it passes
through the upper part of the gastrointestinal tract
and is a selective substrate for the growth of specific
strains of beneficial bacteria (usually lactobacilli or
bifidobacteria), rather than for all colonic bacteria,
inducing intestinal or systemic effects through bac-
terial fermentation products that are beneficial to
host health. Prebiotic food ingredients include
bran, psyllium husk, resistant (high amylose) starch,
inulin (a polymer of fructofuranose), lactulose, and
various natural or synthetic oligosaccharides, which
consist of short-chain complexes of sucrose,
fructose, galactose, glucose, maltose, or xylose. The
best-known effect of prebiotics is to increase fecal
water content, relieving constipation. Bacterial
fermentation of prebiotics yields short-chain fatty
acids (SCFAs) that nourish and encourage differen-
tiation of colonic epithelial cells. Absorbed SCFAs
decrease hepatic cholesterol synthesis. Fructooligo-
saccharides (FOSs) have been shown to alter fecal
biomarkers (pH and the concentration of bacterial
enzymes like nitroreductase and beta-glucuronidase)
in a direction that may convey protection against the
development of colon cancer.

Several prebiotics have documented effects that are
probably independent of their effects on gastrointest-
inal flora. Whereas the high phytic acid content of
bran inhibits the absorption of minerals, FOSs have
been shown to increase absorption of calcium and
magnesium. Short-chain FOSs are sweet enough to
be used as sugar substitutes. Because they are not
hydrolyzed in the mouth or upper gastrointestinal
tract, they are noncariogenic and noninsulogenic.
Bran contains immunostimulating polysaccharides,
especially beta-glucans and inositol phosphates,
which have been shown to stimulate macrophage

and natural killer cell activity in vitro and in rodent
experiments. The poor solubility and absorption of
beta-glucans and inositol phosphates are significant
barriers to clinical effects in humans.

Immune Modulators

Several substances produced by animals and fungi
have been investigated for immune-modulating
effects. Fish oils are the most studied. As a source
of n-3 fatty acids, fish oil consumption by humans
has been shown to influence the synthesis of
inflammatory signaling molecules like prostaglan-
dins, leukotrienes, and cytokines. In addition to
direct effects on prostanoid synthesis, n-3 fats
have also been shown to directly alter the intracel-
lular availability of free calcium ions, the function
of ion channels, and the activity of protein kinases.
Generally administered as nutraceuticals rather
than as functional foods, fish oil supplements have
demonstrated anti-inflammatory and immune sup-
pressive effects in human adults. A high intake of
the n-3 fatty acids eicosapentaenoic (20:5n-3) and
docosahexaenoic (22:6n-3) acid (DHA) from sea-
food or fish oil supplements has also been asso-
ciated with prevention of several types of cancer,
myocardial infarction, ventricular arrhythmias,
migraine headaches, and premature births, and
with improved control of type 2 diabetes mellitus,
inflammatory bowel disease, rheumatoid arthritis,
cystic fibrosis, multiple sclerosis, bipolar disorder,
and schizophrenia. 20:5n-3 but not 22:6n-3 is effec-
tive for schizophrenia and depression; 22:6n-3 but
not 20:5n-3 improves control of blood sugar in
diabetics. The benefits of fish oil supplements have
prompted efforts at increasing the n-3 fatty acid
content of common foods by adding fish oil or
flax oil extracts. Consumption of these has been
associated with decreased levels of some inflamma-
tory biomarkers, including thromboxane B2, pros-
taglandin E2, and interleukin 1-beta.

Feeding flax seed meal or fish meal to hens
enriches the n-3 fatty acid content of the yolks of
the eggs they lay. Consumption of these eggs
increases the n-3 fatty acid content of plasma and
cellular phospholipids and produces an improved
blood lipid profile when compared with consump-
tion of standard eggs. Egg yolk is not only a source
of fatty acids, but also of carotenoids and immuno-
globulins. The xanthophyll carotenoids zeaxanthin
and its stereoisomer lutein are readily absorbed from
egg yolk. Their consumption is associated with a
decreased incidence of macular degeneration and
cataract. Immunizing hens to specific pathogens
and extracting the antibodies present in their egg
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yolks yields a functional food that has been shown
to prevent enteric bacterial or viral infection in
experimental animals.

Bovine colostrum, the milk produced by cows
during the first few days postpartum, has a long
history of use as a functional food. Compared to
mature milk, colostrum contains higher amounts
of immunoglobulins, growth factors, cytokines,
and various antimicrobial and immune-regulating
factors. Consumption of bovine colostrum has
been shown to reduce the incidence of diarrheal
disease in infants and the symptoms of respiratory
infection in adults. Specific hyperimmune bovine
colostrums, produced by immunizing cows to
pathogenic organisms like Cryptosporidium par-
vum, Helicobacter pylori, rotavirus, and Shigella
spp., may prevent or treat infection by these
organisms.

Human studies have also shown that consumption
of bovine colostrum can improve anaerobic athletic
performance and prevent the enteropathy induced
by use of nonsteroidal anti-inflammatory drugs.

Mushrooms play a major role in traditional
Chinese medicine and as components of contempor-
ary Chinese health foods. Many Basidiomycetes
mushrooms contain biologically active polysacchar-
ides in fruiting bodies, cultured mycelium, or culture
broth. Most belong to the group of beta-glucans that
have both beta-(1!3) and beta-(1!6) linkages.
Although they stimulate macrophages and natural
killer cells, the anticancer effect of mushroom
polysaccharide extracts appears to be mediated by
thymus-derived lymphocytes. In experimental ani-
mals, mushroom polysaccharides prevent oncogen-
esis, show direct antitumor activity against various
cancers, and prevent tumor metastasis. Clinical trials
in humans have shown improvement in clinical out-
come when chemotherapy was combined with the
use of commercial mushroom polysaccharides like
lentinan (from Lentinus edodes or shiitake), krestin
(from Coriolus versicolor), or schizophyllan (from
Schizophyllum commune). Mushroom extracts may
fulfill their potential more as medicines than as
functional foods.

Designer Foods

An important direction in the development of func-
tional foods is the combination of numerous ingre-
dients to achieve a specific set of goals, rather than
efforts to uncover the potential benefits of a single
food source. Infant formula was probably the first
area for designer foods of this type, because of the
profound influence of nutrients on the developing
brain and immune system. The addition of DHA to

infant formula for enhancing brain and visual devel-
opment, the alteration of allergenic components in
food, and the possible use of probiotics and nucleo-
tides to enhance immune response are important
developments in this area.

Sports nutrition is another established arena for
designer foods. Specific nutritional measures and
dietary interventions have been devised to support
athletic performance and recuperation. Oral rehy-
dration products for athletes were one of the first
categories of functional foods for which scientific
evidence of benefit was obtained. Oral rehydration
solutions must permit rapid gastric emptying and
enteral absorption, improved fluid retention, and
thermal regulation, to enhance physical performance
and delay fatigue. Carbohydrates with relatively
high glycemic index combined with whey protein
concentrates or other sources of branched chain
amino acids have been shown to enhance recovery
of athletes. Caffeine, creatine, ribose, citrulline,
L-carnitine, and branched chain amino acids have
each been shown to improve exercise performance
or diminish postexercise fatigue. Whether combina-
tions of these ingredients, blended into foods or
beverages, will perform better than the individual
ingredients will help to determine the design of
future sports foods.

Optimal cardiovascular health involves prevention
of excessive levels of oxidant stress, circulating
homocysteine, cholesterol, triglycerides and fibrino-
gen, and protection of the vascular endothelium. A
mix of ingredients supplying all of these effects
could consist of soy protein powder, oat beta-glu-
can, plant sterols and stanols, folic acid, L-arginine,
22:6n-3, magnesium, and red wine or green tea
polyphenols. Evidence suggests that addressing
multiple nutritional influences on cardiovascular
health will be more beneficial than addressing only
one influence, but more definitive studies are
needed. Genetic factors may need to be incorporated
for designer foods to achieve their full potential.
Polyunsaturated fatty acids, for example, raise the
serum concentration of HDL-cholesterol among
individuals who carry the Apo A1-75A gene poly-
morphism, but reduce HDL-cholesterol levels of
individuals who carry the more common Apo
A1-75G polymorphism.

See also: Carotenoids: Chemistry, Sources and
Physiology; Epidemiology of Health Effects. Dietary
Fiber: Physiological Effects and Effects on Absorption.
Fatty Acids: Omega-3 Polyunsaturated. Microbiota of
the Intestine: Probiotics. Phytochemicals:
Classification and Occurrence; Epidemiological Factors.
Sports Nutrition.
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Iodine deficiency is discussed as a risk factor for the
growth and development of up to 2.2million people
living in iodine-deficient environments in 130 coun-
tries throughout the world. The effects of iodine
deficiency on growth and development, called the
iodine deficiency disorders (IDD), comprise goiter
(enlarged thyroid gland), stillbirths and miscar-
riages, neonatal and juvenile thyroid deficiency,
dwarfism, mental defects, deaf mutism, and spastic
weakness and paralysis, as well as lesser degrees of
loss of physical and mental function.

Iodine deficiency is now accepted by the World
Health Organization as the most common preventa-
ble cause of brain damage in the world today.

Since 1990, a major international health program
to eliminate iodine deficiency has developed that
uses iodized salt. The progress of this program and
the continuing challenge are discussed as a great
opportunity for the elimination of a noninfectious
disease, which is quantitatively a greater scourge
than the infectious diseases of smallpox and polio.

History

The first records of goiter and cretinism date back to
ancient civilizations, the Chinese and Hindu cultures
and then to Greece and Rome. In the Middle Ages,
goitrous cretins appeared in the pictorial art, often as
angels or demons. The first detailed descriptions of
these subjects occurred in the Renaissance. The paint-
ings of the madonnas in Italy so commonly showed

goiter that the condition must have been regarded as
virtually normal. In the seventeenth and eighteenth
centuries, scientific studies multiplied and the first
recorded mention of the word ‘cretin’ appeared in
Diderot’s Encyclopédie in 1754. The nineteenth cen-
tury marked the beginning of serious attempts to
control the problem; however, not until the latter
half of the twentieth century was the necessary
knowledge for effective prevention acquired.

Mass prophylaxis of goiter with iodized salt was
first introduced in Switzerland and in Michigan in
the United States. In Switzerland, the widespread
occurrence of a severe form of mental deficiency
and deaf mutism (endemic cretinism) was a heavy
charge on public funds. However, following the
introduction of iodized salt, goiter incidence
declined rapidly and cretins were no longer born.
Goiter also disappeared from army recruits.

A further major development was the administra-
tion of injections of iodized oil to correct iodine
deficiency in Papua New Guinea for people living
in inaccessible mountain villages. These long-lasting
injections corrected iodine deficiency and prevented
goiter for 3–5 years, depending on the dosage.

Subsequently, the prevention of cretinism and
stillbirths was demonstrated by the administration
of iodized oil before pregnancy in a controlled trial
in the Highlands of Papua New Guinea. This proved
the causal role of iodine deficiency.

To further establish the relation between iodine
deficiency and fetal brain development, an animal
model was developed in the pregnant sheep given an
iodine-deficient diet. Subsequently, similar models
were developed in the primate marmoset monkey
and in the rat.

Studies with animal models confirmed the effect
of iodine deficiency on fetal brain development (as
already indicated by the results of the field trial with



iodized oil in Papua New Guinea). The combination
of the controlled human trials and the results of the
studies in animal models clearly indicated that pre-
vention was possible by correction of the iodine
deficiency before pregnancy.

This work led Hetzel to propose the concept of
the IDD resulting from all the effects of iodine defi-
ciency on growth and development, particularly
brain development, in an exposed population that
can be prevented by correction of the iodine defi-
ciency. Iodine deficiency is now recognized by the
World Health Organization (WHO) as the most
common form of preventable mental defect.

Although the major prevalence of iodine defi-
ciency is in developing countries, the problem con-
tinues to be very significant in many European
countries (France, Italy, Germany, Greece, Poland,
Romania, Spain, and Turkey) because of the threat
to brain development in the fetus and young infant.

Ecology of Iodine Deficiency

There is a cycle of iodine in nature. Most of the
iodine resides in the ocean. It was present during
the primordial development of the earth, but large
amounts were leached from the surface soil by gla-
ciation, snow, or rain and were carried by wind,
rivers, and floods into the sea. Iodine occurs in the
deeper layers of the soil and is found in oil well and
natural gas effluents, which are now a major source
for the production of iodine.

The better known areas that are leached are the
mountainous areas of the world. The most severely
deficient soils are those of the European Alps, the
Himalayas, the Andes, and the vast mountains of
China. However, iodine deficiency is likely to
occur to some extent in all elevated regions subject
to glaciation and higher rainfall, with runoff into
rivers. It has become clear that iodine deficiency
also occurs in flooded river valleys, such as the
Ganges in India, the Mekong in Vietnam, and the
great river valleys of China.

Iodine occurs in soil and the sea as iodide. Iodide
ions are oxidized by sunlight to elemental iodine,
which is volatile so that every year approximately
400,000 tons of iodine escapes from the surface of
the sea. The concentration of iodide in the seawater
is approximately 50–60 mg/l, and in the air it is
approximately 0.7 mg/m3. The iodine in the atmo-
sphere is returned to the soil by rain, which has a
concentration of 1.8–8.5 mg/l. In this way, the cycle
is completed (Figure 1).

However, the return of iodine is slow and the
amount is small compared to the original loss of
iodine, and subsequent repeated flooding ensures the

continuity of iodine deficiency in the soil. Hence, no
natural correction can take place and iodine defi-
ciency persists in the soil indefinitely. All crops
grown in these soils will be iodine deficient. The
iodine content of plants grown in iodine-deficient
soils may be as low as 10mg/kg compared to 1mg/kg
dry weight in plants in a non-iodine-deficient soil.

As a result, human and animal populations that
are totally dependent on food grown in such soil
become iodine deficient. This accounts for the
occurrence of severe iodine deficiency in vast popu-
lations in Asia that live within systems of subsistence
agriculture in flooded river valleys (India, Bangladesh,
Burma, Vietnam, and China).

Iodine Deficiency Disorders

The effects of iodine deficiency on the growth and
development of a population that can be prevented
by correction of iodine deficiency, denoted by the
term IDD, are evident at all stages, including parti-
cularly the fetus, the neonate, and in infancy, which
are periods of rapid brain growth. The term goiter
has been used for many years to describe the
enlarged thyroid gland caused by iodine deficiency
(Figure 2). Goiter is indeed the obvious and familiar
feature of iodine deficiency, but knowledge of the
effects of iodine deficiency on brain development
has greatly expanded in the past 30 years so that
the term IDD was introduced to refer to all the
effects of iodine deficiency on growth and develop-
ment, particularly brain development, in a

Figure 1 The iodine cycle in nature. The atmosphere absorbs

iodine from the sea, which then returns through rain and snow to

mountainous regions. It is then carried by rivers to the lower hills

and plains, eventually returning to the sea. High rainfall, snow,

and flooding increase the loss of soil iodine, which has often

been already denuded by past glaciation. This causes the low

iodine content of food for man and animals. (Reproduced from

Hetzel BS (1989) The Story of Iodine Deficiency: An international

Challenge in Nutrition. Oxford: Oxford University Press.)
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population that can be prevented by correction of
the deficiency (Table 1).

The following sections discuss in detail the IDD at
various stages of life: the fetus, the neonate, the
child and adolescent, and the adult (Table 1).

The Fetus

Iodine deficiency of the fetus is the result of iodine
deficiency in the mother (Figure 2). The condition is
associated with a greater incidence of stillbirths,
abortions, and congenital abnormalities, which can
be prevented by iodization.

Another major effect of fetal iodine deficiency is
the condition of endemic cretinism, which is quite
distinct from the condition of sporadic cretinism or
congenital hypothyroidism due to a small or absent
thyroid gland.

Endemic cretinism-associated with an iodine
intake of less than 25 mg per day, in contrast to a
normal intake of 100–150 mg per day, has been
widely prevalent, affecting up to 10% of popula-
tions living in severely iodine-deficient regions in
India, Indonesia, and China. In its most common
form, it is characterized by mental deficiency, deaf
mutism, and spastic diplegia (Figure 3). This form of
cretinism is referred to as the nervous or

Figure 2 A mother and child from a New Guinea village who

are severely iodine deficient. The mother has a large goiter and

the child is also affected. The larger the goiter, the more likely it

is that she will have a cretin child. This can be prevented by

eliminating the iodine deficiency before the onset of pregnancy.

(Reproduced from Hetzel BS and Pandav CS (eds.) (1996) SOS

for a Billion: The Conquest of Iodine Deficiency Disorders,

2nd edn. Oxford: Oxford University Press.)

Table 1 Spectrum of Iodine Deficiency Disorders

Fetus Abortions

Stillbirths

Congenital anomalies

Neurological cretinism

Mental deficiency, deaf mutism, spastic

diplegia, squint

Hypothyroid cretinism

Mental deficiency, dwarfism,

hypothyroidism

Psychomotor defects

Neonate Increased perinatal mortality

Neonatal hypothyroidism

Retarded mental and physical

development

Child and

adolescent

Increased infant mortality

Retarded mental and physical

development

Adult Goiter with its complications

Iodine-induced hyperthyroidism

All ages Goiter

Hypothyroidism

Impaired mental function

Increased susceptibility to nuclear radiation

Reproduced with permission from Oxford University Press and

the World Health Organization, WHO/UNICEF/ICCIDD (2001).

Figure 3 A mother with her four sons, three of whom (ages 31,

29, and 28years) are cretins born before iodized salt was

introduced, and the fourth is normal (age 14years), born after

iodized salt became available in Chengde, China. (Reproduced

from Hetzel BS and Pandav CS (eds.) (1996) SOS for a Billion:

The Conquest of Iodine Deficiency Disorders, 2nd edn. Oxford:

Oxford University Press.)
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neurological type, in contrast to the less common
hypothyroid or myxedematous type characterized by
hypothyroidism with dwarfism (Figure 4).

In addition to Asia, cretinism also occurs in
Africa, (Zaire, now the Republic of the Congo),
South America in the Andean region (Ecuador,
Peru, Bolivia, and Argentina), and the more remote
areas of Europe. In all these areas, with the excep-
tion of the Congo, neurological features are predo-
minant. In the Congo, the hypothyroid form is more
common, probably due to the high intake of the root
vegetable cassava, which contains substances inhi-
biting the function of the thyroid gland.

However, there is considerable variation in the
clinical manifestations of neurological cretinism,
which include isolated deaf mutism and mental
defect of varying degrees. In China, the term creti-
noid is used to describe these individuals, who may
number 5–10 times those with overt cretinism.

The Neonate

Apart from the question of mortality, the impor-
tance of the state of thyroid function in the neonate
relates to the fact that at birth the brain of the
human infant has only reached approximately one-
third of its full size and continues to grow rapidly
until the end of the second year. The thyroid hor-
mone, dependent on an adequate supply of iodine, is
essential for normal brain development, as has been
confirmed by animal studies.

Data on iodine nutrition and neonatal thyroid func-
tion in Europe confirm the continuing presence of
severe iodine deficiency. This affects neonatal thyroid
function and hence represents a threat to early brain
development. These data have raised great concern
about iodine deficiency, which is also heightened by
awareness of the hazard of nuclear radiation with
carcinogenic effects following the Chernobyl disaster
in the former Soviet Union (Table 1).

These observations of neonatal hypothyroidism
indicate a much greater risk of mental defects in
iodine-deficient populations than is indicated by
the presence of cretinism. Apart from the developing
world, there has been a continuing major problem in
many European countries, such as Italy, Germany,
France, and Greece, and Romania, Bulgaria, and
Albania still have very severe iodine deficiency
with overt cretinism.

The Child

Iodine deficiency in children is characteristically
associated with goiter. The goiter rate increases
with age and reaches a maximum at adolescence.
Girls have a higher prevalence than boys. Goiter
rates in schoolchildren over the years provide a use-
ful indication of the presence of iodine deficiency in
a community.

In a review of 18 studies, a comparison was made
between IQ scores in iodine-deficient children and
carefully selected control groups. The iodine-
deficient group had a mean IQ that was 13.5 points
lower than that of the non-iodine-deficient control
group. Detailed individual studies demonstrating
these defects in Italian and Spanish schoolchildren
as well as those from Africa, China, Indonesia, and
Papua New Guinea have been published. There is a
serious problem in Europe as well as in many devel-
oping countries.

The Adult

Long-standing large goiter may require surgery to
reduce pressure in the neck. Long-standing goiter
may also be associated with iodine-induced
hyperthyroidism (IIH) due to an increase in iodine

Figure 4 A hypothyroid cretin from Sinjiang, China, who is

also deaf mute. This condition is completely preventable.

(Right) The barefoot doctor of her village. Both are approxi-

mately 35 years old. (Reproduced from Hetzel BS (1989)

The Story of Iodine Deficiency: An international Challenge in

Nutrition. Oxford: Oxford University Press.)
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intake. IIH is associated with nervousness, sweating,
and tremor, with loss of weight due to excessive
levels of circulating thyroid hormone. This condition
no longer occurs following correction of iodine defi-
ciency and therefore is within the spectrum of IDD.

In northern India, a high degree of apathy has
been noted in whole populations living in iodine-
deficient areas. This may even affect domestic ani-
mals such as dogs. It is apparent that reduced mental
function is widely prevalent in iodine-deficient com-
munities, with effects on their capacity for initiative
and decision making. This is due to the effect of
hypothyroidism on brain function. This condition
can be readily reversed by correction of the iodine
deficiency, unlike the effects on the fetus and in
infancy, so that villages can come to life.

Thus, iodine deficiency is a major block to the
human and social development of communities liv-
ing in an iodine-deficient environment. Correction
of the iodine deficiency is indicated as a major con-
tribution to economic development. An increase in
physical and mental energy leads to improved work
output, improved learning by children, and
improved quality of life. Improved livestock produc-
tivity (chickens, cattle, and sheep) is also a major
economic benefit.

Magnitude of the Problem

The number of cases of IDD throughout the world
was estimated by WHO in 1990 to be 1.6 billion,
including more than 200million cases with goiter
and more than 20million cases with some degree of
brain damage due to the effects of iodine deficiency
in pregnancy. Recent estimates of the population at
risk have been increased to 2.2 billion, with the
recognition that even mild iodine deficiency in the
mother has effects on the fetus. There are now
estimated to be 130 IDD-affected countries, includ-
ing the most populous: Bangladesh, Brazil, China,
India, Indonesia, and Nigeria. Therefore, there is a
global scourge of great magnitude, which provides
one of the major challenges in international health
today.

Correction of Iodine Deficiency

Iodized Salt

Since the successful introduction of iodized salt in
Switzerland and the United States in the 1920s, suc-
cessful programs have been reported from a number
of countries, including those in Central and South
America (e.g., Guatemala and Colombia) and Finland
and Taiwan. However, there has been great difficulty

in sustaining these programs in Central and South
America mainly due to political instability. Following
the breakup of the Soviet Union, iodine deficiency
recurred in the Central Asian republics.

The difficulties in the production and quality main-
tenance of iodized salt for the millions who are iodine
deficient, especially in Asia, were vividly demon-
strated in India, where there was a breakdown in
supply. These difficulties led to the adoption of uni-
versal salt iodization (USI) for India and subsequently
for many other countries. This policy includes legisla-
tion to provide for compulsory iodization of all salt
for human and animal consumption, and this legisla-
tion makes it illegal for noniodized salt to be available
for human or animal consumption.

In Asia, the cost of iodized salt production and
distribution is on the order of 3–5 cents per person
per year. This must be considered cheap in relation
to the social benefits that have already been
described.

However, there is still the problem of the iodine in
the salt actually reaching the iodine-deficient sub-
ject. There may be a problem with distribution or
preservation of the iodine content: It may be left
uncovered or exposed to heat. Thus, it should be
added after cooking to reduce the loss of iodine.

Potassium iodate is the preferred vehicle com-
pared to potassium iodide because of its greater
stability in the tropical environment. A dose of
20–40mg iodine as potassium iodate per kilo is
recommended to cover losses to ensure an adequate
household level. This assumes a salt intake of 10 g
per day; if the level is below this, then an appropri-
ate correction can readily be made by increasing the
concentration of potassium iodate.

Iodized Oil

Iodized oil by injection or by mouth is singularly
appropriate for isolated communities characteristic
of mountainous endemic goiter areas. The striking
regression of goiter following iodized oil administra-
tion, with improved well-being from correction of
hypothyroidism, ensures general acceptance of the
measure (Figure 5).

Iodized oil is more expensive than iodized salt but
is used especially for severe iodine deficiency in
remote areas. It provides instant correction of the
deficiency and the consequent prevention of brain
damage.

In a suitable area, the oil (1ml contains 480mg
iodine) should be administered to all females up to
the age of 40 years and all males up to the age of
20 years. A dose of 480mg will provide coverage for
1 year by mouth and for 2 years by injection.
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Iodized Milk

This is particularly important for infants receiving
formula milk as an alternative to breast-feeding. An
increase in levels from 5 to 10 mg/dl has been
recommended for full-term infants and 20 mg/dl
for premature infants. However, breast-fed infants
will be iodine deficient if the mother is iodine
deficient.

Iodized milk has been available in the United
States, the United Kingdom and Northern Europe,
Australia, and New Zealand as a result of the addi-
tion of iodophors as disinfectants by the dairy indus-
try. This has been a major factor in the elimination
of iodine deficiency in these countries. However,
in most countries of Southern Europe and Eastern
Europe, this has not occurred and the risk of iodine
deficiency continues. Recently, the use of iodophors
has been phased out, with a substantial decrease in
the level of urine iodine excretion. Recurrence of
iodine deficiency has been confirmed in Australia
and New Zealand.

The Role of the United Nations

In 1990 the United Nations Sub-Committee on Nutri-
tion recognized IDD as a major international public
health problem and adopted a global plan for the
elimination of IDD by the year 2000 proposed by the
International Council for Control of Iodine Deficiency
Disorders (ICCIDD) working in close collaboration
with UNICEF and WHO.

The ICCIDD, founded in 1986, is an independent
multidisciplinary expert group of more than 700
professionals in public health, medical, and

nutritional science, technologists, and planners
from more than 90 countries.

In 1990, the World Health Assembly and the
World Summit for Children both accepted the goal
of elimination of IDD as a public health problem by
the year 2000. These major meetings included gov-
ernment representatives, including heads of state at
the World Summit for Children, from 71 countries,
and an additional 88 countries signed the plan of
action for elimination of IDD as well as other major
problems in nutrition and health.

Since 1989, a series of joint WHO/UNICEF/ICCIDD
regional meetings have been held to assist countries
with their national programs for the elimination of
IDD. The impact of these meetings has been that
governments now better realize the importance of
iodine deficiency to the future potential of their people.

A dramatic example is provided by the govern-
ment of the People’s Republic of China. As is well-
known, China has a one child per family policy,
which means that an avoidable hazard such as
iodine deficiency should be eliminated. In China,
iodine deficiency is a threat to 40% of the popula-
tion due to the highly mountainous terrain and
flooded river valleys—in excess of 400million
people at risk. In recognition of this massive threat
to the Chinese people, in 1993 the government held
a national advocacy meeting in the Great Hall of
the People sponsored by the Chinese Premier, Li
Peng. The commitment of the government to the
elimination of iodine deficiency was emphasized by
Vice Premier Zhu Rongyi to the assembly of pro-
vincial delegations led by the provincial governors
and the representatives of international agencies.

In 1998, an international workshop was held in
Beijing by the Ministry of Health of China with the
ICCIDD. Dramatic progress was reported, as indi-
cated by a reduction in mean goiter rate (from 20 to
10%) with normal urine iodine levels. Severe iodine
deficiency has persisted in Tibet due to difficulty in
the implementation of salt iodization. In other pro-
vinces, excess iodine intake was noted in 10% of the
population. The need for continuation of monitoring
with urine iodine was emphasized at the meeting.
Tibet is now receiving special assistance with a pro-
gram supported by WHO, UNICEF, and the Aus-
tralian Aid Program (AusAID).

Elimination of Iodine Deficiency
Disorders at the Country Level

It is now recognized that an effective national pro-
gram for the elimination of IDD requires a multi-
sectoral approach as shown in Figure 6, which
provides a model in the form of a wheel.

Figure 5 Subsidence of goiter in a NewGuineawoman 3months

after the injection of iodized oil. This is accompanied by a feeling of

well-being due to a rise in the level of the thyroid hormone in the

blood. This makes the injections very popular. (Reproduced from

Hetzel BS (1989) The Story of Iodine Deficiency: An international

Challenge in Nutrition. Oxford: Oxford University Press.)
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This wheel model represents the continuous feed-
back process involved in the national IDD control
(elimination) program. All actors in the program
need to understand the whole social process. The
wheel must keep turning to maintain an effective
program.

The wheel model also shows the social process
involved in a national IDD control program. The
successful achievement of this process requires the
establishment of a national IDD control commis-
sion, with full political and legislative authority to
carry out the program.

The program consists of the following components:

1. Assessment of the situation requires baseline IDD
prevalence surveys, including measurement of urin-
ary iodine levels and ananalysis of the salt economy.

2. Dissemination of findings implies communication
to health professionals and the public so that there
is complete understanding of the IDD problem and
the potential benefits of elimination of the most
common preventable cause of brain damage.

3. Development of a plan of action includes the
establishment of an intersectoral task force on
IDD and the formulation of a strategy document
on achieving the elimination of IDD.

4. Achieving political will requires intensive educa-
tion and lobbying of politicians and other opi-
nion leaders.

5. Implementation requires the complete involve-
ment of the salt industry. Special measures, such
as negotiations for monitoring and quality con-
trol of imported iodized salt, will be required. It
will also be necessary to ensure that iodized salt
delivery systems reach all affected populations,

including the neediest. In addition, the establish-
ment of cooperatives for small producers, or
restructuring to larger units of production, may
be needed. Implementation will require training
in management, salt technology, laboratory
methods, and communication at all levels.
In addition, a community education campaign

is required to educate all age groups about the
effects of iodine deficiency, with particular
emphasis on the brain.

6. Monitoring and evaluation require the establish-
ment of an efficient system for the collection of
relevant scientific data on salt iodine content and
urinary iodine levels. This includes suitable
laboratory facilities.

Striking progress with USI has occurred, as indi-
cated by the WHO/UNICEF/ICCIDD report to the
1999 World Health Assembly. Data show that of
5 billion people living in countries with IDD, 68%
now have access to iodized salt. Of the 130 IDD-
affected countries, it was reported that 105 (81%)
had an intersectoral coordinating body and 98
(75%) had legislation in place.

Criteria for tracking progress toward the goal of
elimination of IDD have been agreed on by
ICCIDD, WHO, and UNICEF. These include salt
iodine (90% effectively iodized) and urine iodine in
the normal range (median excretion, 100–200mg/l).

The major challenge is not only the achievement
but also the sustainability of effective salt iodization.
In the past, a number of countries have achieved
effective salt iodization, but in the absence of mon-
itoring the program lapsed with recurrence of IDD.
To this end, ICCIDD, WHO, and UNICEF offer
help to governments with partnership evaluation to
assess progress toward the goal and also provide
help to overcome any bottlenecks obstructing
progress.

The Global Partnership

Since 1990, a remarkable informal global partner-
ship has come together composed of the people and
countries with an IDD problem, international agen-
cies (particularly UNICEF, WHO, and ICCIDD),
bilateral aid agencies (Australia (AusAID) and
Canada (CIDA)), the salt industry (including the
private sector), and Kiwanis International. Kiwanis
International is a world service club with 500,000
members throughout the world that has achieved a
fundraising target of $75million toward the elimi-
nation of IDD through UNICEF.

This partnership exists to support countries and
governments in their elimination of IDD.

Wheel model for IDD Elimination Program

Prevalence IDD
Urinary iodine
Salt iodine

Resource
allocation

Program
Education
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and public
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Salt economyFirstly
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Figure 6 Wheel model for the iodine deficiency disorders

(IDD) elimination program. The model shows the social process

involved in a national IDD control program. The successful

achievement of this process requires the establishment of a

national IDD control commission, with full political and legislative

authority to carry out the program. (Reproduced from Hetzel BS

(1989) The Story of Iodine Deficiency: An international

Challenge in Nutrition. Oxford: Oxford University Press.)
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Amore recent development is the establishment of the
Global Network for the Sustainable Elimination of
IodineDeficiency, in collaborationwith the salt industry.

The achievement of the global elimination of
iodine deficiency will be a great triumph in
international health in the field of noninfectious
disease, ranking with the eradication of the infec-
tious diseases smallpox and polio.

However, the goal of elimination is a continuing
challenge. Sustained political will at both the people
and the government level is necessary to bring the
benefits to the many millions who suffer the effects
of iodine deficiency.

Nomenclature

Endemic Occurrence of a disease confined to a community
Endemic Cretinism A state resulting from the loss of

function of the maternal thyroid gland due to iodine
deficiency during pregnancy characterised by mental
defect, deaf-mutism and spastic paralysis in its fully
developed form

Goiter An enlarged thyroid gland most commonly due to
iodine deficiency in the diet

Hypothyroidism The result of a lowered level of circu-
lating thyroid hormone causing loss of mental and
physical energy

Hyperthyroidism The result of excessive circulating thy-
roid hormone with nervousness, sweating, tremor, with
a rapid heart rate and loss of weight

ICCIDD International Council for Control of Iodine
Deficiency Disorders-an international non-government
organization made up of a network of 700 health
professionals from more than 90 countries available
to assist IDD elimination programs in affected
countries

IDD Iodine Deficiency Disorders referring to all the
effects of iodine deficiency in a population that can be
prevented by correction of the iodine deficiency

IIH Iodine Induced Hyperthyroidism-due to increase in
iodine intake following long standing iodine deficiency.
The condition is transient and no longer occurs follow-
ing correction of iodine deficiency

Iodization The general term covering fortification pro-
grams using various agents (iodide, iodate) or various
vehicles (salt, oil, bread and water)

Iodized Oil Iodine in poppy seed oil-lipiodol is exten-
sively used in radiology as a radio-contrast medium to
demonstrate holes (cavities) in the lung. Available both
by injection (lipiodol) and by mouth (oriodol) for the
instant correction of iodine deficiency

Iodized Salt Salt to which potassium iodate or potassium
iodide has been added at a recommended level of
20–40milligrams of iodine per kilogram of salt

Kiwanis International A World Service Group including
more than 10,000 clubs and over 500,000 members
based in the USA

Thyroid size Measured by ultrasound-a much more sen-
sitive and reproducible measurement than is possible by
palpation of the thyroid

Thyroxine Thyroid Hormone (T4) an amino acid which
includes four iodine atoms

Triiodothyronine A more rapidly active thyroid hor-
mone (T3) which includes 3 iodine atoms on the
amino acid molecule

UNICEF United Nations Children’s Fund
USI Universal Salt Iodization-iodization of all salt for

human and animal consumption which requires legisla-
tion and has been adopted by a number of countries

WHO World Health Organization-the expert group on
health within the UN System

See also: Iodine: Physiology, Dietary Sources and
Requirements. Supplementation: Role of Micronutrient
Supplementation.
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A relevant thing, though small, is of the highest
importance

MK Gandhi

Iodine is classified as a nonmetallic solid in the halo-
gen family of the Periodic Table of the elements and
therefore is related to fluorine, chlorine, and bromine.
The halogen family lies between the oxygen family
and the rare gases. Iodine sublimates at room tem-
perature to form a violet gas; its name is derived from
the Greek iodes, meaning ‘violet-colored.’ Iodine was
discovered by Bernard Courtois in Paris in 1811, the
second halogen (after chlorine) to be discovered. It
took nearly 100 years to understand its critical impor-
tance in human physiology. In 1896, Baumann deter-
mined the association of iodine with the thyroid
gland, and in 1914 Kendall, with revisions by
Harrington in 1926, described the hormone complexes
synthesized by the thyroid gland using iodine that are
so integral to human growth and development.

As the biochemistry of iodine and the thyroid was
being established, the scarcity of the element in the
natural environment became evident and the link
between deficiency and human disease was revealed.
Enlargement of the thyroid, or goitre, is seen in
ancient stone carvings and Renaissance paintings,
but it was not until years later that the link with
lack of iodine was firmly established. Even with
this knowledge, many years passed before preventive
measures were established. From 1910 to 1920 in
Switzerland and the USA work was done on the use
of salt fortified with iodine to eliminate iodine defi-
ciency, with classic work being done by Dr David
Marine in Michigan. Recently the linkage of iodine
deficiency with intellectual impairment has brought
iodine into the international spotlight.

Recent work has demonstrated that the halogens,
including iodine, are involved through the halo-perox-
idases in enzymatic activity and production of numer-
ous active metabolites in the human body. While the
importance of iodine for the thyroid has been known
for some time, recent research on halogen compounds
in living organisms suggests additional more complex
roles including antibiotic and anticancer activity. Yet it

is the critical importance of iodine in the formation of
the thyroid hormones thyroxine (T4) and triiodothyr-
onine (T3) that makes any discussion of this element
and human physiology of necessity bound up with a
review of thyroid function.

Existence of Iodine in the Natural
Environment

The marine hydrosphere has high concentrations of
halogens, with iodine being the least common and
chlorine the most. Halogens, including iodine, are
concentrated by various species of marine organisms
such as macroalgae and certain seaweeds. Release
from these organisms makes a major contribution
to the atmospheric concentration of the halogens.
Iodine is present as the least abundant halogen in
the Earth’s crust. It is likely that in primordial times
the concentration in surface soils was higher, but
today the iodine content of soils varies and most
has been leached out in areas of high rainfall or
by previous glaciation. Environmental degradation
caused by massive deforestation and soil erosion is
accelerating this process. This variability in soil and
water iodine concentration is quite marked, with
some valleys in China having relatively high iodine
concentrations in water, and other parts of China
with negligible amounts in soil and water. Table 1
shows the relative abundance of various halogens in
the natural environment, while Figure 1 illustrates
the cycle of iodine in nature.

Commercial production of iodine occurs almost
exclusively in Japan and Chile, with iodine extracted
from concentrated salt brine from underground
wells, seaweed, or from Chilean saltpetre deposits.

Absorption, Transport, and Storage

Iodine is usually ingested as an iodide or iodate com-
pound and is rapidly absorbed in the intestine. Iodine
entering the circulation is actively trapped by the
thyroid gland. This remarkable capacity to concen-
trate iodine is a reflection of the fact that the most

Table 1 Relative abundance of halogens in the natural

environment

Element Abundance in

oceans (ppm)

Abundance in

Earth’s crust

(ppm)

Abundance in

human body

(mol)

Fluorine 1.3 625 0.13

Chlorine 19400 130 2.7

Bromine 67 2.5 0.0033

Iodine 0.06 0.05 0.00013
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critical physiological role for iodine is the normal
functioning of the thyroid gland. Circulating iodide
enters the capillaries within the thyroid and is rapidly
transported into follicular cells and on into the lumen
of the follicle. This active transport is likely to be
based on cotransport of sodium and iodine, allowing
iodine to move against its electrochemical gradient.
Several anions, such as thiocyanate, perchlorate, and
pertechnetate, inhibit this active transport. There is
evidence that the active transport clearly demon-
strated in the thyroid gland is also true for extra-
thyroidal tissues, including the salivary glands,
mammary glands, and gastric mucosa.

In addition to trapping iodine, follicular cells also
synthesize the glycoprotein, thyroglobulin (Tg), from
carbohydrates and amino acids (including tyrosine)
obtained from the circulation. Thyroglobulin moves
into the lumen of the follicle where it becomes avail-
able for hormone production. Thyroid peroxidase
(TPO), a membrane-bound hem-containing glycopro-
tein, catalyzes the oxidation of the iodide to its
active form, I2, and the binding of this active
form to the tyrosine in thyroglobulin to form
mono- or diiodotyrosine (MIT or DIT). These in
turn combine to form the thyroid hormones tri-
iodothyronine (T3) and thyroxine (T4). Thyroglobulin
is very concentrated in the follicles through a pro-
cess of compaction, making the concentration of
iodine in the thyroid gland very high. Only a very
small proportion of the iodine remains as inorganic
iodide, although even for this unbound iodide
the concentration in the thyroid remains much

greater than that in the circulation. This remarkable
ability of the thyroid to concentrate and store iodine
allows the gland to be very rapidly responsive to
metabolic needs for thyroid hormones. Figure 2
shows the structures of the molecules tyrosine and
thyroxine.

Formation of thyroid hormones is not restricted to
humans. Marine algae have an ‘iodine pump’ that
facilitates concentration; invertebrates and all verte-
brates demonstrate similar mechanisms to concen-
trate iodine and form iodotyrosines of various types.
Although the function of these hormones in inverte-
brates is not clear, in vertebrates these iodine-
containing substances are important for a variety
of functions, such as metamorphosis in amphibians,
spawning changes in fish, and general translation of
genetic messages for protein synthesis.

Return to land
in rainwater:
0.0018–0.0085 mg l–1

Evaporation from oceans

Leaching from:
•  rain and flooding
•  deforestation
•  glaciation

Iodine in Earth’s crust: 0.05 ppm

Iodine in drinking water:
0.0001–0.1 mg l–1

Iodine in plants:
0.01–1 mg kg–1 Iodine in seafood:

0.3–3 mg kg–1

Iodine in ocean:
0.06 ppm

Figure 1 Cycle of iodine in nature.
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Metabolism and Excretion

Once iodine is ‘captured’ by the thyroid and thyroid
hormones formed in the lumen of the follicles, stim-
ulation of the gland causes release of the hormones
into the circulation for uptake by peripheral tissues.
Both production and release of the hormones are
regulated in two ways. Stimulation is hormonally
controlled by the hypothalamus of the brain through
thyroid releasing hormone (TRH) which stimulates
the pituitary gland to secrete thyroid stimulating
hormone (TSH), which in turn stimulates the thy-
roid to release T3 and T4. In addition to the regula-
tion of thyroid hormones by TSH, iodine itself plays
a major role in autoregulation. The rate of uptake of
iodine into the follicle, the ratio of T3 to T4, and the
release of these into the circulation, among other
things, are affected by the concentration of iodine
in the gland. Thus, an increase in iodine intake
causes a decrease in organification of iodine in the
follicles and does not necessarily result in a corre-
sponding increase in hormone release. Recent
research suggests that this autoregulation is not
entirely independent of TSH activity and that several
other factors may contribute. However, regardless
of the mechanism, these regulatory mechanisms
allow for stability in hormone secretion in spite of
wide variations in iodine intake.

When stimulated to release thyroid hormones,
thyroglobulin is degraded through the activity of
lysosomes and T3 and T4 are released and rapidly
enter the circulation. Iodide freed in this reaction is
for the most part recycled and the iodinated tyrosine
reused for hormone production. Nearly all of the
released hormones are rapidly bound to transport
hormones, with 70% bound to thyroxine binding
globulin (TBG). Other proteins, such as transthyre-
tin (TTR), albumin, and lipoproteins, bind most of
the remainder; with significant differences in the
strengths of the affinity for the hormones, these
proteins transport the hormones to different sites.

This remarkable ability of the thyroid to actively
trap and store the iodine required creates a relatively
steady state, with daily intake used to ensure
full stores. T4, with a longer half-life, serves as a
reservoir for conversion to the more active hormone,
T3, with a much shorter half-life of 1 day. Target
organs for thyroid hormone activity all play a role in
the complex interplay between conversion of T4 to
T3 deiodination, and metabolism of various other
proteins involved with thyroid function. The liver,
which is estimated to contain 30% of the extrathy-
roidal T4, is responsible, through the activity of the
liver cell enzyme, deiodinase, for ensuring adequate
supply of T3 to peripheral tissues and degradation

of metabolic by-products. The kidney demonstrates
a strong ability to take up the iodothyronines. Iodine
is ultimately excreted in the urine, with average
daily excretion rates of approximately 100 mg per
day. This accounts for the vast majority of iodine
excretion, with negligible amounts excreted in feces.
Figure 3 illustrates a thyroid follicle and summarizes
iodine transport.

Metabolic Functions

Separating the role of iodine from the complex and
pervasive function of the thyroid gland is difficult
since iodine is a critical component of the hormones
that mediate these functions, and whatever other
roles iodine may have are poorly understood. Thy-
roid hormones affect a wide range of physiological
functions, from liver and kidney to heart and brain.
Earlier work supported a role for thyroid hormones
in affecting the energy generating capacity of cells
through biochemical changes in mitochondria. More
recent work has shown, however, that these hor-
mones act on specific genetic receptors in cell nuclei,
and perhaps through other extranuclear mecha-
nisms. The nuclear receptors belong to a large family
of receptors that bind other extranuclear molecules
including vitamins A and D and steroids. Through
this interaction, along with a number of other pro-
teins, thyroid hormones modify genetic expression.
A great deal of research currently focuses on these
thyroid hormone receptors, and the effect primarily
of T3 on the physiological function of the target
organ through genetic transcription. These receptors
are present in pituitary, liver, heart, kidney, and
brain cells.

In the pituitary gland, thyroid hormones, along
with many cofactors, regulate the synthesis and
secretion of growth hormone by increasing gene
transcription. Similarly, as part of the feedback
loop for hormone regulation and release, thyroid
hormones affect transcription of TSH in the pitu-
itary. In cardiac and skeletal muscle, thyroid hor-
mones affect production of the muscle tissue
myosin in a variety of ways, depending on the
stage of life and specific muscle tissue affected. In
addition, the hormones affect muscle contraction
through genetic alteration of calcium uptake within
the cell. Carbohydrate metabolism and formation
of certain fats (lipogenesis) are affected through
hormone-induced changes in gene transcription in
liver cells.

In the adult brain, receptors have been identified,
but the specific genes affected by thyroid hormones
have not yet been located. However, in the develop-
ing brain of the fetus and neonate, the effects of
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thyroid hormones are significant even though the
exact mechanisms are still not fully understood.
The effects of thyroid hormones on brain develop-
ment are suggested by failure in development of the
nerve elements, failure of differentiation of cerebel-
lar cells, and reduced development of other brain
cells, in hypothyroid states. It is this early effect
that has recently elevated the status of iodine from
an element whose deficiency caused goitre to one
whose deficiency is the leading cause of mental
impairment worldwide.

In addition to these nuclear mechanisms, several
alternative pathways have been suggested, some
based on earlier historical studies. The thermogenic
effects of thyroid hormones were originally felt to be
a direct action on mitochondria, though this has
recently been questioned. Thyroid hormones stimu-
late glucose transport, and again though originally
attributed to a direct action on the plasma mem-
brane, recent evidence suggests a genetic mechanism.
There may also be a direct effect of thyroid hor-
mones on brain enzymatic activity.

The overall effect of these cellular and systemic
actions is to stimulate respiratory and other enzyme
synthesis, which results in increased oxygen con-
sumption and resultant increased basal metabolic
rate. This affects heart rate, respiratory rate, mobi-
lization of carbohydrates, cholesterol metabolism,
and a wide variety of other physiological activities.
In addition, thyroid hormones stimulate growth and
development and, as noted earlier, are critical for
the normal proliferation, growth, and development
of brain cells. Table 2 shows the estimated iodine
concentration in selected organs.

Iodine Deficiency and Excess

Iodine Deficiency

Iodine deficiency is the most common cause of
preventable mental retardation in the world. This
fact, along with the recognition that iodine defi-
ciency is not limited to remote rural populations,
has stimulated agencies and governments to

Table 2 Estimated iodine concentrations in selected organs

Total body Thyroid gland Brain Liver Blood

15–20mg 8–12mg (for a

15–25g gland)

0.02mg g�1 (wet weight) 0.2mg g�1 (wet weight) 0.08–0.60mgdl�1 (plasma

inorganic iodide)

   In the follicle cells:

•  I– trapped from
   circulation and actively
   transported to lumen
•  Thyroglobulin
   synthesized from amino
   acids and moves into
   lumen

   In the follicle lumen:

•  I– bound to thyroglobulin
•  I– oxidized to l2
•  Tyrosine iodinated to form DIT
    and MIT
•  Coupling forms T3 and T4
•  Pinocytosis resorbes iodinated
    thyroglobulin

•  Proteolysis releases T3 and T4
•  MIT and DIT are deiodinated
•  T3 and T4 secreted
•  Iodine is recycled

Figure 3 Thyroid follicle (courtesy of Kiely Houston).
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mobilize resources to eliminate this problem. This
global effort, focusing primarily on iodization of
salt for human and animal consumption, is
slowly succeeding in eliminating a hidden set of
disorders that have plagued mankind for
centuries.

Unlike many nutritional deficiencies that are more
directly related to socioeconomic status, insufficient
intake of iodine is a geographical disease, related to
lack of iodine in the environment. Iodine originally
present in soil was subjected to leaching by snow
and rain, and while a portion of the iodine in the
oceans evaporates and is returned to the soil in rain-
water, this amount is small. Thus, many areas have
insufficient iodine in the environment, and this is
reflected in plants grown in that environment. The
diets in many developing countries are limited in
variability and contain few processed foods. This
places large populations at risk of iodine deficiency.
The World Health Organization (WHO) estimates
that at least 1572million people are at risk in 118
countries, with 43million affected by ‘some degree
of mental impairment.’

In the most simplistic physiological model, inade-
quate intake of iodine results in a reduction in thy-
roid hormone production, which stimulates
increased TSH production. TSH acts directly on
thyroid cells, and without the ability to increase
hormone production, the gland becomes hyperplas-
tic. In addition, iodine trapping becomes more effi-
cient, as demonstrated by increased radioactive
iodine uptake in deficient individuals. However,
this simplistic model is complicated by complex
adaptive mechanisms which vary depending on the
age of the individual affected. In adults with mild
deficiency, reduced intake causes a decrease in
extrathyroidal iodine and reduced clearance,
demonstrated by decreased urinary iodine excretion,
but iodine concentration in the gland may remain
within normal limits. With further reduction in
intake, this adaptive mechanism is overwhelmed,
and the iodine content of the thyroid decreases
with alterations in iodination of thyroglobulin, in
the ratio of DIT to MIT, and reduction in efficient
thyroid hormone production. The ability to adapt
appears to decrease with decreasing age, and in
children the iodine pool in the thyroid is smaller,
and the dynamics of iodine metabolism and periph-
eral use more rapid. In neonates, the effects of
iodine deficiency are more directly reflected in
increased TSH. Diminished thyroid iodine content
and increased turnover make neonates the most
vulnerable to the effects of iodine deficiency and
decreased hormone production, even with mild
deficiency.

A number of other factors influence iodine balance.
Active transport of iodide is competitively inhibited
by several compounds, including complex ions such
as perchlorate, and by thiocyanate, a metabolic pro-
duct of several foods. Other compounds, such as
propylthiouracil, affect coupling reactions and iodi-
nation, doing so regardless of iodine intake, e.g.,
without blocking iodide transport. Several pharma-
ceuticals affect peripheral hormone action. Dietary
goitrogens, as these compounds have been called,
include cassava, lima beans, sweet potatoes, cabbage,
and broccoli; these contain cyanide compounds that
are detoxified to thiocyanate, which may inhibit
iodide transport. Cabbage and turnips, and other
plants of the genus Brassica, also contain thionamide
compounds which block iodination. Certain indus-
trial waste products, such as resorcinol from coal
processing, contain phenols that cause irreversible
inhibition of TPO and block iodination. In some
countries the staple diet includes such goitrogens,
and iodine deficiency may be exacerbated, as has
been well documented for cassava. While this may
be a significant problem in some geographical areas,
in most instances adequate dietary iodine can reverse
the goitrogenic effect.

The most important clinical effect of deficiency
relates to the fact that thyroid hormone is required
for the normal development of the brain in both
humans and other animals. Numerous studies have
demonstrated reduced psychomotor skills and intel-
lectual development in the presence of iodine defi-
ciency, and most experts now believe that there is
a continuum of deficits, from mild impairment in
IQ to severe mental retardation. Studies in China
demonstrated shifts in IQ point distributions in
rural communities that were deficient, suggesting
an impact of deficiency of 10–15 IQ points. In
Europe, where mild deficiency still exists, studies
have demonstrated decreased psychomotor, percep-
tual integrative motor ability as well as lower verbal
IQ scores in schoolchildren. Studies in Iran showed
similar findings. A recent meta-analysis of 18 studies
demonstrated a strong relationship, with an overall
13.5 IQ point difference between deficient and non
deficient populations. These findings, coupled with
the high prevalence of deficiency in many countries,
have major implications for development.

The most severe effect of iodine deficiency is cre-
tinism, which is rare in areas of mildly endemic
deficiency but may have reached 5–10% or more
in areas with severe deficiency. There are general
classifications of cretinism, the symptoms of which
frequently overlap. Neurological cretinism presents
as extreme mental retardation, deaf-mutism, and
impaired motor function including spastic gait.

IODINE/Physiology, Dietary Sources and Requirements 239



Myxoedematous cretinism presents as disturbances
of growth and development including short stature,
coarse facial features, retarded sexual development,
mental retardation, and other signs of hypothyroid-
ism. It appears likely that severe deficiency resulting
in decreased maternal T4 may be responsible for the
impaired neurological development of the fetus
occurring early in pregnancy. The effect of defi-
ciency on the fetus after 20weeks’ gestation may
result in hyperstimulation of the developing fetal
thyroid, with the extreme manifestation being thy-
roid failure causing myxoedematous cretinism. Other
factors may affect thyroid hormone metabolism.
Selenium deficiency, when present with iodine
deficiency, may alter the clinical manifestations.
Selenium deficiency decreases the activity of the
enzyme, glutathione peroxidase (GPX), which,
along with thyroid hormone synthesis, reduces
hydrogen peroxide (H2O2). Combined with iodine
deficiency and reduced hormone synthesis, it has
been speculated that selenium deficiency may con-
tribute to accumulation of H2O2 which may in turn
lead to cell damage and contribute to thyroid fail-
ure. Selenium is also essential for the deiodinase
enzyme activity affecting thyroid hormone catabo-
lism, and deficiency may actually increase serum
thyroxine. The balance between these two effects is
still not fully understood. The study of cretinism has
been critical to the evolution of our understanding
of the critical role of iodine for normal mental
development.

Iodine deficiency has a number of other effects,
including development of goitre, clinical or sub-
clinical hypothyroidism, decreased fertility rates,
increased stillbirth and spontaneous abortion rates,
and increased perinatal and infant mortality. This
spectrum of clinical effects, collectively called
‘iodine deficiency disorders,’ underlines the impor-
tance of iodine in human health.

The most effective method to eliminate iodine
deficiency in populations is through iodization of
salt. The most classic success of salt iodization was
demonstrated in Switzerland. Salt is universally con-
sumed, and in most countries the amount consumed
is relatively constant between 5 and 10 g per person
per day. Iodine is usually added as iodide or iodate
(which is more stable) to achieve 25–50 ppm iodine
at consumption. This provides about 150–250 mg of
iodine per person per day.

The challenge for national iodine deficiency elim-
ination programs is to mobilize the various sectors
that must be involved in a sustainable national
program, including education, industry, health, and
the political arena. There must be an appropriate
regulatory environment, effective demand creation,

adequate production to make iodized salt available,
and quality assurance of both the product and all
program elements to ensure that the program is
sustained forever. Success in these efforts has the
potential to have a greater impact on development
than any public health program to date.

Iodine Excess

Iodine is used in many medications, food preserva-
tives, and antiseptics with minimal adverse effects
on populations. Pure iodine crystals are toxic, and
ingestion can cause severe stomach irritation. Iodine
is allergenic, and acute reactions to radiographic
contrast media are not rare. Yet because of the
thyroid’s unique ability to regulate the body’s iodine
pool, quite a wide range in intake is tolerated with-
out serious effects, particularly when the exposure is
of limited duration.

When ingestion of iodine is in excess of the
daily requirement of approximately 150 mg per day,
changes in thyroid hormones can occur. A variety
of clinical problems can occur, and these differ
depending on the dose, the presence of thyroid
disease, and whether the individual has been defi-
cient in the past. In iodine-replete individuals
without thyroid disease, goitre can result, and
rarely, hypothyroidism, although the latter is
more common in individuals with other illnesses
such as lung disease or cystic fibrosis. The rela-
tionship of iodine excess to other diseases such as
Hashimoto’s thyroiditis remains controversial. In
the US iodine levels were quite high from 1960 to
1980, with estimates for adult males as high as
827 mg per day. There was no immediate evidence
of an impact on thyroid disease, although longer
term longitudinal data are lacking. Effects usually
remain subtle and transient, even with ingestion of
up to 1500–4500 mg per day.

In the presence of thyroid disease, and in areas
with endemic iodine deficiency, suddenly raising
daily iodine intake may precipitate hyperthyroid-
ism, and this has been the subject of some concern
as salt iodization efforts proceed with fledgling
quality assurance. This effect is felt to be related
in part to autonomous nodules in the gland that
synthesize and release excess thyroid hormone.
The exact prevalence of iodine-induced hyperthyr-
oidism in deficient areas is not clear. Many coun-
tries initiating salt iodization programs have
reported increases in the incidence of toxic nodu-
lar goitre and iodine-induced thyrotoxicosis,
usually in older people. While this may be a sig-
nificant clinical problem, the risk is estimated to
be between 0.01 and 0.06% and must be
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considered in the light of the benefit from correc-
tion of deficiency.

Assessment of Iodine Status

A standard set of indicators of iodine status has been
established by the WHO in response to the need
to determine prevalence in countries with endemic
deficiency. These indicators reflect iodine status as
mediated through the response of the thyroid gland
to fluctuations in iodine intake. There are several
additional indicators that are used to assess thyroid
function, such as T4 and T3, but these are less accu-
rate in reflecting iodine status since conversion of T4

to T3 and cellular uptake is so responsive to periph-
eral need.

Urinary iodine reflects iodine sufficiency, and out-
put decreases with diminished intake. Since this indi-
cator reflects the amount of iodine per unit volume
of urine, its accuracy is impaired by variable fluid
intake and factors affecting the concentration of the
urine. Therefore, as a measure of iodine status in an
individual, it is less accurate than as a measure of
iodine status of a population. Median urinary iodine
values are used extensively to assess population pre-
valence of iodine deficiency.

Thyroid size, either estimated by palpation or using
ultrasound volume determination, reflects iodine sta-
tus since deficiency results in thyroid enlargement, or
goitre. Due to the relative ease of palpation, that
measure has been a traditional standard to assess
populations for iodine deficiency and has been parti-
cularly useful in schoolchildren. In adults, where
long-standing thyroid enlargement from iodine defi-
ciency may be minimally responsive to corrected
iodine intake, palpation may be misleading and
could overestimate the current level of iodine suffi-
ciency. In children, palpation becomes increasingly
difficult and significantly less accurate when defi-
ciency is mild. Ultrasound volume determination pro-
vides a more accurate estimate of thyroid size. For
any measure of thyroid size, other factors besides
iodine deficiency can cause enlargement, including
iodine excess, carcinoma, and infection. In areas of
the world where deficiency is a problem, the preva-
lence of these other diseases compared with goitre
from iodine deficiency is negligible.

TSH is produced in response to decreased iodine
intake and diminished thyroid hormone production
and is used as a measure of iodine status. TSH is
best measured in neonates—in the developed world
for surveillance against congenital hypothyroidism,
and in endemic countries to estimate the magnitude
of iodine deficiency. Neonatal TSH has been a use-
ful advocacy tool to demonstrate to policy makers

that iodine deficiency is not limited to rural remote
populations but affects children born in big city
hospitals. However, with the complexity of the
interactions between TSH and other hormones,
TSH has not been shown to be as useful in older
children or adults in estimating prevalence of iodine
deficiency. Also, use of iodine containing antiseptics
affects TSH distributions in neonates.

Uptake of radioactive iodine isotopes can be used
to scan the gland, and determine the affinity of the
gland to introduced iodine, and is a measure of
deficiency. The most common isotope used is 123I
because of its relatively short 13-h half-life and
� photon emission. Uptake is increased in iodine
deficiency. Isotopes can also be used to examine
the organification of iodine in the formation of thy-
roid hormones. This is an impractical method for
surveying populations. Table 3 provides the WHO
criteria for defining iodine deficiency as a public
health problem.

Requirements and Dietary Sources

The daily requirement for iodine in humans has been
estimated based on daily losses, iodine balance, and
turnover, with most studies ranging from 40 to
200 mg per day, depending on age and metabolic
needs, as shown in Table 4.

Table 3 WHO criteria for iodine deficiency as a public health

problem in populations

Indicator Population

assessed

Mild

deficiency

(%)

Severe

deficiency

(%)

Goitre by palpation Schoolchildren 5–19.9 �30

Thyroid volume by

ultrasound

(>97th percentile)

Schoolchildren 5–19.9 �30

Median urinary

iodine (mg l�1)

Schoolchildren 50–99 <20

TSH (>5mU l�1

whole blood)

Neonates 3–19.9 �40

Table 4 Recommended dietary intake

Age WHO

recommended

intake (�g per day)

US RDA 1989

(�gper day)

0–6months 40 40

6–12months 50 60 (at age 1 year)

1–10 years 70–120 60–120

11 years–adult 120–150 150

Pregnancy 175 175

Lactation 200 200
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Natural sources of iodine include seafood, sea-
weeds, and smaller amounts from crops grown on
soil with sufficient iodine, or from meat where live-
stock has grazed on such soil. The contribution of the
latter two is small, and in most countries other sources
are required. Iodine added to salt, as noted above, is
the primary source for many populations. Table 5
shows sample iodine content for various sources.

In the US and Britain, as well as in other devel-
oped countries, most dietary iodine comes from food
processing. Intake can vary, as illustrated in Table 6.
Iodophors used as antiseptics in the dairy and bak-
ing industries provide residual iodine in milk and
processed foods. In addition, iodine is present in
several vitamin and pharmaceutical preparations.

Iodine as a trace element in low concentrations in
most environments plays a critical role in the normal
growth and development of many species. In
humans, iodine is critical for brain development
and correction of global deficiencies is an unparal-
leled opportunity to improve the well-being of our
global community.

See also: Iodine: Deficiency Disorders.
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Table 6 Iodine intake from average US and British diets

Country Milk

(�g per day)

Grains

(�g per day)

Meat, fish, and

poultry

(�g per day)

US 534 152 103

Britain 92 31 36

Table 5 Sample iodine content for various sources

Water Cabbage Eggs Seafood Sugar Iodized salt

0.1–2mg l�1 in

endemic area

0–0.95mgg�1 4–10mg egg�1 300–3000mg kg�1 <1mg kg�1 in refined

sugar

20–50ppm (at household

level, depending on

climate, and currently

subject to review)

2–15mg l�1 in

nonendemic area

30mg kg�1 in unrefined

brown sugar
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Introduction

Lycopene, the most abundant pigment in ripe red
tomatoes and in a few other fruits, is one of the
major carotenoid pigments that is widely present in
the diet of the human population in the world
today. Figure 1 illustrates the chemical formula
of selected carotenoids that occur widely both in
human diets and in the noncellular fraction of
human blood in most regions of the world. Caro-
tenoids are yellow-to-red in color, with lycopene
being nearer the red end of the carotenoid series.
However, unlike the carotenes and cryptoxanthins,
it does not possess a beta-ionone ring structure at
either end of the molecule, and this precludes it
from becoming a precursor of vitamin A in humans
and animals. Nevertheless, it is readily transformed
from the all-trans form that is characteristic of
most plants and plant foods for animals and
humans, to a range of mono- and di-cis forms
within the animal’s body. In addition, oxidation
to epoxides and hydroxylated derivatives occurs,
although the control of these oxidation pathways
and the nature of their products are not yet well
understood or characterized.

In plant tissues, where it is synthesized, lycopene
is thought to help protect vulnerable photosyn-
thetic tissues from light- and oxygen-catalyzed
damage. Its role in humans and other animals,
which can only obtain the pigment from their
diet, is less well understood. Indeed it remains
unproven that there is an essential role for lycopene
in animal tissues. Nevertheless, considerable
research effort is currently being undertaken to
test hypotheses that are attempting to link human
dietary and tissue lycopene levels to the risk of
degenerative diseases, such as vascular diseases,
cancers, etc., especially in older people. As dis-
cussed in more detail below, this research is being

performed in a wide range of tissue culture and
animal model systems and human epidemiological
studies.

In this article, some key aspects of the chemical
and physical properties, the dietary sources, bio-
chemical status indices, and biological significance
of lycopene will be described.

Chemical and Physical Properties
of Lycopene; its Food Sources and
Enteral Absorption

Lycopene is the most commonly encountered of that
subgroup of the naturally occurring carotenoids that
have a straight-chain poly-isoprenoid molecule with-
out any terminal �-ionone ring structures (Figure 1).
The chain length and number of conjugated double
bonds determine the absorption spectrum, which
peaks at 472nm with a molar extinction coefficient,
"1% of 3450. It is one of the most nonpolar members
of the carotenoids, and in organic solution it is also
one of the most easily oxidized and thus is easily
destroyed, which necessitates the use of rigorous pre-
cautions against its oxidative destruction during its
extraction and analysis from plants, foods, animal
tissues, and body fluids. Currently, such analytical
determination is usually based on high-performance
liquid chromatography (HPLC), using either its char-
acteristic light absorption property, or its natural
fluorescence, or its redox character, for detection
and quantitation by absorbance or fluorometric or
electrochemical detection. Another characteristic
that greatly affects its stability and the problems of
its storage and analysis is the phenomenon of cis-
trans isomerization. Naturally occurring lycopene
in tomatoes, the major human food source of this
carotenoid, is nearly 100% all-trans (Figure 1),
but during the processing of food, and then during
the processes of absorption and accumulation in
animal tissues, there is a progressive increase in
the proportion of a variety of cis-forms. Most of
these cis-forms contain a single cis-bond (mono-
cis-lycopene), and the 5-, 9-, 13- and 15- mono-



cis-lycopenes account for more than 50% of the
total lycopene in human serum. Smaller quantities
of di-cis-lycopenes are normally also present. Cur-
iously, another food source of lycopene, red palm

oil, has a much higher natural proportion of the
cis-forms of the pigment. Isomerization is catalyzed
by low pH; therefore, stomach acid is believed to
be a major factor in the conversion of the all-trans-

All-trans lycopene

5-cis lycopene

All-trans β-carotene

All-trans α-carotene

HO

OH

Lutein

Figure 1 Structures of lycopene and certain other carotenoids found in human blood and tissues.
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lycopene ingested from tomatoes and their products
to a mixture of cis-forms in the digestive tract.
There is also evidence that further isomerization
occurs between the digestive tract and the portal
lymphatic lipid micelles. The cis-isomers differ from
the all-trans form in their absorption and intertissue
transportation properties, and also in their func-
tional characteristics; for instance, they are more
soluble in lipophilic solvents and structures and
are less likely to aggregate into crystalline forms.
However, these physicochemical differences and
their biological consequences have yet to be ade-
quately explored and described.

Of all the most common naturally occurring car-
otenoids, lycopene is by far the most efficient in
reacting with and quenching singlet oxygen, 1O2,
which is a non-free-radical excited and reactive
form of oxygen. This form of oxygen reacts rapidly
with lycopene to yield nonexcited triplet oxygen and
excited triplet lycopene. The latter then dissipates its
extra energy by solvent interactions, thus regenerat-
ing nonexcited lycopene and preserving its original
structure by recycling. However, another of its che-
mical interactions with molecular oxygen appears to
result in irreversible oxidation to yield one or more
cyclic epoxides, which then probably undergo ring-
opening. Nevertheless, there are many unresolved
questions about the nature and importance of the
many degradation and catabolic pathways that are
believed to result in the irreversible destruction of
lycopene both in vitro and in vivo.

Lycopene is an essential intermediate in the path-
way for synthesis of the �-ionone ring-containing
carotenoids such as �-carotene in plant tissues, and

in most plant tissues it is present in only minor
amounts. However, in a few, including tomato
fruit, watermelon, and red grapefruit, this conver-
sion to the �-ionone ring products by the enzyme
lycopene cyclase is hindered, so that the intermedi-
ate carotenoid forms, lycopene, phytoene and phy-
tofluene, accumulate instead.

In the US, tomato products provide more than
85% of the total quantity of lycopene consumed by
the human population. Mean lycopene intakes in the
US are considerably greater than they are in the UK,
where the mean daily intake is thought to be less than
one-third that in the US, while lycopene intakes in
Far Eastern countries such as China and Thailand
appear to be much lower still. Wild tomatoes origi-
nated in Central America and were introduced into
Europe following the opening up of the New World,
and were later introduced back into North America
from Europe. Because tomatoes are the major source
of dietary lycopene in many human populations,
some epidemiological studies have been designed on
the simplistic assumption that tomato consumption
can be used as a general proxy for lycopene consump-
tion, and that any disease associations with tomato
consumption can be attributed to the biological
effects of lycopene. However, tomatoes also contain
significant amounts of other carotenoids, vitamin C,
bioflavonoids such as naringenin, and phenolic acids
such as chlorogenic acid. Much of the existing epide-
miological evidence for possible beneficial effects of
lycopene (see below) cannot distinguish unequivo-
cally between the biological effects of lycopene and
those of the many other bioactive constituents present
in tomatoes.

The bioavailability of lycopene from raw toma-
toes is low, but it is greatly increased by cooking or
by commercial processing such as conversion to
soup, sauce, ketchup, etc., and its availability is
also increased by increasing the fat content of the
food. Interactions with other carotenoids are com-
plex and have only partly been studied, for instance
�-carotene in the same dish seems to increase the
absorption of lycopene, but large doses of �-caro-
tene given separately seem to decrease the lycopene
content of serum lipoproteins. The contribution of
several categories of tomato product to intakes in a
recent survey of older people in Britain is shown in
Table 2. The strength of the correlation between
dietary lycopene intake and blood (serum or plasma)
lycopene concentration varies greatly among studies
and clearly depends on many factors, one of which
is the degree of sophistication of the food table
values, since subtle differences in food sources and
meal composition affect its bioavailability very
considerably.

Table 1 Lycopene content of selected foods

Food category Content as

summarized

by Clinton (1998)

(mg per 100g

wet weight)

Fresh tomatoes 0.9–4.2

Canned tomatoes

Tomato sauce 6.2

Tomato paste 5–150

Tomato juice 5–12

Tomato ketchup 10–13

Tomato soup

Grapefruit 3.4

Guava 5.4

Papaya 2–5.3

Watermelon 2.3–7.2

Source: Clinton SK (1998) Lycopene: Chemistry, biology and

implication for human health and disease. Nutrition Reviews 56:

35–51.
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Tissue Contents and Kinetics of
Lycopene Turnover

Once absorbed, passively from lipid micelles by the
enterocyte, lycopene enters the portal lymphatics
and thence the liver, from which it enters the per-
ipheral bloodstream, mainly in association with the
�-lipoproteins, in which it is transported to the per-
ipheral tissues. Its half-life in plasma is of the order
of 12–33 days; longer than that of �-carotene, which
is less than 12 days. Clearly, many of these factors
are interdependent, and there is a need for further
clarification of the key independent determinants of
lycopene status, and whether plasma levels can pro-
vide an adequate picture of tissue and whole body
status.

Patients with alcoholic cirrhosis of the liver have
greatly reduced hepatic lycopene concentrations;
indeed, hepatic lycopene seems to offer a sensitive
index of hepatic health. Studies of organ concentra-
tions (Table 3), suggest a gradient from circulating
levels in plasma to different ones in specific tissues.
The different carotenoid ratios between organs (not
shown) also indicate selective transport and accumu-
lation. However, the mechanisms involved are
poorly understood. No lycopene is detectable in
the retina or lens of the eye, where lutein and zeax-
anthin are found; however, lycopene is present in
the ciliary body.

Functional Properties and Tissue Health

The capacity for quenching of singlet oxygen has been
mentioned above; the exceptionally high rate constant,
K= 3.1� 1010mol�1 s�1, renders it one of the most
efficient of known quenchers of this powerful oxidant.
In the plant, it probably protects chlorophyll,
which produces singlet oxygen as a by-product of
photosynthesis. In experiments with lymphoid cells,
lycopene provided better protection against singlet
oxygen damage than several other carotenoids tested.
In skin exposed to UV light, lycopene disappears much
more rapidly than �-carotene. Lycopene is also
able, in model systems, to inhibit the peroxidation of
polyunsaturated lipids and the oxidation of DNA
bases to products such as 8-hydroxydeoxyguanosine
(8-OHdG). It can react directly with hydrogen perox-
ide and nitrogen dioxide.

Several studies in cell culture have shown a reduction
in the formation of oxidation damage products such as
malondialdehyde, and have found less injury to cells
exposed to oxidants such as carbon tetrachloride, if
lycopene (or other carotenoids) are present.

Another characteristic of lycopene and other caro-
tenoids that may be relevant to inhibition of cancer
cell growth is the modulation of gap junction cell–cell
communication processes. In particular, carotenoids
including lycopene have been shown to enhance the
efficacy of the protein, connexin43, which helps to
ensure the maintenance of the differentiated state of
cells and to reduce the probability of unregulated cell
division, and which is deficient in many tumors. They
may also interact with and enhance the synthesis of

Table 3 Concentrations of lycopene reported in human tissues

Tissue Range of mean or median lycopene

concentrations (nmol per g wet weight)

Adrenal 1.9–21.6

Testis 4.3–21.4

Liver 0.6–5.7

Brain 2.5

Lung 0.2–0.6

Kidney 0.1–0.6

Stomach, colon 0.2–0.3

Breast, cervix 0.2–0.8

Skin 0.4

Adipose tissue 0.2–1.3

Prostate 0.1–0.6

Plasma 0.2–1.1

Values were gathered from 11 publications, all based on HPLC

analyses.

Table 2 Tomato products consumed by people aged 65 years

and over in Britain

Categories of tomatoes and

tomato products

Percentage of each category

consumed

Raw tomatoes 36.2

Processed tomatoes

Soups 8.8

Canned tomatoes 7.0

Grilled 5.4

Fried 3.2

Ketchup 0.4

Tomato-based products

Canned food 29.5

Pizza 2.3

Other 7.1

Total 99.9

Source: Re R, Mishra GD, Thane CW, and Bates CJ (2003)

Tomato consumption and plasma lycopene concentration in

people aged 65 years and over in a British National Survey.

European Journal of Clinical Nutrition 57: 1545–1554. Repro-

duced with permission from Nature Publishing Group.
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binding proteins that downregulate the receptor for
the growth-promoting hormone insulin-like growth
factor-1 (IGF-1).

In certain circumstances, lycopene can reduce
LDL-cholesterol levels, possibly by inhibiting
hydroxymethylglutaryl CoA reductase (HMGCoA
reductase), the rate-limiting enzyme for cholesterol
synthesis (see below). Lycopene was shown to have
modest hypocholesterolemic properties in one small
clinical trial.

Health, Research Models and
Epidemiological Evidence

Table 4 summarizes the various types of evidence
that have been used to test the hypothesis that
lycopene may have health-promoting or protective
properties in man. The ultimate proof of
efficacy, which would be long-term controlled
intervention studies with clinical diseases and or
mortality as the end points, are extremely difficult,
expensive, and time-consuming to obtain, and

cannot address all possible benefits in a single
intervention trial.

The two disease categories that have so far
received most attention for possible long-term
benefits of lycopene have been the amelioration of
cancers and of heart disease. Both benefits are plau-
sible in view of the physicochemical and biological
properties of lycopene outlined above, because both
categories of disease are characterized by tissue
damage, which is thought to be induced or exacer-
bated by reactive oxygen species in the environment
or those generated within the body.

Evidence for Possible Anticancer Protection by
Lycopene

Most of the indications with respect to cancer comes
from human studies linking tomato intake, total
estimated lycopene intake, and serum or plasma
lycopene concentrations to the subsequent develop-
ment of cancers (Table 5). There is a small amount
of evidence from experimental animal studies, for
instance, rat and mouse dimethylbenzanthracene-

Table 4 Types of evidence being sought, that a nutrient such as lycopene may protect against oxidation-induced or other disease

processes

1. Model in vitro systems, e.g., oxygen-derived free-radical trapping in pure chemical mixtures.

2. Tissue (cell and organ) cultures, e.g., reduction of optical opacity development in cultured eye lenses; reduced growth rates or

apoptosis in tumor cell cultures.

3. Animal studies demonstrating a reduction of oxidation-induced damage or disease with lycopene supplements or with lycopene-rich

foods such as tomatoes or tomato products.

4. Human observation studies using intermediate biochemical markers: e.g., inverse relationships between lycopene intakes or its

blood levels and biochemical markers, such as lipid or DNA oxidation products.

5. Studies using pathology-related intermediate markers, e.g., arterial thickening or reduced arterial elasticity; precancerous polyposis, etc.

6. Relationships (without intervention) between tomato intakes or estimated lycopene intakes or lycopene contents of serum, plasma,

or tissues (e.g., fat biopsies) and actual disease prevalence or incidence in human cross-sectional, case-control, or prospective

epidemiological studies.

7. Intervention studies: lycopene supplements producing a reduction in biochemical markers of oxidation damage or in functional

markers, or, eventually, in actual human disease incidence or progression.

Table 5 Summary evidence for possible lycopene protection against prostate cancer

No. of

studies

Locations Total no. of

participants

Types of trial Outcome conclusion

2 Greece, Canada 937 Case–control (intake of tomato or

lycopene, or blood level)

Significant association

7 USA, UK,

Canada,

New Zealand

3824 As above No significant association

3 USA 954 Prospective studies based on

dietary estimates

Significant association

1 Netherlands As above No association

3 USA 723 Prospective studies based on

serum or plasma lycopene

Inconclusive; one study found

a marginal (P=0.05) benefit

vs. aggressive cancer
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induced mammary tumor studies have supported the
hypothesis, as has a model of spontaneous mam-
mary tumor formation in one strain of mice, but
many of the animal models of tumor promotion
have been criticized as being too dissimilar from
the likely processes of spontaneous tumorigenesis
in humans.

Partly for historical reasons, there has been a
particular interest in prostate cancer (Table 5).
A large and early trial in the US (US Health Profes-
sionals Follow-up Study) reported an impressive
difference between groups with high and low
intakes of tomatoes and hence of lycopene for
subsequent prostate cancer development, which
was not shared with other carotenoids. Plausibility
was enhanced by the fact that although human
prostate lycopene concentrations are not especially
high on an absolute basis (Table 3), they are higher
than those of other carotenoids in this tissue. Sub-
sequent studies have had variable outcomes. A
small pilot study reported that tomato oleoresin
supplements given for a short period to prostate
cancer sufferers who were due for radical prosta-
tectomy resulted in smaller tumor size and other
apparent benefits, but this trial now needs to be
repeated on a larger scale.

Several studies have provided evidence for protec-
tion of certain regions of the digestive tract against
tumor occurrence or growth. Two studies, one in
Iran and another in Italy, found an inverse

relationship between esophageal cancer and tomato
consumption. Two Italian and one Japanese study
reported evidence for protection against gastric can-
cer, and two studies claimed a reduction in pancrea-
tic cancer. Results with others cancer have been
mixed and inconclusive.

Lycopene and Cardiovascular Disease

Table 6 summarizes the evidence. The European
Multicentre Euramic Study, which reported that
risk of developing myocardial infarct was inversely
related to lycopene intake, after appropriate adjust-
ment for other cardiovascular risk factors. Some
Scandinavian studies have subsequently supported
this claim; moreover, lycopene is capable of redu-
cing LDL-cholesterol levels, possibly by inhibiting
hydroxymethylglutaryl CoA reductase (HMGCoA
reductase), the rate-limiting enzyme for cholesterol
synthesis.

Other Disease-Related Investigations

In an organ culture model, some evidence for pro-
tection of rat lenses against induction of
cataractogenesis has been reported. There is good
reason to believe that carotenoids in general may
play a role in the protection of ocular tissues
against the damaging effects of UV light and of
reactive oxygen substances, whose exposure to
light carries some analogy with the known

Table 6 Summary evidence of association of relatively high serum or plasma lycopene with lowered risk of cardiovascular

disease (CVD)

Study Location Sex (total

participants)

Types of trial and

outcome measures

Outcome conclusion

Euramic Europe, multicenter M (1379) C-C, MI Significant association

with protectiona

ARIC USA MþF (462) C-C, IMT NS

Street USA MþF (369) NC-C, MI in smokers NS

Rotterdam Netherlands MþF (216) C-C, PC Significant association

with protection

Bruneck Italy MþF (392) CSþPFU, PC NS

Linkoping Sweden and M (210) CS, mortality from heart disease NS

–Vinus Lithuania

Kuopio (KHID) Finland M (725) PFU, acute coronary event

or stroke

Significant association

with protection

Kuopio (ASP) Finland MþF (520) IMT Males significant;

females not

significant.

aNo association with plasma �-carotene in this study.

C-C, case–control study; NC-C, nested case–control study; CS, cross-sectional study; PFU, prospective follow-up study;

MI, myocardial infarct; IMT, intima-media thickness estimate; PC, plaque count. NS, no significant evidence for

protection.Significance generally after appropriate adjustment for other known CVD risk factors.
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functions of carotenoids in plant tissues. A possible
protective role in the ciliary body and iris has been
proposed, but not yet tested.

Conclusions

Clearly lycopene possesses chemical and biological
properties, which make it a very attractive candi-
date for tissue protection and reduction of disease,
especially degenerative diseases. Lycopene probably
interacts more efficiently with one particular reac-
tive oxygen species, singlet oxygen, than any other
commonly occurring nutrient. It appears to share
with several other carotenoids the capacity to
reduce lipid peroxidation and DNA oxidative
damage, and to enhance cell–cell gap junction com-
munication and to protect normal IGF-1 function.
It may reduce cholesterol formation and its tissue
accumulation in some circumstances. Studies
related to cancers and cardiovascular disease are
ongoing and are attracting increased research
interest.

See also: Antioxidants: Diet and Antioxidant Defense;
Observational Studies; Intervention Studies. Ascorbic
Acid: Physiology, Dietary Sources and Requirements.
Carotenoids: Chemistry, Sources and Physiology;
Epidemiology of Health Effects. Vitamin A: Biochemistry
and Physiological Role; Deficiency and Interventions.
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Magnesium (Mg), the second intracellular cation after
sodium, is a essential mineral. It is a critical cofactor in
more than 300 enzymatic reactions. It may be required
for substrate formation (Mg-ATP) and enzyme activa-
tion. It is critical for a great number of cellular func-
tions, including oxidative phosphorylation, glycolysis,
DNA transcription, and protein synthesis. It is
involved in ion currents and membrane stabilization.
Mg deficiency may be implicated in various metabolic
disorders, including cardiovascular diseases, immune
dysfunction and free radical damage.

Magnesium Metabolism

Distribution of Mg within the Body

The normal adult body contains approximately 25 g
of Mg, with more than 60% in bone tissue
(Table 1). Only a fraction of bone Mg (at the
surface of the bone crystal) is exchangeable with
extracellular Mg. The muscle contains 25% of
total body Mg, and extracellular Mg accounts for
only 1%. Plasma Mg is approximately 0.8mmol/l,
half of which is ionised and active in physiological
reactions half bound to proteins or complexed to
anions. In cells, Mg is associated with various
structures, such as the nucleus and intracellular
organelles, and free Mg accounts for 1–5% of total
cellular Mg. Intracellular free Mg is maintained at a
relatively constant level, even if extracellular Mg
level varies. This phenomenon is due to the limited
permeability of the plasma membrane to Mg and the
existence of specific Mg transport systems that reg-
ulate the rates at which Mg is taken up by cells or
extruded from cells. Mechanisms by which Mg is
taken up by cells have not been completely
elucidated, and Mg efflux particularly requires the
antiport Naþ/Mg2þ. Various hormonal and

pharmacological factors influence Mg transport,
and it can be assumed that recent developments in
molecular genetics will lead to the identification of
proteins implicated in Mg transport.

Intestinal Absorption

Net Mg absorption results from dietary Mg
absorption and Mg secretion into the intestinal
tract via bile and gastric and pancreatic juice.
In healthy adults, 30–50% of dietary Mg is absorbed.
The secreted Mg is efficiently reabsorbed and endo-
genous fecal losses are only 20–50mg/day. Mg
absorption occurs along the entire intestinal tract,
but the distal small intestine (jejunum and ileum) is
the primary site. It is essentially a passive intercellu-
lar process by electrochemical gradient and solvent
drag. The active transport occurs only for extremely
low dietary Mg intake and its regulation is
unknown. Mg uptake in the brush border may be
mediated by a Mg/anion complex, and Mg
efflux across the basolateral membrane may involve
Naþ/Mg2þ antiport systems. A gene implicated in
Mg deficit in humans has been identified. It is
expressed in intestine and kidney and appears to
encode for a protein that combines Ca- and Mg-
permeable channel properties with protein kinase
activity. This gene may be implicated in Mg absorp-
tion. Because of the importance of the passive pro-
cess, the quantity of Mg in the digestive tract is the
major factor controlling the amount of Mg
absorbed.

The possibility of an adaptative increase in the
fraction of Mg absorbed as Mg intake is lowered is
controversial. In fact, experimental studies indicate
that fractional intestinal absorption of Mg is
directly proportional to dietary Mg intake. Because
only soluble Mg is absorbed, all the factors increas-
ing Mg solubility increase its absorption while for-
mation of insoluble complexes in the intestine may
decrease Mg absorption. Most well-controlled stu-
dies indicate that high calcium intake does not
affect intestinal Mg absorption in humans. In con-
trast, dietary phytate in excess impairs Mg



absorption by formation of insoluble complexes in
the intestinal tract. Negative effects of a high intake
of dietary fiber have often been reported, but these
actions have certainly been overestimated. In fact,
only the impact of purified fiber was considered,
but fiber-rich diets are a major source of Mg and
roles of the intestinal fermentation and the large
bowel in mineral absorption were neglected. It
was demonstrated in animal models that ferment-
able carbohydrates (oligosaccharides and resistant
starch) enhance Mg absorption in the large bowel
and that a similar effect exists in humans. Other
nutrients may influence Mg absorption but these
effects are important only at low dietary Mg
intake.

Urinary Excretion

Magnesium homeostasis is essentially regulated by
a process of filtration–reabsorption in the kidney.
Urinary Mg excretion increases when Mg intake is in
excess, whereas the kidney conservesMg in the case of
Mg deprivation. Usually, 1000mmol/24 h of Mg is
filtered and only 3mmol/24 h is excreted in urine.

A total of 10–15% of the filtered Mg is reabsorbed
in the proximal tubule by a passive process. The
majority of filtered Mg (65%) is reabsorbed in the
thick ascending loop of Henle. The reabsorption in
this segment is mediated by a paracellular mechanism
involving paracellin-1. It is also related to sodium
transport by a dependence on the transepithelial
potential generated by NaCl absorption. Thus, fac-
tors that impair NaCl reabsorption in the thick

ascending loop of Henle, such as osmotic diuretics,
loop diuretics, and extracellular fluid volume expan-
sion, increase Mg excretion. At least 10–15% of the
filtered Mg is reabsorbed in the distal tubule. The
reabsorption occurs via an active transcellular
mechanism and is under the control of special diva-
lent cation-sensing receptors. Thus, elevated plasma
Mg concentrations inhibit reabsorption of Mg from
the distal tubule, leading to an increased magnesuria.
Other active transport may also exist since some hor-
mones (parathyroid hormone, glucagon, calcitonin,
and insulin) may increase Mg reabsorption. Other
factors may also influence Mg reabsorption, such as
hypercalciuria or hypophosphatemia, which inhibit
the tubular reabsorption of Mg. Metabolic alkalosis
leads to renal Mg conservation, whereas metabolic
acidosis is associated with urinary Mg wasting. Thus,
the chronic low-grade metabolic acidosis in humans
eating Western diets may contribute to decreased Mg
status.

Dietary Sources of Magnesium

Mg is present in all foods, but the Mg content
varies substantially (Table 2). Cereals and nuts
have high Mg content. Vegetables are moderately
rich in Mg, and meat, eggs, and milk are poor in
Mg. A substantial amount of Mg may be lost dur-
ing food processing, and refined foods generally
have a low Mg content. In addition to Mg content,
it is important to consider the Mg density of food
(i.e., the quantity of Mg per unit of energy). Vege-
tables, legumes, and cereals thus contribute effi-
ciently to daily Mg intake, whereas fat- and/or
sugar-rich products have a minor contribution.
Some water can also be a substantial source of
Mg, but it depends on the area from which the
water derives.

Table 1 Magnesium in human tissues

% distribution Concentration

Bone 60–65 0.5% of bone ash

Muscle 27 6–10mmol/kg wet weight

Other cells 6–7 6–10mmol/kg wet weight

Extracellular <1

Erythrocytes 2.5mmol/l

Serum 0.7–1.1mol/l

Free 55

Complexed 13

Bound 32

Mononuclear

blood cells

2.3–3.5 fmol/cell

Cerebrospinal

fluid

1.25mmol/l

Free 55

Complexed 45

Sweat 0.3mmol/l (in hot environment)

Secretions 0.3–0.7mmol/l

From Molecular Aspects of Medicine, vol. 24, Vormann J:

Magnesium: nutrition and metabolism, pp. 27–37, Copyright

2003, with permission from Elsevier.

Table 2 Mg density of foods

Food Magnesium density (mg/MJ)

Vegetables (lettuce, broccoli) 211

Legumes (bean) 113

Whole cereal (wheat) 104

Nuts (almond) 105

Fruits (apple) 30

Fish (cod) 75

Meat (roast beef) 40

Whole milk 38

Cheese (camembert) 15

Eggs 18

Dessert

Biscuit 10

Chocolate 52

From Répertoire Général des Aliments (1996).
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Requirements

Assessment of Mg Status

Several potential markers for estimating daily Mg
requirement have been suggested. Plasma Mg concen-
tration is the most commonly usedmarker to assessMg
status. In healthy populations, the plasma Mg value is
0.86mmol/l and the reference value is
0.75–0.96mmol/l. A low plasma Mg value reflects
Mg depletion, but a normal plasma Mg level may
coexist with low intracellular Mg. Thus, despite its
interest, plasmaMg is not a good marker of Mg status.

Ion-specific electrodes have become available for
determining ionized Mg in plasma, and this measure-
ment may be a better marker of Mg status than total
plasma Mg. However, further investigation is neces-
sary to achieve a standardized procedure and to vali-
date its use as an appropriate marker of Mg status.

Erythrocyte Mg level is also commonly used to
assess Mg status, and the normal value is
2.06–2.54mmol/l. However, erythrocyte Mg level
is under genetic control, and numerous studies
have shown no correlation between erythrocyte Mg
and other tissue Mg.

The total Mg content of white blood cells has been
proposed to be an index of Mg status. However, lym-
phocytes, polymorphonuclear blood cells, and platelets
may have protective mechanisms against intracellular
Mg deficiency, and the determination of total Mg con-
tent in leukocytes and platelets to assess Mg status is of
questionable usefulness.

Mg excretion determination is helpful for the
diagnosis of Mg deficit when there is an hypomag-
nesemia. In healthy populations, the urinary Mg
value is 4.32mmol/day and the reference value is
1.3–8.2mmol/day. In the presence of hypomagne-
semia, normal or high urinary Mg excretion is
suggestive of renal wasting. On the contrary, Mg
urinary excretion lower than normal values is
convincing evidence of Mg deficiency.

The parenteral loading test is probably the best
available marker for the diagnosis of Mg
deficiency. The Mg retention after parenteral admin-
istration of Mg seems to reflect the general intracel-
lular Mg content, and a Mg retention more than
20% of the administered Mg suggests Mg defi-
ciency. However, this test is not valid in the case
of abnormal urinary Mg excretion and is
contraindicated in renal failure.

Determination of exchangeable Mg pools using
Mg stable isotopes is an interesting approach to
evaluate Mg status. In fact, Mg exchangeable pool
sizes vary with dietary Mg in animals. However,
more studies are necessary to better appreciate the

relationship between Mg status and exchangeable
Mg pool size in humans.

Magnesium Deficit

Two types ofMg deficit must be differentiated. Dietary
Mg deficiency results from an insufficient intake ofMg.
Secondary Mg deficiency is related to dysregulation of
the control mechanisms of Mg metabolism.

Dietary Mg Deficiency

Severe Mg deficiency is very rare, whereas marginal
Mg deficiency is common in industrialized countries.
Low dietary Mg intake may result from a low
energy intake (reduction of energy output necessary
for physical activity and thermoregulation, and thus
of energy input) and/or from low Mg density of the
diet (i.e., refined and/or processed foods). Moreover,
in industrialized countries, diets are rich in animal
source foods and low in vegetable foods. This leads
to a dietary net acid load and thus a negative effect
on Mg balance. In fact, animal source foods provide
predominantly acid precursors (sulphur-containing
amino acids), whereas fruits and vegetables have
substantial amounts of base precursor (organic
acids plus potassium salts). Acidosis increases Mg
urinary excretion by decreasing Mg reabsorption
in the loop of Henle and the distal tubule, and
potassium depletion impairs Mg reabsorption. Mg
deficiency treatment simply requires oral nutritional
physiological Mg supplementation.

Secondary Mg Deficiency

Failure of the mechanisms that ensure Mg home-
ostasis, or endogenous or iatrogenic perturbing fac-
tors of Mg status, leads to secondary Mg deficit.
Secondary Mg deficiency requires a more or less
specific correction of its causal dysregulation.

Intestinal Mg absorption decreases in the case of
malabsorption syndromes, such as chronic diar-
rhoea, inflammatory enteropathy, intestinal resec-
tion, and biliary and intestinal fistulas.

Hypermagnesuria is encountered in the case of
metabolic and iatrogenic disorders, such as primary
and secondary hyperaldosteronism (extracellular
volume expansion), hypercalcemia (competition
Ca/Mg at the thick ascending loop of Henle), hyper-
parathyroidism, and phosphate or potassium
depletion. Hypermagnesuria may also result from
tubulopathy, as the selective defect of the Mg
tubular reabsorption (chromosome 11q23), Bartter’s
syndrome (thick ascending loop of Henle), or
Gitelman’s syndrome (distal convoluted tubule).

MAGNESIUM 253



Administration of medications can be a causal
factor in the development of secondary Mg
deficiency. Administration of diuretics is the main
cause of iatrogenic deficit because it decreases NaCl
reabsorption in the thick ascending loop of Henle
and thus increases the fractional excretion of Mg.

Causes of Mg Deficit

Complex relations exist between Mg and carbohy-
drate metabolism. Diabetes is frequently associated
with Mg deficit and insulin may play an important
role in the regulation of intracellular Mg content by
stimulating cellular Mg uptake. Hypomagnesemia is
the most common ionic abnormality in alcoholism
because of poor nutritional status and Mg malab-
sorption, alcoholic ketoacidosis, hypophosphatemia,
and hyperaldosteronism secondary to liver disease.

Stress can contribute to Mg deficit by stimulating
the production of hormones and thus increasing
urinary Mg excretion and by impairing neurohor-
monal mechanisms that spare Mg.

Consequences of Mg Deficit and Implications
in Various Metabolic Diseases

Mg deficit causes neuromuscular manifestations,
including positive Chvostek and Trousseau signs,
muscular fasciculations, tremor, tetany, nausea,
and vomiting. The pathogenesis of the neuromus-
cular irritability is complex, and it implicates
the central and peripheral nervous system, the
neuromuscular junction, and muscle cells.

Mg deficit perturbs Ca homeostasis and hypocal-
cemia is a common manifestation of severe Mg def-
icit. Impaired release of parathyroid hormone (PTH)
and skeletal end organ resistance to PTH appear to
be the major factors implicated, probably by a
decrease in adenylcyclase activity.

Perturbations in the action and/or metabolism of
vitamin D may also occur in Mg deficit. Because Mg
plays a key role in skeletal metabolism, Mg deficit
may be a possible risk factor for osteoporosis. How-
ever, epidemiologic studies relating Mg intake to
bone mass or rate of bone loss have been conflicting,
and further investigation is necessary to clarify the
role of Mg in bone metabolism and osteoporosis.

Hypokalemia is frequently encountered in Mg
deficit. This is due to an inhibition of Na,K-ATPase
activity that impairs K and Na transport in and out
of the cell and to stimulation of renin and aldoster-
one secretion that increases K urinary excretion.

There is increasing evidence that Mg deficiency
may be involved in the development of various
pathologies. Mg deficit is frequent in diabetes and

can be a factor in insulin resistance. It can modify
insulin sensitivity, probably by influencing intracel-
lular signaling and processing. Mg deficit has also
been implicated in the development or progression
of micro- and macroangiopathy and neuropathy.

Mg deficit appears to act as a cardiovascular risk
factor. Experimental, clinical, and epidemiological
evidence points to an important role of Mg in
blood pressure regulation. Mg deficit can lead to
cardiac arrhythmias and to increased sensitivity
to cardiac glucosides. Mg deficit may also play a
role in the development of atherosclerosis. In experi-
mental animal models, dietary Mg deficiency results
in dyslipidemia, increased sensitivity to oxidative
stress, and a marked proinflammatory effect, thus
accelerating atherogenosis. Macrophages and poly-
nuclear neutrophils are activated and synthesize a
variety of biological substances, some of which
are powerful inducers of inflammatory events
(cytokines, free radicals, and eicosanoids). The effect
of Mg depletion or Mg supplementation may result
in the ability of Mg to modulate intracellular
calcium. Pharmacological doses of Mg may reduce
morbidity and mortality in the period following
infarction. The beneficial effect of Mg may result
from calcium-antagonist action, decreased platelet
aggregation, and decreased free radical damage.

Magnesium Excess

Magnesium overload can occur in individuals
with impaired renal function or during massive
intravenous administration of Mg. It is most often
iatrogenic. Clinical symptoms such as drowsiness
and hyporeflexia develop when plasma Mg is 2- or
3-fold higher than the normal value.

Recommended Dietary Allowances

TheEstimatedAverageRequirement (EAR) is the nutri-
ent intake value that is estimated to meet the require-
ment of 50% of individuals in a life stage and a gender
group. Balance studies and data on stable isotopes sug-
gest an EAR of 5mg/kg/day formales and females. This
value is greater during growth in adolescents and is
estimated to be 5.3mg/kg/day. The Mg requirement is
also higher during pregnancy because of Mg transfer to
the fetus in the last 3months; therefore, an additional
35mg/day is recommended.

In infants, the determination of the Adequate
Intake (AI) is based on the Mg content of mother’s
milk and the progressive consumption of solid food.
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Thus, the AI is 30mg/day during the first 6months
of life and 75mg/day the second 6months of life.

The Recommended Dietary Allowance (RDA) is
the average daily dietary intake that is sufficient to
meet the nutrient requirement of 97.5% of individ-
uals and is set at 20% above the EAR þ2 CVs
where the CV is 10%. During recent years, dietary
reference intakes have been revised by the US Insti-
tute of Medicine. The recommended intakes of Mg
are given in Table 3. It is not known whether
decreased urinary Mg and increased maternal bone
resorption provide sufficient amounts of Mg to meet
increased needs during lactation. Thus, the French
Society for Nutrition suggests adding 30mg/day to
intake for lactation.

The intake of Mg has been determined in various
populations. Evidence suggests that the occidental
diet is relatively deficient in Mg, whereas the vege-
tarian diet is rich in Mg. For instance, the mean Mg
intake of the subjects in the French Supplementation
with Antioxidant Vitamins and Minerals Study was
estimated to be 369mg/day in men and 280mg/day
in women. Thus, 77% of women and 72% of men
had dietary Mg intakes lower than the RDA, and
23% of women and 18% of men consumed less
than two-thirds of the RDA.

Conclusion

Based on evidence of low Mg intake in industrial-
ized countries, intervention studies to improve Mg
status and to assess its impact on specific health
outcomes are required.

See also: Calcium. Vitamin D: Rickets and
Osteomalacia.
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Table 3 Recommended dietary allowances of Mg

Age RDA (mg/day) AI (mg/day)

Male Female Male Female

0–6months 30 30

6–12months 75 75

1–3 years 80 80

4–8 years 130 130

9–13 years 240 240

14–18years 410 360

19–30years 400 310

31–50years 420 320

51–70years 420 320

<70 years 420 320

Pregnancy þ40

Lactation þ0

From the Institute of Medicine (1997).
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The essentiality of manganese was established in 1931,
when it was demonstrated that a deficit of it resulted in
poor growth and impaired reproduction in rodents.
Manganese deficiency can be a practical problem in
the swine and poultry industries, and it may be a
problem in some human populations. Conversely,
manganese toxicity can be a significant human health
concern. Here, literature related to manganese nutri-
tion, metabolism, and metabolic function is reviewed.

Chemical and Physical Properties

Manganese is the 12th most abundant element in the
Earth’s crust and constitutes approximately 0.1% of
it. Chemical forms of manganese in their natural
deposits include oxides, sulfides, carbonates, and
silicates. Anthropogenic sources of manganese are
predominantly from the manufacturing of steel,
alloys, and iron products. Manganese is widely
used as an oxidizing agent, as a component of fertil-
izers and fungicides, and in dry cell batteries.
Methylcyclopentadienyl manganese tricarbonyl
(MMT) improves combustion in boilers and motors
and can substitute for lead in gasoline as an anti-
knock agent. Concentrations of manganese in
groundwater normally range between 1 and
100 mg l�1, with most values being below 10 mg l�1.
Typical airborne levels of manganese (in the absence
of excessive pollution) range from 10 to 70 ngm�3.

Manganese is a transition element located in
group VIIA of the periodic table. It occurs in 11
oxidation states ranging from �3 to þ7, with the
physiologically most important valences being þ2
and þ3. The þ2 valence is the predominant form
in biological systems and is the form that is thought
to be maximally absorbed. The þ3 valence is the
form in which manganese is primarily transported in
biological systems.

The solution chemistry of manganese is relatively
simple. The aquo-ion is resistant to oxidation in
acidic or neutral solutions. It does not begin to
hydrolyze until pH 10, and therefore free Mn2þ

can be present in neutral solutions at relatively
high concentrations. Divalent manganese is a 3d5

ion and typically forms high-spin complexes lacking

crystal field stabilization energies. The previous
properties, as well as a large ionic radius and small
charge-to-radius ratio, result in manganese tending
to form weak complexes compared with other first-
row divalent ions, such as Ni2þ and Cu2þ. Free
Mn2þ has a strong isotropic electron paramagnetic
resonance (EPR) signal that can be used to deter-
mine its concentration in the low micromolar range.
Mn3þ is also critical in biological systems. For
example, Mn3þ is the oxidative state of manganese
in superoxide dismutase, is the form in which trans-
ferrin binds manganese, and is probably the form of
manganese that interacts with Fe3þ. Given its smaller
ionic radius, the chelation of Mn3þ in biological
systems would be predicted to be more avid than
that of Mn2þ. Cycling between Mn3þ and Mn2þ has
been suggested to be deleterious to biological systems
because it can generate free radicals. However, at low
concentrations Mn2þ can provide protection against
free radicals, and it appears to be associated with
their clearance rather than their production.

Dietary Sources

Manganese concentrations in typical food products
range from 0.4 mg g�1 (meat, poultry, and fish) to
20 mg g�1 (nuts, cereals, and dried fruit). Breast milk
is exceptionally low in manganese, containing only
0.004 mg g�1, whereas infant formula can contain up
to 0.4 mg g�1. Teas can be particularly rich in man-
ganese, containing up to 900 mg g�1of the element.
An important consideration with respect to food
sources of manganese is the extent to which the
manganese is available for absorption. For example,
although tea contains high amounts of the element,
the tannin in tea can bind a significant amount of
manganese, reducing its absorption from the gastro-
intestinal tract. Similarly, the high content of phy-
tates and fiber constituents in cereal grains may limit
the absorption of manganese. Conversely, although
meat products contain low concentrations of man-
ganese, absorption and retention of manganese from
them is relatively high. Based on studies utilizing
whole body retention curves after dosing with
54Mn, the estimated percentage absorption of 1mg
of manganese from a test meal was 1.35%, whereas
that from green leafy vegetables (lettuce and spi-
nach) was closer to 5%. Absorption from wheat
and sunflower seed kernels was somewhat lower
than that from the leafy greens at 1 or 2%, presum-
ably due to a higher fiber content or to higher
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amounts of phytates and similar compounds in the
wheat and sunflower seeds. The dephytinization of
soy formula increased manganese absorption
2.3-fold from 0.7 to 1.6%.

Analysis

Although manganese is widely distributed in the
biosphere, it occurs in only trace amounts in animal
tissues. Serum concentrations can be as low as
20 nM and typical tissue concentrations are less
than 4 mmol g�1 wet weight; tissue concentrations
of 4–8 mmol g�1 wet weight are considered high.
Because of the high environmental levels of manga-
nese relative to its concentration in animal tissues,
considerable effort must be made to minimize con-
tamination of samples during their collection and
handling.

The most common analytical methods that can
sensitively measure manganese include neutron acti-
vation analysis, X-ray fluorescence, proton-induced
X-ray emission, inductively coupled plasma emis-
sion, EPR, and flameless atomic absorption spectro-
photometry (AAS). Currently, the most common
method employed is flameless AAS. All of these
methods, with the exception of EPR, measure the
total concentration of manganese in the samples.
EPR allows selective measurement of bound versus
free manganese.

Physiological Role

Tissue Concentrations

The average human body contains between 200 and
400 mmol of manganese, which is fairly uniform in
distribution throughout the body. There is relatively
little variation among species with regard to tissue
manganese concentrations. Manganese tends to be
highest in tissues rich in mitochondria; its concentra-
tion in mitochondria is higher than in cytoplasm or
other cell organelles. Hair can accumulate high con-
centrations of manganese, and it has been suggested
that hair manganese concentrations may reflect man-
ganese status. High concentrations of manganese are
normally found in pigmented structures, such as
retina, dark skin, and melanin granules. Bone, liver,
pancreas, and kidney tend to have higher concentra-
tions of manganese (20–50 nmol g�1) than do other
tissues. Concentrations of manganese in brain, heart,
lung, and muscle are typically <20 nmol g�1; blood
and serum concentrations are approximately 200 and
20 nmol l�1, respectively. Typical concentrations in
cow milk are on the order of 800 nmol l�1, whereas
human milk contains 80 nmol l�1. Bone can account

for up to 25% of total body manganese because of its
mass. Bone manganese concentrations can be raised
or lowered by substantially varying dietary manga-
nese intake over long periods of time, but bone
manganese is not thought to be a readily mobilizable
pool. The fetus does not accumulate liver manganese
before birth, and fetal concentrations are signifi-
cantly less than adult concentrations. This lack of
fetal storage can be attributed to the apparent lack
of storage proteins and the low prenatal expression
of most manganese enzymes.

Absorption, Transport, and Storage

Absorption of manganese is thought to occur
throughout the small intestine. Manganese absorp-
tion is not thought to be under homeostatic control.
For adult humans, manganese absorption has been
reported to range from 2 to 15% when 54Mn-labeled
test meals are used and to be 25% when balance
studies are conducted; given the technical problems
associated with balance studies, the 54Mn data are
probably more reflective of true absorption values.
Data from balance studies indicate that manganese
retention is very high during infancy, suggesting that
neonates may be particularly susceptible to manga-
nese toxicosis.

The higher retention of manganese in young ani-
mals relative to adults in part reflects an immaturity
of manganese excretory pathways, particularly that
of bile secretion, which is very limited in early life.
The avid retention of the small amount of manga-
nese from milk and the postnatal changes in its
excretory pattern underscore the considerable
changes in manganese metabolism that occur during
the neonatal period.

In experimental animals, high amounts of dietary
calcium, phosphorus, fiber, and phytate increase
the requirements for manganese; such interactions
presumably occur via the formation of insoluble
manganese complexes in the intestinal tract with a
concomitant decrease in the soluble fraction avail-
able for absorption. The significance of these dietary
factors with regard to human manganese require-
ments remains to be clarified. Studies in avian spe-
cies have demonstrated that high dietary phosphorus
intakes decrease manganese deposition in bone by
approximately 50%. Given that the diet of many
individuals may be marginal in manganese (
2mg
per day intake) while high in phosphorus (�2000mg
per day intake), this antagonism may have important
implications for human health. For example, the low
fractional absorption of manganese from soy for-
mula has been related to its relatively high phytate
content. The mechanism underlying this effect of soy
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protein on manganese absorption/retention has not
been fully delineated. However, dephytinization of
soy formula with microbial phytase can markedly
enhance manganese absorption.

An interaction between iron and manganese has
been demonstrated in experimental animals and
humans. Manganese absorption increases under con-
ditions of iron deficiency, whereas high amounts of
dietary iron can accelerate the development of man-
ganese deficiency. The chronic consumption of high
levels of iron supplements (>60mgFe per day) can
have a negative effect on manganese balance in adult
women. The mechanisms underlying the interactions
between iron and manganese have not been fully
elucidated; however, they likely involve competition
for either a transport site or a ligand. Both iron
and manganese can utilize divalent metal transporter
1 (DMT1); however, the expression of DMT1 is
regulated by iron status via the IRE/IRP system.
Thus, during iron deficiency, DMT1 is upregulated
causing an increase in manganese absorption. Rats
fed iron-deficient diets accumulate manganese in
several brain regions compared to rats fed control
diets; the involvement of DMT1 in this accumula-
tion of manganese is an area of active study. It
should be noted that the interaction between man-
ganese and iron can also affect the functions of
some enzymes. For example, manganese can replace
iron in the iron–sulfur center of cytosolic aconitase
(IRP-1), resulting in an inhibition of the enzyme and
an increase in iron regulatory protein (IRP) binding
activity. Given the central role of IRPs in cellular
iron metabolism, elevated cellular manganese con-
centration could in theory disrupt numerous transla-
tional events dependent on IRPs. That this in fact
occurs is illustrated by the observation that follow-
ing the addition of manganese to cells in culture,
there can be sharp reductions in ferritin protein
abundance, whereas there are increases in transfer-
rin receptor abundance. This results in changes in
intracellular iron metabolism, as reflected by
decreases in mitochondrial aconitase (m-aconitase)
abundance.

Manganese entering the portal blood from the
gastrointestinal tract may remain free or become
associated with �2-macroglobulin, which is subse-
quently taken up by the liver. A small fraction enters
the systemic circulation, where it may become oxi-
dized to Mn3þ and bound to transferrin. Studies in
vivo suggest that the Mn3þ complex forms very
quickly in blood, in contrast to the slow oxidation
of the Mn2þ–transferrin complex in vitro. Manga-
nese uptake by the liver has been reported to occur
by a unidirectional, saturable process with the prop-
erties of passive mediated transport. After entering

the liver, manganese enters one of at least five meta-
bolic pools. One pool represents manganese taken
up by the lysosomes, from which it is transferred
subsequently to the bile canaliculus. The regulation
of manganese is maintained in part through biliary
excretion of the element; up to 50% of manganese
injected intravenously can be recovered in the feces
within 24 h. A second pool of manganese is asso-
ciated with the mitochondria. Mitochondria have a
large capacity for manganese uptake, and the mito-
chondrial uptake and release of manganese and cal-
cium are thought to be related. A third pool of
manganese is found in the nuclear fraction of the
cell; the roles of nuclear manganese have not been
fully delineated, but one function may be to contri-
bute to the stability of nucleosome structure.
A fourth manganese pool is incorporated into
newly synthesized manganese proteins; biological
half-lives for these proteins have not been agreed
upon. The fifth identified intracellular pool of man-
ganese is free Mn2þ. Fluctuations in the free manga-
nese pool may be an important regulator of cellular
metabolic control in a manner analogous to those
for free Ca2þ and Mg2þ. Consistent with
this concept, in pancreatic islets manganese blocks
glucose-induced insulin release by altering cellular
calcium fluxes, and manganese directly augments
contractions in smooth muscle by a mechanism
comparable to that of calcium.

The mechanisms by which manganese is trans-
ported to, and taken up by, extrahepatic tissues
have not been identified. Transferrin is the major
manganese binding protein in plasma; however, it
is not known to what extent transferrin facilitates
the uptake of manganese by extrahepatic tissue. The
concentration of manganese citrate in blood can be
fairly high, and this complex may be important
for manganese movement across the blood–brain
barrier. DMT1 may be involved in manganese trans-
port because it is expressed in discrete areas of the
brain. Manganese uptake by extrahepatic tissue does
not seem to be increased under conditions of man-
ganese deficiency, suggesting that manganese, in
marked contrast to iron, does not play a role in the
induction (or suppression) of manganese transport
proteins.

There is limited information concerning the
hormonal regulation of manganese metabolism.
Fluxes in the concentrations of adrenal, pancreatic,
and pituitary–gonadal axis hormones affect tissue
manganese concentrations; however, it is not clear
to what extent hormone-induced changes in tissue
manganese concentrations are due to alterations in
cellular uptake of manganese-activated enzymes or
metalloenzymes.
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Metabolic Function and Essentiality

Manganese functions as a constituent of metallo-
enzymes and as an enzyme activator. Manganese-
containing enzymes include arginase (EC 3.5.3.1),
pyruvate carboxylase (EC 6.4.1.1), and manganese–
superoxide dismutase (MnSOD) (EC 1.15.1.1).
Arginase, the cytosolic enzyme responsible for
urea formation, contains 4mol Mn2þ per mole of
enzyme. Reductions in arginase activity resulting
from manganese deficiency result in elevated
plasma concentrations of ammonia and lowered
plasma concentrations of urea. Reductions in argi-
nase activity due to manganese deficiency may
affect flux of arginine through the nitric oxide
synthase (NOS) pathway, resulting in alterations
in NO production. It has been suggested that argi-
nase plays a regulatory role in NO production by
competing with NOS for the same substrate, argi-
nine. Rats fed manganese-deficient diets have
shown effects indicative of increased NO produc-
tion, such as increases in plasma and urinary
nitrates plus nitrites and decreased blood pressure;
however, neither NOS activity nor NO production
have been measured directly. In addition, manga-
nese binding by arginase is critical for the pH-
sensing function of this enzyme in the ornithine
cycle, suggesting that manganese plays a role in
the regulation of body pH. With experimental dia-
betes, liver and kidney manganese concentrations
and arginase activity can be markedly elevated.
This manganese effect on arginase has been suggested
to be due to an effect of Mn2þ on the conformational
properties of the enzyme with a resultant modifica-
tion of arginase activity. Whether this finding implies
an increased manganese requirement for people with
diabetes has not been determined.

Pyruvate carboxylase, the enzyme that catalyses
the first step of carbohydrate synthesis from pyru-
vate, also contains 4mol Mn2þ per mole enzyme.
Although the activity of this enzyme can be lower in
manganese-deficient animals than in controls, gluco-
neogenesis has not been shown to be markedly
inhibited in manganese-deficient animals.

MnSOD catalyzes the disproportionation of _O2
� to

H2O2 and _O2. The essential role of MnSOD in the
normal biological function of tissues has been clearly
demonstrated by the homozygous inactivation of the
SOD2 gene for MnSOD in mice. Mice with this
phenotype die within the first 10 days of life with a
dilated cardiomyopathy, accumulation of lipid in
liver and skeletal muscle, and metabolic acidosis.
The activity of MnSOD in tissues of manganese-defi-
cient rats can be significantly lower than in controls
due to downregulation of MnSOD at the

(pre)transcriptional level. That this reduction is func-
tionally significant is suggested by the observation of
higher than normal levels of hepatic mitochondrial
lipid peroxidation in manganese-deficient rats. Tissue
MnSOD activity can be increased by several diverse
stressors, including alcohol, ozone, irradiation, inter-
leukin-1, and tumor necrosis factor-�, presumably as
a consequence of stressor-associated increases in cel-
lular free radical (or oxidized target(s)) concentra-
tions. Stressor-induced increases in MnSOD activity
can be attenuated in manganese-deficient animals,
potentially increasing their sensitivity to these insults.
Transgenic mice have also been produced that over-
express MnSOD; a decreased severity of reperfusion
injury has been noted in these animals, further sup-
porting its physiological significance.

Considerable research is focused on the introduc-
tion of the human MnSOD gene into research
animals utilizing viral vectors or plasmid/liposome
delivery. This gene therapy has been shown to
decrease radiation-induced injury, extend pancreatic
islet transplant function, and slow the growth of
malignant tumors in animal models via overexpres-
sion of the MnSOD protein. Another field of
research that is rapidly advancing utilizes MnSOD
mimetics for treatment of a variety of diseases in
which the native SOD enzyme has been found to
be effective. These mimetics are small manganese-
containing synthetic molecules that have catalytic
activity equivalent or superior to the native enzyme.
They possess the additional beneficial properties of
being nonimmunogenic because they are nonpep-
tides, able to penetrate cells, selective for superoxide
(they do not interact with biologically important
molecules), stable in vivo, and not deactivated by
the destructive free radical peroxynitrite, which is
capable of deactivating native MnSOD via nitration
of tyrosine. These mimetic compounds have been
found to be protective in animal models of acute
and chronic inflammation, reperfusion injury,
shock, and radiation-induced injury. Both of these
therapies, MnSOD gene delivery and MnSOD
mimetics, hold promise for future treatments in
human chronic and acute conditions.

Finally, further evidence for the biological and
research relevance of MnSOD is that experiments
have been undertaken on the International Space
Station to improve three-dimensional growth of
MnSOD crystals in order to develop a better under-
standing of the role of structure in the reaction
mechanism of this enzyme.

In contrast to the relatively few manganese
metalloenzymes, there are a large number of man-
ganese-activated enzymes, including hydrolases,
kinases, decarboxylases, and transferases.
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Manganese activation of these enzymes can occur
as a direct consequence of the metal binding to the
protein, causing a subsequent conformation
change, or by binding to the substrate, such as
ATP. Many of these metal activations are nonspe-
cific in that other metal ions, particularly Mg2þ,
can replace Mn2þ. An exception is the manganese-
specific activation of glycosyltransferases. Several
manganese deficiency-induced pathologies have
been attributed to a low activity of this enzyme
class. A second example of an enzyme that may
be specifically activated by manganese is phosphoe-
nolpyruvate carboxykinase (PEPCK; EC 4.1.1.49),
the enzyme that catalyzes the conversion of oxaloa-
cetate to phosphoenolpyruvate, GDP, and CO2.
Although low activities of PEPCK can occur in
manganese-deficient animals, the functional signifi-
cance of this reduction is not clear.

A third example of a manganese-activated enzyme is
glutamine synthetase (EC 6.3.1.2). This enzyme, found
in high concentrations in the brain, catalyzes the reac-
tionNH3þ glutamateþATP! glutamineþADPþ Pi.
Brain glutamine synthetase activity can be normal even
in severely manganese-deficient animals, suggesting
that the enzyme either has a high priority for this ele-
ment or magnesium can act as a substitute when man-
ganese is lacking. It should be noted that this enzyme
can be inactivated by oxygen radicals; therefore, a
manganese deficiency-induced reduction in MnSOD
activity theoretically could act to depress further the
activity of glutamine synthetase.

Manganese Deficiency

Manganese deficiency has been demonstrated in sev-
eral species, including rats, mice, pigs, and cattle.
Signs of manganese deficiency include impaired
growth, skeletal abnormalities, impaired reproduc-
tive performance, ataxia, and defects in lipid and
carbohydrate metabolism.

The effects of manganese deficiency on bone
development have been studied extensively. In most
species, manganese deficiency can result in short-
ened and thickened limbs, curvature of the spine,
and swollen and enlarged joints. The basic biochem-
ical defect underlying the development of these bone
defects is a reduction in the activities of glycosyl-
transferases; these enzymes are necessary for the
synthesis of the chondroitin sulfate side chains of
proteoglycan molecules. In addition, manganese
deficiency in adult rats can result in an inhibition
of both osteoblast and osteoclast activity. This
observation is particularly noteworthy, given the
reports that women with osteoporosis tend to
have low blood manganese concentrations and that

the provision of manganese supplements might be
associated with an improvement in bone health in
postmenopausal women.

One of the most striking effects of manganese
deficiency occurs during pregnancy. When pregnant
animals (rats, mice, guinea pigs, and mink) are
deficient in manganese, their offspring exhibit a
congenital, irreversible ataxia characterized by
incoordination, lack of equilibrium, and retraction
of the head. This condition is the result of impaired
development of the otoliths, the calcified structures
in the inner ear responsible for normal body-righting
reflexes. The block in otolith development is second-
ary to depressed proteoglycan synthesis due to low
activity of manganese-requiring glycosyltransferases.

Defects in carbohydrate metabolism, in addition
to those described previously, have been shown in
manganese-deficient rats and guinea pigs. In the
guinea pig, perinatal manganese deficiency results in
pancreatic pathology, with animals exhibiting apla-
sia or marked hypoplasia of all cellular components.
Manganese-deficient guinea pigs and rats given a
glucose challenge often respond with a diabetic-type
glucose tolerance curve. In addition to its effect
on pancreatic tissue integrity, manganese deficiency
can directly impair pancreatic insulin synthesis and
secretion as well as enhance intracellular insulin
degradation. The mechanism(s) underlying the
effects of manganese deficiency on pancreatic insulin
metabolism have not been fully delineated, but they
are thought to be multifactorial. For example, the
flux of islet cell manganese from the cell surface to
an intracellular pool may be a critical signal for
insulin release. It is also known that insulin mRNA
levels are reduced in manganese-deficient animals,
which is consistent with their depressed insulin synthe-
sis. In addition, insulin sensitivity of adipose tissue is
reduced in manganese-deficient rats, a phenomenon
that may be related to fewer insulin receptors per
adipose cell. Manganese deficiency may also affect
glucose metabolism by means of a reduction in the
number of glucose transporters in adipose tissue by
an unidentified mechanism. Finally, the effect of
manganese deficiency on insulin production may also
be due to the destruction of pancreatic J3 cells. It is
worth noting that constitutive pancreatic MnSOD
activity is lower than in most tissues; this, coupled
with the observation that most diabetogenic agents
function via the production of free radicals with
subsequent tissue damage, suggests that an additional
mechanism underlying pancreatic dysfunction in
manganese-deficient animals may be free radical
mediated.

In addition to its effect on endocrine function,
manganese deficiency can affect pancreatic exocrine
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function. For example, manganese-deficient rats can
be characterized by an increase in pancreatic amy-
lase content. The mechanism underlying this effect
of manganese deficiency has not been delineated;
however, it is thought to involve a shift in amylase
synthesis or degradation because secretagogue-
stimulated acinar secretion is comparable in control
and manganese-deficient rats.

Although the majority of studies concerning the
influence of manganese deficiency on carbohydrate
metabolism have been conducted with experimental
animals, there is one report in the literature of an
insulin-resistant diabetic patient who responded to
oral doses of manganese (doses ranged from 5 to
10mg) with decreasing blood glucose concentrations.
Although this is an intriguing case report, others have
reported a lack of an effect of oral manganese supple-
ments (up to 30mg) in diabetic subjects, and low
blood manganese concentrations have not been
found to be a characteristic of diabetics.

Abnormal lipid metabolism is also characteristic
of manganese deficiency: Specifically, a lipotrophic
effect of manganese has been suggested in the litera-
ture. Severely manganese-deficient animals can be
characterized by high liver fat, hypocholesterolemia,
and low high-density lipoprotein (HDL) concentra-
tions. Deficient animals can also be characterized by
a shift to smaller plasma HDL particles, lower HDL
apolipoprotein (apoE) concentrations, and higher
apoC concentrations. As stated previously, tissue
lipid peroxidation rates can be increased in manga-
nese-deficient animals, possibly as a result of low
tissue MnSOD activity.

There is considerable debate as to the extent to
which manganese deficiency affects humans under
free-living conditions. Manganese deficiency can be
induced in humans under highly controlled experi-
mental conditions. In one study, manganese defi-
ciency was induced in adult male subjects by
feeding a manganese-deficient diet (0.1mgMnper
day) for 39 days. The subjects developed temporary
dermatitis, as well as increased serum calcium and
phosphorus concentrations and increased alkaline
phosphatase activity, suggestive of bone resorption.
Since the late 1980s, several diseases have been
reported to be characterized, in part, by low blood
manganese concentrations. These diseases include
epilepsy, Mseleni disease, maple syrup urine disease
and phenylketonuria, Down’s syndrome, osteoporo-
sis, and Perthes’ disease. The finding of low blood
manganese levels in subsets of individuals with the
previously mentioned diseases is significant since
blood manganese levels can reflect soft tissue man-
ganese concentrations. The reports of low blood
manganese concentrations in individuals with

epilepsy are particularly intriguing, given the obser-
vations that manganese-deficient animals can show
an increased susceptibility to drug and electroshock-
induced seizures and a genetic model for epilepsy in
rats (the GEPR rat) is characterized by low blood
manganese concentrations. It is evident that a defi-
ciency of manganese may contribute to the pathol-
ogy of epilepsy at multiple points, given that Mn2þ

is implicated in activation of glutamine synthetase, a
Mn2þ-specific brain ATPase; production of cyclic
AMP; altered synaptosomal uptake of noradrenalin
and serotonin; glutamate, GABA, and choline meta-
bolism; and biosynthesis of acetylcholine receptors.

Evidence of widespread manganese deficiency in
human populations is lacking. Typically, manganese
intakes approximate the 2001 US Institute of
Medicine’s suggested adequate intakes as follows:
3 mg/day for infants 0–6months old, 0.6mg/day
for infants 7–12months old, 1.2–1.9mg/day for
children 1–13 years old, 1.6–2.2mg/day for older
children, and 1.8–2.6mg/day for adults. The Toler-
able Upper Intake Level (UL) is the highest level of a
daily nutrient intake that is likely to pose no risk of
adverse health effects in almost all individuals. The
Institute of Medicine’s recommended intakes for
manganese set ULs at 2, 3, and 6mg/day for children
1–3, 4–8, and 9–13 years old, respectively. Values
were set at 9mg/day for adolescents 14–18 years old
and at 11mg/day for adults.

Manganese Toxicity

In domestic animals, the major reported lesion
associated with chronic manganese toxicity is iron
deficiency, resulting from an inhibitory effect of
manganese on iron absorption. Additional signs of
manganese toxicity in domestic animals include
depressed growth, depressed appetite, and altered
brain function.

In humans, manganese toxicity represents a serious
health hazard, resulting in severe pathologies of the
central nervous system. In its most severe form, the
toxicosis is manifested by a permanent crippling
neurological disorder of the extrapyramidal system,
which is similar to Parkinson’s disease. In its milder
form, the toxicity is expressed by hyperirritability,
violent acts, hallucinations, disturbances of libido,
and incoordination. The previous symptoms, once
established, can persist even after the manganese
body burden returns to normal. Although the major-
ity of reported cases of manganese toxicity occur in
individuals exposed to high concentrations of air-
borne manganese (>5mgm�3), subtle signs of man-
ganese toxicity, including delayed reaction time,
impaired motor coordination, and impaired memory,
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have been observed in workers exposed to airborne
manganese concentrations less than 1mgm�3. There-
fore, an inhalation reference concentration range for
manganese has been established by the US Environ-
mental Protection Agency to be between 0.09 and
0.2mgm�3. Manganese toxicity has been reported in
individuals who have consumed water containing
high levels (�10mgMn l�1) of manganese for long
periods of time. Recently, there has been concern that
the risk for manganese toxicity may be increasing in
some areas because of the use of MMT in gasoline as
an antiknock agent, although there is little evidence
that air, water, or food manganese concentrations
have increased where this fuel is used.

In addition to neural damage, reproductive and
immune system dysfunction, nephritis, testicular
damage, pancreatitis, lung disease, and hepatic
damage can occur with manganese toxicity, but the
frequency of these disorders is unknown. Although
there is a limited body of epidemiological data that
suggests that high levels of manganese can result in
an increased risk for colorectal and digestive tract
cancers, most investigators do not consider manga-
nese to be a carcinogen. In contrast, both divalent
(MnCl2) and heptavalent forms (KMnO4) of man-
ganese are recognized to be strong clastogens both in
vitro and in vivo; exposure to high concentrations of
either form results in chromosomal breaks, frag-
ments, and exchanges. High concentrations of man-
ganese can also induce forward and point mutations
in mammalian cells. High levels of dietary manga-
nese have not been reported to be teratogenic in
the absence of overt signs of maternal toxicity.
However, there are reports that exposure to high
levels of manganese during prenatal development
can result in behavioral abnormalities. High levels
of brain manganese have been reported in subjects
with amyotrophic lateral sclerosis, and it has been
suggested that this increase may contribute to the
progression of the disease. Similar to the cases in
humans, chronic manganese toxicity in rhesus
monkeys is characterized by muscular weakness,
rigidity of the lower limbs, and neuron damage in
the substantia nigra. Findings from a recent study
suggest that iron and aluminum, which accumulate
in the globus pallidus and the substantia nigra of
these animals, induce tissue oxidation that may
contribute to the damage associated with manganese
toxicity. Neural toxicity is a consistent finding in
rats exposed to chronic manganese toxicity. Signifi-
cant manganese accumulation was accompanied by
an increase in cholesterol content in the hippocam-
pal region of manganese-treated rats, which was

associated with impaired learning; this impairment
was corrected by an inhibitor of cholesterol synthe-
sis. The development of manganese toxicity in
individuals with compromised liver function, or
compromised biliary pathways, is well documented.
Significantly, these individuals can have abnormal
magnetic resonance imaging (MRI) patterns, which
improve following the alleviation of the manganese
toxicity. For example, in some cases improvements
in brain function have been achieved after liver
transplant. The mechanisms underlying the toxicity
of manganese have not been agreed upon but may
involve multiple etiologies, including endocrinologi-
cal dysfunction, excessive tissue oxidative damage,
manganese-mediated disruptions in intracellular
calcium and iron metabolism, and mitochondrial
dysfunction caused by manganese inhibition of
some pathways of the mitochondrial respiratory
chain.

Severe cases of manganese toxicity in humans have
been reported for adults, as well as isolated cases in
other groups of individuals who are vulnerable,
including children on long-term parenteral nutrition
and parenteral nutrition patients who have cholestasis
or other hepatic disease. In many cases, the previously
mentioned groups of individuals have been reported
to be characterized by high brain manganese concen-
trations based on MRI. Although no known cases
have been reported, infants may be at a high risk for
manganese toxicity due to a high absorptive capacity
for the element and/or an immature excretory path-
way for it. If manganese is taken up by extrahepatic
tissues via the manganese–transferrin complex, the
developing brain may be particularly sensitive to man-
ganese toxicity due to the high number of transferrin
receptors elaborated by neuronal cells during develop-
ment, coupled with the putative need by neural cells
for transferrin for their differentiation and prolifera-
tion. Newborn rats given daily doses of dietary man-
ganese at a level equivalent to that of soy formula
exhibited significant neurodevelopmental delays as
assessed by several behavioral tests. It should be
noted that the concentration of manganese in soy
formula is relatively modest but approximately
60–100 times higher than that of breast milk. Brain
manganese concentration was increased and striatal
dopamine concentrations were significantly decreased
even 45days after the supplementation ended, sug-
gesting that the impact of manganese on the brain
and behavior was irreversible. Thus, dietary exposure
to high levels of manganese during infancy can be
neurotoxic to rat pups and result in developmental
deficits. Further studies on human infants fed diets

262 MANGANESE



with different levels of manganese are needed to assess
whether there are any long-term consequences of
early manganese exposure of newborns.

Another group of neuropathological conditions
that has been associated with elevated levels of
brain manganese is transmissible spongiform ence-
phalopathies. These diseases found in animals and
humans are also referred to as prion diseases. There
is strong evidence that in their native state, prions are
normal brain glycoproteins that bind copper and
have an antioxidant function. However, it has been
suggested that in the disease process an abnormal
isoform of the protein is generated in which manga-
nese is substituted for copper. This isoform is protein-
ase resistant, no longer has antioxidant activity, and
may play a role in the etiology of these diseases.
Indeed, elevated levels of brain manganese, along
with lower than normal levels of brain copper, have
been measured in patients with the prion disease,
Creutzfeld–Jakob disease. Whether the elevated
levels of brain manganese observed in these patients
as well as in animal models of these diseases play an
important role in their pathogenesis or are secondary
to other factors remains to be determined.

Assessment of Manganese Status

Reliable biomarkers for the assessment of manga-
nese status have not been identified. Whole blood
manganese concentrations are reflective of soft
tissue manganese levels in rats; however, it is not
known whether a similar relationship holds for
humans. Plasma manganese concentrations decrease
in individuals fed manganese-deficient diets and are
slightly higher than normal in individuals consuming
manganese supplements. Lymphocyte MnSOD
activity and blood arginase activity are increased in
individuals who consume manganese supplements;
however, their value as biomarkers for manganese
status may be complicated due to the number of
cytokines and disease states that may also increase
their expression. Urinary manganese excretion has
not been found to be sensitive to dietary manganese
intake. With respect to the diagnosis of manganese
toxicosis, the use of MRI appears to be promising
because the images associated with manganese tox-
icity are relatively specific. Whole blood manganese
concentrations can be correlated with MRI intensity
and Ti values in the globus pallidus even in the
absence of symptoms of neurological damage.
Thus, although it is relatively expensive, MRI

may be particularly useful as a means of identifying
susceptible individuals in, or around, manganese-
emitting factories. In addition, the method may be
useful in the evaluation of patients with liver failure.
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Introduction

The human gastrointestinal (GI) tract harbors a
complex collection of microorganisms. The indivi-
dual digestive system contains about 1.5 kg of viable
(live) bacteria, made up of more than 500 different
identified microbial species. Indeed, the total num-
ber of bacteria in the gut amounts for more than 10
times that of eukaryotic cells in the human body,
and this bacterial biomass can constitute up to 60%
of fecal weight. This complex microbiological com-
munity is called the intestinal microflora. While
most people are familiar with the side-effects of
some members of it (e.g., diarrhea), the beneficial
effects in stabilizing gut well-being and general
health are less well known. These so-called ‘friendly’
bacteria are naturally present in the GI tract as part
of the normal healthy intestinal microflora and
ensure the balance that creates a healthy individual.
Such beneficial microbes and a healthy intestinal
microflora also constitute the main source of pro-
biotics used to improve intestinal and host health.

Fermented products containing living microorgan-
isms have been used for centuries to restore gut
health. Such utilization of live microorganisms to
improve host health forms the basis of the probiotic
concept.

Usually probiotics are taken in the form of dairy
products, drinks, or supplements, but in African
countries they have traditionally also been ingested
in fermented cereal and in fermented vegetables in
Asian countries. The claimed benefits of traditional
fermented foods range from treatment of diarrheal
diseases to alleviation of the side-effects of antibi-
otics to the prevention of a number of other health
problems. In some countries fermented foods have
even been associated with benefits to the skin.

Definition of Probiotics

Probiotics have been defined as ‘bacterial prepara-
tions that impart clinically verified beneficial effects
on the health of the host when consumed orally.’

According to this definition the safety and efficacy
of probiotics must be scientifically demonstrated.
However, as different probiotics may interact with
the host in different manners, their properties and
characteristics should be well defined. It is under-
stood that probiotic strains, independent of genera
and species, are unique and that the properties and
human health effects of each strain must be assessed
in a case-by-case manner. Most probiotics are cur-
rently either lactic acid bacteria or bifidobacteria,
but new species and genera are being assessed for
future use. The probiotic bacteria in current use
have been isolated from the intestinal microflora of
healthy human subjects of long-standing good health
and thus most of them are also members of the
healthy intestinal microflora.

It has been demonstrated that probiotics have
specific properties and targets in the human intes-
tinal tract and that they are able to modulate the
intestinal microflora.

Intestinal Microflora

Composition of the Intestinal Microflora

The human GI tract hosts a rich and complex
microflora that is specific for each person depending
on environmental and genetic factors. Different
bacterial groups and levels are found throughout
the GI tract, as corresponds with the different
ecological niches present from mouth to colon. The
stomach and the upper bowel are sparsely populated
regions (103–104CFUper g contents) while the colon
is heavily populated (1011–1012CFUg contents). In
the small intestine genera such as Lactobacillus
and Bacteriodes are usually found, whereas those
considered predominant in the large bowel include
Bacteriodes, Bifidobacterium, Eubacterium, Clostri-
dium, Fusobacterium, and Ruminococcus among
others. Several health-promoting properties have
been attributed to defined members of the intestinal
microflora such as lactobacilli and bifidobacteria. A
balanced microflora provides a barrier against
harmful food components and pathogenic bacteria
and has a direct impact on the morphology of the
gut. Hence, the intestinal microflora constitutes an
important factor for the health and well-being of the
human host and a healthy stable microflora affords
a potential source of future probiotics.
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Development and Succession of Microflora during
Life-Time

The human fetus is sterile and the maternal vaginal
microflora comprises the first inoculum of microbes.
The indigenous intestinal microflora develops over
time, determined by an interplay between genetic fac-
tors, mode of delivery, contact with the initial sur-
rounding environment, diet, and disease. As a result,
every individual has a unique characteristic micro-
flora. The human intestinal microbiota does not exist
as a defined entity; this population comprises a
dynamic mixture of microbes in each individual.

The establishment of the gut microflora, a process
commencing immediately upon birth, provides an
early and massive source of microbial stimuli, and
may consequently be a good candidate ‘infection.’
This step-wise succession begins with facultative
anaerobes such as the enterobacteria, coliforms,
and lactobacilli first colonizing the intestine, rapidly
succeeded by bifidobacteria and lactic acid bacteria.
The indigenous gut microflora plays an important
role in the generation of an immunophysiological
regulation of the gut, providing key signals for the
development of the immune system in infancy and
also interfering with and actively controlling the gut-
associated immunological homeostasis later in life.
A healthy microflora can thus be defined as the
normal individual microflora of a child that both
preserves and promotes well-being and absence of
disease, especially in the GI tract, but also beyond it.
It provides the first step in long-term well-being for
later life and the basis for this development lies in
early infancy. Failure in the establishment of a
healthy microflora has been linked to the risk of
infectious, inflammatory, and allergic diseases later
in life. Demonstration of this has stimulated
researchers to elucidate the composition and func-
tion of the intestinal microflora.

Microflora Research

In spite of the recent development of DNA based
methods, microbiota development and characteriza-
tion in the human host still rests largely on the
culture-based assessment pioneered by Japanese
researchers. The identification of different microbial
species and strains has been dependent on microbial
characterization, which is usually based on limited
phenotypic properties and the metabolic activity of
the microbes, for example, sugar fermentation
profiles. There are several bacteria, however, that
cannot be cultured and isolated or identified by the
traditional methods. The culture technique as used
in microbial assessments of feces is also hindered by
the fact that microbes in the feces will mainly

represent the microflora in the lumen of the sigmoid
colon, while the composition of the intestinal micro-
flora differs both along the GI tract and between the
lumen and the mucosa. For more accurate informa-
tion on the population elsewhere in the intestine,
samples should be taken by endoscopy or during
surgery. Most of our current data on microflora
are derived from results obtained from fecal samples
and culturing. These data indicate that there are
several successive phases in microflora development
related to age (Figure 1). In early infancy the micro-
flora is scant and simple consisting mainly of bifido-
bacteria. During breast-feeding it remains so, but
following weaning its complexity increases, reaching
the state observed in adults where the microflora is
specific to each person. Aging is related to further
changes and the diversity is again decreased. The
microflora becomes more unstable and vulnerable
to diseases, for example, diarrheal diseases caused
by intestinal pathogens.

Current research efforts focus on revealing geno-
mic data on both probiotic microorganisms and
certain important intestinal commensals. This has
provided information indicating that gut commen-
sals not only derive food and other benefits from the
intestinal contents but also have a role in influencing
the human host by providing maturational signals
for the developing infant and child and providing
later signals for alteration to gut barrier
mechanisms.

The genomic data on, for instance, Bifidobacter-
ium longum and Bacteroides thetaiotaomicron, both
important members of the human intestinal micro-
flora, give an indication as to how specific bacteria
are adapted to the development of the gut by speci-
fic genes enabling the use of intestinal mucins and
breast milk oligosaccharides as main sources or
nutrients.
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Figure 1 Development of microflora throughout life.
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Genomic information on B. longum also gives
insight into the adhesive mechanisms that comprise
a basis both for populating the infant gut and for
communicating developmental signals to specific
areas and sites of the gut mucosa. Furthermore, a
large part (>8.5%) of the B. longum genome is
devoted to carbohydrate transport and metabolism,
indicating a versatile metabolism well adapted to life
in the intestine and making it very different from,
for instance, Lactobacillus johnsonii.

Bacteroides thetaiotaomicron has also been
shown to modulate glycosylation of the intestinal
mucus and to induce expression of angiogenins,
revealing proposed mechanisms whereby intestinal
microbes may influence the gut microecology and
shape the immune system. Incorporating such infor-
mation with host gene expression data from the
exposed mucosal sites and beyond them will enable
us to understand the role of both microbial transfer
and succession and microbe–microbe and host–
microbe interactions. Recent information demon-
strates that the vast community of indigenous
microbes colonizing the human gut also shapes our
development and biology.

Role of Microflora in Health and Disease

Major dysfunctions of the GI tract are thought to be
related to disturbances or aberrationss of the intes-
tinal microflora. Recent findings confirm that aber-
rations can be documented and related to disease
risk. The microorganisms present in our GI tract
thus have a significant influence on our health and
well-being.

The development of the intestinal microbiota needs
to be characterized to define the composition that
helps us to remain healthy. Specific aberrations in
the intestinal microflora may predispose to disease.
Such aberrations have been identified in allergic dis-
ease, including decreased numbers of bifidobacteria
and an atypical composition of bifidobacterial micro-
flora. Also, aberrations in Clostridium content and
composition have been reported to be important.
Similar predisposing factors may also exist in the
case of microflora and both inflammatory gut dis-
eases and rotavirus diarrhea. Microflora aberrations
have also been reported in rheumatoid arthritis, juve-
nile chronic arthritis, ankylosing spondylitis, and irri-
table bowel syndrome patients. A thorough
knowledge of the intestinal microflora composition
will offer a basis for future probiotic development
and the search for new strains for human use. Many
diseases and their prevention can be linked to the
microflora in the gut.

Modulation by Probiotics

In general, probiotic bacteria do not colonize the
human intestinal tract permanently, but specific
strains are able to transiently colonize or persist for
some time in the intestine and may modulate the
indigenous microflora. The rationale for modulating
the gut microflora by means of probiotics derives
from the demonstration that this microflora is
important to the health of the host. Specific probio-
tics have been shown to colonize temporarily the
human intestinal tract, thereby modulating the
intestinal microflora both locally and at the com-
mensal level. Such modification has not been
reported to be permanent; rather it is related to a
balancing of aberrant or disturbed microflora to
assist it to return to normal metabolic and physi-
ological activities. Such modulation and restoration
of the normal state of the microflora activity is a key
target for probiotic action. However, the state of the
microflora should be well characterized to enable
the selection of specific probiotics to counteract the
aberration or disturbance in question.

Specific probiotic bacteria can modulate both the
intestinal microflora and local and systemic immune
responses. Activation of immunological cells and
tissues requires close contact of the probiotic with
the immune cells and tissue on the intestinal surface.
Interestingly, both lactobacilli and bifidobacteria,
which colonize mainly the small and large intestine
respectively, when given as probiotic supplements
were able to modify immunological reactions related
to allergic inflammation, whereas lactobacilli were
ineffective in protection against cows’ milk allergy.
In this respect, preferential binding of probiotics on
the specific antigen-processing cells (macrophages,
dendritic, and epithelial cells) may be even more
important than the location of adhesion. It is also
known that the cytokine stimulation profiles of
different Bifidobacterium strains vary and that
strains isolated from healthy infants stimulate
mainly noninflammatory cytokines.

Results of an increasing number of clinical and
experimental studies demonstrate the importance of
constituents within the intestinal lumen, in particu-
lar the resident microflora, in regulating inflamma-
tory responses. Probiotic bacteria may counteract
inflammatory processes by stabilizing the disturbed
gut microbial environment, forming a stable healthy
microflora and thus improving the intestine’s perme-
ability barrier. Another mode of action comprises
enhancing the degradation of enteral antigens and
altering their immunogenicity. Yet another mecha-
nism for the gut-stabilizing effect could be improve-
ment of the intestine’s immunological barrier,
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particularly intestinal IgA responses. Probiotic
effects may also be mediated via control of the
balance between pro- and anti-inflammatory cyto-
kines. Such effects may be mediated through
changes in the intestinal microflora, especially by
modulation of the bifidobacteria microflora.

Importance of Understanding Intestinal Microflora

It is obvious that an understanding of the cross-talk
that occurs between the intestinal microflora and its
host promises to expand our conceptions of the
relationship between the intestinal microflora and
health. There is also an increasing amount of infor-
mation indicating that specific aberrations in the
intestinal microflora may render us more
vulnerable to intestinal inflammatory diseases and
other diseases beyond the intestinal environment. It
is likely that some aberrations may even predispose
us to specific diseases. Unfortunately, however, we
are still far from knowing the qualitative and quan-
titative composition of the intestinal microflora and
the factors governing its composition in an
individual.

Probiotic Effects

Living microorganisms have long been used as
supplements to restore gut health at times of
dysfunction. It is clear that different strains from a
given microbial group may possess different proper-
ties. It is thus important to establish which specific
microbial strain may have a beneficial effect on the
host; even closely related strains can have signifi-
cantly different or even counteracting effects. Their
properties and characteristics should thus be well
defined; studies using closely related strains cannot
be extrapolated to support each other.

Working hypotheses can be supported by studies
carried out in vitro using cell culture models or in
vivo using animal models. However, the studies
most important for efficacy assessment are carefully
planned and monitored clinical studies in humans.

In summary, well-designed human studies are
required to demonstrate health benefits. Using the
criteria thus obtained it can be concluded that cer-
tain specific probiotics have scientifically proven
benefits that can be attributed to specific products
(see below). Other reported probiotic health-related
effects are only partially established (Figure 2), and
require more data from larger double-blind placebo
controlled studies before firm conclusions can be
reached.

Scientifically Documented Effects

Diarrhea The mechanisms by which probiotics
prevent or ameliorate diarrhea may involve stimula-
tion of the immune system, competition for binding
sites on intestinal epithelial cells (Figure 3), or the
elaboration of bacteriocins or binding of virus
particles in the gut contents. These and other
mechanisms are thought to be dependent on the
type of diarrhea being investigated, and may there-
fore differ between viral diarrhea, antibiotic-asso-
ciated diarrhea, or traveller’s diarrhea.

Viral diarrhea Shortening of the duration of
rotavirus diarrhea using Lactobacillus GG (LGG) is
perhaps the best-documented probiotic effect. A
reduction in the duration of diarrhea was first
shown in several studies around the world and also
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in a recent multicenter European study on the use of
LGG in acute diarrhea. Other investigators demon-
strated that supplementation with a combination of
Bifidobacterium bifidum and Streptococcus thermo-
philus reduces the incidence of diarrhea and shortens
the duration of rotavirus shedding in chronically
hospitalized children. On average, the duration of
diarrhea was shortened by 1 day in both hospitalized
children and those treated at home.

Other investigators have studied the immune
modulating effects of probiotics as a means of
reducing diarrhea, suggesting that the humoral
immune system plays a significant role in the pro-
biotics’ effect.

From these numerous studies it is clear that pro-
biotics do indeed play a therapeutic role in viral
diarrhea. Even meta-analyses have been conducted
in this area, showing that probiotic therapy shortens
the duration of acute diarrhea in children. However,
the exact mechanism of action involved is not clear
and is very likely multifactorial.

Antibiotic-associated diarrhea The incidence of
antibiotic-associated diarrhea is between 5 and
30%. The success of probiotics in reducing or
preventing this form of diarrhea has been convin-
cing, and includes a number of probiotics as well as
various antibiotics.

LGG has been shown to prevent antibiotic-
associated diarrhea when consumed in both yogurt
form or as a freeze-dried product. Also, Saccharo-
myces boulardii has been found to be effective in
preventing antibiotic-associated diarrhea. Other
microorganisms such as Enterococcus faecium or a
combination of L. acidophilus and L. bulgaricus
have also been reported to be effective.

Alleviation of symptoms of allergic disease It has
been shown that changes in intestinal microflora
composition precede the development of some
allergic diseases, indicating a potential area for
probiotic application. LGG given prenatally to
mothers and during the first months to infants with
a high risk of atopic disease has reduced the preva-
lence of atopic eczema to about half in the infants
receiving the strain. Furthermore, extensively hydro-
lyzed whey formula supplemented with LGG or
Bifidobacterium lactis Bb12 is more effective than
unsupplemented formula in eczema alleviation in
infants with atopic eczema.

These results indicate a high potential for probio-
tic application in the treatment and reduction of risk
of allergic diseases.

Lactose intolerance Several studies have shown
that lactose-intolerant individuals suffer fewer symp-
toms if milk in the diet is replaced with fermented
dairy products. The mechanisms of action of lactic
acid bacteria and fermented dairy products include
the following: lower lactose concentration in the
fermented product due to lactose hydrolysis during
fermentation; high lactase activity of bacterial pre-
parations used in production; and increased active
lactase enzyme entering the small intestine with the
fermented product or within the viable bacteria.

The bacterial enzyme beta-galactosidase, which
can be detected in the duodenum and terminal
ileum after consumption of viable yogurt, is thought
to be the major factor improving digestibility by the
hydrolysis of lactose, mainly in the terminal ileum.
Another factor suggested to influence lactose diges-
tion is the slower gastric emptying of semisolid milk
products such as yogurt.

In conclusion, there is good scientific evidence to
demonstrate the alleviation of lactose intolerance
symptoms by specific probiotic lactic acid bacteria.
However, the strain-specific lactase activities may
vary from nil to very high values. Thus, different
products may have varying lactose contents and
individual strains, when released into the duode-
num, vary in their lactase activity.

Potential Effects Requiring Further Clinical Work

Intestinal microecology and cancer A number of
studies have focused on the impact of probiotics on
intestinal microecology and cancer. Lactobacillus
acidophilus, L. casei Shirota strain, and LGG have
been shown to have inhibitory effects on chemically
induced tumors in animals. Some specific strains of
probiotic bacteria are able to bind carcinogens and
to downregulate some microbial carcinogenic enzy-
matic activities. This phenomenon may then reduce
carcinogen production and exert a beneficial effect
in the colon, the urinary tract, and the bladder.

The most interesting documentation is that
concerning L. casei Shirota. There have been several
mechanistic studies on the effects of the strain
reporting decreased mutagen excretion, and some
human clinical studies have been conducted using
this strain. In clinical and multicenter studies carried
out in Japan, prophylactic effects of oral adminis-
tration of L. casei Shirota on the recurrence of
superficial bladder cancer have been reported.
Recently, a large Japanese case control study has
been conducted on the habitual intake of lactic
acid bacteria and risk reduction of bladder cancer.
Results suggested that the habitual intake of fermen-
ted milk with the strain reduces the risk of bladder
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cancer in the Japanese population. More studies,
and especially human studies in other countries,
are needed prior to the establishment of firm
conclusions.

Irritable bowel syndrome There is a rationale for
investigating the effect of probiotics in the treatment
of this common disorder where intestinal motility
and dysfunctions in the intestinal microflora are
important factors to consider. In a recent study
using L. plantarum 299v, a reduction of symptoms
was reported. Enterococcus faecium preparations
have also been evaluated for the treatment of
patients with irritable bowel syndrome, and
although patient-recorded symptoms did not show
significant differences, the physician’s subjective
clinical evaluation revealed an improvement.

Inflammatory bowel disease Inflammatory bowel
disease (IBD) comprises a heterogeneous group of
diseases of unknown etiology (Crohn’s, ulcerative
colitis, and pouchitis), but here also factors related
to the intestinal microflora seem to be involved,
providing a rationale for the application of probio-
tics. From reviewing studies on the use of probiotics
in IBD it can be concluded that, although there are
some promising preliminary findings, more well-
planned long-term studies are needed before any
firm conclusions can be drawn.

Traveller’s diarrhea There are a few studies on the
prevention of traveller’s diarrhea using probiotics
and these show a positive outcome for LGG and a
combination of L. acidophilus LA5 with B. lactis
Bb-12. The results offer some indication of benefi-
cial effects, even though some studies yielded no
reported effects, but information from good and
extensive human studies using defined strains for
traveller’s diarrhea is still largely lacking. The cur-
rent data on traveller’s diarrhea show no scientifi-
cally proven effects for any of the strains used. More
studies are required for efficacy assessment.

Helicobacter pylori eradication Specific strains of
lactic acid bacteria have been reported to inhibit a
wide range of intestinal pathogens including
Helicobacter pylori, which is involved in the process
of gastric ulcer development. Lactic acid bacteria are
often able to survive acidic gastric conditions and it
has therefore been proposed that they may have a
beneficial influence during the eradication of
H. pylori. It has been reported that both the inhibitory
substances produced and the specific strains may
influence the survival of Helicobacter, and studies
have been conducted, particularly with a L.

johnsonii strain. It has been shown that there is
good in vitro inhibition and that fermented milk
containing the strain has a positive effect when con-
sumed during Helicobacter eradication therapy.
However, more controlled human studies in differ-
ent populations need be conducted to verify this
effect.

Cholesterol control The cholesterol-lowering
effects of probiotics have been the subject of two
recent reviews with contradictory results. The first,
which focused on short-term intervention studies
with one yogurt type, reported a 4% decrease in
total cholesterol and a 5% decrease in LDL. Con-
trary to this, the second review concluded that no
proven effects could be found. In this context, it is
clear that long-term studies are required before the
establishment of any conclusion.

Safety

Safety assessment is an essential phase in the
development of any new food. Although few pro-
biotic strains or prebiotic compounds have been
specifically tested for safety, the long history of
safe consumption of some probiotic strains could
be considered the best proof of their safety.
Although some lactobacilli and bifidobacteria have
been associated with rare cases of bacteremia,
usually in patients with severe underlying diseases,
the safety of members of these genera is generally
recognized due to their long history of safe use and
their lack of toxicity. Furthermore, the low inci-
dence of infections attributable to these microorgan-
isms, together with a recent study showing that
there is no increase in the incidence of bacteremia
due to lactobacilli in Finland despite the increased
consumption of probiotic lactobacilli, supports this
hypothesis. With regard to other bacteria such as
enterococci, S. boulardii, Clostridium butyricum, or
some members of the genus Bacillus the situation is
more complicated, even though they have been used
as probiotics for some time.

In addition to the possibility of infection there are
other risks that must be taken into account (Table 1).
These include those risks associated with the
metabolic properties of the strain (capacity for
deconjugation/dehydroxylation of bile salts, produc-
tion of enzymes favoring the invasion/translocation
through the epithelium, etc.), with the presence of
active substances in the probiotic or product (immu-
noactive substances, toxic compounds, etc.), or with
antibiotic resistance. It is clear that strains harboring
transferable antibiotic resistance genes should not be
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used. In this context the specific risks related to each
probiotic strain must be carefully identified.

Guidelines are needed to test the safety of probio-
tics. However, taking into account the great diver-
sity of probiotic microorganisms, it is necessary to
identify the specific risks associated with the respec-
tive strains, as well as the risk factors associated
with the host and the possible interactions between
probiotic–host–food components in order to assess
the safety of these products. Additional epidemiolo-
gical surveillance and follow-up of novel strains
should be conducted. In this context, the specific
risks related to each probiotic strain must be care-
fully identified. With regard to this, knowledge of
mechanisms involved is a key factor not only for the
assessment of health effects but also for the safety
aspects of probiotics.

Future Challenges

Some of the claimed beneficial effects of probiotics
are backed by good clinical studies. However, other
possible effects call for further investigation in new,
well-planned, long-term human clinical studies prior
to any firm conclusions being made. Protocols for
human studies need to be developed for probiotics.
In some cases, even postmarketing surveillance stu-
dies on intakes and long-term effects are useful; such
studies have in fact already been used for the safety
assessment of current probiotics.

The assessment of potential probiotic strains
must be based on a valid scientific hypothesis with
realistic studies supporting it. In this respect, knowl-
edge of mechanisms of action is a key factor for
hypothesis formulation and for the selection of bio-
markers appropriate to the specific state of health
and well-being or reduction of risk of disease. It is
thus important to improve our knowledge of the

mechanisms involved and take into account the
fact that probiotic mechanisms of action are multi-
factorial and that each probiotic may have specific
functions affecting the host.

It is also of key interest to increase our knowledge
of intestinal microflora composition and to under-
stand its role in health and disease, identifying
those microorganisms related to the health status of
the host, in order to select probiotic strains able to
modulate the intestinal microflora in a beneficial
manner.

Knowledge accrued regarding the intestinal micro-
flora, nutrition, immunity, mechanisms of action
and specific diseases should be carefully combined
with genomic data to allow the development of a
second generation of probiotics; strains for both site-
and disease-specific action.

See also: Microbiota of the Intestine: Prebiotics.
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Absorption, Transport, and Storage

Niacin is a B vitamin that is essential for health in
humans and also in most other mammals that have
been investigated. Niacin is associated with a char-
acteristic deficiency disease in humans known as
pellagra. Pellagra has been described and identified
in various communities, notably in Spain and North
America, in the last century and the early years of
this century. It has persisted in Yugoslavia, Egypt,
Mexico, and some African countries. Pellagra is
characteristically associated with maize-based diets.
The skin lesions found in pellagra are most severe
during the summer months because of the effects of
the exacerbating sun exposure. However, some
countries with a maize diet (e.g., Guatemala) avoid
pellagra by means of the niacin present in roasted
coffee (Table 1). Others avoid it by lime treatment,
e.g., in the preparation of tortillas.

Preformed niacin occurs in foods either as nico-
tinamide (niacinamide) or as the pyridine nucleo-
tide coenzymes derived from it, or as nicotinic
acid, without the amide nitrogen, which is the
form known as ‘niacin’ in North America. Both
nicotinamide and nicotinic acid are equally effec-
tive as the vitamin, but in large doses they exert
markedly different pharmacological effects, so it is
important, at least in that context, to make and
maintain the distinction. In addition to the pre-
formed vitamin, an important in vivo precursor is
the amino acid L-tryptophan, obtained from
dietary protein. Because the human total niacin
supply, and hence niacin status, depends on the
dietary tryptophan supply as well as on the
amount of preformed dietary niacin and its bio-
availability, it has become the accepted practice to
express niacin intakes as ‘niacin equivalents,’

which is a combination of mg preformed dietary
niacin and mg niacin which can become available
by conversion from tryptophan within the body.
As discussed later, this calculation involves several
assumptions, and is therefore only an approxima-
tion to the actual supply to the body for any
particular individual; however, it is considered
adequate for most practical purposes.

It appears likely that the most important ulti-
mate sources of preformed niacin in most foods,
particularly those of animal foods, are the pyridine
nucleotides: NAD(H2) and NADP(H2). Hydrolases
and pyrophosphatases present in biological tissues
convert these coenzymes to partly degraded pro-
ducts, which are then available as sources of the
vitamin. NAD glycohydrolase and pyrophospha-
tase enzymes are present in the gut mucosa to
assist hydrolysis and absorption of the hydrolyzed
products, and these are likely to include both
nicotinamide and nicotinamide ribonucleotide, the
latter being further degraded to the riboside.
Absorption of nicotinamide or nicotinic acid by
the mammalian intestine has been shown to con-
sist of a saturable transport component, dominant
at low intakes, which is dependent on sodium,
energy and pH, and a nonsaturable component,
which becomes dominant at high doses or intake
levels. Absorption is efficient even at such high
discrete doses as 3 g or more: as much as 85% of
such a dose is subsequently excreted into the urine.
Absorption of test niacin doses introduced directly
into the human upper ileum is rapid, with peak
levels appearing in blood plasma within 5–10min.

Transport of niacin between the liver and the
intestine can occur in vivo, as indicated by radio-
active probes in animals, and the liver appears to
be a major site of conversion of niacin to its ulti-
mate functional products: the nicotinamide nucleo-
tide coenzymes. Nicotinamide can pass readily
between the cerebrospinal fluid and the plasma,
thus ensuring a supply also to the brain and spinal
cord. Liver contains greater niacin coenzyme
concentrations than most other tissues, but all
metabolically active tissues contain these essential



metabolic components. Both facilitated diffusion
(which is sodium- and energy-dependent and satur-
able), and passive diffusion (which is nonsaturable)
contribute to tissue uptake from the bloodstream.
With the exception of muscle, brain and testis,
within the body nicotinic acid is a better precursor
of the coenzyme form than is nicotinamide. The
liver appears to be the most important site of
conversion of tryptophan to the nicotinamide
coenzymes.

Of the two pyridine nucleotide coenzymes, NAD
is present mainly as the oxidized form in the tissues,
whereas NADP is principally present in the reduced
form, NADPH2. There are important homeostatic
regulation mechanisms which ensure and maintain
an appropriate ratio of these coenzymes in their
respective oxidized or reduced forms in healthy tis-
sues. Once converted to coenzymes within the cells,
the niacin therein is effectively trapped, and can only
diffuse out again after degradation to smaller mole-
cules. This implies, of course, that the synthesis of
the essential coenzyme nucleotides must occur
within each tissue and cell type, each of which
must possess the enzymatic apparatus for their
synthesis from the precursor niacin. Loss of nicoti-
namide and nicotinic acid into the urine is mini-
mized (except when the intake exceeds
requirements) by means of an efficient reabsorption
from the glomerular filtrate.

Metabolism and Excretion

The conversion of tryptophan to nicotinic acid
in vivo is depicted in Figure 1. The rate of conver-
sion of tryptophan to niacin and the pyridine
nucleotides is controlled by the activities of trypto-
phan dioxygenase (known alternatively as trypto-
phan pyrrolase), kynurenine hydroxylase, and
kynureninase. These enzymes are, in turn, dependent
on factors such as other B vitamins, glucagon, glu-
cocorticoid hormones, and estrogen metabolites,
and there are various competing pathways which
also affect the rate of conversion. For these reasons,
a variety of nutrient deficiencies, toxins, genetic and
metabolic abnormalities, etc. can influence niacin
status and requirements.

For practical purposes, on the basis of studies
performed in the 1950s, 60mg tryptophan is
deemed to give rise to 1mg nicotinic acid; hence
60mg tryptophan contributes 1mg niacin equiva-
lent, for dietary intake calculations and food tables
(see Table 1).

The two pyridine nucleotide coenzymes, formerly
known as ‘coenzymes I and II,’ then for a period as
‘DPN and TPN,’ and known nowadays as ‘NAD’
and ‘NADP’ (nicotinamide adenine dinucleotide
and nicotinamide adenine dinucleotide phosphate),
are involved in hundreds of enzyme-catalyzed
redox reactions in vivo. Although a minority of
these diverse reactions can use either of the two

Table 1 Niacin equivalents in selected foodsa

Niacin equivalents

from preformed niacinb

(mgper 100g, wet)

Niacin equivalents

from tryptophanc

(mgper 100 g, wet)

Total niacin

equivalents

(mgper 100 g, wet)

Milk 0.1 0.8 0.9

Raw beef 5.0 4.7 9.7

Raw white fish 2.4 3.4 5.8

Raw eggs 0.1 3.7 3.8

Raw potatoes 0.6 0.5 1.1

Raw peas 2.5 1.1 3.6

Raw peanuts 13.8 5.5 19.3

White bread 0.8 1.7 2.5

Polished rice 0.2 1.5 1.7

Maize 0.1 0.9 1.0

Cornflakes (fortified) 16.0 0.9 16.9

Coffeed 24.1 2.9 27.0

aData adapted from: Paul AA (1969) The calculation of nicotinic acid equivalents and retinol equivalents in the British diet.

Nutrition (London) 23: 131–136,a and supplements to McCance and Widdowson’s The Composition of Foods (Holland B,

Welch AA, Unwin ID, Buss DH, Paul AA, and Southgate DAT (1991), The Royal Society of Chemistry and MAFF),a and from

Bressani R et al. (1961) Effect of processing method and variety on niacin and ether extract content of green and roasted coffee.

Food Technology 15: 306–308.
bAmount available for absorption. In the case of bread, rice, and maize, the total amounts present are 1.7, 1.5, and

1.2mg per 100g, but apart from the niacin added in the fortification of white flour, 90% of this is unavailable for utilization by humans.
cAssuming that 60mg tryptophan yields 1mg niacin equivalent.
dNiacin is released from trigonelline in coffee beans by the roasting process.
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niacin-derived cofactors, most are highly specific
for one or the other.

Catabolism of the pyridine nucleotide coenzymes
in vivo is achieved by four classes of enzymes:
NAD glycohydrolase, ADP ribosyl transferase, and
poly (ADP ribose) synthetase, (all of which liberate

nicotinamide), and NAD pyrophosphatase (which
liberates nicotinamide mononucleotide which is
then further hydrolyzed to nicotinamide). Turnover
of nicotinamide then results in the formation
of 1-methylnicotinamide (usually described as
N1-methyl nicotinamide or NMN), an excretory

Rate-limiting;
Tryptophan dioxygenase (tryptophan pyrrolase)
(thiamin and heme dependent; hormonally
inducible; subject to feedback inhibition
by NAD(P))
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Figure 1 In vivo conversion of tryptophan to nicotinic acid and NAD.
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product which is excreted in the kidney and appears
in the urine, together with some further
oxidation products, typically the 1-methyl-2-pyri-
done-5-carboxamide and 1-methyl-4-pyridone-3-
carboxamide (usually referred to as ‘2-pyridone’
and ‘4-pyridone’, respectively). These excretory turn-
over products can be used as indicators of whole body
niacin status (see below). At high intakes of niacin, as
much as 85% of the intake may be excreted
unchanged; however the excretion of nicotinamide
always predominates over that of nicotinic acid.

Hydrolysis of hepatic NAD to yield nicotinamide
allows the release of niacin for utilization by other
tissues. Relative protection of the pyridine nucleotide
within certain key enzymes such as glyceraldehyde
3-phosphate dehydrogenase confers a protection on
certain key metabolic pathways, thus ensuring good
homeostatic control. By contrast, there is evidence
that the enzymes which catalyze pyridine nucleotide
turnover may be hyperactivated within cells that have
been damaged by carcinogens, including mycotoxins,
thus starving these damaged cells of essential cofac-
tors and causing their death, presumably to protect
the rest of the organism. This effect may help to
explain the otherwise puzzling observation that
moldy grain in the diet can increase the risk of pella-
gra when niacin and tryptophan intakes are marginal.
In normal, healthy cells, the compartmentalization of
hydrolytic enzymes prevents unwanted coenzyme
turnover, and this compartmentalization seems to
become breached in damaged or dying cells.

Other urinary excretion products of niacin include
nicotinuric acid (nicotinoyl glycine); nicotinamide
N-oxide, and trigonelline (N1-methyl nicotinic
acid); the latter may arise from bacterial action in
the gut or from the absorption of this substance
from foods. The pattern of the different turnover
metabolites varies between species, between diets
(depending partly on the ratio of nicotinamide to
nicotinic acid in the diet), and partly with niacin
status; thus there are complex regulatory mechan-
isms to be considered.

Metabolic Function and Essentiality

The best-known functions of niacin are derived from
the functions of its coenzymes: NAD and NADP in
the hydrogen/electron transfer redox reactions in
living cells. Like most B vitamins, niacin is not
extensively stored in forms or in depots that are
usually metabolically inactive, but rather those that
can become available during dietary deficiency.
However, some ‘storage’ of the coenzymes NAD
and NADP in the liver is thought to occur. An
inadequate dietary intake leads rapidly to significant

tissue depletion within 1–2months, and then succes-
sively to biochemical abnormalities, followed by
clinical signs of deficiency, and eventually to death.
As with the other B vitamins, rates of turnover and
hence the rates of excretion of coenzyme breakdown
products decline progressively as dietary deficiency
becomes more severe and prolonged, so that the
tissue levels are relatively protected and spared. In
adult humans a severe deficiency may take many
months to develop before it results in the clinical
signs of pellagra.

Some of the most important and characteristic
functions of NAD manifest in the principal cellular
catabolic pathways, responsible for liberation of
energy during the oxidation of energy-producing
fuels. NADP, however, functions mainly in the
reductive reactions of lipid biosynthesis, and the
reduced form of this coenzyme is generated via
the pentose phosphate cycle. NAD is essential for
the synthesis and repair of DNA. NAD has, in addi-
tion, a role in supplying ADP ribose moieties to
lysine, arginine, and asparagine residues in proteins
such as histones, DNA lyase II, and DNA-dependent
RNA polymerase, and to polypeptides such as the
bacterial diphtheria and cholera toxins. In the
nucleus, poly (ADP ribose) synthetase is activated
by binding to DNA breakage points and is involved
in DNA repair. It is also concerned with condensa-
tion and expansion of chromatin during the cell
cycle and in DNA replication. Niacin status affects
the level of ADP ribolysation of proteins. A high
level of poly (ADP ribose) synthetase activity,
which is found in some tumors, can result in low
levels of NAD. A chromium dinicotinate complex
found in yeast extracts may function as a glucose
tolerance factor or in detoxification, but this has not
yet been proven.

Because the electron transport functions of NAD
frequently involve flavin coenzymes, and because
both flavin coenzymes and vitamin B6 coenzymes
are involved in the conversion of tryptophan to
niacin in vivo, there are important metabolic inter-
actions between these B vitamins. A similarity of
clinical deficiency signs, making it difficult to distin-
guish between them, may be encountered in popula-
tion studies of deficiency.

Because the body’s need for niacin can be met
completely by dietary tryptophan, it is not, strictly
speaking, an essential vitamin. In this respect it
resembles carnitine, which can be synthesized
entirely from lysine, but for which in some circum-
stances a dietary requirement exists. Traditionally,
however, niacin is classified as an essential vitamin,
because some human diets have tended to be lacking
in niacin and its precursor, tryptophan. Some
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animals such as sheep and cattle appear to be able to
synthesize sufficient niacin for their needs from tryp-
tophan, and do not therefore need preformed niacin
in their diets.

Assessment of Niacin Status

Whereas the measurement of B vitamin status has,
in recent years, tended to focus on blood analysis,
perhaps mainly because of the convenience of sam-
ple collection, the development of blood-based sta-
tus analysis for niacin has lagged behind that of the
other components of the B complex. Some studies
have indeed suggested that the erythrocyte concen-
tration of the niacin-derived coenzyme NAD may
provide useful information about the niacin status
of human subjects; that a reduction in the ratio of
NAD to NADP to below 1.0 in red cells may pro-
vide evidence of niacin deficiency; and that a decline
in plasma tryptophan levels may indicate a more
severe deficiency than a decline in red cell NAD
levels. These claims now need to be tested in natu-
rally deficient human populations. The niacin coen-
zymes can be quantitated either by enzyme-linked
reactions or by making use of their natural fluores-
cence in alkaline solution.

At present, niacin status is most commonly
assessed by the assay of some of the breakdown
products of niacin coenzymes in the urine. Of
these, N1-methyl nicotinamide (NMN) is the
easiest to measure, because of a convenient con-
version in vitro to a fluorescent product, which
can then be quantitated without the need for
separation. However, more definitive and reliable
information can be obtained by the measurement
of urinary NMN in conjunction with one or more
of the urinary pyridone turnover products (N1-
methyl-2-pyridone-5-carboxamide and N1-methyl-
4-pyridone-3-carboxamide), which can be detected
and quantitated by UV absorption following high-
pressure liquid chromatography. The Interdepart-
mental Committee on Nutrition for National
Defense (USA) selected the criterion of niacin defi-
ciency in humans as an NMN excretion rate of
<5.8 mmol (0.8mg) NMN per day in 24 h urine
samples.

Requirements and Signs of Deficiency

As for most other micronutrients, the requirement of
niacin to prevent or reverse the clinical deficiency
signs is not known very precisely, and probably
depends on ancillary dietary deficiencies or other
insults occurring in natural human populations.
For the purpose of estimating niacin requirements

for dietary reference values, the criterion of restora-
tion of urinary excretion of NMN during controlled
human depletion–repletion studies has been selected,
and on this basis, the average adult requirement has
been estimated as 5.5mg (45 mmol) of niacin equiva-
lents per 1000 kcal (4200 kJ). Adding a 20% allow-
ance for individual variation this needs to be
increased to 6.6mg (54 mmol) per 1000 kcal,
(4200 kJ), which is the current reference nutrient
intake (UK). Niacin requirements were, by conven-
tion, expressed as a ratio to energy expenditure.
For subjects with very low energy intakes, the daily
intake of niacin equivalents should not fall below
13mg, however. If dietary protein levels and quality
are high, it is possible for tryptophan alone to pro-
vide the daily requirement for niacin equivalents.
Dietary niacin deficiency is now rare in most Wes-
tern countries.

The appearance of severe niacin deficiency as
endemic pellagra, especially in North America in
the nineteenth and early twentieth centuries, has
been ascribed to the very poor availability of
bound forms of niacin (in niacytin, a polysacchar-
ide/glycopeptide/polypeptide-bound form, which is
90% indigestible), together with the relatively low
content of tryptophan occurring in grains (see
Table 1). However, the lack of available niacin
and tryptophan may not have been the whole
story, since coexisting deficiencies or imbalances of
other nutrients, including riboflavin, may also have
contributed to this endemic disease. It appears also
that the choice of cooking methods may have been
critical, since the Mexican custom of cooking maize
with lime in the preparation of tortillas helps to
release the bound niacin from its carbohydrate com-
plex and to increase the bioavailability of trypto-
phan-containing proteins, and thus to reduce the
prevalence of clinical deficiency disease. In parts of
India, pellagra has been encountered in communities
whose main staple is a form of millet known as
‘jowar’, which is rich in leucine. It was proposed,
and evidence was obtained from animal and in vitro
studies, that high intakes of leucine can increase the
requirements for niacin. However, other evidence is
conflicting (this interaction is not fully understood).
In parts of South Africa, iron overload has been
reported to complicate the metabolic effects of low
niacin intakes.

The average content of niacin in human breast
milk is 8mg (65.6 mmol) per 1000 kcal (4200 kJ),
and this is the basis for the recommendations (and
dietary reference values) for infants up to 6months.
In the UK, the Reference Nutrient Intake niacin
increment during pregnancy is nil, and during lacta-
tion it is 2mg per day.
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The most characteristic clinical signs of severe
niacin deficiency in humans are dermatosis (hyper-
pigmentation, hyperkeratosis, desquamation – espe-
cially where exposed to the sun), anorexia,
achlorhydria, diarrhea, angular stomatitis, cheilosis,
magenta tongue, anemia, and neuropathy (head-
ache, dizziness, tremor, neurosis, apathy). In addi-
tion to the pellagra caused by dietary deficiency or
imbalance, there are also reports of disturbed niacin
metabolism associated with phenylketonuria, acute
intermittent porphyria, diabetes mellitus, some types
of cancer (carcinoid syndrome), thyrotoxicosis,
fever, stress, tissue repair, renal disease, iron over-
load, etc. The picture in other species is not radically
different; however, deficient dogs and cats typically
exhibit ‘black tongue’ (pustules in the mouth, exces-
sive salivation) and bloody diarrhea, pigs exhibit
neurological lesions affecting the ganglion cells,
rats exhibit damage to the peripheral nerves (cells
and axons), and fowl exhibit inflammation of the
upper gastrointestinal tract, dermatitis, diarrhea,
and damage to the feathers. All species exhibit
reduction of appetite and loss of weight; however,
it is of interest that the skin lesions seen in humans
are rare in most other species.

Dietary Sources, High Intakes,
and Antimetabolites

As can be seen from Table 1, different types of foods
differ considerably, not only in their total contribu-
tion to nicotinic acid equivalents, but also in the
ratio of the contribution from preformed niacin
and from tryptophan. In a typical Western diet, it
has been calculated that if the 60mg tryptophan= 1
mg niacin formula is applied, then preformed niacin
provides about 50% of the niacin supply in the diet.
In practice it seems possible for all of the niacin
requirement to be provided by dietary tryptophan
in Western diets. As is the case for the other B
vitamins, meat, poultry, and fish are excellent
sources of niacin equivalents, followed by dairy
and grain products, but as noted above, certain
grains such as maize, and whole highly polished
rice, can be very poor sources and may be associated
with clinical deficiency if the diets are otherwise
poor and monotonous.

In recent years, both nicotinamide and nicotinic
acid have been proposed and tested for possibly
useful pharmacological properties at high intake
levels. This new phase of interest in the vitamin
has, in turn, raised concerns about the possible side
effects of high intakes, and the definition of max-
imum safe intakes.

The greatest interest, in pharmacological terms,
has been centered around nicotinic acid, which has
been shown to have marked antihyperlipidemic
properties at daily doses of 2–6 g. Nicotinamide
does not share this particular pharmacological activ-
ity. Large doses of nicotinic acid reduce the mobili-
zation of fatty acids from adipose tissue by
inhibiting the breakdown of triacylglycerols through
lipolysis. They also inhibit hepatic triacylglycerol
synthesis, thus limiting the assembly and secretion
of very low-density lipoproteins from the liver and
reducing serum cholesterol levels. Large doses of
nicotinic acid ameliorate certain risk factors for car-
diovascular disease: for instance they increase circu-
lating high-density lipoprotein levels. The ratio of
HDL2 to HDL3 is increased by nicotinic acid; there
is a reduced rate of synthesis of apolipoprotein A-II
and a transfer of some apolipoprotein A-I from
HDL3 to HDL2. These changes are all considered
potentially beneficial in reducing the risk of cardio-
vascular disease. If given intravenously, large doses
of nicotinic acid can, however, produce side effects
such as temporary vasodilatation and hypotension.
Other side effects can include nausea, vomiting,
diarrhea and general gastrointestinal disturbance,
headache, fatigue, difficulty in focusing, skin disco-
loration, dry hair, sore throat, etc. A large trial for
secondary prevention of myocardial infarction, with
a 15 year period of follow-up, produced convincing
evidence for moderate but significant protection
against mortality, which was attributed either to
the cholesterol-lowering effect or an early effect on
nonfatal reinfarction, or both. Nicotinic acid is still
the treatment of choice for some classes of high-risk
hyperlipidemic patients, although newer drugs may
have fewer side effects and therefore be preferred.

The potential benefits of the lipid-lowering effects
of nicotinic acid have to be considered in the light of
possibly toxic effects, particularly for the liver.
These may manifest as jaundice, changes in liver
function tests, changes in carbohydrate tolerance,
and changes in uric acid metabolism including
hyper-uricemia. There may also be accompanying
ultrastructural changes. Hyperuricemia may result
from effects on intestinal bacteria and enzymes,
and from effects on renal tubular function. Such
toxic effects are especially severe if sustained release
preparations of nicotinic acid are used.

Nicotinamide does not share with nicotinic acid
these effects on lipid metabolism or the associated
toxicity. However, it has been shown to be an inhi-
bitor of poly (ADP ribose) synthetase in pancreatic
� cells in animal studies. A high-risk group of chil-
dren aged 5–8 years in New Zealand given large
doses of nicotinamide daily for up to 4.2 years had
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only half the predicted incidence of insulin-
dependent diabetes.

Other claims for megadoses of nicotinic acid or
nicotinamide, such as the claim that abnormalities
associated with schizophrenia, Down’s syndrome,
hyperactivity in children, etc. can be reduced, have
so far failed to win general acceptance. Clearly nia-
cin deficiency or dependency can exacerbate some
types of mental illness such as depression or demen-
tia. There have been a number of attempts to treat
depression with tryptophan or niacin, or both, on
the basis that the correction of depressed brain levels
of serotonin would be advantageous. However,
these have met with only limited success. Schizo-
phrenics have been treated with nicotinic acid on
the basis that their synthesis of NAD is impaired in
some parts of the brain, and that the formation of
hallucinogenic substances such as methylated
indoles may be controlled.

There are various medical conditions and drug
interactions that can increase the requirement for
niacin. Examples are: Hartnup disease, in which tryp-
tophan transport in the intestine and kidney is
impaired; carcinoid syndrome, in which tryptophan
turnover is increased; and isoniazid treatment, which
causes B6 depletion and hence interference with nia-
cin formation from tryptophan. Hartnup disease (the
name of the first patient being Hartnup) is a rare
genetic disease in which the conversion of tryptophan
to niacin is reduced, partly as a result of impaired
tryptophan absorption. Affected subjects exhibit the
classical skin and neurological lesions of pellagra,
which can be alleviated by prolonged treatment with
niacin. Another genetic disease which may respond to
niacin supplements is Fredrikson type I familial
hypercholesterolemia; nicotinic acid is effective in
reducing the raised blood cholesterol levels associated
with this abnormality.

There are several analogs and antimetabolites
of niacin that are of potential use or metabolic
interest. The closely related isoniazid is commonly
used for treatment of tuberculosis; indeed, nicotin-
amide itself has been used for that purpose. Nicoti-
nic acid diethylamide (‘nikethamide’) is used as a

stimulant in cases of central nervous system
depression after poisoning, trauma or collapse.
Possible antineoplastic analogs include 6-dimethyl-
aminonicotinamide and 6-aminonicotinamide; how-
ever, the latter is also highly teratogenic. These latter
compounds inhibit several key enzymes whose sub-
strates are NAD or NADP, by being converted
in vivo to analogs of these coenzymes. The com-
pound 3-acetyl pyridine, which also forms an analog
of NAD, can have either antagonistic or niacin-
replacing properties, depending on the dose used.
Commonly used drugs such as metronidazole are
also niacin antagonists.

See also: Riboflavin. Vitamin B6.
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Absorption, Transport and Storage,
Status Measurement

Aconsiderable proportion of the pantothenic acid (vita-
min B5, see Figure 1) that is present in food eaten by
animals or humans exists as derivatives such as coen-
zyme A (CoA) and acyl carrier protein (ACP). Com-
paredwith the crystalline vitamin, only about half of the
vitamin in food is thought to be absorbed. The pan-
tothenic acid in its derivatives in food is largely released
as free pantothenic acid or pantetheine by pancreatic
enzymes, and is then absorbed along the entire length of
the small intestine by a combination of active transport
and passive diffusion, of which the active transport
process seems to predominate at physiological intakes.
This active transport process is dependent on sodium,
energy and pH and is saturable: the Km is c. 17mMand
Vmax is c. 1000pmol cm�2 h�1, with minor variations
among species. The transport pathway is shared by
biotin in colonic epithelial cells, and it appears to be
regulated by an intracellular protein kinase C-mediated
pathway. Calmodulin is also implicated in cellular pan-
tothenic acid transport pathways.

In mice, it was found that usual dietary pantothe-
nate levels did not affect the rate of absorption of a
standard pantothenate dose, i.e., there was no evi-
dence for feedback adaptation of the absorption
pathway to low or high intakes, and it is assumed
that the same is true in other species, including
humans. However, there is some evidence from rat
studies that the extent of secretion of enzymes
degrading CoA into the gut lumen may partially
limit the availability of pantothenic acid from CoA.

In humans, studies of urinary excretion of pantothe-
nic acid after oral intakes of either free pantothenic
acid or of the pantothenic acid present in food have
indicated a relative availability of c. 50% from the
food-borne vitamin. Urinary excretion of pantothenate
was c. 0.8mgday�1 when a pantothenate-deficient diet

was eaten, rising to 40–60mgday�1 at a high daily
intake of l00mgday�1. At intermediate intakes, in
the range 2.8–12.8mgday�1, the urinary excretion
rate varied between 4 and 6mgday�1. Excretion of
less than 1mgday�1 is considered low. Urinary
excretion rates reflect recent intakes perhaps more
closely than most other biochemical indices.

The contribution of the gut flora to the available
pantothenate for humans is unknown, but there is
some evidence that bacterial synthesis of the vitamin
may be important in animals, especially ruminants,
since severe deficiency can only be achieved by using
antibiotics or antagonists. Clinical conditions such
as ulcers or colitis can adversely affect pantothenate
status and excretion rates, and dietary fiber may
affect its absorption.

After a dose of 14C-labeled pantothenate, about
40% of the dose appears in muscle tissue and about
10% in the liver, with smaller amounts occurring else-
where.The differential affinities of the various different
tissues determines their individual contents of the coen-
zyme derivatives, CoA and ACP, since there is no other
major store of the vitamin anywhere in the body.Most
organs, including placenta, exhibit evidence of a uni-
directional active transport process for the intracellular
accumulation of pantothenate, which is dependent on
sodium, energy, and pH. In placenta (and probably
elsewhere) this transport process is also shared by bio-
tin and by some of its analogs, which can exhibit com-
petitive inhibition. The only tissues that have been
shown to differ with respect to transport mechanisms
are red cells and the central nervous system.

The uptake and efflux of pantothenate into and
out of red blood cells is unaffected by sodium,
energy, or pH. Red cells contain pantothenate,
4-phosphopantothenate, and pantetheine, but
they do not contain mitochondria, or carry out
CoA-dependent processes. The function of the
pantothenate derivatives found in red cells is
unknown, but their formation clearly results in
higher concentrations of total pantothenate in
red cells than in plasma, and red cell (or whole
blood) total pantothenate is considered a better
status index, and is more predictably related to



intake, than is serum or plasma pantothenate.
A concentration less than 1 mmol l�1 of pantothe-
nate in whole blood is considered low; the normal
range is 1.6–2.7 mmol l�1. Pantothenate in serum
appears to be a very short-term marker and it is
not well correlated with changes in intake or status.

Concentrations in body fluids are traditionally
measured by microbiological assay using Lactobacil-
lus plantarum. If CoA is present, enzymatic hydroly-
sis is needed to liberate free pantothenic acid for the
microbiological assay. Other assay methods reported
include gas chromatography (after conversion to a
volatile derivative), radioimmunoassay (RIA), or
enzyme-linked immunoabsorbent assay (ELISA).

Unlike several other B vitamin precursors of
cofactors, pantothenate is not entirely converted to
coenzyme forms inside the cell, and metabolic ‘trap-
ping’ is therefore less dominant than it is for some
other B vitamins. There is some evidence that the
free pantothenate in tissues is more closely related to
dietary pantothenate than the coenzyme forms are;
the latter are relatively protected during periods of
dietary deficiency or of low intakes. Uptake of pan-
tothenate from plasma into most tissues is propor-
tional to the plasma concentration because the
active transport process is nowhere near saturated
at typical plasma concentrations of c. 10�6M.

Pantothenate is required for the hepatic acety-
lation of drugs by its presence in acetyl CoA, and
it has been shown that pantothenate deficiency can
impair this process; moreover, 20–60% of human
populations are slow acetylators, varying with
their ethnic grouping. Whether this function can
be used to develop a functional test for pantothe-
nate status is an intriguing but unresolved
question.

Metabolism and Turnover

The primary role of pantothenic acid is in acyl group
activation for lipid metabolism, involving thiol
acylation of CoA or of ACP, both of which contain
4-phosphopantotheine, the active group of which is
�-mercaptoethylamine. CoA is essential for oxidation
of fatty acids, pyruvate and �-oxogutarate, for metab-
olism of sterols, and for acetylation of other molecules,
so as to modulate their transport characteristics or
functions. Acyl carrier protein, which is synthesized

from apo-ACPand coenzymeA, is involved specifically
in fatty acid synthesis. Its role is to activate acetyl,
malonyl, and intermediate chain fatty acyl groups dur-
ing their anabolism by the biotin-dependent fatty acid
synthase complex (i.e., acyl-CoA: malonyl-CoA-acyl
transferase (decarboxylating, oxoacyl and enoyl-redu-
cing, and thioester-hydrolyzing), EC 2.3.1.85).

The organ with the highest concentration of pan-
tothenate is liver, followed by adrenal cortex, because
of the requirement for steroid hormone metabolism in
these tissues. Ninety-five per cent of the CoA within
each tissue is found in the mitochondria. However, the
initial stages of activation of pantothenate and conver-
sion to CoA occur in the cytosol. It was originally
believed that the final stages of CoA synthesis must
occur within the mitochondria, but later evidence indi-
cated that transport across the mitochondrial mem-
brane is, after all, possible. �-oxidation within the
peroxisomes is also CoA-dependent, and is downregu-
lated by pantothenate deficiency.

The pathways of conversion of pantothenic acid to
CoA and to ACP are summarized in Figure 2. There
are three ATP-requiring reactions and one CTP-requir-
ing reaction in the synthesis of CoA. The rate of CoA
synthesis is under close metabolic control by energy-
yielding substrates, such as glucose and free fatty acids
(via CoA and acyl CoA) at the initial activation step,
which is catalyzed by pantothenate kinase (ATP: pan-
tothenate 4-phosphotransferase, EC 2.7.1.33). This
feedback control is thought to be a mechanism for
conservation of cofactor requirements. There are also
direct and indirect effects of insulin, corticosteroids,
and glucagon, which result in important changes in
tissue distribution, uptake, etc. in persons with dia-
betes. The mechanisms involved here are complex
and not yet fully understood; however insulin represses
and glucagon induces the enzyme.

A rare genetic disease, Hallervorden-Spatz syn-
drome, has recently been shown to result from defi-
ciency of pantothenate kinase, and is now alternatively
known as pantothenate kinase-associated neurodegen-
eration (PKAN). Dystonia, involuntary movements,
and spasticity occur, and although there is no cure,
some palliative treatment is possible.

In genetically normal people, fasting results in a
reduction of fatty acid synthase activity with loss of
the coenzyme of ACP, which thus achieves the desired
objective of a shift away from fatty acid synthesis,
towards breakdown. This interconversion of apo-
ACP and holo-ACP is thus a very important process
for the short-term regulation of fatty acid synthesis.

Deficiency of sulfur amino acids can result in
reduced CoA synthesis; likewise copper overload
can (by interfering with sulfur amino acid function)
also reduce CoA synthesis.

HO CH2 CH2 CH2C NH C CH C OH

O O

OH CH3

CH3

Figure 1 Structure of pantothenic acid.
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Excretion of free pantothenate in the urine is the
primary excretion route in humans; in other mammals
the glucuronide or glucoside may be excreted. There is
little evidence of degradation to simpler products, and
pantothenic acid appears to be very efficiently con-
served in animals. Some bacteria can cleave it to yield
pantoic acid and �-alanine. A potentially useful break-
down product of CoA is taurine, formed via cystea-
mine. This amino acid is an essential nutrient for some
carnivorous animals such as cats.

When dietary intakes are low, the majority of the
circulating vitamin, which is filtered in the kidney
tubules, is absorbed by the same type of sodium-
dependent active transport process that also occurs
at most other sites in the body. Retention of a test
dose of pantothenate is, as expected, greater in par-
tially depleted subjects, than in saturated ones.
Secretion into breast milk is proportional to intake
and to blood levels of the vitamin; therefore, dietary
supplements taken by the lactating mother generally
increase the breast milk content of the vitamin.

Metabolic Function and Essentiality

As noted above, the biochemical functions, and
hence the basis for the dietary requirement of

pantothenic acid, arise entirely from its occurrence
as an essential component of CoA and of ACP,
which cannot be synthesized de novo in mammals
from simpler precursors.

In addition to the now well-established roles of CoA
in the degradation and synthesis of fatty acids, sterols,
and other compounds synthesized from isoprenoid
precursors, there are also a number of acetylation
and long-chain fatty acylation processes which seem
to require CoA as part of their essential biological
catalytic sites, and which are still being explored
today. The acetylation of amino sugars, and some
other basic reactions of acetyl-CoA and succinyl-CoA
in intermediary metabolism, have been known since
the 1980s. However, the addition of acetyl or fatty
acyl groups to certain proteins in order to modify
and control their specific and essential properties is a
more recent discovery. The first category of these
modifications comprises the acetylation of the N-term-
inal amino acid in certain proteins, which occurs in at
least half of all the known proteins that are found in
higher organisms. The specific amino acids that are
recipients of these acetyl groups are most commonly
methionine, alanine, or serine. The purposes of this
terminal acetylation process are not entirely clear and
may be multiple, including modifications of function
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Figure 2 Synthetic pathway between pantothenic acid, coenzyme A, and acyl carrier protein.
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(e.g., of hormone function), of binding and site recog-
nition, of tertiary peptide structure, and of eventual
susceptibility to degradation. Another possible site of
protein acetylation is the side chain of certain internal
lysine residues, whose side chain "-amino group may
become acetylated in some proteins, notably the basic
histone proteins of the cell nucleus, and the �-tubulin
proteins of the cytoplasmic microtubules, which help
to determine cell shape and motility. Its essential role
in the synthesis of �-tubulin appears to be a particu-
larly important one.

Proteins can also be modified by acylation with
certain long-chain fatty acids, notably the 16-carbon
saturated fatty acid, palmitic acid, and the 14-carbon
saturated fatty acid, myristic acid. Although structur-
ally very similar to each other, these two fatty acids
seek entirely different protein locations for acylation
and also have quite different functions. They have
recently been explored with particular emphasis on
viral and yeast proteins, although proteins in higher
animals, in organs such as lung and brain, can also
become acylated with palmityl moieties. Palmitoyl
CoA is also required for the transport of residues
through the Golgi apparatus during protein secretion.
It is believed that these protein acylations may enable
and control specific protein interactions, especially in
relation to cell membranes, and proteins that are pal-
mitoylated are generally also found to be associated
with the plasma membrane. Signal transduction (e.g.,
of the human �2-adrenergic receptor) is one process
that appears to be controlled by palmitoylation, and
other palmitoylated proteins possess some structural
importance, for example in the case of the protein–
lipid complex of brain myelin. Clearly, these subtle
protein modifications, all of which depend on CoA
and hence on pantothenic acid, have a wide-ranging
significance for many biological processes, which is
still being actively explored.

Pantothenic acid is essential for all mammalian
species so far studied, namely humans, bovines,
pigs, dogs, cats, and rodents, as well as for poultry
and fish. Pantothenate deficiency signs in animals are
relatively nonspecific and vary among species. Defi-
ciency in young animals results in impaired growth,
and requirement estimates based on maximum
growth rates are between 8 and 15mgper kg diet.
Rats that are maintained on a diet low in pantothe-
nate exhibit reduced growth, scaly dermatitis, alope-
cia, hair discoloration and loss, porphyrin-caked
whiskers, sex organ disruption, congenital malforma-
tions, and adrenal necrosis. Deficient chicks are
affected by abnormal feather development, locomo-
tor and thymus involution, neurological symptoms
including convulsions, and hypoglycemia. Pigs exhibit
intestinal problems and abnormalities of dorsal root

ganglion cells, and several species suffer nerve demye-
lination. Fish exhibit fused gill lamellae, clumping of
mitochondria, and kidney lesions. Signs specific for
pantothenate depletion are not well characterized for
humans. A syndrome that included ‘burning feet’ has
been described in tropical prisoner-of-war camps dur-
ing World War II, and it was said to respond to
pantothenic acid supplements; however this was
likely to have been a more complex deficiency. A
competitive analog of pantothenate, !-methyl
pantothenate, interferes with the activation of pan-
tothenic acid; it also produces burning feet symp-
toms, Reye-like syndrome, cardiac instability,
gastrointestinal disturbance, dizziness, paraesthesia,
depression, fatigue, insomnia, muscular weakness,
loss of immune (antibody) function, insensitivity to
adrenocorticotrophic hormone, and increased sensi-
tivity to insulin. Large doses of pantothenate can
reverse these changes. One of the earliest functional
changes observed in mildly deficient rats was an
increase in serum triacylglycerols and free fatty
acids, presumably resulting from the impairment
in �-oxidation. Paradoxically, CoA levels are rela-
tively resistant to dietary pantothenate deficiency;
however there are some inter-organ shifts in pan-
tothenate in certain metabolic states.

As noted above, CoA is required for Golgi function,
involved in protein transport. Pantothenate deficiency
can therefore cause reductions in the amounts of some
secreted proteins. Other metabolic responses to defi-
ciency include a reduction in urinary 17-ketosteroids, a
reduction in serum cholesterol, a reduction in drug
acetylation, a general reduction in immune response,
and an increase in upper respiratory tract infection.

Recently, some studies of wound healing and
fibroblast growth have indicated that both pantothe-
nic acid and ascorbic acid are involved in trace
element distribution in the skin and scars of experi-
mental animals, and that pantothenic acid can
improve skin and colon wound healing in rabbits.
It is not yet known whether these observations are
relevant to wound healing in humans.

Requirements

In the UK, National Food Survey records suggest
that during recent decades mean adult daily pan-
tothenate intakes have been consistently in the
range of 4–6mg. Since there is little evidence for
the magnitude of minimum requirements in humans,
the UK committee responsible for the revision of
dietary reference values in 1991 suggested that
intakes in the range 3–7mg day�1 can be considered
as adequate (although no specific values for the
reference nutrient intake, estimated average
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requirement or lower reference nutrient intake for
pantothenate were set). The US adequate intake (AI)
for pantothenic acid is currently set at 5mgday�1

for adults; 4mg day�1 for children aged 9–13 years;
3mgday�1 for 4–8years, and 2mgday�1 for 1–3years.
There was insufficient evidence to set an estimated
average requirement (EAR), a recommended daily
allowance (RDA), or a tolerable upper intake level (UL).

There are few studies in communities where
intakes are likely to be low; indeed, pantothenic
acid is so widely distributed in human foods that it
is unlikely that any natural diets with a very low
content will be encountered. Some variations in status
among communities have been described, but these
do not define requirements. In a group of adolescents
in the USA, daily pantothenate intakes were around
4mg; total blood pantothenate was in the ‘normal’
range of c. 350–400ng ml�1, and intakes were corre-
lated with red cell pantothenate (r= 0.38) and with
urinary pantothenate (r= 0.60), both P< 0.001.
In adults, these correlations were less strong.

During pregnancy and lactation there is some
evidence that requirements may increase. As for
most water-soluble vitamins, maternal blood levels
do decrease significantly on normal diets during preg-
nancy, and the mean daily output of the vitamin in
breast milk in the US is of the order of 2–6mg. The
adequate intake (AI) in the USA is 6mgday�1 during
pregnancy and 7mgday�1 during lactation. It has
been suggested that infant formulas should contain
at least 2mg pantothenate per liter and the AI for
infants is 1.7mgday�1 from birth to 6months and
1.8mgday�1 from 7 to 12months of age.

Dietary Sources and High Intakes

Pantothenate is widely distributed in food; rich
sources include animal tissues, especially liver, and
yeast, with moderate amounts occurring in whole
grain cereals and legumes (see Table 1). It is fairly
stable during cooking and storage, although some
destruction occurs at high temperatures and at pH
values below 5 or above 7. Highly processed foods
have lower contents than fresh foods. Commercial
vitamin supplements containing pantothenate
usually contain the calcium salt, which is crystalline
and more stable than the acid.

Synthesis by gut flora in humans is suspected but not
yet proven; the rarity of diet-induced deficiency has
been attributed to contributions from gut flora sources.

There is some evidence that pantothenic acid
supplements may be beneficial for treatment of
rheumatoid arthritis and for enhancement of athletic
performance, specifically in running. Pantethine, the
disulfide dimer of pantetheine, may have cholestero-

lowering properties. The mechanisms of these
reported effects are unclear and they require further
investigation and verification. A homolog of pan-
tothenate, pantoyl �-aminobutyrate (hopanthenate),
which can act as a pantothenate antagonist, has
been used to enhance cognitive function, especially
in Alzheimer’s disease. It acts on GABA receptors to
enhance acetylcholine release and cholinergic func-
tion at key sites in the brain.

There is little or no evidence for any toxicity at
high intakes: at daily intakes around 10 g there may
be mild diarrhea and gastrointestinal disturbance,
but no other symptoms have been described. Pan-
tothenate has been prescribed for various chronic
disorders, but is not known to be useful in high
doses.

Table 1 Pantothenate content of selected foods

Food mgper 100 g

wet wt

mgperMJ

Meat, offal, and fish

Stewed minced beef 0.36 0.41

Grilled pork chop 1.22 1.58

Calf liver, fried 4.1 5.59

Lamb’s kidney, fried 4.6 5.87

Cod, grilled 0.34 0.85

Dairy products

Cow’s milk, full cream 0.58 2.12

Cheese, cheddar 0.50 0.29

Yogurt (whole milk, plain) 0.50 1.50

Boiled chicken’s egg 1.3 2.12

Human milk 0.25 0.87

Fruits

Apples, eating, flesh and skin trace trace

Oranges, flesh 0.37 2.34

Pears, flesh and skin 0.07 0.41

Strawberries, raw 0.34 3.01

Dried mixed fruit 0.09 0.08

Vegetables

Potatoes, boiled, new 0.38 1.18

Carrots, boiled, young 0.18 1.94

Brussel sprouts, boiled 0.28 1.83

Cauliflower, boiled 0.42 3.59

Onions, fried 0.12 0.18

Grains, grain products,

nuts

White bread 0.40 0.43

Wholemeal bread 0.60 0.65

Rice, boiled, white 0.10 0.17

Comflakes 0.30 0.19

Baked beans in tomato sauce 0.18 0.51

Peanuts, plain 2.66 1.14

Compiled from Food Standard Agency (2002) McCance and

Widdowson’s The Composition of Foods, 6th Sixth Summary

edn. Cambridge: Royal Society of Chemistry, ª Crown

copyright material is reproduced with the permission of the

Controller of HMSO and Queen’s Printer for Scotland.
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See also: Fatty Acids: Metabolism.
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The consumption of a diet sufficient in phosphorus, in
the form of phosphate salts or organophosphate mole-
cules, is critical for the support of human metabolic
functions. Too much phosphorus, in relation to too
little dietary calcium, may contribute to bone loss, and
too little phosphorus along with too little dietary cal-
cium may not adequately maintain bone mass, espe-
cially in the elderly. Therefore, under normal dietary
conditions, dietary phosphorus is used for numerous
functions without any concern; it is only when too
much or too little phosphorus is ingested that skeletal
problems may arise. Certainly, elderly subjects need to
consume sufficient amounts of phosphorus, like cal-
cium, to maintain bone mass and density, but too
much phosphorus may contribute to inappropriate
elevations of parathyroid hormone (PTH) and bone
loss. It is not clear where most elderly subjects fall
along this continuum of intake patterns. This article
discusses the mechanisms by which phosphate ions
impact on calcium and also on bone tissue.

Calcium–Phosphate Interrelationships

Although phosphorus in the form of phosphate ions
is essential for numerous body functions, its meta-
bolism is intricately linked to that of calcium

because of the actions of calcium-regulating hor-
mones, such as PTH and 1,25-dihydroxyvitamin D,
on bone, the gut, and the kidneys. Adequate phos-
phorus and calcium intakes are needed not only for
skeletal growth and maintenance but also for many
cellular roles, such as energy production (i.e., ade-
nosine triphosphate (ATP)). Phosphate ions are
incorporated in many organic molecules, including
phospholipids, creatine phosphate, nucleotides,
nucleic acids, and ATP.

Dietary Sources of Phosphorus

Animal products, including meats, fish, poultry,
eggs, milk, cheese, and yogurt, are especially rich
in phosphorus, as phosphates, but good amounts
of phosphorus can be obtained from cereal grains
and many vegetables, including legumes. Because of
the abundance of phosphorus in the food supply,
deficiency is highly unlikely except perhaps late in
life when some elderly individuals consume little
food. An extremely rare deficiency disease, phos-
phate rickets, in infants has been reported to result
from inadequate phosphorus intake.

In the United States, mean phosphorus intakes
approximate 1200–1500mgper day in adult males
and 900–1200 in adult females. In addition, phos-
phate additives used in food processing and cola
beverages are also consumed, but the quantities are
not required by food labeling laws to be given on the
label so that the actual additional amounts con-
sumed can only be estimated. Phosphate additives
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used by the food industry may be found in baked
goods, meats, cheeses, and other dairy products.
A conservative estimate is that most adults in the
United States consume an extra 200–350mg of
phosphorus each day from these sources and cola
beverages. Therefore, the total phosphorus intakes
for men and women are increased accordingly.
Because the typical daily calcium intake of males is
600–800mg and that of females is 500–650mg, the
Ca:P ratios decrease from approximately 0.5–0.6 to
less than 0.5 when the additive phosphates are
included. As shown later, a chronically low Ca:P
dietary ratio may contribute to a modest nutritional
secondary hyperparathyroidism, which is considered
less important in humans than in cats. Table 1
provides representative values of calcium and
phosphorus in selected foods and the calculated
Ca:P ratios. Only dairy foods (except eggs), a few
fruits, and a few vegetables have Ca:P ratios that
exceed 1.0.

Recommended intakes of phosphorus have been
set for adults in the United States at 900mgper day
for men and 700mg per day for women.

Intestinal Absorption of Phosphates

Because phosphate ions are readily absorbed by
the small intestine (i.e., at efficiencies of 65–75%
in adults and even higher in children), a prompt
increase in serum inorganic phosphate (Pi) concen-
tration follows within an hour after ingestion of a
meal begins. (Calcium ions or Ca2þ are much
more slowly absorbed.) The increased serum Pi
(HPO4

=) concentration then depresses the serum
calcium ion concentration, which in turn stimu-
lates the parathyroid glands to synthesize and

secrete PTH. PTH acts on bone and the kidneys
to correct the modest decline in Ca2þ and home-
ostatically return it to the set level. Reports sug-
gest that an elevation of serum Pi ionic
concentration directly influences PTH secretion
independently of hypocalcemia. These meal-asso-
ciated fluctuations in Pi and Ca2þ are part of
normal physiological adjustments that occur typi-
cally three or more times a day.

Pi ions are thought to be absorbed primarily by
transcellular mechanisms that involve cotransport
with cations, especially sodium (Naþ). These rapid
mechanisms account for the uptake of Pi ions in
blood within 1 h after ingestion of a meal. The
blood concentration of Pi is less tightly regulated
than the serum calcium concentration. Wider fluc-
tuations in serum Pi concentrations reflect both
dietary intakes and cellular releases of inorganic
phosphates.

Most Pi absorption by the small intestine occurs
independently of the hormonal form of vitamin D.
The reported role of 1,25-dihydroxyvitamin D in
intestinal Pi transcellular absorption is somewhat
unclear because of the normally rapid influx of Pi
ions after a meal, but this hormone may enhance the
late or slower uptake of Pi ions. Paracellular passive
absorption of Pi ions may also occur, but the evi-
dence for this is limited.

Phosphate Homeostatic Mechanisms

The blood concentrations of Pi ions are higher early
in life and then decline gradually until late life. The
normal range for adults is 2.7–4.5mg/dl (0.87–
1.45mmol/l). The percentage distributions of the
blood fractions of phosphorus compared to those

Table 1 Calcium and phosphorus composition of common foods

Food category Phosphorus mg/serving Calcium mg/serving Ca:P ratio (wt:wt)

Milk, eggs, and dairy

Cheddar cheese, 1 oz. 145 204 1.4

Mozzarella cheese-part skim, 1 oz. 131 183 1.4

Vanilla ice milk, 1 cup 161 218 1.4

Lowfat yogurt, 1 cup 353 448 1.3

Skim milk, 8 oz. 247 301 1.2

Skim milk-Lactose reduced, 8 oz. 247 302 1.2

Vanilla ice cream, 1 cup 139 169 1.2

Vanilla soft-serve ice cream, 1 cup 199 225 1.1

Egg substitute, frozen, 1/4 cup 43 44 1.1

Chocolate pudding, 5 oz. 114 128 1.1

Processed American cheese, 1 oz. 211 175 0.8

Lowfat cottage cheese, 1 cup 300 200 0.7

Processed cheese spread, 1 oz. 257 129 0.5

Instant chocolate pudding, 5 oz. 340 147 0.4

Soy milk, 8 oz. 120 10 0.1
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of calcium are given in Table 2. The homeostatic
control of this narrow concentration range of Pi is
maintained by several hormones, including PTH,
1,25(OH)2 vitamin D, calcitonin, insulin, glucagon,
and others, but the control is never as rigorous as
that of serum calcium. In contrast to calcium
balance, which is primarily regulated in the small
intestine by 1,25(OH)2 vitamin D, Pi balance is
mainly regulated by the phosphaturic effect of PTH
on the kidney, primarily the proximal convoluted
tubule. In this sense, Pi regulation is less critical
than that of calcium, which may result from the
presence of multiple stores of this ion distributed
throughout the body (i.e., bone, blood, and intracel-
lular compartments).

A major regulator of Pi is PTH, whose role has
been fairly well uncovered. PTH increases bone
resorption of Pi (and calcium ions), it blocks renal
tubular Pi reabsorption following glomerular filtra-
tion (whereas PTH favors calcium reabsorption),
and it enhances intestinal Pi absorption (and calcium
absorption) via the vitamin D hormone, 1,25(OH)2
vitamin D. Other hormones have more modest
effects on serum Pi concentration.

Functional Roles of Phosphates

Several major roles of Pi ions have been briefly
noted (i.e., intracellular phosphate groups for cellu-
lar energetics and biochemical molecules as well as
for the skeleton and teeth (structures)). Other impor-
tant functions also exist. For example, in bone tissue
phosphates are critical components of hydroxyapa-
tite crystals, and they are also considered triggers for
mineralization after phosphorylation of type 1 col-
lagen in forming bone. Serum phosphates, HPO4

=

and H2PO4
�, also provide buffering capacity that

helps regulate blood pH and also cellular pH.
Considerable cellular regulation occurs through

the phosphorylation or dephosphorylation of Pi
ions under the control of phosphatase enzymes,
including protein kinases. These cell regulatory
roles of Pi ions coexist with regulatory functions
involving calcium ions, but Pi ions are much more
widely distributed within cells and cell organelles
than Ca ions.

Insulin affects Pi ions by increasing their intra-
cellular uptake, although temporarily, for the
prompt phosphorylation of glucose. Insulin may
also influence the use of Pi ions when insulin-like
growth factor-1 acts to increase tissue growth or
other functions. Because of the broad uses of Pi
ions in structural components, energetics, nucleic
acids, cell regulation, and buffering, there is an
overall generalization that these versatile yet criti-
cal ions support life.

Phosphate in Health and Disease

Phosphate balance in adults is almost always zero,
in contrast to calcium balance, which is usually
negative, because of the effective action of PTH on
renal tubules to block Pi reabsorption. In late life,
however, intestinal phosphate absorption decreases
and the serum phosphate concentration declines.
These physiological decrements may contribute to
disease, especially to increased bone loss and osteo-
penia or more severe osteoporosis. Typically, these
changes in Pi balance are also accompanied by simi-
lar changes in calcium balance. Too little dietary
phosphorus and too little dietary calcium may be
determinants of low bone mass and density and,
hence, increased bone fragility. The usual scenario
invoked to explain osteoporosis in old age, however,
is that too little dietary calcium in the presence of
adequate dietary phosphorus stimulates PTH release
and bone loss (Figure 1).

Three human conditions that involve abnormal Pi
homeostasis need explanation.

Aging and Renal Function

The serum concentration of Pi increases with a phy-
siological decline in renal function associated with
aging (but not renal disease per se). Healthy indivi-
duals excrete approximately 67% of their absorbed
phosphate via the urine and the remainder via the
gut as endogenous secretions. As the glomerular
filtration capacity of the kidneys declines, the
serum Pi concentration increases and more Pi is
retained by the body. PTH secretions increase but
the typical serum PTH concentrations, although ele-
vated, remain within the upper limits of the normal
range, at least for a decade or so. Thereafter, how-
ever, serum Pi and PTH both continue to climb as
renal function declines and increased rates of bone
turnover lead to measurable bone loss. This situa-
tion probably affects millions in the United States
each year as they enter the 50s and proceed into the
60s; many of these individuals are overweight or
obese and have the metabolic syndrome, which

Table 2 Approximate percentage (%) distributions of calcium

and phosphate in blood

Serum fraction Calcium Phosphate

Ionic 50–55% 55–60%

Protein-Bound 45–50 10–13

Complexed 0.3–0.6 30–35
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may negatively impact renal function. As the syn-
drome worsens, many of these individuals will pro-
gress to chronic renal failure and renal secondary
hyperparathyroidism.

Nutritional Secondary Hyperparathyroidism

This mild condition has not been fully assessed in
any longitudinal studies lasting as long as 1 year.
The initiating event is a chronic low-calcium and
high-phosphorus intake (low Ca:high P ratio) that
leads to a chronic elevation of serum PTH. Eleva-
tions in PTH stimulate osteoclastic bone resorption
and declines in bone mass and density. This condi-
tion has only been studied experimentally using
human subjects for 28 days, but the chronic
increases in PTH and vitamin D hormone suggest
that even a lowering of the Ca:Pi ratio below 0.5—
in this study to �0.25—resulted in adverse effects.
Longer term studies are needed to determine if bone
losses occur under this chronic dietary regimen.

Renal Secondary Hyperparathyroidism

The true secondary hyperparathyroidism of chronic
renal failure (CRF) has been extremely difficult to
treat by clinicians because of high Pi and PTH con-
centrations in this condition. Traditional treatment
includes the use of binders (chemical) to prevent Pi
absorption from the small intestine. In recent years,
a calcium-sensing receptor (CaR) in the parathyroid

glands has been identified and drugs are being devel-
oped that will trick the CaR into thinking that serum
calcium is normal rather than depressed, thereby redu-
cing PTH secretion. A reduction in PTH then helps in
the conservation of bone tissue since bone loss is such a
severe problem in CRF patients.

Conclusions

The general view of dietary phosphorus, supplied in
foods as phosphates, is that too much relative to
calcium skews the Ca:P ratio to much less than 0.5.
Another view, however, has been emerging that
suggests that many elderly subjects, especially
women, have very low phosphorus intakes in addi-
tion to low calcium intakes and that they may
benefit from increased consumption of both cal-
cium and phosphate from foods and supplements.
In dietary trials designed to reduce fractures of
elderly women and men, especially nonvertebral
fractures, calcium plus vitamin D has been the
treatment, but at least one trial that used calcium
phosphate plus vitamin D has shown significant
reduction in fractures over 18 and 36months of
follow-up. Further studies are needed to target the
role of phosphate ions in reducing fractures among
the elderly.

See also: Calcium.
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There is a considerable body of evidence to suggest
that populations that consume diets rich in fruits
and vegetables, whole-grain cereals, and complex
carbohydrates have a reduced risk of a range
of chronic diseases. This has led to the suggestion
that the diversity of substances found in food, parti-
cularly plant-derived or plant-based foods, may
underlie the protective effects that are attributed to

diets high in fruits and vegetables and other plant
foods. Although fruits and vegetables are rich
sources of micronutrients and dietary fiber, they
also contain a wide variety of secondary metabo-
lites, which provide the plant with color, flavor,
and antimicrobial and insecticide properties. Many
of these substances have been attributed a wide
array of properties but have yet to be recognized as
nutrients in the conventional sense. Many of these
potentially protective plant compounds, termed
phytochemicals, are receiving increasing attention.
Phytochemicals, also known as phytonutrients, are
plant-based compounds that exert numerous physio-
logical functions in mammalian systems. Many of
them are ubiquitous throughout the plant and as a
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result are present in our daily diet. Among the
most important classes are the flavonoids, which
are classified based on their chemical and structural
characteristics. This article focuses on the different
classes of phytochemicals and their relationships to
human diseases.

Phytochemicals: General

Plants synthesize a wide array of compounds
that play key roles in protecting plants against
herbivores and microbial infection and as attrac-
tants for pollinators and seed-dispersing animals,
allelopathic agents, UV protectants, and signal
molecules in the formation of nitrogen-fixing root
nodules in legumes. Although they have long
been ignored from a nutritional perspective, the
function of these compounds and their relative
importance to human health are gaining significant
interest.

Phytochemicals comprise a wide group of structu-
rally diverse plant compounds, which are pre-
dominantly associated with the cell wall and
widely dispersed throughout the plant kingdom.
They are secondary plant metabolites, characterized
by having at least one aromatic ring with one or
more hydroxyl groups attached. The nature and
distribution of these compounds can vary depending
on the plant tissue, but they are mainly synthesized
from carbohydrates via the shikimate and phenyl-
propanoid pathways. They range in chemical
complexity from simple phenolic acids, such as
caffeic acid, to complex high-molecular-weight com-
pounds, such as the tannins, and they can be classi-
fied according to the number and arrangement of
their carbon atoms. In plants, they are commonly
found conjugated to sugars and organic acids and
can be classified into two groups, flavonoids and
nonflavonoids. The most researched group of com-
pounds to date is the flavonoids, and this article
focuses on this group.

Flavonoids

Flavonoids constitute a large class of phytochemicals
that are widely distributed in the plant kingdom, are
present in high concentrations in the epidermis of
leaves and skin of fruits, and have important and
varied roles as secondary metabolites. More than
8000 varieties of flavonoids have been identified,
many of which are responsible for the colors of
fruits and flower. They are found in fruits, vegeta-
bles, tea, wine, grains, roots, stems, and flowers and
are thus regularly consumed by humans. Although it
has been widely known for centuries that derivatives

of plant origin possess a broad spectrum of biologi-
cal activities, it was first suggested that flavonoids
may be important for human health in the 1930s
when it was observed that a fraction from lemon
juice could decrease the permeability of arteries and
partially prevent symptoms in scorbutic pigs. At the
time, it was suggested that these compounds should
be defined as a new class of vitamins, vitamin P, and
the substance responsible for the effects was identi-
fied as the flavonoid rutin. However, the data were
not generally accepted and the term vitamin P was
abandoned in the 1950s. There was renewed interest
in flavonoids when a potentially protective role for
flavonoids in relation to heart disease in humans was
reported. Since that time, there has been a surge of
interest in the potential role of flavonoids in human
health, with research suggesting antioxidant effects,
hormonal actions, antiinfectious actions, cancer-pre-
ventative effects, the ability to induce chemical
defense enzymes, and actions on blood clotting and
the vascular system. However, concrete evidence that
they positively influence human health is lacking, and
adverse effects have also been reported for some
polyphenols. The main subclasses of flavonoids are
flavones, flavonols, flavan-3-ols, isoflavones, flava-
nones, and anthocyanidins (Figure 1 and Table 1).

Other flavonoid groups that are thought to be less
important from a dietary perspective are the dihydro-
flavones, flavan-3,4-diols, coumarins, chalcones, dihy-
drochalcones, and aurones. The basic flavonoid
skeleton can have numerous constituents; hydroxyl
groups are usually present at the 4-, 5-, and 7- posi-
tions. Sugars are very common, and the majority of
flavonoids exist naturally as glycosides. The presence
of both sugars and hydroxyl groups increases water
solubility, but other constituents, such as methyl or
isopentyl groups, render flavonoids lipophilic.

Although many thousands of different flavonoids
exist, they can be classified into different subclasses.
The main subclasses that are important from a
human health perspective are the flavones, flavo-
nols, flavan-3-ols, isoflavones, flavanones, and
anthocyanidins (Figure 1).

Flavonols

These are arguably the most widespread of the fla-
vonoids because they are dispersed throughout the
plant kingdom. The distribution and structural vari-
ations of flavonols are extensive and have been well
documented. Extensive information on the different
flavonols present in commonly consumed fruits,
vegetables, and drinks is available; however, there
is wide variability in the levels present in specific
foods, in part due to seasonal changes and varietal
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differences. The most common flavonols are kaemp-
ferol, quercetin, isorhamnetin, and myricetin.

Flavones

Flavones have a close structural relationship to
the flavonols, but unlike flavonols they are not
widely distributed in plants. The only significant
occurrences in plants are in celery, parsley, and a
few other herbs, and they predominantly occur as
7-O-glycosides (e.g., luteolin and apigenin). In addi-
tion, polymethoxylated flavones have been found in
citrus fruits (e.g., nobiletin and tangeretin).

Flavan-3-ols

Flavan-3-ols, often referred to as flavanols, are the
most complex class of the flavonoids because they
range from simple monomers (catechin and its isomer
epicatechin) to the oligomeric and polymeric
proanthocyanidins, which are also known as

condensed tannins. Proanthocyanidins can occur as
polymers of up to 50 units, and when hydroxylated
they can form gallocatechins or undergo esterification
to form gallic acid. Red wine contains oligometric
proanthocyanidins derived mainly from the seeds
of black grapes. Green tea is also a rich source of
flavan-3-ols, principally epigallocatechin, epigalloca-
techin gallate, and epicatechin gallate. However, dur-
ing fermentation of tea leaves the levels of catechins
decline and thus the main components of black tea
are high-molecular-weight thearubigins, whose struc-
tures are derived from flavonoids but are unknown.
The catechins are widespread, but the main sources in
the diet come from tea, wine, and chocolate.

Anthocyanins

Anthocyanins are widespread in nature, predomi-
nantly in fruits and flower tissues, in which they
are responsible for the red, blue, and purple colors.
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Figure 1 Structures of the major subclasses of flavonoids.
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They are also found in leaves, stems, seeds, and root
tissue. In plants, they protect against excessive light
by shading leaf mesophyll cells. Additionally, they
play an important role in attracting pollinating
insects. The most common anthocyanins are pelar-
gonidin, cyanidin, delphinidin, peonidin, petunidin,
and malvidin, which are predominantly present in
plants as sugar conjugates.

Flavanones

The flavanones are the first flavonoid products of
the flavonoid biosynthetic pathway. They are char-
acterized by the presence of a chiral center at C2
and the absence of the C2–C3 bond. The flavanone
structure is highly reactive, and they have been
reported to undergo hydroxylation, glycosylation,
and O-methylation reactions. Flavanones are present
in high levels in citrus fruits, with the most common
glycoside known as hesperidin (hesperetin-7-o-ruti-
noside), which is present in citrus peel. Interestingly,
flavanone rutinosides are tasteless, whereas the fla-
vanone neohesperidoside conjugates (e.g., neohe-
speridin) from bitter orange and naringenin
(naringenin-7-o-neohesperidoside) from grapefruit
peel have an intensely bitter taste.

Isoflavones

Isoflavones are flavonoids, but they are also called
phytoestrogens because of their oestrogenic activity.
Structurally, they exhibit a similarity to mammalian
oestrogens and bind to oestrogen receptors � and �.
Apart from basic structural similarities, the key to
their estrogenic effect is the presence of the hydroxyl
groups on the A and B rings. They are classified as
oestrogen agonists but also as oestrogen antagonists
since they compete with oestrogen for their receptor.
They have also been demonstrated to exert effects
that are independent of the oestrogen receptor.

Current Estimates of Intake

Diets rich in plant-derived foods can provide more
than 1 g of phenolic compounds per day, although
there are major international and interindividual
differences in exposure. Flavonols, flavones, and fla-
van-3-ols constitute the three major subclasses of
flavonoids, and a significant amount of information
on the content of selected flavonoids from these
subclasses in fruits and vegetables has been obtained
using high-performance liquid chromatography
techniques. The other subclasses are flavanones,
anthocyanidins, and isoflavones.

Given the differences in dietary intake, particu-
larly for fruits and vegetables, between populations,
it is not surprising that the relationships between the
predominant flavonoids and their sources will vary
between populations, nor is it unexpected that there
will be wide inter- and intraindividual variations in
intake of the individual subclasses of the flavonoids.
Flavonol intake was estimated to be highest in a
Japanese population group (64mg/day) and lowest
in Finland (6mg/day). International comparisons of
dietary sources also reflect this variation, but only a
few sources of flavonoids are responsible for most of
the intake. Red wine was the main source of the
flavonol quercetin in Italy, tea was the main source
in Japan and The Netherlands, and onions were the
most significant contributor to intake in Greece, the
United States, and the former Yugoslavia (Table 1).

The estimated daily intake of flavonoids, includ-
ing catechins and anthocyanins, is >50mg for all the
countries presented in Table 2, and realistically
intake is probably higher than 100mg/day if data
on all flavonoid groups were available. If this intake
is compare to daily intakes of other dietary antiox-
idants, such as vitamin C (80mg/day), vitamin E
(8.5mg/day), and �-carotene (1.9mg/day), it is
clear that flavonoid intakes exceed or are at
least comparable to those of other established

Table 1 Principal dietary sources of flavonoids

Flavonoid Compound Food source

Flavonol Quercetin,

kempferol,

myricetin

Onion, apple,

broccoli, tea,

olives, kale,

cranberry, lettuce,

beans (green,

yellow)

Flavone Luteolin,

apigenin

Olives, celery

Flavan-3-ol Catechin,

epicatechin

Tea, red wine, apple

Flavanone Naringenin,

hesperidin

Citrus fruit

Anthocyanidins Cyanidin,

delphinidin,

malvidin,

petunidin

Grapes, cherries

Chalcones,

dihydrochalcones

Heavily hopped

beer, tomatoes

(with skins), cider,

apple juice

Isoflavone Genistein,

daidzein

Soy

Information from Hollman PC, Katan MB (1997) Absorption,

metabolism and health effects of dietary flavonoids in man.

Biomed Pharmacother 51(8): 305–10.

Scalbert A, Williamson G (2000) Dietary intake and bioavailability

of Polyphenols. J Nutr 130 (8S Suppl): 2073S–85S.
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antioxidants, indicating that these compounds con-
stitute an important part of dietary intake of
antioxidants.

Absorption and Metabolism of
Flavonoids

The flavonols and flavones are generally present in
plants in the form of glycosides and as such are
water-soluble. Thus, some of the flavonol glycosides
may be absorbed intact in the small intestine or
hydrolyzed by mucosal enzymes and absorbed as
aglycones. However, those that pass through the
small intestine unabsorbed or reenter the gut from
the bile become available for bacterial metabolism in
the colon.

The colon contains numerous microorganisms
and as a result it has significant capacity for cata-
lytic and hydrolytic reactions. These colonic bac-
teria produce enzymes that are capable of stripping
flavonoid conjugates of their sugar moieties,
enabling free aglycones to be absorbed. The
enzymes produced by colonic bacteria can also
break down the flavonoids into simple compounds,
resulting in the production of a range of deriva-
tives, some of which may be more biologically
active than the parent compound. This is an impor-
tant area for future research because the metabo-
lism of flavonoids is influenced by intestinal
microflora and these metabolic reactions may result
in deactivation of bioactive compounds or activa-
tion of previously inactive compounds. It is there-
fore critical to identify the bacteria involved in
these transformation reactions and define their
relative importance and occurrence in the human
gut to gain a better understanding of the transfor-
mation processes.

Other key body compartments that are important
in defining the metabolism of flavonoids are the
liver and, to a lesser extent, the small intestine and
kidney, in which the biotransformation enzymes are

located. Flavonols and flavan-3-ols are primarily
metabolized in the colon and liver.

The evidence for absorption of intact flavonoid
glycosides is weak. Recent data showing �-glucosi-
dase activity in the small intestine, together with the
absence of intact glycosides in plasma and urine,
strongly suggest that only free flavonoid aglycones
are being absorbed. In addition, data also indicate
that there is a more rapid and efficient absorption of
flavonoids originating from glucosides than from
other glycosides or free aglycones. This suggests
that dietary sources containing high levels of glucose-
bound flavonoids are more likely to have potential
health benefits than foods containing other flavo-
noid glycosides.

Bioavailability of Flavonoids

Critical to a food’s ‘nutritional’ value is whether the
‘nutrient’ or compound is provided in a bioavailable
form from the food. Flavonoids therefore may have
to be absorbed from the large intestine if they are
to exert a potential health effect. Early data from
animal studies suggested that flavonoids were only
absorbed to a limited degree because gut microflora
preferentially destroyed the heterocyclic rings of the
compounds before absorption occurred in the small
intestine. However, an increasing number of studies
suggest that the bioavailability of flavonoids is
greater than was previously recognized, although
increases in the concentrations of flavonoids and
its associated metabolites in plasma and urine do
not necessarily mean that they have significant
effects in vivo. There are few data on their intracel-
lular location and mechanism of action. Thus, a key
area for future research will be to clarify the absorp-
tion, bioavailability, and metabolism of a range of
flavonoid compounds.

Potential Mechanisms of Action

The effect of flavonoids on enzymatic, biological,
and physiological processes has been extensively
studied, but few studies have attempted to determine
the actual compound or metabolite responsible for
the observed effects. Much of the in vitro data
assume that the biological activity originates
from the flavonoid ingested, without taking into
consideration the biotransformations that may
occur following ingestion and metabolism, as it is
well established that following ingestion they are
transformed into a range of structurally distinct
compounds.

In interpreting the mechanistic data, it is also
important to remember that little attention has

Table 2 Estimated dietary intake of flavonoid subclasses in

different countries

Flavonoid

subgroup

Estimated intake (mg/day)

Denmark Holland Finland Japan

Flavonol 1.5–8.6 1–17 1.1–7 16.4

Flavone 1–2 2 No data 0.3

Flavan-3-ol 45 50 8.3 40

Flavanone 7.1–9.3 No data 8.3–28.3 No data

Isoflavone <1 No data No data 50

Anthocyanidins 6–60 No data No data No data
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been paid to the physiological relevance of the con-
centration used in the in vitro model systems. Thus,
in some instances biological effects have been shown
at concentrations that are unachievable in vivo;
therefore, the biological relevance of these mechan-
isms to humans is questionable.

Since flavonoids are complex groups of com-
pounds with variable structures and activities, it is
unlikely that they exert their biological effects by
common mechanisms. However, since it is also
now established that the pathophysiological pro-
cesses leading to the development of cardiovascular
disease and cancer are complex, this means that
there are many potential sites and stages at which
bioactive plant compounds present in food could act
to potentially reduce the formation of cancerous
cells or the atherosclerotic plaque in cardiovascular
disease. Elucidating the underlying mechanisms of
how flavonoids work is a key aim for nutrition
research.

In vitro experimental systems suggest that flavo-
noids can scavenge oxygen-derived free radicals;
exert antiinflammatory, antiallergic, and antiviral
effects; and have anticarcinogenic properties.

Potential Health Effects

There is substantial epidemiological evidence that
populations that consume diets rich in plant foods
have a reduced risk of cardiovascular disease and
various cancers, and the potential role of bioactive
compounds in plants in this association is gaining
significant attention within nutrition research.
Identification of the role of flavonoids in the pri-
mary mechanisms that may protect against cellu-
lar damage may yield clues to slowing aspects of
the aging process and postpone age-related
diseases.

Most research on flavonoids and health has
focused on quercetin due to its antioxidant potency
and potential role in cardiovascular disease. How-
ever, the diverse and broad nature of flavonoids
means that subclasses other than the flavonols may
be more important to human health since they
appear to be more bioavailable and thus have a
greater potential to protect against the various
mechanisms involved in aging and disease
development.

Cardiovascular Health

The stimulus for much of the research on the role
of flavonoids in human health was derived from
epidemiological studies, particularly a study sug-
gesting that dietary flavonoids may protect against

cardiovascular disease. During the past decade, a
significant amount of research has examined the
effect of flavonoids in foods and pure flavonoid
compounds at various stages in the atherosclerosis
process.

A significant proportion of the research on flavo-
noids has concentrated on their antioxidant actions,
and their capacity to act as antioxidants
remains their best described biological property to
date. Their antioxidant ability is well established
in vitro, and in vivo animal data also suggest that
consumption of compounds such as rutin or red
wine extracts, tea, or fruit juice lowers oxidative
products such as protein carbonyls, DNA damage
markers, and malonaldehyde levels in blood and a
range of tissues.

The flavones and catechins appear to be the most
powerful flavonoids at protecting the body against
reactive oxygen species. Although the mechanisms
and sequence of events by which free radicals inter-
fere with cellular functions are not fully understood,
one of the most important events may be lipid per-
oxidation, which results in cellular damage. Flavo-
noids may prevent such cellular damage by several
different mechanisms, including direct scavenging of
free radicals such as superoxides and peroxynitrite,
inhibition of nitric oxide, or antiinflammatory
effects.

Cancer

The specific mechanisms by which individual dietary
components can alter the cancer process remain
poorly understood. However, mechanisms underly-
ing the carcinogenesis process are understood suffi-
ciently so that model systems to evaluate the ability
of a specific compound to inhibit or promote pro-
cesses that may prevent or delay cancer development
can be predicted. Phytochemcials can act at a variety
of sites relevant to the development of the cancer
cells. They may inhibit carcinogen activation, induce
hepatic detoxification pathways, exert antioxidant
effects/metal chelation properties, enhance immune
response, induce apoptosis, and alter hormonal
environment.

From a mechanistic perspective, evidence suggests
that flavonoids have the potential to alter the cancer
development process by several different mechan-
isms. These include inhibition of the metabolic acti-
vation of carcinogens by modifying the expression of
specific phase I and II enzymes, acting as antioxi-
dants, inhibiting protein kinase C, interfering with
expression of the mutated ras oncogene, and influ-
encing other redox-regulated aspects of cell
proliferation.
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In addition to in vitro data, it is also well estab-
lished that certain flavonoids can protect against
chemically induced and spontaneously formed
tumors in animal models. However, despite the sig-
nificant amount of experimental evidence indicating
that specific flavonoids have potent anticarcinogenic
effects, the available epidemiological data are con-
tradictory. Some ecological, cohort, and case–con-
trol studies suggest that tea consumption lowers the
risk of developing cancer, whereas other investiga-
tions have failed to find such an association. The
inconclusive nature may relate to poor information
on dietary intake of flavonoids.

Safety

Although flavonoids may have potential health
effects, the function of many of these compounds in
the plant is to discourage attack by fungal parasites,
herbivores, and pathogens. As a result, it is not sur-
prising than many are toxic and mutagenic in cell
culture systems, and excessive consumption by ani-
mals or humans may cause adverse metabolic reac-
tions. However, the concentrations used in cell
culture experiments in general tend to exceed the
levels that are achievable in vivo following diet-
ary consumption. Results of recent studies using �-
carotene supplements should reinforce the need to
proceed with caution in using flavonoid supplements,
where levels could easily exceed doses obtained from
normal dietary intake. For the majority of the identi-
fied phytochemicals, there are limited data on the
‘safe level’ of intake or optimal level of intake for
health benefits, and it is critical that these margins
be more clearly defined in future research.

Conclusions

There is increasing evidence that flavonoids may be
protective against a number of age-related disorders.
Data suggest that diets high in flavonoids may not
only reduce the risk of cardiovascular disease and
cancer but also, by protecting against cellular
damage, may slow aspects of the aging process and
improve quality of life by postponing age-related
diseases. There is still much to be uncovered about
their bioavailability, metabolism, mode of action,
and optimal doses or, indeed, the actual compounds
responsible for the health effect. Research has
focused on foods as well as individual components
of food to help us further our knowledge. Given the
limited information to date, there are no recom-
mended dietary intakes for phytochemicals, but peo-

ple should consume a wide variety of foods that
incorporate the various phytochemicals to maximize
disease prevention. Further research is required to
define optimal doses for potential health effects and
to define safe levels of intakes for many of these
phytochemicals. Many of these compounds should
be viewed as pharmaceutical compounds because
although they occur naturally, they still require the
same levels of proof of efficacy and safety in use as
synthetic pharmaceutical agents.

See also: Antioxidants: Diet and Antioxidant Defense;
Observational Studies; Intervention Studies. Coronary
Heart Disease: Prevention. Phytochemicals:
Epidemiological Factors. Whole Grains.
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There is considerable interest in the role that dietary
phytochemicals may play in the protection of human
health. This article considers the epidemiological evi-
dence for the health protective effects of phytochemicals
such as flavonoids, phytoestrogens, glucosinolates, and
their derivatives and allium organosulfur compounds,
particularly against cancer and heart disease. Possible
health benefits of the soya isoflavone phytoestrogens to
brain (especially cognitive function) and bone health are
also considered together with the importance of their
metabolism by the gut microflora (conversion of daid-
zein to equol) (Table 1). The possible mechanisms of
action of these phytochemicals and others of related
interest are also considered.

Epidemiological Sources of Evidence
Indicating Potential Health Benefits of
Phytochemicals

Flavonoids

Flavonoids are a group of more than 4000 poly-
phenolic compounds found in many plant foods.
This group includes the flavonols such as quercetin,
flavanols (or catechins, including catechin, epicate-
chin, epigallocatechin, and epigallocatechin gallate),
flavones such as apigenin, and flavanones and
anthocyanadins.

Until recently, the extent of absorption and bio-
availability of flavonoids was somewhat unclear.
Studies with ileostomy patients have shown that
humans can absorb significant amounts of quercetin
and that glycosides can be absorbed from the small
intestine. Absorption of quercetin glucosides was

52%, absorption of pure quercetin was 24%, and
that of quercetin rutinoside was 17%. This shows
that not only can the glycone form of quercetin be
absorbed but also absorption of the glucoside was
greater than that of both the aglycone and the ruti-
noside, showing absorption to be enhanced by con-
jugation with glucose.

Epidemiological evidence suggests that dietary
flavonoids, such as the quercetin, kaempferol, myri-
cetin, apigenin, and luteolin found in tea, apples,
onions, and red wine (usually as glycoside derivatives
of the parent aglycones), may help to protect against
coronary heart disease (CHD). The main epidemiolo-
gical evidence comes from the Zutphen Elderly study
and the Seven Countries Study. In the Zutphen
Elderly study (805 men aged 65–84 years), the mean
baseline flavonoid intake was 25.9mg daily and the
major sources of intake were tea (61%), onions
(13%), and apples (10%). Flavonoid intake, which
was analyzed in tertiles, was significantly inversely
associated with mortality from CHD, and the relative
risk of CHD in the highest versus lowest tertile of
flavonoid intake (�28.6 vs <18.3mg/day) was 0.42
(95% confidence interval, 0.20–0.88).

The Zutphen Elderly study thus suggests that reg-
ular flavonoid consumption, as part of the food
matrix, may reduce the risk of death from CHD in
elderly men. This study also provides evidence for
flavonoid-mediated protection against stroke. Diet-
ary flavonoids (particularly quercetin) were inversely
associated with stroke incidence. The relative risk of
the highest versus the lowest quartile of flavonoid
was 0.27 (95% confidence interval, 0.11–0.70).
Black tea contributed approximately 70% to flavo-
noid intake and the relative risk for a daily con-
sumption of 4.7 cups or more of tea versus less
than 2.6 cups of tea was 0.31 (95% confidence inter-
val, 0.12–0.84). This study also found that intake of
catechins, whether from tea or other sources
(e.g., chocolate), may reduce the risk of ischemic

Table 1 Overview of epidemiological data relating to the role of soybean products in breast cancer risk

Study Soybean product Findings Estimate of relative risk

Case–controla Soybean protein # Risk 0.43

Soybean:total protein # Risk 0.29

Case–control Soybean Not significant b

Prospective Miso soup # Risk 0.46

Prospective Miso soup # Riskc b

Tofu # Riskc b

aPremenopausal women only.
bCould not be calculated.
cDecreased risk was only found to be significant for the baseline period 1971–1975.

Adapted from Messina MJ, Persky V, Setchell KDR and Barnes S (1994) Soy intake and cancer risk: A review of the in vitro and in vivo

data. Nutrition and Cancer 21: 113–131.
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heart disease but not stroke. In the Rotterdam study
(a large population-based study of men and women
aged 55 or older), an inverse association was found
between tea and flavonoid (quercetin, kaempferol,
and myricetin) intakes and the incidence of myocar-
dial infarction.

In 16 cohorts of the Seven Countries Study, the
average long-term intake of flavonoids was inver-
sely associated with mortality from CHD
(Table 2). Surprisingly, flavonoid intake, did not
appear to be an important determinant of cancer
mortality in this study. This is in contrast to the
anticarcinogenic effects observed in animal models
and in human cancer cells in vitro. An inverse
association between tea consumption and the inci-
dence of some cancers has been reported in a
prospective cohort study of 35 369 postmenopau-
sal women. Inverse associations with increasing
frequency of tea drinking were seen for cancers
of the digestive tract and the urinary tract. The
relative risk for women who reported drinking
�2 cups (474ml) of tea per day compared to
those who never or only occasionally drank tea
was 0.68 (95% confidence interval, 0.47–0.98)
for digestive tract cancers and 0.4 (95% confi-
dence interval, 0.16–0.98) for urinary tract can-
cers. Another epidemiological study reported a
reduced risk of gastric cancer from drinking
10 cups or more daily of green tea. Tea, especially
green tea, is particularly rich in catechins, such as
epicatechin, epigallocatechin, and epigallocatechin
gallate, in addition to flavonols such as quercetin.

The association between flavonoid intake and
chronic diseases has been studied in Finland in
10054 men and women. The incidence of cerebro-
vascular disease was lower at higher kaempferol, nar-
inginin, and hesperetin intakes. Asthma incidence was
lower at higher quercetin, naringinin, and hesperetin
intakes. Men with high quercetin intakes had a lower

lung cancer incidence, and men with higher myricetin
intakes had a lower prostate cancer risk.

Flavonol and flavone intakes have been studied in
the United States in health professionals (37 886
men and 78886 women) using a semiquantitiative
food frequency questionnaire. Of the flavonols and
flavones investigated, quercetin contributed 76% in
men and 73% in women. The mean flavonol and
flavone intake was 20–22mg/day, and onions, tea,
and apples contributed the greatest amounts of
flavonols and flavones. This information should
prove useful in the investigation of the role of
flavonoids in disease prevention.

Phytoestrogens

Phytoestrogens are phytochemicals found in a num-
ber of edible plants. The highest levels of dietary
intakes of phytoestrogens are found in countries
with a low incidence of hormone-dependent cancers.
The main phytoestrogens in the human diet are the
isoflavonoids and the lignans. Isoflavonoids include
the isoflavones genistein, daidzein, and glycitein and
occur mainly (as glycosides of the parent aglycone)
in soybeans (Glycine max), a wide range of soy
products, and to a lesser extent in other legumes.
The main source of plant lignans are various seeds,
such as linseed (secoisolariciresinol), sesame seed
(matairesinol), and various grains (matairesinol and
secisolariciresinol).

The incidence of breast and prostate cancer is
much higher in Western countries than in Far East-
ern ones, where there is an abundance of dietary
phytoestrogens. Populations in the Far East have
been consuming soyabean for centuries. In contrast,
Western cultures and diets have only started to
adopt soy foods much more recently. Western-style
soy foods are produced by modern processing
techniques in large soybean-processing plants.

Table 2 Data from the Seven Countries Study: Flavonoid (flavonol and flavone) intakes of middle-aged men in various countries in

approximately 1960 and contribution of different foods to total flavonoid intake

Country Flavonol and

flavone intake (mg/day)

Quercetin intake

(mg/day)

Tea (%) Fruit and

vegetables (%)

Red wine (%)

The Netherlands 33 13 64 36 0

Japan 64 31 90 10 0

United States 13 11 20 80 0

Finland 6 6 0 100 0

Croatia 49 30 0 82 18

Serbia 12 10 0 98 2

Greece 16 15 0 97 3

Italy 27 21 0 54 46

Adapted from Hertog MGL and Hollman PCH (1996) Potential health effects of the dietary flavonol quercetin. European Journal of

Clinical Nutrition 50: 63–71.
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Traditional soy foods, made from soybeans, include
both nonfermented and fermented foods. The non-
fermented soy foods include soy milk and the soy
milk product tofu and also whole-fat soy flour, soy
nuts, whole dry beans, and fresh green soybeans.
Traditional fermented soy foods include soy sauce,
tempeh, natto, miso, and fermented tofu and soy
milk products. Soy milk is the name given to
the aqueous extract derived from whole soybeans.
A cup of soy milk is thought to contain approxi-
mately 40mg of isoflavones. In soybeans, textured
vegetable protein, and tofu (soybean curd), there are
high levels of the conjugated isoflavones called daid-
zin and genistin. In contrast, in the fermented soy-
bean products such as miso, nearly all the
isoflavones are present in their unconjugated forms
called genistein and daidzein.

After ingestion, the glycones daidzin and genistin
are hydrolyzed by gut bacterial glucosidases and by
mammalian intestinal lactase phlorizin hydrolase to
release the aglycones genistein and daidzein. These
may be absorbed or further metabolized. Although
most studies suggest that the bioavailabilities of
genistein and daidzein are similar, some indicate
greater bioavailability for genistein. Daidzein can
be metabolized by the gut microflora to form the
isoflavan equol (oestrogenic and more potent anti-
oxidant than daidzein) or O-desmethylangolensin
(O-DMA; nonoestrogenic), whereas genistein is
metabolized to the nonoestrogenic p-ethyl phenol.
In studies, only approximately 35% of subjects are
able to convert daidzein to equol. Interindividual
variation in the ability to metabolize daidzein to
equol could thus influence the potential health pro-
tective effects of soya isoflavones. Equol is produced
in greater amounts by subjects who consume diets
that are low in fat and high in carbohydrate and
fiber. Developmental changes in isoflavone meta-
bolism occur, and although isoflavone absorption
and the ability to convert daidzein to O-DMA
develop early in infancy, equol production appears
much later.

The lignan phytoestrogen precursors matairesinol
and secisolariciresinol are present in foods as glyco-
sides and are converted by gut bacteria to the two
main mammalian lignans enterolactone and entero-
diol, respectively, which are weakly oestrogenic.
Matairesinol undergoes dehydroxylation and
demethylation directly to enterolactone, whereas
secisolariciresinol is converted to enterodiol, which
can then be oxidized to enterolactone. After absorp-
tion, enterolactone and enterodiol are converted to
their �-glucuronides and eventually excreted in
urine.

In humans, omniverous subjects usually have quite
low levels of isoflavonoid excretion. The Japanese
(males and females) have the highest levels of isofla-
vonoid excretion in subjects following macrobiotic,
vegan, and lactovegetarian diets. Urinary lignan
excretion is higher in Finland compared to the United
States and Japan. In assessing exposure to the protec-
tive effects of phytoestrogens, urinary excretion rates
should be considered in combination with actual
plasma levels. In some Japanese men, the plasma
biologically active sulfateþ free lignan fraction was
similar or even higher than in Finnish men.

Urinary excretion of phytoestrogens can be used as a
measure of intake and thus possible exposure and
possible protection against cancer. Low urinary excre-
tion of enterolactone in breast cancer patients was
found in an epidemiological case–control study in
Australia. Prospective studies from Finland and
Sweden have shown low plasma concentrations of
enterolactone to be associated with a high risk of
breast cancer. However, the Swedish study also
found a greatly increased risk of breast cancer in the
highest quintile of enterolactone concentrations. A
plasma enterolactone concentration of 30–80nmol/l
is therefore probably protective against breast cancer.
Production of equol is associated with a decreased
risk of breast cancer, and production of large amounts
of equol is associated with an increased ratio of
2-hydroxyestrone to 16�-hydroxestrone in urine and
this has been suggested to decrease breast cancer risk.

Japanese women and women of Japanese origin
living in Hawaii but who consume a diet similar to
the traditional Japanese diet (rich in soy products)
have a low breast cancer incidence and mortality.
Women in the Far East who have low rates of breast
cancer are thought to consume approximately 30–
50 times more soy products than women in the Uni-
ted States. A case–control study in Singapore found
that premenopausal women who consumed 55g of
soy per day had a 50% reduced risk of breast cancer
compared to women who infrequently consumed soy
foods. A high intake of miso soup has been associated
with a reduced risk of breast cancer in Japanese
women. In prospective trials, a trend toward an
inverse association between intake of tofu and subse-
quent risk of breast cancer and an inverse association
between intake of miso soup and development of
breast cancer have been found. However, a large
prospective study in Japan did not show any effect
of soy consumption on breast cancer risk, although
this may be because dietary intake was studied in
adult women rather than in children or adolescents.
A number of studies in rodents have indicated that a
protective effect of a soy isoflavone-rich diet may
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occur only if soya is consumed before puberty or
during adolescence. Soy, if consumed throughout
life, appears to protect against breast cancer, particu-
larly if consumed before and during adolescence. Soy
isoflavones may decrease breast cancer risk by influ-
encing the menstrual cycle and endogenous sex hor-
mone concentrations. In some but not all studies,
increased concentrations of sex hormone binding glo-
bulin leading to lower free sex hormone concentra-
tions and a longer menstrual cycle were observed.

A trend toward protective effects against prostate
cancer of tofu but not miso has been shown in a large
group (approximately 8000) of men of Japanese
ancestry in Hawaii followed for 20 years. The latency
period for prostate cancer appears to be lengthened in
these men, who have a low mortality from prostate
cancer. However, the incidence of in situ prostate
cancer in autopsy studies is similar to that of men in
Western countries. The consumption of soy isofla-
vones by these men may be responsible for this long
latency period. This probably means that they die of
other causes, including old age, before the prostate
cancer can develop to a life-threatening stage. The
three most recent studies all suggest that soy intake
does protect against prostate cancer. Two studies
showed that reduced risk is related to consumption
of soy foods and one was a prospective study that
showed that consumption of soy milk more than once
a day was protective against prostate cancer.

Although soy and isoflavonoids appear not to pro-
tect against colon cancer, lignans or lignan-rich foods
can protect against colon cancer development in ani-
mal models. There is also increasing evidence for
cardioprotective effects, bone protective effects, and
possibly cognitive benefits of phytoestrogens, and
these are under investigation. A lower incidence of
heart disease has been reported in populations con-
suming large amounts of soy products, often in com-
bination with oily fish consumption, which also has
cardioprotective benefits. Increased bone mineral
density has been found in epidemiological studies in
women with high dietary intakes of soy isoflavones.
The incidence of dementia has been reported to be
lower in Asian countries, particularly Japan, where
consumption of soy isoflavones is high. Although one
epidemiological study found an association between
high intakes of tofu and cognitive impairment, other
factors, including age and education, may explain
this possible increased risk among tofu consumers.

Brassica Glucosinolates and Their Derivatives

Glucosinolates (previously known as thioglucosides)
are sulfur-containing phytochemicals found in cruci-
ferous or brassica vegetables, such as broccoli,

cabbage, kale, cauliflower, and Brussels sprouts.
Although approximately 100 different glucosinolates
are found in the plant kingdom, only approximately
10 are found in brassica vegetables. They are also
found in other plant foods. Degradation products of
glucosinolates include other organosulfur compounds,
such as the isothiocyanates and dithiothiols. Glucosi-
nolate degradation products also include indoles.

Epidemiological data suggest that the relatively
high content of glucosinolates and related com-
pounds may be responsible for the observed protec-
tive effects of brassica vegetables in the majority of
the 87 case–control studies and 7 cohort studies that
have been carried out on the association between
brassica consumption and cancer risk (Tables 3–5).
In the case–control studies, 67% of studies showed an
inverse association between consumption of brassica
vegetables and risk of cancer at various sites. If indi-
vidual brassica vegetables are considered, then the
values for the number of studies that showed an
inverse association between consumption of brassica
vegetables and risk of cancer at various sites are as
follows: broccoli, 56%; Brussels sprouts, 29%;
cabbage, 70%; and cauliflower, 67%. The cohort
studies showed inverse associations between broccoli
consumption and the risk of all types of cancer taken
together; between the consumption of brassicas and
risk of stomach cancer and the occurrence of second
primary cancers; and between the consumption of
cabbage, cauliflower, and broccoli and the risk of
lung cancer. Overall, it appears that a high consump-
tion of brassica vegetables is associated with a
decreased risk of cancer. The associations were most
consistent for stomach, lung, rectal, and colon cancer.
The epidemiological literature also provides some
support for the hypothesis that high intakes of bras-
sica vegetables can reduce risk of prostate cancer.
Further epidemiological research is required to sepa-
rate the cancer protective effects of brassica vegeta-
bles from those of vegetables in general.

Allium Organosulfur Compounds

There is increasing epidemiological evidence that
other organosulfur compounds in addition to those
derived from glucosinolates can protect against can-
cer. Allium species such as garlic (Allium sativum)
and onions (Allium cepa) are a rich source of orga-
nosulfur compounds, such as the diallyl sulfides.
There is epidemiological evidence from the Nether-
lands Cohort Study (120 852 men and women 55–
69 years of age) for a strong inverse association
between onion consumption and incidence of sto-
mach carcinoma. However, the consumption of
leeks and the use of garlic supplements were not
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associated with stomach carcinoma risk. The rela-
tive risk for stomach carcinoma in the highest onion
consumption category (�0.5 onions/day) was 0.50
(95% confidence interval, 0.26–0.95) compared to
the lowest consumption category (no onions/day).
However, this study did not support an inverse
association between the consumption of onions and
leeks and the use of garlic supplements and the
incidence of male and female colon and rectal carci-
noma. There is only limited epidemiological evi-
dence concerning the beneficial influence of garlic
organosulfur compounds on cardiovascular disease.

Potential Importance of Flavonoids to
Human Health: Molecular Mechanisms of
Action

Flavonoids possess a broad spectrum of biological
actions ranging from anticarcinogenic to antiinflam-
matory, cardioprotective, immune-modulatory, and
antiviral. The mechanisms by which flavonoids
cause these effects may include induction of the
activity of some important enzymes while inhibiting
the activity of others. Modulation of membrane
function, including the activity of membrane-bound

Table 3 Case–control studies of stomach, colon, and rectal cancer showing inverse, null, or positive associations for the consumption

of different types of phytochemical-rich fruit and vegetables

Fruit or vegetable type No. of studies

Stomach cancera Colon cancerb Rectal cancerc

Inverse Null Positive Inverse Null Positive Inverse Null Positive

Fruit 14 3 0 5 2 1 3 0 1

Citrus fruit 11 1 0 2 1 3 4 1 0

Tomatoes 9 1 1 4 0 2 3 2 1

Vegetables 11 0 0 8 0 1 2 0 2

Raw vegetables 10 0 0 3 0 1 — — —

Allium vegetables 9 1 1 4 1 1 2 0 1

Cruciferous vegetables — — — 8 3 1 5 0 0

Green vegetables 8 0 0 4 1 0 — — —

Legumes 7 0 2 1 2 2 — — —

Carrots 7 1 1 — — — 4 0 1

aData summarize the results from 31 studies (both statistically significant and nonsignificant results included).
bData summarize the results from 21 studies (both statistically significant and nonsignificant results included).
cData summarize the results from 13 studies (both statistically significant and nonsignificant results included).

Adapted from Steinmetz KA and Potter JD (1996) Vegetables, fruit and cancer prevention: A review. Journal of the American Dietetic

Association 96:1027–1039.

Table 4 Case–control studies of lung, breast, and pancreatic cancer showing inverse, null, or positive associations for the

consumption of different types of phytochemical-rich fruit and vegetables

Fruit or vegetable type No. of studies

Lung cancera Breast cancerb Pancreatic cancerc

Inverse Null Positive Inverse Null Positive Inverse Null Positive

Fruit 8 0 0 3 0 1 6 1 0

Citrus fruit — — — 1 0 2 1 2 0

Tomatoes 4 0 0 — — — — — —

Vegetables 7 0 0 — — — 5 1 0

Raw vegetables — — — — — — 2 1 0

Green vegetables 9 0 0 5 1 0 — — —

aData summarize the results from 13 studies (both statistically significant and nonsignificant results included).
bData summarize the results from 13 studies (both statistically significant and nonsignificant results included).
cData summarize the results from nine studies (both statistically significant and nonsignificant results included).

Adapted from Steinmetz KA and Potter JD (1996) Vegetables, fruit and cancer prevention: A review. Journal of the American Dietetic

Association 96: 1027–1039.
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enzymes, through a protective membrane antioxi-
dant action is likely to be of prime importance.

Membrane function is understood to be of vital
importance to many cellular processes, including the
role of membrane enzymes and receptors in cell
growth and signalling. Membrane function may be
influenced by dietary components directly by alter-
ing membrane fluidity or indirectly by protection
against the free radical-mediated process of mem-
brane lipid peroxidation. This can arise from oxida-
tive stress and result in oxidative membrane
damage. Flavonoids such as quercetin and myrecetin
have been widely found to inhibit membrane lipid
peroxidation. Flavonoids inhibit lipid peroxidation
in vitro by acting as chain-breaking antioxidants:
They donate a hydrogen atom to lipid radicals,
thus terminating the chain reaction of lipid perox-
idation. Additionally, flavonoids can act as metal
chelating agents. Furthermore, kaempferol-3-O-
galactoside protected mice against bromobenzene-
induced hepatic lipid peroxidation. The relative
potencies of flavonoids as antioxidants is governed
by a set of structure–function relationships: In gen-
eral, optimum antioxidant activity is associated with
multiple phenolic groups, a double bond in C2–C3
of the C ring, a carbonyl group at C4 of the C ring,
and free C3 (C ring) and C5 (A ring) hydroxy
groups. It is of related interest that consumption of
300ml of either black or green tea greatly increased
plasma antioxidant capacity in 10 volunteers. This
suggests that normal levels of tea consumption could
provide sufficient flavonoids to achieve a potentially
health protective effect.

There is increasing evidence for the role of free
radicals in the oxidative DNA damage implicated in
carcinogenesis. The ability of flavonoids to act as
antioxidants may contribute to the anticancer effects
observed in animal models and human cells in cul-
ture in vitro, which could potentially be important
to human health despite the current lack of epide-
miological evidence and the finding that consump-
tion of flavonoids in onions and black tea (providing
91mg/day of quercetin for 2weeks) by young
healthy male and female subjects had no effect on
oxidative DNA base damage in leucocytes. Querce-
tin has been shown to have growth inhibitory effects
in vitro on breast cancer cells, colon cancer cells,
squamous cell carcinoma cell lines, acute lymphoid
and myeloid leukemia cell lines, and a lymphoblas-
toid cell line. These effects appear to be mediated via
binding to cellular type 2 oestrogen binding sites.
Furthermore, when the ability of two citrus flavo-
noids, hesperetin and naringenin (found in grape-
fruit mainly as its glycosylated form naringin),
and three noncitrus flavonoids to inhibit the prolif-
eration and growth of a human breast cancer cell
line was investigated, the concentrations required to
achieve 50% inhibition ranged from 5.9 to 56mg/ml.
The effectiveness of the citrus flavonoids was
enhanced by using them in combination with quer-
cetin, which is widely distributed in other foods.
Quercetin fed to rats in the diet at levels of 2% or
5% inhibited the incidence and multiplicity of chem-
ical carcinogen-induced mammary tumors. Mam-
mary tumorigenesis in rats was delayed in the
groups given orange juice (rich in citrus flavonoids
together with other phytochemicals and nutrients)
or fed the naringin-supplemented diet compared
with the other groups. A number of the phenolic
compounds of green tea, including the catechins,
have been shown to inhibit tumour formation in
rats induced by N-methyl-N0-nitro-N-nitrosoguani-
dine and also mutation induced by aflatoxin and
benz(a)pyrene.

Quercetin has been shown to inhibit the activity
of two enzymes that play an important role in mam-
mary cell growth and development, tyrosine protein
kinase activity and phosphoinositide phosphoryla-
tion, and it also inhibits protein kinase C, which is
vital in the regulation of cellular proliferation.
Blockade of the tyrosine kinase activity of the EGR
receptor leading to growth inhibition and apoptosis
in pancreatic tumor cells have been reported for
quercetin and luteolin. Furthermore, inhibition of
tumor growth through cell cycle arrest and induc-
tion of apoptosis by quercetin are thought to be
functionally related to activation of the tumor
supressor protein p53. In addition, quercetin has

Table 5 Cohort and case–control studies of all types of cancer

showing inverse, null, or positive associations for the consump-

tion of different types of phytochemical-rich fruit and vegetables

Fruit or vegetable type All types of cancera

Inverse Null Positive

Fruit 29 12 5

Citrus fruit 26 8 6

Tomatoes 35 5 10

Vegetables 55 4 9

Raw vegetables 33 4 2

Allium vegetables 27 3 4

Cruciferous vegetables 38 8 8

Green vegetables 61 5 13

Legumes 14 6 16

Carrots 50 7 7

aData summarize the results from 194 studies (both statistically

significant and nonsignificant results included).

Adapted from Steinmetz KA and Potter JD (1996) Vegetables,

fruit and cancer prevention: A review. Journal of the American

Dietetic Association 96: 1027–1039.
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been shown to regulate the growth of endometrial
cancer cells (Ishikawa cell line) via suppression of
EGF and the cell cycle protein, cyclin D1.A further
mechanism for the antiproliferative action of quer-
cetin may be via perturbation of microtubule func-
tions such as polymerization through the binding of
quercetin to tubulin, which induces conformational
changes.

A number of mechanisms have been proposed for
the protection by flavonoids against CHD, including
antioxidant activity. Oxidative damage to low-
density lipoprotein (LDL) (particularly to the apo-
protein B molecule) is considered to be an important
stage in the development of atherosclerosis: It is a
prerequisite for macrophage uptake and cellular
accumulation of cholesterol leading to the formation
of the atheromal fatty streak. Flavonoids such as
quercetin are effective inhibitors of in vitro oxidative
modification of LDL by macrophages or copper
ions. Although consumption of flavonoids in onions
and black tea (providing 91mg/day of quercetin for
2weeks) by young healthy male and female subjects
had no effect on plasma F2-isoprostane concentra-
tions (a biomarker of in vivo lipid peroxidation) or
on resistance of LDL to copper–ion-induced oxida-
tion, flavonoids in red wine have been reported to
protect LDL against oxidative damage. The antiox-
idant properties of flavonoids may contribute to the
reduced risk of CHD in wine drinkers, the so-called
French paradox. Resveratrol, another phenolic
phytochemical found in wine, has been shown to
protect LDL against oxidative damage and appears
to protect against cancer in animal models. Further
studies on this interesting compound are clearly
warranted.

Quercetin displays potent antithrombotic effects:
It inhibits thrombin and ADP-induced platelet
aggregation in vitro, and this may be through inhi-
bition of phospholipase C activity rather than
through inhibition of thromboxane synthesis. Flavo-
noid binding to platelet membranes may inhibit the
interaction of activated platelets with vascular
endothelium. In addition, quercetin elicits coronary
vasorelaxation that is endothelium independent. The
antioxidant activity of flavonoids may also prevent
the damaging action of lipid peroxides generated by
activated platelets on endothelial nitric oxide and
prostacyclin, which both inhibit platelet aggregation
and have vasodilatory activity.

The activity of flavonoids as inhibitors of the viral
enzyme reverse transcriptase also suggests that they
may be beneficial in the control of retroviral infec-
tions such as AIDS.

Possible adverse effects on human health should
also be considered. Quercetin was reported to

induce bladder cancer in rats when administered in
the diet at a level of 2%. These results were not
confirmed in another study, however, which used
quercetin at levels reaching 10%. It should be
noted that under certain in vitro conditions flavo-
noids and other phenols can act as prooxidants and
cause DNA damage. However, phenols have com-
plex pro- and antioxidant effects in vitro, depending
on the assay system used, and it is often difficult to
predict their net effect in vivo. For example, many
synthetic and dietary polyphenols (including querce-
tin, catechin, gallic acid ester, and caffeic acid ester)
can protect mammalian cells from the cytotoxicity
induced by peroxides such as hydrogen peroxide.
Although tea is a good source of flavonoids, pheno-
lic compounds including tannins and also polyphe-
nols and phenol monomers are good inhibitors of
iron absorption, which could contribute to the nutri-
tional problem of iron deficiency. In general, it is
unlikely that sufficiently toxic quantities of any par-
ticular flavonoid could be consumed from the diet,
which contains many diverse varieties of flavonoids
in varying quantities.

Potential Importance of Phytoestrogens
to Human Health: Molecular Mechanisms
of Action

The probable beneficial effects of phytoestrogens
against breast cancer are likely to be mediated via
numerous mechanisms. However, it has not been
fully established whether the protective effects of
soya and cereals result from their phytoestrogen
content or from some other effect.

Many studies utilising breast cells in culture such
as the oestrogen-sensitive MCF-7 cell line show that
phytoestrogens (genistein was used in most of stud-
ies) stimulate tumor growth at low concentrations
while inhibiting growth at higher concentrations.
Genistein is a potent and specific in vitro inhibitor
of tyrosine kinase action in the autophosphorylation
of the epidermal growth factor (EGF) receptor and
is thus frequently used as a pharmacological tool.
The EGF receptor is overexpressed in many cancers,
particularly those with the greatest ability for metas-
tasis, and it has therefore often been assumed that
some of the anticancer effects of genistein are
mediated via inhibition of tyrosine kinase activity.
However, this is likely to be an oversimplification of
the true in vivo situation.

Although genistein is a much better ligand for
oestrogen receptor � (ER�) than for the ER�
(20-fold higher binding affinity), it can also act as
an oestrogen agonist via both ER� and ER� in some
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test systems. Mechanisms other than those involving
oestrogen receptors are likely to be involved in the
inhibition of cell proliferation by genistein because
genistein inhibits both the EGF-stimulated and the
17�-oestradiol-stimulated growth of MCF-7 cells.
Although studies have shown that exposure to genis-
tein can reduce the tyrosine phosphorylation of cell
proteins in whole cell lysates, studies using cultured
human breast and prostate cancer cells have not con-
firmed that genistein has a direct effect on the autop-
hosphorylation of the EGF receptor. Many other
mechanisms of anticancer action for isoflavones and
genistein in particular have been suggested, including
inhibition of DNA topoisomerases, cell cycle progres-
sion, angiogenesis, tumor invasiveness, and enzymes
involved in oestrogen biosynthesis. They also include
effects on the expression of DNA transcription
factors c-fos and c-jun, on reactive oxygen species,
on oxidative membrane damage and oxidative
damage in vivo, and on the negative growth factor,
transforming growth factor-� (TGF-�).

Although cholesterol lowering is probably the best
documented cardioprotective effect of soya, vascular
protection is also likely to contribute and may be
mediated via a number of mechanisms. Soya isofla-
vones are likely to contribute to the cardioprotective
benefits of soya.

ER� is the predominant ER isoform expressed in
the rat, mouse, and human vascular wall. In the rat
carotid injury model, following endothelial denuda-
tion of rat carotid artery, ER� is expressed at a low
level, whereas the expression of ER� increases by
greater that 40-fold and treatment of ovariectomized
female rats with genistein provides a similar dose-
dependent vasculoprotective effect in this model to
that observed with 17�-oestradiol. However, studies
in ER� knockout mice have shown that ER� is not
required for oestrogen-mediated inhibition of the
response to vascular injury and suggest that either
of the two known oestrogen receptors (or another
unidentified one) is sufficient to protect against vas-
cular injury.

Vascular protection could also be conferred by the
ability of genistein to inhibit proliferation of vascu-
lar endothelial cells and smooth muscle cells and to
increase levels of TGF-�. TGF-� helps maintain
normal vessel wall structure and promotes smooth
muscle cell differentiation while preventing their
migration and proliferation. Genistein has been
shown to increase TGF-� secretion by cells in
culture, and increased TGF-� production may be a
mediator of some of the cardioprotective effects of
soya isoflavones.

Antioxidant action is one of the mechanisms that
may contribute to the vascular protective effects of

soya isoflavones. Antioxidant properties have been
reported for isoflavones both in vitro and in vivo. In
a randomized crossover study of young healthy male
and female subjects consuming diets that were rich
in soy that was high (56mg total isoflavones/day:
35mg genistein and 21mg daidzein) or low in
isoflavones (2mg total isoflavones/day), each for
2weeks, plasma F2-isoprostane concentrations were
significantly lower after the high-isoflavone dietary
treatment than after the low-isoflavone dietary treat-
ment. The lag time for copper–ion-induced LDL
oxidation was significantly longer.

Increased resistance to LDL oxidation has also
been reported in a 12-week single open-group diet-
ary intervention with soy foods (60mg total isofla-
vones/day) in normal postmenopausal women.
A randomized crossover study in hyperlipidemic
male and female subjects consuming soya-based
breakfast cereals (168mg total isoflavones/day) and
control breakfast cereals, each for 3weeks, reported
decreased oxidized LDL (total conjugated diene con-
tent) following consumption of the soy-based break-
fast cereal compared to the control.

Effects of soya isoflavones on arterial function,
including flow-mediated endothelium-dependent
vasodilation (reflecting endothelial function) and
systemic arterial compliance (reflecting arterial elas-
ticity), may contribute to vascular protection and
these have been measured in a number of studies.
A randomized double-blind study administering
either soy protein isolate (118mg total isoflavones/
day) or cesin placebo for 3months to healthy male
and postmenopausal subjects (50–75 years of age)
showed a significant improvement in peripheral
pulse wave velocity (reflecting peripheral vascular
resistance and one component, together with
systemic arterial compliance, of vascular function)
but worsened flow-mediated vasodilation in men
and had no significant effect on the flow-mediated
vasodilation in postmenopausal women.

Some beneficial effects following dietary interven-
tion with soy isoflavones have been observed on
bone health, and the mechanism is likely to be via
an oestrogenic action, particularly because ER� is
highly expressed in bone, although this requires
further investigation. Consumption by postmeno-
pausal women (6-month parallel group design) of
soy protein (40 g/day providing either 56mg isofla-
vones/day or 90mg isoflavones/day) compared to
caesin and nonfat dry milk (40 g/day) produced sig-
nificant increases in bone mineral content (BMC)
and bone mineral density (BMD) in the lumbar
spine (but not in any other parts of the body) only
in the higher isoflavone (90mg/day) group com-
pared to the control group. In a long-term study,
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consumption by postmenopausal women (2-year
parallel group design) of isoflavone-rich soy milk
(500ml/day providing 76mg isoflavones/day) com-
pared to isoflavone-poor soy milk control (providing
1mg isoflavones/day) resulted in no decline in BMC
and BMD in the treatment group compared to sig-
nificant losses in the control group. The ability
to produce equol was associated with a better
response to the treatment.

Some beneficial effects following dietary interven-
tion with soy isoflavones have been observed on the
cognitive function aspect of brain health, and the
mechanism is likely to be via an oestrogenic action,
particularly because ER�, in addition to ER�, is
expressed in brain. Although other mechanisms
may contribute, they remain to be elucidated.
Consumption by young healthy male and female
subjects (parallel group design) of a high-soy diet
(100mg isoflavones/day for 10weeks) compared to
a low-soy diet (0.5mg isoflavones/day) resulted in
improved cognitive function, including significantly
improved short-term and long-term memory and
mental flexibility. These improvements were found
in males and females. Consumption by post-
menopausal women (parallel group design, placebo
controlled) of a dietary supplement (soy extract con-
taining 60mg isoflavones/day for 12weeks) resulted
in improved cognitive function, particularly
improved long-term memory.

Phytoestrogens can cause infertility in some ani-
mals and thus concerns have been raised over their
consumption by human infants. The isoflavones
found in a subterranean clover species (in Western
Australia) have been identified as the agents respon-
sible for an infertility syndrome in sheep. No repro-
ductive abnormalities have been found in
peripubertal rhesus monkeys or in people living in
countries where soy consumption is high. Indeed,
the finding that dietary isoflavones are excreted
into breast milk by soy-consuming mothers suggests
that in cultures in which consumption of soy pro-
ducts is the norm, breast-fed infants are exposed to
high levels without any adverse effects. Isoflavone
exposure soon after birth at a critical developmental
period through breast feeding may protect against
cancer and may be more important to the observa-
tion of lower cancer rates in populations in the Far
East than adult dietary exposure to isoflavones.
Although some controversy exists as to whether
soy-based infant formulas containing isoflavones
pose a health risk, a review of studies on the use of
soy milk in infants suggests that there is no real basis
for concern. Toxicity from isoflavones may arise
from their action as alternative substrates for the
enzyme thyroid peroxidase, and people in Southeast

Asia would be protected by the dietary inclusion of
iodine-rich seaweed products.

Potential Importance of Glucosinolate
Derivatives and Related Compounds to
Human Health: Molecular Mechanisms of
Action

There may be some important health protective
effects of glucosinolate derivatives and related com-
pounds. The hydrolytic products of some glucosino-
lates have been shown to display anticancer
properties. Glucosinolates are hydrolyzed following
exposure to the endogenous plant enzyme myrosi-
nase (also found in the gut microflora) to form iso-
thiocyanates. Isothiocyanates are biologically active
compounds with anticancer properties and are more
bioavailable than glucosinolates.

A metabolite of glucobrassicin (3-indoylmethyl-
glucosinolate), indole-3-carbinol has been shown to
inhibit the growth of human tumors of the breast
and ovary. Furthermore, indole-3-carbinol may
modulate the oestrogen hydroxylation pathway
such that a less potent form of oestradiol is pro-
duced, thus conferring protection against oestro-
gen-related cancers.

Consumption of Brussels sprouts (300 g/day of
cooked sprouts) for 1week has been shown to
increase rectal glutathione S-transferase -� and -�
isoenzyme levels. Enhanced levels of these detoxifica-
tion enzymes may partly explain the epidemiological
association between a high intake of glucosinolates
in cruciferous vegetables and a decreased risk of
colorectal cancer. It is likely that genetic poly-
morphisms and associated functional variations in
biotransformation enzymes, particularly in glu-
tathione S-transferases, will alter the cancer preven-
tative effects of cruciferous vegetables.

Compounds including the isolated glucosinolate
sinigrin and aqueous extracts of cooked and autolyzed
Brussels sprouts (rich in glucosinolate degradation
products) decreased hydrogen peroxide-induced
DNA stand breaks in human lymphocytes and thus
exerted a DNA-protective effect. Oral adminiatration
of sinigrin has been shown to induce apoptosis and
suppress aberant crypt foci in the colonic mucosa of
rats treated with 1,2-dimethylhydrazine. Similar
effects were observed with oral administration of
freshly prepared Brussels sprout juice, rich in glucosi-
nolate breakdown products including isothiocyanates.

Isothiocyanates can prevent the formation of
chemical carcinogen-induced tumors of the liver,
lung, mammary gland, stomach, and oesophagus in
animal models. The anticarcinogenic effects of
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isothiocyanates may be mediated by a combination of
mechanisms, including inhibition of carcinogen activa-
tion by cytochromes P450: This could be achieved by
both direct inhibition of enzyme catalytic activity and
downregulation of enzyme levels and induction of
phase 2 enzymes such as glutathione transferases and
NAD(P)H:quinone reductase (these detoxify any
remaining DNA-attacking electrophilic metabolites
generated by phase 1 enzymes). Dietary glucosinolates
and their breakdown products have been tested as
anticarcinogens in terms of their ability to induce the
anticarcinogenic phase 2 enzyme marker quinone
reductase in murine Hep a1c1c7 cells, and the relative
activities observed were found to be dependent on the
nature of the side chain of the parent glucosinolate.

Phenethyl isothiocyanate protects mice against
nitrosoamine-induced lung tumorigenesis. It also
modulates the activity of phase 1 and phase 2 xeno-
biotic-metabolizing enzymes, resulting in the inhibi-
tion of the oxidative activation of a number of
chemical carcinogens.

The isothiocyanate sulforophane is a particularly
potent inducer of detoxification enzymes. A novel
isothiocyanate-enriched broccoli has been developed
that has an enhanced ability to induce phase 2
detoxification enzymes in mammalian cells com-
pared to standard commercial broccoli.

Undesirable goitrogenic effects have been identi-
fied for isothiocyanates and other hydrolytic pro-
ducts of glucosinolates. Furthermore, in contrast to
the anticancer effects of brassica vegetables dis-
cussed previously, a number of genotoxic effects
have also been demonstrated in bacterial and mam-
malian cells. In bacterial assays (induction of point
mutations in Salmonella TA98 and TA100 and
repairable DNA damage in Escherichia coli K-12),
juices from eight brassica vegetables tested caused
genotoxic effects in the absence of metabolic
activation. The order of potency was Brussels
sprouts>white cabbage> cauliflower> green cab-
bage> kohlrabi> broccoli> turnip> black raddish.
In mammalian cells, structural chromosome
aberrations were observed with some of the juices,
with the most potent being Brussels sprouts and
white cabbage, and genotoxic effects were accompa-
nied by decreased cell viability. The isothiocyanate-
containing fraction (and other breakdown products
of glucosinolates) of these brassica juices was found
to contain 70–80% of the total genotoxic activity of
the juices. The flavonoid- and other phenolic-con-
taining fraction had a much weaker effect. In related
studies, the isothiocyanates, allyl isothiocyanate and
phenethyl isothiocyanate, were found to be more than
1000-fold more cytotoxic in a Chinese hamster ovary
cell line than their parent glucosinolates (sinigrin and

gluconasturtiin, respectively). Phenethyl isothiocya-
nate also induced genotoxic effects (chromosome aber-
rations and sister chromatid exchanges).

More data are required before an overall recom-
mendation can be made regarding the likely benefi-
cial or otherwise influences of glucosinolates (and
their derivatives) on human health.

S-Methyl Cysteine Sulfoxide

S-methyl cysteine sulfoxide is another sulfur-
containing phytochemical found in all brassica vege-
tables, in addition to glucosinolates. Both S-methyl
cysteine sulfoxide and methyl methane thiosulfinate
(its main metabolite) can block genotoxicity,
induced by chemicals, in mice. S-methyl cysteine
sulfoxide is thus likely to contribute to the observed
ability of brassica vegetables to protect against can-
cer in both human and animal studies. It is of inter-
est that a hydrolytic product of S-methyl cysteine
sulfoxide was linked in the 1960s to the severe
hemolytic anemia or kale poisoning observed in cat-
tle in Europe in the 1930s.

Potential Importance of Other
Phytochemicals to Human Health:
Molecular Mechanisms of Action

Allium Organosulfur Compounds

Allium organosulfur compounds may be phyotchemi-
cals of importance to human health by acting as
antioxidants, thus protecting against free radical-
mediated damage to important cellular targets such
as DNA and membranes implicated in cancer and
neurodegenerative diseases and aging. Protection
against oxidative damage to LDL and cellular mem-
branes could also protect against cardiovascular dis-
ease. Aged garlic extract (AGE) inhibits lipid
peroxidation and the oxidative modification of
LDL, reduces ischemic/reperfusion injury, and
enhances the activity of the cellular antioxidant
enzymes superoxide dismutase, catalase, and glu-
tathione peroxidase. AGE also inhibits the activation
of the oxidant-induced transcription factor NF-�B.
Investigation of the major organosulfur compounds
in AGE identified highly bioavailable water-soluble
organosulfur compounds with antioxidant activity,
such as S-allylcysteine and S-allylmeracptocysteine.
Organosulfur compounds such as diallyl sulfide

may also protect against cancer by modulation of
carcinogen metabolism, and this may involve altered
ratios of phase 1 and phase 2 drug-metabolizing
enzymes. Various garlic preparations including aged
garlic extract have been shown to inhibit the forma-
tion of nitrosamine-type carcinogens in the stomach,
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enhance the excretion of carcinogen metabolites, and
inhibit the activation of polyarene carcinogens. Inhib-
itory effects of organosulfur compounds on the
growth of cancer cells in vitro, including human
breast cancer cells and melanoma cells, have been
observed. Modulation of cancer cell surface antigens,
associated with cancer cell invasiveness, has been
observed, and in some cases cancer cell differentiation
can be induced. AGE can reduce the appearance of
mammary tumors in rats treated with the powerful
carcinogen dimethyl benz(a)anthracene (DMBA),
which is activated by oxidation by cytochromes
P450 to form the DNA binding form of DMBA diol
epoxide, resulting in DNA legions and cancer initia-
tion. The antibacterial activity of these allium com-
pounds may also prevent bacterial conversion of
nitrate to nitrite in the stomach. This may reduce
the amount of nitrite available for reacting with sec-
ondary amines to form the nitrosamines likely to be
carcinogenic particularly in the stomach.

Allium organosulfur compounds appear to possess
a range of potentially cardioprotective effects. In one
study, 432 cardiac patients were divided into a con-
trol group (210) and a garlic-supplemented group
(222), and garlic feeding was found to reduce mor-
tality by 50% in the second year and by approxi-
mately 66% in the third year. Furthermore, the rate
of reinfarction was reduced by 30 and 60% in the
second and third year, respectively. It should be noted
that only a small number of patients in both groups
experienced the end event of death or myocardial
infarction, and a much larger scale study is needed.
AGE lowers cholesterol and triglycerides in labora-
tory animals and can reduce blood clotting tenden-
cies. It has been suggested that garlic supplementation
at a level of 10–15 g of cooked garlic daily could
lower serum cholesterol by 5–8% in hypercholestro-
lemic individuals. However, there may be more
important cardioprotective effects of garlic. In animal
studies, AGE suppressed the levels of plasma throm-
boxane B2 and platelet factor levels, which are impor-
tant factors in platelet aggregation and thrombosis. In
rats, frequent low doses (50mg/kg) of aqueous
extracts of garlic or onions (onion was less potent)
produced significant antithromotic activity (lowering
of thromboxane B2) without toxic side effects.

Aqueous extracts of raw garlic also inhibited
cyclooxygenase activity in rabbit platelets, again
contributing to an antithrombotic effect. In addi-
tion, AGE and S-allyl cysteine and S-allyl mercapto-
cysteine have antiplatelet adhesion effects. Platelet
adhesion to the endothelial surface is involved
in atherosclerosis initiation. Furthermore, S-allyl
mercaptocysteine inhibits the proliferation of rat
aortal smooth muscle cells, another important

atherosclerotic process. Indeed, this antiproliferative
effect on smooth muscle cells may be indicative of a
possible antiangiogenic ability in relation to preven-
tion of tumor growth and metastasis.

Saponins

Saponins are another steroidal phytochemical of
interest that may, in addition to isoflavone phytoes-
trogens, contribute to the health protective effects of
soya products. Soyabeans have a high saponin con-
tent and soyabean saponins have been shown to have
a growth inhibitory effect on human carcinoma cell
in vitro, probably by interacting with the cell mem-
brane and increasing membrane permeability. The
proposed anticarcinogenic mechanisms of saponins
include normalization of carcinogen-induced cell pro-
liferation, direct cytotoxicity, bile acid binding, and
immune-modulating effects. Of particular interest is
the finding that saponins actively interact with cell
membrane components: They possess surface active
characteristics because of the amphiphillic nature of
their chemical structure. Thus, they can act to alter
cell membrane permeability and cellular function.
Soybean saponins have been reported to inhibit
hydrogen peroxide damage to mouse fibroblast cells
and thus may protect human health through antiox-
idant-mediated mechanisms.

Saponins from ginseng root (Panax ginseng C.A.
Mey.) may also be important. Antioxidant effects
have been reported for total ginseng saponins and
its individual saponins (ginsenosides Rb1, Rb2, Rc,
and Rd; others include Re and Rg1). Furthermore,
ginsenosides Rb1 and Rb2 protected cultured rat
myocardiocytes against superoxide radicals, and
the mechanism for this may involve induction of
genes responsible for antioxidant defences rather
than radical scavenging. Ginsenosides stimulate
endogenous production of nitric oxide in rat kidney,
and this may contribute to the observed antinephri-
tic action of these compounds and suggest a protec-
tive role in the kidney. Furthermore, it has been
suggested that the observed cardioprotective effects
of ginsenosides in animal models may be mediated
by nitric oxide release. In addition, ginsenoside
enhanced release of nitric oxide from endothelial
cells, particularly from perivascular nitric oxidergic
nerves in the corpus cavernosum of animal models,
may partly account for the reported aphrodisiac
effects of ginseng. Also, ginsenosides have been
shown to have beneficial effects on inferior human
sperm motility and progression. It is of interest that
regulation of lipid metabolism by ginseng has been
reported, and although the mechanism of action
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remains unclear, it is likely that the peroxisome
proliferator-activated receptor-� is involved.

Other Phytochemicals of Interest

A wide range of other phytochemicals may have
important beneficial effects on human health if con-
sumed in sufficient amount to be efficacious. In
many cases, their full spectrum of molecular actions
remains to be elucidated. Nevertheless, the following
phytochemicals and their main botanical sources are
deemed worthy of mention.

The phytochemicals dihydrophthalic acid, ligusti-
lide, butylidene, phthalide, and n-valerophenone-O-
carboxylic acid have been isolated from Angelica
root (Angelica sinensis). They are likely to contri-
bute to the observed circulatory modulating effects
of Angelica root, including increasing coronary
flow, modulation of myocardial muscular contrac-
tion, and antithrombotic effects.

Phytochemicals extracted from licorice (Glycyr-
rhiza glabra L.) include glycyrrhetic acid, glycyr-
rhizic acid (the sweet principle of licorice), and an
active saponin glycyrrhizin (a 3-O-diglucuronide of
glycyrrhetic acid). In rats, dietary supplementation
with 3% licorice elevated liver glutathione transfer-
ase activity, suggesting a potential detoxification
and anticancer effect of these phytochemicals
because glutathione transferase catalyses the forma-
tion of glutathione conjugates of toxic substances
for elimination from the body. Antibacterial, anti-
viral, antioxidant, and antiinflammatory effects have
also been reported for these compounds. Indeed,
glycyrrhizin has been reported to inhibit HIV repli-
cation in cultures of peripheral blood mononuclear
cells taken from HIV-seropositive patients.

Phytochemicals found in ginkgo (G. biloba) leaves,
including ginkgolic acid, hydroginkgolic acid, gink-
gol, bilobol, ginon, ginkgotoxin, ginkgolides (A–C),
and a number of flavonoids common to other plants,
such as kaempferol, quercetin, and rutin, are cur-
rently attracting attention for their possible effects
on circulation, particularly cerebral circulation, and
this may improve brain function and cognition.
Indeed, ginkgo, ginseng, and a combination of the
two extracts have been found to improve different
aspects of cognition in healthy young volunteers. A
number of studies have reported that extracts of
ginkgo leaves enhanced brain circulation, increased
the tolerance of the brain to hypoxia, and improved
cerebral hemodynamics. It has been suggested that
these effects are mediated via calcium ion flux over
smooth cell membranes and via stimulation of cate-
cholamine release. In addition, protection against free

radical-mediated retinal injury has been reported;
thus, other antioxidant-mediated protective effects
on human health are also possible. Damage to mito-
chondrial DNA could play a role in neurodegenera-
tive diseases such as Alzheimer’s disease and
Parkinson’s disease. There is limited evidence for sig-
nificant improvements in CHD patients following
treatment with a daily dose equivalent to 12mg
total ginkgetin. Ginkgolide B-activated inhibition of
glucocorticoid production has been reported and is
likely to result from specific transcriptional suppres-
sion of the adrenal peripheral-type benzodiazepine
receptor gene in rats. This suggests that ginkgolide
B may be useful pharmacologically to control excess
glucocorticoid formation.

See also: Coronary Heart Disease: Prevention.
Phytochemicals: Epidemiological Factors.
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The major intracellular cation in the body is potas-
sium, which is maintained at a concentration of
approximately 145mmol/l of intracellular fluid but
at much lower concentrations in the plasma and inter-
stitial fluid (3.8–5mmol/l of extracellular fluid). The
high intracellular concentration of potassium is main-
tained via the activity of the Naþ/Kþ-ATPase pump.
Because this enzyme is stimulated by insulin, altera-
tions in the plasma concentration of insulin can affect
cellular influx of potassium and thus plasma concen-
tration of potassium. Relatively small changes in the
concentration of extracellular potassium greatly
affect the extracellular/intracellular potassium ratio
and thereby affect nerve transmission, muscle con-
traction, and vascular tone.

In unprocessed foods, potassium occurs mainly in
association with bicarbonate-generating precursors
such as citrate and, to a lesser extent, with phosphate.
In processed foods to which potassium is added and
in supplements, the form of potassium is potassium
chloride. In healthy people, approximately 85% of
dietary potassium is absorbed. Most potassium
(approximately 77–90%) is excreted in urine,
whereas the remainder is excreted mainly in feces,
with much smaller amounts excreted in sweat.
Because most potassium that is filtered by the glomer-
ulus of the kidney is reabsorbed (70–80%) in the
proximal tubule, only a small amount of filtered
potassium reaches the distal tubule. The majority of
potassium in urine results from secretion of potas-
sium into the cortical collecting duct, a secretion
regulated by a number of factors including the hor-
mone aldosterone. An elevated plasma concentration
of potassium stimulates the adrenal cortex to release
aldosterone, which in turn increases secretion of
potassium in the cortical collecting duct.

Acid–Base Considerations

A diet rich in potassium from fruits and vegetables
favorably affects acid–base metabolism because these
foods are also rich in precursors of bicarbonate. Acting
as a buffer, the bicarbonate-yielding organic anions
found in fruits and vegetables neutralize noncarbonic
acids generated from meats and other high-protein
foods. In the setting of an inadequate intake of bicar-
bonate precursors, excess acid in the blood titrates
bone buffer. As a result, bone becomes demineralized
and calcium is released. Urinary calcium excretion
increases. This state has been termed a ‘low-grade
metabolic acidosis.’ Increased bone breakdown and
calcium-containing kidney stones are adverse clinical
consequences of excess diet-derived acids. Diets rich in
potassium with its bicarbonate precursors might pre-
vent kidney stones and bone loss. In processed foods to
which potassium is added and in potassium supple-
ments, the conjugate anion is typically chloride, which
cannot act as a buffer.

Adverse Effects of Insufficient Potassium

Severe potassium deficiency, which most commonly
results from diuretic-induced potassium losses, is char-
acterized by a serum potassium concentration of less
than 3.5mmol/l. The adverse consequences of hypo-
kalemia are cardiac arrhythmias, muscle weakness,
and glucose intolerance. Moderate potassium defi-
ciency, which commonly results from an inadequate
dietary intake of potassium, occurs without hypokale-
mia and is characterized by increased blood pressure,
increased salt sensitivity, an increased risk of kidney
stones, and increased bone turnover. An inadequate
intake of dietary potassium may also increase the risk
of stroke and perhaps other cardiovascular diseases.

Kidney Stones and Bone Demineralization

Because of its effects on acid–base balance, an
increased dietary potassium intake might have
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favorable effects on kidney stone formation. In one
large observational study of women (Figure 1), there
was a progressive inverse relationship between
greater intake of potassium and incident kidney
stones. At a median potassium intake of 4.7 g/day
(119mmol/day), the risk of developing a kidney
stone was 35% less compared to that for women
with an intake of <2.0 g/day (52mmol/day). In the
one available trial, an intake of approximately
3.6–4.7 g/day (92–120mmol/day) of potassium in
the form of potassium citrate reduced the risk of
recurrent kidney stones.

Epidemiologic studies have consistently documen-
ted that increased potassium intake is associated
with greater bone mineral density. In trials, supple-
mental potassium bicarbonate reduced bone turn-
over as manifest by less urinary calcium excretion
and by biochemical evidence of greater bone forma-
tion and reduced bone resorption. However, no trial
has tested the effect of increased potassium or diets
rich in potassium on bone mineral density or clinical
outcomes related to osteoporosis.

Elevated Blood Pressure

High levels of potassium intake are associated with
reduced blood pressure. Observational data have
been reasonably consistent in documenting this inverse
relationship, whereas data from individual trials have
been less consistent. However, three meta-analyses of
these trials have each documented a significant inverse
relationship between potassium intake and blood pres-
sure in nonhypertensive and hypertensive individuals.
In one meta-analysis, average net systolic/diastolic
blood pressure reductions associated with a net
increase in urinary potassium excretion of 2 g/day
(50mmol/day) were 4.4/2.4mmHg. Typically, greater

blood pressure reductions from potassium occur in
African Americans compared to non-African Ameri-
cans. Most of the trials that tested the effects of potas-
sium on blood pressure used pill supplements, typically
potassium chloride.

A high potassium intake has been shown to blunt
the rise in blood pressure in response to increased salt
intake. The term ‘salt-sensitive blood pressure’
applies to those individuals or subgroups who experi-
ence the greatest reduction in blood pressure when
salt intake is reduced. One metabolic study of 38
healthy, nonhypertensive men (24 African Americans
and 14 non-African Americans) investigated the
effect of potassium supplementation on the pressor
effect of salt loading (5.7 g/day of sodium
(250mmol)). Before potassium was supplemented,
79% of the African American men and 26% of the
non-African American men were termed ‘salt sensi-
tive,’ as defined by a salt-induced increase in mean
arterial pressure of at least 3mmHg. There was a
progressive reduction in the frequency of salt
sensitivity as the dose of potassium was increased.
In the African Americans with severe salt sensitivity,
increasing dietary potassium to 4.7 g/day (120mmol/
day) reduced the frequency of salt sensitivity to 20%,
the same percentage as that observed in non-African
American subjects when their potassium intake was
increased to only 2.7 g/day (70mmol/day).

Other studies indicate that potassium has greater
blood pressure lowering in the context of a higher
salt intake and lesser blood pressure reduction in the
setting of a lower salt intake. Conversely, the blood
pressure reduction from a reduced salt intake is great-
est when potassium intake is low. These data are con-
sistent with subadditive effects of reduced salt intake
and increased potassium intake on blood pressure.

Cardiovascular Disease

The beneficial effects of potassium on blood pres-
sure should reduce the occurrence of blood pressure-
related cardiovascular disease. Potassium may also
have protective effects that are independent of blood
pressure reduction. This possibility has been tested
in experimental studies conducted in rodents. In a
series of animal models, the addition of either potas-
sium chloride or potassium citrate markedly reduced
mortality from stroke. Interestingly, these reductions
occurred when blood pressure was held constant.
Such data indicate that potassium has both blood
pressure-dependent and blood pressure-independent
properties that are cardioprotective.

In many, but not all, epidemiologic studies, an
inverse relationship between dietary potassium
intake and subsequent stroke-associated morbidity
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and mortality has been noted. A few observational
studies have also shown an inverse association
between potassium intake and coronary heart dis-
ease. In a 12-year follow-up of 859 men and women
enrolled in the Rancho Bernardo Study, a significant
inverse relationship between potassium intake and
subsequent risk of stroke-related mortality was
documented. Similarly, during the course of 8 years
of follow-up in 43 738 US men in the Health Profes-
sionals Follow-Up Study, there was a significant
inverse relationship between baseline potassium
intake and stroke after adjustment for established
cardiovascular disease risk factors, including blood
pressure and caloric intake (Figure 2). In this study,
a median potassium intake of 4.3 g/day (110mmol/
day) was associated with a 41% reduced risk of
stroke in comparison to those with a median intake
of 2.4 g/day (61mmol/day). Consistent with these
studies are other observational studies that have
repeatedly documented a reduced risk of stroke
from an increased intake of fruits and vegetables.

Adverse Effects of Excess Potassium
Intake

In the generally healthy population with normal
kidney function, a high potassium intake from
foods poses no risk because excess potassium is
readily excreted in the urine. In contrast, supplemen-
tal potassium can lead to acute toxicity in healthy
individuals. Also, in individuals whose urinary
potassium excretion is impaire a potassium intake
less than 4.7 g/day (120mmol/day) is appropriate
because of adverse cardiac effects (arrhythmias)
from hyperkalemia. Drugs that commonly impair
potassium excretion are angiotensin converting

enzyme inhibitors, angiotensin receptor blockers,
and potassium-sparing diuretics. Common medical
conditions associated with impaired potassium
excretion are diabetes, chronic renal insufficiency,
end stage renal disease, severe heart failure, and
adrenal insufficiency. Elderly individuals are at
increased risk of hyperkalemia because they often
have one or more of these conditions or take one
or more of the medications that impair potassium
excretion.

Recommended Potassium Intake,
Current Intake, and Dietary Sources

On the basis of available data, an Institute of
Medicine committee set an Adequate Intake for potas-
sium at 4.7 g/day (120mmol/day) for adults. This level
of dietary intake should maintain lower blood pressure
levels, reduce the adverse effects of salt on blood
pressure, reduce the risk of kidney stones, and possibly
decrease bone loss. Current dietary intake of potas-
sium is considerably lower than this level.

Humans evolved on a diet that was rich in potas-
sium and bicarbonate precursors and low in salt. How-
ever, contemporary Western-style diets have the
opposite pattern—that is, relatively low content of
potassium and high content of salt. Based on intake
data from the Third National Health and Nutrition
Examination Survey (NHANES-III,1988–1994), the
percentage of men and women who consumed equal
to or more than 4.7 g/day (120mmol/day) was less
than 10 and 1%, respectively. Median intake of potas-
sium in the United States ranged from 2.8 to 3.3 g/day
(72 to 84mmol/day) for adult men and 2.2 to 2.4 g/day
(56 to 61mmol/day) for adult women. The median
potassium intake of non-African Americans exceeded
that of African Americans. Because African Americans
have a relatively low intake of potassium and a high
prevalence of elevated blood pressure and salt sensitiv-
ity, this subgroup would especially benefit from an
increased potassium intake.

Dietary intake surveys typically do not include
estimates from salt substitutes and supplements.
However, less than 10% of those surveyed in
NHANES-III reported using salt substitutes or a
reduced-sodium salt. Because a high dietary intake
of potassium can be achieved through diet rather
than pills and because potassium derived from foods
also comes with bicarbonate precursors, as well as a
variety of other nutrients, the preferred strategy to
achieve the recommended potassium intake is to con-
sume foods rather than supplements.

Dietary sources of potassium, as well as bicarbonate
precursors, are fresh fruits, fruit juices, dried fruits,
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and vegetables. Although meat, milk, and cereal pro-
ducts contain potassium, their content of bicarbonate
precursors does not sufficiently balance the amount of
acid-forming precursors, such as sulfur amino acids,
found in higher protein foods. The typical content
of potassium-rich foods is displayed in Table 1. Salt
substitutes currently available in the marketplace
range from 0.4 to 2.8 g/teaspoon (11–72mmol/
teaspoon) of potassium, all as potassium chloride.

Conclusion

Potassium is an essential nutrient that is required
for normal cellular function.Although humans evolved
on diets rich in potassium, contemporary diets are
quite low in potassium. An increased intake of potas-
sium from foods should prevent many of the adverse
effects of inadequate potassium intake, which are
higher blood pressure levels, greater salt sensitivity,
increased risk of kidney stones, and possibly increased
bone loss. An inadequate potassium level may also
increase the risk of stroke. In view of the high pre-
valence of elevated blood pressure, stroke, and condi-
tions related to bone demineralization (i.e., osteoporosis
andkidney stones) in the general population, individuals
should strive to increase their consumption of potas-
sium-rich foods, particularly fruits and vegetables.
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Table 1 Foods rich in potassium

Food Portion size Potassium content,

g (meq)

Beans

Cooked dried beans 1/2 cup 0.4 (10.7)

Lima beans 5/8 cup 0.4 (10.8)

Fruit

Apple 1 medium 0.1 (2.8)

Apricots 3 medium 0.3 (7.2)

Banana 6 in. 0.4 (9.5)

Cantaloupe 1/4 medium 0.3 (6.4)

Dates 10 pitted 0.6 (16.6)

Orange 1 small 0.3 (7.7)

Peach 1 medium 0.2 (5.2)

Prunes, dried 10 medium 0.7 (17.8)

Raisins 1 tablespoon 0.1 (2.0)

Watermelon 1 slice 0.6 (15.4)

Fruit juices

Grapefruit 1 cup 0.4 (10.4)

Orange 1 cup 0.5 (12.4)

Pineapple 1 cup 0.4 (9.2)

Tomato 1 cup 0.5 (13.7)

Vegetables

Corn 1 ear 0.2 (5.0)

Potato

– White 1 boiled 0.3 (7.3)

– Sweet 1 boiled 0.3 (7.7)

Tomato 1 medium 0.4 (9.4)

Squash, winter 1/2 cup boiled 0.5 (11.9)

Meats

Hamburger 1 patty 0.4 (9.8)

Rib roast 2 slices 0.4 (11.2)

Fish (e.g., haddock) 1 medium fillet 0.3 (8.0)

Milk

Skim milk 8 oz. 0.3 (8.5)

Whole milk 8 oz. 0.4 (9.0)
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Absorption, Transport, and Storage

Riboflavin (vitamin B2) is not synthesized by higher
animals. Therefore, it is an absolute dietary require-
ment for the synthesis of certain essential coenzymes
that are needed for intermediary metabolism in
nearly all living cells. Riboflavin must be trans-
ported from the food sources within the gastrointes-
tinal tract, across the gut wall into the circulatory
system, and thence into the cells of each organ. This
transport process occurs against a concentration gra-
dient, in order to ensure the efficient retrieval of the
very small amounts that occur in many foods, and
from the low concentrations in plasma to higher
concentrations inside living cells.

Gut riboflavin transport systems have been studied
by partly isolated segments of the small intestine
within an anesthetized animal; by an isolated everted
gut segment, or by ‘vesicles’, prepared from the ‘brush
border.’

Studies with these model systems have shown that
the transport of riboflavin at low (e.g., micromolar)
concentrations is temperature- and energy-
dependent (it is inhibited by inhibitors of ATP
production from energy substrates), it becomes satu-
rated as the concentration of riboflavin increases,
and it is sodium ion dependent. These characteristics
are shared with many other types of small molecules
that are actively transported across the gut wall.
More specifically for riboflavin, the active transport
mechanism involves phosphorylation (to riboflavin
phosphate, also known as flavin mononucleotide, or
FMN) followed by dephosphorylation, both occur-
ring within the intestinal cells (Figure 1). This latter
process is not shared by several other B vitamins,
but it is one of a number of common strategies
which the gut may use to entrap essential nutrients,
and then relocate them, in a controlled manner and
direction. A similar strategy is employed at other

sites in the body, to ensure entrapment of circulating
riboflavin by cells whose nascent flavin-dependent
enzymes need a supply of the vitamin from beyond
their borders.

Although the active transport of riboflavin
across the gut wall and across other cell membrane
barriers within the animal is a saturable process, if
large pharmacological amounts are present then
the slower and less efficient but nonsaturable
process of passive absorption predominates and
contributes significantly to the total mass transfer.
The active transport process is increased in ribo-
flavin deficiency and decreased if the riboflavin
content of the tissues is high. The transport path-
way involves calcium and calmodulin but not
sodium. Specific riboflavin receptors have recently
been identified, as has a role for microtubules in
transport.

Although some of the available riboflavin in
natural foods may be present as the free vitamin,
ready for intestinal transport, a larger fraction is
present in the form of phosphorylated coenzymes:
FMN and flavin adenine dinucleotide (FAD), and
there may also be very small amounts of a gluco-
side of the vitamin. These forms are all efficiently
converted to free vitamin by enzymes secreted into
the gut lumen, and they are therefore highly avail-
able for absorption. There are also small amounts
of covalently bound forms of riboflavin, present in
enzymes such as succinate dehydrogenase (succi-
nate: ubiquinone oxidoreductase EC 1.3.5.1),
which cannot be released by the hydrolytic
enzymes in the gut and are therefore unavailable
for absorption. Also unavailable (or very poorly
available) in man is the riboflavin synthesized by
the gut flora of the large bowel. Certain animal
species such as rodents can utilize this riboflavin
source by coprophagy.

A wide variety of artificial analogs of riboflavin
have been prepared in order to explore the structural
versus functional essentials of the molecule. Some of
these analogs have riboflavin-like activity; others are
inactive, while a number are antagonists, and can
cause functional deficiency. These structural changes



can affect absorption or the conversion of riboflavin
to its coenzyme forms within the body. Certain
drugs that are used for purposes unrelated to ribo-
flavin function, such as the phenothiazines used as
antipsychotic drugs, may have sufficient structural
similarity to riboflavin to act as antagonists in some
situations.

Absorption by Human Subjects

Studies of riboflavin absorption by human subjects
require a combination of a test dose, usually taken by
mouth, and a sampling procedure to estimate the
amount absorbed, and possibly also its subsequent
fate. The sampling compartment is generally the
urine, since plasma has proved generally unsatisfac-
tory. Fecal sampling is also useless because of the
synthesis of riboflavin by bacteria in the large
bowel. Although the use of riboflavin labeled with
radioactive or stable isotopes is theoretically possible,
this has not yet been applied to human studies. The
majority of reported studies have relied on relatively
large ‘bolus’ oral doses of riboflavin, comprising at
least several milligrams, with urinary monitoring over
the subsequent few hours. Riboflavin can be quanti-
tated in urine by its very characteristic fluorescence,
or by microbiological assay, or more accurately by
high performance liquid chromatography.

For the maximum absorption of a test dose of
riboflavin, the duration of exposure within the

upper ileum is critical, since this is the region of
greatest absorptive efficiency. There is little evidence
to suggest that slow-release forms of the vitamin can
enhance its absorption, but there does appear to be
some absorptive advantage for certain synthetic
lipophilic esters, such as the tetrabutyrate ester,
which is hydrolyzed to the free vitamin during or
after absorption. These have been shown to possess
beneficial (e.g., antioxidant) properties in some
model systems, but their usefulness in human medi-
cine is still at a very early stage of assessment. The
concomitant presence of food can enhance absorp-
tion, possibly by increasing the transit time. There is
little evidence that the efficiency of absorption varies
markedly with age or sex in humans.

Measurements of the plasma pool of riboflavin
following test doses is not a viable method of
measuring absorption, because redistribution to
other tissue sites plus urinary excretion takes place
too rapidly for this pool to be representative of the
amount absorbed. Although the urinary response to
a test dose has been the most commonly used
approach to studies of intestinal absorption in
humans, it suffers from the potential disadvantage
that physiological intakes, and especially low intakes
of riboflavin from ‘poor’ food sources, cannot be
measured by this technique. Such studies of small
doses are however needed, in order to determine the
factors that modulate riboflavin absorption in devel-
oping countries, where dietary sources of riboflavin
are minimal and clinical signs of riboflavin
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Figure 1 Characteristics of the absorption process for riboflavin and its coenzymes.
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deficiency are common. A much more sensitive bio-
chemical marker of riboflavin status at low intakes
is the index known as ‘erythrocyte glutathione
reductase activation coefficient’ (EGRAC), which
will be discussed in greater detail below. It is possi-
ble to achieve a graded response to graded intakes of
riboflavin, and studies of absorption efficiency using
this alternative marker as the outcome measure may
become feasible (and useful) in the future.

Riboflavin Transport at other Sites and Storage

As mentioned earlier, nearly all tissues require ribo-
flavin. The free vitamin is trapped as one of its
phosphorylated coenzyme forms, which then
become specifically associated (and in a few cases
covalently linked) to the protein chains of catalytic
flavoenzymes. If not already covalently linked, the
flavin coenzyme can often be liberated by extremes of
pH or by other nonphysiological maneuvers. In a few
biological locations, such as the mature red cell, fla-
voenzymes such as glutathione reductase (NADPH:
oxidized glutathione oxidoreductase EC 1.6.4.2) may
exist partly in their apoenzyme form, i.e., without the
flavin coenzyme and therefore without enzyme activ-
ity. An increased supply of riboflavin will permit the
depleted coenzyme (in this case FAD) to be synthesized
so that enzyme activity can be restored.

Different enzymes and different tissue sites differ
in the tenacity with which they can retain flavin
coenzymes in times of riboflavin deficiency, so
there is a characteristic ‘pecking order’ for flavoen-
zyme protection, which appears to reflect the meta-
bolic importance of the different metabolic
pathways affected. Apart from this ‘pecking order,’
however, there is no repository of unused or non-
functional riboflavin that can act as a ‘store’ in times
of dietary deficiency. Although some organs (such as
liver) have relatively high concentrations of flavin
enzymes, all of the flavin seems to be present as
coenzyme moieties of flavin holoenzymes. Each tis-
sue has a characteristic ‘ceiling’ level of riboflavin at
saturation, and a ‘floor’ level characteristic of severe
depletion, and these are determined, respectively, by
the total amount of apoflavoprotein, and the
amount of ‘resistant’ holoenzyme, which cannot be
depleted of its cofactor during riboflavin deficiency.

Riboflavin is secreted into milk, the concentration
being species specific and to a moderate extent
dependent on maternal status and intake. Riboflavin
is also required by the developing fetus during preg-
nancy, which implies a need for active transport
from the maternal to the fetal circulation; the flavin
concentration being greater on the fetal side. Studies
from India have identified a riboflavin carrier

protein (RCP) present in bird (e.g., chicken) eggs,
which is considered to be specific for riboflavin, and
is essential for normal embryological development.
If this protein is rendered ineffective (e.g., by immu-
noneutralization) by treatment of the bird with a
specific antibody, then embryonic development
ceases and the embryo dies. A genetic mutant lack-
ing RCP is likewise infertile. A homologous protein,
which can be rendered ineffective by the antibody to
pure chicken riboflavin carrier protein, has been
shown to occur in several mammalian species,
including two species of monkeys, and also in
humans. Very recent studies have suggested that
circulating RCP levels and the immunohistochemical
staining of RCP in biopsy specimens may provide
new markers for breast cancer diagnosis and prog-
nosis. Termination of pregnancy has been demon-
strated by immunoneutralization of RCP in
monkeys. There remains some controversy over the
roles of RCP, however, and other, less specific ribo-
flavin binders in blood, including gamma-globulins,
also seem to play an important role. These studies
have provided an intriguing example of the role of
specific vitamin-transporting mechanisms, designed
to ensure that the vitamin needs of the developing
embryo will be efficiently met. Further evidence of
the special needs of developing embryos has been
provided by the demonstration that riboflavin ana-
logs can cause teratogenic changes, even in the
absence of any detectable damage to maternal
tissues.

Metabolism and Excretion

The interconversions of riboflavin with its coenzyme
derivatives are depicted in Figure 2. Clearly, the ‘high-
energy nucleotide’ ATP is a cosubstrate and driving
force (in energy terms) for both stages of the conversion
to FAD. Some flavoenzymes specifically require
FAD while others specifically require FMN; it is diffi-
cult to account for this dichotomy. Table 1 lists the
broad categories of flavoenzymes found in living tis-
sues: the range of reaction types is considerable, but all
of them clearly center around redox processes invol-
ving hydrogen transfer. This fact reflects the central
biochemical reaction of the flavin coenzymes, which
is the interconversion of the reduced, dihydro form of
the flavin ring and the more stable oxidized form. One
of the most important sites of action of flavoenzymes
within higher animals is that of the electron transport
chain in the mitochondria. The flavins, which form
part of succinic dehydrogenase and NADH dehydro-
genase, form an essential redox link between the oxi-
dizable energy-rich substrates of aerobic metabolism,
and the cytochrome chain leading to molecular
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oxygen, which can generate around 38 moles of
energy-rich ATP per mole of glucose oxidized.

Hormone status can affect riboflavin economy
in a number of important ways, and there is also

some evidence that riboflavin status can affect hor-
mone production. One important control valve for
riboflavin economy is thyroid hormone status:
hypothyroidism leads to reduced tissue levels of fla-
vin coenzymes, and hence to inactivation of certain
flavoenzymes, thus resembling the effects of dietary
riboflavin deficiency. Both flavokinase (ATP: ribo-
flavin 50-phosphotransferase EC 2.7.1.26) and FAD
pyrophosphorylase (ATP: FMN adenyltransferase
EC 2.7.7.2) are sensitive to thyroid hormone status.
In the kidney, synthesis of flavokinase and hence of
flavin coenzymes is controlled by aldosterone in a
similar manner.

The amount of absorbed riboflavin that can remain
within the body and the circulation (in blood plasma)
is strictly regulated by glomerular and tubular filtra-
tion and tubular reabsorption in the kidneys. The
latter is an active, saturable, sodium-dependent trans-
port process, with characteristics similar to those of
active transport in the gastrointestinal tract. It is
responsible for the very sharp and characteristic tran-
sition between minimal urinary excretion of ribofla-
vin at low intakes, and a much higher level of
excretion, proportional to intake, at higher intakes.
This transition point has been extensively used to
define and to measure riboflavin status and require-
ments (see below), and to permit studies of intestinal
absorption in vivo (see above). Excretion of ribofla-
vin is affected by some chemicals (such as boric acid,
which complexes with it), and by certain diseases and
hormone imbalances.

In addition to the excretion of unchanged ribo-
flavin, there are also small amounts of hydroxylated
breakdown products of the vitamin, which arise
through normal turnover, either within the tissues
of the body, or in the gastrointestinal tract from
bacterial action, before absorption. The rate of
destruction of riboflavin by this turnover pathway
is very low in all species examined to date, and
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Figure 2 Structure of riboflavin and its coenzyme derivatives.

(A) Riboflavin; (B) riboflavin phosphate (flavin mononucleotide,

FMN); (C) flavin adenine dinucleotide (FAD).

Table 1 Categories of flavoenzymes

Category (subcategory) Example

1-Electron transferases Mitochondrial electron-transfer flavoprotein

Dehydrogenases

Pyridine nucleotide dehydrogenases or reductases Mitochondrial NADH dehydrogenase

Nonpyridine nucleotide dehydrogenases Mitochondrial succinate dehydrogenase

Pyridine nucleotide-disulfide oxidoreductases Glutathione reductase

Dehydrogenase-oxygen reductases

Flavoprotein oxidases [O2!H2O2] Monoamine oxidase

Flavoprotein monooxygenases (1/2 O2!H2O)

Internal (�-hydroxy fatty acid! fatty acid (n-1) +CO2) Bacterial lactate monooxygenase

External (RH!ROH) Microsomal FAD-containing monooxygenase

Source: Merrill AH, Lambeth JD, Edmondson DE, and McCormick DB (1981) Formation and mode of

action of flavoproteins. Annual Review of Nutrition 1: 281–317.
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riboflavin within the mammalian body seems to
be remarkably efficiently conserved, apparently
throughout many cycles of cell turnover.

Metabolic Function and Essentiality

This section will deal in detail with the question: what
goes wrong when deficiency of riboflavin is encoun-
tered, and how does riboflavin interact with other
nutrients, or with biochemical and physiological
processes, thus producing characteristic functional
effects?

Fatty Acid Oxidation

The first example of serious metabolic disturbance
seen in moderate riboflavin deficiency is a distur-
bance of fatty acid oxidation. The normal first stage
in the spiral process of beta-oxidation of fatty
acids within the mitochondria is the removal of two
hydrogen atoms from the two carbons located alpha-
and beta- to the activated carboxyl end of the chain.
The fatty acyl coenzyme A substrate is acted upon by
one of several fatty acyl CoA dehydrogenase flavo-
protein enzymes (e.g., long-chain acyl-CoA:(acceptor)
2,3-oxido-reductase EC 1.3.99.13), each of which is
specific for a small range of acyl chains. The second
stage in this process involves transfer of the electrons
via another flavoenzyme, known as electron transfer-
ring flavoprotein dehydrogenase (electron transfer-
ring flavoprotein: ubiquinone oxidoreductase EC
1.5.5.1) and thence to the cytochrome chain and to
oxygen. These flavoenzymes, unlike the flavoenzymes
that are linked to carbohydrate oxidation, are highly
sensitive to dietary riboflavin depletion. Characteris-
tic disturbances of lipid metabolism can therefore be
detected in riboflavin-deficient tissues and organisms.

Disturbances in fatty acid oxidation by isolated
mitochondria, e.g., from livers of deficient animals,
have been demonstrated, and one of the most
characteristic metabolic changes, observed even in
a mild deficiency state in experimental animals, is
the appearance of abnormal dicarboxylic acids, and
their derivatives, in the urine. These products seem
to arise because fatty acyl intermediates become
diverted away from the usual pathway of mitochon-
drial beta-oxidation, towards abnormal partial oxi-
dation in the peroxisomes (which are less severely
affected by the riboflavin deficiency state).

Genetically normal human subjects have not yet
been shown to accumulate these abnormal urinary
products but, in contrast, humans who bear an abnor-
mal gene resulting in dicarboxylic aciduria do quite
frequently respond to riboflavin supplements, showing
a reduction in their excretion of abnormal fatty acid

products. It seems that additional dietary riboflavin
can help to overcome the inherent genetic abnormal-
ity, presumably by providing more of the coenzyme,
and thereby making sure that all of the residual fatty
acid oxidation machinery is working at its optimum
capacity. Interestingly, the accumulation of dicar-
boxylic acids in urine is characteristic of riboflavin-
deficient mammals but not of birds; chick embryos
deprived of riboflavin via the genetic lesion of ribo-
flavin carrier protein seem to die in hypoglycemic
shock, but do not exhibit dicarboxylic aciduria.

Iron Economy

An important interaction of riboflavin with iron
economy has been suspected for many years, partly
because iron-deficient animals failed to respond
readily to iron supplements if they were also ribo-
flavin deficient, and also because the redox system
involving riboflavin and its coenzymes has been
shown to interact very readily with the redox system
between ferric and ferrous iron.

Some recent studies in experimental animals have
shown that not only is there evidence for some impair-
ment of absorption of iron in riboflavin-deficient
animals, and of its distribution between discrete com-
partments within the body, but also, more surprisingly
and strikingly, a major increase in rates of iron loss
from the intestinalmucosa, resulting in impaired reten-
tion of the body iron stores. This enhanced rate of iron
loss is accompanied by hyperproliferation of crypt
cells, and increased cellular transit along the villi, lead-
ing to an excessive proportion of immature villi, and
probably also to a reduction in absorptive area. These
studies begin to explain how a combination of iron
deficiency and riboflavin deficiency, which is fre-
quently encountered in human populations in many
developing countries, may lead to a gradual deteriora-
tion of iron status, which is often accompanied by
other intestinal lesions and by impaired gut function.

Riboflavin enhances the hematological response
to iron, and deficiency may account for at least
some of the anemia seen in human populations.
Unlike iron-deficiency anemia, the anemia of ribo-
flavin deficiency is reported to be normocytic and
normochromic.

Malaria

Low dietary riboflavin intakes are frequently
encountered in malarious areas of the world, and
in a small number of studies there has arisen the
apparently paradoxical observation that biochemical
riboflavin deficiency is associated with a lower level
of blood cell parasitemia than is encountered in
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riboflavin-replete subjects. Although neither animal
nor human studies have indicated that riboflavin
deficiency protects from the life-threatening sequelae
of malaria, there does appear to be some interaction
between the parasite and flavins within the blood
cells, which is not yet fully understood. Interestingly,
too, some of the prophylactic drugs used to prevent
malaria infection have riboflavin-like structures.

Cataracts and Photoreceptors

Several micronutrients, especially those that can
have antioxidant functions in living tissues, have
recently been investigated in relation to possible
protection against degenerative eye diseases, such
as cataract. Studies in animal models have sug-
gested, albeit indirectly, that riboflavin status may
be important here, and several recent epidemiologi-
cal studies, including an intervention study in one
region of China, have supported the suggestion that
good riboflavin status, or riboflavin supplements, may
be protective. Although the evidence must be
considered as tentative and incomplete at the present
time, this possibility clearly deserves further study.

Another intriguing role of flavoproteins in the
eye involves a photoreceptor function that synchron-
izes circadian rhythms with the solar light–dark
cycle, specifically via cryptocromes 1 and 2, which
contain FAD and function as blue-light-sensitive
photoreceptors.

Interaction with Vitamin B6

There are several metabolic interrelationships
between riboflavin and vitamin B6. The conversion
of pyridoxine or pyridoxamine phosphates to pyri-
doxal phosphate is catalyzed by a flavoenzyme (pyri-
doxaminephosphate oxidase EC 1.4.3.5), so that a
deficiency of riboflavin may, at certain key sites,
result in a secondary deficiency in B6-dependent
pathways. More evidence is needed to clarify the
extent and importance of these interactions.

Effect on Folate Metabolism

Riboflavin in the form of FAD is an essential coen-
zyme for 5,10-methylene tetrahydrofolate reduc-
tase, a key enzyme of the folate pathway, which
catalyzes the interconversion of 5,10-methylene-
tetrahydrofolate and 5-methyltetrahydrofolate. Of
the known single nucleotide polymorphisms affect-
ing this enzyme, the best known are the C699T and
A1298C variants. The former confer thermolability
and potentially reduced enzyme activity in the TT
homozygote. Marginal riboflavin status may, in
some situations, be associated with increased plasma
homocysteine levels (possibly predictive of increased

vascular disease risk) that can arise as a result of
reduced activity of this key enzyme of folate meta-
bolism in TT subjects. Another example of a com-
mon gene polymorphism that affects related
pathways is encountered with methionine synthase.
These examples of gene–nutrient interactions, which
may affect a sizeable proportion of some human
populations, illustrate an area of increasing research
effort, in which a synergism between a common
genetic subtype and a marginal nutrient deficiency
or imbalance may confer increased functional risk.

Physical Activity and Neuromuscular Function

Several recent studies have documented an apparent
increase in riboflavin requirements accompanying an
increase in physical exercise in human subjects. This
may reflect the fact that anabolic influences and the
accretion of new lean body mass creates a demand
for the vitamin, for mitochondrial accretion. Intri-
guingly, there is also some evidence that indices
of neuromuscular function, as illustrated by ‘hand-
steadiness, may be influenced by riboflavin status
in communities where riboflavin deficiency is ende-
mic. If confirmed, this might raise the possibility
that peripheral neurological function could be
affected by riboflavin status in mammals, including
humans, as it is in birds.

Assessment of Riboflavin Status

Assessment of status for specific nutrients such as
riboflavin is closely bound up with the estimation of
requirements in human individuals and groups of
subjects, and with the monitoring of human popula-
tions for evidence of the adequacy of their intakes. It
is often cheaper, easier, and more accurate to collect
a sample of blood or urine from an individual and
carry out biochemical analyses that determine status
than to carry out reliable measurements of intake
over a period of time, since the latter requires con-
siderable cooperation from the subject, and is also
affected by uncertainties of food table nutrient
values, in relation to specific foods and diets.

Biochemical status estimates are generally based
upon urinary excretion or measurements of erythro-
cyte glutathione reductase (NADPH: oxidized glu-
tathione oxidoreductase EC 1.6.4.2) and its
reactivation with flavin adenine dinucleotide (FAD)
in red cell lysates. Other biochemical indices, such as
plasma or red cell flavin concentrations, have been
less widely used, but their potential is increasing
with the advent of new assay techniques such as
capillary electrophoresis with highly sensitive laser-
induced fluorescence detection. Functional indices
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directed towards the products of flavin-requiring
pathways in vivo are not in common use except for
the investigation of errors of metabolism or rare
diseases. The two principal traditional status tests
are considered below:

Urinary Excretion

As noted earlier, the amount of riboflavin excreted in
the urine is negligible at low intakes of the vitamin.
As the dietary level rises there is slow increase to a
transition point, above which the slope of the excre-
tion rate increases very sharply, and then remains
proportional to intake until absorption is saturated.
For population studies it has been found convenient to
use the creatinine excretion rate as the denominator,
and the suggested interpretation of urinary
riboflavin excretion rates is: <27 mg riboflavin per g
creatinine for deficient; 27–79 mg g�1 for low; and
>80mg g�1 for acceptable. Detailed studies of the
relation between intake and excretion rate have
recently shown that this index is sufficiently sensi-
tive to distinguish riboflavin requirements between
people on low-fat, high-carbohydrate diets and the
slightly higher requirement associated with high-fat,
low-carbohydrate diets. Metabolic states associated
with general tissue catabolism can sometimes result
in liberation of riboflavin during cell turnover; this
increases its urinary excretion, even though dietary
intake may be low.

The Glutathione Reductase Test

One rather serious drawback of the urinary excretion
index for the assessment of riboflavin status is that it is
relatively insensitive at low-to-moderate intakes,
because the rate of excretion changes slowly and not
very predictably with increasing intake in this region.
Another important practical drawback is that 24-h
urine samples are not easy to collect and excretion
rates may fluctuate over short time periods. A more
stable index was therefore sought and was identified in
the degree of unsaturation of the red blood cell enzyme,
glutathione reductase (NADPH: oxidized-glutathione
oxidoreductase EC 1.6.4.2), with respect to its flavin
cofactor, flavin adenine dinucleotide (FAD) (Figure 3).

As noted earlier, an inadequate supply of dietary
riboflavin results in low circulating levels, and hence
a gradual progressive loss of cofactor from this red cell
flavoenzyme over a period of several weeks. Since the
enzyme protein (apoenzyme) remains intact and reac-
tivatable by FAD, it is possible to remove a small
sample of blood, collect, wash and hemolyse the red
cells, and then measure glutathione reductase activity
with and without the FAD cofactor. If the individual is
riboflavin replete, then the added FAD has almost no
effect and the ‘activation coefficient,’ or ratio of FAD
stimulated to unstimulated activity (‘EGRAC’) is
between 1.0 and 1.3–1.4. If the individual is deficient,
then added FAD produces a larger stimulation, and the
‘activation coefficient’ is higher. For people living in

Diet (little or no riboflavin)

Red cell
[FAD]

Insufficient to saturate
FAD sites of glutathione

reductase (GR)

Sample Hemolysate

GR activity
measured*
with FAD

(A)

GR activity
measured*

without FAD
(B)

Ratio A /B = EGRAC > 1.3 or 1.4

Gut Diet Riboflavin

Red cell
FAD

Sufficient to saturate
FAD sites of glutathione

reductase (GR)

GR activity
measured*
with FAD

(A)

GR activity
measured*

without FAD
(B)

Ratio A /B = EGRAC = 1.0–1.3 or 1.4

Sample Hemolysate

Blood

(A) (B)

Figure 3 Basis of the glutathione reductase for riboflavin status: (A) riboflavin sufficient; (B) riboflavin deficient. *Reaction of oxidized

glutathione with reduced nicotinamide adenine dinucleotide phosphate.
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communities with very low intakes of riboflavin and a
significant prevalence of clinically recognizable defi-
ciency, activation coefficients as high as 2.0–3.0 are
quite common. In Western countries, few values as
high as 2.0 are encountered. However, recent popula-
tion surveys in the UK have indicated that the propor-
tion of values between 1.3 and 1.8 is considerable
across all age ranges. Whether this apparent evidence
of marginal deficiency has a technical, assay-related
explanation, or is a result of decreasing intakes of
riboflavin-rich foods, such as cows’ milk, is uncertain.

This test has the advantage that it is highly sensi-
tive to, and predictive of, the extent of tissue deple-
tion in the range of severe-to-moderate deficiency; it
is robust and requires only a small sample of blood,
and it can be automated by modern enzyme rate
reaction analyzers. Riboflavin supplements given to
deficient subjects result in rapid and reproducible
restoration of the saturated condition of the enzyme,
and graded supplements can be given to estimate
human requirements.

There are minor operational differences among
different published versions of the analytical proce-
dure for ‘EGRAC,’ which result in small between-
laboratory differences in the interpretation of the
normal range and there are also some instances of
specific factors that cause ambiguity of interpretation.
The best known of these is the human genetic variant
resulting in glucose-6-phosphate dehydrogenase
(D-glucose-6-phosphate: NADPþ 1-oxidoreductase
EC 1.1.1.49) deficiency. Both homo-and heterozy-
gotes are affected, and in such subjects erythrocyte
glutathione reductase becomes almost saturated with
FAD, even when they are riboflavin deficient. Other
tests of status, such as high-performance liquid
chromatography (HPLC) measurement of riboflavin
in blood fractions, are then required.

Some groups of people have increased require-
ments for riboflavin, which is related to special
metabolic states. There is, for instance, a progressive
increase in requirement during pregnancy, followed
by a decrease during lactation. Babies exposed to
phototherapy for neonatal jaundice also have
increased requirements. In certain circumstances,
the use of oral contraceptives may increase require-
ments, but the evidence is conflicting. The largest
and most dramatic increases in requirements have
been seen (as noted above) in a subgroup of people
with inborn metabolic errors leading to dicarboxyli-
caciduria and associated clinical abnormalities.
Although certain drugs are known to affect ribofla-
vin status indices, there is no clear consensus on the
question of the need for supplements by people who
are prescribed such drugs – clearly this area needs
further study.

Requirements

As with most micronutrients, the evidence on which
requirement estimates are based can be subdivided
into the following broad classes of criteria:

1. prevention of clinical (pathological) deficiency;
2. attainment of specified blood levels or tissue

stores of riboflavin;
3. titration to the urinary excretion threshold;
4. tests based on cofactor saturation of one or more

accessible, diet-sensitive, flavin- dependent enzymes,
such as erythrocyte glutathione reductase; and

5. physiological function.

Of these five classes of criteria, the first has been
useful in defining ‘minimum’ requirements, but as a
practical test of status it has several drawbacks. First,
clinical signs of deficiency in human communities tend
to be nonspecific and multifactorial. Second, studies
resulting in clinical deficiency in controlled trials
would be ethically unacceptable. Third, the classical
clinical deficiency signs such as angular stomatitis and
cheilosis do not always correlate closely with, or
respond rapidly to, changes in dietary riboflavin sup-
ply or biochemical evidence of deficiency. Additional
factors such as local infection are likely to be critical.

Use of physiological functional indices in relation to
riboflavin deficiency (analogous to dark adaptation for
vitamin A; clotting factors for vitamin K, etc.) has not
proved possible, because the analogous riboflavin-sensi-
tive physiological processes are insufficiently specific
or easily measurable for use in population studies.
Of the biochemical indices, urinary excretion and
the flavin-dependent enzyme, erythrocyte glu-
tathione reductase, are generally considered to be
the front-runners in the race for acceptance in
human studies. These have already been described
in the previous section.

For avoidance of clinical deficiency signs in normal
healthy adults, the basic requirement for riboflavin is
0.55–0.8mgday�1. The UK reference nutrient intake
for riboflavin is l.3mgday�1 for men and l.lmgday�1

for women, rising to l.6mgday�1 during pregnancy and
lactation. For formula-fed infants, the reference intake is
0.4mgday�1. Requirements may increase to some
extent as a result of heavy exercise or dieting, and abnor-
mal status has been observed in the presence of anorexia
nervosa.

In the US, the current recommended dietary amounts
(RDAs) are 1.3mgday�1 for men and 1.1mgday�1 for
women, rising to 1.4mgday�1 in pregnancy and 1.6mg
day�1 in lactation, with proportional amounts, based on
metabolic body weights and growth requirements, for
children and adolescents. RDAs are 20% higher than
estimated average requirements (EARs) for each group.
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Dietary Sources and High Intakes

Table 2 lists the riboflavin contents of some com-
monly consumed foods in Western countries. As is
the case with most other B vitamins, the richest food
sources comprise items such as offal and yeast
extract, with meat and dairy products also providing
quite generous amounts; fruit and vegetables some-
what less, and the smallest amounts, in relation to
their energy content, being present in ungerminated
grains and seeds, such as nuts. There is an enormous
difference in intakes and in status observed between
most Western countries, where the dietary intake
tends to be quite generous, and many developing
countries, which depend on monotonous and ribo-
flavin-poor staple foods such as polished rice. In
developing countries, riboflavin deficiency tends to

be widespread. Although even a severe riboflavin
deficiency is less obviously life-threatening than
some other types of malnutrition that are commonly
encountered in the Third World, it can nevertheless
cause debility, through skin lesions and metabolic
dysfunctions, and riboflavin-nutriture thus deserves
an important place in future public health programs.

As with most other B vitamins, riboflavin and its
cofactors are remarkably nontoxic even at high
intakes. The reasons for this are probably associated
with limitations on absorption, once the active
transport process has become saturated in the gut;
coupled with very effective urinary excretion of any
absorbed vitamin that is in excess of cellular
requirements.

See also: Antioxidants: Diet and Antioxidant Defense.
Fatty Acids: Metabolism. Vitamin B6.
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Table 2 Riboflavin content of selected foods

Food mg per 100g

fresh wt

mg per

MJ

Meat, offal, and fish

Stewed minced beef 0.19 0.22

Grilled pork chop 0.16 0.21

Calf liver, fried 2.89 3.94

Lamb’s kidney, fried 3.10 3.95

Cod, grilled 0.06 0.15

Dairy products

Cows’ milk, full cream 0.23 0.84

Cheese, cheddar 0.39 0.23

Yogurt (whole milk, plain) 0.27 0.81

Boiled chicken’s egg 0.35 0.57

Human milk 0.03 0.10

Fruits

Apples, eating, flesh and skin 0.02 0.10

Oranges, flesh 0.04 0.25

Pears, flesh and skin 0.03 0.18

Strawberries, raw 0.03 0.27

Dried mixed fruit 0.05 0.04

Vegetables

Potatoes, boiled, new 0.06 0.19

Carrots, boiled, young 0.01 0.11

Brussel sprouts, boiled 0.09 0.59

Cauliflower, boiled 0.04 0.34

Onions, fried 0.01 0.01

Grains, grain products, nuts

White bread 0.08 0.09

Wholemeal bread 0.05 0.05

Rice, boiled, white Trace Trace

Comflakes (Kellogg) 1.3 0.81

Baked beans in tomato sauce 0.06 0.35

Peanuts, plain 0.10 0.04

Other

Marmite (yeast hydrolysate) 11.9 15.6

Bovril (beef hydrolysate) 8.5 11.2

Compiled and calculated from data in Food Standard Agency

(2002) McCance and Widdowson’s The Composition of Foods,

6th Summary edn. Cambridge: Royal Society of Chemistry.
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The realization that selenium (Se) may be an essential
micronutrient for human diets has arisen only
recently, in the second half of the twentieth century.
Selenium deficiency, attributable to low soil selenium
levels in farm animals, especially sheep that are
afflicted by selenium-responsive ‘white muscle dis-
ease,’ has been recognized for at least half a century.
However, the more recent identification of Keshan
and Kashin–Beck diseases as endemic selenium-
responsive conditions, occurring in a central 4000þ-
km-wide belt of central China and in areas of Russia,
demonstrated conclusively that not only is selenium
an essential element for man but also deficiencies
occur naturally and require public health measures
to alleviate them. Selenium incorporation into plants
is affected by the acidity of the soil and by the con-
centrations of iron and aluminum present so that
selenium content of human diets is modulated by
these components of the environment. The very
recent discovery that these diseases probably arise
through the interaction of selenium deficiency with
enhanced viral virulence has added a further layer of
complexity, but it does not alter the fact that selenium
is an essential dietary component that cannot be sub-
stituted by any other element. Another complicating
factor is that moderately increased soil selenium con-
centrations result in the opposite condition of seleno-
sis, or selenium overload, with equally debilitating
consequences. Of all elements, selenium has a very
narrow safe intake range, and unlike some other
potentially toxic elements, it is absorbed efficiently
by the intestine over a wide range of concentrations
and across a variety of different molecular forms.

Unlike other elements, selenium can be incorpo-
rated in two distinct ways into proteins, either as a
functional active center (in specific selenoproteins)
via a selective incorporation mechanism that ensures
selenocysteine insertion or alternatively by a

nonspecific incorporation pathway, in which seleno-
methionine (or selenocysteine) can replace methio-
nine or cysteine at random, without apparently
conferring any special functional characteristics on
the recipient proteins. This dichotomy of incorpora-
tion complicates the task of measuring status and
requirements because the different dietary forms of
selenium contribute differently to these two con-
trasting types of incorporation. Selenomethionine
and supplementary selenium in the form of sele-
nium-enriched yeast, in which the incorporated sele-
nium is largely present as selenomethionine,
contribute to the random incorporation pathway.
This is followed by a gradual turnover of selenium
to enrich the specific incorporation pathway. Inor-
ganic selenium, in contrast, feeds directly into the
specific incorporation pathway via selenide.
Although inorganic selenium may relieve functional
selenium deficiency more rapidly than organic sele-
nium, the inorganic forms are potentially more
toxic; therefore, selenomethionine supplementation
is often preferred because it is safer.

Selenoproteins seem to have a number of functions,
comprising various catalytic roles (glutathione perox-
idases, thioredoxin reductases, and iodothyronine
deiodinases), structural roles, detoxifying functions
(e.g., selenoprotein P), and storage and transport
activities. Many of these functions are incompletely
understood, and advances in this area should help to
clarify uncertainties about human requirements and
the role of selenoproteins in disease, especially in
multifactorial conditions such as cancers. Several con-
trolled intervention trials involving selenium are
under way, and these should provide evidence to
underpin public health programs in the near future.

Dietary Selenium, Absorption, and
Mechanisms of Incorporation of
Selenium into Selenoproteins

Rich food sources of selenium in human diets
include Brazil nuts, offal, shellfish, and some other
types of fish, although there is uncertainty about the
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extent of selenium bioavailability in some foods,
which may in turn be linked to problems of mercury
contamination. In the United Kingdom, cereal foods
account for approximately 20% of total selenium
intake, whereas meat, poultry, and fish account for
30–40%.

Selenium is readily absorbed, especially in the
duodenum but also in the caecum and colon.
Seleno-amino acids are almost completely absorbed:
selenomethionine via the gut methionine transporter
and selenocysteine probably via the cysteine trans-
porter. Both selenite and selenate are >50%
absorbed, selenite more readily so than selenate,
and for these forms there is competition with sul-
phate transport. Selenite is more efficiently retained
then selenate because part of the latter is rapidly
excreted into the urine. Vitamins A, E, and C can
modulate selenium absorption, and there is a com-
plex relationship between selenium and vitamin E
that has not been entirely elucidated for man.
A combined deficiency of both nutrients can
produce increases in oxidative damage markers
(malondialdehyde, F2 isoprostanes, and breath
hydrocarbons) and in pathological changes that are
not seen with either deficiency alone. Inorganic Se is
reduced to selenide by glutathione plus glutathione
reductase and is then carried in the blood plasma,
bound mainly to protein in the very low-density
lipoprotein fraction. Selenomethionine is partly
carried in the albumin fraction.

Figure 1 summarizes the main pathways of intercon-
version of selenium in mammalian tissues. Selenium

appears not to be an essential element for plants, but it
is normally taken up readily into their tissues and is
substituted in place of sulfur, forming the seleno-
amino acids selenomethionine and selenocysteine,
which are then incorporated at random in place of
the corresponding sulfur amino acids into plant
proteins. All branches of the animal kingdom handle
selenium in essentially similar ways. When ingested,
plant selenium-containing proteins liberate free seleno-
methionine and selenocysteine, either for incorpora-
tion at random into animal proteins or for metabolic
turnover, to liberate inorganic selenide, which is the
precursor of active selenium to be inserted at the active
site(s) of the selenoproteins. Selenide is also supplied
by the reduction of selenite and selenate that enters the
diet from nonorganic sources (i.e., from the environ-
ment) or from dietary supplements of inorganic sele-
nium. The inorganic forms of the element are absorbed
with approximately 50–90% efficiency (i.e., only
slightly less than the >90% efficiency of absorption
of selenomethionine).

Selenide represents the ‘crossroads’ of selenium
metabolism, from which it may either be committed
to specific selenoprotein synthesis or be removed
from the body by urinary excretion pathways that
involve its detoxification by methylation to methyl
selenides, of which the largest fraction is usually
trimethyl selenonium. If used for selenoprotein
synthesis, selenide combines with a chaperone pro-
tein, and the first metabolic step is its conversion to
selenophosphate by the ATP-requiring enzyme sele-
nophosphate synthetase, which is a selenoprotein.

Selenate (SeO4   )

Selenite (SeO3   )

Selenide (Se2–)

Peptidyl
selenomethionine

Diet: Selenomethionine

DIET

EXCRETION

Methyl selenol

Dimethyl selenol

Trimethyl selenonium

Functional selenoproteins

Selenocysteine in
transfer-RNA (tRNAsec)

HOOC–CH–NH2

Peptidylserine

Selenophosphate (SePO4  )
ATP

SELENOPROTEIN
SYNTHESIS

(CH2)2

2–

2–

2–

Se-H

Figure 1 Interconversion of different selenium species in animal and human tissues.
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This then becomes the precursor for selenocysteinyl-
soluble (or transfer) RNA, which is synthesized from
a serine moiety attached to a specific soluble (trans-
fer) RNA identified as tRNAsec. This serine–tRNA
complex is first dehydrated to aminoacrylyl–tRNA
in a reaction that requires a vitamin B6 cofactor,
pyridoxal phosphate. This product then reacts with
selenophosphate in a reaction that requires magne-
sium and the enzyme selenosynthase. The resulting
selenocysteinyl–tRNA then recognizes a UGA codon
in the messenger RNA sequence. This codon is also
used as a stop sequence; therefore, the adjacent
mRNA structure has to provide the correct ‘context’
(e.g., a stem-loop structure) to direct the incorpora-
tion of selenocysteine into the growing polypeptide
chain of the selenoprotein. Other gene products are
involved, and although the sequence of reactions
and the participatory proteins have been studied in
detail and largely elucidated for prokaryotes such as
Escherichia coli, the analogous pathways are only
partly understood for eukaryotes such as mammals.
Specific selenoprotein synthesis is often tissue spe-
cific, with different versions of structurally similar
selenoproteins being made at different tissue sites. In
liver, for instance, provided that the selenium supply
is generous, there is a considerable accumulation of
cytosolic glutathione peroxidase type I, which can
act as a storage repository of selenium for later
liberation and redistribution.

Degradation of selenocysteine is catalyzed by
selenocysteine lyase, which releases elemental Se,
and this is then reduced to selenide by glutathione
or other thiols. The urinary excretion pathway is very
important for selenium homeostasis of the tissues.
Urinary selenium tends to reflect recent intake rather
than tissue status, but it can be a useful source of
information about possible selenium overload.

Selenoproteins: Classification
and Functions

Table 1 lists the selenoproteins that have been unequi-
vocally identified in mammals, together with a sum-
mary of their main locations and known functions.
Of the known glutathione peroxidases, three are
tetramers and one (the phospholipid hydroperoxide-
specific peroxidase) is monomeric in its quaternary
structure. It appears to be this class of enzymatic activ-
ity that is critical for the action of selenoproteins in
maintaining immune function, and indeed, glutathione
peroxidase type I knockout mice are susceptible to
viral mutation and increased viral virulence, as are
selenium-deficient ones. Several other selenoproteins
listed in Table 1 also have antioxidant functions and

activities. Reaction of glutathione peroxidase with per-
oxides yields selenic or seleninic acid at the active site
of the enzyme, which is recycled by glutathione.

The three thioredoxin reductases act in conjunction
with the sulfur protein thioredoxin and with NADPH
to bind key transcription factors to DNA. The
iodothyronine deiodinases modulate the thyroid hor-
mones, helping to ensure an optimal supply of the
most active member of the thyroid hormones, triio-
dothyronine. The different selenoprotein deiodinases
are found at different sites in the body. If selenium and
iodine are deficient in a human population, the thyroid
deficiency is more severe (and goiters are larger) than if
only iodine is lacking. This situation is endemic in
some areas of central Africa, including Kivu province
in the Central African Republic (formerly Zaire).

The sperm mitochondrial capsule selenoprotein
has a structural as well as an enzymic role, and it is
responsible for both the maintenance of motility and
the structural integrity of the tail of the sperm. Both
human and other mammals exhibit reduced sperm
motility and increased sperm rupture under condi-
tions of low selenium supply. A study in Glasgow,
Scotland, recorded enhanced sperm motility and
fertility in men who received a selenium supplement.

The precise functional roles of selenoproteins P
and W are not well understood. Selenoprotein P
contains more selenium (up to 10 atoms permole-
cule) than any other mammalian selenoprotein, and
it can form equimolar selenium–mercury complexes,
thereby probably helping to detoxify mercury. It is
the major selenoprotein found in plasma and may
also act as a selenium transport protein and sele-
nium reserve. Selenoprotein W is found in muscle,
and its decline may help explain the molecular basis
of white muscle disease in selenium-deficient sheep.

Other selenoproteins have been characterized by
their molecular size but not by their functions and
health significance (Table 1).

Selenium Deficiency, Viral Disease
and Mutation, and Immune Function

Initially, Keshan disease was thought to be a defi-
ciency disease alone, involving inadequate intakes
of Se and also of Mo, Mg, and thiamin. However,
seasonal variations in symptoms suggested that at
least one other interacting factor was likely
involved. Later, an enterovirus and a Coxsackie
virus (strain B4) were isolated from affected indivi-
duals. The same Coxsackie virus was able to pro-
duce severe heart pathology in mice when they
were fed Se-deficient grain from Keshan endemic
areas.
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Coxsackie virus strain B3, when introduced into
Se-deficient mice, produces a myocarditis that is
similar to that of human Keshan’s disease, and this
virus consistently undergoes mutation at six distinct
amino acid (= nucleotide) sites in the Se-deficient
but not the control animals. These mutated viruses
are then able to produce myocarditis even in
selenium-replete control mice. Thus, the virulence
change has become permanent by mutation, and
the increased virulence is no longer dependent on a
simultaneous lack of selenium. Comparable sele-
nium limitation-induced mutations in influenza
virus have also been shown in Se-deficient mice. It
is suggested that in the presence of a low selenium
supply, a normally quiescent virus may become acti-
vated by increased oxidative stress and host cell
apoptosis, the mutation to increased virulence
being a survival strategy by the virus.

In HIV-infected individuals, the progression to
AIDS and the decline in T helper (CD4) cell counts
are accompanied by a parallel decrease in blood sele-
nium levels. Selenium deficiency appears to increase
the probability of mortality in HIV-infected subjects.

Human selenium supplementation (e.g., 200 mg/
day), even in apparently selenium-replete individuals
receiving a diet providing >120 mg Se/day, was able
to stimulate the proliferation of activated T cells of
the immune system. It elicited an enhanced response
to antigen stimulation, an enhanced ability to gen-
erate cytotoxic lymphocytes, an enhanced ability to
destroy tumor cells, and increased natural killer cell
activity. Growth-regulatory interleukin-2 receptors
on the surface of activated lymphocytes and natural
killer cells became upregulated.

In a study in Liverpool, UK, healthy adult subjects
with initial plasma selenium concentrations below

Table 1 Selenoprotein description and functions

Selenoprotein Molecular description Function

Glutathione peroxidases (GPx) Removal of potentially harmful peroxides and

modulation of eicosanoid synthesis

Type I Tetramer >50% of total Se in body; acts as Se buffer/store

Type II Tetramer May protect the intestine

Type III Tetramer Found in plasma and milk; synthesized in kidney

Type IV Monomer Phospholipid hydroperoxide GPx; abundant in testis;

resistant to Se deficiency; involved in eicosanoid

metabolism

Thioredoxin reductases

(types I, II, III)

Transfers protons from NADPH via bound FAD to

thioredoxin; regulates gene expression by redox

control of binding of transcription factors to DNA;

needed for cell viability and proliferation; can reduce

dehydroascorbate and ascorbate radical to

ascorbate

Iodothyronine deiodinases

(types I, II, III)

Type I acts in liver and thyroid gland to convert T4 to

T3; the other types occur in other tissues and also

help to regulate thyroid hormone levels

Selenophosphate synthetase Synthesizes selenophospate from selenideþATP as

first step in selenocysteine synthesis during Se

incorporation into selenoproteins

Sperm mitochondrial capsule

selenoprotein

Sperm structural protein required for integrity of sperm

tail and its mobility; also an antioxidant, similar to

GPx IV

Prostate epithelial selenoprotein 15 kDa In epithelial cells; possibly redox function, similar to

GPx IV

Selenoprotein P Accounts for 60–80% of plasma selenoproteins;

contains up to 10 selenocysteines per molecule; has

a transport function; binds mercury; may protect the

cardiovascular system and endothelial cells

Selenoprotein W 10kDa Small antioxidant protein found in muscle (þheart); its

loss may account for white muscle disease of sheep

18-kDa selenoprotein (SELT) In kidney and many other tissues; not easily depleted

in Se deficiency

SELR, SELN 12.6 and 47.5 kDa,

respectively

Spermatid selenoprotein 34 kDa In sperm nuclei and in stomach; has GPx activity

There are 30–50 proteins that contain Se, as detected by 75Se-labelling in mammals, only about half of which have been investigated.
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1.2 mmol/l were given placebo or 50 or 100 mg daily
supplements of selenium as selenite for 15weeks.
After 6weeks, they were given oral live attenuated
polivirus vaccine, and after 9weeks, 74Se stable iso-
tope was given intravenously to measure their body
Se pool size. The Se supplements significantly
increased the Se pool size, and the supplemented
groups cleared the poliovirus more rapidly and
their fecal viral RNA products exhibited fewer
mutations. Cellular immune response (estimated by
interferon-� and other cytokines) was enhanced and
there was an earlier peak of T cell proliferation and
numbers in the supplemented groups. This study
suggests that selenium supplements can improve a
number of indices of immune function, even in indi-
viduals whose Se status is not severely deficient.

Selenium Distribution, Status Assays,
and Dietary Reference Values

In an adequately supplied adult male human subject,
the total body selenium content is on the order of
30–60mg, of which one-third is found in the skele-
ton and two-thirds in the soft tissues. A substantial
fraction of kidney selenium is retained even when
selenium at other sites is severely depleted during
deficiency, and renal selenium is more constant
between human populations than selenium in other
tissues or body fluids. Regulation of selenoprotein
synthesis at the transcription level appears to ensure
a hierarchy of preservation of individual seleno-
proteins at critical sites. The cytosolic glutathione
peroxidase (GPx I) and selenoprotein P can donate
selenium to other sites whenever overall depletion
occurs. Selenium crosses the placenta readily, and
breast milk selenium concentration is responsive to
changes in maternal selenium intake. In the United
States, breast milk Se concentrations are generally in
the range of 0.19–0.25mmol/l, but colostrum has
levels that are two or three times higher than those
of mature breast milk.

Selenium status can be measured in several ways.
One recently developed and effective approach
toward selenium concentration measurement is the
use of inductively coupled plasma mass spectrome-
try. Older assays are based on the generation of
selenium hydrides or fluorescent derivatives of
selenium. Selenium status can be measured by its
concentration in plasma or serum; in whole blood
(a result that can be recalculated to provide red cell
selenium concentrations); or in platelets, hair, or
nails. The platelet concentration is considered to be
a reliable medium-term index, whereas hair and nail
concentrations can integrate selenium status, and
hence intakes, over a longer term.

Glutathione peroxidase enzymatic assay in plasma
or red cells is another frequently used approach to
status measurement. In situations of severe to mar-
ginal deficiency, this has proven to be a sensitive and
responsive index, varying consistently with varia-
tions in the selenium supply. However, once an
adequate supply is achieved, there is no further
capacity for increases in enzyme synthesis, and a
plateau of activity is reached that does not respond
to further increases in selenium intake. Therefore, if
a population exhibits a strong correlation between
plasma (or red cell) selenium concentrations and
glutathione peroxidase activity in blood fractions,
or there is a major increase in GPx activity after
selenium supplementation, this can be taken as
evidence of suboptimum selenium status in the
population. If there is little evidence of such a cor-
relation or of a response to supplementation, then
the population is likely to be adequately supplied.
The absolute values of GPx activity are more diffi-
cult to interpret because there are many different
versions of the assay in use in different laboratories,
and interlaboratory harmonization has rarely been
undertaken for this assay. Recent reappraisal has
suggested that the plasma glutathione peroxidase
(GPx III) assay may be more reliable than the
blood cytosolic (GPx I) enzyme assay because hae-
moglobin tends to interfere with the reaction in
erythrocyte extracts.

A summary of reference values and recommended
intakes of selenium from three publications is pre-
sented in Table 2. Dietary reference values for sele-
nium in the United Kingdom, set in 1991, were
based on a number of criteria, including the facts
that no evidence of deficiency was detectable in
populations with intakes of 40 mg/day and that
saturation of GPx in Chinese males occurred at an
intake of approximately 41 mg/day (equivalent to
50 mg/day for a UK male based on a body weight
comparison). On this basis, the UK Lower Reference
Nutrient Intake (LRNI) was set at 40 mg/day for
both male and female adults, and the corresponding
RNI values were set at 75mg/day for males and
60 mg/day for females, with lower values, propor-
tional to body weight, for children. No extra incre-
ment was considered necessary for pregnancy, but
for lactating women an additional 15 mg/day was
added to both the LRNI and the RNI.

More recently, selenium recommendations or
reference values have been slightly lower. The US
committee that set Dietary Reference Intakes in
2000 interpreted the Chinese estimate of 41 mg/day
needed to saturate GPx in adult men, and data from
New Zealand indicating selenium intake adequacy
at 38 mg/day, as supporting an Estimated Average
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Requirement (EAR) of 45mg/day for adults of both
sexes, and hence an Recommended Dietary Allowance
(RDA) (with 10% CV of requirements) of 55 mg/
day for both sexes, increasing to 60 mg/day for
pregnant and lactating women. However, RNI
values set by an FAO/WHO committee, published
in 2002, were much lower, at only 26 mg/day for
women and 34 mg/day for men, based on the pre-
mise that full saturation of GPx is unnecessary and
two-thirds saturation is probably adequate. Clearly,
there has been considerable divergence of opinion
between different committees, and this divergence
underlies the current uncertainty about the overall
adequacy of selenium intakes in many European
countries, including the United Kingdom. In the
United Kingdom, selenium intakes have declined
considerably during the past 25 years because of
the substitution of North American wheat imports
by European wheat with a much lower selenium
content. In contrast, selenium intakes in New
Zealand have increased as a result of grain imports
from Australia.

There are also recommendations for the upper limit
of safe intake of selenium. For the United Kingdom, it
was noted that evidence of toxicity was detectable
at intakes of approximately 750–900 mg/day, and
the UK panel recommended a maximum safe intake
of 450 mg for adults (6 mg/kg body weight/day),
which was confirmed as an official safe upper

level (SUL) in 2003. In the US Dietary Reference
Intakes, the upper level of 400 mg/day was based on
a no adverse effect level of 800mg/day divided by
an uncertainty (i.e., safety) factor of 2. The FAO/
WHO committee also set an SUL of 400 mg/day for
adults. In humans, at intakes of >3mg/day, overt
signs of selenosis include damage to nails and hair,
skin and nerve lesions, mottling of teeth, nausea,
weakness, and diarrhea. Urinary selenium excretion
is high, and a garlic odour may be apparent in the
breath.

Selenium Interventions

As noted previously, neither Keshan disease nor
Kashin–Beck disease are now thought to be simple
dietary deficiency diseases. They probably also
involve viral components and may be exacerbated
by environmental toxins, including mycotoxins.
Thus, they are probably multifactorial, but impor-
tantly, public health selenium supplementation inter-
ventions have had a dramatically beneficial effect on
the prevalence of these diseases. The main clinical
features of Keshan disease are cardiac insufficiency
and enlargement, electrocardiographic changes, and
fibrosis. Those of Kashin–Beck disease are osteoar-
thropathy and necrosis of the joints and epiphysial
plate cartilage. Both diseases occur in school-age

Table 2 Reference values for intakes of selenium (mg/day)a

Population group UK LRNI UK RNI US AI/RDAb WHO/FAO RNI

0–6months 4–5 10–13 AI:15 6

7–12months 5–6 10 AI:20 10

1–3 years 7 15 RDA:20 17

4–6 years 10 20 30 22

7–10 years 16 30 30–40 21–26

11–18years, male 25–40 45–70 40–55 32

11–18years,

female

25–40 45–60 40–55 26

19–65years, male 40 70 55 34

19–65years,

female

40 60 55 26

65þ years, male 40 70 55 33

65þ years, female 40 60 55 25

Pregnant 40 60 60 26–30

Lactating 55 75 70 35–42

aWhere a range of values is given, the population group described in this table overlapped across more than one population group in

the source table.
bThe first two age groups are AI; the remainder are RDA.

LRNI, Lower Reference Nutrient Intake; RNI, Reference Nutrient Intake; AI, Adequate Intake; RDA, Recommended Dietary Allowance.

Sources: UK: Department of Health (1991) Dietary Reference Values for Food Energy and Nutrients for the United Kingdom, Report on

Health and Social Subjects No. 41. London: HMSO. USA: Food and Nutrition Board, Institute of Medicine (2000) Dietary Reference

Intakes for Vitamin C, Vitamin E, Selenium and Carotenoids. Washington, DC: National Academy Press. WHO/FAO: WHO/FAO

(2002) Human Vitamin and Mineral Requirements. Report of a Joint FAO/WHO Expert Consultation, Bangkok, Thailand. Rome: WHO/

FAO.
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children; Keshan disease also occurs in women of
child-bearing age, but adult men are less affected.

In hilly and heavily eroded areas of China where
these diseases were endemic, the use of selenium-
enriched fertilizers was not feasible as an interven-
tion because of the huge geographical areas involved
and hence the high cost. Instead, direct human sup-
plementation of at-risk and affected populations was
introduced during the 1970s using a 0.5 or 1.0mg
sodium selenite supplement (according to age) per
person per week. In Shaanxi province, following
supplementation, the prevalence of Keshan disease
declined from 12 per 1000 to undetectable levels
between 1976 and 1985, and in Heilongjiang pro-
vince the prevalence of Kashin–Beck disease declined
from 44 to 1% of the population between 1970 and
1986.

An alternative approach to intervention, by
selenium enrichment of crop and grassland fertili-
zers, was introduced in the 1970s in Finland. Here,
there was no overt evidence of selenium deficiency
in the human population, but Se deficiency disease
had occurred, and had been successfully eliminated
in farm animals, by supplementation of animal feeds
during the 1960s. Fertilizer that was Se enriched at
16mg/kg was then applied to cereal crops for
human consumption. Grassland fertilizer was
enriched at 6mg/kg. As a result, adult human Se
intake increased from 25–60 to approximately
100 mg/day. Serum Se increased from 65–70 mg/l in
1975 to 120 mg/l in 1989–1991. In 1990, the sele-
nium level was reduced to 6mg/kg fertilizer for
cereal crops as a precaution against possible over-
load. Selenium intervention by fertilizer enrichment
was judged to be a safe, economical, and easily
controlled intervention.

New Zealand, which has a similar situation of
marginal intakes and status, decided not to intervene
on a population or nationwide basis but instead has
taken steps to ensure that particular high-risk
groups, notably people receiving total parenteral
nutrition or children receiving special diets for phe-
nylketonuria prevention, are adequately supplied.

Selenium and Chronic Disease

Several supplementation and epidemiological case–
control studies have suggested a possible link between
increased selenium intakes or status and protection
against certain cancers. First, in intercountry compar-
isons and studies comparing different regions of the
United States having different soil selenium levels,
there was a consistent correlation between lower sele-
nium levels and higher risk of cancer. A study of 34,000
male health professionals in the eastern United States

found that toenail selenium levels were inversely pro-
portional to prostate cancer incidence, with diagnoses
recorded >2years later, which helped to reduce con-
founding by reverse causality (i.e., the presence of can-
cer causing the low selenium levels). A study in China
found that the incidence of hepatocellular carcinoma
was lower in a community receiving selenite-fortified
salt (15mg/kg) than in adjacent control communities,
and another intervention with seleniumþ vitamin
Eþ �-carotene supplements seemed to reduce total
age-adjusted mortality, especially from cancer.
A controlled intervention in the eastern United States
recorded an approximately 50% lower cancer
mortality in a high-risk group of subjects who were
randomized to receive 200mg selenium/day as Se
yeast for several years. Animal model studies have
demonstrated reduced susceptibility to cancer induc-
tion with increased selenium intakes. Although these
studies appear promising, caveats about their design
and interpretation imply that none yet conclusively
prove the hypothesis that additional dietary selenium
is able to reduce human cancer morbidity and mortal-
ity. Trials in multiple locations (including Europe)—
PRECISE (Prevention of Cancer by Intervention with
Selenium) and SELECT (Selenium and Vitamin E Can-
cer Prevention Trial)—are ongoing and should help to
resolve this important question.

Attempts to demonstrate disease-reduction benefit
with respect to cardiovascular disease by selenium
intervention have proven disappointing, despite the
theoretical benefit of lipid peroxide removal by GPx
and apparently beneficial changes in intermediate
markers such as platelet aggregation, vasoconstric-
tion, and thromboxane:prostacyclin ratios following
supplementation. Further studies of high-risk popula-
tions are needed, including a focus on the concerted
action by combinations of selenium and vitamin E.

Other conditions for which supplementary sele-
nium has been claimed to be beneficial include rheu-
matoid arthritis, pancreatitis and asthma, and mood
alterations. Again, further studies are required.

Conclusion

The essential role of selenium in human nutrition and
its discrete biochemical functions are rapidly being
characterized. Severe deficiency and selenosis (toxi-
city) occur in different regions and are manifested by
characteristic and life-threatening human diseases.
The selenoproteins have a wide variety of roles,
both catalytic and noncatalytic. Interactions with
redox pathways appear to be common. Selenoprotein
P, in particular, appears to play an important detox-
ification role. Selenium appears to play an important
role in cell-mediated immunity. Selenium deficiency
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can cause viral mutation leading to increased viru-
lence, and such mutation and its consequences appear
permanent. Optimum human intakes of selenium are
still a matter of debate because some studies have
reported benefits (e.g., anticancer and immunological
effects) when supplements are given, even to popula-
tions that appear to be generously supplied with the
nutrient. The distinction between nutritional and
pharmacological benefits is unclear, and further trials
to determine risk–benefit balance at different intake
levels are needed in a range of populations and age
and gender groups.

See also: Antioxidants: Intervention Studies. Ascorbic
Acid: Physiology, Dietary Sources and Requirements.
Vitamin A: Biochemistry and Physiological Role.
Vitamin E: Metabolism and Requirements.
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Physiological, Clinical, and Nutritional
Importance of Sodium

Despite the fact that the body contains more calcium
and potassium, sodium is arguably the most impor-
tant cation because it dictates the volume of extra-
cellular fluid (ECF) and its concentration affects
osmotic concentration of both ECF and intracellular
fluid (ICF). Abnormalities of ECF sodium concen-
tration cause movement of water into or out of cells,
thus altering the osmotic concentration of ICF in

parallel and causing swelling or shrinkage of cells.
The main impact of this is on the brain because its
cells are rigidly enclosed by the cranium.

Sodium depletion is mainly caused by enteric,
renal, or adrenal disease, and sodium retention is
caused by renal disease; healthy kidneys are well
able to excrete excess dietary salt. However, chronic
ingestion of excess salt, whether or not it increases
ECF volume, is a predisposing or exacerbating fac-
tor in hypertension. Until the 1980s, knowledge of
the regulation of body sodium mainly concerned
defenses against depletion, while in the 1990s there
was a rapid growth in knowledge of the mechanisms
that excrete excess sodium. This seems appropriate
since most species, especially humans, dogs, and
laboratory rats, are exposed to dietary sodium
intakes well above their nutritional requirement.
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The nutritional requirement is a reflection of obli-
gatory losses (maintenance) and the needs of
growth, pregnancy, and lactation. Abnormal losses
owing to disease, or in animals such as humans and
horses which sweat extensively, raise the require-
ment. The impact of equine sweating is different
from that in humans. Human sweat always contains
sodium at concentrations well below plasma levels
(and when aldosterone secretion is raised, levels of
sweat sodium fall very low); horse sweat is hyper-
tonic but this helps to offset the osmotic effect of the
increased respiratory water loss during exertion, i.e.,
it may be a defense against hypernatremia, rather
than a potential cause of sodium depletion. Similarly
hypernatremia in many species induces ‘dehydration
natriuresis’ – an appropriate defense.

Consideration of the physiology of sodium thus
includes its distribution in the body, regulation of
total content and concentration, causes of and
responses to depletion or excess, and their nutri-
tional implications.

Distribution

Sodium is a cation, i.e., a positively charged ion; its
distribution and physiological effects are fairly inde-
pendent of the negative ions (anions) that originally
accompanied its ingestion though they may affect its
absorption and excretion. Most sodium is in ECF
(Table 1), kept there by the sodium pump, an
enzyme system, Naþ/Kþ-exchanging ATPase, which
uses substantial amounts of energy (adenosine tri-
phosphate; ATP) in maintaining a low intracellular
sodium concentration and a high intracellular
potassium (Kþ) concentration. Sodium transport is

a central issue in the physiology of sodium for a
number of reasons:

1. It helps to maintain the ionic environment of ICF
and the volume of ECF.

2. It prevents cell swelling (the Naþ efflux exceeds
the Kþ influx).

3. It establishes gradients which, in various tissues,
allow transport of other cations in exchange,
other anions in parallel or organic solutes –
these are often cotransported with sodium down
concentration gradients which are secondary to
the low sodium environment created by the
pump.

4. It establishes the membrane voltages on which
excitability and secretory activities frequently
depend.

5. The energy expenditure of the pump is a substan-
tial portion of total metabolic activity and con-
tributes to thermogenesis.

6. Sodium transport is not only a key factor in the
retention and loss of sodium in the kidney, gut,
salivary, and sweat glands but also influences the
excretion or retention of many other solutes.
Thus, for example, diuretics intended to promote
sodium excretion may also cause unintentional
losses of potassium and magnesium. Similarly,
when renal sodium excretion increases appropri-
ately in response to ingestion of excess salt, there
may also be unwanted losses of calcium and in
postmenopausal women these may contribute to
loss of bone mineral.

Bone also contains substantial quantities of
sodium but, as yet, its significance is unknown
since it does not appear to be mobilized during
sodium depletion. Gut fluids contain considerable
amounts of sodium, mostly secretory rather than
dietary, and mostly reabsorbed in more distal
regions of the intestine.

Extracellular Sodium

Most of the extracellular fluid is interstitial fluid
(ISF) in the tissue spaces, providing the transport
medium between capillaries and cells. The sodium
concentration in plasma is slightly above that in ISF
because plasma contains more proteins, notably
albumin, which do not readily escape into ISF across
the capillary membranes, and the effect of their
negative charges is to hold more positively charged
ions, notably sodium, in circulation (Gibbs–Donnan
equilibrium).

The main effects of excess ECF volume are seen as
expanded ISF, visible clinically as edema (or ascites
when fluid accumulates in the abdomen rather than

Table 1 Summary of sodium (Na) distribution and requirements

Typical plasma Na concentration (mmol l�1) 145 (130–160)

Typical body Na content (mmol kg�1) 50–55

Typical proportion (%) of total Na

ICF 10

ECF 50

Bone 40

Maintenance requirement in mammals

(mmol per kg per day)

Sheep 0.1

Cattle and goats 0.3–0.7

Pigs 0.6

Rats 0.6

Dogs 0.2–0.5

Humans ?<0.6

1mmol=23mg Naþ, 58.5mg NaCl.

SODIUM/Physiology 331



the tissue spaces). Mild edema is merely a cosmetic
problem in itself but pulmonary or cerebral edema,
or severe ascites, are potentially serious forms.
Edema can result from excess ingestion or retention
of sodium (overall expansion of ECF) or ‘leakage’
from plasma to ISF, with plasma volume continu-
ously replenished by renal sodium retention. Such
maldistribution of ECF occurs if plasma albumin is
very low (renal leakage, hepatic impairment, or
severe malnutrition), or with excessive capillary
blood pressure (venous blockage, inactivity, heart
failure, or arteriolar dilation, e.g., from heat or
allergy), capillary damage, or lymphatic blockage.
The latter prevents the removal of proteins that
have leaked into ISF. Accumulation of protein in
ISF undermines the osmotic gradient, normally
favors uptake of water at the venous end of the
capillary, where the pressure is lower. Since edema
involves the expansion of a larger compartment
(ISF) from a smaller one (plasma) it is only possible
as long as the latter is replenished; hence the kidney,
while seldom the primary cause of edema, is always
the enabling cause; the use of diuretics is therefore
appropriate in the treatment of nonrenal as well as
renal causes of edema.

The main effect of inadequate ECF volume is to
reduce plasma volume and thus to compromise
cardiovascular function, in extreme cases by causing
circulatory shock.

Regulation of ECF Sodium

In a mature, nonpregnant, nonlactating, healthy
animal, sodium excretion matches sodium intake
and is often used to estimate it, although this is
not reliable, especially when intake is low. Diet-
ary sodium is readily available, i.e., readily
absorbed; thus the traditional view of sodium
regulation emphasizes renal regulation of urinary
Naþ loss. This oversimplifies the more subtle
interplay seen, for example, in herbivorous ani-
mals, where salt appetite may contribute to reg-
ulation by intensifying during sodium depletion.
Moreover, in many herbivores the feces, rather
than urine, may be the major route of sodium
excretion and the gut may therefore be an impor-
tant regulator of sodium balance. Indeed, it is
interesting that sodium transport mechanisms in
the small intestine show considerable similarities
to those of the proximal part of the renal tubules
(e.g., linked transport of Naþ, glucose, and amino
acids) whereas the colon, like the distal nephron,
responds to the salt-retaining (and potassium-
shedding) hormone of the adrenal cortex,

aldosterone. Indeed, diarrhea is essentially enteric
diuresis; a failure of intestinal sodium and water
reabsorbtion, which exceeds the compensatory
capacity of the color.

Provided that the adrenal gland is healthy, urinary
and fecal sodium loss can be reduced virtually to
zero. Sweat loss can also be very low, although with
severe exertion in hot climates the volume of sweat
may exceed the ability of aldosterone to reduce its
sodium concentration and net loss of sodium can
occur. Aldosterone also reduces salivary sodium
(and raises [Kþ]).

There are two components to the regulation of
ECF sodium: the total amount of sodium retained
and its concentration. The former is regulated by
mechanisms that directly affect sodium, whereas
the latter is essentially regulated via water bal-
ance. Thus, whatever sodium is retained in ECF
is ‘clothed’ with the appropriate amount of water
to maintain the normal plasma sodium concentra-
tion within narrow limits; deviations of less than
1% (hard to measure in the laboratory) trigger
corrective responses. Thus, a raised plasma
sodium concentration (e.g., after water loss) sti-
mulates both thirst and renal water conservation;
antidiuretic hormone (ADH) from the posterior
pituitary reduces urine output through its effect
on the renal collecting ducts. Even one of these
mechanisms can defend body water; thus diabetes
insipidus (inadequate production or effect of
ADH) does not cause severe dehydration but
polydipsia (increased fluid intake; ‘thirst’ is a
sensation).

Excess salt intake does not raise plasma sodium
concentration (hypernatremia) if water is available
and the patient can drink; the excess sodium is
diluted. The resulting increase in ECF volume then
stimulates increased sodium excretion. Sodium also
enables ECF to hold water against the osmotic ‘pull’
of the solutes in ICF and sodium thus functions as
the ‘osmotic skeleton’ of ECF; it is the main deter-
minant of its volume.

Plasma sodium concentration is therefore only indir-
ectly related to sodium balance. When ECF volume,
notably circulating volume, is severely reduced, this
stimulus, rather than Naþ concentration, becomes
the main drive for thirst and ADH secretion. Until
ECF volume is restored, water is retained (to protect
ECF volume) even though this undermines the protec-
tion of ECFNaþ concentration and, as a result, plasma
sodium falls. Thus, during sodium depletion, contrac-
tion of ECF volume precedes significant reductions of
plasma Naþ, which is therefore a poor index of
sodium status.
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Sodium-Retaining Hormones

Sodium depletion, by reducing plasma volume and
renal perfusion, stimulates the production of renin
(from the kidneys), which generates angiotensin in
circulation. This hormone is a vasoconstrictor (so
protects blood pressure), stimulates thirst (so helps
to restore ECF volume), and, above all, stimulates
sodium retention both directly (renally) and indir-
ectly (by stimulating adrenal secretion of aldoster-
one); it thus reduces the sodium concentration of
urine, feces, saliva, and sweat, but not milk.

Indices of aldosterone secretion (reduced sodium
or potassium concentration in urine, feces, etc.) are
often taken as evidence of sodium depletion or
inadequate sodium intake, but the following points
apply:

1. Aldosterone secretion is also stimulated directly
by hyperkalemia (elevated plasma Kþ) and pro-
motes potassium excretion.

2. Such interpretations involve a subjective judge-
ment concerning adequate or excessive sodium
intake. Because physiologists and clinicians were
traditionally more concerned with sodium deple-
tion as well as its consequences and the defenses
against it, elevated aldosterone secretion was
readily seen as a warning signal. However, if
sodium intakes associated with increased aldos-
terone have no other harmful effects, and espe-
cially if excess sodium intakes cause concern, low
levels of aldosterone secretion might equally indi-
cate excessive salt intake.

While sodium reabsorption in the distal nephron,
influenced by aldosterone, is particularly important
because it can produce sodium-free urine and pro-
mote potassium loss, the great majority of renal
sodium reabsorption occurs elsewhere; about 25%
in the loop of Henle and most in the proximal
tubule. The loop is also a main site of magnesium
reabsorption, hence the tendency for loop diuretics
to cause hypomagnesemia.

The factors controlling proximal reabsorption are
incompletely understood but their effect is clear:
proximal reabsorption of sodium increases or
decreases according to the need to enhance or
diminish plasma volume. Since the fluid in the prox-
imal tubule is similar to plasma, having been formed
from it by glomerular filtration, it has the ideal
composition for this purpose.

Natriuretic Hormones

Excretion of excess sodium involves not only suppres-
sion of salt-retention mechanisms but also activation

of sodium-shedding (natriuretic) mechanisms. Two
types of hormones are involved: atrial natriuretic
peptide (ANP), produced by the cardiac atria when
they are overstretched (reduction of ECF volume
being an appropriate response to cardiac overload),
and active sodium transport inhibitors (ASTIs), prob-
ably produced within the brain. These were probably
the original molecules associated with the receptors
binding cardiac glycoside drugs and are therefore also
called ‘endogenous digitalis-like inhibitors’ (EDLIs);
their exact identity remains uncertain. Atrial natriure-
tic peptide has various effects that essentially oppose
those of the salt retention induced by aldosterone: it
increases sodium excretion, lowers arterial pressure,
and promotes movement of ECF towards the inter-
stitial compartment.

Other hormones (e.g., sex steroids, parathyroid
hormone, calcitonin, thyroid hormone, prolactin)
affect renal sodium retention or loss but are not
thought to regulate it.

Adequate, Inadequate, and Excess
Sodium

It is unlikely that adult daily maintenance require-
ment exceeds 0.6mmol per kg body weight and
could well be below this in many mammals. New-
born, growing, pregnant, or lactating animals have
increased requirements. The appropriate sodium
intake for humans remains controversial with some
cultures managing on less than 1mmol per day,
while Western intakes may be in the range
200–300mmol per day, more where processed
foods are heavily consumed. There has been insuffi-
cient awareness among physicians and human nutri-
tionists of just how high such intakes are, compared
with requirements in other animals. Granted that
humans are bipeds with a stressful lifestyle quite
different from those of animals, there is no real
evidence that human obligatory losses or sodium
requirements are significantly greater. Rather, there
is an ingrained tradition of regarding sodium intake
as a benign pleasure, involving a harmless and
healthy dietary constituent. The main warnings
against this view come from the fact that hyperten-
sion is virtually unknown in low-salt cultures and
that they do not even have an age-related rise in
‘normal’ blood pressure. Moreover, there are
numerous studies that, when rigorously analyzed,
indicate that human arterial pressure and salt intake
are positively correlated; sufficiently to anticipate
reductions in the prevalence of hypertension in
response to manageable reductions in dietary
sodium. Unfortunately, such reductions are still
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handicapped by inadequate food labeling and the
fact that most sodium is added by the processor
rather than the consumer. Humans, other than vege-
tarians, also have a very low potassium intake com-
pared with other mammals; potassium may
ameliorate the hypertensive effects of sodium.

Because obligatory losses of sodium are so low,
dietary sodium depletion is hard to induce and
sodium deficiency usually results from losses
caused by renal, adrenal, or enteric disease; renal
disease may cause either retention or loss of
sodium. Globally, both in humans and animals,
the most common cause of sodium deficits is
acute diarrhea. Fortunately, sufficient gut usually
remains unaffected for uptake of sodium and water
to be stimulated by suitably formulated oral rehy-
dration solutions. These essentially restore ECF
volume (and acid–base balance), allowing natural
defenses to overcome the underlying cause of the
diarrhea. Despite some species variations, such
solutions usually work best if their glucose:sodium
ratio (in mmol l�1) is close to unity and they are
virtually isotonic (i.e., they have a similar osmotic
concentration to ECF; hypertonic solutions draw
water into the gut). The function of glucose in
these solutions is to promote sodium uptake; its
nutritional contribution is trivial. Anions such as
citrate, acetate, propionate, bicarbonate, and
amino acids (e.g., glycine and alanine) may further
enhance the uptake of sodium and therefore
water. These sodium cotransport mechanisms
are very similar to those of the proximal renal
tubule. More recently, nutritional oral rehydration
solutions that provide calories and glutamine
(to sustain the form and function of enteric villi)
have been successfully used in calves.

Sodium is thus central to the management of two
of the most widespread clinical problems; hyperten-
sion (in humans) and diarrhea. Indeed, the World
Health Organization (WHO) regards the discovery
of oral rehydration, which depends on restoration of
enteric sodium uptake, as the main life-saving devel-
opment in twentieth century medicine. This power-
ful clinical application rests on a simple
physiological observation concerning an elementary
but vital dietary constituent.

Unresolved Issues

The control of renal sodium excretion is understood
in great detail but the regulation of body sodium is
not; key questions remaining unresolved e.g., how
ECF volume is monitored, granted that most is inter-
stitial rather than intravascular, and how the
mechanisms regulating ECF volume and arterial

pressure are integrated, granted that both use renal
sodium excretion as their effector. The fact is that
none of the common forms of general edema,
i.e., excess interstitial fluid, is amenable to rigorous
explanation, except via abstractions such as ‘effec-
tive blood volume.’

The key nutritional concern regarding sodium is
the human dietary requirement, assuming that
excess intake predisposes populations to an age-
related rise in arterial pressure. This is regarded as
normal but it is not seen in any population whose
intake is closer to the likely requirement, compared
with other mammals. For many individuals, this rise
will ultimately destine them to antihypertensive ther-
apy and predispose them to serious secondary hyper-
tensive damage. While it is encouraging that
governments are making serious attempts to reduce
salt intake, it remains unlikely that it will be brought
below 100mmol day�1, whereas if humans are like
other mammals, requirement is unlikely to exceed
0.6mmol kg�1 day�1 i.e., 40mmol day�1 for a 70-kg
human. Those who insist that human requirement is
higher must provide evidence that human renal and
colonic sodium conservation are uniquely inefficient
or that the endocrine responses to lower salt intake,
i.e., increased activity of the renin–angiotensin–
aldosterone axis, diminished secretion of atrial
natriuretic peptide and endogenous active sodium
transport inhibitors, have pathological effects that
outweigh moderation of the age-related rise of
blood pressure.

See also: Potassium.
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Introduction

This chapter describes the historical importance of
salt use, its production and trade throughout the
centuries, and its significance in food preservation,
in flavor enhancement and in food processing. Over
the years, man has developed complex salt mining
and drying systems, which are still in use today as
the demand for salt continues to grow. Humans and
other animals, exposed throughout evolution to very
limited salt sources, have developed an intrinsic bio-
logical drive for salt with salt-specific taste receptors
and highly effective hormonal and cellular transport
systems for minimizing any salt loss from the intes-
tine, kidney, and skin. Unfortunately, the use of
highly salted food then induces a series of physio-
pathological responses including changes in blood
volume and hormonal and cellular changes, which
lead, in conjunction with other dietary and environ-
mental factors, to a range of disorders including
high blood pressure with its increased risks of

stroke, coronary heart disease, and heart failure.
Excess salt intake also seem to promote the devel-
opment of osteoporosis, gastric cancer, and bron-
chial reactivity. The relationship of salt intake to
these conditions will be described and the options
for limiting intakes will be outlined.

Occurrence in Nature

The terms salt, sea salt, or table salt relate primarily
to the compound sodium chloride. Sodium is the
sixth most abundant element in the Earth’s crust,
constituting 2.8%. Sodium is a reactive element
and is always found in compound form. There is
a huge variety of salts containing sodium and
many of these are found in food but in most socie-
ties the dominant form of sodium is as sodium
chloride. Sodium chloride is very soluble in water
and in seawater comprises about 80% of the
dissolved matter.

A History of Salt Intake

The fundamental drive to obtain salt can be traced
back to the earliest times when humans evolved in a
hot African environment with scarce sources of salt.
Evidence has been found of salt use during the
Neolithic Age, and the Egyptian, Babylonian and
Chinese civilizations all had special culinary uses for
salt that are well documented. In China, for centuries
the production of salt was a major industry. Salt
sources were highly valued and were often protected.
A tax on salt in the form of a head tax provided the
Chinese government with a reliable source of revenue
from about 2200 BC onwards. For centuries the only
method of extraction practiced by coastal salt-workers
was to boil sea water and this technique was
employed in every maritime province of China
as late as 1830. Solar evaporation was also used;
shallow salt fields were filled with seawater
which was shifted from field to field daily until salt
crystallization began. A third method used in areas
either far from the sea or on higher ground involved
digging wells to tap sea water or salt-enriched
aquifers.

Evidence for the exploitation of saline slicks in the
Austrian Tyrol dates from the Bronze Age and to
this day the salt mines of Salzburg in Austria and
Krakow, Poland are still in use. For the Indians in
Central America salt was so precious that to please
their gods they abstained from eating salt and Mex-
ican civilizations offered sacrifices to the Goddess of
Salt, Vixtocioatl. Arab cultures still offer salt to
visitors as a sign that their guest is safe; even a
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Bedouin robber will not violate the laws of hospital-
ity once he has tasted his host’s salt.

In pre-Roman times, the principal Italian road
started at the salt works near the mouth of the
Tiber River and cut through the Italian peninsula
towards the Adriatic. In North Africa, the caravan
route linked the salt oases, while salt roads were a
feature of several South American countries. From
remote parts of South America, such as the Amazon
and Argentina, trails of more than 1500 km were
linked to form the famous ‘Cerro de Sal.’ In the
sixteenth century, sea salt crystals were traded
from the sea through the Andes, gradually becoming
more expensive further from the sea so that at dis-
tances of over 300 km only tribal chiefs used it. The
common people made do with salt processed from
palms and human urine. Salt from springs near
Bogota was traded over a distance of 200 km
to the north and south. Columbus’ voyages were
financed by the wealthy proprietors of the
Mata Salt region of Spain, and when the first
Spaniards arrived in South America in 1537, they
found Indians exploiting local salt reserves on a
large scale.

The financial structure of Venice was also sub-
stantially affected by the salt trade, which contrib-
uted to the emergence of Venetian capitalism and
the vast fortunes of some Venetian merchants. In
France, salt became a political issue in the four-
teenth century; the tax on salt was the most hated
of all taxes and a major issue prior to the French
Revolution. At that time England, Germany, and
Italy also taxed salt and in Britain the control of
the world salt markets was a substantial contributor
to its wealth in the seventeenth and eighteenth cen-
turies. Liverpool, a minor tobacco port in the early
eighteenth century, also became a major trading city
in part due to its role in the salt trade.

During the earliest period of British rule in India
the supply of salt was often tightly controlled and
taxed. Gandhi emphasized the essential nature of
common salt for human and animal well being,
especially in a tropical country like India. Gandhi’s
‘salt march’ to the sea broke the monopoly on salt
use and led to his arrest and jailing. The following
revolt, with 100 000 arrests, brought a change in the
law to allow people to produce salt for their own
use.

The production of salt currently depends on the
same range of methods that have been used for
centuries with substantial amounts being obtained
by dry mining and with solution mining still invol-
ving water being pumped into rock salt deposits and
the resulting brine being pumped back up to the
surface for purification and evaporation. Solar

evaporations, the oldest of the methods, is still
used in hotter climates where salt pools allow the
evaporation of sea water in the sun to produce salt.
Currently, world salt production is over 210million
tons a year with 60% of the production being used
to manufacture chlorine, caustic soda, and synthetic
soda ash. About 20% of the world’s production is
for food use.

Salt in Food Technology

Salt enhances and modifies flavor, controls micro-
bial growth, and alters nutrient availability and the
texture/consistency of food. It also aids extraction
methods, food formulation, and helps in the malting
and fermenting of foods. In the production of some
foods, e.g., pickles, cheese and fermented sausages,
salt induces the withdrawal of water and various
nutrients from the pickled tissue and provides an
appropriate environment for growing the specific
salt-resistant bacteria required for the fermentation
or pickling process.

Sodium is also important in forming the texture of
cheese, limiting bacterial growth and dehydrating
cheese, thereby helping to form the rind. Most pro-
cessed meats, e.g., ham and bacon, have added salt to
season and cure the meat. Salt also inhibits bacterial
growth and helps to emulsify the fat in sausages.

Sodium nitrate is used as a curing agent to prevent
botulism as well as to provide the cured taste and
red color of such meat products. Sodium polyphos-
phate is often added to poultry and fish fingers to
increase their water-holding capacity and to bind the
product. Salt is also effective in binding meat
together by altering protein structures and dissolving
some proteins. Salting fish has a flavoring and pre-
servative role and fish may be treated in brine before
being smoked.

In baking, salt enhances other flavors in the product;
it also controls the rate of fermentation of yeast-lea-
vened products and prevents the development of unde-
sirable ‘wild’ types of yeast, which would lead to
uncontrolled fermentation rates and variable products.
Salt also strengthens the gluten in bread doughs, thus
helping to ensure good dough handling and reducing
the rate of water absorption. Sodium acid pyropho-
sphates are used in many industrial baking powders
for specialty products. Salting of canned vegetables is
primarily for flavor, but it can be used to separate
mature, starchy green beans or peas, which will sink,
from the younger, fresher beans, which float.

Processed ‘snacks’ are often heavily salted as a
marketing feature, as are processed cereals and
sodium-containing ingredients are added to many
processed foods (Table 1), with sodium chloride
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accounting for about 90% of the sodium used by the
food industry.

Other Uses of Salt

The universal use of common salt has allowed it to
be used as a vehicle for combating widespread
iodine deficiency by fortifying the salt with iodine,
and fluoride has also been added as a preventive
measure against dental caries. Chloroquine
or pyrimethamine salt mixtures have been used to
suppress the sporozoites responsible for vivax
malaria.

The Impact of Refrigeration on Salt Intakes

Salt intake varies widely across the world. Some agri-
cultural communities, e.g., the Yanomano Indians
from Brazil and the Chimbus of New Guinea, do
not consume salt other than that found in natural
food sources. The Kamtschadales and the Tungouses
nomadic tribes from the north of Russia and Siberia
are also averse to added salt, whereas the Japanese
have traditionally consumed large quantities of salt in
pickled salted fish and vegetables.

Without some form of food preservation it would
be impossible to supply urban populations with food
in any systematic way. Refrigerators were intro-
duced on a mass scale from the 1960s onwards
and this was accompanied by a fall in salt consump-
tion in most countries (Table 2); refrigeration has
taken over from salting as a method of preserving
food. In Japan, intakes as high as the 60-g intake
of a farmer recorded in 1955 and the average
of 27–30 g day�1 had fallen dramatically to 8–15 g
day�1 by 1988. In the US, salt intake probably

started to decline in the 1920s as refrigerators
became widely available.

Dietary Exposure to Salt in the Young

Table 3 shows the average daily sodium intakes
from food consumed by young people in the UK.

Changes in Mineral Composition of Food
Induced by Industrialization and
Urbanization

The process of industrialization and urbanization has
affected the nutritional value of many of the more
traditional foods as illustrated for Mexico in Table 4.
Although home cooked corn (maize) tortillas, together
with beans, formed the staple traditional diet, tortillas
are now being produced differently: both industrially
and by individuals at small market stalls in the cities.

The concentrations of the major nutrients sodium,
potassium, calcium, magnesium, and phosphorus in
unprocessed foods vary within narrow limits, but in
processed or cooked foods, where salt (NaCl) or
additions of other sodium-containing ingredients are
common, the concentration range of sodium is
higher. A large proportion of processed food has
salt added; as more processed foods are eaten, the
saltier the diet becomes. Table 4 shows that the corn
in its original form contains a very small concentra-
tion of sodium but is rich in potassium. Once the
grain is milled, fractionated, and processed to pro-
duce tortillas, then the nutrient composition alters.
Potassium is also lost during the initial washing pro-
cedure. Limestone is added to release the niacin from
its bound form; this also induces a threefold increase
in calcium content. Salt is not commonly added dur-
ing tortilla preparation in the country, but a remark-
able 70- to 200-fold increase is found in breakfast
cereals and processed corn snacks as well as substan-
tial potassium losses. Almost no calcium is found in
modern breakfast cereals whereas traditionally pre-
pared tortillas have almost 60 times more calcium.

Salt and Disease

The Roman word from which the name ‘salt’ is
derived is Salus, Goddess of Health. Gandhi argued
that salt was ‘‘essential for human well being, spe-
cially in a poor country like India where its inhabi-
tants eat vegetables and rice which contain low
salt.’’ However, although its name evokes health,
over the years a long-term excess intake of salt has
come to be recognized as a major cause of hyperten-
sion and thus a risk for stroke and coronary heart

Table 1 Sodium-containing additives used in food processing

Additive Use

Sodium citrate Flavoring, preservative

Sodium chloride Flavoring, texture

preservative

Sodium nitrate Preservative, color fixative

Sodium nitrite Preservative, color fixative

Sodium tripoliphosphate Binder

Sodium benzoate Preservative

Sodium eritrobate Antioxidant

Sodium propionate Preservative

Monosodiumglutamate Flavor enhancer

Sodium aluminosilicate Anticaking agent

Sodium aluminum phosphate

acidic

Acidity regulatory emulsifier

Sodium cyclamate Artificial sweetener

Sodium alginate Thickener and vegetable

gum

Sodium caseinate Emulsifier

Sodium bicarbonate Yeast substitute
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Table 2 Salt intake as NaCl (g day�1)

Before 1982a Year Intake From 1988b Year Intake

Communities not using

added salt

Brazil (Yanomano Indian) 1975 0.06

New Guinea (Chimbus) 1967 0.04

Solomon Island (Kwaio) 1.20

Botswana (Kung

Bushmen)

1.80

Polynesia (Pukapuka) 3.60

Alaska (Eskimos) 1961 <4.00

Marshall Islands in Pacific 7.00

Salt-using communities

Kenya (Samburu nomads) 5–8 Mexico (Tarahumara Indians) 3–10

Mexico (Tarahumara

Indians)

1978 5–8 Mexico rural, mend 1992 6.0

Mexico rural, womend 1992 5.4

Mexico urban, mend 1991 7.7

Mexico urban, womend 1991 6.7

Denmark 9.8 Denmark 1988 8

Canada (New Foundland) 9.9 Canada 8–10

New Zealand 10.1

Sweden (Gotenburg) 10.2

USA (Evans County,

Georgia)

10.6 USA (Chicago) 7.7

Iran 10.9

Belgium 1966 11.4 Belgium 1988 8.4

UK (Scotland) 11.5

UKc 1990 9

Australia 12.0

India (North) 12–15 India 9–11.4

Federal Republic of

Germany

13.1

Finland (East) 14.3 Finland 10.6

Bahamas 15–30

Kenya (Samburus, Army) 1969 18.6

Korea 19.9

Japan

Japan (farmer) 1955 60.3 Japan 1988 8.15

Japan (Akita) 27–30

Japan 1964 20.9

aSource: INTERSALT Cooperative Research Group. INTERSALT and international study of electrolyte excretion and blood pressure.

Results from 24 hour urinary sodium and potassium excretion. Br Med J 1988, 297: 319.
bSource: Pietinen, P (1982) Estimating sodium intake from food consumption data. Ann Nutr Metab, 26:90–99
cGregoy J, Foster K, Tyler H, Wiseman M. The Dietary and Nutritional Survey of British Adults. HMSO (London, 1990).
dSánchez-Castillo et al. (1996) Salt intake and blood pressure in rural and metropolitan Mexico. Archives of Medical Research 27:

559–566.

Table 3 Sodium consumption in people aged 4–18 years in the UK

Age (years) Males Females

Sodium intake

gday�1(mmol day�1)

Estimated salt

intake g day�1
Sodium intake

g day�1(mmol day�1)

Estimated salt

intake g day�1

4–6 2.07 (90) 5.3 1.86 (81) 4.7

7–10 2.40 (105) 6.1 2.16 (94) 5.5

11–14 2.70 (118) 6.9 2.27 (99) 5.8

15–18 3.30 (142) 8.3 2.28 (99) 5.8

Source: Gregory J, Foster K, Tyler H, Wiseman M. The Dietary and Nutritional Survey of British Adults. HMSO (London, 1990).
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disease. An excess of dietary salt may also affect
gastric cancer, osteoporosis, and bronchial hyper-
reactivity. Evidence also suggests that high-salt
intake causes left ventricular hypertrophy indepen-
dently of blood pressure effects.

Salt Intake and Blood Pressure

When salt is ingested it is readily absorbed in the
small intestine in association with other molecules
such as glucose. The intestinal secretions also contain
sodium at concentrations similar to those found in
the plasma but the colon has a highly effective active
transport system for absorbing practically all the
sodium in the colonic contents; only about 1mmol
of sodium is normally excreted in the feces except in
cases of severe diarrhea Once the sodium is absorbed
the body ensures that the tonicity of the body fluids is
finely maintained; so water is retained by the kidney
and the blood volume tends to expand until the
hormonal responses, e.g., from the atrial naturetic
hormone (released in response to changes in atrial
pressure) and in the renin-angiotensin system, lead
to a fall in the kidney and sweat glands’ reabsorption
of sodium and therefore a greater sodium urinary
excretion and loss in sweat. There are also adjust-
ments in vasomotor tone and the neuronal responses
as well as changes in the exchange of sodium and
potassium across cellular membranes. The blood
pressure then rises, as the kidney reflex demands a
higher blood pressure in order to limit the body’s
extracellular volume expansion.

The degree to which the blood pressure rises in
response to dietary salt depends on a range of

interacting genetic factors and other environmental
influences including the intake of potassium, mag-
nesium, and calcium. The suppressive effects of
these minerals in part explain the blood pressure-
lowering effects of a diet rich in fruit and vegeta-
bles. Fat intakes have been shown to amplify
resting blood pressures whereas moderately intense
exercise is followed by a lower blood pressure. As
fat intakes rise and physical activity falls in many
modern societies the body weight and body fat of
children and adults increase. The greater storage of
fat leads to changes in a range of hormonal secre-
tions from the fat cells including angiotensinogen, a
precursor of the renin-angiotensin axis affecting the
kidney’s excretion of sodium. Adiponectin secretion
from expanding adipocytes falls thereby making the
blood vessels much more sensitive to plaque forma-
tion, medial hypertrophy, and fibrosis. Salt-induced
increases in blood pressure also involve an array of
other hormonal responses including the potent
vasocontrictor endothelin-1 and the vasodilator
bradykinin, these being potentially involved in the
blood pressure-independent effects of higher salt
intake on arterial thickening, cardiac ventricular
hypertrophy, and the synthesis of elastin and col-
lagen in the artery. This makes them progressively
thicker and less pliable.

Given this complex of interacting factors it is not
surprising that the selective effect of salt intake on
blood pressure has been hard to define. The role of
salt in inducing high blood pressure is based on
extensive animal experiments at the cellular and
physiological level, on clinical studies and dietary
intervention trials, as well as on major population
analyses of blood pressure in relation to salt intake.
Meta-analyses of longer term intervention trials to
investigate the effect of salt reduction on hyperten-
sion also demonstrate that a modest reduction in salt
intake has a significant effect on blood pressure in
normotensive individuals and an even greater effect
in those with pre-existing hypertension.

The response of neurohumoral mechanisms to salt
loading varies in different individuals and for many
years investigators sought to define what they
termed ‘salt-sensitive’ individuals. There are rare
genetic mutations associated with extreme salt sen-
sitivity but within the general population there
appears to be a more or less continuous variation
in responsiveness consistent with multiple gene–
environmental interactions. So perhaps it is not sur-
prising that no clear cut-off points have been agreed
for defining ‘salt-sensitivity.’ Patients with advanced
renal failure do have an increased response of their
blood pressure to salt loading but this is due to a
loss of functioning nephrons.

Table 4 Effects of industrialization on the composition of

Mexican foods

Food Mineral content (mgper 100g

fresh weight)

Na K Ca

Corn 4 284 55

Tortilla (traditional) 11 192 177

Processed wheat tortilla 620 73 11

Breakfast cereals 866 101 3

Processed snacks 838 197 102

Beans

Home cooked 14 470 67

Processed 354 371 26

Source: Sánchez-Castillo CP, Dewey PJS, Reid MD, Solano ML,

and James WPT (1997) The mineral and trace element content of

Mexican cereals, cereal products, pulses and snacks: preliminary

data. Journal of Food Composition and Analysis. 10: 312–333.

Sánchez-Castillo CP, Dewey PJS, Aguirre A, Lara JJ, Vaca R,

León de la Barra P, Ortiz M, Escamilla I, and James WPT (1998)

The mineral content of Mexican fruits and vegetables. Journal of

Food Composition and Analysis. 11: 340–356.
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Rural-urban differences in salt intake and blood
pressure Migrant studies are useful in assessing the
impact of environmental changes on blood pressure
in different ethnic groups. Shaper’s original study on
Samburu men recruited from Kenyan villages to mili-
tary camps was associated with a 12-mmHg increase
in systolic blood pressure within weeks and similar
findings were obtained in Ugandan villagers who had
migrated to an urban environment. Table 5 shows
some of the differences between individuals living in
their original Ugandan environment and those who
had migrated to a more complex urban environment.
The Ugandan analyses evaluated the rate of rise in
blood pressure with age in the two communities and
showed marked differences.

Beaglehole also found that the blood pressure of
Polynesian children migrating to New Zealand rose
simultaneously with dietary changes and this
increase was not explained simply by an increase in
body weight. More recent studies, e.g., in Mexico
(Table 6), show the effect of migration on both

sexes. Blood pressure rises in association with
increases in urinary sodium but pottasium excretion
also rises and the men show a decrease in BMI.

Conversely, Japanese people migrating to the US
showed marked reductions in the prevalence of
hypertension and stroke mortality consistent with
the known markedly lower salt intake in association
with other environmental changes in the US.

In all these analyses, several dietary changes as
well as altered salt intake have occurred, e.g., in
potassium and calcium intakes together with weight
gain, altered intensities of physical activity, and
doubtless psychosocial stress from entering an unfa-
miliar environment. Experimental, epidemiological,
and clinical evidence suggests that dietary deficien-
cies of potassium or calcium potentiate the sodium
induction of high blood pressure. Potassium loading
prevents or ameliorates the development of sodium
chloride-induced hypertension in several animal
models and epidemiologically the ratio of urinary
sodium to potassium (Na:K) is a stronger correlate
of blood pressure than either sodium or potassium
alone. Results of clinical trials also suggest that an
increased potassium intake decreases blood pressure
in patients with hypertension and the antihyperten-
sive effect of potassium is more pronounced in per-
sons consuming a high sodium chloride intake. With
acculturation, primitive societies tend to increase
their sodium intake and reduce the potassium con-
tent of their diet; therefore, the combination of a
high potassium with a high salt diet is somewhat
unusual. High potassium intakes were found, how-
ever, in the Aomori prefecture of Japan where there
was a lower blood pressure and a reduced mortality
from strokes despite high-salt intake.

There is also an inverse association within and
among populations between dietary calcium and
blood pressure. A low calcium intake may amplify the
effect of a high sodium chloride intake on blood pres-
sure, and calcium supplementation blunts this effect.
High dietary calcium also preferentially lowers blood
pressure or attenuates the development of hypertension
in sodium chloride-sensitive experimental models.

Given all these dietary effects discerning the
impact of salt intake changes as such is not easy.
The migrant studies are crude compared with ana-
lyses of controlled dietary changes in the sodium
intakes of volunteers. More robust analyses can
also be obtained from the relationship between
sodium intakes and blood pressure across a whole
spectrum of different societies where account is
taken of the possible effects of sodium intakes at
different ages, of other dietary and environmental
effects, as well as of differences in body size. The
ability to reduce blood pressure by selectively

Table 5 Migration studies that assessed rural–urban differences

in Uganda, Africa

Villager Migrant

Systolic blood pressure/age slopea 0.15 0.64

Urinary sodium (mmol l�1)a 82.4 108.6

Urinary potassium (mmol l�1)a 67.4 38.4

aPoulter, NR et al. (1990) The Kenyan Luo migration study:

Observations on the initiation of a rise in blood pressure.Br. Med. J.

300: 967–972.

Table 6 The urinary 24-h output of electrolytes and the associated

blood pressure (BP) differences in rural and urban Mexico

Men Women

Rural

(n=24)

Urban

(n= 19)

Rural

(n=54)

Urban

(n=58)

Sodium

(mmol day�1)

103.3 133.1 93.3 114.7

Potassium

(mmol day�1)

41.6 56.7 36.9 50.4

Sodium/potassium

ratio

2.64 2.51 2.67 2.44

NaCl (g day�1) 5.99 7.72 5.41 6.65

Systolic BP

(mmHg)

110.4 114.3 104.4 113.8

Diastolic BP

(mmHg)

73.3 75.6 67.0 72.8

BMI 25.5 25.1 24.1 26.6

BP, blood pressure; BMI, body mass index.

From Sánchez-Castillo et al. (1996) Salt intake and blood

pressure in rural and metropolitan Mexico. Archives of Medical

Research 27: 559–566.
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limiting dietary sodium intake has also been assessed
in a series of meticulous meta-analyses.

Genetic influences Primary hypertension has a
well-known familial aggregation and has been cal-
culated to be about 40% genetically determined.
Children with a family history of hypertension are
30% more likely to remain in the upper quartile of
systolic blood pressure than their peers. Young
adults from families with hypertension have a
greater rate of sodium excretion after a salt load
than adults from normotensive families. Studies of
twins also provide convincing evidence for a heredi-
tary component to salt responsiveness. However, the
effect of family history decreases with age as other
environmental factors, e.g., weight gain, modify the
risk. Studies have suggested that polymorphisms in
certain genes, such as the angiotensinogen gene,
might be implicated in the blood pressure response
to a high-salt intake and genes whose products func-
tion prominently in the renin-angiotensin-aldoster-
one system are potential candidate genes
contributing to essential hypertension. However, two
meta-analyses assessed the relation of both insertion/
deletion (I/D) polymorphisms of the angiotensin-con-
verting enzyme (ACE) gene and the M235T angioten-
sinogen gene with primary hypertension and
cardiovascular diseases and found no association with
hypertension in ACE I/D gene polymorphism. Indivi-
duals homozygous for the deletion allele seem to have a
higher risk of macrovascular and microvascular com-
plications and the T allele encoding angiotensinogen
may be a marker for hypertension, at least in white
subjects, but great caution is needed before inferring
that a single set of genes has a substantial impact on the
development of higher blood pressures in response to
increases in salt intake as so many neurohormonal
mechanisms are involved.

Age-related changes in blood pressure In most
populations, blood pressure increases with age but
there are a few small groups who have not been
exposed to modern environmental conditions and
they do not show a rise in blood pressure with age.
The Kuna indigenous population living on islands in
the Panamanian Caribbean was among the first
communities described showing almost no age-
related rise in blood pressure or hypertension.
Other populations in Africa, the Americas, Asia,
and the Pacific region have the same characteristics.
In many of these communities, the primary evidence
that the protective factor is environmental rather
than genetic was the blood pressure rise following
migration to an urban environment. Among the
many lines of evidence suggesting a role for salt

intake in the pathogenesis of hypertension, particu-
larly compelling has been the identification of these
isolated communities where salt intake is low,
hypertension is rare, and blood pressure does not
rise with age. Salt intake in such communities gen-
erally provided less than 40mmol of sodium per
day, and typically much less. The age-related rise
is rare at mean sodium excretion rates of <100
mmol per day but clearly there are many other diet-
ary and environmental differences.

Intersalt studies A major transnational study of
over 10 000men and women described the associa-
tion between urinary excretion of sodium chloride
(as a measure of salt intake) and blood pressure.
After adjustments for body weight, alcohol
intake, sex, and age, a higher sodium intake of
100mmol day�1 was linked with a systolic blood
pressure rise of 3–6mmHg in adults aged 40 years
but one of 10mmHg when aged 70 years. Updated
results suggest that the association between sodium
excretion and blood pressure is stronger when not
adjusted for body weight, but the relationship is
present whether or not the adjustment is made.

Figure 1 summarizes the relationships between
sodium intake and blood pressure in the INTERSALT
study. Different populations may show different
responses depending on the host of other environ-
mental factors that may be involved. The figure also
illustrates the fact that individuals within any popula-
tion may show very different effects and that appreci-
able changes in salt intake may be needed before a
clear change in blood pressure is evident. Part of the
problem in displaying the relationship arises from the
difficulty in establishing what the prevailing blood
pressure of individuals is given the remarkable varia-
tion in blood pressure during the day and night; diffi-
culty also arises because it takes many complete 24-h
urinary collections to obtain a reasonable estimate of
the customary sodium intakes. The age-related
incline also implies longer term amplification of the
pathophysiological changes in hormonal controls and
in blood vessel reactivity and plasticity; thus, as the
blood pressure increases the tendency to further
increase is enhanced in an accelerating process. This
emphasizes the potential importance of early inter-
ventions when the blood pressure is tending to rise. It
also implies that interventions to alter the diet of the
young may be particularly valuable. This is borne out
by the observation in the Netherlands that newborn
babies fed a reduced salt content in their formula milk
for the first 6months of life had very much lower
blood pressures when reassessed at the age of
15 years.
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Table 7 shows the estimated changes with age in
blood pressures as the salt intake is increased by
100mmol sodium per day. Epidemiologists con-
cerned with the subtle but substantial population
effects are mostly of the opinion that salt is an
important causal factor in determining the steady
increase in average blood pressure and the preva-
lence of hypertension in Western societies.

Adults with episodic high blood pressure, e.g., as
a response to mental stress, have a greater tendency
to develop persisting hypertension. The higher the

blood pressure level becomes, the greater the further
increase in blood pressure. Thus, the age-dependent
increase in blood pressure may be a particularly
important factor to measure in both individuals
and the community.

On a population basis it has been estimated that
in affluent societies, where average population blood
pressures are high, a reduction of 2mmHg in
diastolic blood pressure would result in a 15%
reduction in the risks of stroke and transient
ischemic attacks and a 6% reduction in risk of
coronary heart disease. There may also be a reduc-
tion independent of the effects on blood pressure on
other conditions such as left ventricular
hypertrophy.

A higher frequency of salt responsiveness has
been observed in adults with hypertension. Esti-
mates of the prevalence of this sensitivity have
ranged from 29 to 60% in hypertensive popula-
tions and 15–46% in normotensive populations,
although the larger studies have indicated that
over 50% of a hypertensive population and
approximately 25% of a normotensive population
are clearly salt responsive. Longer term, e.g., 27-
year-long, studies have shown that those with
initially normal blood pressure but a marked
responsiveness to salt had an increased risk of
cardiological events and death as had those with
pre-existing hypertension. In the absence of a con-
sensus on defining either the genetic polymorph-
isms relating to hypertension or the parameters of
salt sensitivity the greatest benefits are likely to be
achieved by taking a population approach to redu-
cing salt intake.
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Figure 1 The relationships between sodium intake and blood pressure in the INTERSALT study. Adapted from: Frost CD, Law MR,

Wald NJ (1991) Analysis of observational data within populations. BMJ 302: 815–818.

Table 7 Predicted change in systolic and diastolic blood

pressure (mmHg) for each 100mmol per 24 h change in sodium

intake for various centiles of blood pressure distribution

Age (years) Centile

5th 20th 50th 80th 90th

Systolic

15–19 3 4 5 6 7

20–29 2 4 5 6 8

30–39 2 4 6 7 9

40–49 2 4 7 9 11

50–59 4 6 9 12 15

60–69 6 8 10 13 15

Diastolic

15–19 1 1 2 2 3

20–29 1 2 3 3 4

30–39 1 2 3 4 5

40–49 2 3 4 4 5

50–59 2 3 5 6 7

60–69 2 3 4 6 7

From Law et al. (1991) By how much does dietary salt reduction

lower blood pressure? III. Analysis of data from trials of salt

reduction. British Medical Journal 302: 819–824.
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The most recent meta-analysis, which related to
studies with modest salt reductions and a duration
of at least 4weeks, showed that there were 17 trials
in hypertensives and 11 trials in normotensives for
analysis. The combined and pooled estimates
found significant reductions in blood pressure
of 4.96/2.73mmHg in hypertensives and
2.03/0.97mmHg in normotensives, which on a
population-wide basis are significant effects.

Recently, new diagnostic thresholds to define
hypertension were made available in the Seventh
Report of the Joint National Committee on Preven-
tion, Detection, Evaluation, and Treatment of High
Blood Pressure. A new category designated ‘prehy-
pertension’ is defined as systolic blood pressure
values between 120 and 139mmHg and diastolic
blood pressure values of 80 to 89mmHg. Indivi-
duals within this group require health-promoting
life-style modifications to prevent cardiovascular
disease since they are at increased risk for progres-
sion to hypertension. The thresholds for stage 1
hypertension are blood pressure values of
140–159mmHg (systolic) and 90–99mmHg
(diastolic) with stage 2 hypertension being defined
when blood pressure values are �160mmHg (systo-
lic) and �100mmHg (diastolic) values, respectively.
Both categories require life style modifications as
well as drug therapy. Individuals with diabetes,
who are recognized as being at greater cardiovascu-
lar risk, should keep their blood pressure below
130/80mmHg.

Salt reduction in pre-existing hypertension Salt
deprivation became the major means of treating
hypertension in the early part of the twentieth cen-
tury. The low-salt diets were notoriously unpalata-
ble so patients reduced their food intake and the
consequent weight loss helped to reduce the blood
pressure further. A large number of trials of salt
restriction have been conducted since then on both
hypertensive and normotensive subjects and the
overall analyses show that the greater the initial
blood pressure, the more marked the fall in blood
pressure, particularly if the sodium intake reduction
persists. These data have been interpreted to suggest
that the effect of a universal moderate reduction
in dietary salt would substantially reduce a popula-
tion’s mortality from stroke and ischemic heart
disease with an impact far greater than that achieved
by drug treatment of those with high blood pressure.
Thus, the World Health Organization (WHO)
and most national dietary guidelines now call for a
lowering of salt intake to 5–6 g day�1 on average or
less.

More recently, two controlled intervention trials,
the Dietary Approaches to Stop Hypertension
(DASH) and the follow-up DASH sodium trial,
compared three different types of eating patterns:
(1) the ‘control diet’; (2) extra fruit and vegetables;
and (3) the ‘DASH or combination diet,’ which was
lower in saturated fat, total fat, and cholesterol as
well as having higher intakes of fruits, vegetables,
and low-fat dairy products. All three eating plans
used 3 g day�1 sodium. The results of the clinical
trials found that the combination diet or ‘DASH
diet’ decreased systolic blood pressure (SBP) by
11.4mmHg below the control diet and decreased
diastolic blood pressure (DBP) by 5.5mmHg in
adults with hypertension. In adults without hyper-
tension the decreases were 3.5mmHg (SBP) and
2.1mmHg (DBP).

When the selective effects of salt were examined
without weight changes then reducing the salt intake
from 9 to 3 g significantly reduced blood pressure by
6.7/3.5mmHg on the controlled diet and on the
higher potassium DASH diet by 3.0/1.6mmHg.
Thus, the combined effects of the DASH diet and
low-salt intake on blood pressure were greater than
either of the interventions alone. With this combina-
tion, mean SBP was 11.5mmHg lower in partici-
pants with pre-existing hypertension, and
7.1mmHg lower in participants without hyperten-
sion. The effects were observed in both sexes and
across racial groups. The Seventh Report of the Joint
National Committee on Prevention, Detection, Eva-
luation and Treatment of High Blood Pressure in the
USA and the Scientific Advisory Committee on
Nutrition from the Food Standards Agency, Depart-
ment of Health in the UK have acknowledged that
the clear and distinct effect of salt on blood pressure
shown in the trial indicates that lowering salt intake
as part of a healthy whole diet strategy would be
most effective as a population-based approach to
lowering blood pressures.

Gastric Cancer and Stroke

There is a strong geographical correlation between
stomach cancer and stroke mortality, both of which
correlate with salt intake. There are four recognized
major etiological factors for gastric adenocarci-
noma: infection with Helicobacter pylori, excessive
salt consumption, and low intakes of ascorbic acid,
carotenoids or more generically of vegetables and
fruits. Sodium chloride induces atrophic gastritis
and enhances the mutagenic effect of nitrosated
foods. Salt may also play a role in the later steps
involving the transformation of mucosal dysplasia to
carcinoma. The salted pickles and salted fish of
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Japanese cultures appear to be strongly linked to the
development of stomach cancers.

Osteoporosis

It has been known for many years that sodium
intake is one of the major determinants of urinary
calcium excretion. It has been estimated that urinary
calcium losses increase by approximately 1mmol per
100mmol sodium intake. Experimentally sodium
intake increases calcium excretion but also induces
markers of bone resorption. It is hypothesized that
trabecular demineralization may occur, leading to
postmenopausal changes and an increased risk of
vertebral fractures and cortical erosions. Further
research is required in this area.

Bronchial hyper-reactivity

There have been no large-scale epidemiological stu-
dies, but a positive relationship between asthma
mortality and regional purchases of table salt per
person has been shown. In a randomized double-
blind crossover trial in subjects with moderately
severe asthma, the airway response to histamine
was related to urinary excretion of sodium in a
dose-response way, but only in men. A low-salt
diet is regarded as having a potentially positive
effect in patients with asthma and may help to
reduce the need for anti-asthma drugs.

Sources of Salt Intake

Various approaches to measuring the daily salt
intake in individuals have been tried. Salt comes
from: (1) natural products; (2) salt added during
industrial processing; (3) salt from catering;
(4) other sodium-containing sources; (5) discretion-
ary use of salt in cooking and table salt; and
(6) sodium in drinking water. Traditional methods
of estimating salt intake, e.g., with economic data,
lead to marked errors and usually substantial over-
estimates. These have now been replaced by more
modern methods.

Estimating Salt Intakes

The principal and most accurate method for estimat-
ing sodium intake is to measure sodium excretion
rates in individuals who are asked to collect one or
more complete 24-h urinary outputs. To measure
absolute amounts a marker for completeness of col-
lections is required. Measurement of intake from
dietary assessment methods alone is considered
unreliable. Until recently, however, there was no
way of establishing how much of the 24-h sodium

intake was derived from different sources, without
the use of traditional weighing and analytical meth-
ods. A new technique involving the use of lithium
has allowed a new approach; this method involves
fusing Li2Co4 (used as a tracer) with NaCl. One
preliminary 24-h collection and three full 24-h urin-
ary collections are required.

Gains and Losses of Salt during Cooking

Only a small proportion of the salt added to water for
cooking foods is eaten. A value of 24% was obtained
by the lithium method for the average intake per head
of the ‘purchased’ cooking salt used in cooking in the
UK. The only other data using traditional methods
come from Hungary where 41% of the salt purchased
by households was actually ingested.

Assessment of Total Discretionary Salt Use

Figure 2 compares the traditional and lithium mar-
ker techniques for assessing both total salt intake
and the distribution of its sources. When table and
cooking salt are combined to form a single value,
the percentage contribution of these discretionary
sources to the total intake measured by the lithium
marker technique is significantly lower in the UK
compared with that assessed by traditional methods,
which do not consider salt losses during cooking and
at the table. This intake in the UK seemed unusually
low, but when discretionary sources (table and
cooking salt) were assessed in various regions of
Italy using the lithium marker technique, discretion-
ary salt intake varied between 31 and 41% of total
intake. In rural Benin the use of discretionary
sources in women was higher (52%) and in rural
Guatemala was as much as 77% of total intake.
Thus, the more industrialized the food system the
greater the proportion of nondiscretionary salt
intake, which then makes it more difficult for indi-
viduals to reduce their salt intake. In Japan, salt is
ingested in large amounts as pickled and salted fish
and vegetables but these distinctive items may be
considered discretionary sources of salt. Similarly,
there are specific discretionary salted meat and vege-
table extracts that are used for flavoring in Western
societies.

Traditional data on table salt use are given in
Table 8 and new estimates in Table 9.

Pore Size in Salt Cellars

The pore size and hole number is important in
determining the amount of salt actually shaken
onto food. Smaller shaker hole areas lead to a
marked fall in salt consumption, for example, to
about a quarter of the maximum value.
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Implications of the Salt-Disease
Relationships in Relation to Population
and Individual Strategies for Improving
Health

A population-based approach to reducing disease by
reducing salt intake is a public health strategy directed
at the whole population rather than those individuals
considered to be at high risk. Such a strategy is based on
the observation that a small reduction in risk of a large
number of people may result in a large reduction in risk

UK
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Cagli Vallo Rome

Guatemala

Salt from food

Total salt
intake

Table and
cooking salt

9.0 g

15%

85%
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D
is
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rd

ed
11.5 g

39%

61%

10.0 g

41%

59%
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40%

60%
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69%
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23%
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48%
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Figure 2 The assessment of total discretionary salt use. (Data from Sánchez-Castillo CP, Branch WJ, and James WPT (1987) A test

for the validity of the lithium-marker technique for monitoring dietary sources of salt in man. Clinical Science 72: 87–94; Leclerq C and

Ferro-Luzzi A (1991) Total and domestic consumption of salt and their determinants in three regions of Italy. European Journal of

Clinical Nutrition 45: 151–159; Melse-Boonstra A, Rozendaal M, Rexwinkel H, Gerichhausen MJ, van den Briel T, Bulux J, Solomons

NW, and West CE (1998) Determination of discretionary salt intake in rural Guatemala and Benin to determine the iodine fortification of

salt required to control iodine deficiency disorders: studies using lithium-labeled salt. American Journal of Clinical Nutrition

68: 636–641.)

Table 8 Sources of dietary salt in different countries assessed

by traditional methods (grams per head per day)

Country Total Nondiscretionary sources Discretionary

table/or

cookingNatural Processing Catering

England 9.5 7.9 1.6

UK 9.7 0.9 5.7 – 3.1

UK 11.7 8.1a – 1.6a 2.0

Sweden 11.1 1.0 5.3 – 4.8

USA 14.5 – 8.0 – 6.5

Finland 12.6 1.5 5.3 1.0 4.8

Finland 10.7 1.4 4.7 – 4.6

Finland 11.7 – 7.4 – 4.3

Mexico

(State)

7.0

aSome cooking salt is included in this value for food consumed

at home. For catering and table salt use, a value has been

added.

Table 9 Estimates of the use of table salt

Subjects Number

of

subjects

Salt intake (grams per head per day)

Total Table salt Table

salt as

% total

Men

White and

blacka
24 9.8–16.5 1.5 (0.3) 9–15

Whiteb 3 11.0 0.44 4

Blackb 3 8.9 0.27 3

Whited 33 10.6 1.6 (1.0)c 11

Women

White and

blacka
13 4.4–4.9 0.9 (0.3) 18–20

Whiteb 3 6.4 0.64 10

Blackb 4 6.5 0.13 2

Whited 50 7.4 0.73 (0.74)c 10

White

adolescents

8 7.4 0.95 13

Family

studiese
15 11.7 1.35c 11.6

aTotal intake of the subjects was varied systematically in a

metabolic ward.
bSalt intake assessed with the use of a dietary history and food

model.
cValue based on the use of normal, not lithium-tagged salt.

Where necessary values are recalculated to give the mean (SD).
dStudy conducted in England; all other studies conducted in the US.
eA complex and less satisfactory approach was used.

Reproduced with permission from James WPT et al. (1987) The

dominance of salt in manufactured food in the Sodium intake of

affluent societies. Lancet 1: 426–429.
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for the entire population. This does not mean, however,
that individualized strategies cannot be used to help
individuals consideredathighriskbecauseofpre-existing
hypertension. Indeed, the greater reductions in blood
pressure in hypertensives on reducing salt intake imply
that there should be a special focus on this vulnerable
group. So, ideally, both strategies are needed: the whole
population strategy because the risk from cardiovascu-
lar disease associated with higher blood pressures is not
confined to those who are considered clinically hyper-
tensive, but includes large numbers of people in the
upper ‘normal’ blood pressure range. Furthermore,
many surveys in different countries show that a large
proportion of hypertensives are not in receipt of any
treatment. This emphasizes the value of dealing with a
population that overallmay be at a relatively high risk of
premature mortality. Such measures should cause a
downward shift in the population distribution of blood
pressure, which would also benefit high-risk groups.

Individualized Approaches

Hypertensives can take steps to reduce their salt
intake by modifying their diets. If these individuals
come from societies where a substantial amount is
eaten as discretionary salt then those responsible for
adding salt to the cooking either in the home or in
catering establishments need to be persuaded to take
progressive measures to limit salt use and substitute
herbs and other flavors. Individuals can also be
asked to eliminate the addition of salt at the table
but this can only make a minor contribution in most
cases to reducing their salt intake. In theory it is
possible for patients to select foods low in salt but
this usually means selecting relatively unprocessed
foods. Multimineral mixes may also be found to be
more acceptable for use in households as these are a
mix of different salts with, for example, the addition
of potassium and calcium salts to the sodium chlor-
ide thereby both diluting the amount of sodium used
and adding elements that counter the sodium’s
effects. Theoretically, food labels can be used to
choose lower salted foods but this needs far too
much sophisticated understanding for most consu-
mers. The simplest test of an individual’s ability to
alter their diet and reduce salt intake by avoiding
salted and pickled foods, heavily salted breads, pre-
pared meats and snacks is to check their urinary
excretion of sodium. The great difficulty in perma-
nently changing diets is shown by longer term ana-
lyses of intervention studies, which reveal very
modest long-term reductions in urinary sodium.

This emphasizes the need for population
approaches such as that developed in Finland
where children were taught at school how to select

less salted foods and to alter the use of salt in
cooking within the home. There was also a multi-
pronged drive to persuade catering organizations
and restaurants to limit the salt in cooking and
the food manufacturing sector was persuaded to
alter their product composition and limit salt addi-
tion as well as altering their fat and fatty acid
content. As a result of these measures the average
systolic blood pressure of the adults of North Kar-
elia in Finland fell by 10mmHg over a 15-year
period and this was accompanied by a dramatic
fall in stroke and coronary artery disease deaths
of over 75%, helped substantially by the simulta-
neous falls in the average total blood cholesterol
levels of the population.

The importance of altering the salt content of
foods, especially bread, which is often a major source
of salt, was shown in Portugal where a village baker
was persuaded to reduce the salt content of his bread.
Two years later the average blood pressure of the
villagers was significantly lower than that of a neigh-
boring village where no changes had been made.

Thus, governments have a major role in persuading
their health services to take a systematic approach to
reducing salt in hospital foods and to engage in sys-
tematic patient and public health educational initia-
tives. The problem is that the salt industry and other
sectors of the food industry often do their utmost to
contest the evidence and find reasons why they should
not progressively reduce the salt content of their pro-
ducts. We need to see major improvements in food
labels and a traffic light-type warning system so that
high-salt products can readily be identified. Several
countries are embarking on the exercise of defining
high-salt foods and taking steps to counteract the ten-
dency for some soft drink companies to over-salt their
snack food products so that they stimulate thirst and
increase demand for their drinks! Only when countries
follow the Finnish lead can we expect to see an appre-
ciable fall in salt intake and a concomitant reduction in
hypertension rates and cardiovascular disease.

Conclusions

Evidence suggests that sodium intake is an important
determinant of blood pressure in the population as a
whole, and influences the rise in blood pressure with
age. The predominant source of salt varies from coun-
try to country. In the UK, for example, the greatest
potential effect involves reducing the salt content of
manufactured food. A different public health approach
would apply to Italy, where discretionary intake of salt
is two to three times greater than that of the UK and for
Guatemala where intakes from these sources are high.
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See also: Calcium. Potassium. Sodium: Physiology.
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Introduction

At an international Consensus Conference held at the
offices of the International Olympic Committee in
1991, a small group of experts agreed a consensus
statement that began with the opening statement:
‘‘Diet significantly influences exercise performance.’’
This is a bold and unambiguous statement, leaving
little room for doubt. However, the statement went
on to add various qualifications to this opening state-
ment. These qualifications reflect the uncertainties in
our current knowledge, but are also a consequence of

the many different issues that arise in considering the
interactions between diet and performance and
the diverse needs of athletes in different sports. In
the years since that statement was formulated, the
world of sport has advanced, with new world records
and new champions. The world of science has also
moved forward and there have been some important
advances in our understanding of the interactions
between nutrition and sports performance.

In considering the role of diet in the athlete’s life,
two main issues must be considered, each of which
gives rise to many subordinate questions. The first
question is how the demands of training affect the
body’s requirement for energy and nutrients: this
then has implications for body composition (includ-
ing the body content of fat, muscle, and bone), for
the hormonal environment and the regulation of
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substrate metabolism, and for various disease states
that are affected by body fatness, nutrient intake,
and other related factors. The second question is
how nutritional status influences the responses to
and the performance in competition.

Athletes should be encouraged to follow eating
plans that maximize the extent of recovery
between training sessions, maximize the effective-
ness of the adaptations that occur in response to
each training session, and minimize the risk of
illness and injury that might interrupt training or
prevent participation in competition. This involves
identification of each athlete’s nutritional goals
and the formulation of an eating strategy that
will allow those goals to be met. There will be
special issues in the period before and during com-
petition that will influence nutrition needs, and
separate dietary strategies will be necessary for
training and for competition.

Nutrition for Training

The training load of athletes varies greatly
between individuals, depending on the nature of
the sport and the level of competition, and it also
varies over time in relation to the competitive
season. Training may consist of high-intensity
resistance training, brief but intense sprints, pro-
longed moderate intensity efforts, or technical
work. Each places different demands on the mus-
cles, cardiovascular system, and other tissues, and
each has different energy requirements. The aim of
training is to induce changes in body tissues and
organs that will improve exercise performance, but
different adaptations are required in different
sports. Increasing muscle mass, strength, and
power is a key objective in many sports, but in
other sports, these changes would hinder, rather
than help, performance. The training stimulus,
therefore, must be specific to the objectives of
the event. Within limits, the greater the training
stimulus – consisting of the intensity, duration and
frequency of individual training sessions – the
greater the adaptation that takes place. As men-
tioned above, nutrition is important in promoting
recovery between training sessions to allow an
increase in the training load that can be sustained
without succumbing to illness and injury, and also
in allowing more effective adaptations to each
bout of training. This may be important in com-
plex sports such as soccer, where different training
objectives must be achieved and where the training
must also accommodate practice of a variety of
skills.

Influence of Exercise Training
on Energy Balance

Energy must be supplied by the diet to meet immedi-
ate energy needs (body functions, energy for activity,
and growth) and for the maintenance of body energy
stores. Energy stores, consisting primarily of fat, but
including the key carbohydrate stores in liver and
muscle, play a number of important roles related to
exercise performance, since they contribute to size
and function (e.g., muscle mass) as well as providing
fuel for exercise. Athletes try to manipulate these
factors towards the characteristics that offer advan-
tages to their sport: this may mean a change in body
mass, a change (usually a reduction) in body fat,
a change (usually an increase) in muscle mass, and
optimization of muscle and liver carbohydrate stores.

Not all athletes are able to correctly identify goals
that are suitable for their sport and for their indivi-
dual make-up. This can lead to various problems,
including excessive restriction of energy intake in an
attempt to achieve an unrealistically low body mass.
If energy intake is too low, and especially if carbohy-
drate intake is inadequate, it may not be possible to
sustain the training load without the risk of chronic
fatigue, injury and illness. If an energy deficit is
incurred, it may lead to changes in metabolic and
hormonal function, which affect performance,
growth and health. One outcome of low energy avail-
ability in female athletes is a disturbance of reproduc-
tive function and menstrual regularity. Other
problems are likely to occur in male athletes. There
is a real danger that the focus on achieving a specific
body mass and body composition, may become more
important than achieving success in competition.

Monitoring of body mass can provide a useful
index of energy balance in some situations, but
other biomarkers are generally better. Measurement
of body fat stores, usually by measurement of skin-
fold thickness, can be helpful in setting targets and
in monitoring progress. Other markers, such as
measurement of urinary ketone levels, can identify
athletes who are failing to achieve an adequate car-
bohydrate intake. Problems are most likely to occur
when the energy expenditure is either very high or
very low. Athletes with very high energy demands
are likely to be training at least twice per day, leav-
ing limited opportunities for eating the large
amounts of foods that are necessary. Athletes with
low energy demands and who must restrict energy
intake to achieve a low body mass have two main
problems: they must cope with constant hunger and
they must also be careful in their selection of foods
to ensure that they achieve an adequate intake of
essential nutrients.

348 SPORTS NUTRITION



An athlete’s energy requirements are set primarily
by the training load and by body mass, although
there is also a large interindividual variability even
when these factors are constant. Measurements of
oxygen uptake, heart rate, and other variables made
after exercise show that the metabolic rate may
remain elevated for at least 12 h and possibly up to
24 h if the exercise is prolonged and close to the
maximum intensity that can be sustained. After
more moderate exercise, the metabolic rate quickly
returns to baseline level. Therefore, it seems likely
that the athlete training at near to the maximum
sustainable level and who already has a very high
energy demand will find this increased further by the
elevation of postexercise metabolic rate: this will
increase the difficulties that many of these athletes
have in meeting their energy demand. The recrea-
tional exerciser, for whom the primary stimulus to
exercise is often to control body mass or reduce
body fat content, will not exercise hard enough or
long enough to experience substantial elevations of
metabolic rate after exercise.

Macronutrient Demands

Protein

The idea that protein requirements are increased by
physical activity is intuitively attractive, and high-
protein diets are a common feature of the diets of
sportsmen and women. The available evidence
shows an increased rate of oxidation of the carbon
skeletons of amino acids during exercise, especially
when carbohydrate availability is low. Protein con-
tributes only about 5% of total energy demand in
endurance exercise, but the absolute rate of protein
breakdown is higher than at rest (where protein con-
tributes about the same fraction as the protein con-
tent of the diet, i.e., typically about 12–16%) because
of the higher energy turnover. It is often recom-
mended that athletes engaged in endurance activities
on a daily basis should aim to achieve a protein
intake of about 1.2–1.4 g kg�1 day�1, whereas ath-
letes engaged in strength and power training may
need as much as 1.6–1.7 g kg�1 day�1. Those who
take no exercise have an estimated average require-
ment of about 0.6 g kg�1 day and the recommended
intake for these individuals is about 0.8–
1.0 g kg�1 day.

In strength and power sports such as weightlifting,
sprinting and bodybuilding, the use of high-protein
diets and protein supplements is especially prevalent,
and daily intakes in excess of 2–4 g�1 kg�1 are not
unusual. Scientific support for such high intakes is
generally lacking, but those involved in these sports

are adamant that such high levels of intake are
necessary, not only to increase muscle mass but
also to maintain muscle mass. This apparent incon-
sistency may be explained by Millward’s adaptive
metabolic demand model, which proposes that the
body adapts to either high or low levels of intake,
and that this adjustment to changes in intake occurs
only very slowly. This means that individuals such
as strength and power athletes who consume a high-
protein diet over many years will find that any
reduction in protein intake will result in a loss of
muscle mass. This is because of an upregulation of
the activity of the enzymes involved in protein oxi-
dation to cope with the high intake: activity of these
enzymes remains high when there is a sudden
decrease in intake, leading to a net catabolic effect.

Protein synthesis and degradation are both
enhanced for some hours after exercise, and the net
effect on muscle mass will depend on the relative
magnitude and duration of these effects. Several
recent studies have shown that ingestion of small
amounts of protein (typically about 35–40 g) or
essential amino acids (about 6 g) either before or
immediately after exercise will result in net protein
synthesis in the hours after exercise, whereas net
negative protein balance is observed if no source of
amino acids is consumed. These observations have
led to recommendations that protein should be con-
sumed immediately after exercise, but the control
condition in most of these studies has involved a
relatively prolonged (6–12 h) period of fasting, and
this does not reflect normal behavior. Individuals
who consume foods containing carbohydrate and
proteins in the hour or two before exercise may
not further increase protein synthesis if additional
amino acids or proteins are ingested immediately
before, during, or after exercise.

Various high (30%) protein, high (30%) fat, low
(40%) carbohydrate diets have been promoted for
weight loss, and some diets even suggest almost
complete elimination of carbohydrate from the
diet. Some of these diets have been specifically tar-
geted at athletes, accompanied by impressive claims
and celebrity endorsements. Proposed mechanisms
of action of these diets include reduced circulating
insulin levels, increased fat catabolism, and altered
prostaglandin metabolism, but it seems more likely
that these diets achieve weight loss simply by
restricting dietary choice. These diets can be
effective in promoting short-term weight loss, pri-
marily by restricting energy intake (typically to
1000–2000 kcal day�1). There is no evidence to sup-
port improvements in exercise performance,
and what evidence there is does not support the
concept.
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Carbohydrate

Carbohydrate is an essential fuel for the brain, red
blood cells, and a few other tissues. Fat and carbo-
hydrate are the main fuels used for energy supply in
muscle during exercise. In low-intensity exercise,
most of the energy demand can be met by fat oxida-
tion, but the contribution of carbohydrate, and espe-
cially of the muscle glycogen, increases as the rate of
energy demand increases. Carbohydrate oxidation
rates of 3–4 gmin�1 may be sustained for several
hours by athletes in training or competition. When
the glycogen content of the exercising muscles
reaches very low levels, the work rate must be
reduced to a level that can be accommodated by
fat oxidation. In high-intensity exercise, essentially
all of the energy demand is met by carbohydrate
metabolism. Therefore, repeated short sprints place
high demands on the muscle carbohydrate store,
most of which can be converted to lactate within a
few minutes.

Carbohydrate is stored in the body in the form of
glycogen, primarily in the liver (about 70–100 g in
the fed state) and in the skeletal muscles (about
300–500 g, depending on muscle mass and preceding
diet). These stores are small relative to the body’s
requirements for carbohydrate. Carbohydrate sup-
plies about 45% of the energy in the typical Western
diet. This amounts to about 200–300 g day�1 for the
average sedentary individual, and is adequate for
normal daily activities. In an hour of hard exercise,
however, up to 200 g of carbohydrate can be used,
and sufficient carbohydrate must be supplied by the
diet to replace the amount used. Replacement of the
glycogen stores is an essential part of the recovery
process after exercise: if the muscle glycogen content
is not replaced, the quality of training must be
reduced, and the risks of illness and injury are
increased. Low muscle glycogen levels are associated
with an increased secretion of cortisol during exer-
cise, with consequent negative implications for
immune function.

When rapid recovery is a priority, replacement of
carbohydrate should begin as soon as possible after
exercise with carbohydrate foods that are conve-
nient and appealing. Thereafter, the diet should sup-
ply sufficient carbohydrate to replace the amount
used in training and to meet ongoing demands of
other tissues. Some recommendations for carbohy-
drate intake after training or competition are
shown in Table 1. For athletes preparing for com-
petition, a reduction in the training load and the
consumption of a high-carbohydrate diet in the last
few days are recommended. This maximizes the
body’s carbohydrate stores and should ensure

optimum performance, not only in endurance activ-
ities, but also in events involving short-duration
high-intensity exercise and in field games involving
multiple sprints.

The high-carbohydrate diet recommended for the
physically active individual coincides with the
recommendations of various expert committees
that a healthy diet is one that is high in carbohydrate
(at least 55% of energy) and low in fat (less than
30% of energy). However, where energy intake is
either very high or very low, it may be inappropriate
to express the carbohydrate requirement as a frac-
tion of energy intake. With low total energy intakes,
the fraction of carbohydrate in the diet must be
high, but the endurance athlete with a very high-
energy intake may be able to tolerate a higher fat
intake. Recommendations, as in Table 1, should be
framed in absolute amounts relative to body mass,
i.e., grams of carbohydrate per kilogram body mass.

The type of carbohydrate eaten is less important
than the amount. It is valuable to choose nutrient-
rich carbohydrates and to add other foods to recov-
ery meals and snacks to provide a good source of
protein and other nutrients. The presence of small
amounts of protein in recovery meals may promote
additional glycogen recovery when carbohydrate
intake is less than optimal or when frequent snacking
is not possible. Protein taken at this time may also
stimulate protein synthesis in muscles, as described
above. Carbohydrate-rich foods with a moderate to
high glycemic index (GI) provide a readily available
source of carbohydrate for glycogen synthesis, and
should be the major fuel choices in recovery meals.

Fat

Fat is an important metabolic fuel in prolonged
exercise, especially when the availability of carbohy-
drate is low. One of the primary adaptations to
endurance training is an enhanced capacity to oxi-
dize fat, thus sparing the body’s limited carbohy-
drate stores. Studies where subjects have trained on
high-fat diets, however, have shown that a high-
carbohydrate diet during a period of training brings
about greater improvements in performance. Even

Table 1 Suggested carbohydrate intakes for athletes in training

Immediate postexercise recovery (0–4 h): 1 g per kg body

massper h, consisting of several small snacks

Daily recovery (moderate duration/low intensity training):

5–7g kg�1 day�1

Daily recovery (moderate–heavy endurance training):

7–12g kg�1 day�1

Daily recovery (extreme training: 4–6h or more per day):

10–12g kg�1 day�1
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when a high-carbohydrate diet is fed for a few days
to allow normalization of the muscle glycogen stores
before exercise performance is measured, the exer-
cise capacity remains less after training on a high fat
diet. It must be recognized, though, that these short-
term training studies usually involve relatively
untrained individuals and may not reflect the situa-
tion of the highly trained elite endurance athlete
where the capacity of the muscle for oxidation of
fatty acids will be much higher. For the athlete with
very high levels of energy expenditure in training,
the exercise intensity will inevitably be reduced to a
level where fatty acid oxidation will make a signifi-
cant contribution to energy supply and fat will pro-
vide an important energy source in the diet. Once
the requirements for protein and carbohydrate are
met, the balance of energy intake can be in the form
of fat.

Fat also serves other important functions in the
diet. As well as providing essential fatty acids, it acts
as a vehicle for the transport of fat-soluble nutrients.
Some athletes try to minimize their fat intake, but
this is not wise.

Micronutrients and Physical Activity

Many micronutrients play key roles in energy meta-
bolism, and high rates of energy turnover (up to
20–100 times the resting rate) may be required in
the active muscles during hard exercise. Although
an adequate vitamin and mineral status is essential
for normal health, marginal deficiency states may
only be apparent when the metabolic rate is high.
Prolonged strenuous exercise performed on a regular
basis may also result in increased losses from the
body or in an increased rate of turnover, resulting
in the need for an increased dietary intake. An
increased food intake to meet energy requirements
will increase dietary micronutrient intake, but not
all athletes have high-energy intakes. Athletes who
restrict food intake to control or reduce body fat
levels may have low-energy intakes over prolonged
periods. Athletes may also eat monotonous diets,
with a limited range of foods, thus increasing the
risk of an inadequate micronutrient intake. Supple-
mentation with micronutrients may be warranted in
some instances, but normally only where specific
deficiencies have been demonstrated by biochemical
investigations and where dietary modification is not
an option. Individuals who are very active may need
to pay particular attention to their intake of iron
and calcium.

Iron deficiency anemia affects some athletes
engaged in intensive training and competition, but
it seems that the prevalence is the same in athletic

and sedentary populations, suggesting that exercise
per se does not increase the risk. The implications of
even mild anemia for exercise performance are,
however, significant. A fall in the circulating hemo-
globin concentration is associated with a reduction
in oxygen-carrying capacity and a decreased exercise
performance. Low serum ferritin levels are not asso-
ciated with impaired performance, however, and
iron supplementation in the absence of frank anemia
does not influence indices of fitness. Routine iron
supplementation is not wise, as too much may be
harmful.

Osteoporosis is now widely recognized as a
problem for both men and women, particularly
so in women, and an increased bone mineral con-
tent is one of the benefits of participation in an
exercise program. Regular exercise results in
increased mineralization of those bones subjected
to stress and an increased peak bone mass may
delay the onset of osteoporotic fractures; exercise
may also delay the rate of bone loss. Estrogen
plays an important role in the maintenance of
bone mass in women, and prolonged strenuous
activity may result in low estrogen levels, causing
bone loss. Many very active women also have a
low body fat content and may also have low
energy (and calcium) intakes in spite of their
high activity levels. All of these factors are a
threat to bone health. The loss of bone in these
women may result in an increased predisposition
to stress fractures and other skeletal injury and
must also raise concerns about bone health in
later life. It should be emphasized, however, that
this condition appears to affect only relatively few
athletes, and that activity is generally beneficial
for the skeleton.

Water and Electrolyte Balance

Few situations represent such a challenge to the
body’s homeostatic mechanisms as that posed by
prolonged strenuous exercise in a warm environ-
ment. Only about 20–25% of the energy available
from substrate catabolism is used to perform exter-
nal work, with the remainder appearing as heat. At
rest, the metabolic rate is low: oxygen consumption
is about 250mlmin�1, corresponding to a rate of
heat production of about 60W. Heat production
increases in proportion to metabolic demand, and
reaches about 1 kW in strenuous activities such as
marathon running (for a 70-kg runner at a speed
that takes about 2.5 h to complete the race). To
prevent a catastrophic rise in core temperature,
heat loss must be increased correspondingly and
this is achieved primarily by an increased rate of
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evaporation of sweat from the skin surface. In hard
exercise under hot conditions, sweat rates can reach
3 l h�1, and trained athletes can sustain sweat rates
in excess of 2 l h�1 for many hours. This represents
a much higher fractional turnover rate of water
than that of most other body components. In the
sedentary individual living in a temperate climate,
about 5–10% of total body water may be lost and
replaced on a daily basis. When prolonged exercise
is performed in a hot environment, 20–40% of
total body water can be turned over in a single
day. In spite of this, the body water content is
tightly regulated, and regulation by the kidneys is
closely related to osmotic balance.

Along with water, a variety of minerals and
organic components are lost in variable amounts in
sweat. Sweat is often described as an ultrafiltrate of
plasma, but it is invariably hypotonic. The main
electrolytes lost are sodium and chloride, at concen-
trations of about 15–80mmol l�1, but a range of
other minerals, including potassium and magnesium,
are also lost, as well as trace elements in small
amounts. Some athletes may lose up to 10 g of salt
(sodium chloride) in a single training session, and
may train in these conditions twice per day. These
substantial salt losses must be replaced from foods
and drinks, though the use of salt supplements is
seldom necessary.

Failure to maintain hydration status has serious
consequences for the active individual. A body
water deficit of as little as 1–2% of total body
mass can result in a significant reduction in exer-
cise capacity. Endurance exercise is affected to a
greater extent than high-intensity exercise, and
muscle strength is not adversely affected until
water losses reach 5% or more of body mass.
Hypohydration greatly increases the risk of heat
illness, and also abolishes the protection conferred
by prior heat acclimation.

Many studies have shown that the ingestion of
fluid during exercise can significantly improve per-
formance. Adding carbohydrate to the fluid confers
an additional benefit by providing an energy source
for the working muscles. Addition of small amounts
(perhaps about 2–8%) of carbohydrate in the form
of glucose, sucrose, or maltodextrin will promote
water absorption in the small intestine as well as
providing exogenous substrate that can spare stored
carbohydrate. The addition of too much carbohy-
drate will slow gastric emptying and, if the solution
is strongly hypertonic, may promote secretion of
water into the intestinal lumen, thus delaying fluid
availability. Voluntary fluid intake is seldom suffi-
cient to match sweat losses, and palatability of fluids
is therefore an important consideration. It is not

necessary to consume enough fluid during exercise
to match sweat losses, as a body mass deficit of
1–2% is unlikely to have adverse consequences. If
exercise is prolonged and sweat losses high, the
addition of sodium to drinks may be necessary to
prevent the development of hyponatremia. Ingestion
of large volumes of plain water is also likely to limit
intake because of a fall in plasma osmolality leading
to suppression of thirst.

Replacement of water and electrolyte losses
incurred during exercise is an important part of the
recovery process in the postexercise period. This
requires ingestion of fluid in excess of the volume
of sweat lost to allow for ongoing water losses
from the body. Re-establishment of water balance
requires replacement of solute, especially sodium,
losses as well as volume replacement. If food con-
taining electrolytes is not consumed at this time,
electrolytes, especially sodium, must be added to
drinks to prevent diuresis and loss of the ingested
fluid.

Dietary Supplements

The use of nutritional supplements in athletes and in
the health-conscious recreationally active population
is widespread, as it is in the general population.
A very large number of surveys have been published.
A meta-analysis of 51 published surveys involving
10 274 male and female athletes of varying levels of
ability showed an overall prevalence of supplement
use of 46%, but the prevalence varied widely in
different sports, at different levels of age, perfor-
mance etc., and in different cultural backgrounds.

Many different supplements are used by athletes
with the aim of improving or maintaining general
health and exercise performance. In particular, sup-
plement use is often aimed at promoting tissue
growth and repair, promoting fat loss, enhancing
resistance to fatigue, and stimulating immune func-
tion. Most of the supplements that are sold to ath-
letes have not been well researched, and both safety
and efficacy remain open to question for many of
these products. Anyone seeking to improve health or
performance would be better advised to ensure that
they consume a sound diet that meets energy needs
and contains a variety of foods. A recent develop-
ment of concern to athletes is the finding of various
prohibited doping agents in what should be
legitimate sports nutrition products. Supplements
for which there is good evidence of beneficial effects
on performance include caffeine, creatine, and bicar-
bonate, but the risk of an inadvertent positive dop-
ing result must always be considered.
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See also: Anemia: Iron-Deficiency Anemia.
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A dietary supplement is a product that is intended
to supplement the diet and contains at least one or
more of certain dietary ingredients, such as a vita-
min, mineral, herb or other botanical, or an amino
acid. These products may not be represented as
conventional foods; rather, they are marketed in
forms that include capsules, tablets, gelcaps, soft-
gels, and powders. Although manufacturers must
have evidence to support their claims of a dietary
supplement’s safety and efficacy, US Food and
Drug Administration (FDA) approval is not
required before a product is marketed. Micronutri-
ent dietary supplements (vitamins and minerals for
purposes of this discussion) are commonly pur-
chased and consumed in developed countries, even

though taking greater quantities of micronutrients
than recommended may not have proven benefits
for the general population and, for some micronu-
trients (e.g., vitamin A), may have harmful effects.
It may seem logical to assume that the majority of
people who live in developed countries can use
food sources to obtain the amounts of micronutri-
ents required to maintain overall good health.
However, the possibility of helping to prevent
chronic diseases through micronutrient supplemen-
tation is attracting the interest of many people. A
rigorous research approach must be used to deter-
mine in what circumstances micronutrient dietary
supplements can have beneficial, including preven-
tive, health effects. Special attention must be given
to possible differences in micronutrient require-
ments at different life cycle stages. These stages
include infancy (birth to 12months), childhood
(1–18 years), adulthood, and older adulthood
(70 years and older). Evidence supporting dietary
supplementation at different lifestyle stages is sum-
marized here for several micronutrients.
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Prevalence of Micronutrient Supplement
Use

In the United States, vitamins and minerals are the
most widely used dietary supplements. Between 1993
and 2003, total retail sales of vitamins and minerals
more than doubled, increasing from approximately $3
billion to $6.7 billion for vitamins and from approxi-
mately $0.6 billion to $1.8 billion for minerals. These
figures include sales of multivitamin and multimineral
combinations as well as individual vitamins and
minerals. Multivitamin/mineral preparations, account-
ing for almost half of micronutrient purchases, consis-
tently have been the best-selling micronutrient
supplements, with sales increasing from $2.64 billion
in 1997 to $3.68 billion in 2003.

Findings by several research groups show that micro-
nutrient supplement use generally is more common
among people with higher education levels, higher
incomes, and better diets. Survey results in The Nether-
lands indicate that micronutrient supplements are used
by approximately 20% of adults in that country, fewer
than in the United States. Data collected in the 1988–
1994 National Health and Nutrition Examination Sur-
vey (NHANES III) showed that approximately 40% of
the US population 2months of age and older (44%
females versus 35% males) were taking a vitamin,
mineral, or other type of dietary supplement during the
month before the NHANES III interview. Data from
NHANES 1999–2000 (post-DSHEA) indicate that
52% of U.S. adults were taking at least one dietary
supplement. Supplement users were more likely to be
toddlers and preschool-aged children and middle-aged
and older adults. Across all age groups, vitamin/mineral
combinations and multivitamins were the most com-
mon types of supplements used by individuals who
took only one supplement. Collection of these type of
data is important to monitor use, identify usage trends,
and help understand the popularity of micronutrient
supplement use.

Motivation for Micronutrient Supplement
Use

People choose to use micronutrient supplements for
various reasons. Survey data indicate that many indivi-
duals decide to take micronutrient supplements based
on advice fromhealth professionals, family, and friends.
A majority of supplement users regard micronutrient
supplements as ‘insurance’ against general poor health
or becoming ill, even though they recognize that scien-
tific evidence for this belief may be lacking. Generally,
people report that they use supplements either because
they think that it is difficult to consume a balanced diet
or because they believe that even consuming a balanced

diet cannot supply the quantity of micronutrients they
need for optimal good health.

Major health reasons given for taking supple-
ments include a sense of well-being and ‘feeling
better’ (especially multivitamins/minerals), prevent-
ing colds and flu (especially vitamin C), preventing
chronic disease (especially vitamin E and calcium),
increasing ‘energy,’ coping with stress, and improv-
ing the immune system. Many vitamin E users
believe that the vitamin helps prevent heart disease,
and most calcium users know that calcium use helps
prevent osteoporosis. Using micronutrient supple-
ments is one way by which people who may be at
high risk for certain diseases try to gain some degree
of personal control over their health outcomes.
Ironically, many individuals who take supplements
regularly report that they do not discuss the supple-
ment use with their physicians because they believe
that physicians are biased against supplements and
are not knowledgeable about the products.

Research Approach for Determining the
Health Impact of Micronutrient
Supplements

A micronutrient supplement will be beneficial to a
person’s health only when the person’s normal diet-
ary micronutrient intake is lower than the amount
required for maximum biological benefit. Every per-
son does not have the same micronutrient require-
ments. The amount of micronutrients required by
any person is determined by metabolic, genetic,
and environmental factors unique to that person. It
may not be readily apparent when micronutrient
supplements are needed by certain groups of people.
Therefore, as new information becomes available,
recommendations for supplementation must be
revised. For example, it was observed that pregnant
women with periconceptual folate intake at the low
end of the range of recommended intake, which was
still considered adequate, had an increased risk of
giving birth to an infant with neural tube defects
(NTDs) such as spina bifida. NTDs originate during
the first 4weeks of pregnancy, before a woman may
even realize that she is pregnant. United States sur-
vey data (1988–1994) indicated that typical dietary
folate intake by women of reproductive age was less
than the 400 mg/day believed to be required to
reduce the risk of NTDs. Therefore, in 1992, the
Centers for Disease Control and Prevention recom-
mended that all women who could become pregnant
should take a daily 400 mg folic acid supplement as a
preventive measure. In addition, the FDA mandated
that, as of January 1998, enriched grain products
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must be fortified with folic acid, adding an esti-
mated 100 mg folic acid/day to the average diet of
US women. Fortification refers to adding nutrients
to commonly consumed foods at levels greater than
the levels that are part of the standards of identity
for the foods; other examples of fortification are
vitamin D in milk and calcium in orange juice.

Any recommendations for supplementation must
be based on scientific evidence that the supplements
are both effective and safe. Ideally, a rigorous sys-
tematic research approach (Table 1) is carried out
and the results are evaluated to assess whether a
micronutrient supplement is beneficial to health
and whether its recommendation is warranted. All
available evidence, including epidemiologic and sur-
vey data, as well as preclinical evidence from in vitro
laboratory research and in vivo animal studies, is
reviewed thoroughly and objectively to determine
whether the evidence regarding effectiveness and
safety justifies proceeding to clinical trials. If so,
the trials are normally conducted in three phases:
(1) human safety trials; (2) small efficacy trials,
usually in defined target groups; and (3) large-scale
trials that are essential in moving from the basic
science to evidence-based recommendations that
have human health benefits. In fact, the large-scale,
double-blind, randomized, placebo-controlled clini-
cal trial, which is designed to eliminate all possible
bias, is considered to be the gold standard of scien-
tific intervention research. In such trials, some peo-
ple receive the substance being tested (e.g., drug,
micronutrient, or other dietary constituent) and

some receive an inactive placebo. These trials may
not be possible in all circumstances, however,
because of ethical issues that make it inappropriate
to withhold the substance being tested from any trial
participants. For example, now that it is established
that low periconceptual folate intake by women is
linked to NTDs, a placebo-controlled intervention
trial to test the minimum effective supplemental
amount would be unethical. In such cases, all avail-
able evidence from in vitro laboratory research and
in vivo animal studies, as well as epidemiologic
studies and surveys, must be reviewed systematically
and objectively to draw conclusions about the pos-
sible effectiveness and safety of the substance of
interest and to make recommendations for supple-
mentation. However, convincing evidence is cur-
rently unavailable to indicate that lowering
homocysteine through folate and other vitamin
(vitamin B-6 and B-12) supplementation will reduce
risk of CVD. A number of randomized, placebo-
controlled clinical trials are on-going to test the
effects of vitamin supplementation on primary and
secondary prevention of CVD and stroke.

Research to determine a possible impact of
micronutrient supplements on the nutritional status
and health status of people has been under way for
many years. Considerable preclinical evidence
related to human health effects from in vitro
laboratory research and in vivo animal studies
exists for many micronutrients. In addition, many
epidemiologic studies throughout the world have
focused on the possible relationship between speci-
fic micronutrients and chronic disease. Small clin-
ical studies related to chronic disease also have
been carried out for many micronutrients, and
human safety data are available for most micronu-
trients. A comprehensive review of epidemiologic
studies and randomized controlled trials of vitamin
supplementation to prevent either cancer or cardio-
vascular disease (CVD) was conducted by the US
Preventive Services Task Force. The Task Force
concluded that findings did not demonstrate a con-
sistent or significant effect of any single vitamin or
combination of vitamins on either incidence of
CVD or death from this disease. Also, the Task
Force concluded that �-carotene supplements and
combinations including �-carotene appeared to be
harmful to those at risk for lung cancer but not to
the general population.

Important issues to be addressed in research
aimed at determining the effects of micronutrient
supplements on health include developing better
methods to measure the contribution of micronutri-
ent supplements to total micronutrient intake for
various population groups and to monitor these

Table 1 Components of a research approach to evaluate

dietary micronutrient supplements

Basic biomedical laboratory research

In vitro experiments (e.g., in cell culture and tissue culture)

In vivo animal experiments (e.g., in mice and rats)

Human observational epidemiologic studies to identify possible

links between micronutrients and nutrition/health status

(includes surveys of micronutrient intake)

Hypothesis development: Evaluation of existing laboratory and

epidemiologic evidence on micronutrient safety and

effectiveness as related to human health benefits (decision

point: proceed or do not proceed)

If proceeding

Human safety trials to identify adverse side effects and

determine safe doses

Small trials in defined populations to measure micronutrient

effectiveness at various safe doses (e.g., vitamin D

supplementation in elderly Scandanavians with low serum

25-hydroxy-vitamin D)

Large-scale, double-blind, placebo-controlled, randomized

clinical intervention trials to test whether micronutrient

supplementation has the hypothesized human health benefit

After health benefits are confirmed, develop recommendation

for supplementation
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contributions over time to identify usage trends.
Having accurate data for micronutrient supplement
intake and intake trends is essential to help identify
possible associations between supplements and
health outcomes; such associations can then be
tested for validity in future randomized, controlled
trials. Collecting data to measure and ultimately
monitor consumer use of micronutrient supplements
can be expensive and time-consuming, however,
particularly if detailed data are required. Currently,
in the United States, NHANES interviewers collect
the most detailed information about micronutrient
supplement intake, including data on supplement
brand, labeled ingredients, dose, and frequency of
dose. Available dietary supplement databases are
based on values declared on product labels rather
than direct analysis. Evidence suggests, however,
that supplement labels may not always give the
true supplement content; this can decrease the accu-
racy of survey results.

A major concern associated with clinical trials
designed to evaluate the health effects of micronutri-
ents (as well as other dietary supplements and drugs)
is that participants might take additional micronutri-
ent supplements, which could influence trial out-
comes. In the Prostate Cancer Prevention Trial
(PCPT) of the drug finasteride, for example, almost
half of the participants reported using a multivitamin/
mineral supplement, about one-third used single sup-
plements of either vitamin C or E, and one in five
used calcium supplements. Very little evidence is
available on how individual micronutrient substances
may interact with one another to influence health
outcomes. For minerals, particularly, supplementa-
tion with one mineral may compromise the bioavail-
ability of another. Also, much remains to be learned
about how individual genetic susceptibilities may
influence the health-related effects of micronutrient

supplements. This issue also must be addressed when
designing clinical trials.

Evidence Supporting Recommendations
for Micronutrient Supplement Use

Importance of Life Cycle

Evaluation of existing evidence related to effects of
micronutrient supplements on nutrition and health,
aimed at formulating recommendations for supple-
mentation, must take into account the influence of a
person’s stage of life and general health status on the
absorption, usefulness, and need for any particular
micronutrient. Physiological needs for specific
micronutrients and, consequently, for micronutrient
supplements differ at various stages in the life cycle.
For example, infants require additional iron after
6months of age, women who may become pregnant
benefit from additional folate, and elderly people
who lose their ability to absorb naturally occurring
vitamin B12 in food require an alternative source of
the vitamin. When studies are designed to investi-
gate the relationship between micronutrient supple-
ments and specific health outcomes, the outcomes
that are chosen to be measured usually depend on
the specific life cycle stage of the study participants.
For any life cycle stage, a person’s genetic makeup
and lifestyle behaviors will also influence his or her
individual micronutrient requirements (Figure 1).

Infants

Iron Iron is a component of a number of proteins
including hemoglobin, which is essential for trans-
porting oxygen to tissues throughout the body for
use in metabolic processes. The most well-known
consequence of iron deficiency is anemia. A full-
term infant normally has a high hemoglobin

Prevent deficiency

 Dietary sources can be sufficient Supplements sometimes needed (for example, calcium, B12, vitamin D iron, folic acid)

Life cycle stage

 Infancy Childhood Adulthood Old age

Micronutrient RequirementsGenetic susceptibility

Life style behaviors

 Diet Smoking Alcohol

Prevent chronic disease?

 Dietary sources likely not sufficient Supplementation generally beneficial (for example, calcium, folic acid)

Figure 1 Factors that influence micronutrient requirements.

356 SUPPLEMENTATION/Developed Countries



concentration and a large amount of stored iron.
Based on research evidence, this stored iron plus
the iron provided in human milk is assumed to be
adequate for solely breast-fed infants during the first
6months after birth. Even though the amount of
iron in human milk is low, its bioavailability is
greater (>50%) than that of the iron in infant for-
mula (<12%). The body stores of iron in infants
decrease during the fourth through sixth months
after birth. After 6months of age, most of the
infant’s iron needs must be met from food intake.
In Western countries, the primary food introduced
after 6months is infant cereal, usually fortified with
iron that has low bioavailability. Evidence suggests
that infants benefit from iron supplementation after
6months, and that administration of iron drops
between 6 and 9months has a significant influence
on iron status. The American Academy of Pediatrics
(AAP) discourages using low-iron infant formulas.
AAP recommends that infants who are not breast-
fed or who are only partially breast-fed should
receive an iron-fortified formula from birth to
12months of age.

Vitamin D Vitamin D enhances the efficiency of
the small intestine to absorb calcium and phos-
phorus from the diet and thus helps to maintain
normal serum levels of these minerals. Vitamin D
deficiency in infants and children results in inade-
quate mineralization of the skeleton, causing
rickets, which is characterized by various bone
deformations. The major source of vitamin D is its
formation in the skin as a result of exposure to
sunlight. Dietary sources include fortified foods,
such as milk and cereals, and certain fish. Infant
formula is fortified with vitamin D in many coun-
tries. Because human milk contains only low
amounts of vitamin D, breast-fed infants who do
not receive either supplemental vitamin D or ade-
quate exposure to sunlight are at risk for developing
vitamin D deficiency. Subclinical vitamin D defi-
ciency can be assessed by measuring serum 25-
hydroxyl-vitamin D; deficiency occurs months

before rickets is obvious on physical examination.
Rickets in infants continues to be reported in the
United States as well as in other countries. Epide-
miologic evidence indicates that African American
infants and children are more likely to develop
nutritional rickets than Caucasian infants and chil-
dren. In the US, the AAP recommends that all
breastfed infants receive a daily supplement of 200
IU vitamin D/day, beginning within the first two
months of life, unless they are weaned to at least
500mL per day of vitamin D-fortified formula (<1
year old) or milk (>1 year old).

Children

Calcium Bone is a dynamic tissue that is constantly
being formed and resorbed; in children, bone forma-
tion is greater than resorption. Adequate calcium
intake during childhood is essential for bone mass
development. Data for calcium intake, presented in
Table 2, indicate that for children in the United
States, only those younger than 8 years of age are
meeting their recommended intake. Factors that may
contribute to low calcium intake are restriction of
dairy products, low vegetable consumption, and
high intake of low-calcium beverages such as juices
and sodas. The highest calcium intake levels are
required during the preteen and adolescent years to
support the rapid growth and bone mineralization
associated with pubertal development. In girls, peak
calcium absorption and deposition takes place at or
near menarche; at this life cycle stage, the bone
calcium deposition rate is five times greater than
that in adults. During peak bone mass development,
calcium intakes of less than 1000mg/day are asso-
ciated with lower bone mineral density. Epidemio-
logic studies have found a direct correlation between
calcium intake and bone density in children. Evi-
dence suggests that low intake of dairy products
during childhood and adolescence may result in
less bone mass and greater risk of fracture as an
adult. In addition, evidence from randomized trials
suggests that increasing the calcium intake of girls is

Table 2 Average calcium intake and recommended adequate intake levels for US children

Age/gender

1–3 years/

M and F

4–8 years/

M and F

9–13 years/

F

9–13 years/

M

14–18 years/

F

14–18 years/

M

Average intake (mg) 793 838 918 1025 753 1169

Adequate intake (mg) 500 800 1300 1300 1300 1300

F, female; M, male.

From Institute of Medicine (1997) Dietary Reference Intakes for Calcium, Phosphorus, Magnesium, Vitamin D, and Fluoride.

Washington, DC: National Academy Press.
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associated with increased bone mineral deposition,
especially during prepuberty. Although it is best to
obtain as much calcium as possible from foods,
because calcium-rich foods also provide nutrients
involved in calcium utilization, calcium supplements
may be necessary for children who do not eat cal-
cium-rich foods.

Adults

Vitamin E Vitamin E (�-tocopherol) functions as an
antioxidant that promotes normal formation of red
blood cells and normal function of the nervous and
immune systems. The main dietary sources of vitamin
E are vegetable oils; normally, it is possible, unless
people consume a very low-fat diet, to obtain amounts
of vitamin E intake from foods that are sufficient to
prevent signs of deficiency. However, vitamin E is a
commonly consumed supplement, likely because of its
hypothesized role in decreasing risk of CVD, prostate
cancer, and various other chronic diseases.

Evidence from epidemiologic studies suggests that
vitamin E supplementation is beneficial for reducing
CVD risk. Nevertheless, data from randomized clin-
ical trials, in populations both with and without a
history of CVD, generally do not support the epide-
miologic findings. The review of evidence by the US
Preventive Services Task Force included five well-
designed, large cohort studies that investigated the
association between vitamin supplementation and
CVD mortality, three clinical trials of primary pre-
vention of CVD, and seven clinical trials of second-
ary prevention of cardiac events. As stated earlier,
the Task Force concluded that findings did not
demonstrate a consistent or significant effect of vita-
min E on either incidence of CVD or death from this
disease. Four large clinical trials are currently in
progress in the United States to study the effect on
CVD of vitamin E supplements alone or combined
with other antioxidants: the Women’s Health Study,
the Women’s Antioxidant and Cardiovascular
Study, the Physicians’ Health Study II, and the
Heart Protection study.

Laboratory studies suggest that vitamin E can
inhibit the growth of human prostate cancer cell
lines. Results of epidemiologic studies, however, do
not consistently support a beneficial effect of vita-
min E on risk for prostate cancer. Findings from the
Alpha-Tocopherol, Beta-Carotene Cancer Preven-
tion (ATBC) study, a large, randomized clinical
trial conducted in Finland, suggest a substantial ben-
efit of vitamin E in decreasing prostate cancer risk.
This study reported a decrease of 32% in prostate
cancer incidence and a decrease of 41% in deaths
from prostate cancer among current and former

male smokers who received supplemental vitamin E
(50mg/day). Additional information on the relation-
ship between vitamin E supplementation and pros-
tate cancer likely will be available from the Prostate
Cancer Prevention Trial (PCPT), which was stopped
in June 2003 when analysis showed that the test
drug, finasteride, reduced the risk of developing
prostate cancer by 25%. In PCPT, 35% of the
study population took vitamin E supplements, and
study analyses will include interactions between
vitamin E and other supplements and between vita-
min E and finasteride. The Selenium and Vitamin E
Prevention Trial (SELECT), described later, is also
expected to help clarify the association between
vitamin E and prostate cancer.

Selenium Selenium, a strong antioxidant, also shows
other biological activity, such as enhancing the
immune response and inhibiting cell growth. Labora-
tory and epidemiologic studies support a beneficial
effect of selenium on cancer risk. In a large clinical
trial, selenium supplementation did not prevent the
recurrence of nonmelanoma skin cancer, but it did
significantly decrease the total number of deaths and
deaths from cancer. In addition, the incidences of
prostate, colorectal, and lung cancers all were signifi-
cantly decreased in the group that received selenium
supplements. These findings and the results of the
ATBC study linking vitamin E supplementation with
decreased prostate cancer risk led to the development
of SELECT. Started in 2001, SELECT is a randomized,
double-blind trial designed to test whether selenium
(200mg/day) alone, vitamin E (400mg/day) alone, or
selenium and vitamin E combined reduce the risk of
prostate cancer among healthy men. Men who join
SELECT are required to stop taking any purchased
vitamin supplements that contain either selenium or
vitamin E. An ongoing intervention trial in France, the
Supplementation en Vitamines et Mineralaux AntioX-
ydants (SU.VI.MAX) study, is testing nutritional levels
of both selenium and vitamin E, as well as vitamin C,
�-carotene, and zinc, for reducing incidence of cancer
and CVD. In addition to cancer and CVD, French
researchers are investigating a possible beneficial role
for selenium in arthritis and HIV/AIDS.

Folate Folate, a B-complex vitamin, includes the
naturally occurring form found in foods as well as
the synthetic form (folic acid) found in fortified
foods and supplements. The rationale for the recom-
mendation that all women who may become preg-
nant should take a daily 400mg folic acid
supplement, a preventive measure to reduce the
risk of NTDs, has already been discussed. Folate
intake is important throughout pregnancy because
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of its key role in nucleic acid synthesis, which is
essential for cell growth and replication.

A deficiency of folate, vitamin B12, or vitamin B6

may increase the level of homocysteine, an amino
acid normally found in the blood. Evidence indicates
that a high homocysteine level increases the risk for
CVD and stroke, possibly by either damaging cor-
onary arteries or making it easier for blood platelets
to clump together and form a clot. However, no
evidence is available to suggest that lowering homo-
cysteine through vitamin supplementation will
reduce the risk of CVD. Clinical intervention trials
to test the effects of vitamin supplementation on
CVD and stroke are needed.

Because folate is involved in the synthesis, repair,
and functioning of DNA, some have hypothesized
that a deficiency of folate may result in DNA damage
that can lead to cancer. A comprehensive review of
epidemiologic, preclinical, and clinical evidence link-
ing folate deficiency with increased cancer risk con-
cluded that the evidence is strongest for colorectal
cancer. Also, it has been suggested that folate defi-
ciency may increase the effects of other cancer risk
factors. Researchers are continuing to investigate
whether increasing folate intake from foods or folic
acid supplements may reduce cancer risk.

Folate is important for cells and tissues that divide
rapidly; therefore, high-dose methothrexate is often
used to treat cancer because this compound interferes
with folate metabolism. Methothrexate, however, has
undesirable side effects, including inflammation in
the digestive tract. It is not known whether folic
acid supplementation can help control these side
effects without decreasing the effectiveness of methro-
threxate. Low-dose methothrexate is used to treat a
variety of diseases, such as rheumatoid arthritis,
lupus, psoriasis, asthma, and inflammatory bowel
disease. Low-dose treatment can deplete folate stores
and cause side effects similar to folate deficiency. In
this case, supplemental folic acid may help reduce the
undesirable effects of low-dose methothrexate with-
out decreasing treatment effectiveness.

Calcium Bone formation and resorption are
balanced in healthy adults, but formation becomes
slower than resorption after menopause and also
with aging in both men and women. In menopausal
women, decreased estrogen production is associated
with accelerated bone loss in the first 5 years after
menopause, particularly from the lumbar spine. Evi-
dence indicates that although increasing calcium
intake at menopause does not prevent this bone
loss, it is beneficial for reducing bone loss in com-
pact bones (e.g., hips, legs, and arms). Furthermore,
data suggest that calcium supplementation also

reduces lumbar spine bone loss in women who are
more than 5 years beyond menopause. In the United
States, the recommended calcium intake is 1000mg/
day for men and women ages 19–50 years and
1200mg/day for men and women ages 51–70 years.
People who are not able to obtain this amount of
calcium from foods should consider taking calcium
supplements to help decrease the risk of reduced
bone mass and osteoporosis.

Elderly

Physiological changes that may occur during the
natural course of aging can affect micronutrient
requirements. Given the same amount of sun expo-
sure, the skin of young adults synthesizes much
more vitamin D than the skin of the elderly; thus,
choosing good dietary sources of vitamin D becomes
essential. Vitamin D deficiency can be a factor in
reduced calcium absorption in the elderly. Further-
more, it is estimated that atrophic gastritis, a change
in gastrointestinal physiology that results in low-
acid conditions in the stomach, is present in
approximately 20% of elderly people. Atrophic gas-
tritis has been related to infection with the bacter-
ium Helicobacter pylori and is not necessarily a
result of normal aging. The low-acid conditions,
however, can decrease the absorption of vitamin
B12 from food and of folate and calcium in general.

Vitamin D Vitamin D is important in the elderly
for enhancing calcium absorption, inhibiting cellular
growth, and activating lymphocyte function. Vita-
min D deficiency may lead to osteoporosis and
osteomalacia and possibly increase the risk for
some cancers; it has been associated with increased
incidence of hip fractures. More than 50% of elderly
people have been reported to be vitamin D deficient
in some studies. In addition to the skin’s decreased
ability to synthesize vitamin D as people age, the
kidneys, which help to convert vitamin D to its
active form, sometimes do not function as well
when people age. All elderly people, particularly
people with limited sun exposure, such as those
who are either homebound or live in northern lati-
tudes, should include vitamin D-fortified foods and
fish in their diets. If elderly people are unable to
meet their vitamin D needs using dietary sources,
they may require a supplement. Evidence suggests
that vitamin D supplementation may reduce the risk
of osteoporotic fractures in elderly people with low
serum levels of vitamin D.

Vitamin B12 Vitamin B12 is essential for proper
brain and nerve development and for DNA

SUPPLEMENTATION/Developed Countries 359



synthesis; also, it improves learning and supports
methylation metabolism. Dietary vitamin B12 must
be separated from food proteins before the vitamin
can be bound to intrinsic factor and then be
absorbed by the body. Under low-acid conditions
in the stomach, neither the separation from protein
nor the binding to intrinsic factor can take place,
significantly decreasing the bioavailability of vita-
min B12. Elderly adults with atrophic gastritis and
low stomach acid should consume a source of
unbound vitamin B12 such as that found in supple-
ments or food that has been fortified with the vita-
min to ensure adequate intake. In addition, evidence
suggests that the use of antibiotics can improve vita-
min B12 absorption in these elderly adults.

Folate Atrophic gastritis greatly reduces the ability
of elderly people to absorb folate. This problem can
be corrected by administering folic acid with dilute
hydrochloric acid to increase stomach acidity and
thus increase absorption. There is concern, however,
about the possibility that supplemental folic acid
could mask the signs of vitamin B12 deficiency.
Folic acid can remedy the anemia that results from
vitamin B12 deficiency, its key diagnostic sign. It
cannot, however, correct the permanent nerve
damage that is possible if vitamin B12 deficiency is
not treated. Intake of supplemental folic acid should
not be greater than 1000 mg per day to prevent the
masking of signs of vitamin B12 deficiency.

Calcium Adequate calcium intake is required to
maintain bone mineral density and reduce the risk of
osteoporosis in the elderly. In addition to the reduced
absorption of calcium by elderly people that results
from age-related changes in vitamin D metabolism,
the elderly also show a reduced ability to increase the
efficiency of calcium absorption as an adaptive
response to low-calcium diets. Also, as noted earlier,
the low-acid conditions resulting from atrophic gastri-
tis can reduce calcium absorption. Dietary calcium
reacts with hydrochloric acid in the stomach to form
soluble calcium chloride, which is absorbed in the
small intestine. In the United States, the recommended
calcium intake is 1200mg/day for men and women
older than age 70. Many elderly people may benefit
from calcium supplements.

See also: Folic Acids. Supplementation: Dietary
Supplements; Role of Micronutrient Supplementation;
Developing Countries.
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Micronutrient supplementation is the distribution of
specially formulated preparations of one or more
nutrients, usually in the form of a pill, a capsule,
or syrup. It seems to be the Cinderella of nutrition
interventions, more than capable of dancing but not
quite good enough to be invited to the Ball. It is
often described as a ‘short-term’ option and a ‘med-
ical’ approach and considered more appropriate for
the treatment of severe micronutrient deficiencies in
those most affected than to prevent deficiencies in
whole populations. However, for the half of human-
ity affected by micronutrient deficiencies, the over-
whelming majority of whom are the poor
concentrated in the developing world, solving these
problems through food-based approaches is only
likely to happen in the very long term. The immune
system is compromised by vitamin A deficiency in
40% of children younger than 5 years old in the
developing world, leading to approximately 1million
deaths each year. In the 6- to 24-month-old age
group, mental development is impaired due to iron
deficiency in 40–60% of the developing world’s chil-
dren. Severe iron deficiency also causes more than
60 000 deaths of women during pregnancy and child-
birth every year. Approximately 18million infants
per year are born mentally impaired as a result of
iodine deficiency during pregnancy. Providing vulner-
able groups, such as children and women of child-
bearing age, with low-cost vitamin and mineral
supplements is the least that governments can do to
protect the growth and development of the next gen-
eration as a first step toward realizing the right of
every individual to be adequately nourished.

Experience in achieving high coverage of those
most at risk with micronutrient supplements is
quite varied, with both successes and failures. A
good communication strategy is an essential part of
achieving high levels of adherence in micronutrient
supplementation programs, but these aspects are not
particular to nutrition programs and are not consid-
ered here. Deficiencies of iodine, iron, vitamin A,
and folate are the most commonly recognized defi-
ciencies for which there are programs, but in prac-
tice most of those affected have multiple vitamin
and mineral deficiencies that overlap and interact
at great cost. This article reviews the policy dimen-
sions of the efforts to establish programs aimed
at eliminating iodine deficiency, iron deficiency

anemia, and vitamin A deficiency through supple-
mentation, and it provides a perspective on zinc
supplementation and multiple micronutrient supple-
mentation as future components of nutrition pro-
grams in developing countries.

Iodine Supplementation

Today, approximately 70% of the world’s salt is
iodised, compared to just 10% in 1990, and there-
fore iodine supplementation programs are greatly
reduced. Until universal salt iodization is guaranteed
in the third of the world in which iodized salt is not
yet available, especially in remote populations in
which goiter is endemic, supplements should be
used during pregnancy and early childhood. In the
past, it was common to provide annual intramuscu-
lar injections of iodized oil to women of reproduc-
tive age in order to ensure iodine status during the
first months of pregnancy when the risk of cretinism
is greatest. In more recent years, oral iodized oil
capsules have proven to be as efficacious and more
effective in controlling iodine deficiency in both
women of reproductive age and schoolchildren.
Oral iodine supplements initially based on expensive
poppy seed oil have since been replaced by cheaper
rapeseed and peanut oil preparations, which are
equally effective.

Vitamin A Supplementation

The use of supplements to eliminate vitamin A defi-
ciency is a notable success, with remarkable
advances achieved within the past decade. Although
the elimination of vitamin A deficiency by year 2000
was one of the goals set at the World Summit for
Children in 1990, little progress was evident at mid-
decade. Clinical vitamin A deficiency was estimated
to affect approximately 3.3million children younger
than the age of 5 years in 1995, with an additional
100million subject to subclinical deficiency. The
periodic distribution of high-dose vitamin A supple-
ments, originally employed in Indonesia during the
1970s for the prevention of blindness in children,
was shown in the 1980s to also impact young
child mortality. The supplements have the advantage
of ensuring requirements for 4–6months after
administration, such that two or three capsules per
year can meet vitamin A requirement of preschool
children.

The lack of perception of vitamin A deficiency as
a problem was a substantial barrier to establishing
large-scale preventive supplementation programs.
The prevalence of clinical signs of frank vitamin A
deficiency, such a Bitot’s spot and corneal lesions,

SUPPLEMENTATION/Developing Countries 361



that make it a ‘public health problem’ is very small
at just 0.5%. Since clinical signs are often more
common in rural populations, a significant vitamin
A deficiency problem can easily go undetected.
National representative surveys were thus a prere-
quisite for taking action. Another barrier is the voice
of those who advocate for food-based approaches
and view supplements as technical fixes or golden
bullets that are of questionable sustainability
promoted by the pharmaceutical sector. In reality,
of course, these are not either/or options.

Convincing proof of the efficacy of vitamin A
capsules for child mortality reduction in the early
1990s helped to create increased momentum for
populationwide preventive supplementation pro-
grams. The turning point for increasing the coverage
of vitamin A supplements was undoubtedly the pub-
lication of a meta-analysis of the efficacy trials of
massive-dose vitamin A capsules. The analysis of
eight mortality trials indicated that improving the
vitamin A status of children aged 6months to
5 years by massive-dose capsule distribution reduced
child mortality rates by approximately 23%. The
important conclusion of the meta-analysis was that
increased risk of mortality from vitamin A defi-
ciency was not just limited to those portions of the
population with severe vitamin A deficiency pro-
blems but was present across the whole population
distribution.

What consisted of ‘the justification’ for carrying
out vitamin A supplementation programs evolved
rapidly during the latter half of the 1990s. Many
of these discussions were held at the meetings of the
International Vitamin A Consultative Group and the
working group on vitamin A of the Standing Com-
mittee on Nutrition of the United Nations. A broad
technical consensus was finally accepted that even in
the absence of survey data, it was highly likely that
the benefits of vitamin A supplements would be
evident in populations in which the mortality rates
for those younger than 5 years old were higher than
70 per 1000. Prior to this, vitamin A supplements
were targeted to those children with illnesses such
as measles and diarrhea. The most recent program-
matic recommendations are that if mortality for
those younger than 5 years old is higher than
50 per 1000, then supplements should be employed
routinely as a preventive measure for all young chil-
dren. Subsequent to this consensus, a global policy
to integrate vitamin A capsule distribution into reg-
ular immunization schedules, and also to incorpo-
rate vitamin A capsules into the national
immunization campaign days being promoted to
achieve the eradication of polio, was rapidly
adopted.

Programmatic vitamin A interventions received
considerable impetus from the Vitamin A Global
Initiative, an informal interagency advocacy group
that worked to promote the adoption of vitamin A
supplementation programs. The initiative included
WHO and UNICEF, together with CIDA from
Canada, DIFID from the United Kingdom, USAID
from the United States, and the Micronutrient
Initiative (MI). Through their networks, these var-
ious organizations worked together to convince
governments with high mortality rates for children
younger than age 5 years to introduce periodic
vitamin A capsule distribution programs. Vitamin A
capsules were made available by CIDA through
UNICEF to any developing country that wanted
them, and UNICEF and MI with USAID and
DIFID funds developed a global communication
campaign.

By the end of the 1990s, vitamin A supplementa-
tion programs had seen a remarkable expansion.
Most countries with high mortality rates for chil-
dren younger than 5 years old adopted vitamin A
supplementation programs, with the most notable
exception being India. The number of countries
with vitamin A programs increased from 10 in
1995 to 72 in 2000. The ways in which the vitamin
A capsule programs were developed and implemen-
ted varied by country, but the most common strat-
egy was to use national immunization days for polio
eradication to piggyback vitamin A supplements.
The use of this approach doubled from 30 countries
in 1997 to 60 in 1999. Because the polio eradication
strategy requires two nationwide campaigns not
more than 2months apart, some countries also pro-
moted separate micronutrient days, or child health
days, so that children would get at least two cap-
sules during the course of a year, 6months apart.
UNICEF procured through its central warehouse in
Copenhagen and supplied through its country pro-
grams an average of 289million capsules per year
from 1993 to 1998, which was estimated to be only
38% of the worldwide need.

Estimates of the coverage of vitamin A capsules
indicate a remarkably high coverage of supplements
by the turn of the century, with remarkable saving
of life. Based on multiple sources, UNICEF estimates
that in 1999 half of all children aged 6–59months in
developing countries outside of China, and 80% of
such children in the least developed countries,
received a vitamin A capsule within the past
6months. Coverage was highest in sub-Saharan
Africa, where 70% of children aged 6–59months
received a capsule in the past 6months. Extrapola-
tion of the protective effect of a 23% reduction in
child mortality shown by the meta-analysis to the
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increased coverage of capsules achieved between
1998 and 2000 suggests that 1million lives were
saved in this short period.

The challenge that remains for vitamin A supple-
mentation is one of sustainability. Although supple-
ments are traditionally viewed as a short-term
solution, in reality they need to be maintained dur-
ing at least the medium term if continued gains in
mortality reduction are to be realised. Increases in
other sources of vitamin A, be it through diet and/or
fortification, are unlikely to be achieved in the short
term. The eventual phasing out of national immuni-
zation days, as polio eradication becomes a reality,
will cause problems for maintaining the high cover-
age of vitamin A capsules. Alternate strategies are
needed and are being put in place in many countries.
Bangladesh and Nepal are two examples of coun-
tries that successfully promote biannual micronutri-
ent days with large-scale social mobilisation efforts.
Sustaining the provision of the vitamin A capsules is
also likely to become a problem. Until now, supple-
ments have predominantly been provided by the
Canadian government and supplied through UNI-
CEF, and how long this will be sustained is not
known. The costs for individual governments to
take on are small, however, and the benefits in
terms of lives saved will likely remain enormous
for many decades.

Iron/Folate Supplementation

Although iron deficiency is the most widespread of
nutritional problems, supplementation with iron has
not proven to be a very successful intervention. Glo-
bal policy recommendations to routinely provide
iron/folate supplements for women during preg-
nancy and lactation have changed little in almost
three decades, and all anemic pregnant women
should receive such supplements in almost all con-
texts. Approximately half of the developing coun-
tries in the world are reported to have national iron
supplementation policies. The World Summit for
Children’s goal to reduce anemia in women by
one-third was given little or no priority by the prin-
cipal actors involved such that no progress was
made during the past decade. Anemia still affected
44% of nonpregnant women and 56% of pregnant
women in developing countries at the end of the
twenty first century.

Although there is ample evidence that iron defi-
ciency and the anemia associated with it are a great
burden on society, especially the poor, the advocacy
base for pushing for program implementation is still
weak. The link of iron deficiency to maternal and
child survival has not been concretely proven. The

effect of iron deficiency on cognitive deficits in chil-
dren and on adults later in the life course has been
established. The absolute losses in Southeast Asia
are estimated to be approximately $5 billion
annually, and for India the median value of produc-
tivity losses due to iron deficiency alone is approxi-
mately $4 per capita or 0.9% of gross domestic
product. The efficacy of iron/folate supplements for
controlling anemia is well documented, and there is
a considerable amount of descriptive evidence link-
ing maternal anemia to both low birth weight and
maternal mortality.

Despite high cost-effectiveness, little or no priority
has been given to iron deficiency anemia reduction
programs. At $0.002per tablet, the iron supplement is
relatively cheap, and the cost per disability adjusted life
year of $13 makes the supplementation of pregnant
women with iron a very cost-effective intervention. At
the national level, despite the existence of national poli-
cies, rarely is there a budget for the provision of supple-
ments and/or supervision of iron deficiency anemia
programs. Although UNICEF is a major supplier of
iron/folate supplements to the developing world, the
level of supply is far lower than that believed to be
needed. In the period 1993–1996, 2.7billion tablets
were shipped to 122 countries at a cost of $7.5million
as part of UNICEF assistance to programs aimed at
eliminating maternal anemia. This was less than 5%
of that needed to cover all pregnancies in developing
countries. There have been few, if any, attempts to
gauge the coverage of iron/folate supplements at any
level, be it district, national, or international. Neither
has there been any effort put into creating political
accountability to ensure high coverage.

Many meetings and publications during the past
few decades that have examined the causes and
solutions of iron deficiency anemia conclude that
lack of effectiveness of iron supplementation pro-
grams for anemia control is largely related to pro-
blems with supply of the supplement. Although the
side effects of iron pills are often cited as the reason
why iron supplementation programs do not work,
this rarely seems to be the case. One of the major
causes of nonadherence seems to be lack of under-
standing of the benefits the supplements can bring
among health staff that deliver the tablets. Most of
the program reviews have concluded that where
supportive community-level delivery mechanisms
are put in place that encourage adherence, and the
supply of supplements is ensured, high levels of
coverage can be achieved and sustained. It is often
the case, however, that in health systems in develop-
ing countries, nutrition is everybody’s business and
nobody’s responsibility, and iron supplements have
ended up low on the list of things to do.
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Despite an international consensus that supple-
mentation has a key role to play in the control of
iron deficiency anemia, there are still those that
question such programs. In 1998, a technical con-
sensus meeting on what was needed to solve the
problem of iron deficiency made the recommenda-
tion that although the interventions already existed
for reducing both iron deficiency and iron deficiency
anemia, more work was needed to develop large-
scale programs with packages of interventions
delivered through multiple sectors. Despite the con-
sensus, there are still those who question the advi-
sability of iron supplementation programs,
suggesting that hemoglobin cutoffs may be set too
high and/or that receiving excessive amounts of iron
is dangerous for those who are iron replete. Another
complicating factor is undoubtedly related to the
fact that adequate coverage of iron supplements
alone will not ensure anemia control in many set-
tings. A global review of anemia causality revealed
that perhaps only half of anemia is solely due to iron
deficiency, with other micronutrient deficiencies
such as vitamin A contributing as well. Infections
such as malaria and helminth are also important
causes. Programs to eliminate anemia thus require
packages of interventions, of which iron supple-
ments are but a part.

Zinc Supplementation

There is strong evidence for the efficacy of therapeu-
tic zinc in improving the prognosis of children being
treated for diarrheal disease, and a new WHO/UNI-
CEF recommendation is to give supplemental zinc
for 10 days as part of the treatment of diarrhea. A
pooled analysis of randomized controlled therapeu-
tic zinc trials in children with diarrhea showed that
zinc-supplemented children with acute diarrhea had
a 15% lower probability of continuing diarrhea on
a given day, and in those with persistent diarrhea
there was a 24% lower probability. In addition,
children with persistent diarrhea had a 42% lower
rate of treatment failure or death if zinc supplemen-
ted. The WHO/UNICEF recommendation is to give
zinc in the form of a tablet for 10 days to all children
that are treated for diarrhea. Given that even the
current interventions included in child health pro-
grams for diarrheal disease treatment, such as oral
rehydration therapy, face enormous barriers to
achieving and maintaining high levels of coverage,
the challenge for achieving high levels of coverage of
zinc supplements in the treatment of diarrhea is
likely to be considerable. If these efforts are success-
ful, however, then the impact is likely to be great.

The most effective way to give preventive zinc sup-
plements is an ongoing research question.

Multiple Micronutrient Supplementation

In recent years, the case has increasingly been made
for providing multiple micronutrient supplements
instead of iron supplements for young children and
women of reproductive age in developing countries.
A woman’s or an infant’s diet that is deficient in
iron is likely to be deficient in many other micronu-
trients. Outside of emergency situations, such as
natural catastrophes, famine, and civil strife, poor
dietary quality rather than quantity is the determi-
nant of inadequate micronutrient status among
infants and women. The nutrient-to-energy ratios
of iron, zinc, folate, vitamins B6 and B12, vitamin
A, riboflavin, and calcium are commonly below the
recommended levels needed, assuming energy needs
are met.

Although the incremental cost of distributing a
multiple micronutrient supplement is likely to be
small, the increased benefits may be large. The
main cost of the delivery of a nutrient supplement
for women of reproductive age is not the cost of the
supplement but the cost of the delivery system.
Although it may not be working very well, a deliv-
ery system already exists for the iron/folate supple-
ments that could be used to provide these other
micronutrients. There has been much speculation
about the costs of a multiple micronutrient supple-
ment compared to the iron/folate tablet currently
procured and provided by UNICEF. Adding the
extra nutrients to the iron/folate tablets will not
add more than 20% to the cost of the tablet, as
long as they are procured in bulk on the interna-
tional market, as is the case for the current iron/
folate tablets supplied by UNICEF.

The potential benefits for pregnant women from
improving not only iron and folate but also zinc,
vitamin A, and other antioxidant nutrient status
are likely to be great. Providing women with vitamin
A supplements together with iron supplements has
been shown to improve the hematinic effects of the
iron supplements. The findings that vitamin A sup-
plements to women of reproductive age reduced
maternal mortality by approximately 40% in
Nepal and that zinc supplementation improved
birth weight among poor women in the United
States point to the possible multiple benefits, beyond
anemia reduction, of introducing a multiple micro-
nutrient supplement for use by women in developing
countries.

The composition of a multiple micronutrient sup-
plement for use in trials among pregnant and
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lactating women in developing countries has
recently been agreed on. The proposed formulation
contains physiological doses of the micronutrients
based on the recommended daily allowance (RDA).
The US/Canadian recommendations were used since
they are the most recent and best documented. The
selection of nutrients included in the supplement
was based on evidence of deficiencies, possible con-
sequences of deficiencies for mother and child,
weighing of risks and advantages, and interaction
between nutrients. Furthermore, information about
toxicity levels, cost of nutrients, the size of the
resulting supplement, and possible side effects
related to supplement intake were considered. The
formulation agreed upon includes 15micronutrients
(vitamins A, D, E, B1, B2, B6, B12, and C, niacin, and
folic acid and minerals Fe, Zn, Cu, I, and Se), all at
the RDA level, except for folic acid, which was
included at the 400-mg level—considered sufficient
to prevent neural tube defects if taken
periconceptually.

The multiple micronutrient tablet formulation
for supplementation during pregnancy was devel-
oped with various users in mind. For pregnant
women, the tablet should be taken on a daily
basis for as long as possible during pregnancy. For
lactating women, the supplement should be taken
daily until at least 3months postpartum. The tablet
can also be taken by adolescent girls on a once-
a-week basis as a way of improving micronutrient
status before getting pregnant. Another possible
target group is refugees, who can take the supple-
ment according to their biological state (pregnant
or not) and, in case of severe deficiency, can take
two tablets per day.

Although the supplement is not considered a dan-
gerous product, it was still recommended for use in
trials, with special attention to monitoring and eva-
luation. Tablets of similar composition are regularly
prescribed by physicians and/or purchased by
mothers in developed countries, and they can be
found in the pharmacies of the capitals of most
developing countries and are widely consumed by
the richer segments of the population. Despite the
relative safety of the supplement, it was recognized
that many issues related to multiple micronutrient
supplements remain to be investigated. Research
topics identified included the assessment of risks as
opposed to benefits of regular supplement intake in
environments in which many disease agents are pre-
sent. Factors that influence adherence to tablet
intake were also considered a crucial area for
investigation.

The need to carry out both efficacy and effective-
ness studies of the multiple micronutrient

supplements in various different populations is well
recognized. The need for micronutrient supplemen-
tation in pregnancy is likely to be great because of
widespread maternal malnutrition. However, it has
to be recognized that public health resources are
always limited and priority is given to interventions
that are both efficacious and effective. Proving the
efficacy of multiple micronutrient supplements is
thus essential for being able to advocate for their
widescale use. However, multiple micronutrient sup-
plements are almost always going to be part of a
package of interventions, especially in developing
countries. Indeed, the micronutrient supplements
will likely be most effective as part of a package
that also seeks to control the major diseases afflict-
ing the mothers, be that malaria, sexually trans-
mitted diseases, or intestinal parasites. Being part
of a package obviously makes it difficult in field
conditions to test the relative merits of the indivi-
dual pieces, including the micronutrient supplement.
For these reasons, both ‘plausibility’- and ‘probability’-
based approaches are recommended for measuring
performance of the multiple micronutrient supple-
ments so that experience can be gained on how to
develop programs that promote fetal and infant
growth and it can be determined whether micro-
nutrient supplements are truly efficacious in devel-
oping countries.

UNICEF has incorporated the multiple micro-
nutrient supplements into ongoing programs as
part of an initiative to prevent low birth weight.
A total of 18million infants are born low
birth weight (<2.5 kg) every year, accounting for
approximately 14% of all live births. These
infants are at increased risk of infections; to have
weakened immunity, learning disabilities, and
impaired physical development; and of dying
soon after birth. UNICEF has started promoting
programs to reduce the prevalence of low birth
weight in Indonesia, the Philippines, Vietnam,
China, Bangladesh, India, Pakistan, Nepal, Tanzania,
Mozambique, and Madagascar. Low birth weight
prevention programs are being fashioned to fit
local circumstances, in accordance with the nutri-
tion strategy approved by the UNICEF executive
board. The approach being developed in each coun-
try elaborates on the ‘care for women’ element
of the care initiative that has been devel-
oped to facilitate improvements in caring practices
among families and communities. In addition to
the multiple micronutrient supplements, other
interventions that form part of low birth weight
prevention efforts include promoting increased
child spacing, increased rest and food for the
mother during pregnancy, improved reproductive
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health, deworming, and malaria control during
pregnancy as appropriate. Reducing teenage preg-
nancy rates is also part of the package, but it is a
major challenge since, although the mortality risks
for both the teenage mother and her child are
known to be considerably increased, teenage preg-
nancy rates are very high in most developing coun-
tries. Prepregnancy weight, weight gain during
pregnancy, and birth weight all receive special
attention as the principal evaluative indicators of
program success.

WHO and UNICEF recommend the use of syrup
and/or tablets containing iron for the treatment of
anemia in young children, and such products
are available through UNICEF supply division in
Copenhagen. These products have very little pene-
tration considering the size of the infant anemia
problem in most developing countries, where half
of all children are commonly affected. Despite the
recognition that iron deficiency often coexists with
zinc deficiency, together with inadequate intakes of
other B vitamins (B6, riboflavin, and niacin) in
infant dietaries, there is no multiple micronutrient
supplement available for infants. UNICEF has also
been testing the efficacy of a foodlet (a large
crumbly pastille that is a cross between a tablet
and a food) containing multiple micronutrients
during infancy through the Infant Research on
Infant Supplementation trials. Trials of multiple
micronutrients as preventive supplements are also
being carried out by many different groups using
supplements provided in the form of sprinkles,
tablets, and even as a beverage. Preliminary results
of these trials point to a greater impact on anemia
and enhancement of multiple micronutrient status
by the multiple micronutrient supplements than
that of iron supplements, as well as small improve-
ments in growth.

There is a need to bring all of this broad spectrum
of experimental and programmatic work together to
reach conclusions and achieve consensus before policy
and program recommendations can be made on how
best to include multiple micronutrient supplements in
programs to improve maternal and child health in
developing countries. Whether this happens will
depend on the continued efforts of the agencies inter-
ested in and responsible for promoting maternal and

health, to champion the importance of micronutrient
supplementation in their programs.

See also: Anemia: Iron-Deficiency Anemia. Folic Acid.
Iodine: Physiology, Dietary Sources and Requirements;
Deficiency Disorders. Supplementation: Role of
Micronutrient Supplementation; Developed Countries.
Vitamin A: Biochemistry and Physiological Role. Zinc:
Physiology; Deficiency in Developing Countries,
Intervention Studies.
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In 2004, global sales of dietary supplements
represented a significant business. Worldwide sales
have been estimated at $70–250 billion. The demand
for herbal products worldwide increased at an annual
rate of 8% from 1994 to 2001, although this growth
has slowed in recent years.

Issues and controversies in the dietary supplement
market are related to defining exactly what is a
dietary supplement, understanding how sales and
marketing data are derived, defining the regulatory
environment, safety issues, product quality issues,
labeling and health claim issues, and scientific
evidence for benefit. This article describes some of
these controversies and provides examples to illus-
trate these issues.

How Is the Sales Data Derived?

Global sales have been estimated to be between
$70 billion and $250 billion. This approximately
3-fold difference in estimates is due to the variation
in what products are actually included in product
sales results. As will be discussed, the definition
of dietary supplements varies greatly from country
to country; therefore, deriving sales data is complex.

Another difficulty in assessing sales of dietary
supplements is the source from which sales data
are gathered. Many business surveys rely on only
one or two of the following sales outlets to derive
their results:

� Supermarkets and mass merchandisers
� Natural food and health food stores
� Direct sales from Internet, mail order, practi-

tioners, and multilevel marketing
� Pharmacies and drugstore chains

What Is a Dietary Supplement? How Are
They Regulated in Different Countries?

Each country has developed regulatory definitions
and systems that place dietary supplements, particu-
larly botanicals, into categories of drugs, traditional
medicines, or foods. However, in the late 1980s,
many countries launched major changes in regula-
tions that may or may not have been approved at
the time of this writing. Many regulations are still in
draft form.

The US Congress defined the term ‘dietary sup-
plement’ in the Dietary Supplement Health and Edu-
cation Act (DSHEA) of 1994. A dietary supplement
is a product, taken orally, that contains a ‘dietary
ingredient’ that is intended to supplement the diet.
The dietary ingredient includes vitamins, minerals,
herbs or other botanicals, amino acids, a dietary
substance for use by man to supplement the diet by
increasing the total dietary intake (e.g., enzymes or
tissues from organs or glands), or a concentrate,
metabolite, constituent, or extract. Dietary supple-
ments may be found in many forms, such as tablets,
capsules, softgels, gelcaps, liquids, or powders. They
may also be produced in other forms, such as a
beverage, spread, or bar, in which case information
on the label must clearly state that the product is a
dietary supplement and it is not represented as a
conventional food or a sole item of a meal or diet.

Whatever their form, DSHEA places dietary sup-
plements in a special category under the general
umbrella of ‘foods,’ not drugs, and requires that
every supplement be labeled a dietary supplement
and carry a Supplement Facts Label.

In the United Kingdom, there is a distinct separa-
tion of food supplements and herbal medicines. The
Food Standards Agency developed the Food Stan-
dard Act of 1999 and is responsible for protection
of public health. The Food Supplement Directive
2002/46/EC, which harmonizes European Commu-
nity legislation on food supplements, was published
in 2002. This directive is stricter than existing UK
standards and regulations but is relatively more lib-
eral than what exists in other European countries.
The directive defines the term ‘food supplements,’
contains a list of vitamin and mineral sources that
may be used in the manufacture of food supple-
ments, states labeling requirements, and, in the
future, will provide a framework for maximum
and minimum levels for vitamins and minerals in
food supplements. Herbals and botanicals are not
discussed in this directive.

The Foods Supplement Directive defines a food
supplement as any food the purpose of which is to
supplement the normal diet and which is a concen-
trated source of a vitamin or mineral or other sub-
stance with a nutritional or physiological effect,
alone or in combination, and is sold in dose form.
Dose form means capsules, pastilles, tablets, pills,
and other similar forms, and also powders,
ampoules, drops, or other similar forms of liquids
or powders, designed to be taken in small measured
quantities. Because the directive defines a food
supplement as something to supplement the diet,
products that are not meant to supplement the diet
(e.g., a weight loss product) are outside the scope of
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the regulations. There remains a complex legal area
between food supplements and medicinal products,
although the directive indicates that if a product is
used for treating or preventing disease, or restoring,
correcting, or modifying a physiological function,
then it falls under the Medicines Directive 2001/83/
EEC, Medicines Act 1968, or Medicines for Human
Use Regulations 1994.

The Trans-Atlantic Business Dialogue (TABD)
approved a position statement regarding dietary sup-
plements in 2002. The TABD is a group of corpora-
tions that promote closer commercial ties between
the European Union and the United States. This posi-
tion statement established industrywide consensus on
standards and definition of permissible claims, as well
as defining what is necessary for substantiation of
those claims. In keeping with the Foods Supplement
Directive, the TABD dealt only with vitamins and
minerals, with the understanding that some of the
conclusions may be revisited when warranted for
herbals, botanicals, or other dietary supplements.

Herbal medicines, on the other hand, are regu-
lated by the Medicine and HealthCare Products
Regulatory Agency based in London. A herbal
remedy is defined as

a medicinal product consisting of a substance produced
by subjecting a plant or plants to drying, crushing or
any other process, or of a mixture whose sole ingredi-
ents are two or more substances so produced, or of a
mixture whose sole ingredients are one or more
substances so produced and water or some other inert
substance.

There are two alternative regulatory routes in the
United Kingdom for herbal medicines:licensing and
exemption from licensing requirements:

� Licensed herbal medicines:To receive a product
license prior to marketing, herbal medicines are
required to meet safety, quality, and efficacy
criteria in a similar manner to any other licensed
medicine.

� Herbal remedies exempt from licensing require-
ments:The exemption applies to herbal remedies
meeting certain conditions set out in Section 12 of
the Medicines Act 1968. Section 12 allows a
person to make, sell, and supply a herbal remedy
during the course of his or her business provided
the remedy is manufactured or assembled on the
premises and that it is supplied as a consequence
of a consultation between the person and his or
her patient. Section 12 also allows the manufac-
ture, sale, or supply of herbal remedies where the
processing of the plant consists only of drying,
crushing, or comminuting; the remedy is sold
without any written specification as to its use;

and the remedy is sold under a designation that
only specifies the plant and the process and does
not apply any other name to the remedy.

Canada has been estimated to have approximately
3% of the market share of the global nutritional
market. Health Canada established the Office of
Natural Health Products. Premarket assessment,
labeling, licensing, and monitoring of herbal supple-
ments are items in its mandate. The definition of a
natural health product includes products for the use
in ‘‘diagnosis, treatment, mitigation, or prevention
of a disease, disorder, or abnormal physical state or
its symptoms in humans; restoring or correcting
organic function in humans; or modifying organic
functions in humans, such as modifying those func-
tions in a manner that maintains or promotes
health.’’ These products include homeopathic pre-
parations, substances used in traditional medicine,
a mineral or trace element, a vitamin, an amino
acid, an essential fatty acid or other botanical-,
animal-, or microorganism-derived substance. Foods
are not included in this product category called nat-
ural health products. Canada’s Food and Drugs Act
of 1953 regulates foods and drugs but does not
specifically deal with natural health products. There-
fore, these types of products are regulated as either a
food or a drug depending on the type and concen-
tration of active ingredient and whether claims are
made on the products.

Germany regulates vitamins and minerals as food if
they are sold to complement the nutritive value of the
diet and do not exceed safe levels. However, if the
vitamin or mineral is used for disease treatment or
prevention and is used at pharmacological levels,
then it is considered a drug. Safety and efficacy of
drugs must be established by clinical research. Med-
icinal plants are regulated differently depending on
what plant and in what form it is sold. In general,
extracts of plants are considered drugs and must be
prescribed. Teas, on the other hand, are sold over-
the-counter in pharmacies. Other teas, such as those
that contain alkaloids, must be sold by prescription
only. Beginning in 1980, an extensive analysis of the
literature on more than 300 herbal remedies was
undertaken by the German Kommission E. Approxi-
mately two-thirds of the herbals were listed as safe
and at least minimally effective. The results were
published as a series of monographs by the German
Kommission E, and this body of work was summar-
ized and translated into English by the American
Botanical Council. These substances are generally
purchased at the pharmacy and are reimbursable
through health insurance. One caveat regarding the
German herbal preparations is that they are not likely
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to be the same preparations that are produced by
other countries; thus, the safety and efficacy state-
ments in the Kommission E are only for the prepara-
tions that are prepared in German pharmacies.

Australia regulates therapeutic goods under the
Therapeutic Goods Act of 1989. Therapeutic goods
include vitamins, minerals, plants and herbals, nutri-
tional food supplements, naturopathic and homeo-
pathic preparations, and some aromatherapy. The
Therapeutic Goods Administration (TGA) devel-
oped the Office of Complementary Medicine to
evaluate new substances and products. Basically,
the TGA regulates these therapeutic goods as they
do pharmaceutical products, and thus their criteria
are more rigorous than the criteria of other coun-
tries. Most of the therapeutic goods are ‘generally
listed’ rather than regulated. Listed medicines are
considered to be relatively harmless, so the regula-
tions allow for manufacturers to ‘self-assess’ their
products in some situations. The majority of listed
medicines are self-selected by consumers and used
for self-treatment, and they are all manufactured
with well-known established ingredients, such as
vitamin and mineral products or sunscreens. These
are assessed by the TGA for quality and safety but not
efficacy. This does not mean that they do not work;
rather, it means that the TGA has not evaluated them
individually to determine if they work. It is a require-
ment under the act that sponsors have information to
substantiate all of their product’s claims.

The Japanese Ministry of Health and Welfare does
not define or recognize a distinct category known as
dietary supplements. Instead, there are only two clas-
sifications, food and drugs. In 1993, Japan defined a
group of foods known as Foods for Specific Health
Use (FOSHU). As of 2004, approximately 342 foods
had been approved as FOSHU. The dietary ingredi-
ents are sold in the form of foods, not in the form of
capsules, tablets, or powders.

The herbal supplements market in Japan has been
strongly influenced by the practice of Kampo.
Kampo (or Kanpo) is the adaptation of Chinese
herb formulas to Japanese medicine. Approximately
25 years ago, the Japanese Ministry of Health for-
mally recognized that certain traditional Chinese
herb formulas (and a few formulas of similar nature
developed in Japan) were suitable for coverage by
national health insurance. These formulas are pre-
pared in factories under strict conditions.

In summary, developing global data on dietary
supplement sales depends on how they are defined.
Table 1 summarizes the differences in regulatory
categories of different countries.

Product Quality and Safety Issues

Product quality is an issue derived from the explo-
sive growth of the industry in the post-DSHEA
world. Quality issues revolve around products that
contain wrong ingredients, incorrect claims, contam-
ination, or incorrect amounts—either too much or
not enough.

An example plant misidentification was published
in 1998 by Slifman et al. Two patients were
admitted to hospital emergency rooms with palpita-
tions, vomiting, nausea, and chest pressure, among
other symptoms. Both individuals, having been
admitted 1month apart, had each consumed a pro-
gram of dietary supplements, one containing 14
herbs, a tablet containing 11 herbs, liquid clay, a
bulking powder, and capsules containing microor-
ganisms. Of the five supplements, the one made up
of 14 herbs tested positive for cardiac glycosides.
The investigators determined that Digitalis lanata
was present in the supplement. Digitalis lanata con-
tains cardiac glycosides, which resulted in the car-
diac symptoms. Further investigation revealed that
raw material labeled as plantain (genus Plantago)

Table 1 Regulatory categories of different countries

Country, act Definition

United States, DSHEA Vitamins, minerals, herbal, other botanical, amino acid, enzymes, organs, glands

Europe, Food Supplement Act Vitamin and minerals

United Kingdom, Medicine and Health Care Medicinal plants

Canada, Office of Natural Products Mineral; trace element; vitamin; amino acid; essential fatty acid; botanical-,

animal-, or microorganism-derived substances; homeopathic preparation;

traditional preparations

Germany, Kommission E Vitamin and mineral as both foods and drugs, botanicals (approved and not

approved), teas as prescription and as over-the-counter

Australia, Therapeutic Goods Administration Vitamin and mineral, plants, herbs, nutritional food supplements, naturopaths and

homeopathic preparations, aromatherapies

Japan, Ministry of Health and Welfare No definition of dietary supplements, regulations for foods, drugs, and Kampo
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had been contaminated with D. lanata due to mis-
identification in the field.

Another quality issue that has safety manifestations
was an incorrect claim on a product. PC-SPES, a com-
bination of eight herbs, is claimed to be a nonestro-
genic treatment for prostate cancer. However, several
of the herbs used in this preparation do in fact have
estrogenic activity. In 1998, DiPaola et al. showed a
significant amount of estrogenic activity in both in
vitro (yeast) and in vivo studies (mice and humans)
with PC-SPES. Use of the supplement by men with
prostate cancer resulted in similar side effects as
would develop with estrogen therapy and theoretically
could confound the results of standard therapy.

By law (DSHEA), the manufacturer is responsible
for ensuring that its dietary supplement products are
safe before they are marketed. Unlike drug products
that must be proven safe and effective for their
intended use before marketing, there are no provi-
sions in the law for the US Food and Drug Admin-
istration (FDA) to ‘approve’ dietary supplements for
safety or effectiveness before they reach the consu-
mer. Also unlike drug products, manufacturers and
distributors of dietary supplements are not required
by law to record, investigate, or forward to the FDA
any reports they receive of injuries or illnesses that
may be related to the use of their products. Under
DSHEA, once the product is marketed, the FDA has
the responsibility to show that a dietary supplement
is ‘unsafe’ before it can take action to restrict the
product’s use or remove it from the marketplace.

In 2003, the FDA banned all products contain-
ing ephedra alkaloids. Ephedra-containing pro-
ducts were, until the ban, marketed in
conjunction with enhancing athletic performance
and/or promoting weight loss. Recent studies pro-
vided enough additional evidence that ephedra
presents a significant and unreasonable risk of ill-
ness and injury that the FDA banned all ephedra-
containing products from the market and advised
consumers to stop taking such supplements. Strong
statements were issued cautioning about the use of
ephedra-containing products, especially when
strenuously exercising or in combination with
other stimulants, such as caffeine.

Interactions

An issue that has become of concern is the interac-
tion of dietary supplements with herbs and other
dietary supplements, drugs, foods, lab tests, and
diseases or other conditions. There are literally hun-
dreds of potential interactions that have not yet been
recognized. Both practitioners and consumers must
be aware of the possibilities. In some cases,

knowledge about interactions comes from documen-
ted reports. However, in other cases, the knowledge
is theoretical, based on the pharmacological profile
or mechanism of action of the supplement and the
drug, food, test, or condition. For example, ginkgo
biloba contains ginkgolides in the leaf that competi-
tively inhibit platelet-activating factor (PAF). PAF
inhibition decreases platelet aggregation among
other many other physiological effects. Inhibition
of PAF may increase cardiac contractility and cor-
onary blood flow. Concomitant use of herbs and
supplements that affect platelet aggregation could
theoretically increase the risk of bleeding in some
people due to ginkgo’s effects on platelet aggrega-
tion. Spontaneous hematomas (broken blood ves-
sels) and hemorrhaging in the anterior chamber of
the eye have been reported in ginkgo users, although
it is not known what other drugs or supplements
these individuals were taking.

Herbs and supplements that promote platelet inhi-
bition include angelica, anise, capsicum, celery,
chamomile, clove, fenugreek, feverfew, fish oil, gar-
lic, ginger, horse chestnut, horseradish, licorice,
meadowsweet, onion, Panax ginseng, red clover,
vitamin E, and willow. Similarly, concomitant
administration of drugs, including aspirin, clopido-
grel (Plavix), dalteparin (Fragmin), enoxaparin
(Lovenox), heparin, indomethacin (Indocin), ticlopi-
dine (Ticlid), and warfarin (Coumadin), may
increase the risk of bleeding in some people. This
is just one example of the interactions between
drugs with herbals and herbals with other herbals.
There may be an infinite number of interactions.

Currently, there are no mandated US federal
guidelines to report adverse events or consumer
health complaints associated with the use of dietary
supplements. MedWatch reporting is voluntary. In
2004, the Life Sciences Research Office published a
report, Recommendations for Adverse Event Moni-
toring Programs for Dietary Supplements.

Label Claims

Label claims regarding dietary supplements are a
complex issue that varies from country to country.
Yet no matter what specific claims are allowed or
disallowed by a country, it is reasonable to assume
that any global regulation requires that the claim be
true, not misleading, and be clear to the consumer.
A summary of US label claims follows.

The Nutrition Labeling and Education Act (NLEA)
was passed in 1990 as a result of a pre-1984 FDA
position that prohibited making any therapeutic or
disease-related claims on a food or dietary supple-
ment label. The NLEA permits certain claims
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describing a positive relationship between a supple-
ment and a health-related condition (or disease).
These claims are considered ‘health claims’ in order
to distinguish them from nutrient content claims. A
health claim must be authorized by the FDA, and
the FDA can only authorize a claim if there is
‘‘significant scientific agreement among qualified
experts’’ or by the 1997 amendment that permits a
manufacturer to rely on a statement from an
‘‘authoritative scientific body’’ of the US govern-
ment or the National Academy of Sciences. This is
a rigorous assessment and only 14 claims have been
authorized to date.

In addition to health claims, dietary supplement
labels are permitted to have qualified health claims
or structure-function claims. The rationale behind
the development of a qualified health claim was
the idea that the First Amendment should allow
disclaimers to be considered as solutions to making
claims nonmisleading (Pearson v. Shalala). In other
words, the First Amendment does not allow the
FDA to reject health claims unless it shows that
disclaimers would fail to remedy harm from mis-
leading statements. The criteria for a qualified
health claim were released in 2003 and in this con-
text the FDA will not take enforcement action
against a manufacturer using the following specified
qualifiers provided the FDA is satisfied that the
qualifiers are not misleading:

� ‘‘Although there is scientific evidence supporting
the claim, the evidence is not conclusive.’’

� ‘‘Some scientific evidence suggests . . . . However,
FDA has determined that this evidence is limited
and not conclusive.’’

� ‘‘Very limited and preliminary scientific research
suggests . . . . FDA concludes that there is little
scientific evidence supporting this claim.’’

Qualified health claims for dietary supplements
recognized by the FDA as part of its enforcement
discretion include such examples as the relationships
between phosphatidylserine and cognitive function,
B vitamins and cardiovascular disease, omega-3
fatty acids and cardiovascular disease, selenium
and cancer, and antioxidant vitamins and cancer.

Dietary supplements are not permitted to carry
labeling statements that imply such issues as ‘cure,’
‘mitigate,’ ‘treat,’ or ‘prevent disease’ because these
statements are considered within the definition of a
drug and drugs are subjected to a rigorous premar-
ket approval process. However, under DSHEA,
structure–function claims are permitted on dietary
supplements because dietary supplements may have
effects on the structure or function of the body with-
out the implication that they act as a drug and/or are

related to disease. Structure–function claims include
those that describe the role of the dietary supple-
ment in affecting the structure or function in
humans or the documented mechanism in which a
dietary supplement acts to maintain such structure
or function. In addition, dietary supplement label
claims allow statements of benefits related to classi-
cal nutritional deficiency or statements regarding the
general feeling of well-being derived from
consumption.

Potential Benefits of Dietary
Supplements

The 2000 Dietary Guidelines for Americans (new
release due 2005) emphasizes choosing foods sen-
sibly, maintaining a healthy weight, and exercising
regularly. It acknowledges that some people may
need a vitamin–mineral supplement to meet specific
needs. Similarly, the Food and Nutrition Board and
the American Dietetic Association also recognize
that dietary supplements may be desirable for
some nutrients and for some individuals. The fol-
lowing is a compilation of recommendations by
these groups:

� Folic acid supplements for women of childbearing
age due to the risk of neural tube defects

� Vitamin B12 supplements for people older than
age 50 years due to inefficient absorption

� Vitamin B12 supplements for vegans who eat no
animal products

� Calcium for people who seldom eat dairy
products

� Vitamin D for elderly people who do not consume
fortified dairy products and for others with little
exposure to sunlight

� Iron supplementation for pregnant women
� Multivitamin–mineral supplement for people who

are following a severely restricted weight-loss diet

Specifically for athletes, the position of the American
Dietetic Association, Dietitians of Canada, and
the American College of Sports Medicine is that
physical activity, athletic performance, and recovery
from exercise are enhanced by optimal nutrition.
These organizations recommend appropriate selec-
tion of food and fluids, timing of intake, and supple-
ment choices for optimal health and exercise
performance. In sports, athletes who are at greatest
risk of micronutrient deficiencies are those who
restrict energy intake or use severe weight-loss prac-
tices, eliminate one or more food groups from their
diet, are sick or recovering from injury, or consume
high-carbohydrate diets with low micronutrient
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density. In practice, athletes should consume diets
that provide at least the RDAs/DRIs for all micro-
nutrients from food. It follows that, in general, no
vitamin and mineral supplements are required if an
athlete is consuming adequate energy from a variety
of foods to maintain body weight. Supplementation
may be necessary under conditions of inadequate
food intake. Athletes, as for the general population,
should follow supplementation recommendations
unrelated to exercise, such as folic acid in women
who may become pregnant.

Conclusions

One of the difficulties in assessing the nature of the
worldwide dietary supplement industry and its reg-
ulations is largely in understanding what products
are considered dietary supplements. In the United
States, only pills, capsules, tablets, and the like are
considered dietary supplements. Globally, it is some-
times difficult to discuss dietary supplements with-
out discussing functional foods or nutraceuticals.
Functional foods are similar in appearance to con-
ventional foods but have demonstrated physiological
benefits beyond the traditional nutritional value.
Nutraceuticals may to go so far as to declare not
only health benefits but also medical benefits that
reduce the risk of chronic disease beyond basic
nutritional functions. Canada regulates functional
foods, nutraceuticals, and dietary supplements
under one regulatory agency. The United States
clearly distinguishes between foods and dietary sup-
plements, although both fall under the category of
food, which is distinct from drugs. The United King-
dom distinguishes between herbal medicines and
dietary supplements containing vitamins and miner-
als. Japan regulates functional foods as FOSHU and
has no regulatory definition for dietary supplements
as defined in the United States. Moreover, these
regulations are in a constant state of flux as the
industry changes and develops over time. Issues
that must be monitored regarding dietary supple-
ments consumption are product quality and poten-
tial harmful interactions among supplements, foods,
and drugs. Health claims that have been approved
by regulatory agencies worldwide stress that the
claims be truthful, clear, and not misleading to the
ultimate consumer. Current scientific expertise
acknowledges that dietary supplements, specifically
some of the vitamins and minerals, have potential
benefits in certain populations.

See also: Folic Acid. Supplementation: Role of
Micronutrient Supplementation; Developing Countries;
Developed Countries.
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Introduction

Globally, almost two billion people (one-third of the
human race) are affected by vitamin A, iron, iodine,
and/or zinc deficiencies that put them at an increased
risk of poor growth, morbidity, intellectual impair-
ment, and/or mortality. Since the mid-1980s
micronutrient supplementation has been a major
public-health strategy in developing countries to
prevent and control deficiencies in vitamin A, iron,
and, to a lesser extent, iodine. More recently, zinc
supplementation has come to be considered as an
efficacious adjunctive therapy for diarrhea in popula-
tions with an elevated risk of zinc deficiency. This
article will define micronutrient supplementation,
examine the role of supplementation as a strategy
for the prevention and control of micronutrient defi-
ciencies, and examine evidence for vitamin A, iron,
iodine, and zinc supplementation interventions with
respect to efficacy, recommended dose, frequency of
administration, safety, and program effectiveness.

Definition of Micronutrient
Supplementation

Supplementation refers to the provision of added
nutrients in pharmaceutical form (such as capsules,
tablets, or syrups) rather than in food. Micronu-
trients are substances required by the body in small
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amounts for vital physiological functions. They can-
not be synthesized by the body and therefore must
be consumed in foods and/or in supplements.

Choice of Interventions

Micronutrient supplementation is one of three major
categories of nutrition intervention strategies – the
other two being fortification and dietary change.
The choice of strategy or mix of strategies will
depend on multiple factors including the magnitude,
severity, and distribution of the micronutrient defi-
ciency in the population, the relative intervention
efficacy, the in-country resources available to deliver
the intervention to the target group effectively, the
target groups’ acceptance of the intervention, and
the ability to sustain the intervention.

The theoretical relative advantages of micronutrient
supplementation over fortification and dietary-
improvement interventions include rapid coverage of
a high-risk population, the ability to provide directly a
controlled and concentrated dose of the micronutri-
ent(s) to the target group, an immediate impact on
micronutrient status and associated functional out-
come(s), the relatively low cost of training workers
compared with nutrition counselling for diet improve-
ment, and high coverage if supplements are delivered
using existing services that already reach a high pro-
portion of the target group. Most supplementation
programs have been shown to be cost-effective in
achieving their nutritional goals and health impacts,
although sustaining large-scale programs over the
long-term may be more costly than either fortification
or dietary improvement.

Generally, prophylactic micronutrient supplemen-
tation is intended as a short-term means of rapidly
preventing nutrient deficiency in high-risk individ-
uals and populations until adequate and sustain-
able food-based programs become effective.
However, in many cases, supplementation programs
may be the only effective means of reaching specific
vulnerable groups, particularly those who have lim-
ited or no access to processed fortified foods or
those, such as young children and pregnant
women, who have high micronutrient requirements
that may not be met even with fortification and
dietary-improvement interventions. In these situa-
tions and populations, supplementation should be
sustained over a longer period until nutrient intake
from fortified and non-fortified food is adequate.

Based on experiences from vitamin A, iron, and
iodine supplementation programs, the key limita-
tions of supplementation are inadequate targeting
or coverage (where deficient individuals are missed
or reached irregularly), an inability to sustain high

coverage over long periods of time as financial,
political, or other health priorities change, and
poor compliance by target individuals who are
expected to take a daily supplement for extended
periods of time (e.g., iron supplementation during
pregnancy). As illustrated in Figure 1, in many coun-
tries – particularly those with high regional variabil-
ity in socio-economic status, food availability, and
market-access – a mix of strategies, rather than any
single strategy, is more likely to reach a greater
proportion of the at-risk population.

Cost of Micronutrient Interventions

The World Bank’s World Development Report 1993
found micronutrient programs to be among the most
cost-effective of all health interventions. The cost of
micronutrient supplementation needs to be balanced
against the cost of other food-based and public-
health interventions as well as against the cost of
not addressing the insidious effects of micronutrient
deficiencies. Costs are likely to vary depending on
the scope of the program, existing delivery mecha-
nisms, the nutrient involved, and other factors.
Based on World Bank estimates, the costs of vitamin
A, iron, and iodine supplementation programs are
relatively modest, ranging from US$0.20 to US$1.70
per beneficiary per year. These costs are slightly higher
than the estimated relative costs of fortification
(US$0.05–0.15 per beneficiary per year) but are consid-
erably lower than the unit costs of education programs
(US$5–10) and feeding programs (US$70–100 per
beneficiary per year).

At-risk population

SupplementationFortification

Dietary
improvement

Figure 1 Micronutrient supplementation in combination with

other nutrition-focused interventions to prevent micronutrient

deficiencies in a target population.
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Prophylactic Micronutrient
Supplementation

Micronutrient supplementation has been the method
of choice for the treatment of severe clinical nutrient
deficiencies for several decades. Prophylactic supple-
mentation, however, gained wider acceptance only
in the late 1980s with the publication of results from
a randomized trial in Aceh, Indonesia, showing a
34% reduction in young-child mortality among pre-
schoolers given vitamin A supplements. The intro-
duction of routine vitamin A supplementation to
preschool children in developing countries has
encouraged this approach and the development of
other micronutrient supplementation programs.
Each single-nutrient or multiple-micronutrient sup-
plementation strategy should be evaluated separately
for efficacy, feasibility, safety, cost, and appropriate-
ness for the cultural and political context in which it
will be implemented.

Vitamin A Supplementation

Periodic distribution of high-dose vitamin A supple-
ments, either universally to all preschool children or
to targeted high-risk groups, has been the most
widely practiced intervention for the prevention
and treatment of vitamin A deficiency throughout
the world. Giving a high dose of vitamin A every
4–6months is based on the assumption that vitamin
A is stored in the liver and mobilized, as needed, to
meet the demands of target tissues. This is in con-
trast to iron supplements, which need to be given on
a daily or weekly basis.

Efficacy of Prophylactic Supplementation

Preschool children Giving children living in areas
where vitamin A deficiency is prevalent a large dose
(i.e., 200 000 IU or 60mg Retinol Equivalent (RE))
of vitamin A every 4–6months has been shown to
reduce the risk of both noncorneal and corneal xer-
opthalmia by 90%, increase serum retinol levels for
1–2months following supplementation, and reduce
young-child mortality by an average of 23% when
coverage levels of at least 80% are achieved in defi-
cient populations. In populations deficient in vita-
min A, prophylactic supplementation of preschool
children is one of the most cost-effective public-
health interventions to improve the survival of chil-
dren aged between 6months and 6 years.

Post-partum women High-dose vitamin A supple-
mentation is also recommended for post-partum
mothers within 6weeks of delivery, when the
chance of pregnancy is remote, because the

physiological demands of pregnancy and lactation
deplete the mother’s vitamin A stores. The provisional
recommendation of the International Vitamin A Con-
sultative Group is to give two doses of 200000 IU at
least 24 h apart to all women living in areas where
vitamin A deficiency is prevalent and to give the sup-
plement as soon as possible after delivery in order to
maximize the beneficial effects on maternal vitamin A
status, breast-milk vitamin A concentrations, and sub-
sequent infant vitamin A status. Spacing the two doses
by at least a day minimizes the risk of raising breast-
milk retinoic acid (a short-lived metabolite of vitamin
A) to potentially toxic levels.

Newborns and young infants Two randomized
controlled trials in Asia that provided 50000 IU of
vitamin A to infants in the first 2 days of life found
significant reductions in infant mortality among the
vitamin A supplemented newborns. A third, confirma-
tory, trial is currently underway in Bangladesh, which,
depending on the findings, may lead to newborn dos-
ing recommendations. The current World Health
Organization (WHO) recommendation is to provide
50000 IU of vitamin A to infants with each of the three
doses of diphtheria, pertussis, and tetanus at 6, 10, and
14weeks of age to improve vitamin A status. Further
trials, however, are needed to confirm the benefit of
implementing this recommendation for early infant
vitamin A status, morbidity, and survival.

Pregnant women Where maternal night blindness or
biochemical vitamin A deficiency is highly prevalent,
prophylactic supplementation with up to 10000 IU
daily or 25000 IU weekly has been given safely.
The efficacy of low-dose maternal supplementation is
still under investigation, but a recent community-
based randomized placebo-controlled study in Nepal
reported a 40% reduction in pregnancy-related
maternal mortality among women given low doses
of vitamin A or �-carotene, provided as a weekly
supplement, during pregnancy and for 3months
post-partum. This is the first trial to link vitamin A
supplementation and maternal survival. Confirma-
tory efficacy trials are underway in Bangladesh and
Ghana and should provide guidance on future mater-
nal vitamin A supplementation recommendations.

Form of Supplement

Vitamin A in the form of a gelatinous capsule is the
overwhelming choice of delivery mode used in large
public-health programs, although there are reports of
the successful use of liquid vitamin A in a bottle using
a calibrated dispenser. Vitamin A has also been dis-
pensed from an inhalation device in children with
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parasitic infections as an alternative delivery mode in
the very small number of children who exhibit
extreme intestinal malabsorption of vitamin A.

Safety

High doses of vitamin A are safe and well accepted
by preschool children, although evidence from pro-
gram evaluations and a randomized trial in the
Philippines suggests that up to around 9%of preschool
children may experience acute transient side-effects
including nausea, vomiting, headache, and/or fever
after dosing. Most episodes begin within 24 h of
capsule receipt and resolve spontaneously within
12–24 h of onset.

Earlier animal experiments linked high doses of
vitamin A to birth defects; however, experimental
data proving the teratogenic effect of vitamin A in
pregnant women are limited and, for ethical reasons,
very difficult or even impossible to obtain rigor-
ously. Nonetheless, high doses of vitamin A should
be avoided during pregnancy because of the theoret-
ical risk of teratogenesis.

Delivery Mechanisms

There are a variety of ways to deliver high-dose
vitamin A supplements to at-risk populations
including restricting delivery to clinic settings for
treatment purposes, integrating delivery with exist-
ing services such as immunization contacts or rou-
tine growth monitoring, or universal delivery, to
attain the widest coverage of preschool children,
through semi-annual campaigns that specifically
promote vitamin A capsule distribution or that
are combined with other national programs such
as national immunization days or child-health
weeks. Each delivery mode has advantages and
disadvantages. Restricted delivery targets those
most likely to be deficient in vitamin A and
requires few additional resources (apart from the
supplements); however it may result in poor cover-
age if those who are most at risk do not regularly
access health clinics. ‘Piggy-backing’ vitamin A
distribution onto existing community services can
be cost-effective but may also miss the children at
greatest risk of vitamin A deficiency if their access to
and use of these services is limited. Finally, universal
distribution requires strong community mobilization
and social marketing to attain coverage levels of at
least 80%. Sustaining this coverage level every 4–
6months can be challenging, but there are numerous
examples of countries where such levels have been
sustained for at least 5–8 years.

Iron Supplementation

Globally, supplementation with iron tablets is the
most widely used strategy for the prevention and
control of iron-deficiency or anemia in pregnancy.
Pregnant women require nearly three times as much
iron as non-pregnant women owing to the physiolog-
ical demands of pregnancy (expanded red-blood-cell
volume, the needs of the fetus and placenta, and
blood loss at delivery). This high requirement is
unattainable by most pregnant women in developing
countries, especially those who struggle to meet the
1.5mgday�1 requirement when not pregnant, and
therefore iron supplementation is recommended dur-
ing pregnancy.

Efficacy

Pregnancy The rationale for iron supplementation
during pregnancy in developing countries is based
on a combination of considerations including the
high prevalence of anemia in pregnancy (the major-
ity of which is probably associated with iron defi-
ciency), carefully conducted trials that show that
consuming iron tablets during pregnancy improves
maternal iron status, the higher maternal morta-
lity risks associated with severe anemia, and the
postulated risks of iron deficiency in pregnancy
(i.e., increased risk of fatigue, cardiovascular stress,
impaired resistance to infection, and poor tolerance
to heavy blood loss and surgical interventions at
delivery) and for fetal development. Although evi-
dence supports the efficacy of iron supplementation
in improving the iron status of pregnant women, no
trials have examined the impact of iron supplemen-
tation on maternal mortality in severely anemic
women. Also, there is a lack of causal evidence
from controlled studies linking mild-to-moderate
iron-deficiency anemia – which is much more pre-
valent than severe anemia – with an increased risk of
low birth weight, preterm delivery, or obstetrical or
perinatal complications.

Infancy Iron supplementation in infants is sometimes
advised to prevent iron deficiency, even in populations
with a relatively low prevalence of iron-
deficiency anemia. The US Institute of Medicine, for
example, recommends iron drops for exclusively
breast-fed infants between 4 and 6months of age.
There is ample evidence from well-designed and con-
trolled studies to show that iron supplementation in
infancy significantly improves hemoglobin and ferritin
levels, and studies are currently investigating the
impact of iron supplementation on dimensions
of cognitive development. The benefits and risks
of infant iron supplementation, however, remain
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controversial, particularly in iron-replete children.
This is because, although iron is an essential nutrient
for adequate infant growth, immune function,
and development, it may also contribute to a
greater risk of infection if the excess iron increases a
pathogen’s access to free iron for its own growth
and reproduction. Some studies have reported a higher
prevalence of diarrhea in iron-supplemented infants,
which calls into question the appropriateness of exist-
ing hemoglobin and ferritin cut-offs for defining true
deficiency in infants and points to the need to clarify
the cut-off issue in order to determine an appropriate
age for starting iron supplementation.

Low-birth-weight infants Low-birth-weight infants
are born with low iron stores and have higher iron
requirements for growth. Their iron needs cannot be
met from breast milk alone, and, therefore, they are
a priority target for iron supplementation.

Preschooler and school-age children Several, but
not all, placebo-controlled supplementation trials
have demonstrated that iron supplements improve
hemoglobin concentrations in preschoolers in devel-
oping countries, and there is substantial evidence
that iron supplementation of anemic children
improves their school performance and verbal and
other skills.

Dose

The WHO has published global guidelines for iron
supplementation and recommends daily prophylac-
tic iron supplementation with 60mg of iron for all
women in developing countries in the second and
third trimesters of pregnancy (Table 1). In other
countries, iron supplementation is recommended
only for women with proven iron-deficiency anemia
(in Great Britain) or for women with low pre-
pregnancy iron stores (in Canada). The efficacy of
maternal iron supplementation increases with daily
iron doses of up to 60mg. The WHO also recom-
mends providing low-birth-weight infants with sup-
plemental iron drops from 2months of age.

Multiple Micronutrient Supplements with Iron

Currently, folic acid is added to most iron supple-
ments for women of fertile age because it reduces
the risk of neural-tube defects and because lack of
folic acid may limit the hemoglobin response to iron
supplements. In the absence of these nutrients such as
vitamin A, vitamin B12, and riboflavin may also limit
the efficacy of iron supplements, and studies are
underway to assess the effect of multiple micronu-
trient supplements on anemia.

Safety

Iron supplements can cause unpleasant gastrointestinal
symptoms (e.g., nausea, constipation, vomiting, and
diarrhoea), which may contribute to poor compliance,
but these usually occur at higher doses. When iron
tablets are taken with meals or if slow-release tablets
are used, any side-effects may be mitigated. Complica-
tions of excessive iron storage, including hemochroma-
tosis and hemosiderosis, are possible but uncommon in
women consuming iron tablets. Another potential dan-
ger of iron supplements is accidental overdosing by
children in the home, and therefore supplements should
be kept out of the reach of children.

Frequency

A perceived concern about the side-effects, compliance,
and potential toxicity of a daily regimen of iron supple-
mentation generated research to assess the relative effi-
cacy of weekly versus daily supplementation in
pregnant women, adolescents, and children. A review
of these studies concluded that both daily and weekly
iron supplementation reduces the prevalence of iron
deficiency and anemia, daily supplementation is more
effective than weekly supplementation in increasing
hemoglobin and ferritin, and while daily supplementa-
tion produces only a slightly higher average hemo-
globin response (approximately 2g l�1) than weekly
supplementation, its relative impact on reducing anemia
risk is 34%, largely because daily supplementation is
more effective at increasing low hemoglobin
concentrations.

From the results of two other studies, in
Bangladesh and Indonesia, that carefully monitored
the number of iron tablets consumed, it appears that
the size of the hemoglobin response to iron appears
to depend on the total amount of iron consumed. In
these studies, most of the hemoglobin response
was produced by the first 20–50 tablets consumed.
But more research is needed before recommen-
dations can be made about consuming a fixed
number of tablets over a defined period of time
while permitting flexibility about the consumption
interval (i.e., daily, two or three times per week,
weekly, etc.).

Taken together, the available evidence suggests
that iron supplements should be taken daily to
treat iron-deficiency anemia, especially in pregnant
women. Weekly supplementation may offer a more
feasible preventive strategy, particularly if it reduces
costs, improves compliance, and reduces side-effects;
however, more information is needed to assess the
relative effectiveness of daily versus weekly supple-
mentation under program conditions.
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Form of Iron

In tablets, the most common form of iron is ferrous
sulphate (which contains 20% iron), but ferrous
fumarate (33% iron) and ferrous gluconate (12%
iron) are also used. Infant supplements are usually
in liquid form and more costly, but when crushed or
mixed with food, tablets can also be used.

Effective Iron-Supplementation Programs

Reviews of large-scale iron-supplementation pro-
grams in developing countries have reported limited
effectiveness in reducing maternal anemia. The lim-
ited effectiveness is often attributed to implementa-
tion constraints including low compliance, short
intervention duration, inadequate supplement supply,

Table 1 Micronutrient supplementation: target groups and prevention schedules

Micronutrient Target group Dosage Frequency and duration

Vitamin Aa Children at risk of vitamin A deficiency

<6months 50000 IU One dose at 4, 10, and

14weekse

6–11months 100 000 IU One dose every 4–6

monthsf

1–5 years 200 000 IU One dose every 4–6

months

Post-partum women 400000 IUg One dose before 8weeks

post-partum

Iron (plus folate)b Pregnant women (living in areas where

anemia prevalence is less than 40%)

60mg iron and

400mg folic acidi
Daily for 6monthsh in

pregnancy

Pregnant women (living in areas where

anemia prevalence is at least 40%)

60mg iron and

400mg folic acidi
Daily for 6monthsh in

pregnancy, and continuing

to 3months post-partum

6–24-month-old children of normal birth

weight (living in areas where the

prevalence of anemia in children is less

than 40%)

12.5mg iron and

50mg folic acid

Daily to 6–12months of age

6–24-month-old children of normal birth

weight (living in areas where the

prevalence of anemia in children is

greater than or equal to 40%)

12.5mg iron and

50mg folic acid

Daily to 6–24months of age

2–24-month-old children of low birth

weight (less than 2500g)

12.5mg iron and

50mg folic acid

Daily to 2–24months of age

Iodinec Pregnant women in areas where iodine

deficiency is endemici
300–480mg One dose annually

Non-pregnant fertile womenj 400–960mg One dose annually

Children in areas where iodine deficiency

is endemicj
240mg iodine One dose annually

Zincd Children with persistent diarrheak 10–20mg Daily for 14 days

Children with an elevated risk of zinc

deficiency; children who are severely

stunted, or have low plasma zinc, or both

Further research needed on relative efficacy of

different frequencies and doses

aAdapted from World Health Organization (1997) Vitamin A Supplements: A Guide to Their Use in the Treatment and Prevention of

Vitamin A Deficiency and Xerophthalmia, 2nd edn. Geneva: World Health Organization.
bAdapted from Stoltzfus RJ and Dreyfus JL (1998) Guidelines for the Use of Iron Supplements to Prevent and Treat Iron Deficiency

Anemia. INACG ILSI Press, Washington DC.
cAdapted from World Health Organization (1996) Safe Use of iodized oil to prevent iodine deficiency in pregnant women – a Statement

by the WHO. Bulletin of the World Health Organization 74: 1–3.
dAdapted from the recommendations of an expert group: Fontaine O (2001) Effect of zinc supplementation on clinical course of acute

diarrhoea. Journal of Health Population and Nutrition 19: 339–346.
eGive at the time of each of the three diphtheria–pertussis–tetanus vaccinations.
fImmunization against measles provides a good opportunity to give one of these doses.
gProvisional recommendation of the International Vitamin A Consultative Group, Annecy, France, 30 October–2 November, 2000.
hIf 6months’ duration cannot be achieved in pregnancy, continue to supplement during the post-partum period for 6months or increase

the dose to 120mg iron in preganancy.
iWhere iron supplements containing 400mg of folic acid are not available, an iron supplement with less folic acid may be used.

Supplementation with less folic acid should be used only if supplements containing 400 mg are not available.
jWhere access to iodine-fortified salt is limited and immediate attention is needed.
kIn areas where there is an elevated risk of zinc deficiency in the population.
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or poor coverage of pregnant women. For iron-
supplementation programs to achieve improved effec-
tiveness, careful attention must be given to ensuring an
adequate supply of iron tablets at the distribution
points, access of pregnant women to the distribution
points, promotion of the benefits of iron supplementa-
tion, counselling about managing possible side-effects,
and communication strategies to encourage pregnant
women to consume the supplement.

Iodine Supplementation

Salt iodization is the recommended means of
population-based intervention to prevent and con-
trol iodine deficiency disorders, but, in isolated com-
munities with an urgent need for iodine prophylaxis,
direct supplementation of priority groups can be
rapidly implemented as an interim measure while
salt iodization is being established.

Efficacy

Intramuscular iodine injections Numerous studies
have confirmed that iodine supplementation by
injection before a woman becomes pregnant can
prevent endemic cretinism and that a single injection
can prevent goitre for up to 3–4 years. Other docu-
mented benefits of maternal supplementation observed
in several controlled studies include reduced infant and
young-child mortality, improved birth weight, and
better manual function in children born to iodine-
supplemented mothers.

Oral iodized oil Although efficacious, injections of
iodized oil have largely been replaced by oral
iodized oil owing to the concern over the AIDS
pandemic and use of needles as well as the higher
cost of supplies (syringes) and personnel (skilled
injectors). Oral delivery of iodized oil appears to
be as effective as intramuscular injection but is less
costly, carries no infection risk (through a contami-
nated needle), is painless, and can be administered
by untrained personnel. Oral iodized oil is consid-
ered to be safe for pregnant women and can be given
at any time during pregnancy; however, it appears
to protect against moderate and severe neurological
abnormalities in the infant only when given during
the first two trimesters. The best outcomes are likely
to occur when supplementation is given during the
first trimester, but even if it is given in late preg-
nancy or to the infant after birth slight improvements
in brain growth and developmental quotients, but not
neurological status, are evident.

Dose

Owing to the fact that damage to the developing
brain is the most severe consequence of iodine defi-
ciency, women of child-bearing age and children are
the first priorities for receiving iodized oil. Recom-
mendations are to give a single dose of 460mg of
iodine to all females below the age of 40 years. A
single annual dose of 240mg of iodine appears to be
adequate for children. Larger doses do not necessa-
rily provide longer protection because of increased
urinary loss after administration. It is possible that
smaller more frequent doses may be more effective,
although this issue requires further study. Evidence
from studies using 200–500mg of iodized oil sug-
gests that the protective effect lasts for between
6months and 2 years.

Safety

Oral iodine supplementation is safe, although side-
effects can include transient submandibular swelling
and subclinical hypothyroidism.

Zinc Supplementation

During the past decade, zinc supplementation has
received increasing attention as results from research
trials reveal the extent of zinc deficiency in developing
countries and the role of zinc supplementation in reduc-
ing intrauterine growth retardation and disease inci-
dence and severity and improving children’s cognitive
development, growth, and survival. However, most of
what is known about zinc supplementation is based on
the results of research trials and not of large-scale
programs that deliver zinc supplements.

Efficacy

Diarrhoea and pneumonia Short-term treatment of
diarrhoea and possibly pneumonia with zinc supple-
mentation has proven efficacious in numerous rando-
mized controlled trials. A pooled analysis of nine
randomized controlled trials reported an 18% lower
incidence and a 25% reduction in prevalence of diar-
rhoea in zinc-supplemented children regardless of age,
baseline zinc status, wasting prevalence, or sex, sug-
gesting that zinc supplementation may benefit many
subgroups of children living in areas at high risk of zinc
deficiency. Studies have also investigated the efficacy
of a combination of micronutrients given together
with zinc and have shown that zinc alone is just as
efficacious as a multiple micronutrient that includes
zinc in reducing the severity of acute diarrhoea.

There is growing evidence that zinc supplementation
reduces the risk of pneumonia. A pooled analysis of five
randomized controlled trials reported a 34% reduction
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in the incidence of pneumonia in zinc-supplemented
children, but evidence from three short-course zinc-
supplementation trials suggests a non-significant
reduction in the incidence of pneumonia and in hospi-
talization rates for acute lower respiratory infection.

Other outcomes Evidence from a limited number of
trials suggests a potential benefit of zinc supplementa-
tion on morbidity related to Plasmodium falciparum
infections, child survival, weight gain in low-birth-
weight infants and severely malnourished children,
length gain in stunted children, and a host of maternal
health and pregnancy outcomes; however, more
research is required to determine the benefits of a
large-scale zinc-supplementation program targeted at
groups of infants, children, and pregnant women.

Dose

There is a need for systematic studies to determine
the appropriate dose of supplemental zinc for pre-
venting zinc deficiency in different age groups and
under different clinical conditions. However, based
on therapeutic studies, giving zinc supplements
in doses ranging between one and four times
the recommended dietary allowance per day
(15mg.day�1 for children aged less than 1year, and
20–30mg.day�1 for children aged more than 1 year)
for 14days is efficacious in reducing the severity of
diarrhoea and the duration of the episode signifi-
cantly. In hospitalized children, zinc can be given as
two or three divided doses each day, although in com-
munity interventions a single dose of 20mg.day�1

appears both safe and efficacious. Studies are under-
way to determine the feasibility and efficacy of adding
zinc to oral rehydration solution.

Form of Zinc

There are many zinc compounds that can be used to
produce zinc supplements. They differ in color (from
colorless, to white, grey, or yellowish white), taste (bit-
ter, astringent, slightly sour, or bitter), odour (odourless,
vanilla odour, or faint odour of acetic acid), solubility in
water (insoluble, slightly soluble, or soluble), cost, side-
effects, and safety. Water-soluble compounds (e.g., zinc
acetate, zinc sulfate, and zinc gluconate) are more easily
absorbed and therefore preferred. Zinc supplements
have been prepared in flavored syrups, chewable tablets,
single-dose ‘sachets’ to be added to food, as a high-fat
spread to be consumed alone or with other food for
infants and young children, and as dry supplements
(tablets, capsules, or powders) alone orwith other nutri-
ents. The choice of supplement form will depend on the
age of the target group, preference, and whether other
nutrients will be included.

Effectiveness of Zinc-Supplementation Programs

There is little information about the effectiveness of
zinc-supplementation programs implemented on a
large scale. There is a need to conduct such studies
to assess the best ways to deliver zinc supplements to
children with diarrhoea, paying particular attention
to the feasibility, sustainability, and cost-effectiveness
of different zinc-delivery mechanisms.

Summary

The feasibility of micronutrient supplementation and
the degree to which it should be pursued in combina-
tion with other strategies to prevent and control micro-
nutrient deficiencies depend on the local needs,
resources, capabilities, commitment, and evidence of
benefit. The successful prevention and control of vita-
min A, iron, and zinc deficiencies will probably result
from a combination of repetitive distribution of high-
dose nutrient supplements, fortification of staple
foods, and behavioral change, whereas fortification
of salt alone with iodine has already achieved much
success in combating iodine deficiency disorders. The
adoption of supplementation approaches should be
guided by evidence of a need for targeting, impact
potential, costs, and potential sustainability.

See also: Folic Acid. Iodine: Physiology, Dietary
Sources and Requirements; Deficiency Disorders.
Supplementation: Developing Countries; Developed
Countries. Vitamin A: Deficiency and Interventions.
Zinc: Deficiency in Developing Countries, Intervention
Studies.

Further Reading

Allen LH (2002) Iron supplements: scientific issues concerning

efficacy and implications for research and programs. Journal
of Nutrition 132(suppl 4): 813S–819S.

Angermayr L and Clar C (2004) Iodine supplementation for pre-

venting iodine deficiency disorders in children (Cochrane

Review). In: The Cochrane Library, Issue 2, 2004. Chichester:
John Wiley & Sons, Ltd.

International Zinc Nutrition Consultative Group (IZiNCG)

(2004) Assessment of the risk of zinc deficiency in populations

and options for its control. Hotz C and Brown KH (eds.) Food
and Nutrition Bulletin 25(suppl 1): S91–S204.

Mahomed K (2004) Iron and folate supplementation in pregnancy

(Cochrane Review). In: The Cochrane Library, Issue 2, 2004.

Chichester: John Wiley & Sons, Ltd.
Mahomed K and Gülmezoglu AM (2004) Maternal iodine sup-

plements in areas of deficiency (Cochrane Review). In: The
Cochrane Library, Issue 2, 2004. Chichester: John Wiley &
Sons, Ltd.

Sommer A and West KP Jr (1996) Vitamin A Deficiency:
Health, Survival and Vision. New York: Oxford University

Press.

SUPPLEMENTATION/Role of Micronutrient Supplementation 379



Stoltzfus RJ and Dreyfuss ML (1998) Guidelines for the Use of
Iron Supplements to Prevent and Treat Iron Deficiency Ane-
mia. International Nutritional Anemia Consultative Group

(INACG)/WHO/UNICEF. Geneva: World Health

Organization.

World Health Organization (1996) Safe use of iodized oil to
prevent iodine deficiency in pregnant women: a statement by

the World Health Organization. Bulletin of the World Health
Organization 74: 1–3.

World Health Organization (1997) Vitamin A Supplements: A
Guide to Their Use in the Treatment and Prevention of Vita-
min A Deficiency and Xerophthalmia, 2nd edn. Geneva: World

Health Organization.

380 SUPPLEMENTATION/Role of Micronutrient Supplementation

::.. keydaru.ir ..::



T
THIAMIN

Contents

Beriberi

Physiology

Beriberi
D I Thurnham, University of Ulster, Coleraine, UK

ª 2009 Elsevier Ltd. All rights reserved.

Beriberi is caused by a deficiency of thiamin (also
called thiamine, aneurin(e), and vitamin B1). Classic
overt thiamin deficiency causes cardiovascular, cer-
ebral, and peripheral neurological impairment and
lactic acidosis. The disease emerged in epidemic
proportions at the end of the nineteenth century
in Asian and Southeast Asian countries. Its appear-
ance coincided with the introduction of the roller
mills that enabled white rice to be produced at a
price that poor people could afford. Unfortunately,
milled rice is particularly poor in thiamin; thus, for
people for whom food was almost entirely rice,
there was a high risk of deficiency and mortality
from beriberi. Outbreaks of acute cardiac beriberi
still occur, but usually among people who live
under restricted conditions. The major concern
today is subclinical deficiencies in patients with
trauma or among the elderly. There is also a parti-
cular form of clinical beriberi that occurs in
patients who abuse alcohol, known as the Wer-
nicke–Korsakoff syndrome. Subclinical deficiency
may be revealed by reduced blood and urinary
thiamin levels, elevated blood pyruvate/lactate con-
centrations and �-ketoglutarate activity, and
decreased erythrocyte transketolase (ETKL) activity.
Currently, the in vitro stimulation of ETKL activity
by thiamin diphosphate (TDP) is the most useful
functional test of thiamin status where an acute
deficiency state may have occurred. The stimulation
is measured as the TDP effect.

Epidemiology

Beriberi presents in several different clinical forms
(Table 1). Beriberi became endemic following the
introduction of steam-powered rice mills, which
enabled milled rice to be produced cheap enough so
that almost everybody could afford it and consume it.
It was particularly serious at the end of nineteenth and
the beginning of the twentieth centuries when seasonal
epidemics of wet beriberi occurred with many deaths.
The disease affected mainly the Chinese and Japanese
populations, although outbreaks were reported in
India and among settlers in the New World during
the long cold winters, and the disease was not necessa-
rily confined to rice-eating populations. Where acute
cardiac beriberi occurred, dry beriberi was also present
but usually in the older members of the community.

Milled rice has a thiamin concentration that is
particularly poor (80 mg/100 g), but social conditions
at the time of the large epidemics contributed to the
problems. Bonded labor was common, with workers
living on the work premises most of the time and
paid mainly in the form of rice. In addition, reports
at the time suggest that the rice was of uncertain
freshness and quality, and that it could be so
mouldy, matted, and lumpy that it had to be
remilled and washed, with a further loss of thiamin.
The social conditions prevented natural eating practices
because workers had little money to purchase addi-
tional food and they were dependent on what they
were given. Likewise, badly stored cereals can lose up
to 90% of the thiamin content, and toxins associated
with mould growth have been implicated in causing
sickness that may well precipitate clinical beriberi.

Reports suggest that the acuteness of the outbreak
of beriberi and the interrelationship of thiamin



deficiency with deficiencies of other nutrients prob-
ably had a major role in determining the nature of
the pathological changes and lesions produced. For
example, it is reported that protein energy malnutri-
tion almost always accompanied subacute beriberi,
reflecting the link between impoverishment and
the disease. In contrast, it is also suggested that
severe beriberi more often affected the more active,
stronger, or supposedly better nourished members of
the community. The younger, stronger rickshaw
puller was most likely to suffer severe beriberi.
Likewise, infantile beriberi appeared to affect the
male infant who ‘tended to be overfed.’ This enigma
may be due to thiamin intakes from a diet contain-
ing a high proportion of rice being insufficient to
meet the thiamin requirement posed by the higher
calorie intakes of the more active community mem-
bers. In the case of infantile beriberi, slightly

deficient mothers probably produced milk that was
only marginally adequate in thiamin and/or infants
were given supplements of thiamin-poor rice. It is a
common habit even today for rural mothers to give
very young infants, even beginning at 1week of age,
a bolus of masticated rice to supplement the milk
intake. The inability to match thiamin intake to
energy needs may also explain why nonspecific pyr-
exia was a precipitating factor for beriberi. A 1 �C
rise in body temperature is associated with a 10%
increase in basal metabolic rate. It has been sug-
gested that more than half the mild cases of beriberi
were associated with a nonspecific bout of fever,
and such cases responded less readily to treatment
with thiamin.

Parboiled rice is partially cooked before milling,
and this prevents beriberi because the thiamin is
dispersed through the grain (190 mg/100 g). The
advantages of this were clearly seen in Malaya,
where at the end of nineteenth century there were
large-scale immigrations of young, able-bodied
Chinese to work in the tin mines and Indians to
work on the rubber estates. In both cases, immi-
grants often lived in remote regions where there
was little opportunity to purchase local food and
they were dependent on imported rice. It was the
Chinese who, because of their dietary preference for
milled rice, died in enormous numbers.

Although ways of avoiding the disease were
known to the Japanese navy at the end of the nine-
teenth century, since the director general of the
medical department had demonstrated that the dis-
ease was almost eradicated if the traditional rice diet
was supplemented with fish, vegetables, meat, and
barley, this information was not widely available,
and supplementation was not feasible by the vast
majority of people. It was widely believed that the
cause of beriberi was an infection or toxin resulting
from bad food. In particular, Pasteur’s work on the
microbiological cause of infections led many to
search for an infectious agent, but none could be
consistently identified. The scale of the problem for
the colonial powers in Southeast Asia in the latter
part of the nineteenth and early twentieth centuries
should not be underestimated. Labour was cheap
but the death toll posed enormous problems.
Extracts from reports at the time are illuminating:
In 1887, there were 690 deaths out of 1931 native
government officers in Sumatra, infant mortality
was 445 per 1000 live births in the Philippines in
1910, and one report stated that there were so many
deaths that ‘‘there was insufficient earth to bury the
corpses.’’

The Dutch government sought to resolve the situa-
tion by appointing a medical bacteriologist, Christiaan

Table 1 Forms of beriberi in man

Subclinical beriberi Identified by transketolase activity or

other biochemical tests of thiamin

status. May be associated with early

subjective symptoms such as anorexia,

weakness, dysthesie, and depression.

Responds rapidly to treatment with

thiamin.

Wet beriberi Subacute or cardiac beriberi frequently

having muscular pains, oedema of feet

and legs, enlarged heart, and

tachycardia.

Responds rapidly to treatment with

thiamin. Major form and was typically

seasonal in endemic areas.

Acute fulminant type of beriberi in which

the main feature is dominated by

insufficiency of the heart and blood

vessels. Responds rapidly to treatment

with thiamin.

Dry beriberi Chronic, atrophic type of polyneuropathy

in which the main features are of a

weak wasted person, with painful

musculature making walking difficult,

impaired sensory nerves and tendon

reflexes, and flaccid paralysis of the

motor nerves. Poor or no response to

treatment with thiamin.

Infantile beriberi Usually acute wet beriberi. Responds

rapidly to treatment with thiamin.

Wernicke–

Korsakoff

syndrome

Predominantly neurological, affecting

walking and vision in most and memory

and cardiac function in over 50% of

patients. Wernicke or ocular

component responds rapidly to

treatment but the Korsakoff psychosis

responds slowly or not at all.

Modified from Thurnham DI (1978) Thiamin. In: Rechcigl M Jr

(ed.) Nutrition Disorders, pp. 3–14. West Palm Beach, FL: CRC

Press.
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Eijkman, to travel to Indonesia to investigate the pro-
blem. Working in Java, he showed within 6 years that
beriberi was a nutritional problem and that a paralytic
condition closely resembling the polyneuritic symp-
toms of beriberi could be produced in chickens by
feeding them both stale and freshly cooked polished
rice. However, it was Funk in 1911 who first reported
the isolation of a ‘vital amine’ from rice polishings that
had anti-beriberi properties. Funk was the first person
to coin the word ‘vitamine’ as a substance essential for
life. The structure and synthesis of thiamin were
reported in 1936.

Currently, clinical beriberi no longer occurs with the
devastating effects of former years. Considerable
improvements have occurred in nutrition worldwide,
the diversity of foods available, the quality of food due
to improved storage methods, and social and eco-
nomic structures in many countries, especially in
Southeast Asia. However, sporadic outbreaks do
occur, which are usually of the acute, fulminating
type of beriberi, and deaths still occur often in young
men aged 20–40 years. Usually, a combination of fac-
tors is responsible, but once the cause is identified,
treatment is cheap and readily available and, if given
rapidly, tragic circumstances can be averted.

Two iatrogenic causes of subclinical beriberi are
known, namely that associated with diuretic treat-
ment and one resulting from alcohol abuse. Both are
of concern because the use of diuretics is introduced
to manage cardiovascular disease, a condition that
will deteriorate if thiamin status is impaired, and
alcohol abuse can lead to Wernicke–Korsakoff syn-
drome, which can have many of the features of both
wet and dry beriberi.

Severe multisystem trauma, endotoxemia, or situa-
tions in which there is a raised metabolic demand for
thiamin, such as pregnancy, thyrotoxicosis, and inter-
current illness or impaired absorption (e.g., alcohol
abuse or gastrointestinal disease or resection), can
produce subclinical evidence of thiamin deficiency or
more severe life-threatening aspects of beriberi, such as
renal and/or cardiovascular failure. The elderly may be
particularly at risk of subclinical thiamin deficiency.
One Belgian study on patients with a mean age of
83 years reported that 40% had a raised TDP effect
(>15%), in whom there was a high proportion of
Alzheimer’s disease, depression, cardiac failure, and
falls. The diuretic furosemide was alsomore frequently
taken by the thiamin-deficient patients.

Etiology

The factors associated with the various forms of
beriberi are listed in Table 2. Beriberi is caused by
a lack of thiamin in the diet, but the onset of the

disease and the symptoms associated with the dis-
ease are influenced by one or more of the other
etiological factors. Wet beriberi (i.e., cardiac beri-
beri) and Wernicke’s encephalopathy are conven-
tionally described as acute manifestations of the
disease and respond most rapidly to treatment. In
contrast, dry beriberi is described as due to a
chronic deficiency of thiamin and does not respond
well to treatment. However, experimental acute
deficiency studies, which very rapidly produced
subjective feelings of malaise and weakness at the
slightest exertion, very rarely produced evidence of
oedema and peripheral pain. These observations
suggest that all forms of beriberi are probably pre-
ceded by an indeterminate period of chronic thia-
min deficiency during which pathophysiological
adaptations to the marginal nutritional state
occur. Thus, physiological adaptations to the vas-
cular system may well have occurred particularly in
those who did heavy physical work and needed to

Table 2 Aetiological factors contributing to thiamin deficiency

Dietary thiamin

deficiency

Commonly milled rice

High dietary

carbohydrate to

fat ratio

Metabolism of carbohydrate requires

thiamin, whereas metabolism of fat

spares thiamin requirements

Heavy physical

activity

Predisposes to beriberi when

accompanied by low intake of

thiamin

Protein energy

malnutrition

Older literature reports sometimes

accompanies subacute beriberi

indicating importance of

impoverished diet

Poor storage

conditions for food

Fall 6- to 10-fold in thiamin content of

cereals. Moulds may accelerate

decay as well as increase risk of

toxins

Thiaminases Two known, but only of importance

when uncooked foods are

consumed

Anti-thiamin factors Factors in food that chelate with

thiamin and potentially reduce

bioavailability

Alcohol abuse Alcohol impairs the active absorption

mechanism for thiamin

Infection and trauma Increase requirements for thiamin to

support increased carbohydrate

metabolism and energy production

Diuretics, long-term

use

Accelerate thiamin excretion and

appear to block thiamin control

mechanism

Seasonal factors Combination of heavy work load,

impoverished diet, and last season’s

(badly stored) cereals

Male sex Some evidence that men have higher

thiamin requirements than women

but more likely to be a combination

of the first three factors listed here
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overcome the weakness and malaise imposed by a
low thiamin diet. The factor(s) that precipitated the
clinical disease may not be thiamin at all. Platt, in
his descriptions of beriberi in China, recounts how
humid weather and infections such as malaria
increased the number of cases of wet beriberi. The
extra energy needed to cool the body in hot condi-
tions or fuel the rise in temperature during infection
may have imposed a critical burden on energy pro-
duction that the system could not meet, and beri-
beri ensued.

However, the increased number of cases asso-
ciated with heat, humidity, and malaria may also
be due to a seasonal decline in the quality of
food. A 6- to 12-fold decline in thiamin content is
reported for millet when stored under traditional
thatched storage houses in the Gambia, and reports
suggest that much of the rice consumed late in the
season was not in the best condition. Some of the
products introduced by mould growth may possess
anti-thiamin properties that impair thiamin bioavail-
ability. Thus, the ratio of thiamin to calories is likely
to fall during the agricultural year and to be at its
worst when calorie requirements are at their highest
for land preparation and weeding. Land preparation
also takes place just prior to or at the beginning of
the rainy season, when the prevalence of malaria
and diarrhoeal diseases increases.

Thiaminases are inactivated by cooking; thus, the
enzymes are only a problem where certain foods are
eaten raw. It has been suggested that in northern
Thailand, where consumption of fermented raw
fish products is widely practised and raw molluscs
are eaten, thiamin status may be impaired by these
food habits. Even as recently as 2001, marginal
thiamin status was reported in more than 50% of
women 3months postpartum despite thiamin sup-
plements of 100mg/day during pregnancy. The defi-
ciencies were found in Karen refugee women living
on the Thai–Burmese border and whose diet con-
tained fermented fish, tea leaves, and betel nuts—
substances suspected of containing thiaminases.
Polyphenol compounds in tea and many vegetables
may also posses anti-thiamin properties and impair
bioavailability, but their etiological importance in
causing thiamin deficiency is difficult to assess.

Alcohol is an important factor in causing thiamin
deficiency because it inhibits the active transport of
thiamin across the gut and when abused it impairs
the quality of the diet consumed. Diuretics accelerate
the excretion of thiamin and appear to override the
renal conservation mechanism. Their use is of poten-
tial concern in elderly people whose diet may be poor
for other medical reasons and their physicians may be
unaware of their need for supplemental nutrient.

Both sexes are vulnerable to the effects of thiamin
deficiency, but in many of the sporadic outbreaks that
have been reported, there appears to have been a male
excess. This may be due to higher thiamin requirements
in men than women because of their higher lean body
mass or to hormonally driven sex differences. However,
it is also possible that the cause is due to a higher risk of
a thiamin:calorie imbalance in men compared to
women. In many rural communities, men traditionally
eat first and may satisfy their calorie requirements,
whereas their womenfolk make do with the leftovers.
Because of their greater physical strength, men fre-
quently do heavier work than women, requiring more
energy (i.e., more food to meet their requirements).
Thus, men may consume more of the thiamin-depleted
cereals in the diet to satisfy calorie needs and in so doing
achieve a poorer thiamin:calorie ratio than women.

Experimental Thiamin Deficiency in Man
and Measurement of Thiamin Status

In young and healthy nonalcoholic subjects, subjec-
tive symptoms appear after 2 or 3weeks of defi-
cient diet but urinary thiamin will already be falling
(Table 3). Characteristic early symptoms include
anorexia, weakness, dysthesiae, and depression. At
this stage, urinary thiamin will be almost zero,
ETKL activity depressed, and the TDP effect
approximately 15–30%. After 6–8weeks the only
objective signs at rest may be a slight fall in blood
pressure and moderate weight loss, although uri-
nary thiamin will now be negligible and the TDP
effect �35%. After 2 or 3months, apathy and
weakness become extreme, calf muscle tenderness
develops, and there is loss of recent memory, con-
fusion, ataxia, and sometimes persistent vomiting.
Urinary thiamin will be negligible and the TDP
effect may be normal (because apo-ETKL is
unstable even in vivo), but ETKL activity should
be considerably depressed.

The clinical symptoms resulting from experimental
thiamin deficiency in man have usually responded
rapidly to treatment with thiamin. In one feeding
study, however, two mental patients were kept for
110days on a diet providing 200mg thiamin daily
and 1mg of thiamin by injection 1day each week;
thus, their overall weekly average was 350mg/day.
They developed a polyneuropathy characterised by
defects in the sensory nervous pathways, loss of ten-
don reflexes, and paralysis of the legs, which took
many weeks to respond to large doses of thiamin, and
in one case response was still incomplete after
4months of treatment. The slow cure suggested that
degeneration of peripheral nerves had occurred, as is
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indicated in the dry form of beriberi, in which the
neurological lesions are irreversible.

Clinical Features of Beriberi

Depletion and repletion studies suggest that intakes
>300 mg/4.2MJ are compatible with normal bio-
chemistry and good health, and clinical signs of
thiamin deficiency occur at intakes of thiamin below
200 mg/4.2MJ (1000 kcal). The disease as studied
from the 1880s onward in Asians subsisting on
white rice began typically with weakness, ‘wandering
pains’ in the legs, and lack of feeling in the feet.
Some patients then developed oedema (the presence
of excessive amounts of fluid in the intercellular tissue
spaces of the body) of the legs, trunk, and face.
In severe cases, sufferers found it increasingly difficult
to catch their breath and would die of heart failure.
The clinical features of subacute and acute wet
beriberi are summarized in Table 4. The main form
was subacute beriberi, which was typically seasonal
in endemic areas. There are reports that the periph-
eral muscles most severely affected were those most
frequently used; thus, in male laborers it was the legs.
Aching pain, tightness, and cramps in the calf and
associated muscles were usually a first cause of com-
plaint, and pain on squeezing the calves was one of
the most useful diagnostic tests for beriberi. In
women who performed repetitive tasks involving
hands and arms, a loss of sensation in the fingers
was frequently a first cause of complaint.

Dry beriberi is essentially a chronic condition
showing muscular atrophy and polyneuritis and
frequently occurring in older adults. Walking is
usually difficult because of the weak wasted and

painful musculature, and in the later stages feeding
and dressing may also become impossible. When
bed-ridden and cachetic (extreme state of malnutri-
tion and wasting), patients become very susceptible
to infections. Sensory nervous function is impaired
(hypoesthesia) almost to the point of anesthesia.
Hypoesthesia is particularly evident in the extremi-
ties and progressively extends over the outer
aspects of the legs, thighs, and forearms. Motor
nerve disturbances also begin in the extremities
and ascend progressively. Flaccid paralysis of the
extensor muscles precedes that affecting the flexors
and results in ‘wrist drop’ and ‘foot drop’. Loss of
the Achilles tendon reflex usually precedes an
impaired patellar reflex.

Mortality from infantile beriberi mainly affected
breast-fed infants between the second and fifth
months of life, when solid foods were often first
introduced. The introduction of white rice por-
ridges, poor in thiamin, to a rapidly growing
child and/or the increased exposure to infections
when solids are introduced may both have contrib-
uted to infantile beriberi. The onset of the disease
was rare in the first month and early signs could be
mild and somewhat subjective (e.g., vomiting, rest-
lessness, anorexia, and insomnia). Early signs
could progress to subacute infantile beriberi, the
acute and usually fatal condition, or a chronic
form. Features of acute infantile beriberi are pre-
sented in Table 5. The subacute form was charac-
terized by slight oedema in the form of puffiness,
vomiting, abdominal pain, oliguria, dysphagia, and
convulsions. In addition, aphonia (soundless cry)
was often a feature of subacute infantile beriberi
and may have been due to nerve paralysis or

Table 3 Effects of thiamin deficiency on urinary thiamin, the erythrocyte transketolase TDP effect, and early clinical symptoms of

thiamin deficiency in human volunteers

Days of

deficiency

Urinary thiamin

(�g/day)a
TDP

effect (%)a
Clinical signs of deficiency following diets containing 150–350�g thiamin/dayb

5 50 0–10 Mostly studies report no signs but one study (360mg/day) found within 1week chest

pains, extreme lassitude, anorexia, palpitation, and burning feet10 25 �15

21–28 <25 �30 Loss of body weight, anorexia, general malaise, insomnia, increased irritability,

fatigue on slightest exertion

30–40 Negligible �40 Increased malaise, loss of body weight, intermittent claudication and polyneuritis,

bradycardia, peripheral oedema,a cardiac enlargement,a ophthalmoplegia

>45 10–20 >40 Additional signs of nausea and dizziness appeared

~75 10–20 Additional signs of vomiting, low blood pressure, and tenderness of calves

aBiochemical data and report of oedema and cardiac enlargement from Brin (1964), in which healthy male medical students were fed

200mg thiamin per day for 6weeks. TDP effect is a measure of thiamin status obtained by measuring the activity of erythrocyte

transketolase in the presence and absence of added thiamin diphosphate.
bClinical signs adapted from several studies. Investigators were impressed by the rapid degree of debility induced by the specific

withdrawal of thiamin from the diet. In one group (150mg/day for 75 days, four female mental patients), the authors reported that

the condition more closely resembled ‘neurasthenia’ than beriberi and noted that oedema, cardiac dilation, and peripheral pain

characteristic of classic beriberi were all absent (reported by Carpenter, 2002).
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oedema of vocal cords. Vomiting was also a
feature of chronic infantile beriberi and could be
accompanied by inanition, anemia, aphonia, neck
retraction, opisthotonus, oedema, oliguria consti-
pation, and meteorismus (swelling of the abdom-
inal cavity from gas in the intestine). Opisthotonus
is a characteristic of acute thiamin deficiency in
birds and is described as due to a tetanic spasm
in which the spine and extremities are bent
backwards.

In alcoholic and other malnourished subjects, one
of the early signs of thiamin deficiency is anorexia.

In alcohol abuse, the overwhelming desire for alco-
hol may outweigh all other interest in food, leading
to generalized malnutrition. Alcohol specifically
blocks the active absorption of thiamin and alcohol
abuse can progress to the potentially fatal condition
known as Wernicke–Korsakoff syndrome. The typi-
cal clinical features of Wernicke’s encephalopathy
comprise ophthalmoplegia, nystagmus (usually hor-
izontal), ataxic gait, and an abnormal mental state
that can range from mild delirium to global confu-
sion. Liver disease and tachycardia occur in more
than 50% of cases. Korsakoff’s psychosis is

Table 4 Common features of wet beriberi

Subacute beriberi Acute fulminating beriberi a

Digestive

system

Anorexia is common; constipation more frequent than

diarrhea

Vomiting is common, often with intense thirst

Liver enlarged and tender and the epigastric region

spontaneously painful

Neurological Aching pain, stiffness, tightness, or cramps in calf or

associated muscles

Pupils dilated with anxious expression on face

Increasing muscular tenderness and weakness with

fatigue pains resembling muscular ischemia,

especially at night

Aphonia frequently present and patient moans with

cries of a special kind as a result of hoarseness

produced by paralysis of laryngeal muscles

Pain on squeezing calves

Reflexes of ankle or knee lost or diminished

Inability to rise from squatting position without use of

hands

Diminished reflexes of ankle and knees usually

bilaterally

Hypoesthesia or paraesthesia presenting as ‘pins and

needles,’ numbness particularly over the tibia,

formication (like ants running on the skin) or itching

Cardiac Oedema of feet and legs often appearing first on

dorsa of feet and extending up legs but may also

appear on back of hands and as puffiness in face

Patients severely dyspneic, have violent palpitations

of the heart, are extremely restless, experience

intense precordial agony but accessory muscles of

respiration on slightly brought into actionHeart enlarged with tachycardia and bounding pulse

Widespread and powerful undulating pulsations visible

in the region of the heart, epigastrium, and neck

due to a tumultuous heart action

Raised venous pressure (see Figure 1) with

percussion sometimes revealing dilation of right

auricle and ventricle

Facial cyanosis more marked during inspirationHeart murmurs if present are usually systolic

Pulse is moderately full, regular, even with frequency

of 120-150/min

Apex beat is downward and outwardly displaced

A wavelike motion may be felt over the heart

Neck vein possibly distended showing visible

pulsations

On percussion, the heart is enlarged both to the left

and right but mainly the latter, and the apex beat

may reach the axilla

Dyspnea upon exertion

Raised systolic pressure and low diastolic pressure

give the ‘pistol shot’ sound on auscultation over the

large arteries

Palpations, dizziness, and giddiness

Rapidly increasing oedema may extend from legs to

trunk and face with associated pericardial, pleural,

and other serous effusions

Extremities possibly cold and pale with peripheral

cyanosis but where circulation is maintained, skin

warm due to vasodilatation

Electrocardiograms often undisturbed but QRS

complex may show low voltage and inversion of

T waves indicating disturbed conduction

Urine Nocturia; no albuminuria Oliguria or anuria; no albuminuria or glycosuria

aThe whole picture of acute fulminating beriberi is dominated by insufficiency of heart and blood vessels and this tends to mask all

other features of the subacute form, although these are often present and accentuated. Death is accompanied by a systolic pressure

falling to 70–80mm, the pulse becomes thinner, and the veins dilate. The rough whistling respiration deteriorates and rales appear.

The patient dies intensely dyspneic but usually fully conscious.
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characterized by a profound amnesia, disorienta-
tion, and often confabulation. The clinical features
of Wernicke–Korsakoff syndrome are listed in
Table 6.

Management/Treatment

Patients in whom cardiac and renal signs of thiamin
deficiency are identified usually respond well to
treatment. The dose given and route used will vary
with the seriousness of the deficiency. Intravenous
doses as high as 250mg/day for 14 days and intra-
muscular doses of 25mg followed by thrice daily
oral doses of 10mg have been reported for wet
beriberi and are followed by a marked increase in
urinary output and improvement in cardiac func-
tion. Peripheral neuropathy (dry beriberi) is more
resistant to treatment. Patients with the ocular
signs of Wernicke’s disease usually respond to two
or three daily injections of 50mg thiamin. Long-
term oral treatment of other manifestations of Wer-
nicke–Korsakoff syndrome with doses up to 50mg/
day is reported, although benefit is variable and
considerably influenced by patients’ ability to avoid
further alcohol consumption. It is unlikely that
patients receiving oral thiamin will absorb more
than 5–7mg/day, but in patients likely to abuse
alcohol, absorption by passive diffusion of high thia-
min doses is the only way to ensured that the patient
will receive any thiamin. In addition, as in all
patients who show evidence of nutritional defi-
ciency, the likelihood of other coexisting deficiencies
should not be overlooked and multinutrient treat-
ment is probably desirable. Finally, it is important to
realise that untreated thiamin deficiency can result
in sudden death.

Table 5 Features of acute infantile beriberi and frequency of

occurrence

Features Frequency

(%)

Appearance Pale and cyanotic

appearance, oedematous,

ill-tempered with abdominal

distension

40

Voice Hoarseness 80

Sometimes groaning 50

Digestive

system

Vomiting 80

Dyspepsia 46

Cardiac Tachycardia, <200beats/min 83

Heart dilated 31

Femoral sound on ascultation 5

Lungs Rapid breathing 83

Accentuation of the 2nd

pulmonary sound

Neurological Tendon reflex usually

increased

74

Less frequently decreased 26

Convulsions 17

Urinary Oliguria 65

Other Slight fever 50

Uneasiness 50

Modified from Thurnham DI (1978) Thiamin. In: Rechcigl M Jr (ed.)

Nutrition Disorders, pp. 3–14. West Palm Beach, FL: CRC Press.

Table 6 Clinical features of Wernicke–Korsakoff syndrome and frequency of occurrence

Features Frequency (%)a

Ocular disorders Nystagmus (ocular ataxia — rhythmical oscillation of the eyeballs), almost always

horizontal and in 50% of cases associated with vertical nystagmus on upward gaze

85

Paralysis of one or more of the ocular muscles 50

Sluggish reaction by pupils to light 19

Ataxia (inability to

coordinate muscles)

Gait 87

Legs 20

Arms 12

Speech 87

Polyneuropathy Limbs only affected, mainly the legs only 82

Of arms and legs 18

Common symptoms include weakness, paresthesia, pain, loss of tendon reflexes

and of sensation and motor power

Some cases of foot drop or wrist drop or both

Cerebral function Global confusional state, profound disorientation, apathy, deranged perception

and of memory, drowsiness, inattentiveness, indifference

56

Disorder of memory: both retrograde and ante-retrograde amnesia, confabulation 57

Alcohol abstinence syndrome 16

Cardiac Tachycardia 51

General medical

abnormalities

Disorders of skin and mucous membranes 36

Redness and/or papilliary atrophy of the tongue 29

Liver disease 60

aPercentages based on 188–245 cases.

Modified from Thurnham DI (1978) Thiamin. In: Rechcigl M Jr (ed.) Nutrition Disorders, pp. 3–14. West Palm Beach, FL: CRC Press.
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Lipid-Soluble Thiamin Derivatives

In recent years, several lipid-soluble derivatives of
thiamin have been introduced, of which the best
known is benfotiamine. Advantages of these com-
pounds appear to be increased absorption, but by
the diffusion mechanism only, and greatly increased
transketolase activity. Transketolase is the rate-
limiting enzyme of the nonoxidative branch of the
pentose phosphate pathway. Benfotiamine has been
shown to be useful for the management of rare
genetic disorders in thiamin transport and may also
prove useful to prevent damage from diabetic hyper-
glycemia. One study demonstrated that benfotia-
mine prevented experimental retinopathy. Diabetic
hyperglycemia is accompanied by an increase in
the potentially pathogenic glycolytic metabolites
glyceraldehyde-3-phosphate and fructose-6-phosphate.
Benfotiamine, by increasing transketolase activity,
stimulates the pentose phosphate pathway to meta-
bolise these glycolytic intermediates into pentose-
5-phosphates and prevent the intracellular increase
of potentially toxic products.

Case Study

A good example of the specific effect of thiamin
in the treatment of beriberi is illustrated by the
response of a 29-year-old male who was admitted

with an unexplained acute renal failure and had
been anuric for 24 h. The physicians’ report on
his symptoms should be compared with the com-
mon clinical features of wet beriberi shown in
Table 4. The patient’s physical state and voice
were extremely weak but speech was copious and
confused. He complained intermittently of severe
central chest and epigastric pain. A central cya-
nosis was present and he had a respiratory rate
of 36 beats perminute. His temperature was nor-
mal and peripheries were lukewarm. He had
gross generalised oedema. The jugular venous
pressure became grossly elevated (Figure 1).
Pulse rate was 100 beats perminute, regular, and
weak at the wrist, although the carotid pulses
were visibly bounding. Blood pressure was
80/60. There was a marked parasternal heave
present, with a loud pulmonary second heart
sound. The chest was clear; the abdomen was
obese.

The father reported that the patient’s usual beer
intake was 6–12 pints daily and his one regular meal
was usually no more than a sausage roll or a pie.
Prior to admission, for 6 weeks he had felt too tired
to go out in the evening, and for 2 weeks he had
suffered epigastric discomfort and had eaten noth-
ing. Eight days before admission, he developed pain-
ful calf stiffness and he became too weak to go to
work. He had a painful dry cough and dyspnoe on
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Figure 1 (Left) Arterial and central venous blood pressure and (right) urine output of a patient who was admitted with unexplained

acute renal failure in a very weak physical state and whose speech (although very weak) was copious and confused. The patient was

discovered to be a regular beer drinker consuming 6–12 pints daily, and his usual food intake amounted to no more than a sausage roll

or pie. He had become progressively weaker over the past 8weeks and had eaten nothing at all in the past 2weeks. After excluding

other diagnoses, it was suspected that the patient had fulminant beriberi and he was treated with thiamin after 36 h. The figures display

the rapidly increasing arterial pressure, fall in venous pressure, and a rapid resumption in renal function following thiamin treatment.

The patient lost �20 l of urine during the first 7 days in the hospital. (Modified from Anderson SH, Charles TJ and Nicol AD (1985)

Thiamine deficiency at a district general hospital: Report of five cases. Quarterly Journal of Medicine 55: 15–32.)
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the slightest exertion. Finally, confusion, cyanosis,
and intermittent vomiting led to admission.

The first diagnoses considered were myocardial
infarction, pulmonary embolism, and overwhelm-
ing septicaemia, and he was placed on dialysis
and received appropriate treatments. His lack of
response at 36 h, continuing low systolic pressure
(70 beats perminute), increasingly gross hyperdy-
namic precordial signs, and moribund appearance
led to a diagnosis of beriberi. Treatment with
intravenous thiamin (250mg for 14 days) brought
about a dramatic response (Figure 1). Within 6 h
peripheral pulses were strong, blood pressure had
risen to 105 systolic, and central venous pressure
had fallen by half. By 12 h the parasternal heave
was less marked and diuresis of up to 6 l per day
ensued. After 24 h, plasma urea concentration
peaked at 50.4mmol/l and creatinine at
832 mmol/l, and thereafter there was a steady
fall over the next 2weeks during which thiamin
treatment continued and dialysis stopped. He lost
a net 20 l of fluid over the first 7 days in the
hospital and creatinine clearance 3weeks after
admission was 178ml/min, indicating a return
to normal kidney function. Other biochemical
abnormalities resolved over the 2weeks on high-
dose thiamin, including the chest radiograph
(Figure 2). It is interesting to note, however,
that when he was discharged 3months after
admission, he was walking with a calliper
because of a right-sided foot drop. The persis-
tence of the foot drop is a further indication of

the greater difficulty in reversing neurological
consequences, in contrast to the cardiac effects,
of thiamin deficiency.

Toxicity

Chronic intakes in excess of 50mg/kg, or more than
3 g/day, are toxic to adults with a wide variety
of clinical signs, including headache, irritability,
insomnia, rapid pulse, weakness, contact dermatitis,
pruritis, and, in one case, death. Early researchers
also indicated that regular administration or contact
with thiamin occasionally led to allergic response,
contact dermatitis, or hypersensitivity.

See also: Fish. Thiamin: Physiology.
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Thiamin is a water-soluble vitamin and the structure
comprises a pyrimidine and a thiazole ring linked by
a methylene bridge (Figure 1). In its metabolically
active forms, the hydroxyl group on the thiazole
moiety is replaced by one, two, or three phosphate
groups to form three phosphorylated coenzymes.
A well-nourished human adult body contains

approximately 30mg of thiamin—approximately
80–90% as thiamin diphosphate (TDP), 10% as
thiamin triphosphate (TTP), and a small amount of
thiamin monophosphate (TMP) and thiamin. Like
most water-soluble vitamins, there is no definable
store in the body; the only reserves are thiamin
coenzymes that are present in most cells in combina-
tion with appropriate thiamin-requiring enzymes.
The predominant need for thiamin is linked to
energy production but there is increasing evidence
that thiamin is also needed for additional neurologi-
cal functions. Thiamin is found in the aleuron layer
of cereal grains as well as in animal food products
such as liver. Man’s desire for high-extraction cereal
products in situations in which the diets contained
little more than the cereal was a main contributory
factor to the scourge of beriberi throughout much of
Southeast Asia at the end of nineteenth and begin-
ning of the twentieth century. Thiamin is relatively
unstable and destroyed by poor cooking habits, and
it is susceptible to degradation in foods that are not
stored properly. Thiamin turnover is also quite
rapid, and the absence of stores means that a con-
tinuous supply of thiamin is required. So thiamin
status can be fairly rapidly impaired by factors
affecting intake (e.g., vomiting and alcohol abuse)
or excessive excretion (e.g., induced by diuretics).
Thus, thiamin deficiency is sometimes a problem in
pregnancy, in alcohol abuse, and in the elderly.
Seasonal outbreaks can also occur in poor developing
countries when energy output is high and cereals may
have been stored for many months and food supplies
are restricted.

Dietary Sources of Thiamin

Thiamin is present in most foods but cereal products
provide most thiamin for most people in the world,
although the source is fundamentally different in
developing and more industrialized countries. In the
developing world, unrefined cereal grains and/or
starchy roots and tubers provide 60–85% of dietary
thiamin, whereas most dietary thiamin in industrial-
ized countries is obtained from fortified cereal pro-
ducts. In the United Kingdom, for example, wheat
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Figure 1 Thiamin and thiamin diphosphate (asterisk). Thiamin monophosphate and triphosphate are formed by the similar addition of

one or three phosphate groups at the asterisk.
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flour is fortified with 2.4mg thiamin per kilogram
and many breakfast cereals contain 30% or more of
the daily thiamin requirement per portion. Thiamin is
present in greatest amounts in brewers yeast, the germ
and aleuron layers of fresh wheat, egg yolk, and
mammalian liver. It is also present in meat flesh,
particularly pork, and vegetables, nuts, and legumes
(Table 1). Milk from both humans (0.49–0.79 mmol/l;
0.23mg/4.2MJ (1000kcal)) and cows (1.18–1.48mmol/l)
is a poor source of thiamin. Thiamin is actively
secreted into milk by the lactating mother, and it is
of interest that the amount of thiamin in human milk
is not increased by supplements, but the concentration
and of course the volume consumed increase during
the first 6 weeks of lactation.

Refined foods in general, such as fat, sugar, and
alcohol, are poor sources of thiamin. Polished rice is
particularly low in thiamin (80 mg/100 g) and is espe-
cially important because of its widespread consump-
tion and importance as a source of calories. Cereal
grains lose thiamin during refining, but the process
of parboiling rice before milling enables most of the
thiamin to be retained (190 mg/100 g) since it
migrates into the starchy endosperm during the

procedure. Proper storage of cereal grains is also
important to maintain thiamin activity. Studies in
The Gambia, West Africa, found that old season
millet, which had been stored under thatch and in
high humidity, when consumed in the middle of the
rainy season had thiamin concentrations (11 mg/
100 g) that were 6–12 times lower than cooked
samples obtained immediately postharvest. Imported
rice used in the village likewise only contained
10 mg/100 g at the time of consumption.

Because of the water-soluble properties of thia-
min, it can be leached from food during cooking.
Thiamin is stable in slightly acid water up to
boiling point but is unstable in alkaline solution
that oxidizes it quantitatively to thiochrome
(Figure 2). In addition, anti-thiamin factors in
food can accelerate thiamin losses. Paralysis in
foxes fed raw carp led to the discovery of the
thiaminase enzymes. Two thiaminases are found
in food. Thiaminase I is found in fish, shellfish,
ferns, and some bacteria and catalyzes a base
exchange reaction between thiazole and another
base. Thiaminase II is a hydrolytic enzyme that
cleaves the vitamin at the methylene bridge and
is found mainly in bacteria. The thiaminases are
heat labile, so only food that is eaten raw or
fermented may loose thiamin during its prepara-
tion or in the gastrointestinal tract. There are also
heat-stable anti-thiamin factors that are found in
ferns, tea, betel nuts, large numbers of plants and
vegetables, and some animal tissues. Anti-thiamin
factors bind with varying degrees of attachment to
thiamin and may or may not interfere with the
bioavailability of thiamin. Diphenols, especially
those with the hydroxyl groups in the ortho posi-
tion, tend to react to give products that are both
thiochrome negative and microbiologically inactive
(i.e., thiamin is deactivated). Thus, in areas of
northern and northeastern Thailand where tea

Table 1 Thiamin content of common foods

Food group Food item Thiamin content

(mg/100g)

Bread Wholemeal 0.26

White 0.18

Hovis 0.52

Breakfast cereals Cornflakes (fortified) 1.8

Rice Krispies 2.3

Weetabix 1.0

Flour Wholemeal (100%a) 0.46

Brown (85%) 0.42

White (fortified) (70%) 0.28–0.33

Milk, cheeses 0.03–0.06

Eggs Cooked (various) 0.07–0.09

Yolk raw 0.30

Vegetables

(cooked)

Various leaf and root

types

0.02–0.07

Dahl, chick peas,

green, beans, etc.

0.05–0.14

Pork products Gammon rashers (lean) 1.0

Bacon (various) 0.36–0.55

Pork meat 0.5–0.88

Liver (stewed) 0.21

Other meats Beef (various) 0.03–0.09

Lamb (various) 0.04–0.14

Lamb liver 0.56

Chicken (various) 0.04–0.10

Game �0.30

Yeast (dried) 2.33

aPercentages indicate the level of extraction in flour preparation.

Source: Paul AA, Southgate DAT (1978) McCance & Widdowson’s

The composition of food, 4th edn. London: HMO.
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drinking, chewing fermented tea leaves, chewing
betel nuts, and consuming raw/fermented fish are
common practices, thiamin deficiency still occurs
despite thiamin intakes of 0.44–0.50mg/4.2MJ.

Absorption and Ethyl Alcohol

In food, thiamin occurs mainly as phosphate coen-
zymes and the predominant form is TDP (also called
thiamin pyrophosphate and cocarboxylase). The
phosphate coenzymes are broken down in the gut
by phosphatases to give free thiamin for absorption.
Thiamin is absorbed mainly from the upper intes-
tine, and less thiamin is absorbed on an empty sto-
mach than when taken with a meal. The latter could
be due to the alkaline conditions in the duodenum,
which are prevented by the presence of food.
Absorption of up to 2mg per meal occurs by an
active saturable process involving a sodium-
dependent adenosine triphosphatase and against a
concentration gradient. During absorption, thiamin
is phosphorylated to the monophosphate ester
(TMP). Thiamin is absorbed via the portal venous
system. Further phosphorylation to TDP occurs on
entry into all tissues. TDP can cross the blood–brain
barrier, where a portion is converted to TTP,
although even in the brain, TDP is the predominant
form of thiamin. A second passive absorption pro-
cess operates when intakes of thiamin are >5mg but
the maximum that can be absorbed from an oral
dose is 2–5mg.

The active process of absorption is impaired by
ethyl alcohol. For example, 55% of a 5mg dose of
orally administered, labeled thiamin was recovered
over 72 h in healthy adults, but this was reduced by
25–40% if they were previously given 1.5–2 g
alcohol/kg. In people with fatty livers who had
previously been abusing alcohol, mean thiamin
absorption was reduced by 60%. However, the pas-
sive absorption of thiamin is not inhibited by alco-
hol, nor does it block entry of thiamin into the liver
or interfere with thiamin metabolism in the tissues.
Absorption of thiamin may also be reduced by gas-
trointestinal disturbances, such as vomiting and
diarrhea, ulcerative colitis, and neoplasia, and in
patients with hepatic disease and achlorhydria.

Transport, Storage, and Excretion

Thiamin with some TMP (19–75 nmol/l) circulates
in the blood bound to albumin. When the binding
capacity of plasma albumin is exceeded, or thiamin
is in excess of tissue needs, it is rapidly excreted in
the urine. Most thiamin in erythrocytes is present as
TDP principally bound to the enzyme transketolase.

Likewise, in most other tissues, there is very little
free thiamin and it is mostly present as TDP (90%)
in coenzymes bound to respective enzymes and a
smaller amount of TTP (10%) in nervous tissues.
The concentration of thiamin in specific tissues is
on the order of 2–3 mg/g for heart muscle; 1 mg/g for
brain, liver, and kidney; and 0.5 mg/g in skeletal
muscle. Thiamin supplements can increase these
concentrations slightly and prolonged febrile ill-
nesses are likely to reduce them. Thiamin is mainly
excreted intact in the urine but there are small
amounts of thiochrome (Figure 2) and other thiazole
and pyrimidine metabolites. A linear relationship
exists between intake and excretion of thiamin
until intake falls to an amount approaching mini-
mum requirements when excretion decreases rapidly
indicating a renal conservation mechanism.

There is concern that the long-term use of diuret-
ics in the management of chronic congestive heart
failure (CHF) may impair thiamin status and, as a
consequence, impair myocardial function. The diure-
tic drug furosemide has been the subject of much
attention. In healthy volunteers, a dose-dependent
increase in urine flow accompanied by an increase
in the urinary thiamin excretion rate have been
demonstrated. In furosemide-treated patients, the
concomitant presence of thiamin in the urine and
biochemical deficiency of thiamin from measure-
ments in blood has been shown. These results sug-
gest that furosemide treatment can override the
renal conservation mechanism. In one study,
23 patients with chronic CHF receiving 80–240mg
furosemide daily for 3–14months were studied
along with 16 age-matched controls without heart
failure and not taking diuretics. No subjects in either
group were identified as consuming inadequate thia-
min intake or having increased thiamin require-
ments. However, biochemically, 21 of the 23 CHF
patients and 2 of the controls were thiamin defi-
cient. Furthermore, 5 of the CHF patients were trea-
ted with intravenous thiamin (100mg thiamin HCl
twice daily for 7 days). Biochemical thiamin status
normalized and echocardiographic assessment of
left ventricular ejection fraction increased in 4 of
the 5 patients. Because no other changes were
made in the patients’ therapeutic regimen, the results
suggest that the improvement in cardiac contractility
was due to the correction of the thiamin deficiency.

Biological Functions

Thiamin functions as the coenzyme TDP in the
metabolism of carbohydrates and branched-chain
amino acids (�-keto-isocaproic, �-keto-�-methyl
valeric, and �-keto-isovaleric acids). In association
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with Mg2þ ions, TDP is important (1) in various
dehydrogenase complexes for the oxidation of
�-keto acids (pyruvate, �-ketoglutarate, and the
branched-chain �-keto acids) and (2) in the forma-
tion of �-ketols among the hexose and pentose phos-
phates catalyzed by transketolase (EC 2.2.1.1).
Thus, a deficiency of thiamin has severe conse-
quences for energy generation and amino acid inter-
connections, and these have important links with
lipid metabolism, cell replication, and neural
activity.

Two principal dehydrogenase complexes that
require the participation of TDP are pyruvate
dehydrogenase, which generates acetyl-CoA, and the
oxidative decarboxylation of �-ketoglutarate to
succinyl-CoA (Figure 3). Pyruvate dehydrogenase is
situated at the junction of the glycolysis pathway,
where it enters the tricarboxylic acid cycle. Acetyl-
CoA is a key source of energy for mitochondrial
oxidation and the production of adenosine tripho-
sphate (ATP) as well as an important precursor in
lipid metabolism. The impaired functioning of pyru-
vate dehydrogenase leads to a lactic acidosis, with
increased concentrations of serum pyruvate and/or
lactate especially as a result of exercise. The lactate
acidosis can be explained by the fact that ATP

depletion stimulates glycolysis, thus generating more
pyruvate. As pyruvate concentrations increase, lac-
tate dehydrogenase converts some of the pyruvate to
lactate, producing the lactic acidosis. The increases in
these compounds formed the basis of the earliest bio-
chemical test for thiamin deficiency, which was later
made more reproducible by taking the blood soon
after moderate exercise (e.g., climbing a few steps).

Many features of beriberi indicate that thiamin
plays an important role in neural tissues. TTP is
specifically found in nervous tissues, but although
this triphosphorylated metabolite of thiamin has
been known for approximately 30 years, its precise
role is still in doubt. TDP in the dehydrogenase
complexes is undoubtedly also required for normal
function. Some of the earliest biochemical studies on
the brain documented abnormalities in the oxidative
metabolism of glucose and a disruption in energy
supply may underlie many of the neurochemical
changes and structural lesions associated with thia-
min deficiency. For example, acetyl-CoA produced
by pyruvate dehydrogenase is a precursor of the
parasympathetic transmitter molecule acetylcholine,
but the obligatory requirement of glucose as an
energy source for nervous tissue indicates the essen-
tiality of TDP. Likewise, the cytosolic enzyme
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Figure 3 The four principal sites of action of thiamin diphosphate coenzyme in carbohydrate metabolism.
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transketolase is also present in nervous tissue, and as
a key enzyme in the HMS it may be important in
minimizing oxidant stress. The HMS generates
NADPH, which is required to maintain glutathione
in the reduced state.

The cellular and subcellular localization of the
enzymes responsible for metabolism of thiamin
phosphates in nervous tissues may indicate possible
sites of action of the specific metabolites. Thiamin
that enters the brain is phosphorylated by thiamin
pyrophosphokinase to form TDP. The concentration
of thiamin phosphates is 3 or 4 times higher in
neurons than in neuroglia, and the activity of thia-
min diphosphatase (TDPase), which converts TDP
to TMP, is 20 times higher in neurons than neuro-
glia. Thiamin monophosphatase is only detected in
neuroglia. Within the neuron, TDPase is mostly
localised in the microsomal fraction. Thiamin tri-
phosphatase (TTPase), which converts TTP to
TDP, is particularly enriched in presynaptic ter-
minals. Stimulation of nerves or treatment with
certain neuroactive drugs result in decreases in
TDP and particularly TTP in the nerve, with an
increase in free TMP in the surrounding fluid. It is
postulated that TTP plays an essential role in nerve
transmission involving a gating mechanism for
sodium and potassium ion transport via the specific
ATPase. Some evidence for this comes from patients
with Leigh’s disease (pathologically similar to
Wernicke–Korsakoff syndrome), in whom severe
neurological disease is accompanied by a deficiency
in TTP but normal TDP concentrations.

The well-documented role of mitochondria in
programmed cell death and the importance of thia-
min for oxidative metabolism have stimulated
investigators to examine brain thiamin homeostasis
in neurodegenerative diseases. Diminished thiamin-
dependent processes, abnormal metabolism, and
oxidative stress accompany the neurodegeneration
of Alzheimer’s disease (AD), Huntington’s disease,
Wernicke–Korsakoff syndrome, progressive supra-
nuclear palsy, and the adult-onset neurodegenera-
tive diseases that are caused by genes containing
variable numbers of CAG repeats within their cod-
ing regions. Abnormalities in the thiamin-dependent
processes have also been linked with thiamin-
responsive maple syrup urine disease, Leigh’s dis-
ease (a subacute necrotizing encephalomyelopathy),
sudden infant death syndrome, cerebellar degenera-
tion, thiamin-responsive anemia, ataxia, and disor-
ders of energy metabolism including pyruvate
dehydrogenase deficiency. The extent to which dis-
turbances in thiamin metabolism are a cause or a
consequence of the disease process is still under
examination.

Assessment of Thiamin Status

Thiamin status can be assessed using methods that
measure thiamin or its metabolites in plasma, ery-
throcytes and urine (Table 2). Samples are acidified
to stabilize the thiamin and precipitate any protein.
Usually, thiamin is oxidized to thiochrome (Figure 2)
using cyanogen bromide in alkaline solution and
measured by fluorescence with or without chroma-
tography. Concentrations of thiamin in urine and
plasma tend to reflect dietary intake, being high
when intake is adequate and low when dietary
sources are poor. Erythrocyte thiamin is mainly in
the form of the coenzyme TDP, which can be
extracted from washed erythrocytes, derivatized as
described previously, and quantified by high-
performance liquid chromatography. The most pop-
ular test, however, is the erythrocyte transketolase
(ETKL) stimulation test, which measures enzyme
activity with and without added TDP. The reference
range for ETKL activity in well-nourished, thiamin-
adequate people is reported to be 570–830mU/g
hemoglobin. The stimulation test measures the pro-
portion of the apoenzyme in red cell homogenate
(i.e., the proportion that is not bound to TDP and
represents the degree of thiamin deficiency). Studies
have shown that results from the urinary assay for
thiamin agree reasonably well with those obtained
by the ETKL stimulation test.

One of the reasons for the popularity of the ETKL
stimulation test is that sensitivity is still good even in
the presence of thiamin deficiency. In all other
measurements of thiamin status, as deficiency
approaches, the quantity of thiamin or its metabo-
lites diminishes in the biological fluid. Low

Table 2 Biochemical assessment of thiamin status

Test Acceptable Marginal

risk

High

risk

Urinary thiamin

(mmol/mol creatinine)a

1–3 years >66 45–66 <45

4–6 years >45 32–45 <32

Adults >25 10–25 <10

Erythrocyte transketolase

activity

Activity coefficient <1.11 1.11–1.25 >1.25

TDP effect (%) <11 11–25 >25

Red cell thiamin

concentrations (nmol/l)

749�196 �560b

Whole blood thiamin

concentrations (nmol/l)

166–266 <133

aConverted from mg/g creatinine using the factor (�0.376).
bBased on a decrease of 25% in red cell thiamine diphosphate

(TDP).
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concentrations of a product are usually more diffi-
cult to measure and precision deteriorates, or the
amount of sample has to be increased to provide
sufficient material to detect. In contrast with the
ETKL stimulation test, in an acute thiamin defi-
ciency, ETKL activity is maintained and only the
amount of TDP decreases, so the test becomes
more sensitive. However, in chronic thiamin-defi-
cient states, the apoenzyme of ETKL is reported to
be unstable in vivo, and in the absence of the coen-
zyme, concentrations of the apoenzyme decrease,
with the result that in vitro stimulation may show
normal thiamin status. Thus, in situations in which
chronic thiamin deficiency is suspected as a result of
a long-term marginal thiamin intake, alcohol abuse,
or use of diuretics for many months, one or more of
the concentration tests may be useful as an adjunct
to the stimulation test.

Certain precautions should be taken in handling
samples for thiamin analysis. Urine should be acid-
ified to avoid degradation and stored below �20 �C.
Heparinized whole blood should be collected and
immediately put on ice. For total erythrocyte TDP
measurements, cells are separated from plasma
within 2 h when possible, washed in saline, and
diluted 1:1 with saline prior to acidification. Centri-
fugation of the acidified mixture provides a clear
extract that can be stored for no more than 5 days
at 4 �C or longer at 
�20 �C. Washed red cells are
also used for the ETKL assay. Duplicate tubes of the
red cells in saline suspension with and without
added TDP are mixed and can be stored at �70 �C
prior to enzymatic analysis of ETKL activity. Even
at �70 �C, however, storage should be for no more
than a few weeks. The ETKL apoenzyme is unstable,
and even in the tubes to which TDP has been added,
if mixing did not thoroughly expose all apoenzyme
to the added coenzyme, deterioration will occur and
results will be unreliable.

Recommended Dietary Allowances

Quantifying thiamin requirements is based on a
variety of biochemical data. Early results indicated
that a thiamin intake of 0.4mg/day on a low-
energy intake was close to the absolute minimum
requirement. Epidemiological evidence suggested
that beriberi occurred when the intake of thiamin
was <0.2mg thiamin per 4.2MJ (1000 kcal); how-
ever, when 0.188mg/4.2MJ was fed to sedentary
elderly men for 2 years, no indisputable alteration
in clinical state occurred. Thiamin requirements are
strongly influenced by physical activity and at
higher energy intakes with liquid formula diets con-
taining 11.76 and 15.12MJ (2800 and 3600 kcal),

there was good agreement between thiamin excre-
tion and ETKL stimulation to interpret thiamin
status at different levels of thiamin intake. Increas-
ing intake from 0.2 to 0.23mg/4.2MJ moved first
the urinary excretion and then ETKL activation out
of the deficient range. Both measurements were
normalized at intakes of 0.3mg/4.2MJ, and to
allow for variance the recommended nutrient intake
adopted by the Department of Health in the United
Kingdom was 0.4mg/4.2MJ. This amount is
recommended for all groups of the population
since additional needs in pregnancy and lactation
are met by increased energy intakes. It was recom-
mended that formula feed should contain not less
than 0.3mg/4.2MJ.

Women are less affected by beriberi than are
men even when they are consuming the same
diet, but there is no consistent indication that
men have greater needs than women. Differences
between the sexes that may affect susceptibility to
beriberi need further investigation (e.g., the
amount of food eaten by the sexes when supplies
are short or of poor quality, metabolic responses
to infection during illness, and differences in
energy requirements). The close association
between thiamin metabolism and carbohydrate
metabolism means that thiamin requirements are
determined by basal metabolic rate (BMR) and
physical activity. BMR of men is slightly higher
than that of women of the same weight, but total
energy expenditure can vary 1.4 to 2.5 times BMR
depending on physical activity.

Drug–Nutrient Interactions

Mention has already been made of the influence of
alcohol and diuretics on thiamin status. Oral contra-
ceptives are reported to have no effects on thiamin
status.

Toxicity

High intakes of thiamin administered orally are
nontoxic. The rapidly saturable thiamin absorption
mechanism limits the amount taken up from a
single dose to �2.5mg, and thiamin present in
excess of protein binding capacity is excreted.
However, there are reports of toxicity from chronic
intakes in excess of 50mg/kg or >3 g/day with a
wide variety of clinical signs, including headache,
irritability, insomnia, rapid pulse, weakness, rapid
pulse contact dermatitis, pruritus, and, in one case,
death.
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See also: Thiamin: Beriberi.
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Definition

In the earlier part of this century, scientists could
qualitatively detect small amounts of several mineral
elements in living organisms. In reports, these ele-
ments were described as being present in ‘traces’ or
‘trace amounts.’ It is not surprising that these ele-
ments soon became known as trace elements.
Today, sophisticated analytical techniques have per-
mitted the accurate measurement of the amount of
many mineral elements, some at very low concentra-
tions, in biological material. The trace elements
found in living organisms may be essential, that is,
indispensable for growth and health, or they may be
nonessential, fortuitous reminders of our geochem-
ical origins or indicators of environmental exposure.
Some of the nonessential trace elements can be ben-
eficial to health through pharmacological action. All
of the trace elements are toxic when intake is
excessive.

Trace elements are those elements of the periodic
table that occur in animals or humans in amounts
measured in mg per kg of body weight or less. The
trace elements essential for health are usually
required by humans in amounts measured in mg
per day; these elements include copper, iron, man-
ganese, and zinc. The individual trace elements are
discussed elsewhere in the encyclopedia. Since 1980,
the term ‘ultratrace element’ has appeared in the
nutritional literature. Ultratrace elements have been
defined as those elements with estimated dietary
requirements usually less than 1mgkg�1, and often
less than 50mg kg�1 of diet for laboratory animals.
For humans, the term often is used to indicate an
element with an established, estimated, or suspected
requirement of less than 1mgper day or generally
indicated by mg per day. At least 18 elements could

be considered ultratrace elements: aluminum,
arsenic, boron, bromine, cadmium, chromium,
fluorine, germanium, iodine, lead, lithium, molybde-
num, nickel, rubidium, selenium, silicon, tin, and
vanadium. Emerging evidence indicates that silicon
should be categorized as a trace element instead of
an ultratrace element. However, knowledge about
the practical importance or beneficial actions of sili-
con is in a state similar to that for most of the
ultratrace elements; thus, it is considered as one of
them here. Cobalt perhaps also belongs in the ultra-
trace category; however, it is required only in the
form of vitamin B12 and thus is usually discussed as
a vitamin.

The quality of the experimental evidence for
nutritional essentiality varies widely for the ultra-
trace elements. The evidence for the essentiality of
three elements, iodine, molybdenum and selenium,
is substantial and noncontroversial; specific bio-
chemical functions have been defined for these
elements. The nutritional importance of iodine
and selenium are such that they have separate
entries in this encyclopedia. Molybdenum, how-
ever, is given very little nutritional attention,
apparently because a deficiency of this element
has not been unequivocally identified in humans
other than individuals nourished by total parent-
eral nutrition or with genetic defects causing dis-
turbances in metabolic pathways involving this
element. Specific biochemical functions have not
been defined for the other 15 ultratrace elements
listed above. Thus, their essentiality is based on
circumstantial evidence, which most often is that a
dietary deprivation in an animal model results in a
suboptimal biological function that is preventable
or reversible by an intake of physiological
amounts of the element in question. Often the
circumstantial evidence includes an identified
essential function in a lower form of life, and
biochemical actions consistent with a biological
role or beneficial action in humans. The circum-
stantial evidence for essentiality is substantial for
arsenic, boron, chromium, nickel, silicon, and
vanadium. The evidence for essentiality for the



other elements is generally limited to a few gross
observations in one or two species by one or two
research groups. However, it should be noted that
two of these ultratrace elements have beneficial
actions when ingested in high (pharmacological)
amounts: they are fluorine, which prevents tooth
caries, and lithium, which is used to treat manic-
depressive disorders.

Although aluminum has a separate article, and the
elements cadmium, lead, and nickel are discussed in
the entry the focus in those entries is toxicity; thus,
these elements will be included in the following dis-
cussion. Chromium, however, which also has a
separate entry, will not be included.

Absorption, Transport, and Storage

Homeostasis (maintenance of a steady optimal con-
centration of an element in the body) regulation
involves the processes of absorption, storage, and
excretion. The relative importance of these three
processes varies among the ultratrace elements. The
amount absorbed from the gastrointestinal tract is
often the controlling mechanism for positively
charged ultratrace elements such as aluminum,
nickel, and tin. With these trace elements, if the
body content is low, or if intake is low, the percent-
age of the element absorbed from the gastrointest-
inal tract is increased, and vice versa. Elements that
exist mainly as negatively charged ions or oxy-
anions, such as arsenic, boron, and fluoride, are
usually absorbed quite freely and completely from
the gastrointestinal tract. Excretion through the
urine, bile, swear, and breath is, therefore, the
major mechanism for controlling the amount of
these ultratrace elements in an organism. By being
stored at inactive sites or in an inactive form, some
ultratrace elements are prevented from causing
adverse reactions when present in high quantities.
An example of this homeostatic process is the bind-
ing of cadmium by the cysteine-rich protein called
metallothionein. Release of an ultratrace element
from storage forms also can be important in pre-
venting deficiency.

Absorption of ultratrace elements from the intest-
inal lumen can occur in three ways. These are
described below.

1. Passive diffusion – passive transport driven by a
difference in concentration of the element
between the two sides of the luminal membrane
and the mucosa. Transmembrane movement of
ions occurs through pores or channels within
the membrane and is an energy-independent
process. A significant amount of passive

transport across the intestinal mucosa may
occur through a paracellular pathway, or the
transport between cells across intercellular
right junctions.

2. Facilitated diffusion – the transfer of an element
across the membrane by carrier proteins
embedded in the membrane. Facilitated transport
resembles simple diffusion because it is not energy
dependent and is driven by a difference in the ion
concentration between two sides of a membrane.
Facilitated transport occurs much more rapidly
than simple diffusion and is saturable because of
a finite number of carrier proteins.

3. Active transport – the accumulation within, or
the extrusion from, a cell of an element in oppo-
sition to a concentration gradient. Active trans-
port is saturable, is energy dependent and
involves a carrier protein that usually is quite
specific for an element. The mechanisms of
absorption for the various ultratrace elements
are given in Table 1; this table also lists the
known transport and storage vehicles for these
elements.

Metabolism and Excretion

Knowledge about chemical changes that must
occur before excretion for most of the ultratrace
elements is quite limited. Perhaps the best charac-
terized is inorganic arsenic, which is methylated
into monomethylarsonic acid and dimethylarsinic
acid, and organic arsenic, which is converted into,
or remains mostly as, arsenobetaine before being
excreted in the urine. Other ultratrace elements
that are known to be incorporated into biochem-
ical metabolites for transport and/or excretion
include aluminum bound to transferrin, cadmium
incorporated into metallo-thionein, nickel as the
�-2-macroglobulin nickeloplasmin or bound to
albumin and L-histidine, and vanadium converted
into vanadyl-transferrin and vanadyl-ferritin (see
Table 1). A known important metabolite of
molybdenum is a small nonprotein cofactor con-
taining a pterin nucleus that is present at the
active site of molybdoenzymes. More than 40%
of molybdenum not attached to an enzyme in
liver also exists as this cofactor bound to the
mitochondrial outer membrane. This form can be
transferred to an apoenzyme of xanthine oxidase
or sulfite oxidase, which transforms it into an
active enzyme molecule. Molecules of biological
importance for the ultratrace elements are shown
in Table 2. The ultratrace elements are excreted
from the body mainly via the feces and urine.
Fecal excretion of absorbed ultratrace elements

398 ULTRATRACE ELEMENTS



Table 1 Absorption, transport, and storage characteristics of the ultratrace elements

Element Major machanism(s)

for homeostasis

Means of absorption Percentage of ingested

absorbed

Transport and storage

vehicles

Aluminum Absorption Uncertain; some

evidence far passive

diffusion through the

paracellular pathway;

also, evidence for

active absorption

through processes

shared with active

processes of calcium;

probably occurs in

proximal duodenum;

citrate combined with

aluminum enhances

absorption

Less than 1% Transferrin carries

aluminum in plasma;

bone a possible

storage site

Arsenic Urinary excretion:

Inorganic arsenic

as mostly

dimethylarsinic

acid and organic

arsenic as mostly

arsenobetaine

Inorganic arsenate

becomes sequestered

in or on mucosal

tissue, then

absorption involves a

simple movement

down a concentration

gradient; organic

arsenic absorbed

mainly by simple

diffusion through lipid

regions of the

intestinal boundary

Soluble inorganic forms,

>90%; slightly soluble

inorganic forms,

20–30%; inorganic

forms with foods,

60–75%; methylated

forms, 45–90%

Before excretion

inorganic arsenic is

converted into

monomethyl arsonic

acid and

dimethylarsinic acid;

arsenobetaine not

biotransformed;

arsenocholine

transformed to

arsenobetaine

Boron Urinary excretion Ingested boron is

converted into B(OH)3
and absorbed in this

form, probably by

passive diffusion

Greater than 90% Boron transported

through the body as

undissociated

B(OH)3; bone a

possible storage site

Bromine Urinary excretion Probably passive

diffusion because no

apparent saturable

component

75–90% None identified

Cadmium Absorption May share a common

absorption

mechanism with other

metals (e.g., zinc) but

mechanism is less

efficient for cadmium

5% Incorporated into

metallothionein, which

probably is both a

storage and transport

vehicle

Fluorine 50% daily intake

excreted in urine;

about 50% daily

intake stored in

bone and

developing teeth

Absorption by passive

diffusion and

inversely related to

pH. Significant portion

absorbed as

hydrogen fluoride

from stomach;

absorption of fluoride

also occurs

throughout the small

intestine

76–90% Exists as fluoride ion in

plasma; hydrogen

fluoride is the form in

diffusion equilibration

across cell

membranes. Stored in

bone

Germanium Urinary excretion Has not been

conclusively

determined but most

likely is by passive

diffusion

Greater than 90% None identified

Continued
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Table 1 Continued

Element Major machanism(s)

for homeostasis

Means of absorption Percentage of ingested

absorbed

Transport and storage

vehicles

Lead Absorption Uncertain; thought to be

by passive diffusion in

small intestine, but

evidence has been

presented for an

active transport,

perhaps involving the

system for calcium

Adults 5–15% Children

40–50%

Bone is a repository for

lead

Lithium Urinary excretion Passive diffusion by

paracellular transport

via the tight junctions

and pericellular

spaces

Lithium chloride highly

absorbed – greater

than 90%

Bone can serve as a

store for lithium

Molybdenum Urinary and biliary

excretion

Uncertain, possible that

molybdate is moved

both by diffusion and

by active transport,

but at high

concentrations active

transport is a small

portion of flux;

absorption occurs

rapidly in stomach

and continues

throughout the small

intestine

50–93% Molybdate in blood

loosely attached to

erythrocytes and

tends to bind �2-

macroglobulin. Liver

and kidney retain

highest amount of

molybdate

Nickel Both absorption and

urinary excretion

Uncertain, evidence

both for passive

diffusion (perhaps as

an amino acid or

other low molecular

weight complex) and

for energy driven

transport; occurs in

the small intestine

<10% with food Transported in blood

principally bound to

serum albumin with

small amounts bound

to L-histidine and

�2-macroglobulin; no

organ accumulates

physiological amounts

of nickel

Rubidium Excretion through

kidney and

intestine

Resembles potassium

in its pattern of

absorption; rubidium

and potassium

thought to share a

transport system

Highly absorbed None identified

Silicon Both absorption and

urinary excretion

Mechanisms involved in

intestinal absorption

have not been

described

Food silicon near 50%;

insoluble or poorly

soluble silicates = 1%

Silicon in plasma

believed to exist as

undisassociated

monomeric silicic acid

Tin Absorption Mechanisms involved in

intestinal absorption

have not been

described

About 3%. Percentage

increases when very

low amounts are

ingested

None identified. Bone

might be a repository

Vanadium Absorption Vanadate has been

suggested to be

absorbed through

phosphate or other

anion transport

systems; vanadyl has

been suggested to

use iron transport

systems. Absorption

occurs in the

duodenum

<10% Converted into vanadyl-

transferrin and

vanadyl-ferritin;

whether transferrin is

the transport vehicle

and ferritin is the

storage vehicle for

vanadium remains to

be determined. Bone

is a respository for

excess vanadium
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Table 2 Excretion, retention, and possible biological roles of the ultratrace elements

Element Organs of high content

(typical concentration)

Major excretory route

after Ingestion

Molecules of biological

importance

Possible biological role

Aluminum Bone (1–12mg g�1) Urine; also significant

amounts in bile

Aluminum binds to proteins,

nucleotides, and

phospholipids; aluminum-

bound transferrin

apparently is a transport

molecule

Enzyme activator

Lung (35mg g�1)

Arsenic Hair (0.65mg g�1) Urine Methylation of Inorganic

oxyarsenic anions occurs

in organisms ranging from

microbial to mammalian;

methylated and products

include arsenocholine,

arsenobetaine,

dimethylarsinic acid, and

methylarsonic acid;

arsenite methyltransferase

and monomethylarsonic

acid methyltransferase

use S-adenosylmethionine

for the methyl donor

Metabolism of

methionine, or

involved in labile

methyl metabolism;

regulation of gene

expression

Nails (0.35mg g�1)

Skin (0.10mg g�1)

Boron Bone (1.6mgg�1) Urine Boron biochemistry

essentially that of boric

acid, which forms ester

complexes with hydroxyl

groups, preferably those

adjacent and cis, in

organic compounds. Five

naturally occurring boron

esters (all antibiotics)

synthesized by various

bacteria have been

characterized

Cell membrane function

or stability such that

it influences the

response to hormone

action,

transmembrane

signaling or

transmembrane

movement of

regulatory cations or

anlons

Fingernails (15mgg�1)

Hair (1mg g�1)

Teeth (5 mg g�1)

Bromine Hair (3.0mgg�1) Urine Exists as Br Ion in vivo,

binds to proteins and

amino acids

Electrolyte balance

Liver (4.0mg g�1)

Lung (6.0mgg�1)

Testis (5.0mg g�1)

Cadmium Kidney (14mg g�1) Urine and

gastrointestinal

tract

Metallothionein, a high

sulfhydryl-containing

protein involved in

regulating cadmium

distribution

Involved in

metallathionein

metabolism and

utilization

Liver (4mg g�1)

Fluorine Bones (1–5mgg�1) Urine Exists as fluoride ion or

hydrogen fluoride in body

fluids; about 99% of body

fluorine found in

mineralized tissues as

fluoroapatite

Role in biological

mineralizationTeeth (500mg g�1)

Germanium Bone (9mg g�1) Urine None identified Role in immune

functionLiver (0.3mg g�1)

Pancreas (0.2 mg g�1)

Testis (0.5mg g�1)

Lead Aorta (1–2mg g�1) Urine; also significant

amounts in bile

Plasma lead mostly bound to

albumin; blood lead binds

mostly to hemoglobin but

some binds a low

molecular weight protein

in arythrocytes

Facilitates iron

absorption and/or

utilization

Bone (25mg g�1)

Kidney (1–2mg g�1)

Liver (1–2mg g�1)

Continued
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Table 2 Continued

Element Organs of high content

(typical concentration)

Major excretory route

after Ingestion

Molecules of biological

importance

Possible biological role

Lithium Adrenal gland

(60 ngg�1)

Urine None Identified Regulation of some

endocrine function

Bone (100ngg�1)

Lymph nodes

(200ngg�1)

Pituitary gland

(135ngg�1)

Molybdenum Kidney (0.4mg g�1) Urine; also significant

amounts in bile

Molybdoenzymes of

aldehyde oxidase,

xanthine oxidase/

dehydrogenase and sulfite

oxidase in which

molyldenum exists as a

small nonprotein factor

containing a pterin

nucleus; molybdate ion

(MoO4
2þ), the form that

exists in blood and urine

Molybdoenzymes

oxidize and detoxify

various pyrimidines,

purines, and

pteridines; catalyze

the transformation of

hypoxanthine to

xanthine and

xanthine to uric acid;

and catalyze the

conversion of sulfite

to sulfate

Liver (0.6mg g�1)

Nickel Adrenal glands

(25 ngg�1)

Urine as low

molecular weight

complexes

Binding of Ni2� by various

ligands including amino

acids (especially histidine

and cysteine), proteins

(especially albumin), and

a macroglobulin called

nickeloplasmin important

in transport and excretion.

Ni2þ component of

urease; Ni3� essential for

enzymatic hydrogenation,

desulfurization, and

carboxylation reactions in

mostly anaerobic

microorganisms

Cofactor or structural

component in

specific

metalloenzymes; role

in a metabolic

pathway involving

vitamin B12 and folic

acid. Role similar to

potassium;

neurophysiological

function

Bone (33 ngg�1)

Kidney (10 ngg�1)

Thyroid (30 ngg�1)

Rubidium Brain (4mg g�1) Urine: also significant

amounts excreted

through intestinal

tract

None identified Role similar to

potassium;

neurophysiological

function

Kidney (5mgg�1)

Liver (6.5mg g�1)

Testis (20mg g�1)

Silicon Aorta (16mg g�1) Urine Silicic acid (SiOH4) is the

form believed to exist in

plasma; magnesium

orthosilicate is probably

the form in urine. The

bound form of silicon has

never been rigorously

identified

Structural role in some

mucopolysaccharide

or collagen; role in the

initiation of

calcification and in

collagen formation

Bone (18mg g�1)

Skin (4mg g�1)

Tendon (12mgg�1)

Tin Bone (0.8mgg�1) Urine; also significant

amounts in bile

Sn2þ is absorbed and

excreted more readily than

Sn4þ

Role in some redox

reactionKidney (0.2mg g�1)

Liver (0.4mg g�1)

Vanadium Bone (120ngg�1) Urine; also significant

amount in bile

Vanadyl (VO2þ), vanadate
(H2VO4

� or VO3
�) and

peroxovanadyl [V–OO];

VO2þ complexes with

proteins, especially those

associated with iron (e.g.,

transferrin, hemoglobin)

Lower forms of life

have

haloperoxidases that

require vanadium for

activity; a similar role

might exist in higher

forms of life

Kidney (120ngg�1)

Liver (120ngg�1)

Spleen (120ngg�1)

Testis (200ng g�1)

None of the suggested biological functions or roles of any of the ultratrace elements have been conclusively or unequivocally identified

in higher forms of life except for those of molybdenum.
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usually results from biliary excretion, but may be
of nonbiliary origin (e.g., through the pancreas or
intestine). Ultratrace elements may also be
excreted through sweat and breath. Ultratrace ele-
ments also are removed from the body through the
loss of blood (e.g., menses), skin, hair, semen,
saliva, and nails. Table 2 gives the major routes
of excretion for the ultratrace elements.

Requirements and High Intakes

As already mentioned, the ultratrace elements other
than selenium and iodine are a disparate group in
terms of their possible requirement or nutritional
importance for human health and well-being.
Although molybdenum has known essential func-
tions, it has no unequivocally identified practical
nutritional importance. The other 14 ultratrace ele-
ments discussed here have been suggested to be
essential based on circumstantial evidence. This
evidence is presented below along with some indi-
cation of possible requirement (extrapolated from
the deficient animal intakes shown in Table 3), and
some indication as to what constitutes a high
intake.

Aluminum

A dietary deficiency of aluminum in goats report-
edly results in increased abortions, depressed
growth, incoordination and weakness in hind legs,
and decreased life expectancy. Aluminum defi-
ciency has also been reported to depress growth in
chicks. Other biochemical actions that suggest alu-
minum could possibly act in an essential role
include the in vitro findings that it activates the
enzyme adenylate cyclase, enhances calmodulin
activity, stimulates DNA synthesis in cell cultures,
and stimulates osteoblasts to form bone through
activating a purative G, protein-coupled cation sen-
sing system.

If humans have a requirement for aluminum, for
which there is currently no evidence, it probably is
much less than 1.0mgday�1. Aluminum toxicity
apparently is not a concern for healthy individuals.
Cooking foods in aluminum cook-ware does not lead
to detrimental intakes of aluminum.High dietary inges-
tion of aluminum probably is not a cause of Alzheimer’s
disease. However, high intakes of aluminum through
such sources as buffered analgesics and antacids by
susceptible individuals (e.g., those with impaired kidney
function including the elderly and low-birthweight
infants) may lead to pathological consequences and
thus should be avoided. For most healthy individuals,

an aluminum intake of 125mgday�1 should not lead to
toxicological consequences.

Arsenic

Arsenic deprivation has been induced in chickens,
hamsters, goats, pigs, and rats. In the goat, pig, and
rat, the most consistent signs of deprivation were
depressed growth and abnormal reproduction char-
acterized by impaired fertility and elevated perinatal
mortality. Other notable signs of deprivation in
goats were depressed serum triacylglycerol concen-
trations and death during lactation. Myocardial
damage was also present in lactating goats. Other
signs of arsenic deprivation have been reported,
including changes in mineral concentrations in var-
ious organs. However, listing all signs reported to be
caused by arsenic deficiency may be misleading
because studies with chicks, rats, and hamsters
have revealed that the nature and severity of the
signs are affected by a number of dietary and other
factors. For example, female rats fed a diet that is
conducive to kidney calcification have more severe
calcification when dietary arsenic is low; kidney iron
was also elevated. Male rats fed the same diet do not
show these changes.

Other factors that affect the response to arsenic
deprivation include methionine, arginine, choline,
taurine, and guanidoacetic acid. In other words,
the signs of arsenic deprivation were changed and
generally enhanced by nutritional stressors that
affected sulfur amino acid or labile methyl-group
metabolism; this suggests that arsenic has a bio-
chemical function that affects these substances.
Further evidence for this suggestion is the finding
that arsenic deprivation slightly increases liver
S-adenosylhomo-cysteine (SAH) and decreases
liver S-adenosyl-methionine (SAM) concentrations
in animal models, thus resulting in a decreased
SAM/SAH ratio; SAM and SAH are involved in
methyl transfer. Additionally, arsenite can induce
the isolated cell production of certain proteins
known as heat shock proteins. The control of
production of these proteins in response to
arsenite apparently is at the transcriptional level,
and involves changes in the methylation of core
histones. It also has been shown that arsenic can
increase the methylation of the p53 promoter, or
DNA, in human lung cells.

It has been suggested, based upon animal data,
that a possible arsenic requirement for humans eat-
ing 8.37MJ (2000 kcal) would be 12–25 mg day�1;
this is near the typical daily intake shown in
Table 3. Because of mechanisms for the homeo-
static regulation of arsenic (including methylation,
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then excretion in urine), its toxicity through oral
intake is relatively low; it is actually less toxic
than selenium, an ultratrace element with a well-
established nutritional value. Toxic quantities of

inorganic arsenic generally are reported in milli-
grams. For example, reported estimated fatal acute
doses of arsenic for humans range from 70 to
300mg or about 1.0 to 4.0mgper kg body weight.

Table 3 Human body content, and deficient, typical, and rich sources of intakes of ultratrace elements

Element Apparent deficient

intake (species)

Human body

content

Typical human

daily dietary intake

Rich sources

Aluminum 160mg kg�1 (goat) 30–50mg 2–10mg Baked goods prepared with

chemical leavening agents

(e.g., baking powder),

processed cheese, grains,

vegetables, herbs, tea,

antacids, buffered

analgesics

Arsenic <25 mg kg�1 (chicks) 1–2mg 12–60mg Shellfish, fish, grain, cereal

products<35 mg kg�1 (goat)

<15 mg kg�1 (hamster)

<30 mg kg�1 (rat)

Boron <0.3mg kg�1 (chick) 10–20mg 0.5–3.5mg Food and drink of plant origin,

especially noncitrus fruits,

leafy vegetables, nuts,

pulses, avocados, legumes,

wine, cider, beer, peanut

butter

0.25–0.35mgper day

(human)

<0.3mg kg�1 (rat)

Bromine 0.8mg kg�1 (goat) 200–350mg 2–8mg Grain, nuts, fish

Cadmium <5 mg kg�1 (goat) 5–20mg 10–20mg Shellfish, grains – especially

those grown on high-

cadmium soils, leafy

vegetables

<4 mg kg�1 (rat)

Fluorine <0.3mg kg�1 (goat) 3 g Fluoridated areas,

1–3mg

Fish, tea, fluoridated water

<0.45mgkg�1 (rat)

Nonfluoridated areas,

0.3–0.6mg

Germanium 0.7mgkg�1 (rat) 3mg 0.4–3.4mg Wheat bran, vegetables,

leguminous seeds

Lead <32 mg kg�1 (pig) Children less

than age

10 years, 2mg

15–100mg Seafood, plant foodstuffs

grown under high-lead

conditions

<45 mg kg�1 (rat)

Adults, 120mg

Lithium <1.5mg kg�1 (goat) 350mg 200–600mg Eggs, meat, processed meat,

fish, milk, milk products,

potatoes, vegetables

(content varies with

geological origin)

<15 mg kg�1 (rat)

Molybdenum < 25mg kg�1 (goat) 10mg 50–100mg Milk and milk products, dried

legumes, pulses, organ

meats (liver and kidney),

cereals, and baked goods

<25 mg day�1 (human)

<30 mg kg�1 (rat)

Nickel <100mg kg�1 (goat) 1–2mg 70–260mg Chocolate, nuts, dried beans

and peas, grains<20 mg kg�1 (rat)

Rubidium 180mg kg�1 (goat) 360mg 1–5mg Coffee, black tea, fruits and

vegetables (especially

asparague), poultry, fish

Silicon <2.0mg kg�1 (chick) 2–3 g 20–50mg Unrefined grains of high fiber

content, cereal products,

beer, coffee

<4.5mg kg�1 (rat)

Tin <20 mg kg�1 (rat) 7–14mg 1–40mg Canned foods

Vanadium <10 mg kg�1 (goat) 100mg 10–30mg Shellfish, mushrooms,

parsley, dill seed, black

pepper, some prepared

foods, grains, beer, wine
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Some forms of organic arsenic are virtually non-
toxic; a 10 g per kg body weight dose of arsenobe-
taine depressed spontaneous motility and
respiration in male mice, but these symptoms dis-
appeared within 1 h. Results of numerous epidemio-
logical studies have suggested an association
between chronic overexposure to arsenic and the
incidence of some forms of cancer; however, the
role of arsenic in carcinogenesis remains controver-
sial. Arsenic does not seem to act as a primary
carcinogen, and is either an inactive or extremely
weak mitogen. In the USA, a standard known as a
reference dose (RfD; lifetime exposure that is un-
likely to cause adverse health effects) of 0.3 mg per
kg body weight per day, or 21 mg day�1 for a 70 kg
human, has been suggested for inorganic arsenic.
Because of safety factors in the determination, the
RfD for arsenic conflicts with the possible arsenic
requirement; this conflict is similar to that for some
other mineral elements including zinc. These con-
flicts are currently being addressed by nutritionists
and toxicologists.

Boron

Listing the signs of boron deficiency for animal
models is difficult because most studies have used
stressors to enhance the response to changes in
dietary boron. Thus, the response to boron depri-
vation varied as the diet changed in its content of
nutrients such as calcium, phosphorus, magne-
sium, potassium, and vitamin D. Although the
nature and severity of the changes varied with
dietary composition, many of the findings indi-
cated that boron deprivation impairs calcium
metabolism, brain function, and energy metabo-
lism. Studies also suggest that boron deprivation
impairs immune function and exacerbates adju-
vant-induced arthritis in rats. Feeding low boron
to humans (<0.3mg day�1) altered the metabolism
of macrominerals, electrolytes, and nitrogen, as
well as oxidative metabolism, and produces
changes in erythropoiesis and hematopoiesis.
Boron deprivation also altered electroencephalo-
grams to suggest depressed behavioral activation
and mental alertness, depressed psychomotor skills
and cognitive processes of attention and memory,
and enhanced some effects of estrogen therapy
such as increases in concentrations of serum 17�-
estradiol and plasma copper. Other findings sug-
gest that boron may have an essential function. In
vitro it competitively inhibits oxidoreductase
enzymes, which require pyridine or flavin nucleo-
tides, and enzymes such as serine proteases, which
form transition state analogs with boronic acid or

borate derivatives. Boron has an essential function
in plants, in which it influences redox actions
involved in cellular membrane transport. This lat-
ter finding supports the hypothesis that boron has
a role in cell membrane function or stability such
that it influences the response to hormone action,
transmembrane signaling, or transmembrane
movement of regulatory cations or anions.
Another finding in support of this hypothesis is
that boron influences the transport of extracellular
calcium into and the release of intracellular cal-
cium in rat platelets activated by thrombin.

An analysis of both human and animal data has
resulted in the suggestion by a World Health Orga-
nization (WHO) publication that an acceptable safe
range of population mean intakes of boron for
adults could well be 1.0–13mgday�1. In other
words, 1.0mg probably covers any requirement
and 13mg will not lead to any toxicological conse-
quences. However, the US and Canada concluded in
2002 that there was still insufficient evidence to
establish a clear biological function for boron in
humans, so no recommended dietary intake was set
for those countries. Boron has a low order of toxi-
city when administered orally. Toxicity signs in ani-
mals generally occur only after dietary boron
exceeds 100 mg g�1. The low order of toxicity of
boron for humans is shown by the use of boron as
a food preservative between 1870 and 1920 without
apparent harm. It was reported in 1904 that when
doses equivalent to more than 0.5 g of boric acid
were consumed daily, disturbances in appetite,
digestion, and health occurred. It was concluded in
this report that this quantity of boron per day was
too much for an average person to receive regularly.
The upper limit (UL) for the US and Canada has
been set at 20mgday�1 based on extrapolation from
animal studies.

Bromine

It has been reported that a dietary deficiency of
bromide results in depression of growth, fertility,
hematocrit, hemoglobin, and life expectancy, and
increases in milk fat and spontaneous abortions in
goats. Other biological actions that suggest bro-
mine could possibly act in an essential role include
the findings that bromide alleviates growth re-
tardation caused by hyperthyroidism in mice and
chicks, and insomnia exhibited by many hemodia-
lysis patients has been associated with bromide
deficit.

If humans have a requirement for bromide, which
has not yet been shown to be the case, based on
deficient intakes for animals it is probably no more
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than 1.0mg day�1. Bromine ingested as the bromide
ion has a low order of toxicity; thus bromine is not
of toxicological concern in nutrition.

Cadmium

Deficiency of cadmium reportedly depresses growth
of rats and goats. Other in vitro biochemical actions
that suggest cadmium could possibly act as an essen-
tial element include the finding that it has trans-
forming growth factor activity and stimulates
growth of cells in soft agar.

If humans have a requirement for cadmium,
which is still uncertain, based on deficient intakes
for animals it is probably less than 5 mg day�1.
Although cadmium may be an essential element at
these extremely low amounts, it is of more concern
because of its toxicological properties. Cadmium has
a long half-life in the body and thus high intakes can
lead to accumulation, resulting in damage to some
organs, especially the kidney. The toxicological
aspects of cadmium have been discussed earlier
(See: xx).

Fluorine

Reported unequivocal or specific signs of fluoride
deficiency are almost nonexistent. A study with
goats indicated that a fluoride deficiency decreases
life expectancy and caused pathological hisrology in
the kidney and endocrine organs. Most of the evi-
dence accepted as showing a need for fluoride comes
from studies in which it was orally administered in
pharmacological doses. Pharmacological doses of
fluoride have been shown to prevent tooth caries,
improve fertility, hematopoiesis and growth in iron-
deficient mice and rats, prevent phosphorus-induced
nephro-calcinosis, and perhaps prevent bone loss
leading to osteoporosis.

Although fluoride is not generally considered an
essential element in the classical sense for humans, it
still is considered a beneficial element. Because of
this, in the US-Canada, the AI has been set, on the
basis of reducing dental caries without adverse
effects, at: 0.01mg day�1 for infants 0–6months;
0.5mg for 6–12months; 0.7mg for 1–3 years; 1mg
for 4–8 years; 2mg for 9–13 years; 3mg for 14–
18 years; 3mg for women and 4mg for men. These
intakes provide amounts of fluoride that will give
protection against dental caries and generally not
result in any consequential mottling of teeth; they
should not be considered intakes that are needed to
prevent a nutritional deficiency of fluoride. Chronic
fluoride toxicity through excessive intake mainly
through water supplies and industrial exposure has
been reported in many parts of the world. Chronic

toxicity resulting from the ingestion of water and
food providing in excess of 2.0mgday�1 is mani-
fested by dental fluorosis or mottled enamel ranging
from barely discernible with intakes not much above
2.0mgday�1 to stained and pitted enamel with
much higher amounts. Crippling skeletal fluorosis
apparently occurs in people who ingest 10–25mg
day�1 for 7–20 years. The UL (mg per day) is
0.7mg for 0–6months, 0.9mg for 7–12months,
1.3mg for 1–3 years, and 2.2mg for 4–8 years, and
10mg for all older age groups including pregnant
and lactating women.

Germanium

A low germanium intake has been found to alter
bone and liver mineral composition and decrease
tibial DNA in rats. Germanium also reverses
changes in rats caused by silicon deprivation, and
is touted as having anticancer properties because
some organic complexes of germanium can inhibit
tumor formation in animal models.

If humans have a requirement for germanium,
based on animal deprivation studies, it is probably
less than 0.5mgday�1. The toxicity of germanium
depends upon its form. Some organic forms of
germanium are less toxic than inorganic forms.
Inorganic germanium toxicity results in kidney
damage. Some individuals consuming high amounts
of organic germanium supplements contaminated
with inorganic germanium have died from kidney
failure. Although germanium has long been believed
to have a low order of toxicity because of its diffu-
sible state and rapid elimination from the body,
until more knowledge is obtained about the intakes
at which germanium becomes toxic, they probably
should not greatly exceed those found in a typical
diet. An intake of no more than 5.0mgday�1

would meet any possible need for germanium and
most likely will be below the level found to have
toxicological consequences.

Lead

A large number of findings have come from one
source that suggests that a low dietary intake of
lead is disadvantageous to pigs and rats. Apparent
deficiency signs found include: depressed growth;
anemia; elevated serum cholesterol, phospholipids
and bile acids; disturbed iron metabolism; decreased
liver glucose, triacylglycerols, LDL-cholesterol and
phospholipids; increased liver cholesterol; and
altered blood and liver enzymes. A beneficial action
of lead (2 mg g�1 versus 30 ng g�1 diet) is that it
alleviates iron deficiency signs in young rats.
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If humans have a requirement for lead, which has
not yet been demonstrated to be the case, it is prob-
ably less than 30 mg day�1 based on animal depriva-
tion studies. Although lead may have beneficial
effects at low intakes, lead toxicity is of more con-
cern than lead deficiency. Lead is considered one of
the major environmental pollutants because of the
past use of lead-based paints and the combustion of
fuels containing lead additives. The toxicological
aspects of lead are discussed elsewhere (See: xx).

Lithium

Lithium deficiency reportedly results in depressed
fertility, birthweight, and life span, and altered
activity of liver and blood enzymes in goats. In
rats, lithium deficiency apparently depresses fertility,
birthweight, litter size, and weaning weight. Other
in vitro biochemical actions suggesting that lithium
could possibly act as an essential element include the
stimulation of growth of some cultured cells, and
having insulinomimetic action. Lithium is best
known for its pharmacological properties; it is used
to treat manic-depressive psychosis. Its ability to
affect mental function perhaps explains the report
that incidence of violent crimes is lower in areas
with high-lithium drinking water.

If humans have a requirement for lithium, based on
animal deprivation studies it is probably less than
25 mg day�1, which is much less than the usual dietary
intake (see Table 3). Lithium is not a particularly
toxic element, but the principal disadvantage in the
use of lithium for psychiatric disorders is the narrow
safety margin between therapeutic and toxic doses.
About 500mg lithium per day is needed to raise
serum concentrations to be effective in these disor-
ders; this is close to the concentration where mild
toxicity signs of gastrointestinal disturbances, muscu-
lar weakness, tremor, drowsiness, and a dazed feeling
begin to appear. Severe toxicity results in coma, mus-
cle tremor, convulsions, and even death.

Molybdenum

The evidence for the essentiality of molybdenum is
substantial and conclusive. Molybdenum functions as
a cofactor in enzymes that catalyze the hydroxylation
of various substrates. Aldehyde oxidase oxidizes and
detoxifies various pyrimidines, purines, pteridines, and
related compounds. Xanthine oxidase/dehydrogenase
catalyzes the transformation of hypoxanthine to
xanthine, and xanthine to uric acid. Sulfite oxidase
catalyzes the transformation of sulfite to sulfate.
Attempts to produce molybdenum deficiency signs in
rats, chickens, and humans have resulted in only lim-
ited success, and no success in healthy humans.

Deficiency signs in animals are best obtained when
the diet is supplemented with massive amounts of
tungsten, an antagonist of molybdenum metabolism.
Nonetheless, reported deficiency signs for goats and
pigs are depressed food consumption and growth,
impaired reproduction characterized by increased
mortality in both mothers and offspring, and elevated
copper concentrations in liver and brain. A molybde-
num-responsive syndrome found in hatching chicks is
characterized by a high incidence of late embryonic
mortality, mandibular distortion, anophthalmia, and
defects in leg bone and feather development. The inci-
dence of this syndrome was particularly high in com-
mercial flocks reared on diets containing high
concentrations of copper, another molybdenum meta-
bolism antagonist.

Examples of nutritional standards that have been
set for molybdenum are the current US-Canada
recommendations, which are the following: Ade-
quate Intake for infants aged 0–0.5 years, 2 mg and
aged 0.5–1 years, 3 mg; RDA for children 1–3 years,
17 mg; 4–8 years, 22 mg; 9–13 years, 34 mg; 14–
18 years, 43mg; women from 19–>70 years, 34 mg;
and men aged 19–>70 years, 45 mg. The recom-
mended intake is 50 mg day�1 in pregnancy and lac-
tation. These values were set using balance data in
adults with extrapolation to the other groups. Usual
dietary intakes are substantially higher than these
recommendations. Large oral doses are necessary
to overcome the homeostatic control of molybde-
num; thus, it is a relatively nontoxic nutrient. The
UL for children 1–3 years is 300 mg, for 4–8 years,
600 mg, and 9–13 years, 1100 mg. For adolescents the
UL is 1700 mg, and for adults, 2000 mg, including
pregnant and lactating women, based on doses that
caused reproductive damage in animals.

Nickel

Based on recent studies with rats and goats, nickel
deprivation depresses growth, reproductive perfor-
mance and plasma glucose, and alters the distribu-
tion of other elements in the body, including
calcium, iron, and zinc. As with other ultratrace
elements, the nature and severity of signs of nickel
deprivation are affected by diet composition. For
example, vitamin B12 status affects signs of nickel
deprivation in rats, and the effects suggest that
vitamin B12 must be present for optimal nickel func-
tion. The nickel function also may involve folic acid
because an interaction between these two affected
the vitamin B12 and folic acid-dependent pathway
of methionine synthesis from homocysteine. Nickel
might function as a cofactor or structural compo-
nent in specific metalloenzymes in higher organisms
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because such enzymes have been identified in bac-
teria, fungi, plants, and invertebrates. These nickel-
containing enzymes include urease, hydrogenase,
methylcoenzyme M reductase, and carbon monox-
ide dehydrogenase. Moreover, nickel can activate
numerous enzymes in vitro.

Based on a lack of human studies, no recom-
mended intake levels have been set for humans.
Life-threatening toxicity of nickel through oral intake
is unlikely. Because of excellent homeostatic regula-
tion, nickel salts exert their toxic action mainly by
gastrointestinal irritation and not by inherent toxi-
city. Based on extrapolation from animal studies,
the UL has been set for the US and Canada at the
following doses of soluble nickel salts: 1–3years,
0.2mg; 4–8 years, 0.3mg; 9–13 years, 0.6mg; and
all adolescents and adults, 1mg.

Rubidium

Rubidium deficiency in goats reportedly results in
depressed food intake and life expectancy, and
increased spontaneous abortions. If rubidium is
required by humans, the requirement probably
would be no more than a few hundred micrograms
per day, based on animal data. Rubidium is a rela-
tively nontoxic element and thus is not of toxicolo-
gical concern from the nutritional point of view.

Silicon

Most of the signs of silicon deficiency in chickens and
rats indicate aberrant metabolism of connective tissue
and bone. For example, chicks fed a silicon-deficient
diet exhibit structural abnormalities of the skull,
depressed collagen content in bone, and long-bone
abnormalities characterized by small, poorly formed
joints and defective endochondral bone growth. Sili-
con deprivation can affect the response to other diet-
ary manipulations. For example, rats fed a diet low in
calcium and high in aluminum accumulated high
amounts of aluminum in the brain; silicon supple-
ments prevented the accumulation. Also, high dietary
aluminum depressed brain zinc concentrations in
thyroidectomized rats fed low dietary silicon; silicon
supplements prevented the depression. This effect
was not seen in nonthyroidectomized rats. Other bio-
chemical actions suggest that silicon is an essential
element. Silicon is consistently found in collagen, and
in bone tissue culture has been found to be needed for
maximal bone prolylhydroxylase activity. Silicon
deficiency decreases ornithine aminotransferase, an
enzyme in the collagen formation pathway, in rats.
Finally, silicon is essential for some lower forms of life
in which silica serves a structural role and possibly
affects gene expression.

Much of the silicon found in most diets probably
occurs as aluminosilicates and silica from which
silicon is not readily available. Owing to lack of
evidence for a biological role for silicon in humans,
no recommended intakes have been set. Silicon is
essentially nontoxic when taken orally. Magnesium
trisilicate, an over-the-counter antacid, has been
used by humans for more than 40 years without
obvious deleterious effects. Other silicates are food
additives used as anticaking or antifoaming agents.

Tin

A dietary deficiency of tin has been reported to
depress growth, response to sound, and feed effi-
ciency, alter the mineral composition of several
organs, and cause hair loss in rats. Additionally,
tin has been shown to influence heme oxygenase
activity and has been associated with thymus
immune and homeostatic functions.

Owing to lack of data no recommended intakes
have been set for tin. Inorganic tin is relatively non-
toxic. However, the routine consumption of foods
packed in unlacquered tin-plated cans may result in
excessive exposure to tin, which could adversely
affect the metabolism of other essential trace ele-
ments including zinc and copper. Because 50mg
day�1 of tin was found to affect zinc and copper
metabolism, routine intakes near this amount prob-
ably should be avoided.

Vanadium

Vanadium-deprived goats were found to exhibit an
increased abortion rate and depressed milk produc-
tion. About 40% of kids from vanadium-deprived
goats died between days 7 and 91 of life with some
deaths preceded by convulsions; only 8% of kids from
vanadium-supplemented goats died during the same
time. Also, skeletal deformations were seen in the fore-
legs, and forefoot tarsal joints were thickened. In rats,
vanadium deprivation increases thyroid weight and
decreases growth. Other biochemical actions support
the suggestion that vanadium could possibly act in an
essential role. In vitro studies with cells and pharma-
cological studies with animals have shown that vana-
dium has: insulin-mimetic properties; numerous
stimulatory effects on cell proliferation and differen-
tiation; effects on cell phosphorylation-dephosphory-
lation; effects on glucose and ion transport across the
plasma membrane: and effects on oxidation-reduction
processes. Some algae, lichens, fungi, and bacteria
contain enzymes that require vanadium for activity.
The enzymes include nitrogenase in bacteria, and bro-
moperoxidase, iodoperoxidase, and chloroperoxidase
in algae, lichens, and fungi, respectively. The
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haloperoxidases, catalyze the oxidation of halide ions
by hydrogen peroxide, thus facilitating the formation of
a carbon–halogen bond. The best known haloperoxi-
dase in animals is thyroid peroxidase. Vanadium depri-
vation in rats affects the response of thyroid peroxidase
to changing dietary iodine concentrations. Since a func-
tional role for vanadium has not been determined in
humans no recommended intakes have been set.

Vanadium can be a relatively toxic element. Green
tongue, cramps and diarrhea, and neurological
effects have occurred in humans ingesting vanadium
salts. Based on renal damage in animals, the UL for
adults is 1.8mg vanadium salts per day, with insuf-
ficient data to set a UL for other age groups.

Dietary Sources

The requirements for the ultratrace elements will be
met if a person consumes a diet based on the dietary
guidelines recommended by. For some areas of the
world, especially in developing countries where tra-
ditional, monotonous diets are based primarily on a
cereal (particularly rice) or tuber staple, the intake
of several ultratrace elements (e.g., boron, molybde-
num) could possibly be low. Reported typical diet-
ary intakes (mostly for industrialized countries) and
rich sources of the ultratrace elements are shown in
Table 3.

See also: Iodine: Physiology, Dietary Sources and
Requirements. Selenium.
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Introduction

Vegetarian eating patterns are the norm in many
parts of the world, while in Western countries they
are the exception. Currently, about 2.5% of adults
in the US and 4% of adults in Canada follow some
sort of self-described vegetarian diet. This article
examines the nutritional adequacy of vegetarian
diets and some eating patterns and practices that
affect it, focusing on Western countries.

Definitions are important in discussing vegetarian
diets and nutritional adequacy since both of these
terms cover a multitude of disparate characteristics.

Vegetarianism

For most vegetarians today, their investment in
vegetarian eating as an all-encompassing philosophi-
cal system for organizing all of life is minimal. Food
preferences, habit, and flavor take precedence over
philosophy in dictating their eating choices. That is,
these individuals have vegetarian eating styles but
they do not subscribe to vegetarianism.

There is a smaller group of vegetarians whose eating
patterns serve as badges of honor for a deeper andmore
encompassing set of beliefs that includes and is
reflected in but is not limited to their eating patterns.
This belief system is referred to as vegetarianism. Vege-
tarianism is a philosophy and belief system rather than
simply an eating pattern. Those who subscribe to vege-
tarianism hold strong convictions about the moral,
metaphysical, ethical, or political appropriateness of
their eating choices. Often more restrictive animal
food and other dietary avoidances are accompanied
by the most deeply held views. In fact, it is a minority
of all of those who consume vegetarian diets who sub-
scribe to vegetarianism. Advocates of vegetarianism
have become more militant in recent years. With
some vegans, it remains an ethical, philosophical, or

predominantly religious conviction, or a deeply rooted
health concern that is privately held and the diet is
practiced with great conviction. Other vegans are
strongly committed to enlisting additional followers
and appear to have become more militant in recent
years. Some have adopted broader agendas, including
that of animal rights, while others do not. In the US,
animal rights organizations such as People for the Ethi-
cal Treatment of Animals (PETA), the PETA founda-
tion, the Animal Liberation Front, and the Physicians’
Committee for Responsible Medicine (PCRM) in the
US are all very vocal. They finance advertizing, journal
articles, and educational efforts to encourage adoption
of their views. Extensive efforts are directed toward
youth. Similar groups are also active in other countries.

Vegetarian Eating Patterns

The term vegetarian diet does not fully describe the
variety in nutrient intakes and health status of those
who follow such eating patterns. There are many differ-
ent types of vegetarian eating patterns (seeTable 1). The
impact of these patterns on nutritional status and health
requires more complete characterization of diet and
other aspects of lifestyle than such a simple descriptor.

The terms vegetarian, lactovegetarian, and vegan
focus on foods that are left after others have been
omitted from the diet. From the nutritional stand-
point the animal food groups (e.g., meat fish, fowl,
eggs, milk, and milk products) are nutrient-dense
foods. In traditional diets of usual foods, they were
often rich sources of certain nutrients. Depending on
the particular animal food group under considera-
tion, these nutrients may include protein of high
biological value, highly bioavailable iron, zinc, cal-
cium, vitamins A, D, B12 and B6, riboflavin, omega 3
fatty acids, and iodine. When these food groups are
eliminated entirely from the diet, intakes of the
nutrients these groups are rich in may fall short.

Although dietary diversity in the number of food
groups consumed is less among vegetarians, diversity
within food groups is often considerable and is suffi-
cient to provide adequate amounts of nutrients.



Variety within food groups may even be increased on
vegetarian diets. For example, among those consum-
ing vegan diets the amount and type of legumes as
well as other vegetables and fruits is often increased.

Eating patterns appear to be more closely asso-
ciated with health outcomes than are nutrient
intakes alone. Therefore, it is important to also con-
sider other phytochemicals and zoochemicals in
vegetarian diets that may have health effects.

Vegetarians’ intakes of some of the bioactive con-
stituents that are rich in fruits and vegetables such as
the flavonoids, antioxidants, and dietary fiber may
be much higher than those of omnivores. If these
substances prove to have beneficial effects on health,
such increased intakes may be important.

From the nutritional standpoint there are benefi-
cial trade-offs from vegetarians’ limited animal food
intakes. Animal foods are major sources of dietary
constituents that are in excess in Western diets, such
as high amounts of calories, fat, saturated fat,
cholesterol, and low amounts of dietary fiber.
Consumption of fewer animal foods, especially if
it leads to lesser intakes of these constituents may
have positive effects on overall nutritional status.
Thus, there are both nutritional benefits and risks
to limiting animal foods. The exact effects on nutri-
tional status will vary depending on the food group
avoided, the degree of limitation, substitutions of
other rich food sources, use of fortified foods and
dietary supplements, and other changes in dietary
intake that occur at the same time. The nutritional
goal is to maximize the benefits and minimize the

risks by a judicious choice of the type and amount of
animal foods or other sources of the nutrients they
contain.

Nutritional Adequacy

In English-speaking North America, dietary refer-
ence intakes (DRI) have been issued by the Food
and Nutrition Board, Institute of Medicine,
National Academy of Sciences. Nutritional ade-
quacy is defined as meeting nutrient needs such as
the recommended dietary allowances (RDAs) or the
adequate intakes (AI), while avoiding excess and
staying below the tolerable upper levels of intakes
(UL) and keeping within the macronutrient ranges
specified by expert groups. Similar reference stan-
dards are available in other countries.

It is useful to screen out those vegetarians who are
likely to be at high risk of dietary inadequacy by
using some simple characteristics of their diets and
lifestyles to determine if further dietary assessment is
likely to be needed. The entire pattern of intake
(including avoidances, substitutions and additions
of foods, and use of dietary supplements) describes
the individual vegetarian’s profile of nutrient ade-
quacy or inadequacy.

Because dietary practices among vegetarians are
so variable, individual assessment of their dietary
intakes is recommended. Those at special risk are
those in the nutritionally vulnerable groups due to
age, life stage (pregnancy, lactation) or illness, espe-
cially if they eschew many animal food groups

Table 1 Common types of vegetarian dietary patterns categorized by animal food use

Pattern Comments

Meat avoiders Limit or avoid red meat and other flesh foods; may also restrict poultry, fish, and seafood. Diets are similar in

most respects to nonvegetarian diets

Lacto-ovo

vegetarians

Avoidances include all meat, poultry, and often fish, but consume milk products and eggs. Iron may be limiting

and it can be obtained from iron-fortified cereals. Low-fat dairy products are preferred to keep intakes of

saturated fat and total fat moderate

Lacto vegetarians Avoid all meat, fish, poultry, and eggs. Nutrient considerations same as above

Macrobiotics Numerous restrictions generally including avoidance of all meat, poultry, milk and eggs, but may consume fish in

small amounts. Also avoid sugar and other refined sweeteners, foods that aremembers of the nightshade family

(peppers, egg plant, tomatoes, and potatoes) and tropical fruits. Current variations of the diet are less restrictive

than the versions of 30years ago, but deficiencies of energy, iron, calcium, vitamin B12, vitamin D, and other

nutrients may still arise in weanlings, pregnant women, and young children if diets are nutritionally unplanned

Vegans Avoidances include all animal products including meat, fish, poultry, eggs, and dairy products. Some vegans

may also refuse to use any animal products in daily life. Without careful planning, energy, vitamins B12 and D,

and bioavailable sources of iron may be low. Concentrated sources of energy-dense foods such as sugars

and fats are helpful in increasing energy intakes. Vitamins B12 and D and calcium can be supplied from

fortified soy milk, fortified cereals, and/or dietary supplements of these nutrients. Usually protein is adequate if

a variety of protein sources is consumed

Other patterns Raw food eaters and ‘living food’ eaters avoid animal foods and eat raw plant foods, including fruits, vegetables

and cereals with special health foods such as wheatgrass or carrot juice. Fruitarians consume diets mostly of

fruits, nuts, honey, and olive oil. Rastafarians eat a near-vegan diet and avoid alcohol, salt-preserved foods

and additives. Yogic groups vary in their eating patterns but are often lacto vegetarian
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(vegans), have numerous other food avoidances, or
hold beliefs that otherwise limit their dietary
intakes.

Adequate Vegetarian Diet Patterns

There are many individuals who have little or no
risk of dietary inadequacy from their vegetarian eat-
ing patterns; for example, an adult male who
regards himself as a vegetarian (also referred to as
a meat avoider, or semi-vegetarian) but has a dietary
pattern that consists solely of occasionally avoiding
red meat about half of the time with no other diet-
ary alterations. Such an individual is unlikely to
need further dietary assessment.

Some characteristics of sound, adequate vegetar-
ian diet patterns include the following:

� Use of a nutritionally sound food guide of diet
planning; vegan and vegetarian food guides that
conform to the latest recommendations of expert
groups may help to ensure that nutrient needs will
be met with balance and without excessive
intakes.

� If diet alone does not meet the RDAs, regular use
of appropriate vitamin mineral supplements plus
use of a nutritionally sound food guide.

� Vegans and some other vegetarians sometimes
have multiple food avoidances; intakes of nutri-
ents likely to be deficient can be increased by use
of rich sources of whole foods, foods fortified
with the nutrients falling short, and/or vitamin
or mineral supplements.

� Consumption of a wide variety of food groups
and foods within each group.

� Membership of a family with a long history of
adherence to healthy vegetarian eating styles.

� Avoidances are limited to a few foods or are
sporadic in nature.

Signs of Possibly Inadequate Vegetarian
Diet Patterns

The more of the following characteristics that apply,
the higher the potential risk of inadequacy and the
greater the need for further assessment.

Diet First it is important to examine what food
groups, foods, or products are avoided or de-empha-
sized on vegetarian diets, and then some additional
characteristics of dietary patterns, personal character-
istics, and belief systems that further increase risk of
dietary inadequacy and other health problems:

� Many types and extensive avoidance of animal
food groups. Assessment of the nutritional ade-
quacy of vegetarian eating patterns begins by

examining animal food groups (red meat, poultry,
fish and seafood, milk and milk products, eggs)
and specific foods within these that are avoided
entirely or eaten only in minimal amounts. Unless
other foods or food groups rich in these nutrients
or nutrient-containing dietary supplements are
used, problems may arise.

� Many types and extensive avoidance of fortified
foods, nutrient-containing dietary supplements,
and processed foods. Some vegetarians believe
that fortified foods (highly fortified cereals, cal-
cium fortified soy milk and/or juices, B12 fortified
yeast), processed foods (frozen, canned, and in
extreme cases cooked foods for raw food eaters),
and nutrient-containing dietary supplements (vita-
mins, minerals, fatty acids) should be avoided for
various philosophical, ideological, or religious
reasons, and refuse to use them. Usage needs to
be assessed since such avoidances limit options for
nutrition intervention strategies.

� Few acceptable foods and supplements. Foods and
groups that are stressed and emphasized on the
vegetarian diet should be noted. If very few foods
or food groups are acceptable for one reason or
another, or if only special foods are permitted
(organic, nonprocessed, etc.) this may further
limit intakes. Some vegetarians are willing to use
both fortified foods and nutrient-containing diet-
ary supplements. Use of these may have implica-
tions for health and should be recorded. Nutrient
intervention strategies for increasing intakes of
nutrients falling short in diets may be limited
since such individuals may refuse to use fortified
foods and/or dietary supplements.

� Many practices such as fasting, altered diet during
illness, and use of special foods for medicinal
purposes. These practices may further increase
risks of nutritional inadequacy. If medical care
or treatment is avoided, additional risks may
accrue.

Other practices Other practices must also be
considered:

� Other lifestyle practices with beneficial potential
health impacts. Vegetarians have other health
habits and lifestyles that alter risks for chronic
diseases for the better, such as nonsmoking, absti-
nence from alcohol, and high levels of physical
activity. Therefore, differences in their health out-
comes are probably due to a range of factors, and
not solely to differences in their diets.

� Lack of ongoing health surveillance by a physi-
cian. Lack of medical supervision increases the
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chances that preventable or treatable health pro-
blems will be dealt with expeditiously.

Personal characteristics Among these are the
following:

� Nutritionally vulnerable because of age or phys-
iological condition. The very young, the old, the
rapidly growing, pregnant and lactating women,
pubertal children, the elderly, and the ill and frail
all fall into this group. Individuals at especially
high risk are those with chronic diseases and con-
ditions that alter nutritional needs who also have
inadequate dietary intakes.

� Low weight for height. If weight for height, as
measured by body mass index, is below 18.5 or
if unintentional weight loss has totaled more than
about 5–7 kg (10–15 pounds), there is reason for
concern.

� Rapid weight loss. Unintentional loss of more than
5% of weight in a month is a cause for concern.

Beliefs Ideology is also important:

� Deeply held beliefs in alternative philosophical or
religious systems that govern food choice. Some
individuals feel bound to make their diets con-
form to their ethical, philosophical, or religious
systems. This can further constrain choice and
nutrient intakes.

� Membership of a quasi-philosophical or religious
group that includes vegetarian diets that are not
planned in line with nutritional recommendations
by experts. Some groups, e.g., the Seventh-Day
Adventists or certain other lacto-ovo vegetarian
groups, make a conscious effort to incorporate the
recommendations of expert groups, such as those
of the Food and Nutrition Board/Institute of
Medicine and Health Canada in English-speaking
North America into the regimens they recom-
mend. In such cases, the group support provided
may be of positive benefit and help to ensure
nutritional adequacy. However, at times in the
past other groups have insisted on regimens that
did not incorporate such recommendations. For
those who are active in such groups, the group’s
support may reinforce negative attitudes toward
meeting such expert recommendations.

Using the characteristics above, it is usually pos-
sible to sort out those consuming vegetarian diets
who are at low or no risk of inadequacy from those
who may potentially have problems and need
further assessment and counseling.

Key Nutritional Concerns for Vegetarians

Of particular concern with respect to risk of inade-
quacy for vegetarians are energy, vitamins B12 and D,
riboflavin, omega 3 fatty acids, calcium, iron, zinc, and
iodine. Intakes of these tend to be lower on vegan diets,
and may also be low on other diets that include exten-
sive avoidances. Vegetarians of all types can easily
meet current recommendations for all nutrients if
they are willing to use fortified foods and supplements.
However, some vegetarians are unwilling to use these
options, increasing risks of deficiency andmaking diet-
ary planning more difficult.

Vegetarian and particularly vegan diets tend to be
low in energy, total fat, saturated fat, cholesterol,
dietary fiber, and sodium. If processed foods are
avoided added sugars are also low. Current recom-
mendations for acceptable macronutrient distribu-
tion ranges (AMDR) in the US are for fat 20–55%
of calories and for protein 10–35% of calories, with
added sugars no more than 25% of calories, and the
remainder from other carbohydrates.

Key Nutrients for Vegetarians over the Life Cycle

Well-planned vegan and vegetarian diets can meet
nutritional needs at all stages of the life cycle includ-
ing pregnancy, lactation, infancy, childhood, and
adolescence. There are very few longitudinal studies
of those on the more restrictive vegetarian diets; an
exception is a Dutch cohort of macrobiotic vegetar-
ians who have been followed from birth to adoles-
cence, and who continue to have some health
problems. More studies are needed so that long-
lasting effects of diet early in life can be better
ascertained.

Some vegetarian parents feed their children diets
that are inadequate. The problem is not that nutri-
tionally adequate diets cannot be planned, but that
the eater’s or cook’s ideologies and concerns may
get in the way. Thus, actual diets, as eaten, may not
conform to the recommendations of expert nutri-
tional bodies. Under such circumstances health prob-
lems have arisen and continue to do so, especially
among infants and children on vegan diets that are
limited in other foods as well.

Vegan diets present more problems of micronutri-
ent adequacy than do other vegetarian diets across
the life cycle and particularly in infants and children
because more food groups are eliminated, sources of
vitamins B12 and D may be lacking and the caloric
density of the diet is lower and bulk higher than that
of vegetarians or omnivorous infants. They may also
have diets that are limited in other foods, and thus
in nutrients such as calcium and iron.
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Vegetarian infants are usually breast-fed. They gen-
erally thrive until 4–6months of age, and continue to
do so if they are weaned to diets containing cows’milk-
based or soy formulas and sufficient food energy. In
countries where infant formulas do not provide ade-
quate amounts of micronutrients, dietary supplements
may be needed. Today, many more fortified vegan
foods are widely available than in the past. They are
helpful in meeting the nutrient needs of weanlings and
toddlers. Also, dietary supplements are available, and
for some vegans these are acceptable alternatives.
Good sources of vitamin B12 need to be identified
and also of vitamin D if exposures to sunlight are not
adequate. Sources of other nutrients such as linolenic
acid, the omega 3 fatty acid, should be included so that
docosahexanenoic acid (DHA) intakes are satisfac-
tory. Vegan diets may also be low in calcium, iron,
and zinc, and the forms in which iron and zinc are
present may not be highly bioavailable. A source of
riboflavin also needs to be identified.

Vegetarian diets need to be carefullymonitoredwhen
they are fed to young children. Soy milk is not appro-
priate under 1 year of age.When soymilk is used later in
childhood, especially if the child is a vegan, it should be
fortified with vitamins D and B12 and calcium.

For pubertal children, energy, calcium, iron,
vitamins D and B12, as well as iron are of parti-
cular concern with respect to dietary adequacy, but
these can usually be dealt with by dietary planning.

Current Vegetarian Eating Patterns
and Practices

Until about 40 years ago, in Western countries vir-
tually all of the common vegetarian eating patterns
involved avoidance of animal flesh (meat and
poultry); categorization of vegetarian patterns was
relatively straightforward and consisted simply of
differentiating between those who ate no animal
foods at all (vegan vegetarians), those who also
consumed milk and milk products (lacto vegetar-
ians), and those who ate eggs as well (lacto-ovo
vegetarians). This simple categorization scheme
broke down in the 1960s and 1970s as a result of
greater exposure to the cuisines of other cultures,
new Eastern religions and philosophical systems
with a vegetarian tradition, and other influences,
which led to the emergence of new patterns of
vegetarianism.

Today, myriad vegetarian eating patterns exist,
and they cannot be easily described by focusing on
a single dimension, such as animal food intake.

Meatless and vegetarian eating patterns and life
styles are growing in popularity today. They

continue to be fostered by a greater availability
and variety of meat alternatives and analogs for
animal products. There is also a good deal of favor-
able publicity about phytochemicals with suppo-
sedly beneficial health effects. At the same time,
concerns about the healthfulness of animal foods
have been triggered by publicity on the bovine spon-
giform encephalopathy (BSE) epidemic in the UK, a
later epidemic of hoof and mouth disease in cattle,
and most recently an epidemic of SARS spread from
animals to people. Worries about saturated fat/trans
fat coronary artery disease links, dietary fat and
cancers, food safety, and other factors probably
also contributed to the increased prevalence of vege-
tarian eating.

At the same time, vegetarian eating patterns are
much more heterogeneous today than in the past.
The availability and variety of plant foods, as well
as commercially available and tasty meat analogs
has greatly increased. Fortified foods today include
soy milks fortified with vitamins B12 and D and a
highly bioavailable form of calcium, and highly for-
tified breakfast cereals. These foods and nutrient-
containing dietary supplements make it easier for
vegans and vegetarians to obtain nutrients that
would otherwise be low or lacking.

Conformity to Nutritional Recommendations

Well-planned vegetarian diets have nutritional pro-
files that are in line with recent expert recommenda-
tions. A well-planned vegetarian diet pattern, if
sustained throughout adulthood, may reduce risks
of coronary artery and other chronic degenerative
diseases associated with excessive weight. Generally,
vegetarian diets tend to be low in saturated fat and
cholesterol and high in complex carbohydrates, diet-
ary fiber, magnesium, potassium, folic acid, and
antioxidant nutrients such as vitamins C and E.
They also tend to be relatively low in energy.
Thus, the diet-related risks for a number of chronic
degenerative diseases associated with intakes of
these nutrients may be decreased on vegetarian
diets. Some risks are clearly lower; for example,
vegetarians generally tend to have lower weight for
height than do nonvegetarians. Constipation tends
to be less of a problem in this group, perhaps due in
part to the higher intake of dietary fiber.

Conclusions

Vegetarian diets should be planned in accordance
with expert nutritional recommendations. When
this is followed, such diets are healthful and nutri-
tionally adequate. When they are not planned, the
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nutrients that are likely to fall short usually differ
somewhat from those on nonvegetarian diets. In
some cases these deficits can be remedied by dietary
counseling. In others differences between ideologies
about diet and nutrient needs are such that accept-
able dietary strategies cannot be found.

Nutrition scientists and practitioners can help vege-
tarians who seek their advice by monitoring the nutri-
tional status of high-risk individuals, by identifying
food sources of specific nutrients, and by suggesting
dietary modifications that may be necessary to meet
individual needs when intakes fall short.

See also: Anemia: Iron-Deficiency Anemia.
Phytochemicals: Classification and Occurrence;
Epidemiological Factors. Supplementation: Dietary
Supplements.
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In 1913, E.V. McCollum isolated a yellow, fat-soluble
substance from egg yolks that was critical for
animal growth. He called it fat-soluble A, indicating
the first isolated of several dietary microconsti-
tuents emerging as obligatory for vertebrate life and
health. Later, fat-soluble A was renamed vitamin A,
derived from the terminology ‘vital amine,’ coined by
Casmir Funk to describe these obligatory
micronutrients.

Currently, the term vitamin A refers to the specific
organic compound all-trans-retinol (atROH). atROH,
however, does not have biological activity in its own
right. Rather, it serves as a circulating substrate
for metabolism into the compounds that fulfill the
biological functions attributed to vitamin A. These
metabolites include, but may not be limited to,
11-cis-retinal (11cROH) and all-trans-retinoic acid
(atRA). The term ‘retinoids’ describes all com-
pounds that support vitamin A activity, both natu-
rally occurring and synthetic, including atROH.
Figure 1 illustrates the structures of key carotenoids
and retinoids.

Daily Recommended Dietary Allowance
of Vitamin A

The Food and Nutrition Board of the Institute
of Medicine revised the Recommended Dietary
Allowance (RDA) of vitamin A in 2001 as 900
retinol activity equivalents (RAE) for men and
700RAE for women. The RAE was introduced to
avoid the ambiguity of international units (IU),
which arises because 1 IU of vitamin A (0.3 mg) and
1 IU of the vitamin A precursor (provitamin A) all-
trans-�-carotene (0.6 mg) do not have the same bio-
logical activity. Rather, 6 IU of �-carotene and 12 IU

of mixed carotenoids provide the biological activity
of 1 IU of vitamin A. The RAE refers to the amounts
necessary for the same degree of biological activity:
1 mg atROH= 12mg �-carotene= 24mg mixed
carotenoids= 1RAE.

Liver, dairy products, and saltwater fish, includ-
ing herring, sardines, and tuna, serve as dietary
sources of vitamin A and its esters. Cod and halibut
liver oil provide especially rich sources of vitamin A,
as does the liver of the polar bear, which benefits
from occupying the top of the marine food chain.
Carrots, yellow squash, corn, and dark-green leafy
vegetables serve as dietary sources of provitamin A
carotenoids. Because less than 10% of the 600 natu-
rally occurring carotenoids generate vitamin A, vege-
table color does not necessarily indicate vitamin A
value. In the United States and Europe, retinol
and its esters serve as the chief sources of dietary
vitamin A, but elsewhere carotenoids serve as the
primary source. According to the World Health
Organization (WHO), the major inadequacies of
dietary micronutrients involve vitamin A, iron, and
iodine. Although vitamin A intake seems adequate in
most populations in the United States, Canada, and
Europe, this appears evolutionarily aberrant. The
recurrent vitamin A-deficiency problem in Third
World populations indicates that human diets in
nonindustrialized countries are limited in vitamin A.

Vitamin A Status

atROH represents the quantitatively major circulat-
ing plasma retinoid in serum, but serum atROH
does not reflect vitamin A status unless low
(<0.35 mmol/l or 10 mg/dl) or unequivocally ade-
quate (>1.1 mmol/l in children and >1.4 mmol/l in
adults). Humans show a range of normal serum
atROH values, with unknown factors contributing
to the individual’s normal value, and fever, infec-
tion, and/or inadequate intake of other nutrients
(e.g., zinc and protein) can depress serum retinol.
Liver reserves provide the most reliable
measure of human vitamin A status. Noninvasive
assessments of liver vitamin A reserves (the relative
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dose–response and modified relative dose–response
tests) measure the amount of dose in serum relative
to the original plasma atROH after a small oral
dose of marker vitamin A. The larger the propor-
tion of dose that appears in serum, the lower the
liver reserves.

Binding Proteins

Several high-affinity (low Kd), soluble binding pro-
teins seem crucial to vitamin A homeostasis and/or
function. Two are widely distributed throughout
many tissues and cell types, whereas others have
limited expression loci (Table 1). These binding
proteins occur in all vertebrates, have highly con-
served amino acid sequences among orthologs, and
show high specificity for distinct retinoids. Where
measured, their concentrations exceed the concen-
trations of their ligands. Indeed, CRBP(II) accounts
for �1% of the soluble intestinal enterocyte pro-
teins. These qualities and experimental data indicate
that retinoids exist in vivo bound to specific pro-
teins. For example, purification of CRBP(I) from
tissues produces predominantly holoprotein,
despite the capacity of membranes to sequester
more atROH than occurs physiologically and the
time-consuming isolation techniques originally

used to isolate these proteins (including tissue homo-
genization, centrifugation, and several types of
column chromatography). The locus of atROH at
equilibrium would depend on both affinity for
potential acceptors and acceptor capacity. Nature
(in vivo) and the scientist (in vitro) provide plenty
of opportunities for retinol to equilibrate between
CRBP(I) and potential acceptors (membranes, lipid
droplets, etc.). Evidently, the large capacity of mem-
branes and other potential acceptors does not over-
come the comparatively limited capacity of CRBP(I)
to sequester retinol, consistent with tight binding.

CRBP (types I and II) and CRABP (types I and II)
have molecular weights of �15 kDa and belong to
the intracellular lipid binding protein (iLBP) gene
family, which includes the various fatty acid binding
proteins. The family members have similar three-
dimensional structures, despite low primary amino
acid conservation among nonorthologous members.
These proteins form globular but flattened structures
of 10 antiparallel strands of �-sheets, 5 orthogonal
to and above the other 5, referred to as a �-clam
(Figure 2). The polar head group of atROH (i.e., the
functional group that undergoes esterification or
dehydrogenation) lies buried deep within CRBP,
protected from the milieu of oxidants, nucleophiles,
and enzymes.
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O CO (CH2)14CH3

all-trans-retinoic acid

all-trans-retinal

β-carotene

all-trans-retinol

all-trans-retinyl palmitate

Figure 1 Structures of �-carotene and common endogenous retinoids. The numbers indicate the position of trans to cis isomeriza-

tion of atRCHO (C11) and the positions of hydroxylation of atRA (C4 and C18).
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CRBP(I) null mice are phenotypically normal until
retinol depletion, but they eliminate retinol and its
esters sixfold faster than wild-type mice, presumably
through enhanced catabolism via enzymes that nor-
mally have limited access. In contrast, CRBP(II) null
mice pups suffer 100% mortality by 24 h after birth
when born to dams fed a vitamin A-marginal diet.
Retinoid binding proteins apparently confer selective
advantage to vertebrates by promoted sequestering,
transport, and storage of vitamin A and limiting its
catabolism. CRBP(III) has been detected in mouse
heart and skeletal muscle, which express little or no
CRBP(I) or CRBP(II), but not in other retinoid tar-
get tissues, such as liver, kidney, and brain.
CRBP(III) seems to bind about equally well with
atROH, 9cROH, and 13cROH (Kd �80–110 nM).
Humans express yet another CRBP, originally
referred to as CRBP(III), but distinct from mouse

CRBP(III) and therefore really CRBP(IV). CRBP(IV)
mRNA is much more abundant in human liver and
intestine than CRBP(I) mRNA, but the mouse does
not encode a complete CRBP(IV) gene. CRBP(IV)
binds atROH with a Kd of �60 nM but does not
bind cis-isomers. The precise functions of CRBP(III)
and CRBP(IV) have not been clarified: Presumably,
they moderate retinol metabolism, similar to
CRBP(I) and CRBP(II).

CRABP(I) and -(II) do not have well-defined phy-
siological functions. Mice doubly null in CRABP(I)
and -(II) have an approximately fourfold higher rate
of death from unknown causes by 6weeks after
birth than wild-type mice, but the survivors appear
essentially normal, with one exception. The doubly
null mouse as well as the CRABP(II)-only null
mouse respectively show 83 and 45% incidence
of a small outgrowth anomaly on the postaxial

Table 1 Examples of retinoid binding proteins

Retinoid binding protein Ligand(s) Kd (nM) Adult distribution

CRBP (cellular retinol binding protein, type I) atROH �0.1 Nearly ubiquitous (low in intestine)

atRCHO 10–50

CRBP(II) atROH 10–50 Intestine

atRCHO 10–50

CRABP (cellular retinoic acid binding protein, type I) atRA 0.4 Widespread

CRABP(II) atRA 2 Limited (e.g., skin, uterus, ovary)

CRALBP (cellular retinal binding protein) 11cROH — Eye, especially retinal pigment epithelium

11cRCHO

SRBP (serum retinol binding protein) atROH — Serum

Figure 2 Ribbon (left) and space-filling (right) models of CRBP(I). (Courtesy of Marcia Newcomer (1995) Retinoid-binding proteins:

Structural determinants important for function. FASEB Journal 9: 229–239, Louisiana State University.)
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side of digit five, predominantly in the forelimbs.
The double mutants do not exhibit enhanced sensi-
tivity to atRA, suggesting that CRABP do not serve
primarily to protect against atRA toxicity or
teratogenicity.

CRALBP (�36 kDa) belongs to a gene family that
includes the �-tocopherol transfer protein (TTP).
In vitro, CRALBP sequesters 11cROH in the retinal
pigment epithelium (RPE) of the rods, driving for-
ward the trans to cis isomerization, and also facil-
itates dehydrogenation of 11cROH into 11cRCHO.
Mutations in human CRALBP cause night blindness
and photoreceptor degeneration.

SRBP (�20 kDa) belongs to the lipocalin family,
which includes apolipoprotein D, �-lactoglobulin,
odorant binding protein, and androgen-dependent
secretory protein. SRBP has a globular structure
formed by eight antiparallel �-sheets in two ortho-
gonal sheets that mold a �-barrel. The �-ionone ring
of atROH lies deep within SRBP, whereas the
hydroxyl group lies closest to the opening. atROH
in serum remains bound with SRBP, despite high
concentrations of a potential alternative high-
capacity carrier, albumin. This illustrates the affinity of
SRBP for atROH and the importance of sequestering
retinoids within specific proteins. Liver is the major
site of SRBP synthesis: Accordingly, liver expresses

SRBP mRNA most abundantly. Extrahepatic tissues,
however, also express SRBP mRNA, including
adipose and kidney, but the functions of SRBP
produced extrahepatically remain unknown. Knock-
ing out the SRBP gene produces a phenotypically
normal mouse, except for impaired vision after
weaning. Vision can be restored after months of
feeding a vitamin A-adequate diet. Thus, the eye,
which consumes (but does not store) the vast major-
ity of vitamin A, normally relies on SRBP for retinol
delivery. Retinol delivered by albumin and lipopro-
teins apparently supports the nonvisual functions of
vitamin A, at least in the SRBP null mouse kept
under laboratory conditions.

Vitamin A and the Visual Cycle

Figure 3 depicts a model of the functions of multiple
proteins and forms of vitamin A that constitute the
visual cycle. SRBP delivers atROH to the RPE, pos-
sibly through a plasma membrane SRBP receptor.
No SRBP receptor has been isolated, however, and
molecular characterization remains elusive. As in
other tissues, CRBP(I) sequesters atROH and allows
its esterification by the 25-kDa endoplasmic reticu-
lum (ER) enzyme lecithin:retinol acyltransferase
(LRAT). In fact, the amount of CRBP(I) may
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Figure 3 Model of the mammalian visual cycle. ABCR, ATP-binding cassette; atRCHO, all-trans-retinal; atROH, all-trans-retinol; atRE,

all-trans-retinyl esters; 11cRCHO, 11-cis-retinal; 11cROH, 11-cis-retinol; CRALBP, cellular retinal binding protein; CRBP(I), cellular retinol

binding protein, type I; IRBP, interphotoreceptor retinoid binding protein; IMH, isomerohydrolase; LRAT, lecithin:retinol acyltransferase;

ROS, rod outer segment; RPE, retinal pigment epithelium; RPE65, RPE protein 65; SRBP, serum retinol binding protein.
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represent the controlling event in the rate of atROH
uptake, and uptake may be coupled to retinyl ester
(RE) formation. RPE65, an �65-kDa RPE protein,
binds the highly hydrophobic atRE with a Kd of
�20pM. This accelerates mobilization of atRE and
delivery to the next step, isomerization by an iso-
merohydrolase (IMH). The RPE65 null mouse can-
not produce 11-cis-retinoids, attesting to its
importance in mobilizing atRE in the quantity and
rate necessary to support the visual cycle. The IMH
both hydrolyzes atRE and isomerizes the double
bond at C11 to produce 11cROH. Unfortunately,
little is known about the IMH: It has not been
isolated or cloned. The cytosolic protein CRALBP
sequesters 11cROH and also 11cRCHO produced
by the ER enzyme 11-cis-retinol dehydrogenase
(11cRDH), and it seems to enhance isomerization.
The 11cRDH of the RPE belongs to the SDR (short-
chain dehydrogenase/reductase) gene family: RDH4
and RDH5 encode the murine and human 11cRDH
genes, respectively. 11cRDH also has been referred
to as 9cRDH (9-cis-RDH) or cRDH, but the eye
expresses 11cRDH mRNA far more intensely than
other tissues, and more efficient potential 9cRDHs
have been cloned and characterized, namely the
SDR isozymes CRAD1 and -3 (cis-retinol/androgen
dehydrogenase). Mutations in RDH5 cause the rare
autosomal recessive disorder fundus albipunctatus,
which is a form of night blindness characterized by
delayed regeneration of photopigments in rods and
cones. Enzymes in addition to RDH4/5 probably
contribute to dehydrogenation of 11cROH in the
RPE, which explains why the RDH5 mutation does
not cause blindness.

Interphotoreceptor retinoid binding protein
(IRBP) occupies the space between the RPE and the
rod outer segment (ROS), the interphotoreceptor
matrix, and binds both 11cROH and 11cRCHO.
Retinoids do not require IRBP for transfer between
the two membranes, however, because IRBP null
mice show no gross abnormalities of the visual
cycle, even though they have severe retinal abnorm-
alities. Although retinoids have very limited solubi-
lity in the aqueous phase, membranes of the RPE
and ROS transfer retinoids between them in the
absence of IRBP.

In the ROS, 11cRCHO forms a Schiff’s base
adduct with a lysine residue in the protein opsin to
create rhodopsin. Light isomerizes the 11cRCHO of
rhodopsin into atRCHO. The isomerization
straightens the retinoid side chain, changing the con-
formation of rhodopsin. This conformation change
initiates a nerve impulse through G proteins and
releases atRCHO, regenerating opsin. An ATP
transporter ABCR facilitates leaching of atRCHO

from rhodopsin, and an ER enzyme, prRDH (photo-
receptor retinol dehydrogenase), also an SDR,
reduces atRCHO into atROH. atROH cycles back
to the RPE and binds with CRBP(I).

Vitamin A Homeostasis and Activation
into atRA

Intestinal absorptive cells absorb dietary carotenoids
and retinol during the bile–acid-mediated process of
lipid absorption. Within the enterocyte, central
cleavage by a soluble 63-kDa carotene 15,150-
monooxygenase catalyzes the principal route of
carotenoid metabolism (Figure 4). Carotene 15,150-
monooxygenase belongs to the same gene family as
RPE65 (the mouse proteins have only 37% amino
acid identity, however), suggesting a family of pro-
teins/enzymes dedicated to transport/metabolism of
highly hydrophobic substances. Intestine expresses
the carotene 15,150-monooxygenase mRNA, but
kidney and liver show much more intense expres-
sion, and the testis curiously shows most intense
expression, consistent with the ability of tissues
other than the intestine to cleave carotenoids. Car-
otene 15,150-monooxygenase also metabolizes car-
otenoids without provitamin A activity, such as
lycopene, although with lower efficiency.

CRBP(II) sequesters atRCHO generated from car-
otenoids and allows its reduction into atROH, cat-
alyzed by an ER retinal reductase (uncharacterized).
In contrast to CRBP(I), CRBP(II) does not allow
oxidation/dehydrogenation of its ligands. LRAT
accesses the CRBP(II)–atROH complex and pro-
duces atRE for incorporation into chylomicrons.
During conversion into remnants by lipoprotein
lipase in adipose, chylomicrons retain most of their
RE, as they do cholesterol esters.

Hepatocytes sequester RE and cholesteryl esters by
receptor-mediated endocytosis of chylomicron rem-
nants. Substantial RE hydrolysis apparently occurs
before engulfing of the remnants by lysosomes.
CRBP(I) sequesters the atROH released and allows
esterification by LRAT but protects from esterifica-
tion via other acyltransferases, just like CRBP(II)
functions in the intestine. Ultimately, liver stellate
cells accumulate most of the RE. CRBP(I) seems
necessary for retinoid transfer from hepatocytes to
stellate cells because the CRBP(I) null mouse does
not accumulate RE in stellate cells. The mechanism
of transfer, however, has not been established.

Liver senses local and extrahepatic need for atRA
biosynthesis by an unknown signal (possibly atRA)
and need for atROH in the visual cycle, and it
responds by mobilizing RE to maintain serum
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retinol levels. ES-10 and ES-4, two neutral ER-
localized, bile salt-independent carboxyesterases,
provide at least 94% of the RE hydrolysis activity
in liver. Kidney also expresses ES-4, and kidney,
testis, lung, and skin express ES-10. Either SRBP or
CRBP(I) sequesters the atROH released. SRBP deli-
vers atROH to serum, whereas CRBP(I), unlike
CRBP(II), allows dehydrogenation into atRCHO to
support atRA biosynthesis. (Figure 4 shows atRA
biogeneration only in target cells, but it also occurs
in liver; likewise, RE storage also occurs in target
cells in animals exposed to higher dietary atROH,
suggesting that the liver does not initially sequester
all dietary retinoids.) What keeps the CRBP(I)-
bound atROH from undergoing futile cycling back
to atRE? Apo-CRBP(I) stimulates endogenous
microsomal RE hydrolysis and inhibits LRAT
(Figure 5). Note that apo-CRBP(I) exerts potent
effects at concentrations of �2.5 mM—well within
the range of the CRBP(I) expressed in liver. Thus,

the ratio apo-CRBP/holo-CRBP signals atROH
status and directs atROH flux into or out of atRE.

SRBP–atROH circulates as a complex with trans-
thyretin (TTR) that protects it from degradation.
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The mechanism of atROH delivery from SRBP into
cells has not been established. Some data suggest a
specific SRBP membrane receptor, whereas other
data indicate that CRBP(I) pulls atROH transfer
from SRBP through the membrane. A third hypoth-
esis is that an SRBP receptor is mainly in the eye, the
quantitatively major site of atROH consumption.

Extrahepatic cell atROH supports atRA biosynth-
esis but also undergoes esterification if delivered in
sufficient quantities. CRBP(I) allows dehydrogena-
tion of atROH by an �35-kDa ER retinol dehydro-
genase (RDH) but protects atROH from
dehydrogenation via other dehydrogenases. RDH
(Rdh1) belongs to the SDR gene family. The SDR
gene family consists of �50 mammalian members
that catalyze intermediary metabolism, and the
metabolism of steroids and prostaglandins, in addi-
tion to retinoids.

The mechanism of atROH transfer from CRBP(I)
or -(II) to RDH and LRAT has not been elucidated.
Specific cross-linking of holo-CRBP(I) with both
RDH1 and LRAT, however, indicates close proxi-
mity of CRBP(I) to the two enzymes. Notably,
apo-CRBP(I) at concentrations of 1 mM prevents
cytosolic dehydrogenation of atROH, even by solu-
ble enzymes that access the CRBP(I)–atROH com-
plex, while not impacting ER SDR until reaching
much higher concentrations. This suggests the
importance of membrane RDH, rather than soluble
dehydrogenases, to atRA biosynthesis. Obviously,
atRA biosynthesis in vivo occurs in the absence of
CRBP(I), as indicated by lack of morphological
pathology in the CRBP(I) null mouse. This was pre-
dicted by in vitro experiments that showed that
neither RDH nor LRAT require presentation of
atROH by CRBP(I). Rather, CRBP(I) operates as a
molecular chaperone that restricts metabolism to
enzymes that can access its atROH.

In the early 1950s, cytosolic alcohol dehydro-
genases (ADHs) were suggested to metabolize
atROH. This was an attempt to explain atRCHO
generation and the controversial and poorly under-
stood putative occurrence (at the time) of atRA in
tissues, when other families of dehydrogenases
remained anonymous. ADHs do recognize atROH
in vitro, albeit only when presented free of CRBP(I)
and with comparatively low efficiencies. However,
enzymes have poor substrate discrimination in vitro
and do not metabolize many of the same substrates
in vivo because of intracellular constraints. Mice
null in both ADH class I (Adh1) and ADH class IV
(Adh4) show no vitamin A-deficiency phenotype,
nor do mice null in ADH class III (Adh3). Adh1
null mice show a decreased rate of metabolism of
50–100mg/kg atROH, but this demonstrates only

that extraordinary high exposure can defeat physio-
logical controls imposed by retinoid binding pro-
teins. Vitamin A excess has not been a problem
throughout evolution (mice do not usually eat
polar bear or marine fish liver): No pressure forced
evolution of protective mechanisms against such
exposure. Natural selection exerted the opposite
pressure (i.e., evolution of retinoid binding proteins
to conserve vitamin A).

Retinal dehydrogenases (RALDHs) catalyze the
irreversible conversion of atRCHO into atRA and
can do so in the presence of CRBP(I) using
atRCHO generated in situ from CRBP(I)–atROH
and RDH. These �54-kDa soluble enzymes belong
to the ADLH gene family. RALDH1 (Aldh1a1),
-2 (Aldh1a2), and -3 (Aldh1a3) contribute most to
atRA generation, whereas RALDH4 has much
more efficient activity with 9-cis-retinal. The
RALDH1 null mouse remains fertile and healthy
but may have decreased ability to produce atRA
in the liver. The RALDH2 null mouse dies
in utero by midgestation, demonstrating its unique
contribution to atRA synthesis during embryogen-
esis. The situation may differ in the adult.
RALDH1–3 show overlapping expression patterns
in the adult, with RALDH1 expressed most inten-
sely. Interestingly, atRA regulates mRNA levels of
RALDH1 differently in different tissues. For exam-
ple, vitamin A sufficiency increases kidney and liver
RALDH1 mRNA, whereas vitamin A insufficiency
increases testis RALDH1 mRNA. This may repre-
sent a mechanism to divert atROH from liver to
testis for atRA production during vitamin A
scarcity.

Other Active Retinoids

Discrete loci synthesize 3,4-didehydro-atRA, such as
skin. 3,4-Didehydro-atRA binds RAR with high affi-
nity, similar to atRA. The purpose of creating a
signaling molecule that functions similar to atRA
in specialized loci, which also biosynthesize atRA,
has not been clarified.

Although 9-cis-RA was reported as a hormone
in vivo, at best, its concentrations are much lower
than atRA. Its putative function as a physiological
ligand that controls RXR is controversial.

atRA Catabolism

atRA induces its own metabolism via cytochrome
P450 (CYP) into a variety of initial catabolites,
including 5,6-epoxy-atRA, 18-hydroxy-atRA, and
4-hydroxy-atRA. Metabolism of atRA limits its
activity; conversely, inhibitors of atRA metabolism
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enhance atRA potency. CYP26A1 may catalyze the
major degree of atRA catabolism, as evidenced by
null mice dying in mid- to late gestation with serious
morphological defects. Two other P450’s, CYP26B1
and CYP26C1, also catabolize atRA, but null mice
have not been reported. Several other CYPs report-
edly catabolize atRA, but these candidates
(CYP1A1/2, CYP2A6, CYP2C8/9, CYP2E1, and
CYPP3A4/5) are not induced by atRA—in contrast
to the well-established ability of atRA to induce its
own metabolism as well as CYP26A1 transcrip-
tion—and most have inefficient kinetics in vitro
with atRA.

Presenting atRA to microsomes bound with
CRABP(I) enhances kinetic efficiency of catabolism
sevenfold. There seems to be little doubt that
CRABP(I) sequesters atRA: Delivering the seques-
tered atRA for efficient catabolism seems to be a
logical mechanism to discharge the ligand without
releasing it back into the cell. Unfortunately, this
insight does not reveal the primary purpose for
CRABP(I) impounding atRA in the first place.

Regulation of Retinoid Homeostasis

atRA regulates retinoid homeostasis. It induces
LRAT transcription �100-fold and induces
CRBP(I) transcription. These may be housekeeping
functions that maintain retinol esterification and
handling during vitamin A sufficiency. On the
other hand, induction of CYP26A1 by atRA can be
viewed both as a general mechanism of clearance
and as a site-specific mechanism to maintain an
environment during specific stages of development.

Several xenobiotics, including ethanol and poly-
chlorinated biphenyls, reduce RE stores, possibly
through enhancing atRA catabolism by inducing
CYP. In addition, clofibrate, a ligand of PPAR�
(peroxisome proliferator activated receptor), causes
a remarkably rapid depletion of liver retinoids and
decreases TTR mRNA fourfold. In contrast, PPAR�,
expressed in liver stellate cells among others, induces
transcription of carotene 15,150-monooxygenase.
PPAR� also induces expression of CRBP(I),
CRBP(II), LRAT, and RAR�. These actions of
PPAR� and -� with retinoids reflect their effects on
lipid metabolism: PPAR� enhances fatty acid cata-
bolism, whereas PPAR� enhances adipogenesis and
fatty acid storage.

Mechanism of atRA Action

atRA induces transcription by binding with three
ligand-activated transcription factors, RARs (reti-
noic acid receptors) �, �, and �, each encoded by a

distinct member of the nuclear hormone receptor
gene superfamily. RARs function in vivo bound
with three additional distinct members of the
nuclear receptor gene family: RXR (retinoid X
receptor) �, �, and �. Forty-eight RXR–RAR com-
binations can occur because each receptor gene can
express two to four protein isoforms, stemming
from differential promoter use and alternative splic-
ing. RXR in complex with RA acts ‘silently’ (i.e., it
can function sans ligand). The RXR–RAR heterodi-
mer recognizes several types of RARE (atRA
response elements). The two most common consist
of two direct repeats of (A/G)G(G/T)TCA separated
by two (DR2) or five (DR5) nucleotides. This multi-
plicity of heterodimers and response elements sug-
gests a mechanism for the pleiotropic functions of
vitamin A.

atRA binding with RAR induces the receptor to
convert from an open form to a more structured
form that wraps the ligand. This conformation
change leads to remodeling of coregulators bound
to the RXR–RAR complex. Remodeling releases a
complex array of co-corepressors and recruits a
complex array of coactivators, accompanied by
chromatin remodeling, histone acetylation, and
recruitment of basal transcription factors, including
TATA binding protein and RNA polymerase II.
More than 500 genes have been reported as tran-
scriptionally regulated by atRA either directly by
this process or indirectly through events set into
motion by this process.

RXR’s influence extends beyond serving as an
obligatory partner of RAR. RXR forms heterodi-
mers with �11 nuclear receptors, including the
vitamin D receptor PPAR and the thyroid hormone
receptors. ‘The’ RXR ligand, if not 9cRA, would
have significant signaling impact.

CRABP(II), but not CRABP(I), delivers atRA to
RAR and thereby induces transcription. The limited
expression loci of CRABP(II), however, suggest that
this action would be specialized rather than general.

Physiological Functions of atRA

All vertebrates require retinal for the visual cycle
and atRA to support the systemic functions of
vitamin A, including controlling the differentiation
programs of epithelia cells and cells in nerve and
bone and also the immune and reproductive
systems. atRA frequently, but not always, induces
terminal differentiation. atRA also regulates
expression of genes in differentiated cells and
genes crucial to spermatogenesis, hematopoiesis,
estrus, placental development, embryogenesis, and
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apoptosis. atRA may also serve as a tumor
suppressor.

The many RAR knockouts illustrate the physiolo-
gical functions of vitamin A. Disruption of the
RAR� gene, the RAR with the most widespread, if
not ubiquitous, expression in the embryo and adult,
does not cause embryonic lethality but reduces the
homozygous null population by 60% within
12–24 h after birth and by 90% within 2months.
The RAR� null mice that survive 4 or 5months
have severe germinal epithelium degeneration and
are sterile. RAR� gene null mice are fertile and viable
and show no immediate signs of morphological
abnormalities. Nevertheless, complementary data
show that RAR� may mediate the antiproliferative
function of atRA and as such may serve as a tumor
suppressor. Moreover, RAR� null mice have vir-
tually no hippocampal long-term potentiation or
long-term depression, the forms of synaptic plasti-
city that provide a mechanism of short-term spatial
learning and memory. This phenomenon can be
reproduced by vitamin A depletion. RAR� null
mice have an 86% incidence of skeletal abnormal-
ities by embryonic day 18.5 but are born in Mende-
lian frequency. Postnatally, the homozygous null
pups show retarded rates of growth, limiting them
to 40–80% of the weight of wild-type pups. By 1–3
weeks old, 50% of RAR� null mice die; by
3months, 80% die. Mature males also have squa-
mous metaplasia of the seminal vesicles and pros-
tate glands, similar to vitamin A deficiency, but
other epithelia appear normal. These data reveal
that even though RAR tend to express in site spe-
cific patterns in normal circumstances, they also
exhibit a great degree of functional redundancy,
enabling a mouse null in one receptor to (partially)
compensate for the other two.

Numerous studies have correlated vitamin A
insufficiency in laboratory animals with increased
incidence of spontaneous and carcinogen-induced
cancer. Chemopreventive trials in humans show
some promise for retinoids in actinic keratoses,
oral premalignant lesions, laryngeal leukoplakia,
and cervical dysplasia. The US Food and Drug
Administration has approved retinoids for acute
promyelocytic leukemia and for non-life-threatening
diseases, such as cystic acne and psoriasis. Retinoids
also provide the active ingredients in agents to treat
sun/age-damaged skin.

WHO recognizes vitamin A deficiency as a mor-
tality factor for childhood measles. Two large doses
(60,000RAE each) of a water-soluble vitamin A
formulation given to children on each of 2 days
decrease the risk of death from measles 81% in
areas of prevalent vitamin A deficiency.

See also: Fish.
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Vitamin A (VA) deficiency is the leading cause of
pediatric blindness, increases risk of severe infection,
and is an underlying cause of child mortality in
many developing countries. Night blindness, the
mildest ocular manifestation of VA deficiency, has
been recognized since antiquity, with the condition
depicted in bas-relief on the Egyptian pyramid in
Sakura, dating to the Middle Kingdom, and Hippo-
crates in the fourth century BC recognizing and
treating the condition with animal liver. Corneal
destruction and consequent blindness, as well as
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milder conjunctival lesions of xerophthalmia, were
linked to dietary insufficiency in the eighteenth and
nineteenth centuries, with cod liver oil emerging as
recommended treatment for the various conditions
of night blindness, Bitot’s spots, and corneal necrosis
(keratomalacia) more than a century ago. Discovery
in the early twentieth century of ‘fat-soluble A,’ an
ether-soluble factor in butter and egg yolk critical
for sustaining growth, health, and vision in animals,
accelerated recognition and treatment of xerophthal-
mia in children as well as decades of subsequent
research that led to the synthesis of vitamin A and
its analogues, an understanding of the vitamin’s
roles in the visual cycle, and discovery of the
vitamin’s involvement in maintaining epithelial,
immune, hematopoietic, and osteoid function and
multiple facets of human health.

Vitamin A Deficiency Disorders

Vitamin A is essential for maintaining normal retinal
function and differentiation of rapidly dividing,
bipotential cells. These regulatory roles give rise to
specific manifestations of hypovitaminosis A, such
as poor photoreceptor function leading to night
blindness, metaplasia, and keratinization of mucosal
epithelial surfaces leading to clinical abnormalities
of conjunctival and corneal xerosis as well as
epidermoid metaplasia and other epithelial defects
throughout the respiratory, genitourinary, and
gastrointestinal tracts and glandular ducts.
Deficiency can also impair development or function-
ing of multiple arms of the immune system that can
weaken host defenses against infection. Collectively,
all pathophysiological consequences attributed in
varying degrees to VA depletion are termed ‘vitamin
A deficiency disorders (VADD) (Figure 1).

Biochemical Depletion

Tissue depletion of vitamin A, although not a
disorder per se, precedes the functional conse-
quences of deficiency. In uncomplicated hypovitami-
nosis A, plasma retinol tends to be homoeostatically
controlled until body (primarily liver) stores are low,
after which plasma concentration declines. Plasma
retinol may also decline during states of chronic
inflammation and clinically significant infection, in
parallel with raised circulating concentrations of
acute phase proteins, likely reflecting increased tis-
sue delivery, reduced hepatic mobilization via retinol
binding protein, and increased urinary loss of
vitamin A. Plasma retinol gradually normalizes
during recovery from infection if there are adequate
hepatic stores of the vitamin. If not, infection can

leave the host more tissue depleted and at risk.
Despite nondietary influences, plasma or serum
retinol measurement remains the most common bio-
chemical index of vitamin A status. Vitamin A
deficiency is generally diagnosed at a serum retinol
concentration below a cutoff of 0.70mmol/l (20mg/dl),
below which 20 to >50% of concentrations occur
in a VA-deficient population compared to <3% of
well-nourished societies. A serum retinol concentr-
ation of <0.35 mmol/l is indicative of severe defi-
ciency. Decrements in serum retinol concentration
below these cutoffs are associated with marked
increases in risk of xerophthalmia and infection.
Other indices of tissue retinol depletion include
the relative dose–response, a before–after test dose
difference in serum retinol that indirectly reflects
hepatic retinol adequacy, breast milk retinol
concentration for assessing both maternal status
and intake adequacy of breast-fed infants, stable
isotopic dilution to assess the total body vitamin
A pool, impression cytology that detects early or
mild metaplasia on the bulbar conjunctiva, and
clinical stages of xerophthalmia.

Xerophthalmia

Conjunctival and corneal epithelium deprived of
vitamin A undergoes keratinizing metaplasia. Colum-
nar epithelial cells become squamous and mucus-
producing goblet cells disappear, providing the
histopathologic mechanisms for deficiency-induced
xerotic (drying) changes to the ocular surfaces. VA
deficiency is also required for rod vision in dim light.
VA deficiency-induced night blindness often occurs
with histopathologic changes on the ocular surface.
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Figure 1 Concept of vitamin A deficiency disorders (VADD), due

primarily to underlying chronic dietary deficit in preformed vitamin A

and provitamin A carotenoids. From West KP Jr (2002) Extent of

vitamin A deficiency among preschool children and women of

reproductive age. Journal of Nutrition 132: 2857S–2866S.
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Thus, night blindness and clinical eye signs are both
listed under one xerophthalmia classification scheme
(Table 1).

Night blindness Vitamin A, as retinaldehyde, is an
essential cofactor in the generation of rhodopsin.
This is a photosensitive pigment in rod photorecep-
tors of the retina that responds to light (it is
‘bleached’) by releasing vitamin A and initiating
neural impulses to the brain that permit vision
under conditions of low illumination. The utilization
and recycling of vitamin A in this process is known
as the ‘visual cycle.’ Hypovitaminosis A restricts
rhodopsin production, which in turn raises the
scotopic (low light) visual threshold. Gradually, a
perceptive threshold is reached that leads to recogni-
tion of night blindness (XN), the earliest symptom
of xerophthalmia. It is marked by an inability to
move about in the dark. Children between 1 and
5 years of age and pregnant women appear to be at
greatest risk of XN. Where endemic, there is often a
local term for XN that translates into ‘evening’ or
‘twilight’ blindness or ‘chicken eyes’ (lacking rod
cells, chickens cannot see at night), making the con-
dition readily detectable by history. Typically, gesta-
tional night blindness resolves spontaneously
with child birth and expulsion of the placenta, likely
relieving maternal metabolic demands for vitamin A.

Conjunctival xerosis and Bitot’s spots Early
xerosis of the conjunctiva can be detected

subclinically by filter paper impression cytology,
showing distorted, enlarged, and noncontiguous
sheaths of epithelial cells and the disappearance of
goblet cells. In advanced vitamin A deficiency, xero-
sis appears clinically as a dry, unwetable surface of
the bulbar conjunctiva (X1A). The affected areas are
usually overlaid with superficial white, cheesy, or
foamy patches of triangular or oval shape that con-
sist of desquamated keratin and bacteria (often the
xerosis bacillus). These are known as Bitot’s spots
(X1B). They are nearly always bilateral, found tem-
poral (and, in more advanced cases, also nasal) to
the corneal limbus, and more reliably diagnosed
than X1A. Bitot’s spots are not blinding but are
reflective of chronic moderate to severe systemic
depletion of vitamin A.

Corneal xerophthalmia Corneal xerophthalmia is
manifested in increasingly severe stages. The earliest
corneal lesions appear as superficial punctate defects,
evident with a slit lamp, that with advanced defi-
ciency become more numerous and concentrated.
The cornea is considered xerotic (X2) when punctate
keratopathy covers large areas of the surface, render-
ing a hazy, nonwetable, lusterless, and irregular
appearance on handlight examination. Stromal
edema may be present. In more severe cases, thick,
elevated xerotic plaques may form. Usually, both eyes
are affected. Corneal ulcers (X3A) can be sharply
demarcated, round or oval defects that are usually
shallow but may also perforate the cornea. Healed
ulcers form a leukoma (scar) or adherent leukoma if
the iris has plugged the perforated ulcer. Most ulcers
occur peripheral to the visual axis and thus may not
threaten central vision if treated promptly. Keratoma-
lacia (X3B) refers to a full-thickness softening and
necrosis of the corneal stroma that can cause protrud-
ing, opaque, yellow to gray lesions to form (Figure 2).
These tend to collapse or slough off, leaving a desce-
metocele following VA treatment. Keratomalacia
usually impairs vision in the involved eye, although
the degree of visual loss depends on the location,
thickness, and extent of corneal necrosis and
resultant scar. Due to the generally malnourished
and ill state of children with corneal xerophthalmia,
the mortality rate of hospitalized cases is 4–25%.

Other VADD

Infection A bidirectional relationship exists between
hypovitaminosis A and infection, each exacerbating
the other, representing a classic ‘vicious cycle.’ Thus,
infection may be considered both a cause of VA
deficiency and, in terms of severity and sequellae, a
‘disorder’ as well. Cross-sectionally, xerophthalmia

Table 1 WHO and IVACG classification and minimum

prevalence criteria for xerophthalmia and vitamin A deficiency

as a public health problem

Definition (code) Minimum

prevalence

(%)

Highest risk

period

Children 1–5 years of age

Night blindness (XN) 1.0 2–6 years

Conjunctival xerosis (XIA) — —

Bitot’s spots (X1B) 0.5 2–6 years

Cornea xerosis (X2)/corneal

ulceration (X3A)/keratomalacia

(X3B)

0.01 1–3 years

Xerophthalmic corneal scar (XS) 0.05 >1 year

Deficient serum retinol

(<0.70mmol/l)

15.0 <6months;

1–5 years

Pregnant/lactating women

Night blindness (XN) during

most recent pregnancy

5.0 3rd

trimester

Low serum retinol

(<1.05mmol/l)

20.0

Adapted from Sommer A and Davidson FR (2002) Assessment

and control of vitamin A deficiency: The Annecy Accords. Journal

of Nutrition. 132: 28455–28505.
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or severe hyporetinolemia has been consistently asso-
ciated with higher frequencies of diarrhea, fever, and
other infections, although directionality is difficult to
parse from such evidence.

VA deficiency raises the risk of infection presum-
ably due to compromised ‘barrier’ epithelial function
and impaired innate, cell-mediated, and humoral
immune mechanisms. VA-deficient Southeast Asian
preschoolers (i.e., with mild xerophthalmia) were
twice as likely to develop acute respiratory infection
and (in Indonesia) three times more likely to develop
diarrhea over subsequent 3- to 6-month periods. Defi-
cient children are also more likely to die. This was so
among Indonesian preschool children, whose risk of
mortality increased with increased severity of mild eye
signs (Figure 3). In Nepal, siblings of patients were
more likely to develop the eye lesions but were also at
a twofold higher risk of dying than children living in
unaffected households, reflecting a clustering of child
mortality risk within VA-deficient households.

Data from children and animals support the plau-
sibility of these findings. VA-deficient children show

increased bacterial adherence to respiratory
epithelium, low lymphocyte counts and T helper to
cytotoxic/suppressor cell ratios, and a weaker
delayed-type hypersensitivity response compared to
nonxerophthalmic children. In animals, VA defi-
ciency produces keratinizing metaplasia of epithelial
linings that may affect ‘barrier’ defenses. It also
compromises acquired immunity, indicated by
lymphoid atrophy, reduced numbers of circulating
lymphocytes, impaired blast transformation
responses to antigen, T cell-dependent antibody
responses, and natural killer cell activity, and a
greatly increased risk of infection and death.

Anemia and Poor Growth Children with xe-
rophthalmia and night blind mothers tend to be
anemic relative to peers without eye disease. VA-
supplemented trials often show improvement in indica-
tors of iron status, including reductions in anemia.
Mechanisms involved in this interaction are not clear
but may involve enhanced iron absorption, storage,
and transport as well as direct effects on hematopoi-
esis in the presence of adequate iron stores.

VA deficiency decelerates growth in animals and
has been associated with both stunting and wasting
malnutrition in children, possibly reflecting roles for
the vitamin in osteogenesis and protein metabolism.
Trials, however, have shown inconsistent effects of
VA supplementation on child growth, possibly
due to variations in the extent of infection, season-
ality in dietary protein and energy adequacy,
exclusion criteria, and levels of VA status among
study children. It appears that VA supplementation
can influence ponderal and linear growth, as well as

Figure 2 Keratomalacia. From Sommer A (1995) Vitamin A

deficiency and its consequences. A Field Guild to detection and

control. 3rd ed. Geneva, WHO.
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body composition, in children for whom VA defi-
ciency is a ‘growth limiting’ nutritional deficit.

Epidemiology

The epidemiology of VA deficiency provides a basis
for quantifying its extent and health consequences;
describing its demographic patterns, geocultural
context, and dietary causes; and with which to tar-
get interventions for treatment and prophylaxis. It is
mostly understood in relation to hyporetinolemia
and xerophthalmia (Table 1), especially the noncor-
neal stages involving night blindness and
Bitot’s spots due to conjunctival xerosis. The latter
eye signs are common, specific, and likely to
exhibit risks relevant to more widespread
hypovitaminosis A. Importantly, although both con-
ditions represent ‘mild’ non-blinding xerophthal-
mia, they typically occur in moderate to severe
systemic VA deficiency.

Magnitude

Current estimates suggest that VA deficiency (serum
retinol <0.70 mmol/l) afflicts 25% or 127million
preschool-aged children in the developing world, of
whom 4–5million have xerophthalmia. The number
of potentially blinding corneal cases occurring
annually is less well-known but, based on historic
data, efficacy of VA interventions, and successes in
controlling precipitating factors (such as measles), it
is likely to be �250,000 cases globally per year. The
geographic distribution of VA deficiency, based on
joint distributions of preschool xerophthalmia and
hyporetinolemia, is presented in Figure 4. However,
increasing evidence shows that VA deficiency
extends beyond the preschool years. For example,
in Southeast Asia, >80million children 5–15 years
of age are thought to be hyporetinolemic, 9million
of whom have mild xerophthalmia. The burden of
preadolescent school-aged VA deficiency in Africa
and Latin America remains unestimated due to
lack of population data. Adult VA deficiency is

Figure 4 Global geographic distribution of xerophthalmia (X, all clinical stages) and vitamin A deficiency (VAD, serum retinol

concentrations <0.70mmol/l) in preschool-aged children. From West KP Jr (2002) Extent of vitamin A deficiency among children

and women of reproductive age. Journal of Nutrition.
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most notable in women living in undernourished
conditions during and after pregnancy. Globally,
approximately 20million pregnant women have
low vitamin A status (serum retinol concentration
<1.05 mmol/l), of whom 7million are thought to be
deficient (serum retinol <0.70 mmol/l) and 6million
night blind, typically in the latter half of pregnancy.
Regions of the world at greatest risk of VA
deficiency are Southeast Asia and sub-Saharan
Africa, where �45 and 30% of all affected children
and pregnant women reside, respectively.

High-Risk Groups

Preschool children and women during and following
pregnancy are at highest risk for developing vitamin
A deficiency and suffering its consequences. Infants
in most poor populations are born with low VA
status, which may predispose them to risk of blind-
ing keratomalacia at <6months of age. Without
adequate VA from breast milk and complementary
foods, VA stores can remain low to deficient
throughout the first year of life and beyond. Risk
of potentially blinding corneal xerophthalmia
(Figure 2) peaks in the second through fourth years
of life, typically following epidemics of acute infection
such as severe measles, which can exacerbate a chroni-
cally wasted and vitamin A-deficient state. Milder
stages of xerophthalmia, night blindness and Bitot’s
spots typically affect 1–5% of young children, with
prevalence increasing from �1year of age through, in
some cultures, the school-aged years. Boys tend to
have higher rates of mild xerophthalmia than girls,
possibly reflecting differences in dietary practices. In
traditional societies, the increase follows weaning of
children from VA-containing breast milk to a house-
hold diet chronically lacking preformed vitamin A or
its carotenoid precursors.

VA deficiency persists through adolescence and into
adulthood, as indicated by frequent reports of low
serum retinol level (<0.70mmol/l) in �25% and
night blindness in 5–20% of pregnant or lactating
women in endemically deficient areas. Deficiency
presumably results from heightened nutritional
demand from late gestation through lactation super-
imposed on a chronic, poor dietary intake and preex-
isting low VA status of women. Although rarely
blinding, maternal night blindness can identify high-
risk women in populations in which it is associated
with hyporetinolemia, anemia, wasting malnutrition,
increased infant mortality, and markedly increased
risks of maternal morbidity and mortality (Figure 5).
In recent years, widespread maternal VA deficiency
has been observed to coexist with HIV infection
and AIDS throughout sub-Saharan Africa. However,
modest, absent, or inconsistent effects of maternal
VA supplementation on infant and maternal
health, survival, or rates of transmission in trials sug-
gest that VA deficiency may be more a consequence
than a determinant of HIV-induced disease severity.

Geographic Clustering

Patterns of childhood hyporetinolemia or abnormal
impression cytology plus xerophthalmia define the
geographic risk of VA deficiency as a periequatorial
nutritional problem throughout the world (Figure 4).
Within regions, VA deficiency tends to cluster in
parallel with indices of underdevelopment, low
availability of food sources of vitamin A, and dis-
ease patterns. In a large study in Aceh, Indonesia,
villages in which cases of xerophthalmia were
detected tended to be poorer than xerophthalmia-
free communities and, within a village, cases arose
more frequently from households of low
socioeconomic standing than did children with nor-
mal eyes (controls) (Table 2). Also, in multiple

0
100
200
300
400
500
600
700
800
900

Pregnant 0–6 wk 7–12 wk 13–24 wk 25–36 wk 37–52 wk >52 wk

Postpartum

M
or

ta
lit

y 
ra

te
 p

er
 1

00
,0

00 Night blind
Not night blind

Figure 5 Mortality rates of rural Nepalese women (per 100,000 pregnancies) during and for up to 2 years following pregnancy

according to whether mothers experienced night blindness (n= 361) or not (n= 3052) during pregnancy. From Christian P et al. (2000)

Night blindness during pregnancy and subsequent mortality among women in Nepal: Effects of vitamin A and B-carotene supple-

mentation. American Journal of Epidemiology.

430 VITAMIN A /Deficiency and Interventions

::.. keydaru.ir ..::



surveys in Africa and Asia, preschool children incur
an approximately twofold higher risk of having or
developing xerophthalmia in villages in which at
least one other child has been diagnosed compared
to villages in which xerophthalmia has not been
previously seen (Table 3). More striking is a 7- to
13-fold higher risk of xerophthalmia in siblings of
cases compared to children in homes with no pre-
vious history of xerophthalmia. Maternal night
blindness and childhood xerophthalmia tend to
coexist at both household and community levels,
reflecting the chronicity of dietary inadequacy in
undernourished communities. Spatial clustering of
deficiency risk seems to arise mostly from shared
dietary practices in homes and villages rather than
other exposures that lead to common infections. The
exception to this observation is likely to be in house-
holds and communities afflicted by HIV/AIDS.

Periodicity

The occurrence of xerophthalmia can follow pre-
dictable, although not parallel, seasonal patterns in
different areas of the world. Typically, a seasonal
peak in VA deficiency emerges from a convergence
of causal risk factors. In Southeast Asia, for exam-
ple, a distinct peak in the incidence of mild xe-
rophthalmia occurs during the late dry and early
monsoon seasons (April–July). This peak follows a
postharvest growth spurt in the cool dry season. It
also coincides with a general scarcity of pro-vitamin
A-rich vegetables and fruits and a seasonal increase
in the incidence of diarrhea, respiratory infection,
and measles. In this area of the world, the seasonal
peak is often curbed abruptly midway through the
‘mango season,’ reflecting a likely impact of wide-
spread consumption of this �-carotene-rich fruit.
Periodicity, where it exists, can help identify causes
and target prevention to specific times of the year.

Causes

Breast-feeding and diet Dietary risk in children
refers to inadequate breast-feeding combined with
low intakes of VA-rich foods from the household
diet. A low dietary fat intake (e.g., 
5% of calories)
may restrict absorption of pro-vitamin A carote-
noids from vegetables and fruits and thus also pre-
dispose children to deficiency.

Breast milk is the most important initial dietary
source of vitamin A for an infant. Commonly, breast
milk from marginally nourished mothers in develop-
ing countries contains �500 mg of retinol activity
equivalents (RAE) per liter, delivering 325 mg RAE
per day to infants consuming a typical intake of
�650ml per day. In the absence of a recommended
dietary allowance for vitamin A, an ‘adequate
intake’ of 400–500 mg RAE has been set as a guide
for infants in their first year, making infant VA
intakes from breast milk marginal and, beyond
infancy, marginally above an estimated deficient
threshold thereafter (i.e., 210 mg RAE). Decrements

Table 2 Household characteristics of xerophthalmia cases,

controls, and the remaining Aceh study population

Household

characteristic

Cases (%)

(N=466)

Village-

matched

controls (%)

(N=466)

Aceh study

households (%)

(N= 15,915)

Unprotected

water source

47.5 43.8 41.1a

No private

latrine

86.7 83.6 71.3a

Bamboo house

walls

47.1 33.5 31.6a

Household head

farms

57.3 55.5 53.4

Mother has

<6 years of

education

94.3 86.6 80.3a

History of child

death

12.1 9.7 7.5a

aSignificant linear trend in proportions (p <0.001).

Adapted from Mele L et al. (1991) Nutritional and household risk

factors for xerophthalmia in Aceh, Indonesia: A case-control

study. American Journal of Clinical Nutrition 53: 1460–1465.

Table 3 Age-adjusted village and household odds ratios for risk of xerophthalmia among preschool childrena

Malawi Zambia Indonesia Nepal

n OR b n OR n OR n OR

Village 50 1.2 (1.0–1.5)c 110 1.7 (0.9–3.2) 460 1.8 (1.4–2.2) 40 2.3 (1.6–3.4)

Household 2899 7.3 (3.2–16.7) 2449 7.9 (3.5–17.8) 16,337 10.5 (7.0–15.7) 2909 13.2 (6.0–29.0)

aNumbers of children <6 years of age in each country: Malawi, n= 5441; Zambia, n= 4316; Indonesia, n= 28,586; and Nepal, n=4764.
bPairwise odds ratio based on alternating logistic regression.
c95% confidence intervals in parentheses.
Adapted from Katz J et al. (1993) Clustering of xerophthalmia within households and villages. International Journal of Epidemiology 22:

709–715.
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in intake or concentration below this minimum
increasingly place breast-fed children at risk, with
greatest risk for those fully weaned and lacking a
nutritious home diet. Studies in Asia and Africa
show that breast-fed infants and toddlers are
65–90% less likely to have or develop xerophthal-
mia than non-breast-fed peers of the same age. Xe-
rophthalmic children have been shown to begin
weaning earlier (by �1month) and to be weaned
�6months earlier than nonxerophthalmic children.
Even when breast-fed, the more frequent the daily
feeds, the greater the reduction in risk of xerophthal-
mia, reflecting the potential benefit achieved by
promoting breast-feeding. However, the nutritional
margin is still evident in the protective effects of
vitamin A in reducing mortality in late infancy and
early childhood, even where breast-feeding is
ubiquitous for the first 2 or 3 years of life.

Complementary feeding affects childhood risk of
VA deficiency. Indonesian preschoolers were at a
two- to sixfold higher risk of xerophthalmia if
food sources of vitamin A, such as dark green leaves,
mango or papaya, egg, meat or fish with liver, and
milk and other dairy products, were not routinely
given during the first year of complementary feed-
ing, instilling a pattern that may place children at
risk throughout their first several years of life.
Across undernourished regions of the world, studies
reveal less frequent dietary intakes of foods rich in
preformed vitamin A and carotenoid precursors by
preschool-aged children with a history of xe-
rophthalmia than children who remain free from
the eye disease (Figure 6). Similar dietary differences
are evident among women with versus those without
a history of maternal night blindness.

Infection As noted previously, a vicious cycle exists
between VA deficiency and infection; thus, infection

can be viewed as a cause of deficiency. Prospective
studies show that severe infections, such as measles,
chicken pox, diarrhea, and acute respiratory illness,
decrease serum as well as apparent hepatic levels of
retinol and increase the risk of xerophthalmia. In
some settings, measles has been observed to increase
the risk of children developing corneal xerophthalmia
by >13-fold. In Indonesia, young children with diar-
rhea and acute respiratory infections were also twice
as likely to develop mild xerophthalmia (XN or X1B)
than apparently disease-free children. Similar patterns
have been observed in undernourished populations of
women, whereby maternal infection early in gestation
raises the risk of becoming night blind later in preg-
nancy. Explanations for a role of infection as a cause
of VA deficiency include decreased absorption of
vitamin A, increased metabolic requirements,
impaired retinol transport, greatly increased renal
excretion during the acute phase response, and slow
normalization of these mechanisms coupled with a
chronically decreased dietary VA intake during
extended recovery or repeated illness.

Impact of Interventions

VA deficiency can be prevented through direct sup-
plementation, fortification of commonly eaten food
items, or other food-based interventions that include
home gardening, nutrition education, and
agronomic approaches. Most evaluations have
assessed the impact of direct supplementation and,
occasionally, fortification on vitamin A status, xer-
ophthalmia, survival, and other health outcomes.
Data on the efficacy of dietary regimens are limited
to change in vitamin A status.

Vitamin A Status

The impact of vitamin A prophylaxis on status varies
by indicator, dosage and mode of delivery of the sup-
plement, level of initial deficiency, and other risk fac-
tors. A single, high-potency supplement (210mmol,
60mg retinol activity equivalents or 200,000 IU) has
been shown to elevate serum retinol in deficiency-
prone populations for periods of 1–6months, with
most data suggesting protection from hyporetinolemia
for only a fewmonths. Continuous intake of 50–100%
of the recommended allowance of vitamin A through
fortified foods gradually improves and sustains ade-
quate serum and breast milk retinol concentrations or,
when assessed by indirect means, hepatic retinol ade-
quacy. Regular consumption of pro-vitamin A food
sources (dark green leaves and yellow vegetables and
fruits) has variable, although generally positive, effects
on vitamin A status. Dietary carotenoid intake appears
most efficacious in raising serum retinol from deficient

Food

Breastmilk

Yellow Fruit

Dark Green
Leaves

Eggs/Dairy/
Liver

<1 1 2 3 4 5

Age (year)

Figure 6 Foods that protect against hypovitaminosis A (xero-

phthalmia), based on numerous studies. Dark line, strong evi-

dence; dashed line, suggestive evidence. From Sommer A and

West KP Jr (1996) Vitamin A Deficiency: Health, Survival and

Vision. New York: Oxford University Press.
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concentrations to minimally adequate levels in chil-
dren and women but often fails to optimize vitamin A
status. Variations in food matrix, methods of storage
and preparation, amounts of preformed vitamin A
and fat in the diet, gut integrity and function, protein
energy and VA status of the host, and other factors
may affect dietary efficacy. Among these, food matrix
factors may be most important in determining bioa-
vailability of pro-vitamin A carotenoid for uptake,
conversion, and absorption. The belief has long
been held that �-carotene, the most ubiquitous pro-
vitamin A carotenoid in the diet, can be converted
from dietary sources to vitamin A in the body at a
ratio of 6:1, but it is now recognized that conversion
is far less efficient, conservatively set at 12:1 and
24:1 for other pro-vitamin A carotenoids (e.g., �-
carotene and �-cryptoxanthin) for a mixed vegetarian
diet. The change effectively reduces by half previous
estimates of vitamin A activity in the developing
world’s nonanimal food supply and begins to
address persistent questions of how VA deficiency
can coexist amid at least a seasonal abundance of
vegetables and fruits.

Xerophthalmia

Practically any intervention that delivers adequate
amounts of VA will control VA deficiency.
High-potency vitamin A delivered to preschool chil-
dren every 4–6months is�90% efficacious in prevent-
ing both corneal and noncorneal xerophthalmia.
Prophylactic failure (�10%) may reflect inadequacy
of dosage for some children who are severely VA
deficient or become ill. Xerophthalmia, on the other
hand, virtually disappears in child populations
consuming adequate amounts of vitamin A-fortified
foods. There is less experience with regard to
preventing night blindness in women, other than in
large trials that suggest supplementation at recom-
mended dietary levels may be insufficient to prevent
all xerophthalmia, depending on background severity.
Supervised dietary treatment has been reported to cure
or improve noncorneal xerophthalmia; however,
population trials to assess the impact of dietary change
in preventing xerophthalmia have yet to be carried out.

Mortality

There has been extensive investigation into the effects
of VA on mortality during the past two decades in
preschool-aged children and, more recently, in young
infants and women of reproductive age. The impact
of vitamin A supplementation on preschool child
mortality has been firmly established through eight
controlled community trials performed in the 1980s
and early 1990s involving �160,000 children on

three subcontinents (Table 4). In six trials, children
6months to 6 years of age were supplemented every
4–6months with an oral dose of vitamin A containing
60mg retinol equivalents (RE) (or 200,000 IU). Half
this dosage was provided to children <12months of
age. One study, in India, provided a small weekly
dose to children and the other, in Indonesia, supplied
half of a recommended allowance of vitamin A to
children in treatment villages through a routinely
marketed fortified mono-sodium glutamate product
(a meal flavor enhancer). Rates of mortality in sup-
plemented groups were compared to rates among
children in concurrent control groups. Six of the
eight trials showed reductions of 19–54% in pre-
school child mortality beyond either 6 or 12months
of age. Meta-analyses of data from these trials have
estimated the reduction in mortality to range from 23
to 34%, with the latter value likely applicable to
Southeast Asia. The estimates are remarkably consis-
tent given differences in study designs and analytic
approaches. Cumulative mortality curves from trials
with positive results show a characteristic departure
in mortality experience from control groups soon
after initiation of vitamin A supplementation
(Figure 7). Notably, the largest mortality impacts
occurred in the two trials that mimicked a normal
dietary intake of vitamin A compared to its periodic
delivery as a bolus. Investigations of illnesses and
events prior to death suggest that vitamin A reduced
mortality associated with measles, diarrhea, and
acute wasting malnutrition. A lack of apparent
impact on mortality attributable to acute respiratory
infection has been a perplexing, although consistent,
finding across these and other trials. In contrast,
administration of vitamin A, in the community prior
to measles epidemics or on hospital admission as
treatment for severe measles infection, has been
shown to lower case fatality by �50%.

High-potency VA (50,000–100,000 IU) may also
substantially reduce early infant mortality, but this
appears to depend almost entirely on the timing or
age of supplement receipt. That is, in several trials
involving infants of various ages through 6months,
during 4- to 6-monthly community dosing, or at the
times of DPT vaccinations (typically at 6, 10, and
14weeks of age), little or no effect in reducing mor-
tality has been shown. However, two trials to date, in
Indonesia and India, have reported 64 and 22%
reductions, respectively, in mortality for infants
<6 months of age when they were dosed at or soon
after birth with 45,000–50,000 IU of VA (Table 4). In
the trial reported from India, the effect was restricted
to low-birth-weight infants (<2500 g), suggesting an
impact on growth-restricted or preterm newborns.
Explanations include plausible maturational effects
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on an immature immune system, gut, and airway that
may enhance resistance to infection months later.
Additional confirmatory trials are under way in South-
east Asia and sub-Saharan Africa.

Finally, improving intake of VA, either preformed
or as pro-vitamin A �-carotene in amounts approxi-
mating a recommended dietary intake, may reduce the
risk of pregnancy-related death where maternal mor-
tality is high and deficiency evident by widespread
night blindness during pregnancy. In rural Nepal, sup-
plementing women with VA lowered mortality related
to pregnancy from 704 to 385 deaths per 100,000
pregnancies (44%), likely due to less severe infection,
eclampsia, anemia, and possibly other obstetric causes.
Malnourished women (e.g., those with night blind-
ness) may likely benefit most from supplemental VA
intake. Additional trials addressing this question are
under way in Bangladesh and Ghana.

Morbidity

Direct effects of VA onmorbidity have been difficult to
establish, possibly due to variation in disease sensitiv-
ity to VA and inherent problems in measuring the
incidence, duration, and severity of morbidity in com-
munity studies. Vitamin A interventions exert modest,
if any, impact on the prevalence of common childhood
morbidities typically obtained by history. In contrast,
VA appears to reduce the severity of potentially fatal
infections, such as measles, persistent diarrhea,

Table 4 Vitamin A mortality prevention trials

Location/target group Vitamin A dosagea N % changeb

Infants <1month

Bandung Indonesia 15mg RAE at birth 2067 #64*
Madurai, India 7.2mg RAE at birth 11,619c #22*
Sarlahi, Nepal 15mg RAE �1–3weeks of age 1621 "7
Infants 1–5months

Sarlahi, Nepal 30mg RAE 4617 "4
Jumla, Nepal 15mg RAE 1058 "1
Infants <6months

Sarlahi, Nepal 7mg RAE/week to mothers 15,987 "4
Children 6–72months

Aceh, Indonesia 60mg RAE/6months 29,236 #34*
West Java, Indonesia 0.81mg RAE/day 11,220 #46*
Tamil Nadu, India 2.5mg RAE/week 15,419 #54*
Hyderabad, India 60mg RAE/6months 15,775 #6
Sarlahi, Nepal 60mg RAE/4months 28,640 #30*
Jumla, Nepal 60mg RAE/5months 7197 #29*
Khartoum, Sudan 60mg RE/6months 29,615 "6
Northern Ghana 60mg RE/4months 21,906 #19*
Pregnant/lactating women

Sarlahi, Nepal 7mg RAE/week 22,189d #44
aRAE, Retinol activity equivalents; trials providing 60mg RE gave a half dose to infants <12months.
bPercentage change in mortality rate among vitamin A recipients compared to controls of similar age or lifestage for all trials.
cChild-years of observation.
dNumber of pregnancies.
*Indicates statistically significant differences (p <0.05).
From Sommer and West (1996) Vitamin A Deficiency: Health, Survival and Vision. New York: Oxford University Press and West (2003)

Vitamin A Deficiency Disorders in Children and Women Food and Nutrition Bulletin. 24: S78–S90.
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dysentery, and falciparum malaria, especially in the
presence of wasting malnutrition. The protective effect
becomes stronger with episode severity. Thus, febrile
illnesses appear to be more responsive to vitamin A
than nonfebrile events. Illnesses for which care is
sought show a response to VA. In a large trial in
Ghana, VA supplementation decreased childhood
clinic visits for illness (RR= 0.88), hospitalization
rates for severe disease (RR= 0.62), and severity of
illness among children admitted for diarrhea com-
pared to placebo recipients. In Brazil, prior VA receipt
had no effect on children’s diarrheal episodes of 1 or
2 days’ duration (RR= 0.97) but was increasingly pro-
tective against episodes lasting �3days with four or
more stools per day (RR= 0.91) and episodes of
�3days with five or more stools per day
(RR= 0.80). Vitamin A treatment of measles has led
to fewer and less severe complications and enhanced
immunologic and clinical recovery. However, multiple
treatment trials report little effect of vitamin A on
recovery from childhood pneumonia. This remains a
paradox given decades of experimental animal evi-
dence linking VA deficiency to extensive metaplasia
and keratinization and, presumably, greater suscepti-
bility to pathogen invasion and infection of the
respiratory tract.

Management

Treatment

Children with xerophthalmia and measles should be
treated immediately with oral, high-potency vitamin A
(200,000 IU) according to WHO and IVACG guide-
lines (Table 5) and provided other supportive nutri-
tional and medical therapy as indicated. Corneal
lesions should be topically treated with a suitable
antibiotic (e.g., tetracycline or chloramphenicol) to
prevent bacterial infection. Corneal xerophthalmia
typically improves with VA treatment within
1week, with complete resolution within 4weeks,

depending on the size, thickness, and location of
the lesion and nutritional and health status of the
patient. Night blindness is typically cured within
24 h of VA treatment. Most Bitot’s spots begin to
respond within 2–5 days and disappear within
2weeks, although some may persist, particularly
in older children. High-potency vitamin A is indi-
cated for women of reproductive age with corneal
disease. For milder lesions, smaller daily
(10,000 IU) or weekly (25,000 IU) doses are recom-
mended for at least 3months. Children presenting
with severe wasting malnutrition should be given a
single large oral dose (200,000 IU). It is also judi-
cious to give cases of severe diarrhea, dysentery,
respiratory infection, and exanthematous infections
the same single, large oral dose of vitamin A.

Prevention

Hypovitaminosis A is prevented by increasing
intakes of preformed vitamin A or pro-vitamin A
carotenoids to levels that maintain adequate status.
This can be done through direct supplementation of
targeted risk groups, food fortification, or a number
of dietary approaches that protect breast-feeding
and improve the quality of the home diet.

Administration of high-potency, oral vitamin A
(200,000 IU), adjusted for age (Table 5), on a 4- to
6-monthly basis is a common preventive approach in
many developing countries. Half a dose is dispensed
to infants 6–11months and a quarter dose is given to
younger infants to minimize risk of toxicity in high-
risk areas. The intervention is based on the principle
that a large dose of vitamin A is stored primarily in
the liver, from where it is mobilized as needed.
Beyond treatment, supplements can be provided dur-
ing routine health care (e.g., for growth monitoring,
immunization, other extension services) or more
extensively and systematically in targeted popula-
tions on a regular basis (e.g., semiannual or every
4months). Scaling up semiannual delivery of high-

Table 5 Vitamin A treatment and prevention schedules

Age Treatment

at diagnosisa
Prevention

Dosage (IU) Frequency

<6months 50,000 IU 50,000 With each of 3 doses of DPT/polio vaccine

6–11months 100,000 IU 100,000 Every 4–6months

12–59months 200,000 IU 200,000 Every 4–6months

Women By severity of eye signsb 200,000 2 doses 24h apart 
6weeks after delivery

aTreat all cases of xerophthalmia and measles on days 1 and 2; give an additional dose for xerophthalmia on day 14. For severe

malnutrition give one dose on day 1.
bFor women of reproductive age, give 200,000 IU only for corneal xerophthalmia on days 1, 2 and 14; for night blindness or Bitot’s

spots, give 10,000 IUper day or 25,000 IU perweek for �3months.
Based on Ross D (2002) Recommendations for vitamin A Supplementation. Journal of Nutrition 131: 2902S–2906S.
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potency VA through national campaigns, such as
National Immunization Days, and other mechanisms
that have routinely achieved 80% or greater coverage
has probably been decisive in reducing preventable,
VA deficiency-induced child deaths annually from an
estimated 1.7million in 1991 to approximately
0.7million in 2002. With accelerated immunization
nearing completion, momentum established for peri-
odic VA delivery has, in many countries, been trans-
ferred to campaigns such as National Child Health
Days that, in early reports, are achieving comparable
rates of coverage. Nearly four decades of distributing
billions of high-potency VA supplements for popula-
tion prophylaxis attests to the acceptance, effective-
ness, and safety of this approach. However, it is
essential to adequately inform the health and lay
communities of potential benefits and risks, the lat-
ter including a 2–4% rate of (mild and self-limiting)
bulging fontanel in young infants and �5% rate of
nausea, vomiting, irritability, or diarrhea following
high-potency VA receipt.

Providing mothers two sequential doses of
200,000 IU each as soon after birth as possible, but
always within 6weeks to avoid excessive risk of
periconceptional exposure, is a safe and effective
way to improve vitamin A status of mothers and
their breast-fed infants. Otherwise, supplements of
up to 10,000 IU per day or 25,000 IUperweek offer
safe prophylactic regimens to women against VA
deficiency during reproductive years.

Increasingly, developing countries are fortifying
staple food items with a quarter to a full day’s
recommended allowance of VA to prevent deficiency
in high-risk populations. Potential food vehicles
should be technically fortifiable at required concen-
trations and consumed within a range that may be
both effective in target groups and safe in the entire
population. Fortification has been effectively carried
out on a scaled-up basis with a limited number of
products in a limited number of countries, including
nonfat milk powder and vegetable oils in food assis-
tance programs and sugar in Central America. Other
food carriers have been successfully demonstrated,
including monosodium glutamate (flavor enhancer) in
Indonesia and the Philippines, nonrefrigerated margar-
ine and wheat flour in the Philippines, and a powdered
beverage in Tanzania. Additional foods are being
fortified with VA each year. This trend will likely
continue with increased use of processed foods and
as the food industry becomes engaged in solving VA
and other micronutrient deficiency problems.

Dietary diversification is widely held to be
the most culturally appropriate and potentially

sustainable approach to preventing VA deficiency.
Although pilot trials show efficacy of a variety of
dietary approaches for improving VA intake and
status, data on the effectiveness and cost of popula-
tion food-based interventions are generally lacking.
Dietary intakes can be improved through home and
school gardening initiatives, nutrition education,
and social marketing of locally available food
sources of vitamin A. However, effective dietary
change requires a thorough understanding of local
cultural, food system, and behavioral factors that
increase the risk of VA deficiency.

See also: Anemia: Iron-Deficiency Anemia.
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Introduction

Vitamin A is a fat-soluble micronutrient that is
required by all vertebrates to maintain vision,
epithelial tissues, immune functions, reproduction,
and for life itself. It was discovered in 1913 as a
minor component in eggs, butter, whole milk, and
fish liver oils. It soon became apparent that vitamin A
exists in two chemically distinct yet structurally
related forms. The first form to be characterized
was retinol, a lipid alcohol that is present only in
foods of animal origin. Retinol is also known as
‘preformed vitamin A’ because it can be metabolized
directly into compounds that exert the biological
effects of vitamin A. A second form of vitamin A,
present in deep-yellow vegetables, was characterized
as �-carotene, which is synthesized only by plants
but can be converted to retinol during absorption in
the small intestines. These carotenoids are some-
times referred to as ‘provitamin A.’ The nutritional
requirement for vitamin A can be met by preformed
retinol, provitamin A carotenoids, or a mixture, and
therefore it is possible to obtain a sufficient intake of
vitamin A from carnivorous, herbivorous, or omniv-
orous diets.

Neither retinol nor the provitamin A carotenoids
are directly bioactive. Retinol must be activated in a
series of oxidative reactions, while the provitamin A
carotenoids must first be cleaved to produce retinol.
Of numerous metabolites of vitamin A, two are well

recognized as crucial to its physiological functions.
11-cis-retinaldehyde (retinal) is a component of the
visual pigment required for vision, rhodopsin. Reti-
noic acid, an acidic derivative, is required for the
regulation of gene expression in essentially all tissues.

Besides the natural forms of vitamin A, a large
number of structurally related analogs of vitamin A
have been synthesized as potential therapeutic
agents. The term ‘retinoid’ applies to both natural
dietary forms of vitamin A, its metabolites, and
those synthetic analogs that possess some, but
usually not all, of the biological activities of
vitamin A.

Chemistry

Vitamin A and its metabolites comprise a group of
more than a dozen molecules that differ in isomeric
form, oxidation state, and whether they are unester-
ified (free), esterified with a fatty acid, or
conjugated.

All-trans-Retinol (Vitamin A Alcohol)

Retinol, the parent molecule of the vitamin A family,
is a fat-soluble lipid alcohol (C20H300, molecular
mass 286.4) composed of a methyl substituted
cyclohexenyl (�-ionone) ring, an 11-carbon conju-
gated tetraene side chain, and a terminal hydroxyl
group (Figure 1A, R1). Most of the double bonds
can exist in either trans or cis conformation. All-
trans-retinol is the most stable and most prevalent
form in foods and tissues, but small amounts of
other geometric isomers such as 9-cis- and 13-cis-
retinol are found in some cells. The terminal hydro-
xyl group of retinol can be free or esterified with a

R

R1 = CH2OH, retinol

R2 = CH2O-fatty acid, retinyl ester

R3 = CHO, retinal

R4 = COOH, retinoic acid

R5 = COO-glucuronide
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Retinol (all-trans) and related forms
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Figure 1 (A) Structure of all-trans-retinol and several related forms. (B) Beta-carotene (all-trans) showing the position of 15,150

double bond that through cleavage yields retinal, which can be reduced to form retinal, giving rise to all of the structures indicated in

Figure 1A.
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fatty acid. Esterification reduces the susceptibility of
retinol to oxidation and changes its physical state
from a crystalline lipid to an oil. Fatty acid esters of
retinol (Figure 1A, R2) are the predominant form of
vitamin A in most tissues. In some pharmaceutical
products, retinol is present as retinyl acetate. Var-
iant forms of vitamin A are present in some foods
and human tissues. For example, vitamin A2, (3,4-
didehydroretinol) is present in freshwater fish, and is
also a product of retinol metabolism in human skin.

Oxidized Metabolites of Retinol

Figure 2 illustrates key steps in the metabolism of
vitamin A. Retinol is oxidized within cells to gener-
ate retinal (Figure 1A, R3) and retinoic acid
(Figure 1A, R4). 11-cis-Retinal, the isomer of retinal
critical for vision, absorbs light maximally at
�365 nm when in organic solvent, but when coupled
with a protein, such as opsin, its peak absorptivity is
shifted into the visible range of the electromagnetic
spectrum (see ‘Vision’). In its all-trans isomeric
form, retinal is a transient intermediate in the bio-
conversion of retinol to retinoic acid. Retinoic acid
exists in several isomeric forms, two of which (all-
trans-retinoic acid and 9-cis-retinoic acid) interact
specifically with nuclear receptor proteins.

Numerous metabolites of retinol or retinoic acid
are more polar than retinol or retinoic acid due to
additional oxidation of the cyclohexenyl ring, often
on carbon 4. Some retinoids, particularly retinoic
acid and 4-keto-retinoic acid, may be conjugated
with glucuronic acid, forming retinyl- or retinoyl-
�-glucuronide (R5); these metabolites are water-
soluble and therefore readily excreted. While some
polar and water-soluble retinoids possess bioactiv-
ity, most show reduced, or no, activity compared to
their precursors.

Carotenoids

Carotenoids are produced only by plants and a
few microalgae. In plants, they function as acces-
sory light-gathering pigments that enhance the
efficiency of photosynthesis. Of the 600 or
so carotenoids found in nature, only �-carotene,
�-carotene, and �-cryptoxanthin have the struc-
tural features necessary for vitamin A activity.
Beta-carotene is a hydrocarbon (C40H56, molecular
mass 536) with two �-ionone rings, a polyene
chain, and structural symmetry around the central
15,150 double bond (Figure 1B). The oxidative
cleavage of this bond releases two molecules of
retinal, which can be reduced to form vitamin A
(retinol). Other isomers of �-carotene with poten-
tial nutritional activity include 9-cis-�-carotene
produced by certain microalgae. Other common
carotenoids found in fruits and vegetables, such
as lycopene, lutein, and zeaxanthin, are absorbable
but they lack structural features essential for
vitamin A activity.

Dietary Sources and Nutritional
Equivalency

Preformed vitamin A is present at highest concentra-
tion in liver and fish oils, and at lower concentra-
tions in nonorgan meats. Food sources of preformed
vitamin A and provitamin A are provided in
Table 1. In 1990, 39% of the vitamin A (including
carotenes) in the diets of Americans came from
fruits and vegetables. Meats and dairy products
each supplied about 20% of the vitamin A consumed.
Foods that contain small amounts of vitamin A can
still contribute significant amounts of vitamin A to an
individual’s diet if they are consumed often or in large
amounts.

Diet

Carotenoids

Retinyl
esters

Retinol Retinal

storage reaction cleavage

activation reactions

oxidative inactivation reaction

RA Polar
metabolites

Retinyl-β- 
glucuronide

Oxidized and glucuronidated
acidic retinoids

conjugation and excretion reactions

Figure 2 Schematic of principal reactions of vitamin A metabolism.
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Units of Nutritional Activity

Owing to the multiple forms of vitamin A in most
diets and the lower efficiency of utilization of car-
otenoids compared to preformed vitamin A, the
total amount of vitamin A (bioactivity) in foods or
in the total diet must be expressed in equivalents.
Over the years, several equivalency units and con-
version factors have been adopted. Most recently,
the retinol activity equivalent was adopted by the
Institute of Medicine (IOM) in 2001 to replace
older units of bioactivity because new information
indicated that the conversion of carotenoids is less

efficient than previously thought. One microgram of
retinol activity equivalent (RAE) is equivalent in
terms of activity to 1 mg of all-trans-retinol or 2 mg
of �-carotene in oily solution. One microgram of
RAE is also equivalent to higher amounts of other
provitamin A carotenoids in foods because they are
less bioavailable than �-carotene in oil. On average,
carotenoids must be ingested in the following
amounts to provide the equivalent nutritional value
of 1 mg of all-trans-retinol:

� 2mg of supplemental �-carotene (in an oily, easily
absorbed solution);

� 12 mg of �-carotene in fruits and vegetables (due
to association with food matrices); and

� 24 mg of �-carotene or �-cryptoxanthin (due to
food matrices and structure of compounds).

Prior to 2001, the retinol equivalent (RE) was
used and this unit is still found in most food com-
position tables. While similar in theory to the RAE,
the RE is based on older conversion factors for
carotenoids in foods. Using RAE, the vitamin A
activity of the provitamin A carotenoids in foods
is half that using RE. An older unit, the interna-
tional unit (IU or USP), which should eventually be
replaced by these newer units, is still used in food
tables and on some supplement labels. One IU is
equal to 0.3 mg of all-trans-retinol. Finally, another
indicator of nutritional value, % daily value
(%DV), is a less quantitative but more convenient
means for consumers to compare foods and select
those with a substantial portion of a given nutrient.
The %DV does not require extensive knowledge
of nutritional units; this value appears on food
package labels in the US. Besides its application
in food labeling, the %DV is a useful value for
quickly comparing the vitamin A contents of
various common foods.

Transport and Metabolism

Few retinoids are appreciably soluble in water or
aqueous body fluids. They gain solubility through
association with specific proteins.

Retinol-Binding Protein

Plasma retinol is transported by a specific 21-kDa
transport protein, retinal binding protein (RBP).
Most RBP is produced in the liver, but some extra-
hepatic organs also synthesize it. Each molecule of
RBP binds one molecule of all-trans-retinol nonco-
valently. In plasma, the retinol-RBP complex (holo-
RBP) forms a larger complex with a cotransport

Table 1 Food sources of vitamin A

Food %DV*

Animal sources of preformed vitamin A

Liver, beef, cooked, 3 oz 610

Liver, chicken, cooked, 3 oz 280

Fat-free milk, fortified with vitamin A, 1 cup 10

Cheese pizza, 1/8 of a 12-inch diameter pie 8

Milk, whole (3.25% fat;), 1 cup 6

Cheddar cheese, 1 oz 6

Whole egg, 1 medium 6

Plant sources of � -carotene and other

provitamin A carotenoids

Carrot, 1 raw (7.5 inches long) 410

Carrots, boiled, 1/2 cup, slices 380

Carrot juice, canned, 1/2 cup 260

Sweet potatoes, canned, drained solids,

1/2 cup

140

Spinach, frozen, boiled, 1/2 cup 150

Mango, raw, 1 cup, sliced 130

Vegetable soup, canned, chunky, ready-

to-serve, 1 cup

115

Cantaloupe, raw, 1 cup 100

Kale, frozen, boiled, 1/2 cup 80

Spinach, raw, 1 cup 40

Apricot nectar, canned, 1/2 cup 35

Oatmeal, instant, fortified, plain, water,

1 packet

30

Tomato juice, canned, 6 oz 20

Apricots, with skin, juice pack, 2 halves 10

Pepper, sweet, red, raw, 1 ring, 3-inch diam.

1/4-inch thick

10

Peas, frozen, boiled, 1/2 cup 10

Peach, raw, 1 medium 10

Peaches, canned, water pack, 1/2 cup

halves or sliced

10

Papaya, raw, 1 cup, cubes 8

*% DV=Daily Value. %DVs are reference numbers based on

the Recommended Dietary Allowance (RDA), Percent DVs are

based on a 2000 calorie diet. They were developed to help

consumers determine if a food contains a lot or a little of a

specific nutrient. The DV for vitamin A is 5000 IU (1500micro-

grams retinol which is 1500mg RAE). Most food labels do not list

a food’s vitamin A content. The %DV listed in Table 1 refer to the

vitamin A provided in one serving. Data from Clinical Nutritional

Service (2003) Facts about Dietry Supplements. Maryland, USA:

Warren Grant Magnuson Clinical Center.
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protein, transthyretin (TTR), which also binds the
hormone thyroxine.

Cellular Retinoid-Binding Proteins

Cellular retinoid-binding proteins (CRBP) are pres-
ent in the cytoplasm of many types of cells. These
proteins are similar in structure and size
(�14.6 kDa), and each contains a single binding
site that preferentially binds a particular form of
retinoid (retinol, retinal, or retinoic acid), often pre-
ferring a specific isomer. Four cellular retinol-
binding proteins (CRBP-I, -II, -III, and -IV) and
two cellular retinoic acid-binding proteins (CRABP-
I and -II) are expressed in many cells, yet each has a
different tissue distribution. These proteins function
as chaperones that confer aqueous solubility on
otherwise insoluble retinoids while directing them
to specific enzymes that then catalyze their further
metabolism. These binding proteins may also play a
role, although it is not yet well defined, in the deliv-
ery of retinoids (RA) to the nucleus for binding to
nuclear retinoid receptors, which are discussed later.

Intestinal Metabolism

Dietary retinyl esters must be hydrolyzed in the
lumen of the small intestine before retinol is
absorbed, while carotenoids must be absorbed into
the intestinal mucosa before being cleaved intracel-
lularly. Several enzymes with retinyl ester hydrolase
(REH) activity are present in pancreatic juice or on
the brush border of duodenal and jujenal enterocytes
(Figure 3). Retinol and carotenoids must be solu-
bilized in the lumen in mixed micelles composed of
bile acids and products of lipid digestion prior to
their uptake into enterocytes. These processes
require the release of an adequate amount of bile

salts and a minimal quantity of dietary fat (approxi-
mately 5%), which must be consumed concomi-
tantly. The retinol thus liberated diffuses into the
enterocyte, is bound by CRBP-II, and is then ester-
ified. The newly formed retinyl esters are incorpo-
rated into the lipid core of chylomicra, lipoproteins
that transport dietary fat into the lymphatic system
for absorption. The overall efficiency of retinol
absorption is quite high, about 70–90%, and is not
significantly downregulated as vitamin A consump-
tion increases.

The efficiency of absorption of �-carotene is
considerably lower (9–22%) and more variable
than that of retinol. In fact, in controlled studies
some subjects have absorbed little, if any, of a test
dose of �-carotene. In individuals who do absorb
dietary carotenoids, the efficiency of absorption
tends to fall as intake increases. The type of carote-
noid and its physical form in the ingested foodstuff
also affect the efficiency of carotene absorption.
Pure �-carotene in an oily solution or supplements
is absorbed more efficiently than an equivalent
amount of �-carotene in foods. Much of the carote-
noid present in foods is bound within a matrix of
polysaccharides, fibers, and phenolic compounds
that is incompletely digested. Although the absorp-
tion of provitamin A carotenoids from fruits is gen-
erally better than from fibrous vegetables, it is still
low as compared to �-carotene in oil (see section on
Units).

Once in the enterocyte, provitamin A carotenoids
are cleaved by one or more carotene monooxy-
genases, and the product (initially retinal) is metab-
olized to form retinol and, subsequently, retinyl
esters (see Figure 2). In humans about one-third of
ingested �-carotene escapes cleavage and, instead, is
incorporated intact into chylomicrons.

Dietary 
retinyl esters

Intestinal 
micelle
formation;
absorption

Chylomicron 
VA, 

β-carotene

Hepatic storage as
retinyl esters;

release as holo-RBP
Plasma transport of

holo-RBP + TTR

Dietary 
β-carotene

CM 
formation

Target tissue
storage, oxidative
metabolism, and
metabolic
responses to
bioactive retinoids

Nuclear
receptor

mechanisms

Figure 3 Absorption of dietary vitamin A (VA) via chylomicrons (CM), vitamin A storage in liver, and the release of retinal to plasma

as holo-retinol-binding protein (RBP), which combines with transthyretin (TTR), to deliver retinal to organs that produce retinal (eyes) or

retinoic acid (essentially all tissues) for the biological functions attributed to vitamin A.
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A small fraction of intestinal �-carotene is oxi-
dized to retinoic acid and absorbed into portal
blood. It is speculated that the cleavage of dietary
9-cis-�-carotene and its subsequent oxidative metab-
olism may be a significant source of 9-cis-retinoic
acid.

Hepatic Vitamin A Uptake, Storage
and Release

Once chylomicra enter lymph and plasma, chylomi-
cron remnants are formed rapidly by lipolysis. The
majority of chylomicron remnants, still containing
vitamin A, are quickly cleared into liver parenchy-
mal cells (hepatocytes) by receptor-mediated endo-
cytosis. Adipose and other tissues, including the
mammary glands during lactation, also take up
small amounts of newly absorbed vitamin A during
the lipolysis of chylomicra. Within a few hours of
chylomicron remnant clearance by hepatocytes,
most of these newly absorbed retinyl esters are
hydrolyzed and the retinol component is re-
esterified, forming new retinyl esters. Newly formed
retinyl palmitate and stearate are deposited in lipid
droplets in vitamin A-storing stellate cells. In the
vitamin A adequate state, more than 90% of total
body vitamin A is stored in liver stellate cells. Small
numbers of similar stellate cells have been described
in extrahepatic tissues, suggesting the presence of a
network of vitamin A-storing cells throughout the
body.

As retinol is needed, stellate cell retinyl esters are
hydrolyzed by one or more REHs and retinol is
transferred back to hepatocytes for combination
with newly synthesized RBP. The holo-RBP complex
then passes through the Golgi secretory apparatus
and binds noncovalently with a tetramer of TTR.
The larger size of this transport complex (�75 kDa)
compared to holo-RBP alone (�21 kDa) helps to
prevent the rapid loss of retinol and RBP during
renal glomerular filtration.

Plasma Concentrations

In normal plasma in the fasting state, more than
95% of retinol is bound to RBP. Retinyl esters also
are present during the absorption of vitamin A-rich
meals, but they are bound to plasma lipoproteins.

Although there is a significant relationship
between plasma retinol and liver vitamin A storage
(considered a ‘gold standard’ for assessing vitamin A
status), the relationship is by no means linear. In
fact, plasma retinol is nearly constant over a rather
wide range of liver vitamin A concentrations, all

consistent with vitamin A adequacy. The constancy
of plasma retinol reflects its close homeostatic
regulation. Plasma retinol levels in normal adults
show only minor day-to-day variations, staying
close to �2 and 1.7 mmol l�1 in males and females,
respectively. The molar concentration of RBP
(1.9–2.4 mmol l�1) is slightly higher and thus RBP is
normally 80–90% saturated. A small proportion of
circulating RBP is apo-RBP (RBP without retinol).
Owing to its reduced affinity for TTR, apo-RBP is
readily filtered in the kidneys and catabolized.

When liver vitamin A reserves fall below about
20–30mg retinol g liver, the secretion of holo-RBP is
compromised due to inadequate retinol. Plasma reti-
nol levels begin to fall and, if liver vitamin A con-
tinues to decline, plasma levels will fall into the
deficient range and will be inadequate to supply
retinol to tissues. Essentially all of the vitamin A in
liver can be mobilized when it is needed to meet the
needs of peripheral tissues. But ultimately, vitamin A
intake must increase to bring plasma retinol levels
back to the normal range.

Conversely, when vitamin A is consumed in
excess of needs, its concentration in liver can
increase markedly. When the concentration rises
above about 300 mg g�1, as occurs in hypervitamino-
sis A (see later section), the levels of plasma retinol
and RBP remain almost normal but total vitamin A
increases due to retinyl esters bound to plasma
lipoproteins.

Plasma Vitamin A Kinetics

Both RBP and TTR have a relatively short half-life
(�0.5 and 2–3 days, respectively) and, therefore,
they must be synthesized continuously to maintain
normal plasma levels. Plasma retinol, RBP, and TTR
are reduced in states of impaired protein synthesis,
which may be due to an inadequate intake of protein
or energy or to impairments in metabolism. Plasma
RBP and TTR are sometimes used as clinical indica-
tors of visceral protein synthesis. During infection
and/or inflammation, plasma retinol, RBP, and TTR
fall transiently, even though liver vitamin A reserves
are adequate, due to altered protein synthesis during
the acute-phase response. Because multiple nutri-
tional and metabolic disturbances can lead to a
similar decrease in plasma retinol, RBP, and TTR,
laboratory values must be interpreted with caution.

Studies using computer-based compartmental
modeling to analyze plasma retinol kinetics have
shown that each molecule of retinol circulates
through the plasma compartment several times
before it is irreversibly degraded (see ‘Tissue Reti-
noid Metabolism’). In a young man who consumed

VITAMIN A/Physiology 441



105 mmol of retinyl palmitate in a test meal, 50 mmol
of retinol passed through his plasma per day, while
only 4 mmol day�1 was degraded. Unlike retinol,
RBP is not recycled, implying that RBP is synthe-
sized in extrahepatic tissues for the release and con-
tinued recycling of retinol. Some extrahepatic
tissues, such as kidney and adipose, contain RBP
mRNA at a level �5–10% of that in liver. The
kidneys evidently play a very significant role in the
recycling and conservation of retinol after the glo-
merular filtration of holo-RBP. Cell culture studies
have shown that holo-RBP can bind to renal epithe-
lial cells and cross the epithelium by transcytosis,
suggesting a mechanism for the recovery of retinol
lost by filtration.

Overall, the body is efficient at conserving retinol,
but relatively inefficient in degrading and eliminat-
ing excess retinoids. These differences seem to
explain the propensity for retinyl esters to accumu-
late in tissues when vitamin A is consumed in
amounts that substantially exceed requirements.

Carotenoids

Carotenoids circulate in plasma in association with
low-density and high-density lipoproteins. The level
of �-carotene reflects its recent intake, but it also is
higher when plasma lipoprotein levels are elevated.
Beta-carotene is stored at relatively low concentra-
tions in liver and fatty tissues. A prolonged slow rate
of postabsorptive conversion to retinol has been
observed in volunteers in isotope kinetic studies.

Tissue Retinoid Metabolism

Tissues obtain retinol from holo-RBP throughout the
day, and retinyl esters from chylomicrons and chylo-
micron remnants after consumption of vitamin A-
containing meals. Although the majority of the
body’s vitamin A is stored in the liver, many organs
contain small reserves of retinyl esters. These small
local supplies are believed to be critical for the
generation of bioactive retinoids, formed through
oxidative metabolism (Figure 2). Retinol that is
liberated by the hydrolysis of retinyl esters is oxidized
to retinoic acid in a two-step process in which retinal
is an obligate intermediate. The oxidation of retinol
to retinal has been attributed to several enzymes of
the alcohol dehydrogenase and the short-chain dehy-
drogenase/reductase gene families. Both of these
types of enzymes also oxidize other substrates and
the specifics of retinol oxidation in various tissues
have been difficult to define. It is likely that the
CRBP proteins function as chaperones for retinol
during its oxidative metabolism. Since retinal can be

reduced to form retinol, the retinal that is generated
from the metabolism of carotenoids can give rise to
retinyl esters and all of the other metabolites of reti-
nol (see Figure 2). In the second oxidative step, which
is irreversible, retinal is converted to retinoic acid.
This step also may be catalyzed by several enzymes.
Retinoic acid is present, sometimes in several isomeric
forms, at nanomolar concentrations in many tissues.
Its half-life is very short, a few hours or less, which
implies that it is produced continuously to maintain
tissue retinoic acid levels.

The �-ionone ring of retinol and retinoic acid also
can be oxidized, usually at carbon 4 to form
4-hydroxy and 4-oxo metabolites. The metabolism
of retinoic acid is, in part, autoregulated due to the
ability of retinoic acid to induce the expression of
cytochrome P450 enzymes that form 4-oxo deriva-
tives of retinoic acid. At this time, although limited
evidence suggests that ring-oxidized retinoids still
possess bioactivity, most evidence supports the
thinking that they are metabolites in a catabolic
pathway, destined for excretion. Ring-oxidized
metabolites, which are normally present in plasma
in low concentrations, are readily removed by the
liver and conjugated with glucuronic acid, which
makes them soluble in water. Glucuronides com-
prise a substantial fraction of the total retinoid
excreted in bile and eliminated by the fecal route.

Production and oxidation both serve to maintain
normal tissue retinoid levels. Nonetheless, these phys-
iological processes can be overwhelmed by an excess
of dietary vitamin A, resulting in excessive vitamin
A in tissues and plasma, or by the use of synthetic
retinoids that lead to substantial elevations in tissue
bioactive retinoids (see the article section ‘Hypervi-
taminosis A and Vitamin A Toxicity’).

Physiological Actions

Vision

The retinal pigment epithelium cells (RPE) of the
retina form an epithelial cell layer that takes up
retinol from choroid capillaries and stores it as reti-
nyl esters, to be used as substrate for the generation
of 11-cis-retinal. In the layer of rod and cone photo-
receptor cells adjacent to the RPE, 11-cis-retinal
combines covalently with the protein opsin to gen-
erate the visual pigment rhodopsin in rods and,
similarly, iodopsin in cones. Each rod outer segment
is densely packed with some 108 molecules of rho-
dopsin per cell. The small quantity of vitamin A
stored in the retina would be inadequate to maintain
vision were it not for the visual cycle, a process in
which 11-cis-retinal is regenerated after
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photobleaching. The absorption of light by rhodop-
sin catalyzes the photoisomerization of the 11-cis-
retinal moiety of rhodopsin to all-trans-retinal
(resulting in bleaching), which induces the release
of all-trans-retinal from opsin. The change in retinal’s
isomeric configuration is crucial for initiating a signal
transduction cascade from the rods to nearby retinal
ganglion cells, and thereafter to the optic nerve for
transmission to the brain’s visual cortex. For vision to
continue, 11-cis-retinal must be regenerated. This is
accomplished in a series of biochemical reactions
constituting the visual cycle, some of which take
place in the rod cell outer segment and others in the
RPE. The regeneration of 11-cis-retinal (dark adapta-
tion) is slow (on the order of minutes) compared to
the photoisomerization (fractions of a second). How-
ever, normal vision continues without a period of
blindness as long as retinol can be drawn from retinyl
esters stored in the RPE, rapidly isomerized to 11-cis-
retinol, re-oxidized to 11-cis-retinal, and passed to
the rod cell outer membrane where rhodopsin is
regenerated. When the supply of retinyl esters in the
RPE is not adequate, there is significant slowing of
the visual cycle, resulting in the condition known as
night blindness, a loss of the ability to quickly dark
adapt after exposure to bright light. Night blindness
is often the first-detected clinical sign of vitamin A
deficiency (see the article section ‘Hypervitaminosis A
and Vitamin A Toxicity’).

Cornea The cornea, an avascular tissue, requires
retinoic acid for the normal differentiation of the
corneal and conjunctival epithelium. Holo-RBP,
which is present in the lacrimal glands and tears, is
likely to provide the substrate for the local biogen-
esis of retinoic acid. Retinoid deficiency results first
in a loss of goblet secretory cells, which can be
detected histologically. Corneal xerosis and Bitôt’s
spots (foamy deposits) are strong signs of prolonged
vitamin A deficiency (see ‘Hypervitaminosis A and
Vitamin A Toxicity’). Vitamin A must be adminis-
tered immediately to prevent the progression of
corneal xerosis to corneal ulceration, which causes
life-long blindness.

Cell Morphology and Differentiation

Soon after the discovery of vitamin A, a light
microscopic investigation of the tissues of vitamin
A-deficient rats revealed marked abnormalities in many
epithelial tissues. It is now recognized that essen-
tially all organ systems require retinoids. Some
epithelial tissues (skin, respiratory tract, the immune
system, the reproductive organs, etc.) are especially
sensitive to a lack, as well as an excess, of vitamin A.

The systemic effects of vitamin A deficiency include
dryness of the skin (follicular hyperkarotosis), loss
of mucus-secreting goblet cells in the trachea and
respiratory tract, and a generalized flattening of
epithelia (squamous metaplasia, sometimes with
keratinization) throughout the body. The hemato-
poietic system is also affected, as are reproductive
organs. In the testes, spermatogenesis is inhibited
by vitamin A deficiency. Although a lack or an
excess of retinoids is recognized to affect many
organ systems, the developing embryo and the func-
tions of the immune system have been studied most
intensively. Essentially all of the functions of vitamin A
other than those involving the retina are mediated by
its active metabolite, RA, in conjunction with nuclear
retinoid receptors.

Nuclear Retinoid Receptors

The nuclear retinoid receptor proteins are synthe-
sized in the cytoplasm but reside in the nucleus
where they form dimers capable of binding to spe-
cific sequences of DNA in target genes (retinoid
response elements, RAREs). The family consists of
six retinoid receptors (RAR�, � and &, and
RXR&& and &) that belong to the superfamily of
steroid hormone receptors. The RAR and RXR
function as ligand-activated transcription factors to
either activate or repress the transcription of
hormone-responsive genes. Two isomers of retinoic
acid, all-trans-retinoic acid and 9-cis-retinoic acid,
function as the major ligands for the RAR and RXR
subfamilies, respectively. The binding of all-trans-
retinoic acid to the RAR induces a conformational
change in the receptor dimer pair, bound to its
response elements (RARE) in the regulatory region
of the DNA of target genes. This conformational
change, in turn, promotes the interaction of the
retinoid receptor dimer with other transcriptional
regulators. Ligand binding may promote the disso-
ciation of corepressor molecules and the binding of
coactivator molecules, leading to gene activation
when the basal transcriptional complex is recruited.
This multiprotein complex then functions enzymati-
cally to transcribe the DNA template into messenger
RNA. Additionally, some receptor functions appear
to be ligand independent. Similarly to all-trans-reti-
noic acid, 9-cis-retinoic acid has been shown to bind
to nuclear receptors of the RXR family. However,
the physiological role of 9-cis-retinoic acid in vivo is
currently unclear and, moreover, other ligands
besides 9-cis-RA (such as polyunsaturated fatty
acids) may also activate the RXR. Besides forming
dimers with the RAR, the RXR bind in a similar
manner with the nuclear receptors for vitamin D,
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thyroid hormone, and several other lipophilic hor-
mones and xenobiotic agents.

Embryonic Development

Vitamin A is essential in appropriate amounts for
normal embryogenesis. Retinoids are required from
the early, postgastrulation stage of embryonic devel-
opment. The requirement for retinoids has been
deduced from molecular developmental studies in
mice, and other species. These studies have consis-
tently shown a highly regulated pattern of expres-
sion of the genes for nuclear retinoid receptors,
retinoid-binding proteins, and enzymes of retinoid
production and catabolism. It is likely, based on
the expression of retinoid biosynthetic enzymes,
that maternally derived retinol is metabolized by
the embryo to produce retinoic acid at specific
times in specific cells, and that retinoic acid is also
catabolized in a highly regulated, tissue-specific
manner. Retinoic acid has been proposed to be an
essential morphogen whose concentration, or con-
centration gradient, is a key determinant of the
expression of one or more families of genes,
particularly the Hox gene family. This gene
family is crucial in determining the formation of
the anterior-posterior body axis. Some of these key
genes contain a RARE.

In animals, both vitamin A deficiency and an
excess of dietary vitamin A or retinoid analogs, at
specific critical periods of development, can result in
severe developmental defects, and may be lethal to
the embryo. The differentiation of cells in the neural
crest and the development of the head and sensory
organs, nervous system, heart, limbs, and skeleto-
muscular system are often affected. Birth defects of
a similar nature have occurred in women exposed to
excessive dietary vitamin A, or to pharmacologic
retinoids for treatment of skin diseases, in early
pregnancy.

Immunity

Impaired immunity was one of the earliest effects
described for vitamin A deficiency. Numerous
abnormalities have been described. A dysregulation
of T cell functions has been implicated in many
abnormal immune responses, as vitamin A-deficient
animals often have reduced T cell counts and an
altered pattern of differentiation markers on T cell
subsets. The response of T cells to antigens and
mitogens tends to be low. Similarly, the functional
capacity of cytotoxic cells, such as cytotoxic T cells
and natural killer cells, and macrophages is often
low. Numerous alterations have been documented
in the production of cytokines that regulate T cell

immunity and antibody production by B cells.
Because the immune response elicited by pathogens,
vaccines, or other experimental treatments can differ
significantly depending on the type of stimuli, it is
not surprising that the effect of vitamin A status has
also varied depending on the type of natural infec-
tion or experimental challenge. Consistently, how-
ever, the administration of vitamin A, or therapeutic
doses of retinoic acid, has restored a more normal
pattern of T cell-dependent immune responses, often
quite rapidly, to previously vitamin A-deficient
hosts.

In children at risk of vitamin A deficiency, vitamin A
supplementation, given prophylactically or as ther-
apy during illness, has significantly reduced the
severity of measles and measles-related mortality
(see ‘Hypervitaminosis A and Vitamin A Toxicity’).

Recommended Dietary Allowances
and Tolerable Upper Intake Levels
for Vitamin A

Recommended dietary allowances (RDA) for the US
and Canada were recently revised by the Institute of
Medicine (IOM). Owing to the serious, potentially
irreversible, effects caused by an excess of vitamin A,
guidelines were also established for a tolerable upper
intake level (UL), defined as the highest intake of a
nutrient that is likely to pose no risk of adverse health
effects in nearly all healthy individuals. The 2001
RDA and UL for vitamin A for various life stages
are listed in Table 2.

Infancy and Childhood

Recommendations for an adequate intake (AI) of
vitamin A for children 0–6 and 7–12months of age
are based on the vitamin A content of human breast
milk and on usual milk intakes for these age groups.
The vitamin A content of breast milk from well-
nourished women was estimated to be 1.7 mmol l�1;
therefore, it provides approximately 400 mg RAE
day�1 to 0- to 6-month-old infants. This value was
used by the IOM as the AI for infants in this age
group. The AI is 500 mg RAEday�1 for 7- to
12-month-old infants, who are assumed to also
consume complementary foods.

Physiological studies have shown that the placen-
tal transfer of vitamin A is limited in most mam-
mals. Thus, it is normal for the liver and plasma
vitamin A levels of newborns to be much lower than
those in adults. In humans, premature infants often
have lower plasma retinol levels than full-term
infants. The period of breastfeeding is important
for the accrual of vitamin A reserves as shown by
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animal studies in which liver vitamin A stores have
increased rapidly in the suckling young of well-
nourished healthy mothers. The importance of the
neonatal period for establishing vitamin A reserves
in young children is well recognized, and programs
to promote maternal nutrition and breast feeding
have become an integral component of public health
programs to improve the vitamin A status of women
and children worldwide.

For infants born prematurely, vitamin A (provided
in enteral feeds or intramuscularly) is now recognized
as an important component of medical care, and as a
significant factor in reducing the risk of bronchopul-
monary dysplasia and chronic lung disease.

Childhood and Adolescence

Little information specific to this age group is avail-
able, and recommendations are based on adult
values, scaled down based on body weight.

Adulthood

Adults require a maintenance level of vitamin A.
The RDA is based on maintaining an adequate
level of vitamin A in liver while meeting normal
tissue demands. In animals fed a normal vitamin A
adequate diet, retinyl esters tend to accumulate as
the animal ages, such that it becomes very difficult
to induce vitamin A deficiency in adult animals,
even by feeding them a diet free of vitamin A.
These data imply that tissue reserves readily make
up for lapses in the day-to-day intake of vitamin A.
As is evident from Table 1, some foods contain an
amount of vitamin A well in excess of 100% of the
daily value (%DV).

Pregnancy and Lactation

The requirement for vitamin A is increased during
pregnancy and lactation, but only to the extent

needed for growth of maternal and fetal tissues.
Nearly all of the vitamin A in breast milk is in the
form of retinyl esters. Milk vitamin A concentration
is influenced by recent maternal vitamin A intake.
Physiological studies have shown that the lactating
mammary glands derive retinol from holo-RBP and
from the metabolism of chylomicra. As chylomicron
vitamin A increases, milk vitamin A also increases.
The RDA for lactation (Table 2) is calculated to
provide sufficient vitamin A for the mother’s needs
and for the secretion of vitamin A in breast milk.

Upper Levels

There are three major adverse effects of hypervita-
minosis A:

� birth defects;
� liver abnormalities; and
� reduced bone mineral density, which may result in

osteoporosis.

The critical adverse effects used to establish the upper
level (UL) were risk of teratogenicity for women of
reproductive age, and liver abnormalities for all other
life stage groups. For vitamin A, the UL applies spe-
cifically to chronic intakes of preformed vitamin A
(not carotenoids) obtained from foods, fortified
foods, and supplements. The UL is not meant to
apply to individuals taking vitamin A under medical
supervision. For several life stage groups, the UL are
less than three times the RDA (Table 2). Based on
epidemiological studies of vitamin A intakes and
birth outcomes in pregnant women, and on the
well-documented teratogenic effects of excessive vita-
min A in experimental animals, the UL for women of
reproductive age is 2800–3000mg day�1. The UL
based on risk of damage to the liver, although calcu-
lated in a different way to that for teratogenicity, has
the same value of 2800–3000mgday�1. Like the

Table 2 Recommended dietary allowances (RDA) for vitamin A in micrograms (mg), retinol activity equivalents (RAE) and

international units (IU), and tolerable upper intake levels (UL, mg retinol day�1) for children and adults

Age (years) Children Men Women Pregnancy Lactation

RDA (mg RAE day–1)

1–3 300mg or 1000 IU

4–8 400mg or 1333 IU

9–13 600mg or 2000 IU

14–18 900mg or 3000 IU 700mg or 2330 IU 750mg or 2500 IU 1200mg or 4000 IU

19þ 900mg or 3000 IU 700mg or 2330 IU 770mg or 2565 IU 1300mg or 4335 IU

UL (mg retinol day�1)

1–3 600mg
4–8 900mg
9–13 1700mg
14–18 3000mg 2800mg 2800mg 2800mg
19þ 3000mg 3000mg 3000mg 3000mg
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RDA, the UL for younger age groups was scaled
down based on body weight.

Risk of reduced bone mineral density was also
considered in setting the UL, but dose-response data
were insufficient to estimate a UL based on this effect.
Nonetheless, there is increasing concern that bone
health may be adversely affected by intakes of
vitamin A not very much higher than the RDA. Epide-
miological studies in Swedish men and women, and
similar studies in the US, have provided evidence that
a chronic intake of preformed vitamin A on the order
of 2–3 times the recommended levels (near the UL)
may increase the loss of bone mineral density and
incidence of hip fracture. Although more research is
needed, an upper intake of 2800–3000 mg pre-
formed vitamin A per day also appears to be a
prudent guideline for maintaining bone health.

Users of supplements that contain retinol or a
retinyl ester should evaluate their average combined
intake from diet (especially liver, milk, dairy pro-
ducts), fortified foods (including breakfast cereals),
and all dietary supplements to ensure that it does
not exceed the UL. Children’s vitamin supplements
should be checked to make sure that the amount of
vitamin A is suitable for the child’s age.

Hypervitaminosis A and Vitamin A
Toxicity

Hypervitaminosis A is a rare but serious, sometimes
fatal, condition. Hypervitaminosis A refers to high
storage levels of vitamin A in the body that can lead
to toxic symptoms. Toxic symptoms can arise after
consuming very large amounts of preformed vitamin A
over a short period of time, or they may develop
slowly (chronic toxicity), depending on the duration
and dose of vitamin A (retinol) consumed. Case
reports of vitamin A toxicity include cases of exces-
sive intakes of foods high in retinol such as liver
(see Table 1), but most cases of vitamin A toxicity
result from an excess intake of vitamin A in supple-
ments. Symptoms resembling hypervitaminosis
A have been reported in a few patients taking
prescription retinoids for therapy. The clinical hall-
marks of vitamin A toxicity include nausea and
vomiting, headache, dizziness, blurred vision, mus-
cular uncoordination, abnormal liver functions, and
pain in weight-bearing bones and joints.

Besides eliminating intake of vitamin A, or reti-
noids, there is little that can be done, and no anti-
dote, to treat hypervitaminosis A. Tissue retinoid
levels fall gradually, but due to the body’s tendency
to conserve vitamin A, the loss is very slow. Thus,
care should be exercised to avoid overconsumption

or supplementation with preformed vitamin A
(see ‘Upper Levels’, Table 2).

Excessive Consumption of b-Carotene

Beta-carotene and other carotenoids in foods, even
when consumed at high levels, are believed to be
nontoxic, and therefore no UL was established for
�-carotene. Nonetheless, a ‘safe range’ of intracellular
�-carotene has yet to be determined. Individuals who
have consumed large amounts of carotenoid-rich
foods, juices, or extracts containing a large amount
of �-carotene over a prolonged period of time may
show signs of carotene accumulation in fatty tissues,
to the point where yellowing of the skin (caroteno-
dermia) is apparent. This condition is not known to
be harmful and the color subsides over time after
carotene intake is reduced to normal levels. None-
theless, epidemiological evidence suggests that the use
of high-dose �-carotene as a dietary supplement
should not be regarded as safe because the current
knowledge of the metabolism of high doses is inade-
quate, and some epidemiological studies have indi-
cated that high doses of �-carotene, at least in
smokers, may be detrimental (see 00045).

See also: Carotenoids: Chemistry, Sources and
Physiology; Epidemiology of Health Effects. Vitamin A:
Biochemistry and Physiological Role.
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VITAMIN B6
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Vitamin B6 has a central role in amino acid
metabolism as the coenzyme for a variety of reactions,
including transamination and decarboxylation. It is
also the coenzyme of glycogen phosphorylase and
acts to modulate the activity of steroid and other
hormones (including retinoids and vitamin D) that
act by regulation of gene expression.

Severe deficiency disease has only been reported in
a single outbreak in infants fed overheated formula.
However, a significant proportion of people in devel-
oped countries have marginal vitamin B6 status, and
this may be associated with enhanced responsiveness
to steroid hormone action and may be a factor in the
development of hormone-dependent cancer of the
breast, uterus, and prostate. A number of drugs have
antivitamin activity, and prolonged use may lead to
secondary development of pellagra, as a result of
impaired tryptophan metabolism.

Estrogens do not cause vitamin B6 deficiency. How-
ever, there is evidence that high doses of vitamin B6

may overcome some of the side effects of estrogenic
steroids used in contraceptives and as menopausal
hormone replacement therapy. At very high levels of
intake, supplements may cause sensory nerve damage.

Absorption and Metabolism

The main form of vitamin B6 in foods is pyridoxal
phosphate, bound as a Schiff base to lysine in

dietary proteins. There is also a small amount of
pyridoxamine phosphate. In plant foods a significant
amount of the vitamin is present as pyridoxine, and
a number of plants contain pyridoxine glycosides,
which have limited availability. Heating foods can
lead to the formation of (phospho)pyridoxyllysine,
which has antivitamin activity.

Pyridoxal phosphate bound to proteins is released
on digestion of the protein. The phosphorylated
vitamers are dephosphorylated by membrane-
bound alkaline phosphatase in the intestinal
mucosa; all three vitamers are absorbed by carrier-
mediated diffusion, followed by oxidation and phos-
phorylation, so there is accumulation of pyridoxal
phosphate, which does not cross cell membranes, by
metabolic trapping.

Both pyridoxal and the phosphate circulate in the
bloodstream; the phosphate is dephosphorylated by
extracellular alkaline phosphatase, and tissues take
up pyridoxal by carrier-mediated diffusion, followed
by metabolic trapping as phosphate esters. Pyrid-
oxine and pyridoxamine phosphates are oxidized
to pyridoxal phosphate (Figure 1).

Tissue concentrations of pyridoxal phosphate are
controlled by the balance between phosphorylation
and dephosphorylation. The activity of the phospha-
tases is greater than that of the kinase inmost tissues so
that pyridoxal phosphate that is not bound to enzymes
will be dephosphorylated. Free pyridoxal either leaves
the cell or is oxidized to 4-pyridoxic acid by aldehyde
dehydrogenase, which is present in all tissues, and also
by hepatic and renal aldehyde oxidase. 4-Pyridoxic
acid is the main excretory product.
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Approximately 80% of total body vitamin B6 is in
muscle, associated with glycogen phosphorylase.
This does not seem to function as a true reserve of
the vitamin and is not released from muscle in times
of deficiency.

Metabolic Functions of Vitamin B6

The metabolically active vitamer is pyridoxal phos-
phate, which is involved in many reactions of amino
acid metabolism, where the carbonyl group is the
reactive moiety, in glycogen phosphorylase, where it
is the phosphate group that is important in catalysis,
and in the release of hormone receptors from tight
nuclear binding, where again it is the carbonyl
group that is important.

The Role of Pyridoxal Phosphate in Amino Acid
Metabolism

The various reactions of pyridoxal phosphate in amino
acid metabolism (Figure 2) all depend on the same
chemical principle—the ability to stabilize amino acid
carbanions, and hence to weaken bonds about the
�-carbon of the substrate. This is achieved by reaction

of the �-amino group with the carbonyl group of the
coenzyme to form a Schiff base (aldimine).

Pyridoxal phosphate is bound to enzymes, in the
absence of the substrate, by the formation of an
internal Schiff base to the 	-amino group of a lysine
residue at the active site. Thus the first reaction
between the substrate and the coenzyme is transfer
of the aldimine linkage from this 	-amino group to
the �-amino group of the substrate.

The ring nitrogen of pyridoxal phosphate exerts a
strong electron-withdrawing effect on the aldimine,
and this leads to weakening of all three bonds
about the �-carbon of the substrate. In nonenzymic
model systems, all the possible pyridoxal-catalyzed
reactions are observed: �-decarboxylation, amino-
transfer, racemization, and side chain elimination and
replacement reactions. By contrast, enzymes show spe-
cificity for the reaction pathway followed; which bond
is cleaved will depend on the orientation of the Schiff
base relative to reactive groups of the catalytic site.

a-Decarboxylation If the electron-withdrawing
effect of the ring nitrogen is primarily centered on
the �-carbon–carboxyl bond, the result is
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Figure 1 Metabolism of vitamin B6.
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decarboxylation of the amino acid with the release of
carbon dioxide. The resultant carbanion is then pro-
tonated, and the primary amine corresponding to
the amino acid is displaced by the lysine residue at
the active site, with reformation of the internal
Schiff base.

A number of the products of the decarboxylation
of amino acids are important as neurotransmitters
and hormones—5-hydroxytryptamine, the catecho-
lamines dopamine, noradrenaline, and adrenaline,
and histamine and �-aminobutyrate (GABA)—and
as the diamines and polyamines involved in the
regulation of DNA metabolism. The decarboxyla-
tion of phosphatidylserine to phosphatidylethanola-
mine is important in phospholipid metabolism.

Racemization of amino acids Deprotonation of the
�-carbon of the amino acid leads to tautomerization
of the Schiff base to yield a quinonoid ketimine. The
simplest reaction that the ketimine can undergo is
reprotonation at the now symmetrical �-carbon.
Displacement of the substrate by the reactive lysine
residue results in the racemic mixture of D- and
L-amino acid.

Amino acid racemases have long been known to
be important in bacterial metabolism since several
D-amino acids are required for the synthesis of cell
wall mucopolysaccharides. D-Serine is found in rela-
tively large amounts in mammalian brain, where it
acts as an agonist of the N-methyl-D-aspartate
(NMDA) type of glutamate receptor. Serine race-
mase has been purified from rat brain and cloned
from human brain.

Transamination Hydrolysis of the �-carbon–amino
bond of the ketimine formed by deprotonation of the
�-carbon of the amino acid results in the release of
the 2-oxo-acid corresponding to the amino acid sub-
strate and leaves pyridoxamine phosphate at the cat-
alytic site of the enzyme. This is the half-reaction of
transamination. The process is completed by reaction
of pyridoxamine phosphate with a second oxo-acid
substrate, forming an intermediate ketimine, followed
by the reverse of the reaction sequence shown in
Figure 3, releasing the amino acid corresponding to
this second substrate after displacement from the
aldimine by the reactive lysine residue to reform the
internal Schiff base.

Transamination is of central importance in amino
acid metabolism, providing pathways for catabolism
of most amino acids as well as the synthesis of those
amino acids for which there is a source of the
oxo-acid other than from the amino acid
itself—the nonessential amino acids.

The Role of Pyridoxal Phosphate in Steroid
Hormone Action

Pyridoxal phosphate has a role in controlling the
action of hormones that act by binding to a nuclear
receptor protein and modulating gene expression.
Such hormones include androgens, estrogens,
progesterone, glucocorticoids, calcitriol (the active
metabolite of vitamin D), retinoic acid and other
retinoids, and thyroid hormone. Pyridoxal phos-
phate reacts with a lysine residue in the receptor
protein and displaces the hormone–receptor com-
plex from DNA binding, so terminating the hor-
mone action.

In experimental animals, vitamin B6 deficiency results
in increased and prolonged nuclear uptake and reten-
tion of steroid hormones in target tissues, and there is
enhanced sensitivity to hormone action. In a variety of
cells in culture that have been transfected with a gluco-
corticoid, estrogen or progesterone response element
linked to a reporter gene, acute vitamin B6 deple-
tion (by incubation with 4-deoxypyridoxine) leads
to a 2-fold increase in expression of the reporter
gene in response to hormone action. Conversely,
incubation of these cells with high concentrations
of pyridoxal, leading to a high intracellular concen-
tration of pyridoxal phosphate, results in a halving
of the expression of the reporter gene in response to
hormone stimulation.

Figure 3 Tryptophan metabolism, the basis of the tryptophan

load test for vitamin B6 status.
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Assessment of Vitamin B6 Nutritional
Status

The fasting plasma concentration of either total
vitamin B6 or, more specifically, pyridoxal phos-
phate is widely used as an index of vitamin B6

nutritional status, as is the urinary excretion of
4-pyridoxic acid. The generally accepted criteria of
adequacy are shown in Table 1.

Various pyridoxal phosphate dependent enzymes
compete with each other for the available pool of
coenzyme. Thus the extent to which an enzyme is
saturated with its coenzyme provides a means of
assessing the adequacy of the body pool of coen-
zyme. This can be determined by measuring the
activity of the enzyme before and after the activa-
tion of any apoenzyme present in the sample by
incubation with pyridoxal phosphate added
in vitro. Erythrocyte aspartate and alanine transami-
nases are both commonly used; the results are
usually expressed as an activation coefficient—
the ratio of activity with added coenzyme to that
without.

It seems to be normal for a proportion of pyri-
doxal phosphate-dependent enzymes to be present as
inactive apoenzyme, without coenzyme. This may be
a mechanism for metabolic regulation. It is possible
that increasing the intake of vitamin B6, so as to

ensure complete saturation of pyridoxal phosphate-
dependent enzymes, may not be desirable.

Tryptophan Load Test

The oxidative pathway of tryptophan metabolism
is shown in Figure 3. Kynureninase is a pyridoxal
phosphate-dependent enzyme, and in deficiency its
activity is lower than that of tryptophan dioxygen-
ase, so that there is an accumulation of hydroxy-
kynurenine and kynurenine, resulting in greater
metabolic flux through kynurenine transaminase
and increased formation of kynurenic and
xanthurenic acids. Kynureninase is exquisitely
sensitive to vitamin B6 deficiency because it under-
goes a slow inactivation as a result of catalysing
the half-reaction of transamination instead of its
normal reaction. The resultant enzyme with
pyridoxamine phosphate at the catalytic site is
catalytically inactive and can only be reactivated
if there is an adequate concentration of pyridoxal
phosphate to displace the pyridoxamine phosphate.

The ability to metabolise a test dose of tryptophan
has been widely adopted as a convenient and sensi-
tive index of vitamin B6 nutritional status. However,
induction of tryptophan dioxygenase by glucocorti-
coid hormones will result in a greater rate of forma-
tion of kynurenine and hydroxykynurenine than the
capacity of kynureninase, and will thus lead to
increased formation of kynurenic and xanthurenic
acids—an effect similar to that seen in vitamin B6

deficiency. Such results may be erroneously inter-
preted as indicating vitamin B6 deficiency in a
variety of subjects whose problem is increased glu-
cocorticoid secretion as a result of stress or illness,
not vitamin B6 deficiency.

Inhibition of kynureninase (e.g., by estrogen meta-
bolites) also results in accumulation of kynurenine
and hydroxykynurenine, and hence increased forma-
tion of kynurenic and xanthurenic acids, again giv-
ing results which falsely suggest vitamin B6

deficiency. This has been widely, but incorrectly,
interpreted as estrogen-induced vitamin B6 defi-
ciency: it is in fact simple competitive inhibition of
the enzyme that is the basis of the tryptophan load
test by estrogen metabolites.

While the tryptophan load test is a useful index of
status in controlled depletion/repletion studies to
determine vitamin B6 requirements, it is not an
appropriate index of status in population studies.

Methionine Loading Test

The metabolism of methionine, shown in Figure 4,
includes two pyridoxal phosphate-dependent steps,
catalysed by cystathionine synthetase and

Table 1 Indices of vitamin B6 nutritional status

Index Adequate status

Plasma total vitamin B6 >40nmol (10mg)/l
Plasma pyridoxal phosphate >30nmol (7.5 mg)/l
Erythrocyte alanine

aminotransferase activation

coefficient

<1.25

Erythrocyte aspartate

aminotransferase activation

coefficient

<1.80

Erythrocyte aspartate

aminotransferase

>0.13 units (8.4mkat)/l

Urine 4-pyridoxic acid >3.0mmol/24h

>1.3mmol/mol creatinine

Urine total vitamin B6 >0.5mmol/24h

>0.2mmol/mol creatinine

Urine xanthurenic acid after

2 g tryptophan load

<65mmol/24 h increase

Urine cystathionine after 3 g

methionine load

<350mmol/24h increase

Data from Bitsch R (1993) Vitamin B6. International Journal of

Vitamin and Nutrition Research 63: 278–282; Leklem JE

(1990) Vitamin B-6: A status report. Journal of Nutrition

120(supplement 11): 1503–1507; McChrisley B, Thye FW,

McNair HM and Driskell JA (1988) Plasma B6 vitamer and

4-pyridoxic acid concentrations of men fed controlled diets.

Journal of Chromatography 428: 35–42.
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cystathionase. In vitamin B6 deficiency there is an
increase in the plasma concentration of homocys-
teine, and increased urinary excretion of cystathio-
nine and homocysteine, both after a loading dose of
methionine and under basal conditions. The ability
to metabolize a test dose of methionine therefore
provides an index of vitamin B6 nutritional status.

Some 10–25% of the population have a genetic
predisposition to hyperhomocysteinemia, which is a
risk factor for atherosclerosis and coronary heart
disease, as a result of polymorphisms in the gene
for methylenetetrahydrofolate reductase. There is
no evidence that supplements of vitamin B6 reduce
fasting plasma homocysteine in these subjects, and
like the tryptophan load test, the methionine load
test may be an appropriate index of status in con-
trolled depletion/repletion studies to determine vita-
min B6 requirements, but not in population studies.

Requirements and Reference Intakes

The total body pool of vitamin B6 is of the order of
15 mmol (3.7mg) per kilogram body weight. Isotope
tracer studies suggest there is turnover of about
0.13%per day, and hence a minimum requirement
for replacement of 0.02 mmol (5 mg) per kilogram
body weight—some 350 mg per day for a 70 kg
adult. However, depletion/repletion studies suggest
that requirements are higher than this.

Most studies of vitamin B6 requirements have
followed the development of abnormalities of tryp-
tophan (and sometimes also methionine) metabolism
during depletion and normalization during repletion
with graded intakes of the vitamin.

Although some 80% of the total body pool of
vitamin B6 is associated with muscle glycogen phos-
phorylase, this pool turns over relatively slowly. The
major metabolic role of the remaining 20% of total
body vitamin B6, which turns over considerably
more rapidly, is in amino acid metabolism. There-
fore, a priori, it seems likely that protein intake will
affect vitamin B6 requirements. People maintained
on (experimental) vitamin B6-deficient diets develop
abnormalities of tryptophan and methionine meta-
bolism faster, and their blood vitamin B6 falls more
rapidly, when their protein intake is high. Similarly,
during repletion of deficient subjects, tryptophan
and methionine metabolism and blood vitamin B6

are normalized faster at low than at high levels of
protein intake.

These studies suggest a mean requirement of 13 mg
of vitamin B6 per gram of dietary protein; reference
intakes are based on 15–16 mg per gram of protein.
At average intakes of about 100 g of protein per day,
this gives an RDA of 1.4–1.6mg of vitamin B6.
More recent depletion/repletion studies, using more
sensitive indices of status, in which subjects were
repleted with either a constant intake of vitamin B6

Figure 4 Methionine metabolism, the basis of the methionine load test for vitamin B6 status.
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and varying amounts of protein or a constant
amount of protein and varying amounts of vitamin
B6, have shown average requirements of 15–16 mg/g
of dietary protein, suggesting a reference intake of
18–20mg/g protein.

In 1998 the reference intake in the United States
and Canada was reduced from the previous RDA of
2mg/day for men and 1.6mg/day for women to
1.3mg/day for both, compared with the UK RNI of
1.2mg for women and 1.4mg for men. The report
cites six studies that demonstrated that this level of
intake would maintain a plasma concentration of
pyridoxal phosphate at least 20 nmol/l, although, as
shown in Table 1, the more generally accepted criter-
ion of adequacy is 30 nmol/l.

Possible Benefits of Higher Levels of Intake

The identification of hyperhomocysteinaemia as an
independent risk factor in atherosclerosis and cor-
onary heart disease has led to suggestions that
higher intakes of vitamin B6 may be beneficial. As
shown in Figure 4, homocysteine may undergo
either of two metabolic fates: remethylation
to methionine (a reaction that is dependent on
vitamin B12 and folate) or vitamin B6-dependent
trans-sulfuration to yield cysteine.

A number of studies have shown that while folate
supplements lower fasting homocysteine in moder-
ately hyperhomocysteinemic subjects, 10mg/day
vitamin B6 has no effect, although they do reduce
the peak plasma concentration of homocysteine fol-
lowing a test dose of methionine.

Vitamin B6 Requirements of Infants

Estimation of the RDA for vitamin B6 of infants
presents a problem, and there is a clear need for
further research to achieve a realistic estimate of
infants’ requirements. Human milk, which must be
assumed to be adequate for infant nutrition, pro-
vides only some 40–100 mg per liter, or 3–8 mg of
vitamin B6 per gram of protein—very much lower
than the apparent requirement for adults. There is
no reason why infants should have a lower require-
ment than adults, and indeed since they must
increase their total body pool of the vitamin as
they grow, they might be expected to have a pro-
portionally higher requirement than adults.

A first approximation of the vitamin B6 needs of
infants came from studies of those who convulsed as a
result of gross deficiency caused by overheated infant
milk formula in the 1950s. At intakes of 60 mg per day
there was an incidence of convulsions of 0.3%. Provi-
sion of 260mg per day prevented or cured convul-
sions, but 300 mg per day was required to normalize

tryptophan metabolism. This is almost certainly a
considerable overestimate of requirements since pyr-
idoxyllysine, formed by heating the vitamin with pro-
teins, has antivitamin activity, and would therefore
result in a higher apparent requirement.

Based on the body content of 15mmol (3.7mg) of
vitamin B6 per kilogram body weight, and the rate of
weight gain, the minimum requirement for infants
over the first 6months of life would appear to be
100mg (417nmol) per day to establish tissue reserves.

Pharmacological Uses and Toxicity of
Vitamin B6 Supplements

Supplements of vitamin B6 ranging from 25 to
500mg/day, and sometimes higher, have been
recommended for treatment of a variety of condi-
tions in which there is an underlying physiological
or biochemical mechanism to justify the use of
supplements, although in most cases there is little
evidence of efficacy. Such conditions include post-
natal depression, depression and other side effects
associated with oral contraceptives, hyperemesis of
pregnancy, and the premenstrual syndrome.

Supplements have also been used empirically, with
little or no rational basis, and little or no evidence of
efficacy, in the treatment of a variety of conditions,
including acute alcohol intoxication, atopic derma-
titis, autism, carpal tunnel syndrome, dental caries,
diabetic neuropathy, Down’s syndrome, Hunting-
ton’s chorea, schizophrenia, and steroid-dependent
asthma.

Doses of 50–200mgper day have an antiemetic
effect, and the vitamin is widely used, alone or in
conjunction with other antiemetics, to minimize the
nausea associated with radiotherapy and to treat
pregnancy sickness. There is no evidence that
vitamin B6 has any beneficial effect in pregnancy sick-
ness, nor that women who suffer from morning
sickness have lower vitamin B6 nutritional status
than other pregnant women.

Vitamin B6 and the Side Effects of Oral
Contraceptives

Although oestrogens do not cause vitamin B6 defi-
ciency, the administration of vitamin B6 supple-
ments has beneficial effects on some of the
side effects of both administered and endogenous
oestrogens. The supplements act in two main areas:
in normalizing glucose tolerance and as an
antidepressant.

Impairment of glucose tolerance is common in
pregnancy and may indeed be severe enough to be
classified as gestational diabetes mellitus, which
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generally resolves at parturition, although in some
subjects it may persist. High-estrogen oral contra-
ceptives may also cause impaired glucose tolerance.
This seems to be the result of increased tissue and
blood concentrations of xanthurenic acid, because
of the inhibition of kynureninase by estrogen meta-
bolites. Xanthurenic acid forms a complex with
insulin which has little or no hormonal activity.
Vitamin B6 supplements may have a beneficial
effect by activating apokynureninase or kynureni-
nase that has been inactivated by undergoing
transamination.

One of the relatively common side effects of
oestrogenic oral contraceptives is depression,
affecting about 6% of women in some studies.
This frequently responds well to the administration
of relatively large amounts of vitamin B6 (generally
in excess of 40mg per day). Postnatal depression
also responds to similar supplements in some
studies.

Again, this does not seem to be due to correction
of vitamin B6 deficiency, but rather to a direct effect
of pyridoxal phosphate on the metabolism of tryp-
tophan. High concentrations of pyridoxal phosphate
attenuate the response to glucocorticoid hormones;
tryptophan dioxygenase is a glucocorticoid-induced
enzyme, and thus its synthesis and activity will be
reduced by high intakes of vitamin B6. This reduces
the oxidative metabolism of tryptophan and
increases the amount available for synthesis of
5-hydroxytryptamine in the brain.

Vitamin B6 in the Premenstrual Syndrome

The studies showing a beneficial action of vitamin
B6 in overcoming depression associated with oral
contraceptives have led to the use of the vitamin in
depression and other pathology associated with
endogenous estrogens in the premenstrual syndrome.
There is no evidence of poorer vitamin B6 nutri-
tional status in women who suffer from the pre-
menstrual syndrome.

There are few well-controlled studies of the effects
of vitamin B6 in premenstrual syndrome. In general,
those that have been properly controlled report little
benefit from doses between 50 and 200mgper day
compared with placebo, although some studies do
claim a beneficial effect. Interestingly, meta-analysis
of controlled crossover trials shows that whichever
treatment is used second, active vitamin or placebo,
is (marginally) more effective. There is no obvious
explanation for this observation.

Despite the lack of evidence of efficacy, vitamin
B6 is widely prescribed (and self-prescribed) for the
treatment of premenstrual syndrome.

Vitamin B6 for Prevention of the Complications of
Diabetes Mellitus

A number of studies have suggested that vitamin B6

(and specifically pyridoxamine) may be effective in
preventing the adverse effects of poor glycemic con-
trol that lead to the development of the complica-
tions of diabetes mellitus, many of which are
mediated by nonenzymic glycation of proteins. Pyr-
idoxamine is a potent inhibitor of the rearrangement
of the immediate product of protein glycation to the
‘advanced glycation end-product.’

Toxicity of Vitamin B6

Animal studies have demonstrated the development
of signs of peripheral neuropathy, with ataxia, mus-
cle weakness, and loss of balance, in dogs given
200mg pyridoxine per kilogram body weight for
40–75 days, and the development of a swaying gait
and ataxia within 9 days at a dose of 300mgper
kilogram body weight. At a dose of 50mgper
kilogram body weight, there are no clinical signs of
toxicity, but histologically there is a loss of myelin in
dorsal nerve roots. At higher doses there is more
widespread neuronal damage, with loss of myelin
and degeneration of sensory fibers in peripheral
nerves, the dorsal columns of the spinal cord, and
the descending spinal tract of the trigeminal nerve.
The clinical signs of vitamin B6 toxicity in animals
regress after withdrawal of these massive doses, but
sensory nerve conduction velocity, which decreases
during the development of the neuropathy, does not
recover fully. The mechanism of the neurotoxic
action of vitamin B6 is unknown.

The development of sensory neuropathy has been
reported in patients taking 2–7 g of pyridoxine per
day. Although there was residual damage in some
patients, withdrawal of these extremely high doses
resulted in a considerable recovery of sensory nerve
function.

There is little evidence that intakes of up 200mg
vitamin B6 per day for prolonged periods are asso-
ciated with any adverse effects. The US Food and
Nutrition Board set a tolerable upper level for adults
of 100mg/day; the EU Scientific Committee on Food
set 25mg/day.

Vitamin B6 Deficiency

Gross clinical deficiency of vitamin B6 is more or
less unknown. The vitamin is widely distributed in
foods, and intestinal flora synthesize relatively large
amounts, at least some of which is believed to be
absorbed.
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In vitamin B6-deficient experimental animals there
are more or less specific skin lesions (e.g., acrodynia
in the rat) and fissures or ulceration at the corners of
the mouth and over the tongue, as well as a number
of endocrine abnormalities, defects in the metabo-
lism of tryptophan, methionine, and other amino
acids, hypochromic microcytic anemia (the first
step of heme biosynthesis is a pyridoxal phosphate-
dependent reaction), changes in leucocyte count and
activity, a tendency to epileptiform convulsions, and
peripheral nervous system damage resulting in
ataxia and sensory neuropathy.

Much of our knowledge of human vitamin B6

deficiency is derived from an outbreak in the early
1950s, which resulted from an infant milk prepara-
tion which had undergone severe heating in manu-
facture. The probable result of this was the
formation of pyridoxyllysine by reaction between
pyridoxal phosphate and the 	-amino groups of
lysine in proteins. In addition to a number of meta-
bolic abnormalities, many of the affected infants
convulsed. They responded to the administration of
vitamin B6 supplements.

Investigation of the neurochemical basis of the
convulsions in vitamin B6 deficiency helped to elu-
cidate the role of GABA as a neurotransmitter;
GABA is synthesized by the decarboxylation of glu-
tamate. More recent studies have suggested that the
accumulation of hydroxykynurenine in the brain
may be the critical factor precipitating convulsions
in deficiency; GABA is depleted in the brains of
deficient adult and neonate animals, while hydroxy-
kynurenine accumulation is considerably more
marked in neonates than adults—only neonates con-
vulse in vitamin B6 deficiency. GABA depletion may
be a necessary but not sufficient condition for con-
vulsions in vitamin B6 deficiency.

Groups at Risk of Deficiency

A number of studies have shown that between 10
and 20% of the apparently healthy population have
low plasma concentrations of pyridoxal phosphate
or abnormal erythrocyte transaminase activation
coefficient, suggesting vitamin B6 inadequacy or
deficiency. In most studies, only one of these indices
of vitamin B6 nutritional status has been assessed.
Where both have been assessed, while each shows
some 10% of the population apparently inade-
quately provided with vitamin B6, few of the
subjects show inadequacy by both criteria.

There is a decrease in the plasma concentration of
vitamin B6 with increasing age, and some studies have
shown a high prevalence of abnormal transaminase
activation coefficient in elderly subjects, suggesting that
the elderly may be at risk of vitamin B6 deficiency. It is
not known whether this reflects an inadequate intake, a
greater requirement, or changes in the tissue distribution
and metabolism of the vitamin with increasing age.

Drug-Induced Vitamin B6 Deficiency

A number of drugs that react with carbonyl com-
pounds are capable of causing vitamin B6 deficiency
on prolonged use. These include the antituberculosis
drug isoniazid (iso-nicotinic acid hydrazide), penicil-
lamine, and the anti-Parkinsonian drugs, benser-
azide and carbidopa. In general, the main effect is
impairment of tryptophan metabolism by inhibition
of kynureninase, and hence the development of the
niacin-deficiency disease, pellagra. The condition
therefore responds to the administration of either
vitamin B6 or niacin.

See also: Niacin.
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Introduction

Vitamin D is a fat-soluble vitamin that is recognized
for its importance for bone health. Vitamin D is
neither a vitamin nor a nutrient because exposure
to sunlight can provide the body’s requirement for
vitamin D. We take vitamin D for granted because it
is casual exposure to sunlight that provides most
humans with their vitamin D requirement. This
recognition and the fortification of milk and other
foods including some margarines, cereals, and
orange juice with vitamin D has eradicated vitamin
D deficiency rickets as a significant health problem
for children in the US and countries that practice
this fortification process. However, it is now
recognized that both children and adults are at risk
for developing vitamin D deficiency. The recom-
mended adequate dietary intake for vitamin D is
200 IU day�1 for children and adults <50 years old,
400 IU day�1 for adults 51–70 years, and 600 IU
day�1 for those >70 years. However, without ade-
quate sun exposure, 1000 IU day�1 is needed. Once
vitamin D is formed in the skin or ingested in the
diet, it enters the bloodstream and travels to the
liver and kidney where it is hydroxylated on carbons
25 and 1 to form 25-hydroxyvitamin D (25(OH)D)
and 1,25-dihydroxyvitamin D (1,25(OH)D), respec-
tively. 25-Hydroxyvitamin D is the major circulating
form of the vitamin that is measured to determine
the vitamin D status of patients. 1,25-Dihydroxyvi-
tamin D is the biologically active form of vitamin D
that is responsible for maintaining calcium home-
ostasis and bone health. It is now recognized that
vitamin D deficiency increases the risk of many
chronic diseases including cancers of the breast,
prostate, and colon, type 1 diabetes mellitus, multi-
ple sclerosis, rheumatoid arthritis, and heart disease.

Origin and Structure of Vitamin D

As the industrial revolution began to take hold in
Northern Europe in the 17th century, it was quickly
associated with a new disease that caused severe
growth retardation and bony deformities in young
children (Figure 1). This disease was commonly
known as rickets or ‘English disease’ and plagued
the children of the industrialized cities in Europe
and North America for more than 250 years.
Although Sniadecki in 1822 and Palm in 1890 both
recognized that it was lack of exposure to sunlight
that was the likely cause of rickets in children,
Huldschinsky, in 1919, was the first to prove that
exposure of the skin to ultraviolet radiation could
cure rickets. Within 2 years, Hess and Unger reported
that exposure of several rachitic children to sunlight
was adequate for curing this bone-deforming disease.

Steenbock and Black and Hess independently
recognized that exposure of animals and their food
to ultraviolet radiation imparted antirachitic activ-
ity. This led to the recommendation for the ultravio-
let irradiation of foods as a means of fortifying them
with vitamin D. This resulted in the addition of
provitamin D to milk followed by ultraviolet irra-
diation. As soon as it was possible to commercially
synthesize vitamin D in large quantities, it was
added directly to milk and other foods.

The first vitamin D was isolated from the irradia-
tion of the yeast sterol ergosterol (Figure 2). This
vitamin D was thought to be identical to that pro-
duced in the skin of animals and humans. However,
studies revealed that when vitamin D produced from
yeast was fed to chickens, they were unable to utilize
it and developed rickets. When chickens were fed
natural vitamin D from fish liver oil, rickets was
prevented. This led to the conclusion that vitamin
D originating from yeast was different from that in
fish liver oil and animal and human skin. In 1937,
this mystery was solved when the structure of pro-
vitamin D from pig skin was determined. A struc-
tural analysis revealed that provitamin D derived
from ergosterol differed from that derived from pig
skin. The provitamin D (ergosterol; provitamin D2)
that came from yeast had a double bond between
carbons 22 and 23 and a methyl group on carbon 24.
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The provitamin D in animal skin had a side-chain
that was identical to cholesterol, i.e., it did not con-
tain either a double bond or methyl group on car-
bons 22–23 and 24, respectively, and was identified
as 7-dehydrocholesterol (provitamin D3) (Figure 2).
The vitamin Ds generated from ergosterol and
7-dehydrocholesterol were called ergocalciferol
(vitamin D2) and cholecalciferol (vitamin D3),
respectively.

Production of Vitamin D in the Skin

During exposure to sunlight, the ultraviolet B
photons with energies between 290 and 315 nm are

absorbed by provitamin D3 (7-dehydrocholesterol)
in the skin. This absorption results in a photolysis
of the B-ring of provitamin D3 resulting in the for-
mation of previtamin D3 (Figure 3). However, since
previtamin D3 is thermodynamically unstable, it
quickly undergoes an isomerization (rearrangement)
of its triple bond system to form vitamin D3. This
isomerization process is enhanced in skin cells
because the previtamin D3 is synthesized in the cell
membrane, which restricts its movement thereby
accelerating the transformation of previtamin D3 to
vitamin D3. Once vitamin D3 is formed in the skin
cell membrane, it is no longer restricted in its move-
ment and freely translocates into the extracellular
space to find its way into the dermal capillary
bloodstream where it is bound to a specific vitamin
D-binding protein (Figure 3).

An increase in skin pigmentation and zenith angle
of the sun (change in latitude, season, and time of
day) and the topical application of a sunscreen can
markedly diminish or even prevent the production
of vitamin D3 in the skin. Over the age of �65
years, there is a three- to fourfold decline in the
synthetic capacity of the skin to produce vitamin
D3. Excessive exposure to sunlight cannot cause
vitamin D3 intoxication because once previtamin
D3 and vitamin D3 are made in the skin, excessive
quantities are rapidly destroyed by sunlight
(Figure 3).

Absorption, Metabolism, and Excretion
of Vitamin D

Vitamin D (vitamin D without a subscript repre-
sents either vitamin D2 or D3) is fat soluble and,
therefore, once ingested vitamin D2 and vitamin
D3 are incorporated into the chylomicron fraction
and absorbed in the small intestine into the lym-
phatic system. Both dietary vitamin D2 and vita-
min D3, and cutaneous vitamin D3 enter the
circulation and are bound to a specific �1-globulin
known as the vitamin D-binding protein. It is
believed that this protein acts as a buffering sys-
tem whereby it helps maintain circulating concen-
trations of 25(OH)D so that the free unbound
form of 25(OH)D can enter into the renal tubular
cells to be metabolized.

Neither vitamin D2 nor vitamin D3 possess any
intrinsic biologic activity on calcium metabolism.
They both require a hydroxylation on carbon 25 to
form 25(OH)D (Figure 4). 25(OH)D is the major
circulating form of vitamin D and at physiologic
concentrations it has little biologic activity on cal-
cium metabolism. It must undergo a hydroxylation

Figure 1 This is a typical presentation of a child with rickets.

The child is suffering from severe muscle weakness, has bony

deformities including bowed legs, and knob-like projects in the

middle of his ribcage called the rachitic rosary. (Reproduced with

permission from Fraser D and Scriver CR (1979) Disorders asso-

ciated with hereditary or acquired abnormalities of vitamin D

function: hereditary disorders associated with vitamin D resistance

or defective phosphate metabolism. In: De Groot LJ et al. (eds.)

Endocrinology, pp. 797–808. New York: Grune and Stratton.)
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on carbon 1 in the kidney to form 1,25(OH)2D, the
biologically active form of vitamin D (Figure 4). The
metabolism of 25(OH)D to 1,25(OH)2D is tightly
regulated by parathyroid hormone (PTH) and
serum phosphorus levels (Figure 5). PTH and low
serum phosphorus levels increase the production of
1,25(OH)2D.

25(OH)D and 1,25(OH)2D act as substrate for a 24-
hydroxylase (an enzyme that attaches an hydroxyl on
carbon-24), which is found in the kidney and other
target tissues for 1,25(OH)2D. Once 1,25(OH)2D is
hydroxylated on carbon 24, this is the first step in its
degradation to a water-soluble acid, calcitroic acid
(Figure 4). Whereas, vitamin D is excreted in the bile,
calcitroic acid is excreted by the kidney.

There continues to be speculation and
controversy as to whether the 24-hydroxylation
of 25(OH)D and 1,25(OH)2D to 24, 25-
dihydroxyvitamin D and 1,24,25-trihydroxyvitamin
D, respectively, has important physiologic functions
other than simply initiating the degradation of both
metabolites.

Biologic Functions of Vitamin D on
Calcium Metabolism

1,25(OH)2D interacts with a specific nuclear receptor
that is commonly known as the vitamin D receptor
(VDR) and is one of the many members of the super
family of steroid hormone receptors that includes
retinoic acid, thyroid hormone, glucocorticoids, and
sex steroids. Once 1,25(OH)2D interacts with the
VDR, the complex forms a heterodimer with retinoic
acid X receptor (RXR) (Figure 6). This new complex
sits on specific segments of vitamin D responsive
genes known as vitamin D responsive elements
(VDREs) to either increase or decrease transcriptional
activity of the vitamin D-sensitive genes such as
osteocalcin, calcium binding protein (calbindin),
PTH, and osteonectin (Figure 6).

In the intestine, 1,25(OH)2D enhances the
absorption of dietary calcium and phosphorus
across the microvilli of the small intestinal absorp-
tive cells (Figure 5). 1,25(OH)2D also interacts with
monocytic stem cells in the bone marrow to initiate
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their transformation into mature osteoclasts
(Figure 5). Thus, 1,25(OH)2D3 regulates serum
calcium levels by enhancing the efficiency of

intestinal calcium absorption and stimulating
resorption of calcium from the bone. It remains
controversial as to whether 1,25(OH)2D has any
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Figure 3 A schematic representation of the photochemical and thermal events that result in the synthesis of vitamin D3 in the skin, and the

photodegradation of previtamin D3 and vitamin D3 to biologically inert photoproducts. 7-Dehydrocholesterol (7-DHC) in the skin is converted

to previtamin D3 by the action of solar ultraviolet B radiation. Once formed, previtamin D3 is transformed into vitamin D3 by a heat-dependent

(�H) process. Vitamin D3 exits the skin into the dermal capillary blood system and is bound to a specific vitamin D-binding protein (DBP).

When previtamin D3 and vitamin D3 are exposed to solar ultraviolet B radiation, they are converted to a variety of photoproducts that have

little or no activity on calcium metabolism. (Reproduced with permission from Holick MF (1995) Vitamin D: Photobiology, Metabolism, and

Clinical Applications. In: DeGroot LJ et al. (eds.) Endocrinology, 3rd edn, pp. 990–1013. Philadelphia: W.B. Saunders.)
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direct action on the renal handling of either calcium
or phosphorus.

There are a variety of other tissues including the
brain, gonads, pancreas, stomach, activated T and B
lymphocytes, monocytes, and skin that have nuclear
VDR. Although the exact physiologic function of
1,25(OH)2D’s interaction with these VDRs is not
well understood, it is known that in vivo and in vitro
1,25(OH)2D3 can inhibit proliferation and induce
terminal differentiation of various normal and tumor
cells including normal human keratinocytes. This is
the reason why activated vitamin D compounds are

now routinely used for the treatment of the hyperpro-
liferative skin disorder psoriasis.

Evaluation for and Consequences of
Vitamin D Deficiency

Vitamin D deficiency in young children causes rick-
ets. As a child becomes vitamin D deficient, this
results in a decrease in the efficiency of intestinal
calcium absorption. There is a decline in blood-
ionized calcium, which causes the parathyroid glands
to produce and secrete more parathyroid hormone
(PTH). PTH tries to conserve calcium by enhancing
tubular reabsorption of calcium in the kidney. How-
ever, in the face of developing hypocalcemia, which
could disturb neuromuscular function and a wide
variety of metabolic and cellular processes, the body
calls upon 1,25(OH)2D and PTH to mobilize stem
cells to become functional osteoclasts, which, in turn,
mobilize calcium from the skeleton. In addition, PTH
causes a loss of phosphorus into the urine causing
hypophosphatemia. Thus, in early vitamin D defi-
ciency the serum calcium is normal; it is the low
serum phosphorus that causes the extracellular
CaXPO4 to be too low for normal mineralization of
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bone matrix. This causes a disruption in the orderly
sequence of events in the differentiation of hypertro-
phied chondrocytes in the epiphyseal plates resulting
in their disorganization causing a widening of the
epiphyseal plates (end of long bones), demineraliza-
tion of the skeleton, and bony deformities (Figure 1).

Once the epiphyseal plates are closed later in
adolescence, vitamin D deficiency can no longer
cause bone deformities. Instead, there is an inability
to mineralize newly deposited bone matrix leading
to wide osteoid seams within the trabecular and
cortical bone causing the bone disease commonly
known as osteomalacia. In addition, the secondary
hyperparathyroidism that results from vitamin D
deficiency results in the mobilization of precious
calcium stores from the bone thereby exacerbating
bone loss and causing osteoporosis. This can
increase a person’s risk for fracture.

The hallmark for determining the vitamin D status
is the measurement of the circulating concentration
of 25(OH)D. The 25(OH)D is low or undetectable in
vitamin D deficiency and markedly elevated in vita-
min D intoxication. Measurement of 1,25(OH)2D is
of little value for determining the vitamin D nutri-
tional status because its synthesis is tightly regulated.
Indeed, as a person becomes vitamin D deficient,
there is an increase in the secretion of PTH which,
in turn, increases the production of 1,25(OH)2D.
Thus, early in vitamin D deficiency one can see a
normal fasting serum calcium, low-normal to low
phosphorus, low 25(OH)D, and elevated PTH,
1,25(OH)2D and alkaline phosphatase. In chronic
vitamin D deficiency, all the above are seen with the
exception that 1,25(OH)2D is low-normal or low.

Nonskeletal Consequences of Vitamin D
Deficiency

As early as 1941, it was appreciated that if you lived
at higher latitudes in the US you were at higher risk
of dying of cancer. A multitude of epidemiologic
studies clearly show that if you live at higher lati-
tudes and are more prone to vitamin D deficiency
then you are at higher risk of dying of colon, pros-
tate, breast, ovarian, and a variety of other cancers.
It is also known that living at higher latitudes
increases risk of having high blood pressure and
heart disease as well as autoimmune diseases includ-
ing multiple sclerosis and type I diabetes.

Essentially every cell and organ in the body
requires vitamin D, i.e., they all have a VDR. It is
also known that most tissues in the body can acti-
vate vitamin D. Thus, maintaining adequate levels of
25(OH)D in the circulation of at least

20 ngml�1 and preferably 30 ngml�1 is necessary
for various organs including colon, breast, and pros-
tate to convert it to 1,25(OH)2D, which in turn can
help regulate various genes responsible for cell
growth and differentiation. This could be the expla-
nation for how vitamin D sufficiency is protective
against most common cancers. The immune cells
also recognize 1,25(OH)2D3. This may explain why
children who at 1 year of age had received 2000 IU of
vitamin D a day decreased their risk of developing
type I diabetes by 80%. Increasing intake of vitamin
D and sun exposure has now been associated with
decreased risk of developing multiple sclerosis, rheu-
matoid arthritis, and even Crohn’s disease.

The relationship of vitamin D to cardiovascular
disease is finally being understood. 1,25(OH)2D
inhibits the production of the blood pressure hor-
mone renin. It also alters cardiomyocyte growth and
modulates the inflammatory response of athero-
sclerosis (Figure 7).

RecommendedDietary Intake of VitaminD

Vitamin D is very rare in foods naturally, with the
exception of fatty fish and some fish liver oils.
Although milk in the US is fortified with 400 IU of
vitamin D/quart, several surveys during the past
decade have demonstrated that approximately 80%
of milk in the US contained less than 300 IU/quart.
Fifty pecent of the milk samples contained less than
200 IU/quart and 15% had no detectable vitamin D.
Some orange juice and other juice products are for-
tified with calcium and 100 IU of vitamin D3/8 oz.
Multivitamin preparations that contain vitamin D
are a good source of vitamin D as are pharmaceu-
tical preparations.

In 1997, the Institute of Medicine and the
National Academy of Sciences reviewed the recom-
mended dietary intake for several nutrients and vita-
mins including vitamin D. The recommended dietary
allowance (RDA) was defined as the daily intake
level that is sufficient to meet nutrient requirements
for nearly all (97–98%) individuals in life-stage and
gender group. The RDA was meant to apply to
individuals and not groups. When sufficient
scientific evidence was not available to calculate an
estimated average requirement (EAR), i.e., a nutrient
value that was estimated to meet the requirement
defined by a specified indicator of adequacy in 50%
of individuals in a life-stage and gender group, the
Committee recommended using an adequate intake
(AI). The AI is based on the observation of experi-
mentally determined approximations of average
nutrient intake by a defined population or subgroup
that appears to sustain a defined nutritional state
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such as normal circulation nutrient values or
growth. Because sunlight played such an important
role in providing humans with their vitamin D
requirement and, therefore, was a variable that was
difficult to quantify in most studies that were
reviewed by the Committee, it was concluded that
an AI rather than an RDA should be used for vita-
min D (Table 1).

Adequate Intake for Ages 0–6Months

It is well documented that human and cows’ milk has
very little vitamin D naturally. Human milk contains
on average between 10 and 50 IU l�1 (0.25–1.25mg).
This is dependent on the mother’s exposure to sunlight
and her vitamin D intake. Several studies have sug-
gested that infant intakes of vitamin D of between 8.5

and 15mgday�1 would provide the maximum effect
on their linear growth. A study in infants
from Northern China (40–47 �N) found that vitamin
D supplements of 2.5, 5, or 10mg day�1 resulted in 36,
29, and 2% of the infants being vitamin D deficient
with 25(OH)D levels of less than 25nmol l�1 (10ng
ml�1). None of the infants, however, had
manifestations of rickets. Chinese infants from
two southern cities (22 �N and 30 �N) maintained
normal vitamin D status on as little as 2.5mgday�1

of vitamin D.
There was a seasonal variation of vitamin D sta-

tus of infants when they were fed human milk only
and did not receive vitamin D supplements; their
25(OH)D levels decreased in the winter due to less
exposure to sunlight. However, this decrease did not
occur in infants receiving a vitamin D supplement of
10 mg/day beginning at 3weeks of age.

Therefore, based on the available literature, it was
concluded that a minimum intake of 2.5 mg day�1 of
vitamin D was adequate to prevent rickets. How-
ever, at this intake and in the absence of sunlight,
infants are at risk for developing vitamin D insuffi-
ciency; therefore, it was recommended that an AI of
5 mg day�1 (200 IU) was prudent. 10mg day�1

(400 IU), the current amount in 1 l of standard
infant formula or one quart of commercial cows’
milk, was not considered to be excessive.
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Table 1 Adequate Intake (AI) and Tolerable Upper Limit (UL)

for Vitamin D

Age AI �g (IU)/d UL �g (IU)/d

0–6m 5 (200 IU) 25 (1000 IU)

6m–12yr 5 (200 IU) 25 (1000 IU)

1 yr–18 yr 5 (200 IU) 50 (2000 IU)

19 yr–50 yr 5 (200 IU) 50 (2000 IU)

51 yr–70 yr 10 (400 IU) 50 (2000 IU)

71þ yr 15 (600 IU) 50 (2000 IU)
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Adequate Intake for Ages 6–12Months

Infants between 6 and 12months of age who were
fed human milk and exposed to an average of
35min day�1 of sunshine had similar 25(OH)D con-
centrations at 1 year of age whether the infants
received 400 IU of vitamin D or no vitamin D sup-
plementation. However, in Norway, in the winter,
older infants who received an average of 5 mg day�1

of vitamin D had normal 25(OH)D levels that were
intermediate between those of infants studied at the
end of the summer and formula-fed infants.

Therefore, in the absence of any sunlight expo-
sure, an AI of 5mg day�1 was recommended. How-
ever, an intake of 10 mg day�1 was not considered to
be excessive.

Adequate Intake for Ages 1–18Years

There are no studies in the scientific literature that
systematically evaluated the influence of different
amounts of vitamin D on either serum 25(OH)D
or bone mineral content in this age group. Sunlight
exposure is very important for this age group to
obtain its required vitamin D. In South Africa,
children aged 1–8 years of mixed race showed no
evidence of vitamin D deficiency. A longitudinal
study in Norway, where sun exposure was presumed
to vary widely over a year, an intake of vitamin D of
about 2.5 mg day�1 from fortified margarine in
children aged 8–18 years was adequate to prevent
vitamin D deficiency.

During puberty, there is a need to increase the
efficiency of dietary calcium absorption in order to
satisfy the rapid growth of the skeleton. As a result,
there is an increase in the metabolism of 25(OH)D
to 1,25(OH)2D. Because the blood levels of
1,25(OH)2D are approximately 1000 times less
than 25(OH)D, this increase in metabolism does
not appear to increase the requirement of vitamin
D for either boys or girls between the ages of 8 and
18 years. An average daily intake of 2.5 mg day�1

prevented any evidence of vitamin D deficiency in
Scandinavian children in this age group. However,
intakes less than 2.5 mg day�1 in Turkish children
aged 12–17 years resulted in a decrease in
25(OH)D levels consistent with vitamin D
deficiency.

Therefore, based on the available literature, it
appears that children between 1 and 18 years obtain
most of their vitamin D from exposure to sunlight
and do not normally need to ingest vitamin D.
However, for children who live in far northern and
southern latitudes, vitamin D supplementation may
be necessary. An AI of 5 mg day�1 (200 IU) was

recommended to maintain vitamin D sufficiency in
this age group regardless of exposure to sunlight.

Adequate Intake for Ages 19–50Years

There is only sparse literature regarding the role that
sunlight and diet play in maintaining an adequate
vitamin D status for men and women in this age
group. This age group depends on sunlight for most
of its vitamin D requirement. Regardless of exposure
to sunlight, it was estimated that an AI of 5 mg day�1

is sufficient for preventing vitamin D deficiency in
this age group.

Adequate Intake for Ages 51–70Years

The Committee recommended a doubling of the
dietary intake of vitamin D for this age group. This
was based on several studies that demonstrated the
importance of increasing dietary intakes of vitamin
D to maximize bone health. An evaluation of 333
ambulatory Caucasian women (mean age 58� 6
years) found that serum PTH concentrations were
elevated in the winter (between March and May) in
women consuming less than 5.5 mg (220 IU) day�1 of
vitamin D. There was no seasonal variation in serum
PTH concentrations when vitamin D intakes were
greater than 5.5 mg (220 IU) day�1. When bone loss
was evaluated between seasons in women (62� 0.5
years) who had a usual vitamin D intake of 2.5 mg
day�1, a dietary supplement of 10 mg day�1

decreased spinal and hip-bone density loss.
Thus, since this age group does not obtain as

much of its vitamin D from exposure to sunlight, it
is at more risk for developing vitamin D deficiency.
Therefore, in the absence of exposure to sunlight,
there appears to be an increased requirement for
vitamin D in this age group and an AI of 10 mg
(400 IU) day�1 was recommended. This is twice the
previous RDA for this age group.

Adequate Intake for Ages Greater Than 70Years

There was strong evidence-based literature that
demonstrated a decrease in the circulating concen-
tration of 25(OH)D, and an increase in the PTH
level correlated with an increased risk of skeletal
fractures in both the hip and spine in this age
group. Studies in both men and women supplemen-
ted with 10–25 mg day�1 of vitamin D demonstrated
reduced bone resorption, increased bone mineral
content, and a decrease in vertebral and nonverte-
bral fractures. Therefore, because this age group is
even less likely to receive an adequate amount of
exposure to sunlight than adults aged 50–70 years
and because they have a reduced capacity to pro-
duce vitamin D in their skin, it was recommended
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that men and women in this age group, regardless of
exposure to sunlight, have an AI of 15 mg (600 IU)
day�1, which is three times the previous RDA for
vitamin D for this age group.

Adequate Intake for Pregnancy and Lactation

Although there is an increase in the metabolism of
25(OH)D to 1,25(OH)2D during the last trimester
of pregnancy and during lactation there is nothing in
the evidence-based literature to suggest that there is
an increased vitamin D requirement for pregnant
and lactating women. Therefore, it was recom-
mended that the AI of vitamin D for pregnancy
and lactation follow that recommended for their
age group, i.e., 5 mg (200 IU)/day�1. However, the
400 IU of vitamin D found in prenatal supplements
was not considered to be excessive.

Healthy Vitamin D Intakes

Since the publication of these recommendations
there have been a multitude of studies that suggest
that the AIs for vitamin D are inadequate if there is
no exposure to sunlight. In the absence of sunlight,
children above 1 year and all adults need 1000 IU of
vitamin D to maintain a healthy level of 25(OH)D
(above 20 ngml�1) in their circulation.

Tolerable Upper Intake Levels and Vitamin D
Intoxication

An excessive intake of vitamin D can lead to vitamin
D intoxication. This is characterized by a marked
increase in serum 25(OH)D that is usually greater
than 375 nmol l�1 (150 ngml�1), and is associated
with hypercalciuria and hypercalcemia. This can
lead to soft tissue calcification and increased risk
of kidney stones. The safe upper limit for vitamin
D, as recommended by the Committee, is found in
Table 1.

Vitamin D intoxication usually occurs when a per-
son ingests more than 5000 IU of vitamin D daily for
several months. A person does not need to be con-
cerned about becoming vitamin D intoxicated if they
take a multivitamin that contains 400 IU of vitamin
D, drink a quart of milk that contains 400 IU of
vitamin D, and are exposed to sunlight.

See also: Calcium. Vitamin D: Rickets and
Osteomalacia.
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Introduction

Rickets and osteomalacia, diseases of impaired
mineralization of bone tissue that occur among
infants/young children or during adulthood, result
from nutritional deficiencies of vitamin D (cholecal-
ciferol) and/or calcium. Rickets has more severe
deformities of bones because of the continued
growth of the skeleton, but osteomalacia, especially
less severe disease, commonly coexists with osteo-
porosis in many older adults. The latter comorbid-
ities have been increasing, at least in part, as a result
of both low dietary intakes of vitamin D and calcium
and insufficient skin production of vitamin D because
of limited skin exposure to ultraviolet (UV) light.
This problem is likely to be more widespread than
currently acknowledged because of behavioral
changes in technologically advanced societies.

The last few years have witnessed a resurgence of
rickets and osteomalacia in the US and possibly in
other technologically advanced nations. The preva-
lence of rickets in the US has occurred primarily
among young children of color, i.e., African-
Americans and Hispanics, after cessation of breast-
feeding and the failure to provide adequate amounts
of vitamin D-fortified milk. The prevalence of

osteomalacia has been suspected to be increasing
because of low serum 25-hydroxycholecalciferol
(25HCC) measurements in several studies of adults.
In addition, new recommendations for healthy 25-
hydroxyvitamin D (25(OH)D3) concentrations have
emerged from interpretation of the results of studies
assessing the sufficiency of vitamin D to meet
requirements across the life cycle.

The terminology of the vitamin D metabolites has
not changed, and relatively little new resulted from
basic research on vitamin D or cholecalciferol skin
biosynthesis and subsequent biotransformations in
the liver and kidney (Figure 1). Understandings of
the role of the hormonal form of vitamin D, 1,25-
dihydroxyvitamin D (1,25(OH)2D3), in intestinal
absorbing cells have been expanded. In addition,
new information suggests that the consumption of
dietary calcium at adequate levels may reduce the
critical need for vitamin D for the maintenance of
serum calcium concentration. New information is
also emerging on the role of vitamin D in patients
with chronic renal failure and in the prevention of
colon cancer.

This article reviews vitamin D status and high-
lights new research findings on vitamin D.

Dietary Vitamin D Intakes and Low
Vitamin D Status in the US

Vitamin D intakes have not been assessed in
national surveys and only rarely in research investi-
gations involving smaller sample sizes. The few
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studies that have estimated vitamin D intakes typi-
cally find them to be below recommended amounts,
especially among the elderly and, more recently,
among adults. In the US, at least, most experts
think that both intakes are too low and exposures
of skin to sunlight are inadequate.

Role of the Diet in Providing Vitamin D

The few sources of vitamin D consumed in the diets
of North Americans are fortified milks, fortified
ready-to-eat breakfast cereals, and fish. For infants
and young children who develop rickets, it has been
established that they consume little milk and fish,
but some cereals. No supplements containing cal-
cium and vitamin D are ingested. For adults and
the elderly, similar low consumption patterns of
vitamin D-rich foods exist. Therefore, evidence
strongly supports low intake of vitamin D as a
major determinant of rickets and osteomalacia.

Role of Skin Biosynthesis of Vitamin D

The other major determinant is poor skin exposure
to sunlight, mainly to UV-B that is responsible
for the conversion of 7-dehydrocholesterol to
25(OH)D3 in the dermis layer of the skin. In the
US, inadequate exposure has become a major con-
tributor over the last few decades because of con-
cerns about skin cancer and because of increased
indoor activities, including television and computers.
(This poor dietary consumption and poor skin pro-
duction of vitamin D seems to be paralleling the
increase in overweight.) Because it is even more
difficult to assess skin exposure for vitamin D synthe-
sis, it has been extremely difficult to estimate with
accuracy the additional need for dietary vitamin D.
Seasonal variations yield wide swings or oscillations
in skin production, depending on the position of the
sun. For example, in the northern hemisphere, the
highest skin production rates occur in the late
spring, summer, and early autumn months (May to
October), whereas in the southern hemisphere,
November to April are the months of the highest
vitamin D production. Living near the equator
extends these periods of optimal production. It is
the winter months when low or even zero skin pro-
duction occurs that are most problematic for the
development of rickets or osteomalcia and, in the
elderly, osteoporosis.

Vitamin D Recommendations

The current recommendations for consumption of
vitamin D in the US are given in Table 1. The
recommendations are defined as adequate intakes

(AIs) rather than as recommended dietary allowan-
ces (RDAs) because insufficient data have been accu-
mulated to determine estimated average
requirements (EARs) across the life cycle. The AIs
listed in Table 1 are totally independent of skin
production of vitamin D. Because of the uncertainty
of knowing the amount of endogenous vitamin D, it
is very difficult to determine, with accuracy, the
amounts needed from the diet (see below).

Primary Causes and Abnormalities of
Rickets and Osteomalacia

The primary cause of rickets and osteomalacia is
vitamin D deficiency and the clinical characteristics
of these diseases depend on age at onset. The bio-
chemical patterns of too low a serum concentration
of 25(OH)D3, however, remain quite similar
(Table 2) even though the structural effects on the
skeleton differ. One common microscopic feature of
the skeleton is that both rickets and osteomalacia

Table 1 Recommended adequate intakes (Als) of vitamin D in

the US

Life stage group Age, years AI, mcg/day

Infants and Children 0–8 5

Males, Females 9–50 5

51–70 10

>70 15

Pregnancy – 5

Lactation – 5

From: Institute of Medicine, Food and Nutrition Board (1997)

Dietary Reference Intakes for Calcium, Phosphorus, Magnesium,

VitaminD, and Fluoride.Washington, DC: National AcademyPress.

Table 2 Characteristic clinical features and blood serum

measurements in rickets and osteomalacia

Age Clinical features Blood serum

measurements

Children Skeletal deformations

(rickets)

Hypocalcemia

Impaired growth

Hypophosphatemia

Undermineralized bone

Secondary

hyperparathyroidism

Low 25-hydroxyvitamin D

Elevated alkaline

phosphatase

Adults Undermineralized bone

(osteomalacia)

Hypocalcemia

Fractures

Hypophosphatemia

Low 25-hydroxyvitamin D

Elevated alkaline

phosphatase

Elevated osteocalcina

aThis finding has not been consistently reported.
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have unmineralized bone matrix (osteoid), also
known as widened osteoid seams.

In rare cases, e.g., in central Nigeria, rickets may
occur despite elevated serum 25(OH)D3 concentra-
tions. The rickets in these cases results from severely
inadequate dietary calcium. It is likely that most
cases of rickets result from a combination of insuffi-
cient skin biosynthesis and inadequate dietary intake
of vitamin D.

Other biochemical changes include depressed
serum concentrations of calcium and inorganic
phosphate, largely because of insufficient intestinal
absorption directly relating to too little of these ions
in the usual diet. Serum alkaline phosphatase, espe-
cially bone-specific alkaline phosphatase, is elevated
because of osteoblastic cell overproduction when
these cells attempt to form new bone tissue.

Radiographic changes, the primary diagnostic evi-
dence for many years, show widened growth plates
of the long bones and reduced bone density (translu-
cence) in rickets. In osteomalacia, unmineralization
is evident and pseudofractures may be visible in
nonweight-bearing bones.

Secondary Causes and Abnormalities of
Rickets and Osteomalacia

The secondary causes of rickets and osteomalacia
that result from vitamin D deficiency are illustrated
in Figure 1. For example, in liver disease, serum
concentrations of 25(OH)D3 are invariably too
low, and in renal disease too little of the hormonal
form of vitamin D, 1,25(OH)2D3, is produced.
Other causes relate to reduced cell receptor respon-
siveness to the hormone because of genetic muta-
tions and, hence, inappropriate adaptations that
normally contribute to conservation of calcium
and/or phosphate ions.

Public Health Consequences of
Vitamin D Deficiency

Despite the earlier belief that these classical defiency
diseases had been eliminated, the surprising increase
in incidence of rickets and osteomalacia places the
burden on society to be ever more vigilant in asses-
sing for vitamin D deficits. Two obvious explana-
tions exist for the rise in vitamin D deficiency in the
US: reduced consumption of vitamin D-fortified
milks and reduced skin exposures to sunlight
because of greater indoor activities. The deficit in
vitamin D has possibly even greater consequences as
the average age at death is extending in our popula-
tions. Low vitamin D intakes in later life, often

coexisting with low dietary calcium, may increase
the risk of osteoporotic fractures.

Supplements of vitamin D (400 IU or greater) are
recommended for the elderly by health professionals
in order to ensure adequate intakes, but even higher
amounts are considered safe. The tolerable upper
level of safety (UL) established in the US by the
Institute of Medicine has been set at 50mgday�1

(equivalent to 2000 IUday�1). Supplemental vitamin D
becomes increasingly important as skin biosynthesis
capability declines with age. Oral capsules of
vitamin D containing up to 100 000 IU have been
found to be safe and effective in reducing fractures.
An alternative approach is injection of a depot of
vitamin D (�200 000 IU) in the late autumn for
slow release over the winter months when sunlight,
especially UV-B, is limited or unavailable.

Rising Prevalence of Rickets

The increase in rickets in the US is occurring pri-
marily in African-American and Hispanic children
who have gone off breast-feeding and are not getting
sufficient calcium and vitamin D in their diets. This
problem has been more common in the southern US
despite greater availability of sunlight. In large part,
rickets is an educational issue that requires input
from both medical and public health professionals.

Rising Prevalence of Osteomalacia

The increase in low serum 25(OH)D3 found in so-
called ordinary adults in a hospital survey of surgical
patients in Massachusetts opened the eyes of health
authorities who did not expect to find such low
blood concentrations, which indicate future osteo-
malacia and also osteoporosis. This evidence sug-
gests that many adults in the US are not consuming
adequate amounts of vitamin D and calcium in their
usual patterns of food selection and that supplemen-
tation of these two nutrients is probably inadequate
among adults. Low intakes among the elderly result
from the same type of eating pattern, but typically
with even lower caloric consumption (see below).

Life Cycle Changes in Vitamin D
Production and Metabolism

Production of vitamin D by the skin typically
declines during late adulthood or the early elderly
period because of changes in the skin per se, i.e.,
reduction in thickness, reduction in circulating
7-dehydrocholesterol, and decline in the rate of con-
version of 7-dehydrocholesterol to cholecalciferol.
When these physiological decrements are combined
with less direct exposure to sun by the elderly, even
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in Florida, they have little opportunity to make the
vitamin in their skin. Sun-screens and broad-
brimmed hats and other protective clothing com-
plete this scenario, which is aimed at preventing
skin cancer.

Special Populations at Risk of Low
Vitamin D Intakes and Low Status

Several at-risk subpopulations for poor vitamin D
status have been identified. Except for migrant
populations, these groups have already been men-
tioned previously.

The Elderly

Elderly individuals prefer to stay indoors and many
are actually ‘shut-ins’ who have little opportunity
for direct sun exposure (UV-B does not penetrate
glass windows in rooms or solaria). The shut-ins
are most likely to be deficient in vitamin D and
calcium and at increased risk for fractures of the
hip, especially with increasing age. They need sup-
plementation on a daily basis with a calcium salt
(�1000mg of elemental calcium) plus vitamin D
(400 IU or more) to counter not only hypovitamino-
sis D but also secondary hyperparathyroidism and
possibly osteoporosis. Two large prospective trials
have demonstrated efficacy of such therapy in redu-
cing hip and other nonverteabral fractures.

Vegetarians

Vegans are at risk of low serum 25(OH)D3 and the
pathologic changes mentioned above for the elderly
unless they consume a supplement of vitamin D and
calcium because plant foods are typically low in
each nutrient. Fortification of plant foods, such as
of soy milk, may overcome this concern.

Long-Term Breast-Fed Infants and Young
Children of Dark Skin

Although breast-feeding is strongly recommended
and lauded, the switching of infants from breast-
milk to other beverages does not always include
cows’ milk or other calcium-rich drinks. In the
southern US, this switching has led to a modest
epidemic of rickets, which should not occur with
our established knowledge about causation. Dark
pigmentation reduces the efficiency of the skin to
produce vitamin D and because many children
with such skin coloration do not tolerate milk (lac-
tose) well, they consume too little vitamin D and
calcium. Supplementation and/or alternate food
sources should easily correct these nutrient deficits.

Migrant Populations

Migration of dark-skinned people, especially
Muslims, from the Middle East and other Asian
nations to the UK and other Northern European
nations has led to decreased skin production of vita-
min D, especially in the winter months, and to
reported cases of rickets and osteomalacia. Cultural
practices, i.e., limited food selections and clothing
that covers the bodies of women and children, con-
tribute to the etiology of these diseases. Supplemen-
tation with calcium and vitamin D should prove
effective in promoting bone health of affected
individuals.

Excessive Consumption of Vitamin D and
Toxic Effects

Because the hormonal form of vitamin D,
1,25DHCC, acts on the DNA in the genome, high
intakes or excessive drug dosages of the vitamin lead
to synthetic overexpression of proteins that contri-
bute to toxic effects. In recent years, the amounts of
vitamin D needed to cause toxic effects has been
found to be considerably higher than previously
thought; but caution is needed via monitoring of
serum 25HCC to ensure that blood concentrations
do not get too high. Concern is expressed here that
excessive treatment of those with rickets or osteo-
malacia with high doses of vitamin D may result in
toxicity.

Summary

The continuing discovery of low serum 25(OH)D3

concentrations among adults suggests that under-
recognition of osteomalacia among adults and the
elderly exists in the US and possibly in other tech-
nologically advanced nations. The hidden nature of
the disease has resulted from poor diagnostic cri-
teria; new criteria with lower cut-off points are
under review. The surprising resurgence of rickets
in the southern US has resulted from too little gui-
dance by health professionals, poor nutrition knowl-
edge of mothers, or other aspects, such as poverty.
Correction of both rickets and osteomalacia can be
simply achieved with vitamin D and calcium supple-
ments and increased numbers of servings of calcium-
rich foods. Public health agencies need to become
more active in this regard.

See also: Calcium. Vegetarian Diets. Vitamin D:
Physiology, Dietary Sources and Requirements.
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Introduction

Vitamin E is the most potent fat-soluble antioxidant in
human plasma. Although vitamin E was first discov-
ered in 1922, its metabolic function remains an
enigma. There are eight different molecular forms
with vitamin E antioxidant activity, yet the body pre-
ferentially retains �-tocopherol. This preference for
�-tocopherol has led the Food and Nutrition Board in
its 2000 Dietary Reference Intakes (DRIs) for vitamin E
to recommend that only �-tocopherol, not the other
forms, meets human requirements for vitamin E.
Moreover, only �-tocopherol is recognized by the
hepatic �-tocopherol transfer protein (�-TTP). This
protein regulates plasma �-tocopherol concentrations
and genetic abnormalities in the protein (or its
absence) leads to vitamin E deficiency in humans.

General Description and Scientific Name

Dietary components with vitamin E antioxidant
activity include �-, �-, �-, and 
-tocopherols and
�-, �-, �-, and 
-tocotrienols. These compounds all
have a chromanol ring with a phytyl tail (tocopher-
ols) or an unsaturated tail (tocotrienols) (Figure 1)
and vary in the number of methyl groups on the
chromanol ring: �-tocopherol or �-tocotrienol has
three methyl groups, �- or �- have two, and

- tocopherol and 
-tocotrienol have one.

The naturally occurring formof�-tocopherol is called
RRR-�-tocopherol; on labels it is called d-�-tocopherol
and it is more formally known as 2,5,7,8-tetramethyl-
2R-(40R,80R,12 trimethyltridecyl)-6-chromanol. At
positions 2, 40, and 80of �-tocopherol are chiral carbon
centers that are in the R-conformation in naturally
occurring �-tocopherol, but theoretically can take on
either the R- or the S-conformation. Position 2 is the
most important for biologic activity. Therefore, the

DRIs for vitamin E are given in milligrams of
2R-�-tocopherol (Table 1 see below for discussion).

The chemical synthesis of �-tocopherol results in
an equal mixture of eight different stereoisomers
(RRR, RSR, RRS, RSS, SRR, SSR, SRS, SSS)
or, more formally, 2,5,7,8-tetramethyl-2RS-
(40RS,80RS,12 trimethyltridecyl)-6-chromanol. To
indicate that synthetic �-tocopherol is a racemic
mixture, it is called all-rac-�-tocopherol, or on
labels, dl-�-tocopherol. The first letter of the three-
letter combination is the 2 position; therefore, only
half of the synthetic �-tocopherol is in the ‘active’
2R-�-tocopherol conformation. Table 2 lists the fac-
tors used to convert international units (IU) to milli-
grams. For example, if a vitamin E supplement is
labeled 400 IU and it is dl-�-tocopheryl acetate, then
400 times 0.45 equals 180mg2R-�-tocopherol, but
if it is labeled d-�-tocopheryl acetate, then 400 times
0.67 equals 268mg2R-�-tocopherol.

Vitamin E Supplements

Most vitamin E supplements and food fortificants
contain all rac-�-tocopherol, but can contain mix-
tures of tocopherols or tocotrienols. Supplements
often are sold as esters, which protect �-tocopherol
from oxidation. These can be acetates, succinates, or
nicotinates of �-tocopherol. Either the natural
stereoisomer (RRR-�-tocopherol) or the synthetic
(all rac-�-tocopherol) can be sold as an ester, e.g.,
d- or dl-�-tocopheryl acetate, respectively.

Dietary Vitamin E

Vitamin E can be readily obtained from food. Gen-
erally, the richest sources are vegetable oils. Wheat
germ oil, safflower oil, and sunflower oil contain
predominantly �-tocopherol, while soy and corn
oils contain predominantly �-tocopherol. All of
these oils are polyunsaturated. Good sources of
monounsaturated oils, such as olive or canola oils,
also contain predominantly �-tocopherol. Whole
grains and nuts are also good sources of vitamin E.
Fruits and vegetables, although rich in water-soluble
antioxidants, are not good sources of vitamin E.
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a-Tocopherol equivalents

It is often assumed for the purpose of calculating vita-
min E intakes from food in �-tocopherol equivalents
(�-TEs) that �-tocopherol can substitute for �-toco-
pherol with an efficiency of 10%. However, function-
ally �-tocopherol is not equivalent to�-tocopherol and
some caution should be used in applying �-TEs to

estimates of �-tocopherol intakes when corn or soy-
bean oils (hydrogenated vegetable oils) represent the
major oils present in foods. These oils have high
�-tocopherol contents and if food tables reporting
�-TEs are used to estimate dietary �-tocopherol,
�-tocopherol intakes are overestimated. �-TEs are no
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Figure 1 Structures of RRR-�-tocopherol, �-tocotrienol, and SRR-�-tocopherol.

Table 1 Estimated average requirements (EARs), recom-

mended dietary allowances (RDAs), and average intakes (Als)

(mgday�1) for �-tocopherol in adults and children

Lifestage EAR RDA AI

0–6months 4

7–12months 6

1–3 years 5 6

4–8 years 6 7

9–13 years 9 11

14–18years 12 15

Adult (male or female) 12 15

Pregnant 12 15

Lactation 16 19

Adapted from Food and Nutrition Board and Institute of Medicine

(2000)Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium,

and Carotenoids. Washington, DC: National Academy Press.

Table 2 Factors to convert international units (IU) of vitamin E

to milligrams of 2R-�-tocopherol

mg/IUa

all rac-�-Tocopherol and esters

dl-�-Tocopheryl acetate 0.45

dl-�-Tocopheryl succinate 0.45

dl-�-Tocopherol 0.45

RRR-�-Tocopherol and esters

d-�-Tocopheryl acetate 0.67

d-�-Tocopheryl succinate 0.67

d-�-Tocopherol 0.67

aMultiply the IU in foods or supplements times the indicated

factor to obtain the milligrams of active vitamin E.

Adapted from Food and Nutrition Board and Institute of Medicine

(2000) Dietary Reference Intakes for Vitamin C, Vitamin E,

Selenium, and Carotenoids. Washington, DC: National Academy

Press.
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longer recommended in the Food and Nutrition Board
of the Institute of Medicine, National Academy of
Sciences 2000 DRIs; only milligrams of �-tocopherol
and 2R-�-tocopherol (for synthetic vitamin E) should
be included in estimates of vitamin E intakes.

Vitamin E Actions and Metabolism

Antioxidant Activity

Vitamin E is the most potent, lipid-soluble antioxi-
dant in human plasma and tissues. Thus, vitamin E
protects polyunsaturated fatty acids within mem-
brane phospholipids and plasma lipoproteins. When
a peroxyl radical forms in a membrane, it is 1000
times more likely to attack a vitamin E molecule than
a polyunsaturated fatty acid (Figure 2). The hydroxyl
group on the chromanol ring of vitamin E reacts with
the peroxyl radical to form the corresponding lipid
hydroperoxide and tocopheroxyl radical. Thus,
vitamin E acts as a chain-breaking antioxidant,
preventing further auto-oxidation of lipids.

The tocopheroxyl radical has a number of possible
fates. It can react with another radical to form non-
reactive products. Alternatively, it can be further oxi-
dized to the tocopheryl quinone, a two-electron
oxidation product. Another possibility is ‘vitamin E
recycling,’ where the tocopheroxyl radical is restored
to its unoxidized form by other antioxidants such as
vitamin C, ubiquinol, or thiols, such as glutathione.
This process will deplete these other antioxidants. For
this reason, it is important to maintain a good intake
of other dietary antioxidants.

Biologic Activity

Biologic activity is a term that has been used histori-
cally to indicate a disconnection between vitamin E
antioxidant activities and in vivo activities.

Observations in rodent experiments carried out in
the 1930s formed the basis for determining the ‘bio-
logic activity’ of vitamin E. Although the various
vitamin E forms had somewhat similar structures
and antioxidant activities, they differed in their abil-
ities to prevent or reverse specific vitamin E defi-
ciency symptoms (e.g., fetal resorption, muscular
dystrophy, and encephalomalacia). �-Tocopherol
with three methyl groups and a free hydroxyl
group on the chromanol ring with the phytyl tail
meeting the ring in the R-orientation (Figure 1)
had the highest biological activity. This specific
structural requirement for biological, but not chemi-
cal, activity is now known to be dependent upon the
hepatic �-tocopherol transfer protein (�-TTP), as
discussed below. �-TTP maintains plasma and,
indirectly, tissue �-tocopherol concentrations.

Molecular Function

In addition to antioxidant activity, there are specific
�-tocopherol-dependent functions that normalize
cellular functions in a variety of cells. �-Tocopherol
plays a critical role through its ability to inhibit the
activity of protein kinase C, a central player in many
signal transduction pathways. Specifically, it modu-
lates pathways of platelet aggregation, endothelial
cell nitric oxide production, monocyte/macrophage
superoxide production, and smooth muscle cell pro-
liferation. Regulation of adhesion molecule expres-
sion and inflammatory cell cytokine production by
�-tocopherol has also been reported. However, most
of the information in this area has been obtained
from in vitro studies. More studies in humans are
needed to relate �-tocopherol intakes and tissue
concentrations to optimal tissue responses.

Vitamin E metabolism

�- and �-tocopherols, as well as �-and �-tocotrienols,
are metabolized to �- and �-CEHCs
(2,5,7,8-tetramethyl-and 2,7,8-trimethyl-2-(20 carbox-
yethyl)-6-hydroxychromans), respectively. About 1%
of a dose of �-tocopherol or tocotrienol, or 5% of a
dose of �-tocopherol or tocotrienol is excreted in the
urine as CEHCs. The importance of vitamin E metabo-
lism in the regulation of vitamin E status is unknown.

Recommended Intake Levels

In 2000, the Food and Nutrition Board of the Insti-
tute of Medicine, National Academy of Sciences
published the DRIs for vitamin C, vitamin E, sele-
nium, and the carotenoids. Their recommendations
for vitamin E appear in Table 1.

The requirements for vitamin E intakes are based
primarily on long-term (5–7 years) depletion and
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repletion studies in humans. Serum �-tocopherol
concentrations and corresponding hydrogen perox-
ide-induced erythrocyte hemolysis were determined
at various intervals. Serum concentrations necessary
to prevent in vitro erythrocyte hemolysis in response
known levels of vitamin E intake in subjects who
had undergone experimentally induced vitamin E
deficiency were used to determine estimated average
requirements (EARs) for vitamin E. The recom-
mended dietary allowances (RDAs) are levels that
represent the daily �-tocopherol intakes required to
ensure adequate nutrition in 95–97.5% of the popu-
lation and are an overestimation of the level needed
for most people in any given group.

Vitamin E Units

According to the US Pharmacopoeia (USP), 1 IU of
vitamin E equals 1mg all rac �-tocopheryl acetate,
0.67mg RRR-�-tocopherol, or 0.74mg RRR-�-toco-
pheryl acetate. These conversions were estimated on
the relative ‘biologic activities’ of the various forms
when tested in the rat assay for vitamin E deficiency,
the fetal resorption assay. These USP IUs are currently
used in labeling vitamin E supplements and food for-
tificants. It should be noted that the current RDA does
not use vitamin E USP units but rather the recommen-
dation for adults is set at 15mg of RRR-�-tocopherol
or 2R-�-tocopherols. Most foods contain RRR-�-
tocopherol naturally, but foods that have been forti-
fied with vitamin E contain the synthetic form, e.g.,
fortified breakfast cereals. If the amount of vitamin E
on the label is given in international units, then this
must be multiplied by the factors given in Table 2 to
obtain the amount of 2R-�-tocopherol.

Overdosage

In 2000 the Food and Nutrition Board of the Institute
of Medicine, National Academy of Sciences recom-
mended 1000mg as an upper limit (UL) of all forms
of �-tocopherol in supplements taken by adults
19 years and older, including pregnant and lactating
women. ULs were set for children and adolescents by
adjusting the adult limit on the basis of relative body
weight. Table 3 gives the �-tocopherol UL by age
group. No UL was set for infants due to lack of
adequate data. In 2000 the Food and Nutrition
Board did recommend that food be the only source
of vitamin E for infants. However, a UL of 21mg
day�1 was suggested for premature infants with
birth weights of 1.5 kg, based on the adult UL.

The vitamin E UL was set for supplements
because it is almost impossible to consume enough
�-tocopherol-containing foods to achieve a daily
1000mg intake for prolonged periods of time. The

UL was defined for all forms of �-tocopherol, not
just the 2R forms, because all of the forms in all rac-
�-tocopherol are absorbed and delivered to the liver.
The appropriate conversion factors are different
from those shown in Table 2, and necessary to
estimate the UL for supplements containing either
RRR- or all rac-�-tocopherol supplements. The ULs
given in IU are shown in Table 4. The UL for
RRR-�-tocopherol is apparently higher because
each capsule contains less �-tocopherol than those
containing all rac-�-tocopherol.

Precautions and Adverse Reactions

High vitamin E intakes are associated with an
increased tendency to bleed. It is not known if
this is a result of decreased platelet aggregation
caused by an inhibition of protein kinase C by
�-tocopherol, some other platelet-related mechanism,
or decreased clotting due to a vitamin K and E
interaction causing abnormal blood clotting.

Individuals who are deficient in vitamin K or who
are on anticoagulant therapy are at increased risk of
uncontrolled bleeding. Patients on anticoagulant
therapy should be monitored when taking vitamin E
supplements to ensure adequate vitamin K intakes.

Table 3 Upper limits (UL) for �-tocopherol intakes

Age (years) UL (mgday�1)

1–3 200

4–8 300

9–13 600

14–18 800

>19 1000

Adapted from Food and Nutrition Board and Institute of Medicine

(2000)DietaryReference Intakes for VitaminC, VitaminE, Selenium,

and Carotenoids. Washington, DC: National Academy Press.

Table 4 Upper limits (UL) reported in IU for �-tocopherol-

containing supplements

Number of IU that

equal the UL

all rac-a-Tocopherol and esters

dl-�-Tocopheryl acetate 1100

dl-�-Tocopheryl succinate 1100

dl-�-Tocopherol 1100

RRR-a-Tocopherol and esters

d-�-Tocopheryl acetate 1500

d-�-Tocopheryl succinate 1500

d-�-Tocopherol 1500

Adapted from Food and Nutrition Board and Institute of Medicine

(2000)Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium,

and Carotenoids. Washington, DC: National Academy Press.
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Adverse Effects of Drugs on Vitamin E Status

Drugs intended to promote weight loss by impairing
fat absorption, such as Orlistat or sucrose polyester,
can also impair vitamin E and other fat-soluble
vitamin absorption. Therefore, multivitamin supple-
mentation is recommended with these drugs. Vitamin
supplements should be taken with meals at times
other than when these drugs are taken to allow ade-
quate absorption of the fat-soluble vitamins.

Vitamin E Bioavailability

Absorption and Plasma Transport

Intestinal absorption of vitamin E is dependent upon
normal processes of fat absorption. Specifically,
both biliary and pancreatic secretions are necessary
for solubilization of vitamin E in mixed micelles
containing bile acids, fatty acids, and monoglycer-
ides (Figure 3). �-Tocopheryl acetates (or other
esters) from vitamin E supplements are hydrolyzed
by pancreatic esterases to �-tocopherol prior to
absorption. Following micellar uptake by entero-
cytes, vitamin E is incorporated into chylomicrons
and secreted into the lymph. Once in the circulation,
chylomicron triglycerides are hydrolyzed by lipopro-
tein lipase. During chylomicron catabolism in the

circulation, vitamin E is nonspecifically transferred
both to tissues and to other circulating lipoproteins.

It is not until the vitamin E-containing chylomi-
crons reach the liver that discrimination between
the various dietary vitamin E forms occurs. The
hepatic �-TTP preferentially facilitates secretion of
�-tocopherol, specifically 2R-�-tocopherols, and
not other tocopherols or tocotrienols from the
liver into the plasma in very low-density lipopro-
teins (VLDLs). In the circulation, VLDLs are cata-
bolized to low-density lipoproteins (LDL are also
known as the ‘bad cholesterol’ because high LDL
levels are associated with increased risk of heart
disease). During this lipolytic process, all of the
circulating lipoproteins become enriched with
�-tocopherol.

There is no evidence that vitamin E is transported
in the plasma by a specific carrier protein, but rather
it is nonspecifically transported in lipoproteins. An
advantage of vitamin E transport in lipoproteins is
that easily oxidizable lipids are protected by the
simultaneous transport of this lipid-soluble antioxi-
dant. Similarly, delivery of vitamin E to tissues is
dependent upon lipid and lipoprotein metabolism.
Thus, as peroxidizable lipids are taken up by tissue,
the tissues simultaneously acquire a lipid-soluble
antioxidant.

Plasma Concentrations, Kinetics, and Tissue
Delivery

Plasma �-tocopherol concentrations in normal
humans range from 11 to 37 mmol l�1. When plasma
lipids are taken into account the lower limits of normal
are 1.6mmol �-tocopherol/mmol lipid or 2.5mmol
�-tocopherol/mmol cholesterol. �-Tocopherol is trans-
ported in plasma lipoproteins, so if lipid concentrations
are extraordinarily high or low, then correction
for lipid levels are helpful to determine adequacy of
vitamin E status. Additionally, �-tocopherol concen-
trations in erythrocytes, adipose tissue, or even periph-
eral nerves have been used to assess vitamin E status.

The apparent half-life of RRR-�-tocopherol in
plasma of normal subjects is approximately 48 h,
while that of SRR-�-tocopherol or �-tocopherol is
only 15 h.

Vitamin E is delivered to tissues by three mecha-
nisms: transfer from triglyceride-rich lipoproteins
during lipolysis; as a result of tissue lipoprotein
uptake by various receptors that mediate lipoprotein
uptake; and as a result of vitamin E exchange
between lipoproteins or tissues. The regulation of
tissue vitamin E is not well understood, but �-toco-
pherol is the predominant form in tissues as a result
of its dominance in plasma.

Tissue uptake of α-tocopherol

LIVER
Excretion

Preferential
secretion

Lipolysis

LDL
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Figure 3 Intestinal vitamin E absorption and plasma lipoprotein

transport. (Adapted from Traber MG (1998) Vitamin E. In: Shils

ME, Olson JA, Shike M, and Ross AC (eds.) Modern Nutrition in

Health and Disease, pp. 347–362. Baltimore: Williams &

Wilkins.)
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Human Vitamin E Deficiency

Vitamin E deficiency was first described in children
with fat malabsorption syndromes, principally abe-
talipoproteinemia, cystic fibrosis, and cholestatic
liver disease. Subsequently, humans with severe vita-
min E deficiency with no known defect in lipid or
lipoprotein metabolism were described to have a
defect in the �-TTP gene.

Erythrocyte fragility, hemolysis, and anemia were
described as vitamin E deficiency symptoms in var-
ious animals fed diets devoid of vitamin E. Addi-
tionally, studies in experimental animals have shown
that a deficiency of both selenium (a required com-
ponent of glutathione peroxidases) and vitamin E
causes a more rapid and severe onset of debilitating
deficiency symptoms. Hypothetically, a deficiency of
both vitamins E and C should also cause more severe
antioxidant deficiency symptoms, but most animals
make their own vitamin C, so this interaction has not
been unequivocally demonstrated in humans or
animals.

In contrast to experimental vitamin E deficiency
in rodents, in humans the major vitamin E defi-
ciency symptom is a peripheral neuropathy charac-
terized by the degeneration of the large caliber
axons in the sensory neurons.

Vitamin E deficiency occurs only rarely in humans
and almost never as a result of inadequate vitamin E
intakes, therefore, interactions with other nutrients
have not been well studied. There have been reports
of vitamin E deficiency symptoms in persons with
protein-calorie malnutrition. Vitamin E deficiency
does occur as a result of genetic abnormalities in
�-TTP and as a result of various fat malabsorption
syndromes. Vitamin E supplementation halts the
progression of the neurologic abnormalities caused
by inadequate nerve tissue �-tocopherol and, in
some cases, has reversed them.

Patients with these disorders require daily phar-
macologic vitamin E doses for life to overcome the
mechanisms leading to deficiency. Generally,
patients with ‘ataxia with vitamin E deficiency’
are advised to consume 1000mg RRR-�-toco-
pherol per day in divided doses, patients with
abetalipoproteinemia 100mg per kg body weight,
and cystic fibrosis sufferers 400mg day�1. How-
ever, patients with fat malabsorption due to
impaired biliary secretion generally do not absorb
orally administered vitamin E. These patients are
treated with special forms of vitamin E, such as �-
tocopheryl polyethylene glycol succinate, that
spontaneously form micelles, obviating the need
for bile acids.

Chronic Disease Prevention

The frequency of human vitamin E deficiency is very
rare. In individuals at risk, it is clear that vitamin E
supplements should be recommended to prevent
deficiency symptoms. What about vitamin E supple-
ment use in normal individuals? Dietary changes
such as decreasing fat intakes, substituting fat-free
foods for fat-containing ones, and increased reliance
on meals away from the home have resulted in
decreased consumption of �-tocopherol-containing
foods. Therefore, intakes of the vitamin E RDA of
15mg �-tocopherol, may be difficult. Special atten-
tion to consuming nuts, seeds, and whole grains will
improve �-tocopherol intakes; alternatively, multi-
vitamin pills can be consumed.

Importantly, vitamin E’s potential role in prevent-
ing or ameliorating chronic diseases associated with
oxidative stress leads us to ask whether vitamin E
supplements might be beneficial. For many vitamins,
when ‘excess’ amounts are consumed, they are
excreted and provide no added benefits. Antioxidant
nutrients may, however, be different. Heart disease
and stroke, cancer, chronic inflammation, impaired
immune function, Alzheimer’s disease – a case can
be made for the role of oxygen free radicals in the
etiology of all of these disorders, and even in aging
itself. Do antioxidant nutrients counteract the effects
of free radicals and thereby ameliorate these disor-
ders? And, if so, do large antioxidant supplements
have beneficial effects beyond ‘required’ amounts?
The 2000 Food and Nutrition Board and Institute of
Medicine DRI Report on Vitamin C, Vitamin E,
Selenium, and Carotenoids stated that there was
insufficient proof to warrant advocating supple-
mentation with antioxidants. But, they also stated
that the hypothesis that antioxidant supplements
might have beneficial effects was promising. This
remains a very controversial area in vitamin E
research.

See also: Antioxidants: Diet and Antioxidant Defense;
Observational Studies; Intervention Studies. Ascorbic
Acid: Physiology, Dietary Sources and Requirements.
Vitamin E: Physiology and Health Effects.
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In 1922, Evans and Bishop discovered a fat-soluble
dietary constituent that was essential for the preven-
tion of fetal death and sterility in rats accidentally
fed a diet containing rancid lard. This was originally
called ‘factor X’ and ‘antisterility factor’ but was
later named vitamin E. Subsequently, the multiple
nature of the vitamin began to appear when two
compounds with vitamin E activity were isolated
and characterized from wheat germ oil. These com-
pounds were designated �- and �-tocopherol,
derived from the Greek ‘tokos’ for childbirth, ‘phorein’
meaning to bring forth, and ‘ol’ for the alcohol
portion of the molecule. Later, two additional toco-
pherols, �- and 
-tocopherol, as well as four toco-
trienols were isolated from edible plant oils. After
the initial discovery, more than 40 years passed

before it was proved that vitamin E deficiency
could cause disease in humans and was associated
with antioxidant functions in cellular systems. It
took another 25 years before the non-antioxidant
properties of the vitamin were highlighted.

This article reviews the chemistry of the tocopher-
ols; their dietary sources, absorption, transport, and
storage; and their metabolic function. In addition, the
potential role of dietary or supplemental tocopherol
intake in the prevention of chronic disease and possible
mechanisms for observed protective effects are dis-
cussed. Finally, a summary of the assessment of toco-
pherol status in humans, intake requirements, and an
overview of the safety of high intakes is provided.

Chemistry

The chemistry of vitamin E is rather complex
because there are eight structurally related forms—
four tocopherols (�, �, �, and 
) and four tocotrie-
nols (�, �, �, and 
)—that are synthesized from
homogentisic acid and isopentenyl diphosphate in
the plastid envelope of plants. The structures of
�-, �-, �-, and 
-tocopherols are shown in Figure 1.
�-Tocopherol is methylated at C5, C7, and C8 on
the chromanol ring, whereas the other homologs (�,
�, and 
) have different degrees of methylation
(Figure 1). Tocopherols have a saturated phytyl side
chain attached at C2 and have three chiral centers
that are in the R configuration at positions C2, C41,
and C81 in the naturally occurring forms, which are
given the prefix 2R, 41R, and 81R (designated
RRR). The members of the tocotrienols are unsatu-
rated at C31, C71, and C111 in the isoprenoid side
chain and possess one chiral center at C2 in addition
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Figure 1 The four major forms of vitamin E (�-, �-, �-, and 
-tocopherols) differ by the number and positions of methyl groups on the

chromonol ring. In �-tocopherol, the most biologically active form, the chromonol ring is fully methylated. In �- and �-tocopherols,

the ring contains two methyl groups, whereas 
-tocopherol is methylated in one position. The corresponding tocotrienols have the

same structural arrangement except for the presence of double bonds on the isoprenoid side chain of C31, C71, and C111.
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to two sites of geometric isomerism at C31 and C71.
Vitamin E biological activity is expressed as mg RRR-
�-tocopherol equivalents (�-TE) whenever possible.
The activity of RRR-�-tocopherol is 1. The activ-
ities of RRR-�-, RRR-�-, and RRR-
-tocopherol
are 0.5, 0.1, and 0.03, respectively.

Dietary Sources

The composition and content of the different toco-
pherol components in plant tissue vary considerably,
ranging from extremely low levels found in potato
tubers to high levels found in oil seeds. �-Tocopherol
is the predominant form in photosynthetic tissues and
is mainly localized in plastids. The particular enrich-
ment in the chloroplast membranes is probably
related to the ability of tocopherols to quench or to
scavenge reactive oxygen species and lipid peroxy
radicals by physical or chemical means. In this way,
the photosynthetic apparatus can be protected from
oxygen toxicity and lipid peroxidation. In nonphoto-
synthetic tissues, �-tocopherol frequently predomi-
nates and can be involved in the prevention of
autoxidation of polyunsaturated fatty acids.

Most of the tocopherol content of wheat germ,
sunflower, safflower, and canola and olive oils is in
the form of �-tocopherol, and these oils contain
approximately 1700, 500, 350, 200, and 120mg
�-TE kg�1, respectively. Vegetable oils (e.g., corn,
cottonseed, palm, soybean, and sesame) and nuts
(e.g., Brazil nuts, pecans, and peanuts) are rich
sources of �-tocopherol. Corn and soybean oils con-
tain 5–10 times as much �-tocopherol as�-tocopherol-
rich sources of �-tocopherol, and each contains
approximately 200mg �-TEkg�1. Because of the
widespread use of these plant products, �-tocopherol
is considered to represent �70% of the vitamin E
consumed in the typical US diet. The level of vitamin
E in nuts ranges from 7mg �-TEkg�1 in coconuts to
450mg �-TEkg�1 in almonds. Cereals are moderate
sources of vitamin E, providing between 6 (barley) and
23mg �-TEkg�1 (rye). Fresh fruit and vegetables
generally contain approximately 1–10mg �-TEkg�1.
The concentration of vitamin E (�-tocopherol is the
predominant form) in animal products is usually low,
but these may be significant dietary sources because of
their high consumption.

Mean dietary intakes of 6.3–13.0mg �-TE per
day have been reported in various European and
US population studies. Data from the Third
National Health and Nutrition Examination Survey
(NHANES III) (1988–1994) in the United States
indicate a median total intake (including supple-
ments) of �-TE of 12.9mgday�1 and a median
intake from food only of 11.7mgday�1 in men

aged 31–50 years. In women in this age range, the
median total intake (including supplements) of �-TE
was 9.1mgday�1 and the median intake from food
only was 8.0mgday�1. In the United States, fats and
oils used in spreads, etc. contribute 20.2% of the
total vitamin E intake; vegetables, 15.1%; meat,
poultry, and fish, 12.6%; desserts, 9.9%; breakfast
cereals, 9.3%; fruit, 5.3%; bread and grain pro-
ducts, 5.3%; dairy products, 4.5%; and mixed
main dishes, 4.0%.

The North/South Ireland Food Consumption Sur-
vey, published in 2001, reported that the median
daily intake of vitamin E from all sources was
6.3mg in men and 6.0mg in women aged 18–
64 years. The largest contributors of vitamin E to
the diet were vegetables and vegetable dishes
(18.9%) and potatoes and potato products (12.4%),
most likely as a result of the oils used in composite
dishes. Nutritional supplements contributed 5.5% of
the vitamin E intake in men and 11.9% in women
overall. In the subgroup that regularly consumed
nutritional supplements (23% of total), vitamin E
was the nutrient most frequently obtained in supple-
mental form in men (78%) and women (73%). In
these people, supplements made a larger contribution
to total vitamin E intakes than did food.

Absorption Metabolism and Excretion

Because of its hydrophobicity, vitamin E requires spe-
cial transport mechanisms in the aqueous environment
of plasma, body fluids, and cells. In humans, vitamin E
is taken up in the proximal part of the intestine
depending on the amount of food lipids, bile, and
pancreatic esterases that are present. It is emulsified
together with the fat-soluble components of food.
Lipolysis and emulsification of the formed lipid drop-
lets then lead to the spontaneous formation of mixed
micelles, which are absorbed at the brush border
membrane of the mucosa by passive diffusion. Both
�- and �-tocopherol and dietary fat are taken up with-
out preference by the intestine and secreted in chylo-
micron particles together with triacylglycerol and
cholesterol (Figure 2). The nearly identical incorporation
of �- and �-tocopherol in chylomicrons after supple-
mentation with equal amounts of the two tocopherols
indicates that their absorption is not selective
(Figure 2). The chylomicrons are stored as secretory
granula and eventually excreted by exocytosis to the
lymphatic compartment, from which they reach the
bloodstream via the ductus thoracicus. The exchange
between the apolipoproteins of the chylomicrons
(types AI, AII, and B48) and high-density lipoprotein
(HDL) (types C and E) triggers the intravascular degra-
dation of the chylomicrons to remnants by the
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endothelial lipoprotein lipase (LPL) and is a prerequi-
site for the hepatic uptake of tocopherols (Figure 2).
During LPL-mediated catabolism of chylomicron par-
ticles, some of the chylomicron-bound vitamin E
appears to be transported and transferred to peripheral
tissues, such as muscle, adipose, and brain (Figure 2).
The formation of remnants favors the rapid uptake of
the tocopherols via the hepatic receptors for apo-E and
apo-B.

The chylomicron remnants are subsequently taken
up by the liver, where �-tocopherol is preferentially
incorporated into nascent very low-density lipo-
protein (VLDL) by a specific 32-kDa �-tocopherol

transfer protein (�-TTP), which enables further
distribution of �-tocopherol to peripheral cells
(Figure 2). �-TTP is mainly expressed in the liver,
in some parts of the brain, in the retina, in low
amounts in fibroblasts, and in the placenta. �-TTP
possesses stereospecificity as well as regiospecificity
toward the most abundant isomer of vitamin E,
(RRR)-�-tocopherol. The sorting process does not
tolerate alteration at C2. As a consequence of
the selective transfer mechanism, major parts of the
natural homologs and nonnatural isomers of �-toco-
pherol are excluded from the plasma and secreted
with the bile. Relative affinities of tocopherols
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for �-TTP are as follows: �-tocopherol, 100; �-toco-
pherol, 38; �-tocopherol, 9; and 
-tocopherol, 2.
A 75-kDa plasma phospholipid transfer protein
(PLTP), which is known to catalyze the exchange
of phospholipids and other amphipatic compounds
between lipid structures, has been shown to
facilitate the exchange of �-tocopherol from VLDL
to HDL and LDL for further delivery to tissues
(Figure 2).

A family of cellular tocopherol-associated proteins
(TAPs) with the ability to bind and redistribute
�-tocopherol has been identified. TAPs bind to
�-tocopherol but not to other isomers of tocopherol.
Present in all cells, TAPs may be specifically involved
in intracellular �-tocopherol movement, for example,
between membrane compartments and plasma mem-
branes, or in optimizing the �-tocopherol content of
membranes.

�-Tocopherol appears to be mainly degraded to
its hydrophilic 30-carboxychromanol metabolite,
2,7,8-trimethyl-2-(�-carboxyethyl)-6-hydroxychroman
(�-CEHC) (Figure 3), and excreted in the urine.
The mechanism of �-tocopherol metabolism
involves terminal cytochrome P450 (CYP)-mediated
!-hydroxylation of the tocopherol phytyl side
chain, oxidation to the corresponding terminal car-
boxylic acid, and sequential removal of two- or
three-carbon moieties by �-oxidation, ultimately
yielding the hydrophilic 30-carboxychromanol meta-
bolite of the parent tocopherol that is excreted in the
urine. Functional analysis of several recombinant
human liver P450 enzymes revealed that tocopherol
!-hydroxylase activity was associated only with the
cytochrome P450 isoform 4F2 (CYP4F2). Kinetic

analysis of the tocopherol !-hydroxylase activity
in recombinant human CYP4F2 microsomal systems
revealed similar Km values (37 and 21mM) but nota-
bly different Vmax values (1.99 vs 0.16nmol/nmol of
P450/min) for �- and �-tocopherol, respectively. The
data suggest a role for the CYP-mediated !-hydro-
xylase pathway in the preferential physiological
retention of �-tocopherol and elimination of
�-tocopherol. In nonsupplemented individuals, a
substantial proportion of the estimated daily intake
of �-tocopherol is excreted in human urine as its
�-CEHC metabolite, but a much smaller proportion
of �-tocopherol is excreted as 2,5,7,8-tetramethyl-
2-(�-carboxyethyl)-6-hydroxychroman (�-CEHC)
(Figure 3). �-CEHC is excreted in large amounts only
when the daily intake of �-tocopherol exceeds 150mg
or plasma concentrations of �-tocopherol are above a
threshold of 30–40mmol l�1. Even then, urinary excre-
tion of �-CEHC is lower than that of �-CEHC.

It is likely that it is the capacity of �-TTP rather
than the plasma �-tocopherol concentration that
determines �-tocopherol degradation. Overall, hepatic
catabolism of �-tocopherol appears to be responsible
for the relatively low preservation of �-tocopherol
in plasma and tissues, whereas �-TTP-mediated
�-tocopherol transfer plays a key role in the preferen-
tial enrichment of �-tocopherol in most tissues. Sup-
plementation with �-tocopherol depletes plasma and
tissue �-tocopherol levels. This is likely due to the
preferential affinity of �-TTP for �-tocopherol. How-
ever, the depletion of �-tocopherol may also occur
because an increase in �-tocopherol may further
reduce the incorporation of �-tocopherol into VLDL,
which leaves more �-tocopherol to be degraded by
CYP. On the other hand, �-tocopherol supplementa-
tion may spare �-tocopherol from being degraded.

Plasma (RRR)-�-tocopherol incorporation is
a saturable process. Plasma concentrations of
�-tocopherol reach a threshold of 30–40 mmol l�1

despite supplementation with high levels (400mg
or greater) of (RRR)-�-tocopherol. Dose–response
studies showed that the limitation in plasma
�-tocopherol concentration appears to be a result
of rapid replacement of circulating with newly
absorbed �-tocopherol. Kinetic analysis has shown
that the entire plasma pool of �-tocopherol is
replaced daily. The highest concentrations of
�-tocopherol in the body are in adipose tissues
and adrenal glands. Adipose tissues are also a
major store of the vitamin, followed by liver and
skeletal muscle. The rate of uptake and turnover of
�-tocopherol by different tissues varies greatly.
Uptake is most rapid into lungs, liver, spleen, kidney,
and red cells (in rats, t1=2< 15days) and slowest
in brain, adipose tissues, and spinal cord (t1=2< 30

O

HO

H3C

CH3

CH3

CH3

COOH

O

HO

H3C

CH3

CH3

COOH

α-CEHC

γ-CEHC

Figure 3 Chemical structures of 2,5,7,8-tetramethyl-2-

(�-carboxyethyl)-6-hydroxychroman(�-CEHC) and 2,7,8-trimethyl-

2-(�-carboxyethyl)-6-hydroxychroman (�-CEHC).

480 VITAMIN E/Physiology and Health Effects

::.. keydaru.ir ..::



days). Likewise, depletion of �-tocopherol from
plasma and liver during times of dietary deficiency
is rapid, whereas adipose tissue, brain, spinal cord,
and neural tissues are much more difficult to
deplete.

The major route for the elimination of tocopherol
from the body is via the feces. Fecal tocopherol
arises from incomplete absorption, secretion
from mucosal cells, and biliary excretion. Excess
�-tocopherol as well as forms of vitamin E not pre-
ferentially used, such as synthetic racemic isomer
mixtures, or �-tocopherol are eliminated during the
process of nascent VLDL secretion in the liver and
are probably excreted into bile. In addition to the
urinary excretion of �-tocopherol as �-CEHC, bili-
ary excretion is an alternative route for elimination
of excess �-tocopherol. This is confirmed by the fact
that the ratio of �- to �-tocopherol in bile is seven-
fold higher than in plasma.

Tocopherols as Antioxidants

Under normal physiological conditions, cellular sys-
tems are incessantly challenged by stressors arising
from both internal and external sources. The most
important potential stressors are reduced derivatives
of oxygen, which are classified as reactive oxygen
species (ROS), and include the superoxide anion
(O2

�·), hydroxyl radical (·OH), and oxygen-centered
radicals of organic compounds (peroxyl (ROO·)
and alkoxyl (RO·)) together with other nonradical
reactive compounds, such as hydrogen peroxide
(H2O2). In addition, reactive nitrogen species such
as nitric oxide (NO·), nitrogen dioxide (NO·2), per-
oxynitrite (ONOO�), and hypochlorous acid are
involved.

Cellular systems have evolved a powerful and
complex antioxidant defence system to limit inap-
propriate exposure to these stressors. �-Tocopherol
is quantitatively the most important chain-breaking
antioxidant in plasma and biological membranes.
The antioxidant activities of chain-breaking antioxi-
dants are determined primarily by how rapidly they
scavenge peroxyl radicals, thereby preventing the
propagation of free radical reactions. When the
chromanol phenolic group of �-tocopherol (TOH)
encounters a ROO· it forms hydroperoxide
(ROOH), and in the process a tocopheroxyl radical
(TO·) is formed:

TOHþ ROO·!k1 ROOH þ TO·

The rate constant (k1) for hydrogen abstraction from
�-tocopherol is 2.35� 106M�1 s�1, which is higher
than that for the other tocopherols and related

phenols. Because the rate constant (k2) for the chain
propagation reaction between ROO· and an unsatu-
rated fatty acid (RH) (ROO· þRH!ROOH) is
much lower than k1, at approximately 102M�1 s�1

�-tocopherol outcompetes the propagation reaction
and scavenges the ROO· �104 times faster than RH
reacts with ROO·. Thus, the kinetic properties of
antioxidants, in particular �-tocopherol, require
that only relatively small concentrations are required
for them to be effective. The concentration of
�-tocopherol in biological membranes is approxi-
mately 1mol per 1000–2000mol phospholipids
(i.e., �1:103). Ascorbic acid can reduce the toco-
pheroxyl radical (TO·) to its native state, and it has
been concluded that part of the reason why low
concentrations of �-tocopherol are such efficient
antioxidants in biological systems is because of this
capacity to be regenerated by intracellular reduc-
tants such as ascorbic acid.

The heteroxyclic chromanol ring of �-tocopherol
has an optimised structure for resonance stabiliza-
tion of the unpaired electron of the �-tocopheroxyl
radical, and the electron-donating substituents (e.g.,
the three methyl groups) increase this effect. Because
�-tocopherol lacks one of the electron-donating
methyl groups on the chromanol ring, it is some-
what less potent in donating electrons than �-toco-
pherol and is thus a slightly less powerful
antioxidant. However, the unsubstituted C5 posi-
tion on �-tocopherol allows it to trap lipophilic
electrophiles such as peroxynitrite, thereby protect-
ing macromolecules from oxidation.

Vitamin E Deficiency

Vitamin E deficiency is seen rarely in humans. How-
ever, there may be a risk of vitamin E deficiency in
premature infants because the placenta does not
transfer �-tocopherol to the fetus in adequate
amounts. When it occurs in older children and adults,
it is usually a result of lipoprotein deficiencies or a
lipid malabsorption syndrome. These include patients
with abetalipoproteinemia or homozygous hypobeta-
lipoproteinemia, those with cholestatic disease, and
patients receiving total parenteral nutrition. There is
also an extremely rare disorder in which primary
vitamin E deficiency occurs in the absence of lipid
malabsorption. This disorder is a rare autosomal
recessive neurodegenerative disease caused by muta-
tions in the gene for �-TTP. This disorder is known
as ataxia with vitamin E deficiency (AVED).
Patients with AVED have extraordinary low plasma
vitamin E concentrations (<5 mgml�1) and have an
onset between 4 and 18 years, with progressive
development of peripheral neuropathy,
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spinocerebellar ataxia, dysarthria, the absence of
deep tendon reflexes, and vibratory and propriocep-
tive sensory loss. Patients with an �-TTP defect
have enhanced urinary excretion of �-CEHC
despite having much lower plasma �-tocopherol
concentrations than healthy subjects. Therapeutic
and prophylactic vitamin E supplementation (up
to 2000mgday�1) prevents the onset of the disease
before irreversible neurological damage develops.

Tocopherols and Low-Density
Lipoprotein Modification

The hypothesis that oxidative stress plays an impor-
tant role in the pathogenesis of atherosclerosis is
generally accepted. Substantial in vitro evidence
indicates that oxidized LDL is the component cen-
tral to the initiation and/or progression of athero-
genesis at the molecular and cellular level. The
typical LDL particle is not only rich in cholesterol
but also contains approximately 1300 molecules of
RH, which are very sensitive to oxidation. Vitamin E,
mainly �-tocopherol, is quantitatively the most
important lipophilic antioxidant present in LDL
particles. On average, each LDL particle is protected
by �6mol �-tocopherol (range, 3–15mol), 1mol of
�-tocopherol, and small amounts of carotenoids.

All major cells of the artery wall, such as mono-
cyte macrophages, endothelial cells, and smooth
muscle cells, can modify LDL oxidatively in vitro.
Monocytes have been shown to induce peroxidation
of lipids such as those in LDL by the generation of
reactive species, including superoxide anion, hydro-
gen peroxide, and hydroxyl radicals. Other oxidants
have been implicated, including 15-lipoxygenase,
myeloperoxidase-generated hypochlorous acid, and
reactive nitrogen species such as peroxynitrite.
In vivo, oxidized LDL particles are recognized by
macrophage scavenger receptors and taken up by
macrophages, forming lipid-laden foam cells in the
fatty streak lesions. The free radical oxidation of
LDL results in numerous structural changes that all
depend on a common event—the peroxidation of
polyunsaturated fatty acids in the LDL particle.

In vitro studies have indicated that increasing the
vitamin E content of LDL particles increases their resis-
tance to oxidation and decreases their uptake bymacro-
phages. Vitamin E supplementation has also been
reported to suppress macrophage uptake of oxidized
LDL in human arterial lesions and decrease urinary
F2-isoprostane (a ‘footprint’ of free radical-mediated
oxidation of arachidonic acid) concentrations. Reactive
nitrogen species are also implicated in aortic oxidation
of LDL and therefore potentially in atherosclerosis.

Because of the nonsubstituted 5-position, �-tocopherol
reacts with peroxynitrite and other electrophilic muta-
gens generated during inflammation and forms a stable
carbon-centered adduct, 5-nitro-�-tocopherol. This
mechanism of protecting LDL may be significant
when �-tocopherol constitutes a major portion of vita-
min E in the diet. It is worth noting that the ability of
�-tocopherol to attenuate oxidative damage produced
by these reactive species may prevent or delay the
progression of other diseases as well as cardiovascular
disease (CVD), in which inflammation plays a role,
such as cancer, rheumatoid arthritis, inflammatory
bowel disease, and neurodegenative disorders. In addi-
tion, �-CEHC has natriuretic activity and functions in
the kidney to control sodium excretion, and it regu-
lates the body’s extracellular fluid volume, an impor-
tant determinant in hypertension and congestive heart
failure.

Tocopherols and Other Metabolic
Functions

Vitamin E, in addition to having a protective role in
the oxidative modification of LDL, may affect or
limit the progression of atherosclerosis and a num-
ber of other conditions in ways that are unrelated to
its antioxidant activity. Some of these effects appear
to stem from the ability of �-tocopherol, at physio-
logical concentrations of vitamin E, to activate pro-
tein phosphatase 2A, which inhibits the activity of
protein kinase C (PKC), a biological indicator of
inflammation, by dephosphorylating the protein.
PKC is an important element in the signal transduc-
tion cascade mediated by growth factors, such as
platelet-derived growth factors, which are necessary
for the progression and completion of the cell pro-
liferation cycle.

The cellular effects of �-tocopherol-mediated inhibi-
tion of PKC depend on the cell type in question, but the
cumulative effect is highly protective against the pro-
gression of atherosclerosis. PKC inhibition results in
reduced smooth muscle cell proliferation, inhibition of
platelet aggregation, and thus delayed intra-arterial
thrombus formation. Endothelial cell function is pre-
served by the downregulation of adhesion mole-
cule (ICAM-1 and VCAM-1) expression (possibly
by downregulation of nuclear factor-�B) and hence
prevention of monocyte and neutrophil adhesion,
which is an important early event in the initiation
of fatty streak formation and atherogenesis. In
addition, PKC inhibition in monocytes reduces
the production of reactive oxygen species by
impairment of NADPH-oxidase assembly, which
may help to reduce LDL oxidation.
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The release of proinflammatory cytokines in
monocytes, such as interleukin-1� and tumour
necrosis factor-�, is impeded by �-tocopherol-
mediated inhibition of the 5-lipoxygenase pathway,
and production of eicosanoids, such as prostaglan-
din E2 and thromboxane A2, is impeded by
�-tocopherol-mediated inhibition of the cycloxygen-
ase pathway. Lower circulating levels of inflamma-
tory mediators, which are aggregatory and
vasoconstrictive, as well as inhibition of monocyte
chemoattractant protein-1 (MCP-1) production,
reduces the attraction of monocytes to inflammatory
sites at the arterial wall and prevents the formation
of foam cells. Furthermore, �-tocopherol increases
production of prostacyclin, which has anti-aggrega-
tory and vasodilatory properties, thereby reducing
the risk of a coronary event. There is evidence that
in a formed atherosclerotic plaque, vitamin E may
have a stabilizing effect and prevent its rupture and
subsequent clot formation. This may be an impor-
tant contributor to the prevention of heart disease
because plaque types that are most subject to rup-
ture present the greatest threat.

Nitric oxide (NO) produced by NO synthase in
the endothelium is important in the maintenance of
vascular tone; it suppresses the expression of proin-
flammatory cytokines, adhesion molecules, and
MCP-1. It also inhibits platelet adhesion, maintains
the integrity of the arterial wall, and acts as an
antioxidant. Vitamin E can reduce the inhibition of
NO synthase by reactive oxygen species, thus main-
taining NO production, either through its antioxi-
dant activity or perhaps by suppressing PKC activity
in smooth muscle.

Tocopherols and Cardiovascular
Disease—Epidemiological Evidence

The effects of dietary vitamin E have been exam-
ined in several studies, many of which have
reported a clear association between the reduction
in the relative risk of CVD and high intake or
supplement of vitamin E, although some have
shown no such association. The Vitamin Substudy
of the WHO/MONICA Project showed that in Eur-
opean populations whose classical risk factors for
CVD were very similar, the 7-fold differences in
CVD mortality could be explained at least to
approximately 60% by differences in the plasma
levels of vitamin E and up to 90% by the combina-
tion of vitamins E, A, and C. The Edinburgh Case
Control Study and Basel Prospective Study consis-
tently revealed an increased risk of ischemic heart
disease and stroke for low plasma levels of vitamin E.

However, other European population studies have
not found an association between blood levels of
vitamin E and end points of CVD. In the EURA-
MIC study, the adipose levels of vitamin E did not
correlate with the relative risk of myocardial
infarction.

A number of prospective studies have examined
the association between vitamin E intake and risk of
CHD. The Nurses’ Health Study, conducted on
87 245 women, showed a 34% reduction in CHD
in women who had consumed vitamin E supple-
ments containing more than 67mg �-TE daily for
more than 2 years. However, there was no signifi-
cant effect of vitamin E obtained from food sources.
The Established Populations for Epidemiolodic Stu-
dies of the Elderly (EPESE) trials showed that the
use of vitamin E supplements significantly decreased
risks for all-cause-mortality and mortality from
heart disease. Another prospective study, performed
in Canada, reported a consistent inverse association
between CVD and vitamin E supplement usage. The
Health Professionals Study, conducted on 39 910
men aged 40–75 years, also showed that dietary
intakes of vitamin E were not significantly corre-
lated with reduced risk of CHD or death. A protec-
tive effect was seen in those who took 67–160mg
supplemental �-TE daily for more than 2 years. In
contrast, the Iowa Women’s Health Study reported
that dietary vitamin E (mainly �-tocopherol) was
inversely associated with the risk of death from
CVD. This association was particularly striking in
the subgroup of women who did not consume vita-
min supplements. There was little evidence that the
intake of vitamin E from supplements (mainly
�-tocopherol) was associated with a decreased risk
of death from CVD. The reasons for the differences
between dietary and supplemental vitamin E are not
clear. However, some epidemiological studies point
to the potential importance of �-tocopherol in
preventing heart disease. High dietary intake of
nuts, an excellent source of �-tocopherol, lowered
serum cholesterol, improved plasma lipid profiles,
and was inversely associated with the risk of death
from heart disease.

The ability of �-tocopherol supplementation to
prevent cardiovascular events in different popula-
tions was tested in four larger prospective clinical
trials: The �-Tocopherol, �-Carotene Cancer Pre-
vention (ATBC) study, the Cambridge Heart Anti-
oxidant Study (CHAOS), the Gruppo Italiano per
lo studio della Sopravvivenza nell’Infarto Miocar-
dito (GISSI) trial, and the Heart Outcome Preven-
tion Evaluation (HOPE) study. In addition, at
least two smaller prospective clinical trials have
been completed: the Secondary Prevention with
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Antioxidants of Cardiovascular Disease in Endstage
Renal Disease (SPACE) study and the Antioxidant
Supplementation in Atherosclerosis Prevention Study
(ASAP).

In the ATBC study, the subjects who were supple-
mented with 50mg all rac-�-tocopheryl acetate day�1

for 5–8years had only a moderately lower incidence
(4%) of angina pectoris than did the control subjects,
and among male smokers, cardiovascular mortality
did not differ significantly between those who received
supplementation and those who did not. However,
subjects who received supplementation had a signifi-
cantly higher incidence of haemorrhagic stroke than
did the control subjects. Note that the ATBC study
was not designed to investigate cardiovascular disease
development. The results of the CHAOS trial, the first
prospective trial with cardiovascular disease as an end
point, were encouraging. The risks of nonfatal myo-
cardial infarction declined 77% and total (fatal plus
nonfatal) myocardial infarction declined 47% when
patients with established coronary artery disease
were treated with 268 or 536mg �-TE daily for
approximately 500days. The GISSI study showed
that feeding 211mg �-TE day�1 for 3.5 years did not
significantly reduce the rate of all-cause death, nonfa-
tal myocardial infarction, or nonfatal stroke. How-
ever, in a later four-way reanalysis in which each
individual variable was considered as an end point,
there were significantly fewer (20%) cardiovascular
deaths in the �-tocopherol group than in the control
group. The HOPE study reported that vitamin E
(400 IU (268mg) day�1 RRR-�-tocopherol) treatment
of CVD patients had no effect on reducing the pri-
mary end points, which included nonfatal myocardial
infarction, stroke, and cardiovascular death. In the
SPACE trial, haemodialysis patients with preexisting
cardiovascular disease received 536mg (RRR)-�-
tocopherol or placebo day�1. Patients who received
vitamin E had a striking 54% reduction in cardiac
events compared with control subjects.

In the ASAP study, men and women (all subjects
had hypercholesterolemia at entry) were given vita-
min E (91mg twice daily), slow-release vitamin C
(250mg twice daily), a combination of both, or
placebo for 3 years. The progression of athero-
sclerosis (the mean intima-media thickness of the
common carotid artery measured) was significantly
retarded only in the men who smoked and took
both vitamins. It is important to note that, in
general, women develop fewer cardiovascular
events than do men. Thus, women may profit less
from vitamin E treatment than men. In studies in
which many women are enrolled, the low incidence
of CVD may weaken the statistical power of the
overall trial.

Tocopherols and
Cancer—Epidemiological Evidence

Clinical and epidemiological data, together with
evidence from experimental models, support a role
for the involvement of free radicals throughout the
cancer process. Attempts to prevent cancer using
vitamin E are based on the rationale that oncogen-
esis results from free radicals attacking DNA. As
an antioxidant, vitamin E may inhibit cancer for-
mation by scavenging reactive oxygen or nitrogen
species. Several studies of oral, pharyngeal, and
cervical cancer found a relationship between vita-
min E status and cancer risk. The evidence for
stomach and pancreatic cancers has not been con-
sistent, and no association with breast cancer has
been found.

The Linxian, China, intervention trial provided
evidence that nutritional supplementation may lower
the risk of certain cancers. A modest but significant
reduction in cancer mortality was observed in a
general population trial in those receiving daily
(for 5.25 years) a combination of �-carotene
(15mg), vitamin E (30mg), and selenium (50 mg).
The subjects who received this mixture had a 13%
lower incidence of cancer and a 10% lower mor-
tality from stomach and oesophageal cancer than
did the subjects who did not receive the mixture. In
the ATBC study, male smokers who took vitamin E
supplements had a 34% lower incidence of prostate
cancer and 41% lower mortality from prostate
cancer than did those who did not take the supple-
ments. In the United States, in a nested case–
control study conducted to examine the association
of �-tocopherol, �-tocopherol, and selenium with
the incidence of prostate cancer, a striking fivefold
reduction in risk was observed for the men in
the highest quintile of �-tocopherol compared
with those in the lowest. Overall, evidence for the
protection from cancer by vitamin E is not
compelling.

Tocopherols and Other
Diseases—Epidemiological Evidence

Vitamin E appears to act as an immunosuppressant
due to its ability to suppress both humoral and
cellular immune responses. Tocopherol supplemen-
tation significantly enhances lymphocyte prolifera-
tion, interleukin-2 production, and delayed-type
hypersensitivity skin response and decreases prosta-
glandin E2 production by inhibiting cyclooxygenase
activity. There appears to be compelling evidence
that intervention with dietary antioxidants, such as
vitamin E, may help maintain the well-preserved

484 VITAMIN E/Physiology and Health Effects



immune function of ‘very healthy’ elderly, restore
the age-related decrease in immune function, and
reduce the risk of several age-associated chronic dis-
eases. Epidemiological evidence suggests an associa-
tion between the incidence of cataract and vitamin E
status. In a prospective study, the sum of serum �-
and �-tocopherol, but neither tocopherol alone, was
inversely associated with the incidence of age-related
nuclear cataracts.

Among the most common neurologic diseases are
neurodegenerative disorders such as Alzheimer’s and
Parkinson’s disease, which may be caused by oxida-
tive stress and mitochondrial dysfunction leading to
progressive neural death. An increasing number of
studies show that antioxidants (vitamin E and
polyphenols) can block neuronal death in vitro.
In a 2-year, double-blind, placebo-controlled, rando-
mised trial of patients with moderately severe
impairment from Alzheimer’s disease, treatment
with 1340mg day�1 �-TE significantly slowed the
progression of the disease. Clinical treatment of
Alzheimer’s patients with large doses of vitamin E
(670mg �-TE twice daily) is one of the key therapeu-
tic guidelines of the American Academy of Neurol-
ogy. In a multicentre, double-blind trial, vitamin E
(1340mg �-TE day�1) was not beneficial in slowing
functional decline or ameliorating the clinical features
of Parkinson’s disease. Administration of vitamin E
significantly relieved symptoms in patients suffering
from several types of acute or chronic inflammatory
conditions, such as acute arthritis, rheumatoid arthri-
tis, and osteoarthritis.

Vitamin E Status and Requirements

Interest in the role of vitamin E in disease pre-
vention has encouraged the search for reliable
indices of vitamin E status. Most studies in
human subjects make use of static biomarkers
of status, usually �-tocopherol concentrations in
plasma, serum, erythrocytes, lymphocytes, plate-
lets, lipoproteins, adipose tissues, buccal mucosal
cells, and LDL, and the �-tocopherol:�-toco-
pherol ratio in serum or plasma. Other markers
of vitamin E status include susceptibility of ery-
throcyte or plasma LDL to oxidation, breath
hydrocarbon exhalation, and the concentration
of �-tocopherol quinone in cerebrospinal fluid.
There is no consensus as to the threshold concen-
tration of plasma or serum �-tocopherol at which
a person can be defined as having inadequate
tocopherol status, but values of <11.6, 11.6–
16.2, and >16.2 mmol�1 are normally regarded
as indicating a deficient, low, and acceptable vita-
min E status, respectively. It is recommended that

plasma or serum �-tocopherol concentrations be
lipid-corrected (i.e., expressed relative to either
the sum of cholesterol and triacylglycerol or cho-
lesterol alone). For convenience, �-tocopherol:-
cholesterol is the simplest to obtain and probably
the most useful, with values below 2.2mmol �-toco-
pherol/mmol cholesterol indicating a risk or deficiency
and an optimal value >5.2. It has been estimated
that an average daily dietary intake of 15–30mg �-
tocopherol would be required to maintain this
plasma level, an amount that could be obtained
from dietary sources if a concerted effort were
made to eat foods rich in vitamin E.

The US Institute of Medicine Food and Nutrition
Board set an estimated average requirement (EAR)
of 12mg �-tocopherol for adults >19 years on the
criterion of vitamin E intakes that were sufficient to
prevent hydrogen peroxide-induced hemolysis in
men. The same value was set for men and women
on the basis that although body weight is smaller on
average in women than men, fat mass as a percen-
tage of body weight is higher on average in women.
Because information is not available on the standard
deviation of the requirement for vitamin E, the
recommended dietary allowance (RDA) was estab-
lished for men and women as the EAR (12mg) plus
twice the coefficient of variation (assumed to be
10%), rounded up, giving a value of 15mgday�1.
In Europe, the Scientific Committee for Food did
not set a population reference intake (PRI) for vita-
min E on the basis that there is no evidence for
deficiency from low intakes, and the frequency of
distribution of intakes is skewed to the right, making
it difficult to set a PRI that is not inappropriately
high, especially for those with a low consumption of
polyunsaturated fatty acid (PUFA), whose require-
ments are lower than those with a high consumption
of PUFA.

It has been suggested that the optimum concentra-
tion of �-tocopherol in plasma for protection against
cardiovascular disease and cancer is >30mmol l�1,
given normal plasma lipid levels and in conjunction
with a plasma vitamin C concentration >50mmol l�1

and a �-carotene level >0.4mmol l�1. This has not
been proven in large-scale human intervention trials,
but even in the absence of conclusive evidence for a
prophylactic effect of vitamin E on chronic disease
prevention, some experts believe that a recommenda-
tion of a daily intake of 87–100mg �-tocopherol is
justifiable based on current evidence. Realistically,
these levels can be achieved only by using nutritional
supplements. The tolerable upper intake level for
vitamin E is 1000mgday�1, based on studies show-
ing hemorrhagic toxicity in rats, in the absence of
human dose–response data.
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See also: Antioxidants: Diet and Antioxidant Defense.
Fatty Acids: Omega-3 Polyunsaturated; Omega-6
Polyunsaturated.
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The discovery of vitamin K as an essential nutrient
arose in the late 1920s from Henrik Dam’s studies
of sterol metabolism. He observed that chicks fed a
fat-free diet developed subcutaneous hemorrhages
and anemia. A lipid extract of liver or of certain
plant tissues was curative, and by 1935 he claimed
discovery of a new vitamin in these extracts that he
named ‘vitamin K’ from the German Koagulation.
By the late 1930s, two chemically similar forms of
the vitamin from different sources were recognized,
namely phylloquinone or K1 and menaquinone or
K2, which had been isolated from alfalfa and from
putrefied fish meal, respectively (Figure 1). Phyllo-
quinone, with its saturated phytyl side chain, is
now understood to be the sole representative of
vitamin K that occurs in plant tissues, especially in
green leafy ones, where it acts as a component
of the electron transport chain. The menaquinones,
or MK-n, by contrast, comprise a broad family of
representatives that have a variable length, unsatu-
rated side chain, and are composed of one or more

(sequential) isoprene units in place of the saturated
phytyl side chain. These menaquinones can be pro-
duced by certain types of bacteria, both in the large
bowel of animals and at other locations where they
may contribute to human food sources of menaqui-
nones. Germ-free rats become vitamin K deficient
more readily than their conventional counterparts,
and they can develop very low hepatic MK-4 levels.
The specific menaquinone with the same side chain
length as phylloquinone is called menatetranone, or
MK-4, and this is produced commercially for
human medication, especially in Japan. There is
evidence that phylloquinone can be converted to
MK-4 in animals and humans. Most bacterially
synthesized menaquinones have longer side chains,
typically 7–9 isoprene units and up to 13, which are
indicated by ‘n’ in the MK-n shorthand notation. A
synthetic homolog of phylloquinone, K1(25), is not
found in nature and can therefore be used as an
internal standard in the chromatographic separation
and quantitation of vitamin K. Menadione, a water-
soluble form of the vitamin that has a single methyl
group in place of the side chain, has vitamin K
activity (it can be converted to menatetranone
in vivo) and is used in animal feeds, but it is not
used in humans because of its toxicity at high doses.
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Food Sources, Absorption, Distribution,
and Turnover

Food sources of phylloquinone for man (Table 1)
include green leafy vegetables as the major quanti-
tative source; however, its availability for absorption
from these foods is thought to be relatively poor.
Certain plant-derived oils, notably soya and canola
oils, are also rich in the vitamin, which is probably
much more readily available from such sources than
it is from leaves. Menaquinones are typically
obtained from foods, such as cheeses or Japanese
‘natto’ (fermented bean curd), in which bacterial
fermentation has occurred. Smaller amounts of

both phylloquinones and menaquinones are
obtained from liver and other animal-derived foods.

Phylloquinone is highly lipophilic; however, at low
concentrations it is transported by a saturable,
energy-dependent transport system across the gut
wall, mainly in the upper small intestine. Phylloqui-
none in foods consisting of plant tissues is much less
readily bioavailable for absorption than the pure
vitamin since it is tightly bound to the thylakoid
membranes of the chloroplasts, and the absorption
of vitamin K from plant foods is considerably
improved by including additional fat in the meal. Its
absorption also depends on the stimulation of bile
salt and pancreatic lipase secretions. The long-chain
menaquinones, which are even more lipophilic, are
only passively absorbed and are much less bioavail-
able for absorption than phylloquinone. However, if
given by injection (e.g., intracardially), they can be
even more functionally active than phylloquinone.
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Figure 1 Chemical structures of phylloquinone, menaquinones,

menadione, warfarin, and dicumarol.

Table 1 Mean estimate food contents of phylloquinone and

selected menaquinones

Food item �g/100g wet weight or �g/100mla

Phylloquinone

(vitamin K1)

MK-4 MK-7 MK-8 MK-9

Kale 817 — — — —

Spinach 387 — — — —

Broccoli 156 — — — —

Peas 36 — — — —

Apples 3.0 — — — —

Chicken — 8.9 — — —

Pork 0.3 2.1 — 0.5 1.1

Luncheon

meat

3.9 7.7 — — —

Mackerel 2.2 0.4 — — —

Plaice — 0.2 0.1 1.6

Milk 0.5 0.8 — — —

Hard

cheese

10.4 4.7 1.3 16.9 51.1

Soft

cheese

5 4 1 10 40

Nattob 34.7 — 998 84.1

Olive oil 53.7 — — — —

Margarine 93.2 — — — —

Butter 14.9 15.0 — — —

Corn oil 2.9 — — — —

Bread 1.1 — — — —

aA dashed line means not detectable. Values obtained for MK-5

and MK-6 are omitted from this summary. The data demonstrate

clearly (i) the huge difference in vitamin K contents between

different foods and (ii) the preponderence of phylloquinone in

some foods and of menaquinones (of several different chain

lengths) in others.
bA Japanese food made from fermented soya bean curd.
Data from Schurgers LJ and Vermeer C (2000) Determination

of phylloquinone and menaqunones in food. Haemostasis 30:

298–307, Table 2.
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The relative bioavailability and bioactivity of the
different forms and food sources of vitamin K
need more research. Preliminary studies with
deuterium-labeled broccoli suggest that the bioavail-
ability of endogenous vitamin K can be studied in
humans by intrinsic stable isotope-labeling procedures.

Once absorbed, vitamin K is transported to
the liver in the chylomicrons, where it becomes dis-
tributed among the triglyceride-rich chylomicron
remnants (ca. 50%) and the low-density lipoprotein
and high-density lipoprotein fractions of plasma
(ca. 25% each). Plasma vitamin K concentrations,
which are typically in the low nanomolar range in
humans, are much lower than for the other fat-
soluble vitamins (A, D, and E), and they are strongly
correlated with the triglyceride content of the
plasma. Indeed, some authorities prefer to express
plasma vitamin K as a ratio to triglycerides instead
of as a simple concentration. Differences between
the apoE lipoprotein genetic variants affect plasma
vitamin K, according to their different triglyceride
clearance profiles. There is evidence for a major
diurnal cycle of plasma vitamin K, with peak con-
centrations of both vitamin K and its associated
triglycerides occurring in late evening and with low-
est values in the morning. A kinetic study using
radioactive vitamin K indicated that the turnover
time of the exchangeable pool of the vitamin is
quite short, approximately 1.5 days, and the first
and second exponential decay curves had half-lives
of 0.5–1 and 25–78 h, respectively. The exchange-
able body pool size was only approximately 1 mg/kg
body weight. The liver is an important repository of
the vitamin for both plant-derived phylloquinone
and the bacterially derived menaquinones. Depletion
studies have indicated that the hepatic phylloqui-
none stores seem much more labile than the mena-
quinone stores, and that a functional deficiency
accompanies the loss of the phylloquinone, which
the remaining nondepleted menaquinones cannot
prevent. Despite this, if menaquinones are given
exogenously, they can be curative. Different tissues
have different relative avidities for phylloquinone
and menaquinones, and it has been suggested that
they may have a different spectrum of functions
from each other. Thus, in humans, phylloquinone is
concentrated in liver, heart, and pancreas. The longer
chain menaquinones, MK-6 to -11, are found mainly
in liver with traces in heart and pancreas, but MK-4
is found especially in brain and kidney, where it
exceeds phylloquinone concentrations. The tissue dis-
tribution in humans is similar to that in the rat.

The turnover of phylloquinone results in
ca. 40–50% of the exchangeable body pool being
transferred via the bile into the feces and 20% being

excreted into the urine, the latter including the
excretion of oxidized products that become conju-
gated as glucuronides.

Physiological Functions of Vitamin K:
Interaction with Antagonists

Blood Coagulation Proteins

The principal physiological function that led to the
discovery of vitamin K, and its confirmation as an
essential vitamin for higher vertebrates, was its unique
role in the blood clotting cascade. This cascade com-
prises a complex series of linked proenzyme-to-enzyme
conversions, which leads eventually to a fibrin clot
(Figure 2). Central to this process is the activation
by calcium of gamma-carboxylated glutamyl (Gla)
residues in some of the members of the cascade series:
factors VII, IX, and X and factor II (prothrombin). In
addition, there is an inhibitory level of control by
proteins C, S, and possibly Z. All seven of these Gla
proteins have Gla clusters that interact specifically
with calcium so as to alter their polypeptide confor-
mations and to permit their interaction with other
members of the coagulation cascade (by exposing a
phospholipid-binding domain) and hence leading
either to activation or to inhibition of individual
components. The Gla moieties of these and indeed
all the vitamin K-dependent Gla proteins are formed
by a post-translational carboxylation reaction cata-
lyzed by the single enzyme, ‘carboxylase,’ at the
endoplasmic reticulum sites of Gla protein synthesis.
In the case of the blood coagulation proteins, the
sole site of synthesis is the liver. Each carboxylated
protein has a C-terminal ‘propeptide’ sequence that
binds the carboxylase enzyme, and directs a coordi-
nated series of carboxylations of the recipient gluta-
myl residues, before the propeptide is removed and
the fully carboxylated protein is then secreted into
the extracellular space for transport into the plasma.

Vitamin K acts as the essential recycling cofactor
(or cosubstrate) for all protein carboxylation, Gla-
forming reactions (Figure 3). In its dihydro or quinol
form, the vitamin reacts with molecular oxygen,
thereby creating a highly reactive, high-energy carba-
nion at the Glu site for insertion of carbon dioxide,
creating a new Gla residue. This vitamin K quinol
oxidation step provides the essential energy for the
endothermic carboxylation step. The other product of
the reaction is the epoxide of vitamin K, comprising a
three-membered carbon–oxygen ring. Since the oxi-
dized vitamin needs to be recycled back to the quinol
form before the next protein carboxylation cycle, a
two-stage reduction process ensues, forming first
vitamin K quinone and then the original quinol
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(Figure 3). Both of these reduction steps can be cat-
alyzed by the enzyme vitamin K epoxide reductase,
which is linked to a dithiol–disulfide reducing couple
and which is highly sensitive to inhibition by the
coumarin class of drugs, of which warfarin (Figure 1)
is the best known and most commonly used member.
The reduction of the intermediate vitamin K quinone
to its quinol form can also be catalyzed by another,
NAD(P)H-dependent, quinone reductase that is war-
farin resistant, and for this reason the inhibition of
carboxylation by warfarin can be reversed or antag-
onized by large doses of vitamin K provided exogen-
ously in its normal quinone form. A severe deficiency
of vitamin K, or treatment with coumarin drugs
(for the control of excessive blood clotting tendency
in humans), results in prolonged clotting times that
can be detected by the standardized ‘one stage pro-
thrombin time’ test, in which citrated or oxalated
(i.e., calcium-complexed) blood is treated with tissue
factor plus additional calcium so as to initiate the
clotting process. However, a much more sensitive
test for mild vitamin K deficiency is the PIVKA test
(Proteins Induced by Vitamin K Absence or Antagon-
ism), which is an immunological enzyme-linked
immunosorbent assay (ELISA) test that specifically

recognizes undercarboxylated blood clotting proteins
and particularly des-gamma-carboxy prothrombin.

Proteins C and S, and possibly also Z, function
differently from the other Gla-containing blood
clotting factors that are an integral part of the fibrin-
forming cascade. Protein C has a regulatory role,
inactivating factors V and VIII, and in conjunction
with protein S it also acts as a cofactor to enhance
the rate of fibrinolysis of blood clots in locations where
they are unwanted and potentially harmful. The exact
function of protein Z remains unresolved, although
interactions with thrombin and factor X have
been reported. Clearly, there is a delicate balance of
pro- and anti-clot formation and removal activities
among the vitamin K-dependent Gla proteins of the
cascade, although the net effect of a deficiency of the
vitamin or of its antagonism by drugs appears to be a
reduction of the clotting tendency.

Bone Gla proteins

Protein S together with two other Gla proteins,
osteocalcin (OC; or bone Gla protein) and matrix
Gla protein (MGP), play a variety of only partly
understood roles in bone and other mineralized tis-
sues. Of these proteins, only OC is produced solely
and specifically by mineralized tissue, whereas the
other two (or at least their mRNA templates) are
more widespread and occur also in soft tissues.

OC is synthesized specifically by osteoblasts and
odontoblasts, and it accounts for ca. 15–20% of the
noncollagen protein of the bonematrix. Approximately
20% is secreted into blood plasma, where it has no
obvious function, but it has frequently been measured
as an index of bone-forming (osteblastic) activity, and is
present in increased amounts in plasma of people with
certain bone diseases and of young infants. It is a small
protein, MW 5700, with just three Gla residues. Unlike
the blood coagulation Gla proteins, which in most
people not severely vitamin K deficient and not vitamin
K antagonist treated are almost completely carboxy-
lated, circulating OC is at least 5–10% undercarboxy-
lated inmany population groups, asmeasured by assays
that depend on the affinity of the undercarboxylated
form for hydroxyapatite or a specific ELISA assay for
the undercarboxylated form. Since vitamin K supple-
ments can reduce its degree of undercarboxylation in
many people, it has been proposed as a new and highly
sensitive functional test of vitamin K status in man.

Despite the growing level of interest in its prac-
tical use as a status index, our understanding of
the essential function of OC remains incomplete.
Its affinity for calcium is less strong than that of
the larger Gla proteins, but it binds avidly to
hydroxyapatite and is chemotactic for osteoclasts

Protein C → Protein C-act
(+ thrombomodulin)

Protein C-act + Protein S: inactivates
Factor V-act + Factor VIII-act

Intrinsic pathway Extrinsic pathway

Factors II-act and X-act
activate factor VII

Factor VII-act + Tissue
Factor + Ca2+ activate
Factor X

Contact activation of
Factors XI, XII → Factor XI-act

Factor XI-act + Ca2+ activates
Factor IX

Factor II-act (thrombin) activates
Factors VIII and V

Factors IX-act + VIII-act + Ca2+

activate Factor X

Factor X-act (together with V-act and Ca2+) activates
prothrombin (Factor II) to give thrombin

Factor II-act (thrombin) converts fibrinogen to fibrin (clot)

Figure 2 Vitamin K-dependent clotting factors. Factors II (pro-

thrombin), VII, IX, and X and proteins C and S are all Gla

proteins. The functions of proteins C and S, shown in bold, are

inhibitory to the clotting cascade, whereas the other factors all

form part of the cascade mechanism.
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and their progenitors. Moreover, it can enhance
the differentiation of osteoclast progenitor cells in
culture, which has been interpreted as implying a
possible role in bone resorption. Transgenic mice
that lack the gene for OC have increased bone
mass, despite an increased number of osteoclasts.
In humans, however, underhydroxylation of OC
especially in postmenopausal women has been
linked to low vitamin K intakes, reduced bone
mineral density, and increased risk of fracture.
Intervention with high-dose MK-4, mainly in
Japan, has been reported to improve bone mineral
density and decrease fracture risk. Although a sin-
gle study in the United Kingdom suggested that a
combination of vitamin K1 and vitamin D supple-
ments may benefit bone mineral density in postme-
nopausal women, considerably more research is
needed in this area. The separate roles of OC and
other vitamin K-dependent proteins also need to be
clarified.

The second vitamin K-dependent Gla protein in
bone, MGP, has a MW of 9600 and five Gla
residues and is highly insoluble. Unlike OC, it is
also found in cartilage, and, significantly, its
mRNA occurs in several soft tissues including artery
walls. Its synthesis is modulated by 1,25-dihydroxy
vitamin D and by retinoic acid. Mice lacking the
gene for MGP quickly developed calcified arteries
and died of aortic rupture before 2months of age.
For this reason, MGP is believed to antagonize the
pathological calcification of soft tissues and thus to

protect them. The absence of MGP also led to inap-
propriate calcification of growth plate cartilage,
reduced growth, osteopenia, and fracture in the
MGP gene knockout mice. In humans, defects in
the MGP gene are associated with Keutel’s syn-
drome and chondroplasia punctata, in which carti-
lage calcification is abnormal. Similar abnormalities
have been observed in infants whose mothers were
treated with warfarin during the first trimester of
pregnancy. In one study, low vitamin K intake was
associated with atherosclerotic calcification of the
aorta in postmenopausal women. Also, circulating
MGP levels were found to be raised in severe athero-
sclerosis and in type 1 diabetes in humans. A specific
immunoassay for MGP has been developed that
should assist further research on this potentially
important regulatory protein.

The third bone-associated Gla protein, protein
S, is also involved with blood clotting. It is
synthesized by osteoblast-like and osteblastoma
cells in culture, and it has been detected in bone
matrix. It is also synthesized by hepatocytes,
megakaryocytes, and endothelial cells. Children
with an inborn deficiency of it developed osteo-
penia and bone lesions; however, its precise func-
tional role is unknown.

All three bone Gla proteins (and probably most
other Gla proteins) have ‘leader’ or ‘pre’-peptides
when first formed on the endoplasmic reticulum
(ER) that are required for translocation across the
ER and are removed during this process. OC,

O2, CO2,
Carboxylase

Peptidyl glutamate
-(Glu)-

Vitamin K hydroquinone
(reduced form)

Vitamin K quinone
(oxidized form, as

found in most foods)

Peptidyl γ-carboxyglutamate
-(Gla)-

Vitamin K epoxide
(3-membered ring: one

oxygen, two carbon atoms)

Warfarin-sensitive
reductase + dithiolWarfarin-insensitive

reductase + NAD(P)H

Warfarin-sensitive
reductase + dithiol

Figure 3 Vitamin K oxidation–reduction cycle during Gla formation. Oxidation of vitamin K hydroquinone (reduced vitamin) to vitamin K

epoxide by molecular oxygen provides the energy needed to drive the carboxylation of peptidyl-Glu to peptidyl-Gla (i.e., gamma-

carboxy glutamate). The vitamin K epoxide is then recycled by reduction with dithiols in two stages. The first stage requires a

reductase enzyme that is coumarin drug (e.g., warfarin) inhibitable. The second stage can be catalyzed by either of two reductases,

one of which is NAD(P)H dependent and is not warfarin inhibited.
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protein S, and most other Gla proteins also have a
pro-peptide sequence that is removed during secre-
tion and that directs the action of the carboxylase
enzyme before secretion. MGP differs from the
other Gla proteins in that its carboxylase recogni-
tion sequence is not removed; instead, only a short
(five-residue) carboxy-terminal sequence is removed
from it. All known mammalian Gla proteins
contain the characteristic amino acid sequence
Gla-X-X-X-Gla-X-Cys, where X represents an unde-
fined amino acid. If vitamin K is in short supply or
antagonized, certain Gla residues escape gamma-gluta-
myl formationmore thanothers. Thus, in a study ofOC,
the Glu residue at position 17 was typically only 67%
carboxylated, that at position 21 was 88% carboxy-
lated, and that at position 24 was 93% carboxylated.

Surprisingly, in a meta-analysis of studies on
warfarin-treated adult patients, no evidence of any
increase in bone disorders was found.

Gas6 and Other Vitamin K-Requiring Gla Proteins

A Gla protein that is associated with the central
nervous system, rather than with liver or bone, was
discovered in 1993. In tissue culture models it had
the properties of a growth arrest-specific (GAS) cell-
signalling gene product. It acts as a ligand for a
number of receptor protein kinases; it potentiates
the growth of vascular smooth muscle cells,
Schwann cells, and the neurons that synthesize
gonadotropin-releasing hormones; and it can pre-
vent apoptotic cell death. Knockout mice in which
three Gas6 receptors are mutated had major neuro-
logical and spermatogenic abnormalities. There is
interest in potential roles for Gas6 in Alzheimer’s
disease and Parkinson’s disease. Clearly, these prop-
erties and emerging roles have helped to confirm the
growing suspicion that vitamin K-dependent Gla
proteins possess key functions beyond blood clotting
and even bone remodelling. Gas6 has a MW of
75,000 with 11 or 12 Gla residues, and its structure
is partly homologous with protein S.

Even less well characterized are several other Gla
proteins from a variety of tissues. Kidney contains
‘nephrocalcin,’ with just two or three Gla residues,
which may be involved in renal calcium transport
(another important function that may be impaired by
vitamin K deficiency in man). Atherocalcin, or plaque
Gla protein, may be related or even identical to MGP.
Proline-rich Gla proteins PRGP-1 and PRGP-2 are
found predominantly in the spinal cord and thyroid
gland, respectively, but their functions are unknown.
Gla proteins occur in most vertebrates and also in
molluscs, so their evolutionary appearance in the ani-
mal kingdom is probably quite ancient in origin.

Other, Probably Non-Gla Functions of Vitamin K

Vitamin K is thought to be involved in sphingolipid
metabolism in certain bacteria by modulating serine
palmitoyl transferase, and warfarin treatment
decreased brain levels of sulfatides and galactocere-
broside sulfotransferase activity in animals, which
was reversible by vitamin K (either K1 or MK-4).
Therefore, it is now thought that vitamin K may be
involved in sphingolipid metabolism, and this in turn
has implications for its action as a second messenger
as well as being a structural component. There are
several functions of MK-4 that are shared by the
isolated geranyl-geraniol side chain, which involve
the induction of apoptosis of osteoclasts and of cer-
tain cancer cells in culture. Depriving certain tumours
of vitamin K, both in vitro and in vivo, seemed to
inhibit their growth and metastasis. Patients receiving
warfarin for cardiovascular disease seem to have a
reduced incidence of tumors, and warfarin may also
suppress delayed-type hypersensitivity reactions.

Recent studies have suggested that MK-4, in parti-
cular, has a transcriptional regulatory function, for
example, in osteosarcoma cell cultures, in which it
binds to and activates the SXR steroid and xenobiotic
receptor. This in turn increases mRNA levels for
osteoblast markers: bone alkaline phosphatase,
osteoprotogerin, osteopontin, and MGP. MK-4 and
its isolated geranyl-geraniol side chain was also able
to suppress the synthesis of prostaglandin E2, which is
a potent bone resorption catalyst. These observations
have led to speculation (i) that some of the menaqui-
nones may possess some functions that are not shared
by phylloquinone, and (ii) that there may be implica-
tions for cell proliferation and for cancer risk from
variations in the supply of vitamin K and in its
speciation.

Population Groups at Risk of Vitamin K
Deficiency

Because of the minimal extent of transfer
of vitamin K across the placenta, the fetus and new-
born infant have much lower circulating vitamin K
than adults (typically 30-fold lower). In addition,
human milk has a lower concentration of the vita-
min than that of most other mammalian species.
Although low vitamin K levels have not been
found to affect the developing fetus in a functionally
deleterious way, it is clear that the newborn, and
especially the solely breast-fed infant, is at higher
risk of functional deficiency than older infants and
adults. In a minority of cases, this can lead to life-
threatening or long-term damage associated with
intracranial bleeding. Hemorrhagic disease of the
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newborn (HDN) is classified as early (first 24 h of
life), classic (days 1–7), or late (2–12weeks). Of
these, the third category is most likely to involve
dangerous intracranial bleeding. Risk factors for
HDN include intestinal fat malabsorption and hepa-
tic disease. In Western countries, since the 1950s, it
has been routine practice to give prophylactic phyl-
loquinone in a 1 or 2mg dose at birth, and this has
been found to considerably reduce the risk of HDN.
An intramuscular depot dose was found to be highly
effective; however, a study in the United Kingdom in
the 1990s suggested a possible link with childhood
cancer. Despite little subsequent support for this
contraindication, the adverse publicity led to a shift
in practice toward oral dosing. An oral micellar
preparation containing glycholate and lecithin has
been developed that has improved absorption char-
acteristics. Another approach toward the avoidance
of late HDN is vitamin K supplementation of breast-
feeding mothers since breast milk vitamin K levels
can be increased substantially by dosage to the
mother. Modern commercial formula feeds typically
contain 50–125 mg phylloquinone/l.

Antibiotic-treated patients may be at increased risk
of developing vitamin K deficiency. Some antibiotics
may reduce the production of usable menaquinones by
gut bacteria; others, such as cephalosporin, may exert
vitamin K epoxide reductase inhibitory effects. Vita-
mins A and E in large doses may increase the risk of
vitamin K deficiency and/or its sequelae in susceptible
people. Thus, in one study, patients receiving anti-
coagulant drugs exhibited a further reduction of pro-
thrombin levels if they were given 400 IU �-tocopherol
per day for 4weeks. The microsomal vitamin K-depen-
dent carboxylase enzyme was found to be inhibited by
�-tocopheryl quinone and, to a lesser extent,
by �-tocopherol. It is also inhibited by other
oxygen free radical antagonists. Control of blood
clotting with warfarin-type drugs thus requires control
of intakes of vitamins A and E as well as vitamin K so
as to achieve consistent results.

As noted previously, some older people, especially
postmenopausal women, seem to be at increased risk
of developing marginal vitamin K deficiency, which
manifests itself, for instance, by an increased percen-
tage of undercarboxylated osteocalcin (ucOC) in the
circulation. The sequelae of such marginal deficiency,
and in particular its implications for bone health, are
currently the subject of considerable research effort
(Table 2). Several epidemiological cross-sectional stu-
dies have noted an association between higher vitamin
K intakes and higher bone mineral density or lower
fracture risk. One study reported that a subgroup of
postmenopausal women who were ‘fast losers’ of cal-
cium responded to vitamin K supplements by reduced

calcium and hydroxyproline excretion. Although vita-
mins D and K have distinct functions in calcium
absorption, and its distribution, deposition, and excre-
tion, there is evidence that synergistic interactions can
occur between them, and that both can affect the
same cell-signalling pathways. Osteocalcin and
MGP synthesis is stimulated by 1,25-dihydroxy
vitamin D in cell culture.

MK-4 in large doses has been used for prophy-
laxis and treatment of osteoporosis, especially in
Japan. A study in The Netherlands reported reduced
bone loss after 2 years of treatment of postmenopausal
women with amounts of phylloquinone that are
achievable from dietary sources. More long-term
intervention trials are needed.

Status, Requirements, and
Recommended Intakes

Vitamin K status can be measured either by its con-
centration in plasma or by its efficacy in ensuring
optimal carboxylase function, as indicated by speci-
fic carboxylated plasma proteins. Accurate assay of
the very low concentrations of vitamin K that are
present in plasma was a considerable analytical

Table 2 Studies (1985–2001) linking vitamin K intake, status,

or effects of supplementation with bone health in humans

Nature of evidence No. of

studies

Serum vitamin K positively correlated with BMD 4

Serum vitamin K lower in people with hip or

vertebral fractures

3

Vitamin K intake directly correlated with BMD 2

ucOC directly correlated with risk of hip fracture 5

ucOC inversely correlated with velocity of

ultrasound (a measure of bone quality)

1

ucOC inversely correlated with BMD 2

Supplementation with phylloquinone increased

carboxylation of osteocalcin

7

Supplementation with phylloquinone or

menaquinone reduced calcium loss

3

Supplementation with phylloquinone increased

markers of bone formation and reduced

markers of bone resorption

1

Supplementation with phylloquinone

(þvitamin D) increased BMD

1

Supplementation with menaquinone

(þvitamin D) increased BMD

2

Supplementation with menaquinone alone

increased BMD and/or decreased bone loss

6

Supplementation with menaquinone reduced

fracture risk

2

BMD, bone mineral density; ucOC, undercarboxylated

osteocalcin. Data fromWeber P (2001) Vitamin K and bone health.

Nutrition 17: 880–887, and S. Karger AG, Basel.
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challenge, which was eventually solved by high-perfo-
rmance liquid chromatography (HPLC) followed by
high-sensitivity coulometric or fluorometric detection.
A popular method uses organic solvent extraction, a
cartridge cleanup step, an HPLC separation followed
by postcolumn reduction of the vitamin K quinone to
the reduced quinol form by metallic zinc or other
reductant, and finally fluorometric quantitation of
the fluorescent quinol. A useful internal standard, not
found in nature, is the homolog of phylloquinone,
vitamin K1(25). With modern detectors, analysis is pos-
sible with only 0.25ml plasma. A published ‘normal’
range in the United States is 0.25–2.7nmol/l, corre-
sponding to approximate average daily intakes of
100mg/day in men and 80mg/day in women. As noted
earlier, the phylloquinone content of plasma has a short
half-life and is strongly correlated with plasma
triglycerides. It is therefore not ideal as a long-term
index of status. Alternatives include functional indices
such as plasma prothrombin time (increased only by
severe vitamin K deficiency), PIVKA, (which is more
sensitive to marginal deficiency), and ucOC (which is
the most sensitive functional indicator). These func-
tional indices are not totally specific for vitamin K
deficiency, although ucOC (for which monoclonal anti-
bodies now exist) does appear to possess reasonably
good specificity. Unfortunately, the different commer-
cial kit assays measure different epitopes of OC, which
makes harmonization difficult. Urinary total Gla is
sensitive to vitamin K status, but it varies with age
and has not yet proved to be very useful as a status
indicator. Functional indices that are based on impaired
carboxylase activity affecting other Gla proteins may be
developed in the future.

Most estimates of the amount of phylloquinone
needed to correct clotting changes suggest that
adult human requirements are between 0.5 and
1 mg/kg/day. There are no reference nutrient intakes
defined for vitamin K in the United Kingdom,
although a ‘safe intake’ for adults was set in 1991
at 1 mg/kg/day and for infants 10 mg/day. In the
United States, the Food and Nutrition Board of the
National Academy of Sciences has defined an Ade-
quate Intake (AI) of phylloquinone of 90 mg/day for
adult women and 120 mg/day for adult men, with
proportionately smaller values for children. For
infants aged 0–6months, the AI is only 2mg/day,
and it is 2.5 mg/day at 7–12months, thus creating a
larger proportional difference between infants and
older age groups than for most micronutrients.

Both phylloquinone and the menaquinones appear
to be nontoxic, even in multimilligram amounts.
However, menadione, the water-soluble form of
vitamin K, was found to cause hemolytic anemia,
hyperbilirubinemia, and kernicturus in infants when
>5mg was given. Therefore, it is not currently used
for human prophylaxis or treatment.

Since vitamin K is thought to have a wide range of
functions in the body in addition to blood clotting,
and some of these may have long-term health
implications, research on requirements and optimal
intakes, with multiple end points, is needed.
Metabolic and health-related differences between
the menaquinones and phylloquinone also need to
be defined.

See also: Vitamin A: Biochemistry and Physiological
Role. Vitamin E: Physiology and Health Effects.
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Introduction

There is growing interest in the benefits of tradi-
tional dietary patterns with an emphasis on unre-
fined, plant-based foods. Whole-grain foods are
rich in dietary fiber, antioxidants, and a range of
other nutrients that may offer health benefits. This
chapter will review the epidemiological analyses
showing a reduced risk of premature death and
decreases in the incidence of cardiovascular disease
(CVD), type 2 diabetes, and cancer. However since
whole-grain consumption is frequently linked to
other positive dietary and life style behaviors
(including increased consumption of fruit and
vegetables and increased physical activity) more
randomized controlled intervention studies are
required to support these association studies.
Moreover, further research is required to confirm
putative mechanistic hypotheses, which include the
positive effects of dietary fiber on lipid metabo-
lism, improved glucose homeostasis as a conse-
quence of a reduced glycemic response, or the
antioxidant properties of these foods, which may
have beneficial effects on vascular reactivity and
inflammation.

What are Whole Grains?

Cereal grains are the seeds of the plant and they
house the embryo and the necessary food reserves
required for germination. Forming the dietary
staples in many countries, the major grains in
the human diet are wheat, rice, and corn (maize).
Consumption of oats, millet, barley, sorghum, and
rye are more limited.

The basic structure of the grain (regardless of
plant type) is shown in Figure 1. There are essen-
tially three layers, the endosperm, bran, and germ

layers, each of which have a unique role within
germination, but which also contain essential nutri-
ents and phytochemicals important within the
human diet and linked to health benefits.

The Bran Layer

The bran layer is the outer thick-walled structure of
the grain. It is rich in B vitamins and phytonutrients
such as flavonoids and indoles plus a small amount
of protein. It also contains antioxidant compounds
including phytoestrogens such as lignans and isofla-
vones. These hormonally active compounds, similar
to estrogen, may influence sex hormone metabolism
and may impact on hormone-related disease. The
bran also contains factors that may decrease bioa-
vailability of nutrients such as phytic acid, tannins,
and enzyme inhibitors. It is also where the bulk of
insoluble fiber is found. The insoluble fiber con-
tained within the bran layer has long been recog-
nized to play an important role in intestinal health,
by optimizing bowel transit time and increasing
fecal weight. But some of the health benefits asso-
ciated with a high-fiber diet may come from other
components, and not just from the fiber itself. For
example, the oligosaccharides found within the
starchy endosperm layer behave in a similar man-
ner to soluble nonstarch polysaccharides (NSP) and
may therefore be useful in controlling blood lipid
profiles and blood glucose. In addition, oligosac-
charides are natural prebiotics, which encourage
the proliferation of healthy microflora within the
gut. Colonization of specific bacteria within the
colon, such as bifidobacteria, has been implicated
in benefits to the immune system, cholesterol low-
ering, and reducing the risk of colon cancer
through the fermentation of these carbohydrates
into short-chain fatty acids.

The Germ Layer

This is the plant embryo and it contains a concen-
trated source of minerals such as iron and zinc plus
vitamin E. These and other antioxidants provide
defense systems against reactive oxygen species not



only for the plant, but also for those who consume
the grain. Indeed, the pH conditions of the stomach
have been shown to cause a dramatic increase in the
activity of these antioxidants. Whole grains contain
a greater concentration of antioxidants than many
fruits and vegetables.

The Endosperm

This makes up about 80% of the grain and is the
starchy component comprising mainly carbohy-
drates including resistant starch and oligosacchar-
ides such as fructans, inulin, and oligofructose.
These behave in a similar manner to soluble NSP
within the gut. The endosperm also contains B vita-
mins, in particular riboflavin and pantothenic acid,
and some protein.

Definition of Whole Grain

Whole grains are defined as those that are used in
their entirety in the food production process, so that
all three layers are present within the product. This
distinguishes them from refined grains. Regardless
of how much of the grain is used, the milling process
determines particle size and hence has an impact on
handling within the body. Many whole and refined
grains are processed in some way to enhance flavor,
texture, color, and shelf life. As long as the whole of
the grain is used in the process, the food is described
as whole grain. However, there is some debate as to
whether the disruption of the intact grain modulates
the health impact. Certainly, it tends to increase the
glycemic index of the food, which may have impli-
cations for the risk of metabolic disease, especially
type 2 diabetes.

The vast majority of grains consumed within Wes-
tern countries are refined, and the outer germ and
bran layers are removed to leave only the starchy

endosperm. The refining process may reduce some
nutrients such as zinc, selenium, and vitamin E by as
much as 90%. In some cases vitamins and minerals
are reintroduced through fortification and restora-
tion, but the bioavailability and relative health
effects of these nutrients when consumed in their
natural state compared to artificial methods of for-
tification is not known.

At present there is no uniform definition of a
whole-grain food, but for the purposes of health
claims the proportion of whole-grain cereal used
within a food product is critical. In 1999 the Food
and Drug Administration in the US approved a
health claim for use on packing to help consumers
choose foods that contained a significant amount
of the whole grain. Products must contain at least
51% whole grain by weight, i.e., must be the largest
component of the product, to be entitled to carry the
health claim. This allows a clear distinction between
the refined and partially or nonrefined products
available to the consumer. For example, a product
made of 100% whole wheat could be labeled as
whole grain, but a multigrain loaf containing 75%
white flour and 25% wholemeal flour could not. In
the UK, the Joint Health Claims Initiative has
adopted a similar definition.

Consumption of Whole Grains

Recent studies have shown low levels of consump-
tion of whole-grain foods in the general population
of the most affluent countries. In the US data was
collected from over 9000 US citizens aged 20 years
or over who participated in the 1994–96 USDA’s
continuing survey of food intakes. Using an inter-
view technique and serving sizes defined by the Food
Guide Pyramid, food consumption over 2 nonconse-
cutive days was examined. It was found that 29% of
the sample were nonconsumers of whole grains and
the average number of daily servings was less than
1 per day. The proportion of the sample reaching the
recommended 3 servings per day was 8%.

Intakes are similarly low in the UK. Using data
from two nationally representative surveys whole-
grain consumption was assessed: the Diet and Nutri-
tional Survey of British Adults 1986–87 included over
2000 adults aged between 16 and 64years, and the
National Diet and Nutrition Survey of people aged
65 years and over included over 1000 free-living
adults (from a total of over 2000 participants which
included free-living and institutionalized individuals)
during 1994–95. Dietary data was collected using a
7-day diary recording weighed food in 1986–87, and
a 4-day weighed food diary in 1994–95. Whole-grain
foods were identified as those having at least 51%

Endosperm

Bran

Germ

Figure 1 A grain of wheat. (Reproduced with kind permission

from the British Nutrition Foundation: http://www.nutrition.org.uk)
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whole-grain ingredients by weight and a serving was
defined as each occasion the food appeared within
the recording period. Both surveys showed that
approximately 30% of individuals did not consume
any whole-grain foods during the survey period (29%
in 1986–87 and 33.5% in 1994–95), and over 97%
of adults did not meet the US recommendation of 3
servings per day. Median consumption was less than
1 serving per day.

In comparison to the US and the UK, whole-grain
foods are consumed in greater quantities in Scandi-
navian countries. In Finland, rye bread has always
been a staple and consequently whole-grain intakes
have always been high. In Norway, food disappear-
ance data suggest that consumption of whole-grain
foods is four times that seen in the US, but is lower
than that seen in Finland. In the Scandinavian stu-
dies, however, estimation of consumption of whole
grain was not based on number of servings but
utilized measures such as a bread score based on
number of slices of bread consumed multiplied by
the proportion of whole-grain flour; 24-h recall
techniques of whole-grain foods consumed; and sim-
ply the number of slices of bread consumed. These
differing techniques make it difficult to directly com-
pare findings in Scandinavia with the UK and US.

However, within populations the consumption of
whole grains is influenced by a number of social
and demographic factors. Most surveys have found
an increase in whole grain consumption with age.
For example, in the UK, there was a median of 1
serving per week in the 16–24-year-olds rising to 3
servings per week in the 35–64-year-olds (1986–87
survey).

Consumption in the survey of people aged
65 years and over showed higher intakes of 5 ser-
vings per week (1994–95 survey) but it is not clear
whether this reflects a secular trend or a continuing
effect of age. In general, men consume more whole-

grain foods than women. This may reflect a greater
food intake overall, rather than a specific preference
for whole-grain varieties. In the US, white adults
consume more whole-grain foods than black
Americans, and Mexican Americans consume the
least whole grains.

In the US and UK, income and level of education
are also positively associated with whole-grain
consumption, but in Finland, the highest intakes of
rye bread are observed in the lower socioeco-
nomic groups. In the US and UK, whole-grain con-
sumers are less likely to smoke, tend to be regular
exercisers and consume more fruits and vegetables.
These findings suggest an association of whole-grain
consumption with other positive life style traits.

Whole Grains and Health

Epidemiological evidence suggests an inverse rela-
tionship between the consumption of whole-grain
foods and the relative risk of a number of chronic
diseases. Studies have found that habitual consump-
tion of whole-grain foods is associated with reduc-
tions in premature mortality, risk of coronary heart
disease, ischemic stroke, and type 2 diabetes.

All Cause Mortality

Three large prospective epidemiological studies have
considered the relationship between whole-grain
consumption and all cause mortality (Table 1).
Using a variety of measures to assess whole-grain
consumption, all three studies concluded that the
more whole-grain foods were consumed, the lower
the risk of death from a number of chronic diseases.
Women in the Iowa Women’s Study were followed
over a 9-year period. The population was divided
into quintiles of whole grain intake using a food
frequency questionnaire (FFQ). Intakes varied

Table 1 Effect of whole-grain consumption on all cause mortality

Cohort Measure of WG

consumption

Reported association Reference

Iowa Women FFQ 40% # with at least 1

serving per day

Jacobs et al. (1999) Is whole grain intake associated with

reduced total and cause-specific death rates in older

women? The Iowa Women’s Health Study. American

Journal of Public Health 89: 322–329.

Refined grains " mortality

with " consumption

Norwegian Bread score

(slices �%WG)

HRR graded and inverse

with " consumption

Jacobs et al. (2001) Reduced mortality among whole grain

bread eaters in men and women in the Norwegian

County Study. European Journal of Clinical Nutrition

55: 137–143.

County Study

Physician’s

Health Study

Breakfast cereal FFQ

(WG classified as

25% w/w)

HRR # with " consumption Liu et al. (2003) Is intake of breakfast cereals related to

total and cause-specific mortality in men? American

Journal of Clinical Nutrition 77: 594–599.
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considerably from 1.5 servings per week in the low-
est quintile and 22.5 servings per week in the high-
est, yet an inverse association between whole-grain
intake and the risk of death was observed across
quintiles, with a 40% reduction in total mortality
(P< 0.0001) in those consuming at least one serving
of whole-grain foods per day. Even when adjusted
for confounders such as age, energy intake, hyper-
tension, heart disease, diabetes, cancer, body mass
index (BMI), waist–hip ratio (WHR), physical activ-
ity, alcohol intake, smoking, positive dietary habits
such as fruit and vegetable consumption, fat intake,
and red meat and fish consumption, the significant
inverse relationship remained (P= 0.005). In con-
trast, refined grain intake was associated with
increased mortality for those in the quintile of high-
est refined grain intake compared to those in the
quintile of lowest intake (Figure 2).

Similarly in over 47 000 men and women in Nor-
way aged 35–56 years studied over 9 years, hazard
rate ratios (HRR) for total mortality were inverse
and graded across whole-grain bread score cate-
gories in men and women between the highest and
lowest bread score after adjustment for a range of
dietary and lifestyle factors. The bread score was
calculated using number of slices consumed per
day and the proportion of whole-grain flour used.
The analysis found that both components of the
whole grain scoring system contributed to these
inverse trends (% deaths between highest and lowest
scores categories: 7% versus 10% for men and 2.7%
versus 4.6% for women).

In the Physicians’ Health Study, breakfast cereal
consumption was used as an indicator of whole-

grain intake in over 86000 US male physicians aged
40–84years studied over 5.5 years. Breakfast cereal
consumption was assessed using a semiquantitative
FFQ where men had to report the amount, frequency,
brand, and type of cereal consumed over the previous
year. Whole-grain cereals were classified as those
with >25% whole grain or bran by weight; all others
were considered to be refined grains. Whole-grain
breakfast cereal consumption was inversely asso-
ciated with total mortality independent of a range
of dietary and lifestyle considerations.

The use of bread and cereal intakes as a measure
of total whole-grain consumption is of some con-
cern, as the extent to which they correlate with
overall whole-grain consumption is uncertain.
Indeed, such studies also fail to distinguish whether
it is in fact something within the whole-grain pack-
age that is of benefit, or something else entirely.

Cardiovascular Disease

Cardiovascular diseases are responsible for over a
third of all deaths and are the biggest contributor
to the global burden of disease. There are a number
of studies to suggest that individuals who consume a
diet rich in whole-grain foods have a lower inci-
dence of heart disease, although the mechanism is
still unclear (see Table 2).

Increases in the consumption of whole grains have
been shown to decrease CHD deaths and the risk of
stroke and heart disease in some, but not all, epide-
miological analyses. In the study of postmenopausal
Iowan women there was a reduction in relative risk
(RR) of ischemic heart disease of about a third in
those consuming at least 1 serving of whole-grain
foods per day. This relationship was attributable to
differences in the consumption of dark breads and
whole-grain breakfast cereals while less common
whole-grain foods such as popcorn, brown rice,
and oatmeal showed no relationship with CVD. A
significant inverse relationship between increasing
whole-grain intake and risk was also observed for
CHD and total CVD, but not stroke alone
(Figure 3).

Similar results were obtained in the Nurses’
Health Study of 75 000 women aged 38–63 years
who were free from existing diabetes, angina, myo-
cardial infarction, stroke, or other CVDs at baseline.
Here, a significant inverse relationship was observed
between CHD and whole-grain consumption even
after multivariate adjustment for known confoun-
ders such as age, smoking, BMI, alcohol, and other
dietary and lifestyle factors. For each additional ser-
ving of whole-grain food per day, the authors found

Multivariate adjusted Hazard Rate Ratios across quintiles
of refined and whole grain intakes for all cause mortality
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diabetes, heart disease, cancer, BMI, WHR, physical activity,

smoking, alcohol intake, use of vitamin supplements, HRT, total

fat, saturated fat, intake of fruits and vegetables, intake of meat

and intake of fish and seafood.

498 WHOLE GRAINS



a relative risk of 0.91 (95% confidence interval (CI)
0.85, 0.97) for CHD risk.

In this study there was also a significant inverse
relationship between whole-grain intake and risk of
ischemic stroke. After adjustment for smoking and
other known CVD risk factors, the relationship was
attenuated but remained significant. However, after
further adjustment for assorted dietary variables
(folate, vitamin E, fiber, magnesium, and potas-
sium), the effect was no longer significant. Unlike
previous studies, the authors defined the different
categories of stroke and found that although risk

of hemorrhagic stroke or incident fatal strokes did
not appear to be influenced by whole-grain con-
sumption, total stroke risk was inversely related to
consumption of whole-grain foods.

It is notable that in many studies subjects with the
highest intake of whole-grain foods also had the
healthiest lifestyles and the relationship with whole-
grain foods is attenuated after adjustment for other
diet and lifestyle variables. The exact mechanisms of
protection are unclear. Diets rich in whole-grain
foods tend to reduce serum LDL-cholesterol and
TAG levels whilst increasing HDL-cholesterol con-
centrations and blood pressure is lower. This may
be due in part to the dietary fiber, but the effect
usually persists after adjustment for fiber intake.
Whole grains also contain a number of specific com-
ponents that may have heart health benefits, includ-
ing antioxidants (vitamin E and selenium), B
vitamins, flavonoids, and indoles. These may reduce
oxidative stress and homocysteine levels, and the iso-
flavone content of these grains may positively influ-
ence vascular reactivity and the inflammatory state.

Type 2 Diabetes

The prevalence of type 2 diabetes has reached epi-
demic proportions with over 150million cases diag-
nosed worldwide; this number is expected to double
by 2025. The concurrent rise in obesity has been
directly linked to insulin resistance and compensatory
hyperinsulinemia and eventual type 2 diabetes, with
over 80% of diagnosed type 2 diabetes being the
result of excess body fat. Public health

Table 2 Summary of the evidence relating a reduced risk of CVD to increased whole-grain consumption

Evidence for a

reduced risk of:

Cohort Reported association Reference

CHD Californian

Seventh Day

Adventists

Lower RR for

preference of whole

grain bread

Fraser et al. (1999) Associations between diet and cancer,

ischemic heart disease, and all-cause mortality in non-Hispanic

white California Seventh-day Adventists. American Journal of

Clinical Nutrition 70: 532S–538S.

IHD Iowa Women’s

Health Study

Lower RR for

increasing whole

grain consumption

Jacobs et al. (1998a) Whole grain intake may reduce the risk of

ischaemic heart disease in postmenopausal women: The Iowa

Women’s Health Study. American Journal of Clinical Nutrition

68: 248–257.

CHD and CVD Iowa Women’s

Health Study

Lower RR for

increasing whole

grain consumption

(except for stroke

after adjustment)

Jacobs et al. (1999) Is whole grain intake associated with reduced

total and cause-specific death rates in older women? The Iowa

Women’s Health Study. American Journal of Public Health 89:

322–329.

CHD Nurse’s Health

Study

Lower RR for

increasing whole

grain consumption

Liu et al. (1999) Whole grain consumption and risk of coronary

heart disease: results from the Nurses’ Health Study. American

Journal of Clinical Nutrition. 70: 412–419.

Ischemic

stroke

Nurse’s Health

Study

Lower RR for

increasing whole

grain consumption

(total stroke cases)

Liu et al. (2000) Whole grain consumption and risk of ischemic

stroke in women: A prospective study. JAMA 284: 1534–1540.

Quintiles of whole grain intake
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Multivariate adjusted hazard rate ratios across quintiles
of whole grain intake for cardiovascular disease

Figure 3 * adjusted HRR for age and total energy intake.

* adjusted for age, energy intake, marital status, education,

high blood pressure, diabetes, heart disease, cancer, BMI,

WHR, physical activity, smoking, alcohol intake, use of vitamin

supplements, HRT, total fat, saturated fat, intake of fruits and

vegetables, intake of meat and intake of fish and seafood.
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recommendations to reduce fat intake, especially
saturated fat, have led to a rise in the proportion of
carbohydrates (particularly refined carbohydrates) in
the diet with consequences for postprandial glucose
and insulin metabolism. The source of carbohydrate
is also important. Whole-grain foods commonly have
a low glycemic index because whole-grain foods with
an intact bran and germ layer have a much smaller
impact on blood glucose than refined carbohydrate
foods because of their larger particle size, slowing the
rate of enzymic attack. The level of soluble fiber
within whole grains has also been identified as a
possible protector and the higher amylose content is
also thought to be beneficial. Slower rates of diges-
tion are observed when foods have more compact
granules, contain high levels of viscous soluble fiber,
and have a higher amylose to amylopectin ratio.

The relationship between whole grains and dia-
betes has been studied in five large cohorts as high-
lighted in Table 3. All of the studies have found an
inverse relationship between consumption of whole
grains or cereal fiber and disease reduction despite
slight variations in methodology.

As a proxy measure of whole-grain consumption,
the relationship between the intake of total and

specific sources of dietary fiber, dietary glycemic
index, and glycemic load in the Nurses’ Health
Study and the Health Professional’s Study was
examined. Among the 65 173 women who partici-
pated during 1986–1992, women in the highest
quintile of cereal fiber intake had a 28% lower
risk of diabetes than those in the lowest quintile of
intake (RR 0.72; 95% CI 0.58, 0.90; P= 0.001), a
significant reduction that was not observed with
fruit or vegetable fiber intakes. In men there was
an inverse relationship between cereal fiber intake
and risk of type 2 diabetes: a reduction in risk of
30% following adjustment for confounders. Again,
no significant relationship of fruit or vegetable fiber
to diabetes risk was observed.

The fiber content of whole grains has been sug-
gested as a possible explanation for the inverse rela-
tionship between total and whole-grain intakes and
risk of type 2 diabetes observed in a 10-year follow-
up of Finnish men (n= 2286) and women
(n= 2030). When the highest and lowest quartiles
of whole-grain consumption were compared there
was an over 30% reduction in risk following adjust-
ment for age, sex, geographic area, and energy
intake. Cereal fiber, but not that from fruits and

Table 3 Summary of the evidence relating a reduced risk of type 2 diabetes to increased whole grain consumption, including studies

where cereal or dietary fiber intake is taken as a surrogate marker for whole-grain intakes

Evidence for a

reduced risk of:

Cohort Reported Association Reference

Epidemiological

Type 2 diabetes Nurse’s Health

Study

Lower RR with increased

dietary fiber

Salmeron et al. (1997a) Dietary fiber, glycemic load, and

risk of non-insulin-dependent diabetes mellitus in

women. JAMA 277: 472–477.

Type 2 diabetes Health

Professionals

Follow-up Study

Lower RR with increased

dietary fiber

Salmeron et al. (1997b) Dietary fiber, glycemic load, and

risk of NIDDM in men. Diabetes Care 20: 545–550.

Type 2 diabetes Finnish Mobile

Clinic Health

Lower RR with increased

whole grains

Montonen et al. (2003) Whole-grain and fiber intake and

the incidence of type 2 diabetes American Journal of

Clinical Nutrition 77: 622–629.

Examination Survey

Type 2 diabetes Health

Professionals

Follow-up Study

Lower RR with increased

whole grains

Fung et al. (2003) Whole-grain intake and the risk of type 2

diabetes: a prospective study in men. American Journal

of Clinical Nutrition 76: 535–540.

Type 2 diabetes Nurse’s Health

Study

Lower RR with increased

whole grains

Liu et al. (2000) A prospective study of whole-grain intake

and risk of type 2 diabetes mellitus in US women.

American Journal of Public Health 90: 1409–1415.

Risk factors for

type 2 diabetes

and CVD

Framingham

Offspring Study

Reduction in fasting insulin

with increasing whole-grain

intake

McKeown et al. (2002) Whole grain intake is favourably

associated with metabolic risk factors for type 2 diabetes

and cardiovascular disease in the Framingham Offspring

Study. American Journal of Clinical Nutrition 76: 390–398.

Intervention

Insulin sensitivity 11 hyperinsulinemic

overweight

patients

Reduction in fasting insulin

following diet rich in whole

grains

Pereira et al. (2002) Effect of whole grains on insulin

sensitivity in overweight hyperinsulinaemic adults.

American Journal of Clinical Nutrition 75: 848–855.
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vegetables, was inversely related to risk of type 2
diabetes even after adjustment for a number of
confounders. Adjustment for cereal fiber consider-
ably weakened the association between whole-grain
consumption and risk of type 2 diabetes, suggesting
that this may be a significant component of the
whole-grain package.

The effect of whole-grain consumption specifi-
cally, rather than fiber intakes, on incidence of
type 2 diabetes was examined in the Health Profes-
sional’s Follow-up Study. Over a 12-year follow-up
period, intakes of whole and refined grains were
analyzed using a validated semiquantitative FFQ.
Despite no baseline history of diabetes or CVD,
1197 cases of incident type 2 diabetes were identi-
fied in this male cohort. Following adjustment for
dietary and life style confounders including age,
smoking, physical activity, and fruit and vegetable
intake, there was a reduced risk of type 2 diabetes of
almost 40% in those with the highest quintile com-
pared with the lowest quintile of whole-grain
intakes. The results were attenuated after adjust-
ment for BMI, although the relationship remained
significant. In those with a BMI >30 kgm�2 the
association between whole grain and type 2 diabetes
was weak, whereas in those men with a BMI <30
kgm�2 a 50% risk reduction was observed in those
who consumed the most whole grains. However,
after adjusting for components of the whole-grain
package such as cereal fiber, magnesium, and glyce-
mic load, the statistical significance was lost
(Figure 4).

These findings in men were similar to those
observed by Liu et al. (2000) when they looked
specifically at whole and refined grain intakes in
the women participating in the Nurses’ Health

Study. During the 10-year follow-up, 1879 cases of
incident type 2 diabetes were confirmed. Although
the women with the highest intake of whole grain
had other beneficial dietary and lifestyle factors,
whole-grain intake was inversely related to risk.
There was a significant inverse association between
the highest and lowest quintiles of whole-grain
intake after adjustment for age and energy intake.
Although attenuated after adjustment for BMI and
other lifestyle factors, the relationship remained sig-
nificant. Again BMI appeared to be the strongest
confounding factor. Women in the lowest quintile
of intake ratio (those with low whole grain or large
refined grain intakes) had a 57% greater risk of type
2 diabetes than women in the highest quintile.

In a cross-sectional assessment of 2941 subjects in
the Framingham Offspring Study the effect of whole-
grain intake on metabolic risk factors for type 2
diabetes and CVD was examined. Dietary intake
was assessed using a semiquantitative FFQ in the
participants who were free from diabetes or high
cholesterol. Breakfast cereal type was used to quan-
tify whole-grain intakes based on a whole-grain con-
tent of over 25%. Other foods identified as whole
grain were dark breads, popcorn, and oatmeal.
Whole-grain intakes were similar between men and
women (mean 8.3 and 8.8 servings per week, respec-
tively) but refined grain intakes were much higher
(22.0 and 18.5 servings per week, respectively). Simi-
lar to other studies, those in the highest quintile of
whole-grain intakes (20.5 servings per week) had
lower BMI, were less likely to smoke or drink, and
dietary habits were better. Following adjustment for
a host of confounding factors, whole-grain consump-
tion in the highest quintile was associated with a
significant reduction in fasting insulin in comparison
to those in the lowest quintile of intake. Even after
further adjustment for BMI and dietary factors such
as vegetable and fat intakes, this relationship
remained significant, but was no longer significant
after further adjustment for magnesium, and insolu-
ble and soluble fibers. The association between whole
grain and fasting insulin was most striking in those
with a BMI >30kgm�2 with the highest fasting
insulin levels being observed in those with the highest
BMI and the lowest intake of whole-grain foods.

Prospective epidemiological studies are generally
stronger than cross-sectional associations. In the
CARDIA study by Pereira and coworkers, a signifi-
cant inverse relationship was observed between
whole-grain foods and fasting insulin levels among
over 3500 black and white young Americans aged
18–30 years. A dietary history was collected at base-
line and 7 years later, while insulin measurements
were collected at 10 years follow-up. After

Relative risks of cumulative average whole
and refined grain intakes on risk of type 2

diabetes in men by quintiles of grain intake 
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Figure 4 * adjusted for age, period, physical activity, energy

intake, missing FFQ data, smoking, family history of diabetes,

alcohol intake, fruit intake and vegetable intake. * additionally

adjusted for BMI <30kg/m2 and >30kg/m2.
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adjustment for a number of dietary and lifestyle
factors an inverse and graded response was observed
between whole-grain intake at 7 years and the insu-
lin measurements collected at 10 years follow-up,
although the relationship was not significant in
black women.

There is only one small intervention study that
examines the impact of increasing wholegrain
consumption. In this study, it was found that
after 6weeks there was a 10% reduction in fasting
insulin compared to results observed following the
refined grain diet (141� 3.9 pmol l�1 versus
156� 3.9 pmol l�1; P< 0.01). This relationship
remained even after adjustment for body weight
changes (nonsignificant change of �0.7 kg on
whole-grain diet) and physical activity.

As for other diseases the mechanism of the effect
of wholegrain on insulin sensitivity is not entirely
clear and may in part be mediated through effects on
body weight. Cereal fiber and possibly certain
micronutrients such as magnesium may also be
important since the wholegrain effect is attenuated
after adjustment for these variables.

Cancer

Dietary factors are thought to account for about 35%
of all cancers but the role of any specific dietary
factor or dietary regime has only been established
for certain types of cancer. Only a few studies have
looked at the links between wholegrain intake and
cancer. In the Iowa Women’s Study there was a 30%
reduction in cancer deaths when comparing those
with the highest quintile of whole-grain intake to
those in the lowest quintile, after adjustment for age
and energy intake. However, once other dietary and
lifestyle factors were included within the multivariate
analysis this relationship was attenuated and lost its
statistical significance. Similar findings were observed
in the Norwegian County Study with a 28% reduc-
tion in cancer deaths from the highest to lowest
quintile of wholegrain when adjusted for age and
energy intake. However, the effect was no longer
significant after further adjustment for other dietary
and lifestyle factors.

A number of studies have used case–control designs
to investigate the relationship between whole-grain
consumption and cancer incidence, although these
suffer from the inherent flaws of such study designs,
especially those involving recall of past dietary habits.
In an analysis of 40 case–control studies, 90% of the
studies included had an odds ratio (OR) <1, of which
55% reached statistical significance in favor of a ben-
efit of wholegrain. The pooled OR for high versus
low intakes of whole-grain foods was 0.66 (95% CI

0.60, 0.72). Most data pertain to the link with cancers
of the digestive tract. The majority of pooled-odds
ratios for specific cancers were between 0.5 and 0.8,
except for breast and prostate cancers, which were
0.86 and 0.90, respectively. The differing types of
dietary data collection impacted on the findings.
Where only whole-grain frequency was recorded the
pooled OR was 0.82 in those who ate whole grains
infrequently and 0.59 among habitual consumers
(P< 0.0001 for trend). Similar results were found in
those studies reporting intake by tertiles (OR 0.81 and
0.62 for the second and third tertiles, respectively;
P= 0.0001) and those reporting actual quantities of
intake found a downward trend in ORs as the dose
increases, although the trend is not strong (P= 0.18)
suggesting that the dose-response relationship
between whole grain and cancer types may only be
modest.

The whole-grain package contains a number of
components that have been identified as having ben-
eficial effects on cancer risk, including antioxidants
and flavonoids, isoflavones, fermentable carbohy-
drates, and resistant starch. Although many studies
have been conducted looking at the effect of indivi-
dual components that can be found within the
whole-grain package on cancer risk, few studies
have looked specifically at whole grains per se.
Although a relationship has been observed between
whole-grain consumption and cancer deaths, studies
of cancer incidence and whole-grain consumption
are not significant after adjustment for potential
confounders. This is a good example of how
consumption of whole-grain foods appears to be a
marker of dietary habits associated with a reduction
in risk, and they are not necessarily specifically
important in their own right.

Dietary Recommendations

The epidemiological data suggest that health bene-
fits can be obtained at relatively low levels of whole-
grain consumption, typically 1–3 servings per day.
In most studies, there was no clear dose–response
relationship and a suggestion of a threshold effect as
benefits were seen at the third quintile of whole-
grain intakes with no further reduction in risk as
intakes increased. However, assessment of intakes
in different countries show that this threshold level
of intake is not being achieved.

International dietary Guidelines recommend
increased grain consumption. At present, the USA
is the only nation to specify exact quantities of
whole grain foods, and it is only within the last
few years that whole grains have been considered
seperately from total grain foods.
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The recommendations for grains have evolved
over time to reflect changes in research and to sim-
plify and clarify consumer messages. The latest
American Dietary Guidelines (2005) now state a
recommendation of 3 or more ounce-equivalent por-
tions of whole-grain foods daily, with a further
recommendation that at least half of grain consump-
tion should be whole-grain.

This recommendation of three servings per day
was also specifically incorporated in the Department
of Health and Health Services nutrition objectives
for 2010 (US Department of Health and Human
Services, 2000).

In the UK, the Food Standards Agency explicitly
encourages consumers to select whole-grain varieties
in their healthy eating advice, although no exact quan-
tities are given. Many other European countries also
tend to place emphasis on only cereals and fiber, with-
out necessarily specifically highlighting whole grains.

Using data compiled from focus groups and con-
sumer interviews in the US, a number of reasons as
to why consumption of whole-grain foods may be
low have been indentified. Consumers report diffi-
culties in identifying whole-grain foods and
express limited knowledge about the preparation
and cooking of whole-grain foods. Adolescents in
particular reported that whole-grain foods were
bland and have a dry taste. While breakfast cereals
appear to be well received in this age group, whole-
grain breads were described as dry and bitter.
Furthermore, whole-grain varieties of bread, pasta,
and rice tend to be more expensive and this may
deter those in low income and vulnerable groups.

In a UK intervention study to increase whole-
grain consumption, 25–40-year-olds were encour-
aged to increase whole-grain food consumption
over a period of 2weeks by gradually increasing
servings from 1 to 5 servings per day. Volunteers
were given positive health messages about eating
more whole-grain foods, were helped in identifying
such food products, and were also given advice on
how to incorporate them easily into their existing
diet. In post study focus groups, participants were
positive about the changes made and were happy to
continue consuming whole-grain foods but at lower
levels than that prescribed during the study period.
Similar to findings in the US, breakfast was found to
be a good meal to change habit and breakfast cereals
and bread type was deemed the easiest way of incor-
porating whole-grain foods.

Consumer research suggests that few people are
aware of the health benefits of whole-grain foods.
Although other food groups, such as fruits and vege-
tables, have been identified as possessing health ben-
efits, the association between whole-grain foods and

a reduced risk of a number of chronic diseases is not
recognized among the general population or indeed
health professionals. Recent health claims in the US
and UK may help to address this knowledge gap. In
addition, consumer initiatives such as the ‘Whole
Grain for Health’ campaign in the UK, and ‘Go
Grains’ in Australia provide ongoing education
relating to the benefits of including whole-grain
products within the diet.

See also: Dietary Fiber: Physiological Effects and
Effects on Absorption; Potential Role in Etiology of
Disease; Role in Nutritional Management of Disease.
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Introduction

Knowledge of the occurrence of zinc deficiency and
its importance to human health has increased greatly
in recent years. Available evidence indicates that
zinc deficiency is an important contributing factor
to impaired growth and development, morbidity,
and mortality among children in underprivileged
settings. Presently, there are few estimates of the
prevalence of zinc deficiency in developing countries
based on dietary intake or biochemical indices.
However, national level estimates of the adequacy
of zinc in the food supply and the prevalence of
childhood growth stunting can be used to inform
on the relative risk of zinc deficiency among coun-
tries. National programs to improve zinc status
through either supplementation or food fortification
are just being initiated.

Recognition of Zinc Deficiency
in Developing Countries

The recognition of zinc deficiency as an important
contributor to the high rates of morbidity, mortality,
and delayed growth and development among chil-
dren is relatively recent in contrast to the earlier
recognition of the importance and widespread
occurrence of deficiencies of iodine, vitamin A, and
iron. Coordinated efforts to address vitamin A defi-
ciency in less developed countries were formally

initiated by the establishment of the International
Vitamin A Consultative Group (IVACG) in 1975.
In the mid-1980s, similar groups were founded for
the control of iodine deficiency disorders (Interna-
tional Council for the Control of Iodine Deficiency
Disorders; ICC/IDD) and iron deficiency (Interna-
tional Nutritional Anemias Consultative Group;
INACG). It was not until the year 2000 that a
similar group emerged, the International Zinc Nutri-
tion Consultative Group (IZiNCG), to promote the
control of zinc deficiency in more vulnerable
populations.

The detection of zinc deficiency in populations
and the recognition of its association with health
outcomes have been somewhat more challenging
for zinc than for other nutrients, contributing to
the delay in efforts to control it. The ability to
diagnose zinc deficiency in individuals using bio-
chemical measures is somewhat limited. For exam-
ple, the concentration of zinc in serum or plasma
may not diminish until the depletion of zinc is
more advanced, making it less useful for diagnos-
ing mild to moderate zinc deficiency states in indi-
viduals. Other possible biochemical indicators of
zinc status have not been consistently demon-
strated to reflect change in zinc status. These lim-
itations may have subsequently dampened
enthusiasm for evaluating zinc status at the popu-
lation level. Furthermore, the health conditions
that are clearly associated with zinc deficiency
(e.g., childhood growth stunting, common child-
hood infections, and mortality; described in
further detail below) are general in nature and
have multiple causes. This is in contrast to the
strong iconic association of iodine deficiency with
goiter and cretinism, vitamin A deficiency with eye
disorders and blindness, and iron deficiency with
easily diagnosable anemia. The nonspecific nature



of health outcomes associated with zinc deficiency
is in concordance with the role of zinc in a wide
variety of biological functions, covering all human
physiological systems. Thus, the very nature of
zinc metabolism and the ubiquity of zinc in biolo-
gical functions at the molecular, cellular, and phy-
siological levels has likely contributed to the
difficulties and delays in recognizing the important
contribution of zinc deficiency to impaired health
and development. A brief history of the knowledge
of zinc deficiency in developing countries is pre-
sented in Table 1.

Causes of Zinc Deficiency in Developing
Countries

Although the etiology of zinc deficiency in develop-
ing countries has not been thoroughly studied, the
main contributing factor is believed to be inadequate
intake of zinc in bioavailable (i.e., available for
absorption across the intestine) forms.

Inadequate Dietary Intake of Zinc

In general, the risk of inadequate intake of dietary zinc
withinapopulationmaybeassociatedwith thenatureof
the food supply, and its content and relative

bioavailability of zinc. Animal source foods, in particu-
lar shellfish, small whole fish, beef, and organ meats
suchas liver andkidney, are rich sourcesof zinc. Further-
more, the zinc contained in animal source foods is more
highly bioavailable than from plant source foods; the
presence of certain amino acids (e.g., histidine, methioi-
nine), or perhaps other unidentified factors, may facil-
itate the intestinal absorption of zinc from animal flesh
foods. Plant source foods, such as most fruits and vege-
tables including green leaves, and starchy roots and
tubers, have relatively low zinc content. While whole
grains and legumes have moderate to high zinc content,
these foods also contain large quantities of phytate
(phytic acid or myo-inositol hexaphosphate), the
most potent identified dietary inhibitor of zinc absorp-
tion. The zinc and phytate content, and the phytate:
zinc molar ratio of some foods are shown in Table 2.

Table 1 History of knowledge of zinc deficiency in developing

countries

Year Event or publication

1963 Relationship between zinc deficiency and

hypogonadal dwarfism noted in Egypt

1972 The role of zinc deficiency in hypogonadal dwarfism

described in Iran

1974 Zinc demonstrated to increase linear growth, weight,

and bone age in Iranian pubertal boys

1982 Supplemental zinc demonstrated to increase linear

growth in Chinese preschool children

1993 Supplemental zinc during pregnancy demonstrated

to increase birth weight and gestational age of

infants in India

1996 Supplemental zinc demonstrated to decrease the

prevalence of diarrhea and pneumonia among

malnourished children in Vietnam

1999 Pooled analysis of randomized, controlled, zinc

supplementation trials indicates a significant

positive effect of zinc on reducing the incidence of

diarrhea and pneumonia

2000 Establishment of the International Zinc Nutrition

Consultative Group (IZiNCG)

2001 Mortality reduced by zinc supplementation among

low-birth-weight infants in India

Zinc supplementation recommended as adjunctive

therapy for childhood diarrhea

2002 Meta-analysis of randomized, controlled zinc

supplementation trials indicates a modest but

significant overall improvement in growth

Table 2 The content of zinc and phytate, and the phytate:zinc

molar ratio in uncooked foods

Food Zinc

(mg/100g)

Phytate

(mg/100g)

Phytate:zinc

molar ratio

Cereals

Corn 1.8 800 44

Pasta 0.7 282 40

Rice (milled) 1.1 352 32

Wheat or whole-

wheat bread

2.9 845 29

White bread 0.9 30 3

Nuts and legumes

Lentils/mung beans 1.3 358 27

Peanuts 3.3 1760 53

Peas 2.9 1154 39

Red beans 2.9 1629 56

Roots and tubers

Cassava 0.3 54 18

Potato 0.3 81 27

Sweet potato 0.5 50 10

Vegetables

Cabbage 0.1 0 –

Green leaves 0.2 42 21

Onion 0.2 0 –

Tomato 0.1 6 6

Fruits

Banana 0.2 0 –

Coconut 1.1 324 29

Orange 0.1 0 –

Mango 0.0 20 –

Animal source

foods

Beef 3.0 0 –

Chicken 1.3 0 –

Eggs 1.1 0 –

Fish 0.5 0 –

Milk 0.4 0 –

Pork 1.9 0 –
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Plants synthesize phytate, which occurs in highest
concentration in seeds and to a lesser extent in vege-
tative plant parts. Phytate forms chelates with zinc
and other minerals; as this compound is largely undi-
gested and is not absorbed, it carries the chelated
portion of dietary zinc out of the intestine, thus reduc-
ing the amount of zinc available for absorption. The
phytate:zinc molar ratio of the diet can be used to
estimate the bioavailability of zinc. Populations with a
heavy dietary reliance on unrefined cereals or
legumes, complemented with only small amounts of
zinc-rich animal source foods, will have lower intakes
of bioavailable zinc. Although milling cereal
grains removes large amounts of phytate, it also
removes large amounts of zinc. Thus, among popula-
tions with a heavy dietary reliance on refined cereals
(e.g., rice) or starchy roots and tubers (e.g., potatoes,
cassava) with small amounts of zinc-rich animal
foods, the total intake of dietary zinc will be low. In
either case, low food intakes due to food insecurity
will exacerbate the risk of not meeting daily physio-
logical requirements for absorbed zinc.

Other Causes of Zinc Deficiency

There are a few other commonly occurring condi-
tions in developing country settings that may con-
tribute to zinc deficiency. Diarrhea may not only
lead to a reduced absorption of dietary zinc during
the episode due to increased intestinal transit time,
but may also cause an increase in the loss of body
zinc. Under normal physiological conditions, zinc is
secreted into the intestine in large quantities together
with digestive juices but is largely reabsorbed again;
diarrhea may interfere with the reabsorption of this
zinc. Given the important role of the intestine in
regulating dietary zinc absorption, and the secretion
and reabsorption of body zinc during digestion, con-
ditions that affect the health or integrity of the
intestine, such as tropical enteropathy, could inter-
fere with the adequate maintenance of zinc balance.
The contribution of these conditions to zinc defi-
ciency in developing countries requires investigation.

Prevalence of Zinc Deficiency
in Developing Countries: Available
Evidence

Relatively little information on population zinc sta-
tus has been collected at the national or subnational
level in developing countries. Thus, only very limited
estimates of the prevalence of zinc deficiency are
available that are based on the proportion of the
population with low concentrations of serum zinc
or inadequate dietary zinc intakes. Estimates of the

magnitude of risk of zinc deficiency in a population
have therefore been derived from more indirect indi-
cators, such as the:

� adequacy of zinc in the national food supply;
� national prevalence of childhood growth stunting;

and
� occurrence of a positive response of health condi-

tions to supplemental zinc as determined by ran-
domized, controlled zinc supplementation trials.

Adequacy of Zinc in the National Food Supply

As described above, the nature of the food supply will
provide some information on the likelihood of risk of
inadequate dietary zinc within a population. Informa-
tion compiled by the United Nation’s Food and Agri-
culture Organization has been used to estimate the
potential risk of inadequate zinc in the food supply
for a large number of countries. This estimate uses
country level data on the per capita amounts of 95
different food commodities available for human con-
sumption, and estimates of the zinc content and phy-
tate:zinc molar ratio of these foods, to calculate the per
capita amount of bioavailable zinc in the food supply.
The per capita amount of bioavailable zinc is com-
pared to the physiological requirement for absorbed
zinc weighted for the demographic distribution of the
population. The theoretical proportion of the popula-
tion at risk of inadequate dietary zinc is used to esti-
mate the relative risk of zinc deficiency at the national
level. For example, countries with 25% or more of the
population at risk of inadequate dietary zinc are con-
sidered to be at elevated risk. This information is
limited in that it represents the national average situa-
tion and cannot identify subnational populations that
may be at elevated risk. In the absence of more direct
measures of zinc status, such estimates will justify the
need to conduct population surveys that measure risk
of zinc deficiency more directly.

Estimates of the proportion of the population at
risk of inadequate dietary zinc based on food supply
data have been calculated for 176 countries; a sum-
mary of the tabulations by developing country
region is given in Table 3, and compared to those
from North America. Overall, these estimates sug-
gest that about 20% of the world’s population is at
risk of inadequate dietary zinc intake.

National Prevalence of Childhood Growth Stunting

Zinc deficiency is a common limiting factor to ade-
quate child growth in developing country settings.
A meta-analysis of 25 studies using a randomized,
placebo-controlled design, which measured change in
linear growth of children following zinc supplementa-
tion for at least 2months, indicated that supplemental
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zinc had an overall, positive effect on linear growth.
This meta-analysis also demonstrated that a low group
mean index of child height-for-age (i.e., 1.58 SD below
the reference median for height-for-age) predicts an
improvement in linear growth in response to supple-
mental zinc. Therefore, a high prevalence of childhood
growth stunting in a population represents an elevated
risk of zinc deficiency. The World Health Organiza-
tion suggests that when the prevalence of children with
height-for-age of 2 SD below the reference median is
20% or higher, childhood growth stunting should be
considered a problem of public health concern; this
prevalence may likewise be indicative of an elevated
risk of zinc deficiency. The World Health Organiza-
tion maintains a global database on the prevalence of
low height-for-age at the national and subnational
level for a large number of countries.

Occurrence of a Positive Response of Health
Conditions to Supplemental Zinc

Suggestive evidence for the widespread occurrence of
zinc deficiency in developing regions is derived from
the large number of countries from a wide geographi-
cal range where positive health changes were
observed in response to supplemental zinc. The health
conditions that have been positively affected by
supplemental zinc, as demonstrated through rando-
mized, controlled, community-based zinc supplemen-
tation trials and the locations of these studies are
described in detail in the following section.

Consequences of Zinc Deficiency in
Developing Countries: Evidence Derived
from Zinc Supplementation Trials

In the context of developing country settings, present
knowledge on the health consequences of zinc

deficiency has been almost entirely derived from com-
munity-based trials of zinc supplementation among
populations at possible risk of zinc deficiency. In
these trials, individuals in the study population are
randomly allocated to receive either a zinc supple-
ment, usually in the form of tablets or syrups, or the
same supplement format without zinc (i.e., placebo).
The condition under study is then monitored for a
given period (typically for 2months to one year), and
the occurrence of or change in the condition is com-
pared between the zinc-supplemented group and the
corresponding control group. Given that several
other nutritional and environmental factors can
influence the health conditions hypothesized to
occur with zinc deficiency, such studies have been
essential in demonstrating unequivocally the causal
role of zinc deficiency in these conditions among
human populations. The following section provides
an overview of the population groups at elevated
risk of zinc deficiency, and the health consequences
associated with zinc deficiency, as concluded from
these studies.

Groups at Elevated Risk of Zinc Deficiency

In accordance with age and physiological status, some
population groups have increased daily physiological
requirements for absorbed zinc. The incorporation of
zinc in new tissues being synthesized such as occurs
during growth and pregnancy or the secretion of zinc
in breast milk during lactation require that relatively
larger amounts of zinc are absorbed daily. These
increased needs for zinc increase the challenge of acquir-
ing sufficient amounts of absorbable zinc from the food
supply. Those groupswith higher zinc requirements and
who are thus at elevated risk of zinc deficiency include:

� infants (particularly those born prematurely);
� young children;

Table 3 Adequacy of dietary zinc in the food supply in major developing country regions, as compared to North America

Population

(millions)

Zinc

(mg/caput/day)

Phytate:zinc

molar ratio

Zinc from

animal source

foods (%)

Estimated population

at risk of inadequate

zinc intake (%)

North America 305 12.5 11 61 10

China 1256 12.4 16 37 14

Latin America

and Caribbean

498 10.3 20 42 25

South Asia 1297 10.8 26 11 27

Southeast Asia 504 9.2 24 21 33

Sub-Saharan Africa 581 9.4 26 15 28

Adapted with permission from Food and Nutrition Bulletin (2004) (suppl 2) 25: S135.

International Zinc Nutrition Consultative Group (Brown KH, Rivera JA, Bhutta Z, Gibson RS, King JC, Ruel M, Sandström B,Wasantwisut E,

Hotz C, Lönnerdal B, Lopez de Romaña D, and Peerson J) (2004) Assessment of the risk of zinc deficiency in populations and options for its

control. Food and Nutrition Bulletin 25: S91–S202.
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� children recovering from severe malnutrition;
� adolescents; and
� pregnant and lactating women.

At least some evidence exists for the occurrence of
zinc deficiency among each of these groups in
developing country settings. The elderly may also
be at elevated risk of zinc deficiency, due to a
decline in adequacy of zinc intakes and possibly a
reduction in the absorption of dietary zinc. How-
ever, evidence for zinc deficiency among the elderly
has thus far only been derived from industrialized
countries; elderly populations have not been the
subject of study of zinc deficiency in developing
countries.

Growth and Development of Children

Many children in developing country settings experi-
ence poor growth, in comparison to relatively
healthy children from more developed countries.
The prevalence of low height-for-age and weight-
for-age indices among children under 5 years of age
are used as indicators of poor living conditions, to
which poor diet, poor environmental and social con-
ditions, and higher exposure to infectious diseases
contribute. Similar conditions can result in impaired
neurobehavioral development and cognitive

function, putting children in developing countries
at further disadvantage. Evidence exists for a speci-
fic role of zinc in both of these aspects of child
development. Table 4 provides a summary of coun-
tries in which improved growth or development in
response to supplemental zinc has been clearly
demonstrated.

Growth Zinc plays an important role in child
growth. Several mechanisms may be involved,
including the role of zinc in the transcription and
translation of genetic material and, perhaps more
importantly, the regulatory role of zinc in the pri-
mary endocrine system, which controls growth (i.e.,
the growth hormone-somatomedin axis). Specifi-
cally, zinc status is associated with the concentration
of circulating insulin-like growth factor-1, the prin-
cipal growth factor that controls early childhood
growth. Among populations where growth retarda-
tion occurs, both height and weight gain have
improved following supplemental zinc. Stimulation
of linear growth appears to be the primary response,
while the increase in body weight likely reflects the
synthesis of lean tissue such as bone, cartilage, and
muscle associated with linear growth. This is evident
because, in general, weight does not increase

Table 4 Countries from developing regions with documented evidence of improved growth or development in response to

supplemental zinc

Region Country Population group Development outcome improved

Eastern Mediterranean Iran Pubertal boys Height, weight, bone age

Latin America and

Caribbean

Belize Preschool children Height

Brazil Low-birth-weight infants Weight

Chile Low-birth-weight infants Length

Severely malnourished infants Length gain

Preschool children (boys only) Height

Preadolescent and adolescent children

(boys only)

Height

Guatemala Infants (growth stunted) Length, lean body mass, physical

activity

Preadolescent children Mid upper arm circumference

Jamaica Severely malnourished infants and

preschool children

Lean tissue synthesis

South and Southeast

Asia

Bangladesh Infants (low serum zinc concentration) Weight

Severely malnourished infants and

preschool children

Weight gain

China Infants Length, weight

Preschool children Height, weight

Preadolescent children Heel-to-knee heighta

Neuropsychological performance

India Preschool children Physical activity level

Japan Preadolescent children Height

Vietnam Preschool children (growth stunted) Height, weight

Sub-Saharan Africa Ethiopia Infants (growth-stunted) Length

Uganda Preschool and school-aged children Mid upper arm circumference

aAn improvement with supplemental zinc was observed only when administered simultaneously with other micronutrients.
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independently of increased height in response to
supplemental zinc.

The magnitude of improvement in linear growth
in response to supplemental zinc is, not surprisingly,
greater among children experiencing growth retar-
dation (or ‘stunting’; >2 SD below the median
height-for-age of international reference data). Zinc
deficiency has been demonstrated to be an impor-
tant limiting factor to growth of children across a
wide range of geographical settings in developing
regions (Table 4). It should be noted that not all
studies have demonstrated a significant, positive
effect of zinc on growth. Possible explanations for
this include: the prevalence or severity of growth
stunting in the study communities was low; zinc
status was adequate; or deficiencies of other
growth-limiting nutrients coexisted thus preventing
a positive effect of zinc on growth. The latter situa-
tion may also explain the observation in some stu-
dies of a transient effect of zinc on growth.

Low-birth-weight infants (<2.5 kg) may have
additional needs for zinc, presumably to facilitate
their rapid postnatal catch-up growth. Some benefits
of supplemental zinc to growth have been observed
among low-birth-weight infants in the first 6months
of life.

Severely malnourished infants and children have
exhibited improved rates of weight gain, height gain,
or synthesis of lean tissue when supplemental zinc
has been included in their usual rehabilitation treat-
ment regimen. In these recovering children, zinc has
been shown to augment the deposition of lean tissue
by increasing protein synthesis.

Cognitive function and behavior There are a few
possible mechanisms by which zinc may be specu-
lated to affect neurobehavioral function; these
include neurotransmission in the synapses or

development of the central nervous system via the
synthesis of genetic material, proteins, and cell repli-
cation. Adequate zinc status appears to be important
for certain aspects of neurobehavioral development
among infants and children, although these asso-
ciations are not conclusive. Higher levels of activity,
specifically more frequent engagement in walking or
playing as opposed to sitting or watching, have been
observed among infants in developing country set-
tings in response to supplemental zinc. Nonetheless,
other studies have failed to demonstrate an effect of
zinc on motor scores as assessed by Bayley Scales or
Griffiths’ Developmental Assessment and, in one
case, a negative effect on the mental development
index was observed.

Evidence for improved cognitive function among
school-aged children has been derived from studies
of urban and rural children in China. In the rural
population of children, the positive effect of zinc on
cognitive function was dependent on the provision
of other supplemental micronutrients, while in the
urban group, supplemental zinc had a positive effect
that was independent of the provision of other
micronutrients. It is possible that some of the incon-
sistencies in the studies of neurobehavioral develop-
ment occur due to concurrent deficiencies of other
nutrients that also play a role in cognition (e.g.,
iodine, iron).

Infectious Diseases Among Children

Zinc has many roles in the immune system, contrib-
uting both to specific and nonspecific immune
functions. Indeed, there is ample information indi-
cating that zinc deficiency makes an important con-
tribution to some of the most common childhood
infections that occur in developing countries, as
summarized in Table 5.

Table 5 Countries from developing regions with documented evidence of a reduced prevalence of infectious disease in response to

supplemental zinc for prevention

Region Country Population studied Health condition

Latin America and Caribbean Mexico Preschool children Diarrhea

Guatemala Infants Diarrhea

Peru Preschool children Diarrhea

South and Southeast Asia India Infants and preschool children Diarrhea

India Infants and preschool children

(recovered from acute diarrhea)

Pneumonia

Infants (term, small-for-gestational-age) Mortality

Vietnam Infants and preschool children

(growth stunted and underweight)

Diarrhea

Pneumonia

Sub-Saharan Africa Burkina Faso Infants and preschool children Diarrhea

Ethiopia Infants Diarrhea

Western Pacific Papua New Guinea Infants and preschool children Malaria
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Diarrhea Zinc has an important role in both the
prevention and treatment of diarrhea, which may be
mediated both through functions in immune compe-
tence and maintenance of the integrity of the intes-
tine. Studies in various settings indicate that
provision of supplemental zinc on a nearly daily
basis reduces the incidence of childhood diarrhea
by nearly 20%, and reduces the prevalence of diar-
rhea by about 25%. The magnitude of this decrease
is similar to that expected from programs to
improve water quality and sanitation. There is no
strong evidence to suggest that greater benefits of
zinc in diarrhea prevention would occur among chil-
dren who are growth stunted. Rather, all children
living under poor conditions with exposure to diar-
rheal pathogens may potentially benefit from
improved zinc intakes.

Zinc also has therapeutic benefits for recovery
from diarrheal infections. Overall, supplemental
zinc provided to children during recovery from
either acute or persistent diarrhea leads to a reduc-
tion in the duration and severity of the episode. It
has been recommended that zinc be used in the
management of acute diarrhea, in conjunction with
oral rehydration therapy. The current recommenda-
tion is to provide 10–20mg of zinc once daily for
10–14 days.

Lower respiratory tract infections Zinc deficiency
appears to be associated with an increased incidence
of pneumonia. Evidence thus far indicates that sup-
plemental zinc reduces the incidence of pneumonia
in children by about 40%.

Malaria Only a few studies to date have consid-
ered the possible importance of zinc in protection
against malaria. Nonetheless, while it is unlikely
that improved zinc status could prevent infection
with malarial parasites, it does appear that zinc
may reduce the severity of the infection or the symp-
toms of morbidity associated with the infection.
Evidence for this is suggested by a reduction in the
number of visits to health facilities due to malaria,
but not in the number of cases of malaria as deter-
mined during daily surveillance at the child’s home,
when children in malaria endemic areas were pro-
vided with supplemental zinc.

Mortality Given the contribution of zinc defi-
ciency to three of the most common causes of
death among children in developing countries (i.e.,
diarrhea, pneumonia, and malaria) it can be
expected that zinc deficiency also contributes sub-
stantially to childhood mortality among these popu-
lations. Although still limited, available information

does suggest that supplemental zinc leads to size-
able reductions in mortality among vulnerable
groups of children. In Bangladesh, evaluation of a
program that provided supplemental zinc for
14 days as treatment for diarrhea demonstrated a
68% reduction in mortality among infants and pre-
school children. Mortality was also reduced by
two-thirds following supplemental zinc among
low-birth-weight infants in India. A nearly 60%
reduction in child mortality was observed among
children in Burkina Faso, although this was not
statistically significant. Further large-scale studies
are required to better quantify the impact of zinc
on child mortality.

Pregnancy: Maternal, Fetal and Infant Health

Few firm conclusions can be made as to the conse-
quences of zinc deficiency during pregnancy on
maternal, fetal, and infant health. Results from
zinc supplementation trials have been inconsistent
and therefore difficult to interpret. This may be
partly attributed to inadequate study design or fail-
ure to consider the zinc status of the women studied.
Most earlier studies focused on the evaluation of
gestational age and birth weight as primary out-
comes. However, zinc deficiency may also manifest
itself in more specific qualities of health and devel-
opment of the fetus and infant, as summarized in
Figure 1. While there is some evidence from indus-
trialized countries that zinc deficiency contributes to
complications during pregnancy, delivery, and post-
partum, these outcomes have not been adequately
studied in developing countries.

Control of Zinc Deficiency in Developing
Countries

Efforts to control zinc deficiency in national pro-
grams are only just being initiated. The following
information describes the current state of develop-
ment of zinc nutrition programs, and some direction
for the future.

Zinc-Containing Pharmacological Supplements

As exemplified by the results of controlled trials,
zinc supplementation is an efficacious (i.e., effective
under controlled study conditions) strategy to pre-
vent zinc deficiency. However, the effectiveness of
this strategy under realistic conditions will depend
on the success of in-country programs to distribute
zinc supplements to vulnerable populations and on
their use by the intended recipients. At present, few
such zinc supplementation programs are in place. It
may be more feasible to add zinc to iron
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supplements, use of which is widely advocated for
the prevention of iron deficiency anemia in young
children and women of childbearing age. However,
some evidence indicates that when these two miner-
als are combined, their ability to improve either zinc
or iron status diminishes. The competitive interac-
tion between iron and zinc at the level of intestinal
absorption or post-absorption may explain this
observation. Research is required to determine opti-
mal supplementation schemes for the prevention of
iron and zinc deficiencies simultaneously.

Given the recent recommendation for the use of zinc
in the management of acute diarrhea and the resultant
reduction of childhood mortality observed in one
study to date, it is expected that diarrheal treatment
programs including supplemental zinc will ensue.

Enrichment (Fortification) of Foods with Zinc

A few countries from developing regions have imple-
mented a policy for the fortification of staple foods
with zinc. Mexico established a program whereby
wheat and corn (maize) flour producers could volun-
tarily add zinc to their products (20mg/kg flour).
Indonesia has also implemented a national program
for the fortification of wheat flour, which includes
addition of zinc. The fortification of condiments,
such as fish sauce or seasoning powders in Asia,
may serve as an additional vehicle for zinc fortifica-
tion in the future. Several countries are adding zinc

(and other micronutrients) to foods that are distrib-
uted in programs targeted to specific, vulnerable
population groups. For example, in Chile and
Argentina milk powder for use by young children
is fortified with zinc, while in Mexico a milk
powder-based supplement with added zinc is direc-
ted towards young children as well as pregnant and
lactating women. As yet, there is an absence of
information on the effectiveness of these programs
to improve population zinc status.

Modification of Foods and Diets

Several strategies apart from the use of
pharmacological supplements and food fortification
have been suggested for the improvement of dietary
zinc intake in developing country settings. Cereal
crops, such as wheat, corn, and rice, are being bred
to contain higher concentrations of zinc in the grain
portion. Cereals that have a reduced content of phy-
tate have also been produced but still require further
testing of their agricultural viability and effect on
improving zinc status when used in the context of a
usual diet. Promotion of the production and use of
zinc-rich foods through community level education
and provision of starter materials could also be used.
The efficacy of most of these alternative strategies to
improve population zinc status has not yet been
tested.

Maternal zinc deficiency

Delivery complications

• Preterm labor*

Maternal health

• Pregnancy-induced hypertension*

Fetal development

• Reduced gestational age
• Impaired fetal bone development
• Impaired neurobehavioral development

Neonatal health

• Lower birth weight
• Lower Apgar score
• Increased incidence of cleft lip/palate
• Impaired immune function

Infant health

• Impaired growth (6–12 months of age)
• Higher prevalence of diarrhea or other
  infections

Figure 1 Several consequences of maternal zinc deficiency during pregnancy on maternal health, fetal development, and infant

health have been observed in developing and more industrialized countries. These consequences have been confirmed by

randomized, placebo-controlled trials of maternal zinc supplementation. Not all of the consequences have been observed in all

studies, and the reasons for inconsistent results among studies are not well understood. *Determined from studies in industrialized

countries only.
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See also: Anemia: Iron-Deficiency Anemia.
Supplementation: Dietary Supplements. Vitamin A:
Biochemistry and Physiological Role; Deficiency and
Interventions. Zinc: Physiology.
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Introduction

Zinc is only moderately abundant in nature, ranking
23rd of the elements. Of the trace elements in the
body, it is second only to iron, but, in contrast to

iron, it has a single redox state. Together with its size
and charge characteristics, this has led to its wide-
spread use in proteins of the body. The number of
zinc proteins is unknown but growing, and they
include numerous enzymes and many more nuclear
proteins that regulate gene expression. Further sets of
proteins are responsible for zinc homeostasis. The
binding sites and functions of zinc within some of
these proteins are well understood, but for others
these are less clear. In particular, the links between
the biochemical roles of zinc within proteins and its
physiological functions are often obscure. The range
of physiological functions of zinc is broad and can be
observed in all tissues of the body. In general, zinc is
required for DNA synthesis, cell division and growth,
for protein synthesis and macronutrient metabolism,
and for the development and appropriate function of
most body systems. The lack of an appropriate assess-
ment tool makes it difficult to estimate the prevalence
of zinc deficiency, but undiagnosed marginal zinc
deficiency may be a concern.

The History of Zinc as a Nutrient

The essentiality of zinc for bacterial growth has been
known for almost 150 years. Later, it was shown to be
required by plants and then, in 1934, by rats. In the
succeeding years, the essentiality of zinc was demon-
strated for other species. The fact that zinc is used
widely by plants and animals and is therefore reason-
ably widespread in the food supply led to the position
that human zinc deficiency was unlikely. It was not
until the early 1960s that Prasad and others in Iran
described a syndrome of dwarfism and lack of sexual
development in teenage boys and young adults. The
young Iranian men consumed a diet based on unlea-
vened breadwith very little animal protein and also ate
large amounts of clay (geophagia). They were anemic
and responded to treatment with ferrous sulfate
coupled with a more balanced diet including animal
protein. The other symptoms also resolved, but it
seemed unlikely that lack of iron itself was responsible.
Prasad then moved to Egypt, where he encountered a
similar syndrome. His Egyptian patients were not geo-
phagic, but they ate mostly bread and beans and were
infested with Schistosoma and hookworm. Zinc defi-
ciency was documented in these individuals, and treat-
ment with zinc wasmore effective at increasing growth
rates than either iron supplementation or a diet includ-
ing animal protein. Thus, dietary zinc deficiency was
demonstrated, presumably due to impaired absorption
because of the high fiber and phytate contents of the
diet. While severe zinc deficiency is not a frequent
problem in developed countries, the prevalence of
milder symptoms is unknown. In the USA, mild
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symptoms of zinc deficiency have occasionally been
reported (see below under Human Zinc Deficiency).

Chemistry of Zinc

The conjunction of the chemical properties of zinc
underlies its biological significance. It is a relatively
small ion (with an atomic number of 30) and carries a
positive charge of two. It attracts electrons as a strong
Lewis acid, and this property can be important in its
catalytic functions. It has relatively flexible coordina-
tion geometry and, while binding its ligands with high
affinity, exhibits rapid rates of exchange, which can
facilitate chemical reactions and biological processes.
All this is coupled with its single redox state, in contrast
to the multiple redox states of iron and copper, which
eliminates the danger of oxidative damage.While other
trace elements may share some of these properties,
none share them all. This is what makes zinc so valu-
able for protein structure and function.

Zinc in Foods

Zinc is associated with proteins in the body and
is found associated with proteins in food. Thus,
protein-rich foods tend to be good sources
(Table 1). However, there is great variability, from
egg whites, which have almost no zinc, to oysters, at
750mgkg�1. The physiological function of these
high concentrations in oysters is unknown, though
the zinc is concentrated in cells thought to serve a
phagocytic/host defense function. In addition, the
bioavailability of zinc may be quite variable, owing
to other food components eaten at the same time.

Grains and legumes may be relatively rich sources,
but bioavailability is limited owing to their phytate
content. On the other hand, animal proteins appear
to enhance zinc absorption.

Control of Zinc Homeostasis

The size and charge characteristics of zinc mandate
the use of carriers to traverse biological membranes.
Two families of transporters have been described
and partially characterized. The ZIP family (ZRT
(zinc-regulated transporter)- and IRT (iron-regulated
transporter)-related proteins, named after homologous
transport proteins in yeast and plants) appears to
move zinc into the cytoplasm of the cell, either from
outside the cell or from subcellular compartments.
The second group of transporters, the CDF (cation
diffusion factor) family, is responsible for zinc egress
from the cytoplasm. This latter family includes ZnT-1,
which has been localized to plasma membranes and
functions as a cellular efflux protein, and ZnT-2,
which transports zinc into storage vesicles under con-
ditions of high cellular zinc. Collectively, the ZIP and
CDF proteins are likely to underlie the homeostatic
control of zinc distribution around the body.

Zinc Absorption

The absorption, distribution, and excretion of zinc are
shown in Figure 1. Overall, about 20–40% of

Table 1 Dietary sources of zinc

Food Zinc content (mgkg�1raw weight)

Oysters 750

Beef, lean 59

Pork 26

Chicken breast 8

Chicken leg 18

Salmon 4

Egg, whole 11

Egg white 0.3

Milk, whole 4

Cheese, cheddar 31

Wheat, whole flour 29

Wheat, white flour 7

Rice, brown 20

Rice, polished 12

Kidney beans 27

Lentils 36

Potatoes 3

Broccoli 4

Apples 0.4

Plasma

Urine

Kidney

Liver

Feces

Pancreas

Diet

Muscle

Bone

Figure 1 Whole-body zinc homeostasis. Zinc in the intestine

comes from the diet and from endogenous secretions. A portion

is absorbed, but much is lost in the feces, which are the major

route of excretion. Absorbed zinc passes through the liver and

then to the general circulation. Zinc is distributed throughout the

body, with muscle and bone constituting the largest pools.

A minor but controlled amount of zinc is lost in the urine.
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consumed zinc is absorbed, depending on the bio-
availability within the particular food source. Zinc is
absorbed by both saturable and non-saturable pro-
cesses, with the greatest rates of absorption occurring
in the jejunum. Absorption is adjusted to meet needs,
being proportionately increased in deficiency states and
reduced when intake is high. Zinc status is reflected by
the intestinal concentration of the zinc-binding protein
metallothionein (MT). MT may trap zinc within the
epithelial cells, causing it to be lost in feces as the cells
are sloughed off. This may be part of the explanation of
how zinc absorption is adjusted to meet needs. Acro-
dermatitis enteropathica is an autosomal recessive
condition of zinc malabsorption, which can lead to
severe deficiency. The gene alteration that leads to
this condition has recently been identified in ZIP4,
which encodes one of the zinc transporters. This
protein has been localized to the apical membrane
of intestinal epithelial cells and, given the severity of
the symptoms associated with its inactivation,
appears to be necessary for normal zinc absorption.
The zinc efflux protein ZnT-1 is found at the baso-
lateral membrane and probably promotes the passage
of zinc out of the intestine. Acrodermatitis entero-
pathica can be treated with large doses of zinc, sup-
porting the existence of paracellular transport at high
intake levels. A large amount of zinc is secreted into
the gut from the pancreas and intestine (Figure 1).
Malabsorption syndromes can lead to a failure
to reabsorb these endogenous secretions and, hence,
to rapid loss of body zinc.

Transport and Distribution

The zinc pool in plasma is relatively small, represent-
ing only about 0.1% of total body zinc. It circulates
bound to albumin and �-2-macroglobulin, and about
3% is complexed with amino-acids. About fivefold
greater amounts of zinc are found in whole blood,
with erythrocytes accounting for about 75% of the
total. However, about 85% of erythrocyte zinc is com-
plexed within carbonic anhydrase and therefore does
not exchange easily. The egress of zinc from the circu-
lation across endothelial cells and into tissues of the
body is not well understood. Uptake in association
with albumin has been suggested, but members of the
ZIP family of transporters are likely to play a role here.
The tissue distribution of zinc is relatively uniform. All
cells require the mineral, and no cell stores it. The
concentration of zinc in the adult human is about
0.5mmol g�1, giving a total body content of about
2 g. More than half is found in skeletal muscle, and
about 30% is found in bone. The bone pool appears to
be more labile than the muscle pool and has been used
as an index of zinc status in experimental animals. The

liver represents another labile pool. It receives dietary
zinc from the portal circulation and contains about
5% of body zinc.

Excretion

Zinc is lost from the body primarily through the
feces (Figure 1). Feces contain unabsorbed dietary
zinc, zinc contained within intestinal epithelial cells
that have been sloughed off, and endogenous zinc
secretions into the gut from the pancreas, the gall
bladder, and the cells lining the gastrointestinal
tract. The endogenous secretions and the extent to
which they are reabsorbed can be controlled and
constitute an important homeostatic mechanism for
regulating zinc status. Zinc losses in urine are rela-
tively minor but do respond to extremes of intake to
help maintain homeostasis. Shed skin cells, sweat,
hair, menstrual blood, and semen are additional
routes of loss.

Zinc Biochemistry

Zinc homeostasis and action involve an intimate
association of the mineral with proteins. These pro-
teins include membrane transporters responsible for
the absorption of zinc in the gut and its passage into
and out of cells and subcellular organelles, transport
and delivery proteins (both in the circulation and
within cells), sensing proteins that will adjust home-
ostasis and function according to zinc availability,
and a large range of proteins to which zinc is ulti-
mately delivered. Two major classes of these latter
proteins are the enzymes and transcription factors.
In addition to its association with proteins, zinc
within cells is also found associated with membrane
lipids and both DNA and RNA. The functions of
these pools of zinc are not clear.

Homeostasis

The interaction of zinc with its transporters has not
been well characterized, though transmembrane
domains have been identified that are thought
to be responsible for the transport function. Free
concentrations of zinc within the cell appear to be
extremely low and may not constitute a sufficient
pool for the supply of zinc to its protein ligands.
This suggests the existence of delivery proteins, and
this role has been suggested for MT, which has been
shown to transfer zinc to apoenzymes in vitro. MT
was originally discovered as a cytoplasmic heavy-
metal-binding protein, which was thought to
prevent metal toxicity within cells. Additional more
significant roles were suggested by the realization
that there are multiple MT genes, which have been
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conserved through evolution. It is a small protein
that is unusually rich in cysteine and can bind
seven atoms of zinc. MT may influence the subcel-
lular distribution and availability of zinc, since its
own distribution varies. For example, the nuclear
content of MT varies with the cell cycle. MT expres-
sion is regulated not only by heavy metals but also
by a range of other signals including glucocorticoids,
interleukins, and cyclic adenosine monophosphate.
In addition, its zinc-binding activity is influenced by
the cellular redox state. For example, an increase
in the glutathione disulfide–glutathione ratio results
in the release of zinc from MT and thus an increase
in its availability for other proteins. However, dele-
tion of individual MT genes in mice has not resulted
in major pathologies, questioning the significance of
these proteins.

Investigation of the mechanism whereby zinc reg-
ulates the expression of MT led to the discovery of
the single protein known to act as a zinc sensor
within mammalian cells, MTF-1 (metal response
element (MRE)-binding transcription factor-1).
MTF-1 binds to MREs in the promoter region of
MT and other genes and regulates their expression.
The ability of MTF-1 to localize to the nucleus and
bind to its target genes depends on its zinc content.
Thus, an increase in cellular zinc levels results in
greater MTF-1 activity and, consequently, increased
expression of its target genes. In addition to MT,
which will bind more zinc, these include ZnT-1,

which will transport zinc out of the cell. These
mechanisms underlying cellular zinc homeostasis
are illustrated in Figure 2.

Zinc Enzymes

The three-dimensional structures of more than
200 zinc-containing enzymes have now been char-
acterized, and many more enzymes have been iden-
tified. All six International Union of Biochemistry
classes are represented. Zinc enzymes can be divided
into three groups according to the role played by
zinc within the protein. In the catalytic group
(e.g., carbonic anhydrase), zinc is a direct partici-
pant in the catalytic function of the enzyme. The
zinc atom is coordinated by three amino-acids
from the enzyme and a molecule of water at the
active site. In enzymes with structural zinc sites
(e.g., protein kinase C), the metal binds four
amino-acids within the protein and ensures appro-
priate folding for bioactivity. Enzymes in which
zinc serves a co-catalytic function (e.g., superoxide
dismutase) contain two or three zinc atoms, two
of which are coordinated by a shared amino-acid
residue. Coordination sites are widely spaced on
the protein, and the zinc may be used for both
structural and catalytic functions. In addition to
these three groups, zinc has also been found to
serve a bridging function between two separate
polypeptides to stabilize a biologically active larger

Nucleus

MT/ZnT-1

MTF-1

MTF-1

Storage vesicle

CDF

ZIP

ZIP

CDF/ZnT-1

Zn++

Zn++

Zn++

Zn++

MT

Figure 2 Cellular zinc homeostasis. Zinc is delivered to the cytoplasm from either the extracellular space or vesicles within the cell

by members of the ZIP family of transporters. A rise in cellular zinc results in activation and nuclear translocation of MTF-1. In the

nucleus, MTF-1 regulates the transcription of a set of target genes, including MT and ZnT-1. MT will bind zinc, and ZnT-1 will transport

zinc out across the plasma membrane. MT may govern the delivery of zinc to other proteins within the cell. Other members of the CDF

family transport zinc into vesicles.
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complex (e.g., nitric oxide synthase). A selection of
zinc enzymes is included in Table 2, which helps to
illustrate the wide variety of metabolic functions
requiring zinc.

Zinc Transcription Factors

There are many zinc enzymes, but there appear to be
even more transcription factors that use zinc. These
sites have all been identified in the last 20 years and
have been less thoroughly investigated than the zinc
enzymes. Variable numbers of zinc atoms are each
coordinated by four cysteine/histidine residues to sta-
bilize a DNA binding structure. A search of the
human genome has revealed over 1000 genes
(about 3% of those identified) containing these char-
acteristic zinc finger domains. An important class of
zinc finger transcription factors is the steroid/thyroid
receptor superfamily, which is responsible for mediat-
ing the biological response to a wide range of hormo-
nal and metabolic signals, including retinoic acid and
vitamin D. These factors all have nine conserved
cysteine residues in the DNA binding region, eight of
which are coordinated by two atoms of zinc. Loss of
zinc from these sites would interrupt biological func-
tion, but it is not clear that this ever happens in a
physiological context. Recently, the new array tech-
nologies have been used to assess the genome-wide
response to changing zinc availability in different tis-
sues, including intestine, liver, and cells of the immune
system. The gene products that have been identified as
zinc sensitive by these approaches amount to about
5% of the expressed genes within a tissue. They do
not necessarily encode zinc proteins themselves but
rather proteins whose transcription is altered by zinc.
MTF-1 is likely to mediate some but not all of these
changes, and other transcription factors whose activity
is dependent on zinc may soon be found.

Zinc Physiology

The enormous range of biochemical roles for zinc
predicts a large number of physiological func-
tions. The physiological roles of zinc may be
further extended to include secondary effects
mediated by altered food intake and effects on
the functions of other nutrients. While the physio-
logical roles for zinc are well described, it is
important to note that the connections between
the biochemistry and physiology of zinc remain
unclear. Thus, in zinc deficiency the specific
zinc-sensitive biochemical step leading to altered
physiology is usually unknown. This disconnection
will become apparent as the physiological roles of
zinc are considered. The broad distribution of zinc
through the body at the organ, cellular, and even
protein levels suggests that the functions of most
systems are dependent upon zinc. Its physiological
roles become manifest in cases of deficiency, and
that framework will be used to discuss the principal
functions here.

Growth

The requirement of zinc for the growth of
numerous organisms, ranging from bacteria to
humans, is well established. Growth failure is a
relatively early consequence of zinc deficiency in
experimental animals. Given the lack of a zinc
store, in the absence of a sufficient dietary supply
zinc will be immediately unavailable for new tis-
sue. Numerous processes seem to contribute to
the growth failure. Experiments in animals have
shown that zinc deficiency leads to a drop in
food intake, though the use of control animals
pair-fed an identical amount of a zinc-sufficient
diet demonstrates a clear role for a lack of zinc
beyond its effects on feeding behavior. The endo-
crine system is involved with multiple effects of
zinc deficiency on the somatotrophic axis, nota-
bly a reduction in circulating concentrations of
insulin-like growth factor 1 (IGF-1). Again, this
appears to be only part of the story since force-
feeding a zinc-deficient diet and administering
exogenous IGF-1 both fail to correct the growth
failure caused by zinc deficiency. Growth of cul-
tured cells is dependent on media zinc. DNA
synthesis is interrupted. Production of thymidine
kinase mRNA is diminished by the removal of
zinc, but again this appears to be only a partial
explanation. The IGF-1 signalling pathway within
cells also seems to be affected. Zinc is also
required for wound healing, presumably owing
to related processes.

Table 2 Examples of mammalian zinc-dependent enzymes

Enzyme Function

RNA polymerase Transcription and synthesis of mRNA

Carboxypeptidase A Protein digestion in the intestine

Protein kinase C Signal transduction

Carbonic anhydrase Respiration, buffering, and hydration

of carbon dioxide

Cytochrome c

oxidase

Respiration and electron transport

chain

Alcohol

dehydrogenase

Ethanol metabolism

Superoxide

dismutase

Inactivation of free radicals

Nitric oxide synthase Signalling and vasodilation

Angiotensin

converting

enzyme

Blood-pressure regulation and

activation of angiotensinogen
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Immune Function

The immune system appears to be particularly sen-
sitive to zinc deficiency, in comparison with the rest
of the body. Lymphopenia and thymic atrophy are
observed, and both cell-mediated and antibody-
mediated responses are reduced. As with growth,
multiple mechanisms appear to be at play. In addi-
tion to its generalized effects on DNA synthesis, zinc
deficiency appears to induce apoptosis, resulting in a
loss of B-cell and T-cell precursors within the bone
marrow. Thymulin is a zinc-dependent enzyme
that stimulates the development of T cells within
the thymus. The production of cytokines by mono-
nuclear cells is also reduced by zinc deficiency. It
appears likely that these effects can be of clinical
significance. Infections occur more frequently in
individuals with acrodermatitis enteropathica, and
reduced immune function is accompanied by zinc
deficiency in several other conditions, including
sickle-cell anemia and various gastrointestinal
disorders. In the USA, zinc lozenges have become
popular as a treatment for the common cold. Results
from controlled trials of this treatment have been
variable, but a shortening of cold duration may
occur. It would appear reasonable to suppose that
treatment effectiveness would depend on initial zinc
status, with greater success being seen in individuals
with marginal undetected zinc deficiency.

Reproduction

The original description of zinc deficiency in
humans included lack of pubertal development.
Spermatogenesis is a zinc-dependent process. Semi-
nal fluid is particularly rich in zinc, and the sperm
appear to accumulate zinc from this source prior to
ejaculation. Zinc is also crucial for normal fetal
development, and deficiency leads to abnormalities
in humans and animals. Maternal zinc deficiency
has been linked with pregnancy-associated morbid-
ity, including pre-term delivery.

Nervous System

The brain is one of the sites that has been shown
to be particularly sensitive to zinc deficiency dur-
ing fetal development, with neural-tube defects
and other disorders being found. While this work
was performed in animals, a similar relationship
appears likely in humans. Zinc is distributed
throughout the brain, but greater concentrations
are found within the hippocampus. Here, a brain-
specific transporter, ZnT-3, concentrates zinc in
vesicles within glutamatergic neurones. It is co-
secreted with the neurotransmitter and appears to
serve as a modulator of neurotransmission. Very

high concentrations of zinc (>100 mM) are found
within the synaptic cleft during this process. In
addition, brain injury resulting from ischemia or
trauma causes the release of massive amounts of
zinc, which is thought to be responsible for the
resultant cell death.

Antioxidant Defense System

Although zinc is not itself an antioxidant, there
are several ways in which it participates in the
antioxidant defense system of the body, with
important implications for health. It can bind to
thiol groups in proteins, making them less suscep-
tible to oxidation. By displacing redox-reactive
metals such as iron and copper from both proteins
and lipids it can reduce the metal-induced forma-
tion of hydroxyl radicals and thus protect the
macromolecules. Its role in inducing MT has
already been mentioned, and this protein sca-
venges hydroxyl radicals. Increased oxidative
stress results in the release of zinc from MT, pre-
sumably making it more available for other
proteins. Copper/zinc superoxide dismutase is an
important zinc-containing antioxidant enzyme
whose activity is impaired in the deficient state.
In general, animal studies have revealed an asso-
ciation between zinc deficiency and increased oxi-
dative stress. The likelihood of increased oxidative
stress under conditions of zinc deficiency suggests
a potential anticarcinogenic role for this mineral.
This connection is further supported by the finding
that the tumor suppressor gene p53, which is fre-
quently mutated in human cancers, is a zinc-con-
taining transcription factor whose expression is
also dependent on zinc.

Macronutrient Metabolism

Many of the enzymes of intermediary metabolism
contain zinc, and deficiency affects all macronutri-
ents. Protein synthesis and DNA and RNA synthesis
require zinc. Insulin is secreted from the pancreas
and circulates in association with zinc. This secre-
tion is diminished under conditions of zinc defi-
ciency, leading to impaired glucose metabolism.
Lipid metabolism is also affected, with zinc defi-
ciency being associated with reductions in circulat-
ing high-density lipoproteins.

Human Zinc Deficiency

In addition to dietary inadequacy, there are several
routes that lead to zinc deficiency. Acrodermatitis
enteropathica, the genetic disorder of zinc malab-
sorption, has already been mentioned. Other, more
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generalized, malabsorption syndromes (e.g., coeliac
disease) can also lead to zinc deficiency. Deficiency
has also resulted from inappropriate intravenous
feeding and the use of chelation therapy. Children
are likely to be particularly at risk of zinc deficiency,
because of its involvement in growth.

Mild

Given the difficulty of assessing marginal impair-
ments in zinc status, the effects of deficiency can
often be verified only by a response to treatment.
Growth provides a good example of this. Children
in Denver, Colorado, who were of low height for
their age increased their growth rates in response to
zinc supplementation, whereas zinc had no effect in
children of normal height. In addition to improved
growth, improvements in immune function, taste
and smell acuity, and reproductive function have
been noted with zinc supplementation.

Severe

Severe human zinc deficiency has been well charac-
terized by the original descriptions in the Middle East
and in patients with acrodermatitis enteropathica.
The symptoms of mild deficiency are continued and
exaggerated. Thus, stunting can be extreme and is
accompanied by delayed sexual maturation and
impotence. Characteristic skin lesions are found, ori-
ginating around the mouth and nose but becoming
widespread as deficiency develops. Diarrhea is also
present. Deficits in taste and smell are accompanied
by anorexia and other behavioral changes, including
increased irritability and impaired cognitive function.
Eye pathologies similar to those seen in vitamin A
deficiency are observed.

Zinc Toxicity

Toxicity of zinc from food sources has not been
reported and seems unlikely since absorption is
homeostatically regulated. Acute gastrointestinal
symptoms and headaches have been reported after
ingestion of amounts about 10–20-fold higher than
the recommended intakes. Chronic ingestion of
these large amounts has been shown to impair
immune response and lipoprotein metabolism. How-
ever, the key danger of excessive zinc intake is
reduced copper status. This is probably due to a
zinc-induced blockage of copper absorption and in
fact is clinically useful in individuals with Wilson’s
disease, a condition of copper toxicity. In the USA,
an upper limit of 40mgday�1 has been set for
adults, because of the threat to copper status. The
popularity of zinc lozenges for treatment of the

common cold could lead to this intake being
exceeded. Thus, the use of these treatments should
be of limited duration.

Assessment

The prevalence of marginal zinc deficiency in human
populations is unknown because of the lack of a
good means of assessing zinc status. Measurement
of plasma zinc is straightforward, but it does not
serve as a reliable indicator of zinc status. Plasma
zinc is a quantitatively minor pool that can be easily
influenced by minor shifts in tissue zinc. Plasma
concentrations do not fall with decreasing dietary
intake, except at very low intakes. Plasma zinc can
also be affected by factors unrelated to zinc status
(e.g., time of day, stress, and infection). Cellular
components of blood can be assayed, but erythro-
cyte concentrations of zinc are maintained in defi-
cient states and variable results have been found
with leucocytes. Hair zinc concentrations may
reflect available zinc but will also depend on the
rate of hair growth.

Several different zinc-dependent enzymes have
been investigated as potential markers of zinc status,
but none have proved reliable. MT in blood cells has
been suggested as a useful indicator of zinc status,
assayed at either the protein or the mRNA level. MT
expression is likely to be regulated by factors other
than zinc and therefore may lack the specificity
required of a good indicator. The gene-array
approaches that have recently been used to deter-
mine the global effects of zinc deficiency within
a tissue would appear to offer hope for the identifi-
cation of an appropriate functional marker of zinc
status.

Recommended Intakes

In the absence of a reliable index of zinc status,
both the US Food and Nutrition Board and the
Food and Agriculture Organization (FAO)/World
Health Organization (WHO) Expert Committee
used the factorial approach to estimate human
zinc requirements. As shown in Table 3, the FAO/
WHO give three sets of recommendations, depend-
ing on the zinc bioavailability of the diet. The US
Food and Nutrition Board figures fall between
those given for moderate- and low-availability
diets. Both groups also set upper limits for intake,
based largely on the risk of impairing copper status.
These values are similar (40mg for the US Food
and Nutrition Board, 45mg for FAO/WHO, for
adults).
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See also: Antioxidants: Diet and Antioxidant Defense;
Observational Studies; Intervention Studies. Copper.
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Table 3 Recommended intakes of zinc

Age group US –Canadian recommended

dietary allowance

FAO/WHO reference nutrient

intake Bioavailability

High Moderate Low

Children (1–3 years old) 3 2.4 4.1 8.3

Adolescents (14–18 years old) Female 9 4.3 7.2 14.4

Male 11 5.1 8.6 17.1

Adults (>19 years old) Female 8 3.0 4.9 9.8

Male 11 4.2 7.0 14.0

Pregnant women Third trimester 11 6.0 10.0 20.0

Lactating women 0–3months 12 5.8 9.5 19.0
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function 2t, 7
metabolism 393
supplementation 8

concentration 1
deficiency 1
flux 1
fish 207t

functions 1–10
assessment 2

glucose-alanine cycle 3–4
large neutral
TDP coenzyme 393

racemization 450
functions 5f

supplementation 1, 2t
transamination 450

AMP
resistant starch, type I 84
resistant starch, type II 84
inhibitors and resistant starch 86

retrogradation and RS3 formation 85
retrogradation and RS3 formation 85
whole grains 499–500

Amylose-lipid complex, resistant starch
source 85

Analgesics
caffeine as adjuvant 70

Anemia
adolescence 12
copper deficiency 116
definition 10, 15
indicators 14, 15t
infants 12
iron deficiency see Iron deficiency anemia
lactation 13
megaloblastic see Megaloblastic anemia
megaloblastic anemia see Megaloblastic

anemia
menstruation 12
pathological iron loss 13
pernicious see Pernicious anemia
pregnancy 13, 13f
prevalence 15

public health problem 15
riboflavin deficiency 317
severe
mortality 16
pregnancy 375
recommended treatment 16

vitamin A deficiency 428
Anencephaly, maternal folic acid

deficiency 217
Angelica root 308
Angina pectoris, smoking 104
Angiotensin
sodium retention 333

Angiotensin-converting enzyme (ACE)
hypertension 341

Angiotensinogen 339
Animal Liberation Front (ALF) 411
Animal source food
avoidance 413
phosphorus 286
risks of limitation 412

Animal studies
iodine deficiency disorders 227

Ankylosing spondylitis, intestinal
microflora 266

Anthocyanidins 292, 293t
see also Flavonoid(s)

Anthocyanins
antioxidant properties 46
pigmentation 96–97

Antibiotics
cobalamin (vitamin B12) absorption,

elderly 359–360
probiotics 268

vitamin K deficiency 492
Anticoagulant therapy, vitamin E

precautions 474
biotin deficiency 62

Antidepressant drugs
vitamin B6 supplements 453

Antinutrients
resistant starch 86

Antioxidants 19–31, 31–47
bioavailability 27t
in cancer 33, 35t, 36t, 40–41, 46–47
ascorbic acid 36, 41–43
�-carotene 34
selenium 36
vitamin E 36, 44

CVD 32, 33, 46–47
ascorbic acid 41–42
primary prevention 32, 33t
secondary prevention 32, 34t
vitamin E 43–44

defence 24
dietary recommendations 27
zinc 518

dietary 26, 26f, 27t
allium organosulfur compounds 306

flavonoids see Flavonoid(s)
health effects 28, 31f
observational view 40
recommendations 27
sources 26, 27t
soya 304
whole grains 499

disease/disorder effects 29
cataracts 38
chronic obstructive pulmonary disease 37
coronary heart disease 126
in diabetes mellitus 33, 37
macular degeneration 38

endogenous, synthesis regulation 28–29
epidemiology 40
future research 46
intervention studies 29, 31–40, 30t, 33t, 34t,

35t, 36t
observational studies 40–47
clinical trials non-concurrence 38
limitations 46t
variability from supplementation trials 41t

oxidant stress see Oxidant stress
plasma concentrations 24, 27t, 28
recommended dietary intakes 27
target organs 28f
types 24, 24t, 25f
non-nutrient 45
tocopherols see Tocopherol(s)

vitamins
ascorbic acid see Ascorbic acid
vitamin E see Vitamin E

Antioxidant Supplementation in Atherosclerosis,
vitamin E and CVD 484

Anti-Parkinsonial drugs, vitamin B6

deficiency 455
Anti-thiamin factors 391–392
heat-stable factors 391–392
thiaminase 391–392

Aphrodisiac effects, ginsengosides 307–308
Apnoea, neonatal, control with caffeine 70
Apo-cellular retinol binding protein type I

(CRBP(I)), all-trans-retinoic acid
biosynthesis 421–422

Apolipoprotein(s) 119
characteristics 120t

Apolipoprotein E 119–120
Apo-retinol-binding protein (RBP) 441
Appetite
hunger see Hunger
loss
low-carbohydrate diets 82

satiety see Satiety
Arab cultures, salt, history 335–336
Arachidonic acid 184
anti-inflammatory effects 181
brain development 178–179
dietary sources 186
eicosanoid metabolites 173–174, 186
eicosanoid synthesis 161
essentiality 159
linoleic acid metabolism 171, 173f
5-lipoxygenase influence on atherosclerosis,

enhancement 175–176
metabolism 184–185, 185f
platelet aggregation influence 192
structure 170f

Argentation-gas-liquid chromatography
(GLC) 196t

Arginase, manganese component 259
function 2t, 4, 4f
supplementation 4

Arsenic 403
absorption 398, 399t
biological roles 401t
body content 404t
deficiency 403, 404t
dietary sources 404t
essentiality 397–398
excretion 401t
metabolism 398–403
requirements/recommendations 403–405
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retention 401t
storage 399t
toxicity 403–405
transport 399t
typical intake 404t

Arterial fatty streaks, composition 117
Arterial function, soya 304
Arteriosclerosis 117
osteoarthritis see Osteoarthritis
rheumatoid see Rheumatoid arthritis

Asbestosis, �-carotene supplementation 96
Ascorbic acid (vitamin C) 48–54
absorption 48
as antioxidant 19, 24, 26, 41, 46–47, 51
bioavailability 27t
body pool 48, 53
leukocyte storage 48

catabolism rate 53
scurvy see Scurvy

dietary sources 27t, 28, 53, 53t
disease/disorder effects
Alzheimer’s disease 43
cancer 36, 41–43
cataracts 43
CVD 41–42

functions 48
iron absorption 11, 50
iron-containing hydroxylases 49–50
metabolic functions 49
antioxidant action of ascorbic acid 51
copper-containing hydroxylases 49
iron absorption, ascorbic acid role 50
nitrosamine formation inhibition 51
2-oxoglutarate-linked, iron-containing

hydroxylases 49, 50f, 50t
prooxidant action of ascorbic acid 51

metabolism 48, 49f
nitrite reaction 51
plasma concentration 27t
measurement 52

requirements/recommendations 26, 52
estimation 52, 53
minimum 52
species differences 48
assessment 51, 52t

supplementation
blood stream circulation 48
excretion 48
high intakes 53
transport 48

Asian phenotypes
function 2t, 5
supplementation 5

Aspartame
function 2t, 5
supplementation 5

Aspartate �-hydroxylase
protein C modification 50

Aspirin
dietary fiber 131, 132, 132t, 146–147
resistant starch analysis 88
n-3 PUFAs 181
salt intake effects 344
treatment with caffeine 70

Ataxia with vitamin E deficiency
(AVED) 481–482

Atherocalcin, vitamin K interaction 491
Atherogenesis 164
coronary heart disease 124
endothelial cell function 164
endothelial dysfunction 164
monounsaturated fatty acids 165
theories 118

Atheromas 117
n-6 PUFAs 173–174
carbohydrate consumption 80–81
definition 118, 164–165, 185
diabetes mellitus 173–174
dietary fiber 122
eicosanoids 186
factors involved in 122f
fish consumption 204

cholesterol 163
HDLs 163
LDL 163
peroxidation 164, 165f
n-3 PUFAs 177t
n-6 PUFAs 185, 188–189
trans fatty acids 199

5-lipoxygenase 175, 175–176
magnesium deficiency 254
oxidatively modified LDL 188
premature risk, folic acid deficiency 214
protein, dietary influence 122
vitamin E 482

Athletes
dietary problems 348
supplements 352, 371–372
pantothenic acid 285

see also Exercise; Physical activity
Atkins diet 81–82
Atrial natriuretic peptide (ANP)
excess sodium excretion 333
sodium absorption 339

Atrophic gastritis, elderly 359–360
Australian Aid Program (Aus AID) 232, 233
Australian Diabetes Association 146–147
Australian Polyp Prevention Trial 140–141
Austrian Tyrol, salt, history 335–336
Avidin-binding assays, biotin status assessment 60
Avidin, biotin binding 55

B
Bacillus lactis, traveler’s diarrhea 269
Bacillus, probiotic safety 269
Bacteria
FOSHU 221t
gastrointestinal tract see Gastrointestinal (GI)

tract microflora
Bacteriocins, probiotics 267
Bacteroides
gastrointestinal microflora 264

Bacteroides thetaiotaomicron 265
‘Bad’ cholesterol see Low density lipoprotein

(LDL)
Barium swallow, modified
diabetes mellitus 146

Basal iron loss 12
caffeine, effects of 69
thiamin requirement determination 395

The Basel Prospective Study 483
calcium bioavailability 76–77
diabetes mellitus 146
hyperlipidemia effect 145–146

Beer
zinc supplementation 510

Benfotiamine 387
Benserazide, vitamin B6 deficiency 455
Benzodiazepines
antagonism by caffeine 71

Beriberi 381–390
clinical features 381, 385
definition 381
dry see Dry beriberi
epidemiology 381
etiology 383
forms 382t
infants 381–382
clinical features 387t
mortality 385–386

management/treatment 387
subacute 381–382
clinical features 386t

wet see Wet beriberi
see also Thiamin (vitamin B1)

Berry method 86, 87t
�-Adrenergic receptors
fish 208
in food 108–109, 109f
kidney function 110

Betel nuts, anti-thiamin factors 391–392
Beverages
precursors, potassium 309

Bifidobacteria 264, 266–267
health and disease 266
oligosaccharide intake 89–90
probiotics 266
safety 269

Bifidobacterium bifidum, viral diarrhea
267–268

Bifidobacterium lactis, allergy symptom
alleviation 268

Bifidobacterium longum 265
Bile
biotin excretion 57
copper excess 116
copper excretion 115
folic acid 215
vitamin D excretion 458
adenoma growth 149
dietary fiber 140
synthesis, cholesterol 155
retinol metabolism 440

Bioassays
biotin status assessment 60
calcium 76

Biocytin 55, 60
Biotin 55–63
absorption 55
allowances 61
bioavailability 56
deficiency 62
circumstances leading to 62
frank, clinical findings 62
laboratory findings 60, 61f

definition 55
dietary sources 61, 62t
fish 208

digestion 55
excretion
biliary 57
urinary 57

fatty acid metabolism 162, 162t
gene expression role 60
high intakes 62
measurement 60
metabolic functions 57, 59f, 59t
metabolism 57, 58f
�-oxidation 57
protein-bound, digestion 55
requirements 61, 61t
status assessment 60
transport
into breast milk 56
to central nervous system 56
to peripheral tissues 56
placental 56
somatic cells, into 55

Biotinidase 55, 56, 60
Biotin-responsive basal ganglia

disease 56
Biotin sulfone 57
Biotin sulfoxide 57
dietary fatty acid intake 179

Birth weight, low
maternal folic acid deficiency 216
prevention programs, developing

countries 365–366
zinc supplementation 510

Bisnorbiotin 57
biotin deficiency 60

Bisnorbiotin methylketone 57
Bisnorbiotin sulfone 57
Bitot’s spots 425–426, 427, 443
epidemiology 429
incidence 430
treatment 435
vitamin A deficiency 361–362

Bixin, pigmentation of food 96–97
Bladder cancer
probiotics 268–269
quercetin risk 303

Bleeding
anemia 13
vitamin E intake 474
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Bleeding time
fish oil effect 180–181
n-6 PUFAs 173–174

Blindness, vitamin A deficiency 425–426
Blood
biotin transport 56

Blood coagulation 165
vitamin K role 488, 489f

Blood coagulation factors
vitamin K interaction 488, 489f, 490f

Blood pressure
caffeine effects 68
elevation see Hypertension
fish consumption 204
n-6 PUFAs 188
systolic see Systolic blood pressure

Bluefish 207
Bodybuilding 349
Body mass
monitoring 348
sugar intake 80

Body water
balance
sports nutrition 351

loss
athletes 351–352

replacement, sports nutrition 352
retention
dietary fiber 136

Body weight see Weight
Boiling
folic acid inactivation 218

Bolus feeding
calcium
mobilization in vitamin D

deficiency 461–462
storage 73
turnover 65–123, 72

demineralization 309
disease/disorder effects
copper deficiency 116
osteomalacia see Osteomalacia
osteoporosis see Osteoporosis
potassium deficiency 309
rickets see Rickets
vitamin D intake 464–465

Gla protein, vitamin K interaction 489
long
vitamin D intake 464

magnesium 251
mass
exercise 351

mineral content see Bone mineral
content (BMC)

mineral density see Bone mineral
density (BMD)

phosphates 288
structural integrity 75

Bone mineral content (BMC)
soya isoflavones 304–305

Bone mineral density (BMD)
soya 300, 304–305
vitamin A upper limits 446

Boron 405
absorption 398, 399t
biological roles 401t
body content 404t
deficiency 404t, 405
dietary sources 404t
essentiality 397–398, 405
excretion 401t
recommended intake 405
retention 401t
storage 399t
toxicity 405
transport 399t
typical intake 404t
upper intake levels 405

Bovine colostrum, functional food 224
Bovine milk see Cow’s milk
Bovine Spongiform Encephalopathy

(BSE) 415

Bradycardia
caffeine, effect of 68

Brain
sodium concentration effects 330
trans fatty acids 197
see also Central nervous system (CNS)

Brain development
choline 110
deficiency 110–111
rat studies 110
spatial memory 110–111

docosahexaenoic acid (DHA) 159
lipid nutrition 178
thyroid hormones 237–238, 239

Branched chain ketoacid dehydrogenase 393f
Bran layer, whole grains 495, 496f
cancer risk reduction 300, 301t, 302t
genotoxic effects 306
health benefits 300, 301t, 302t
mechanisms of action 305
S-Methyl cysteine sulfoxide 306

Bread
dietary fiber content 132, 132t, 133t

Breakfast
vegetarians 415

Breast
carbohydrate consumption 81
carotenoids 103
dietary fiber effects 142
equol 299
flavonoids 302
phytoestrogens 298–299, 299, 303
soya effects 299–300
trans fatty acids 200
breast milk see Breast milk
gastrointestinal microflora

establishment 265
lactobacilli 265

vitamin A 435, 444–445
deficiency 431

vitamin D deficiency 469
vitamin K supplementation 491–492
see also Lactation
biotin 56
choline 109
folic acid 217
iodine 232
iron 12
isoflavones 305
manganese 256–257
niacin 277
oligosaccharides 89, 265
pantothenic acid 283, 285
PUFAs 179
n-3 PUFAs 179
retinol 426
riboflavin 315
thiamin 390–391
vitamin A 431–432, 444, 445
vitamin B6 453
vitamin D 463
vitamin K 491–492; Lactation

British Nutrition Foundation, trans fatty
acids 195, 200–201

calcium bioavailability 76–77
folic acid source 218

Bromine 405
absorption 399t
biological roles 401t
body content 404t
deficiency 404t, 405
dietary sources 404t
excretion 401t
retention 401t
storage 399t
transport 399t
typical intake 404t

Bronchial hyper-reactivity, salt 344
Brussel sprouts 305
Burkitt, Denis 135–136
‘Burning feet,’ pantothenic acid

deficiency 284

Burns
children see Children
anti-inflammatory properties 167

Butterfat
fibrinogen concentration 194
plasminogen activator inhibitor 1 (PAI-1) 193
platelet aggregation 192

Butyrate
colorectal cancer etiology 142
as energy source 136
resistant starch fermentation 88

�-Butyrobetaine hydroxylase
carnitine synthesis 50

C
Cachexia
cancer see Cancer
see also Wasting

Cadmium 406
absorption 399t
biological roles 401t
body content 404t
deficiency 404t, 406
dietary sources 404t
excretion 401t
high intake 406
retention 401t
storage 399t
transport 398, 399t
typical intake 404t

Caffeine 65–71, 65
absorption 65
biomarker for intake 66
bronchial effects 69
calcium excretion effects 75
cardiovascular system effects 68
central nervous system effects 67
chemistry 65
complexes with 65
crystallization 65
melting point 65
molecular mass 65
solubility 65
temperature of sublimation 65
ultraviolet absorption spectrum 65

chronic excessive intake
diagnosis 68
symptoms 68
tolerance to 68, 69

determination 65
as diagnostic test 70
distribution 65
diuresis 68–69
tolerance to 69

elimination 65
endurance exercise effects 69
energy metabolism effects 69
ergogenic effects 69
fetus effects 70
gastrointestinal system effects 69
isotopic caffeine breath test 66
kinetics, plasma 65–66
LD50, acute oral 70
lethal dose in humans, likely 70
mechanisms of action, biochemical 70
metabolism 66, 67f
muscles effects 69
pharmacological properties 67
physiological properties 67
poisoning 70
fetus, effects on 70

regulation
of labeling 65
in sport 70

renal functions effects 68
respiratory system effects 69
sources 65
structure 66f
synthesis 65
systematic names 65
therapeutic uses 68, 70
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tolerance 68, 69
toxicology 70
weight control products, ban from 70
withdrawal 68
see also Coffee

Caffeinism, diagnosis 68
Calbindin, calcium transport 72–73
Calcitroic acid 458, 460f
absorbable 221t
absorption/transport 72, 75
caffeine, effect of 71
intestinal absorption 72
average intake 357t

deficiency 76
dietary sources 76, 287t
bioavailability 76
fish 208–211
food sources 76
rickets 468

disease/disorder effects
hypertension 340
rickets 461–462

distribution 72, 288t
excretion 75
urinary 344

extracellular concentrations 75
high intake effects 77
homeostasis 72
intakes 65–123, 72
children 357t
phosphorus ratios 286–287

intracellular concentrations 75
magnesium absorption effect 251–252
metabolic functions 75
metabolism 73
hormone regulation 73, 73f
life span changes 75
vitamin D effects 457–458, 461f

oxalate stones see Oxalate stones
physiology 72–77
adults 359
children 357, 357t
elderly 360

storage 73
supplementation
elderly 469

Calcium binding protein (CaBP)
calcium excretion 75
synthesis 73–74

Calcium-phosphate ratios 286
secondary hyperparathyroidism 286–287

Calcium-regulating hormones 286
Calciuria, caffeine, effects of 69
Cambridge Heart Antioxidant Study

(CHAOS) 30t
CVD prevention 32–33, 34t
vitamin E and CVD 484

cAMP (cyclic adenosine 30,50-phosphate),
caffeine 71

Cancer 168
chemotherapy see Chemotherapy
dietary management/prevention 27–28
allium organosulfur compounds 306,

306–307
ascorbic acid 36, 41–43, 54
brassica vegetables 300, 301t, 302t
�-carotene 34, 103–104
carotenoids 45–46, 100
flavonoids 302
germanium 406
glucobrassicin 305
glucosinolate 305
isothiocyanates 305, 305–306
lutein 106
lycopene 246–247, 247t
micronutrient supplementation 355
monounsaturated fatty acids 168
onions (Allium cepa) 300–301
phytoestrogens 298–299
PUFAs 182
n-6 :n-3 PUFAs ratio 172–173
quercetin 302

saponins 307
selenium 36, 358
soya 299–300
tocopherols 484
tomatoes 99–100, 105
vitamin A 425
vitamin D 462, 463f
vitamin E 36, 43–44
vitamin K 491
flavonoids 295, 298
folic acid deficiency 359
trans fatty acids 200
vitamin A deficiency 425
vitamin D deficiency 462

intestinal microecology 268
carbohydrates 78, 81

oxidant stress 23f
see also Carcinogenesis

Canned vegetables, salt 336
ventricular fibrillation reduction 176

Canthaxanthin, carotenoid interactions 99
Capillary column gas-liquid chromatography

(GLC), trans fatty acid analysis 196t
Carbidopa
vitamin B6 deficiency 455

Carbohydrate(s) 78–83
addicts diet 81–82
cell/tissue fuel 153–154
colonic bacteria, utilization 135
complex see Complex carbohydrate(s)
consumption trends 79f
coronary heart disease prevention 125
diabetes mellitus see Diabetes mellitus
breakdown products 136
oligosaccharides 89
unabsorbed 88

in food 78
forms 78
health effects 79
importance 78
biotin status 60
magnesium deficiency association 254
TDP coenzyme 393, 393f

nutrient density 80
sports nutrition 350

requirements/recommendations 82, 82t
post exercise 350, 350t
RDA 82

sports nutrition 350
upper level 82

Carbon
folic acid metabolism 212

2,5,7,8-tetramethyl-2-(�-Carboxyethyl)-6-
hydroxychroman (�-CEHC)

structure 480f
vitamin E metabolism 480

Carboxylases
biotin metabolism 59

Carboxylic acid, formation from fatty acids 156
Carcinogenesis 168
arsenic role 403–405
immune function 168
oxidation 168, 168f
see also Cancer
antioxidant role 42–43
in food 168–169

Cardiac arrhythmias
diet 124

Cardiac glycosides 369–370
Cardiac muscle
thyroid hormones 237

CARDIA study 501–502
Cardiovascular disease (CVD)
diet association
carbohydrate consumption 80
fats 124
folic acid deficiency 359
homocysteine 355
magnesium deficiency 254
potassium deficiency 310, 311f
vitamin D deficiency 462, 463f

hyperhomocysteinemia 214

nutritional management/protection
allium organosulfur compounds 306, 307
ascorbic acid 41–42, 42
�-carotene 103–104
carotenoids 45–46, 100
fish consumption 206t
flavonoids 46
ginsengosides 307–308
ligands 300
lycopene 105, 247, 248, 248t
micronutrient supplementation 355
niacin effect 278
n-6 PUFAs 185, 186, 188–189
n-6 :n-3 PUFAs ratio 172, 175t
soya 304
vitamin E 43–44, 358, 483

Cardiovascular system
caffeine, effects of 68
flavonoids 291, 295

CARET study
dietary source 276–277
synthesis 50

Carnitine-acylcarnitine translocase (CACT) 153,
154f

Carnitine palmitoyl transferase 1 (CPT1) 153,
154f, 156–157

Carnitine palmitoyl transferase 2 (CPT2) 153,
154f

�-Carotene 104
dietary sources 96t
digestion 98
health impact 103t
interactions 99
oxidative skin damage protection 100
provitamin A activity 95, 101, 104–105
structure 92, 94f, 102f, 437f, 438
vitamin A activity 438
see also Carotenoid(s)

�-Carotene 103–104, 437
absorption 98, 440, 440f
cancer 34
breast cancer 103
lung cancer 355

carotenoid interactions 99, 106
coronary heart disease 126
excessive consumption 104, 446
in foods 96t, 104, 439t
health impact 102–103, 103t
isomerization during digestion 98
lycopene interaction 245
oxidative skin damage protection 100
pigmentation 96–97
plasma levels 442
porphyrias 94–95
prooxidant behavior 96
provitamin A activity 95, 101
retinal formation 95
retinol activity equivalent (RAE) 439
structure 92, 94f, 102f, 418f
supplementation 104, 446
pregnant women 374

transport 98, 99
upper limits 446
vitamin A activity 432–433, 434, 438
see also Carotenoid(s); Vitamin A

�-Carotene
electronic properties 92–94
oxidative skin damage protection 100
see also Carotenoid(s)

Carotene 15,150-monooxygenase 421
�-Carotene and Retinol Efficacy Trial

(CARET) 103–104
cancer prevention 34–35, 35t
CVD prevention 32, 33t

Carotene monooxygenase 440
Carotenodermia 446
Carotenoid(s) 92–101, 101–107, 438

absorption 98, 421
as antioxidant 45–46, 46–47
bioavailability 27t, 97, 101–102, 103t
bioconversion 101–102, 103t
bioefficacy 101–102, 103t
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Carotenoid(s) (continued)
chemistry 92
chemical properties 92
electronic properties 92
structure 92, 93f, 94f

cleavage 101
conversion 99
dietary
excess 446
lycopene see Lycopene
metabolism 440
vitamin A status 432–433

dietary sources 27t, 96, 96t
functional foods 221

digestion 97
distribution 99
food assimilation factors 101–102, 103f
health impact 99, 102–103, 103t
interactions between 99
metabolism 421, 422f
nutrient role 107
physiology 97
plasma concentrations 27t, 442
processing effects 97
prooxidant behavior 96, 102
reactions 94
chemical energy 94
light energy 94
radical reactions 95

requirements/recommendations 101, 107
RDA 101, 107

storage 97, 99
synthesis 92
transport 98
vitamin A cleavage 95, 101, 437
see also Vitamin A

Carotenoid isomerase 92
Carotenoproteins 98
Carrots
matrix Gla protein (MGP) 490

Cartilaginous fishes 203
Casein micelles
hypothyroid cretinism 230

Catalytic zinc enzymes 516–517, 517t
Cataract and Age-Related Maculopathy Trial 38
Cataracts
antioxidants 38
ascorbic acid 43
carotenoids 100, 106
lycopene 248–249
oxidant stress 23f
riboflavin 318

Catechins 292
antioxidant properties 295
cancer risk reduction 298
ischemic heart disease risk reduction 297–298

Catering organizations, salt content
reduction 346

Catheter(s)
zinc deficiency 518–519

Cell membrane(s)
fluidity
n-6 PUFAs 184–185

structure
n-6 PUFAs 184–185, 185f

Cellular retinol binding protein(s) (CRBP) 419t,
420, 440

all-trans-retinoic acid (atRA) action 424
retinol metabolism 442
visual cycle role 420–421

Cellular retinol binding protein type I
(CRBP(I)) 418, 419f, 419t, 419–420

all-trans-retinoic acid (atRA) catabolism 424
all-trans-retinol (atROH) transfer 423
retinoid homeostasis 424
visual cycle role 420–421
vitamin A homeostasis 421

Cellular retinol binding protein type II
(CRBP(II)) 418, 419t, 419–420

atRCHO 421
Cellular retinol binding protein type III

(CRBP(III)) 419

Cellular retinol binding protein type IV
(CRBP(IV)) 419

Cellular zinc homeostasis 516f
Center for Disease Control and Prevention
folic acid recommendations 354–355

Central nervous system (CNS)
biotin 56
caffeine 67, 67–68
growth arrest-specific (GAS) cell-signaling gene

product 491
see also Brain

Central parenteral nutrition
structure 160f
beriberi 381
carbohydrate 78
dietary fiber 140–141
high-extraction products, thiamin content and

beriberi 390
manganese 256–257
thiamin content 390, 390–391
refining 391
storage 391

Cereal products
dietary fiber content 132, 133t
phytate 135

Cerro de Sal 336
Ceruloplasmin
antioxidant activity 24
copper homeostasis 113
iron metabolism disorder 115

Cesarean delivery
inoculation of infant 265

Chain-breaking antioxidants 24
Chalcones 293t
CHAOS see Cambridge Heart Antioxidant

Study (CHAOS)
Chemical energy reactions, carotenoids 94
Chernobyl, iodine deficiency disorders 230
Chewing
dietary fiber effect 147

CHF see Congestive heart failure (CHF)
‘Chicken eyes,’ vitamin A deficiency 427
Children
growth
role of zinc 509
zinc deficiency 507
carbohydrate consumption 83
soft drinks 80
folic acid 217
micronutrients 357

salt, dietary exposure 337, 338t
see also Infant(s)

China
iodine deficiency disorders 232
salt 335

Chinese medicine, functional foods 221
Chinese restaurant syndrome 6–7
Chloride
sports nutrition 352

Cholecalciferol
see also Osteomalacia; Rickets; Vitamin D;

Vitamin D3

25(OH) Cholecalciferol
see also Vitamin D

Cholestatic liver disease
vitamin E deficiency 476
atherosclerosis 163
bile acid synthesis 155
blood
coronary heart disease 118
lipid metabolism 118f
lipoproteins see Lipoprotein(s)

coronary heart disease 120, 122, 124
dietary effects
carbohydrate consumption 81
dietary fiber 145

see also Lipoprotein(s)
n-6 PUFAs 187
soya 304
trans fatty acid 198, 200–201

dietary sources 171t
fish 204–205

metabolism 163
probiotic control 269
reduction, linoleic acid 178
transport 163

Cholesterolemia
coronary heart disease, lipid theory 120
protein, dietary influence 122

Cholesterol esters 161
structure 160f
vitamin A homeostasis 421

Cholestyramine, dietary fiber, coronary heart
disease 140

Choline 108–112, 108
availability to fetus and neonate 110
brain 111
development 110

cobalamin (vitamin B12) 108
deficiency 108
adult males 108
DNA undermethylation 110
fatty liver 109–110
fetal brain hippocampus and septum 110–111
kidney function 110
lipid peroxidation in liver 110
liver cancer 110
liver cell death 110
premenopausal women 108
protein kinase C 110

esters
in food 108–109
measurement 111

foods 108, 109f
formation 108
functions 108, 109
hippocampus changes 110–111
homocysteine and folic acid 108
measurement 111
memory improvement drugs 111
methionine 108
methyltetrahydrofolic acid (methyl-THF) 108
methyltetrahydrofolic acid (methyl-THF)

reductase 108
neural tube defects, mouse studies 111
parenteral nutrition 109
phosphatidylethanolamine 108
phosphatidylethanolamine N-

methyltransferase (PEMT) see
Phosphatidylethanolamine N-
methyltransferase (PEMT)

requirements/recommendations 109
adequate intakes 109t

S-adenosine 108
transmethylation metabolic pathways 108
vitamin B6 108

Chondroplasia punctata, matrix Gla protein
(MGP) 490

essentiality 397–398
Chronic disease see Diseases/disorders, chronic
Chylomicron(s) 119t
�-carotene 440, 440f
carotenoid transport 99
plasma composition 119t
retinol metabolism 440
vitamin D 457
vitamin E absorption 478–479
vitamin E transport 475
vitamin K 488

Chylomicronemia
cholesterol transport 163
vitamin A, hepatic uptake 441

Cigarette smoking see Tobacco smoking
Cinnamon, functional foods 220
Circulation
ginkgo biloba 308

Cirrhosis
lycopene concentrations 246

Citrate
fatty acid synthesis 156

Citrulline
arginine synthesis 4
function 2t, 4, 4f
supplementation 4
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Clay
zinc deficiency 513–514

Clinical beriberi 383
Clofibrate
retinoid homeostasis 424

Clostridium
health and disease 266
intestinal microflora 264
fish 202

Clostridium butyricim 269
thrombosis 165
coenzyme
fish 208, 209t

folic acid interaction 211
nickel deficiency effects 407–408
requirements/recommendations
elderly 359

Cobalamin (vitamin B12) deficiency 211–212
hyperhomocysteinemia 214
megaloblastic anemia see Megaloblastic

anemia
methionine synthase inhibition 213–214

Cobalt 397
Cobnut
see also TDP coenzymes

Co-catalytic function zinc enzymes 516–517,
517t

Cocoa beans, theobromine 65
Cocoa butter
cholesterol effect 190–191
fatty acid content 190t
platelet aggregation 192
stearic acid 191
fat, platelet aggregation 192

Coenzyme(s)
TDP see TDP coenzymes

Coenzyme A (CoA) 281
fatty acid thioesterification 153
functions 283–284
metabolism 282, 283f
storage 281
see also Pantothenic acid

Coffee
see also Caffeine

Coffein 65
Cognitive energy restriction see Diet(s); Weight

loss
Cognitive function
caffeine, effects of 68
development
iron 16

ginkgo biloba 308
pantothenic acid supplements 285
soya isoflavones 305
zinc supplementation 510

Coliform bacteria 265
Colitis
dietary fiber, disease etiology role 144
pantothenic acid influence 281

Collagen
biosynthesis
arginine 4

hydroxylases for modification 50
Collard greens, calcium bioavailability 76–77
absorption
flavonoids 294
colonization 135
mucus 135

disorders
oligosaccharides 89–90
resistant starch 88, 89t

Colon cancer
dietary fiber 149
incidence relating to stool weight 148
lignin, protective effect 300
lycopene, protective effect 248
trans fatty acids 200
see also Colorectal cancer
cancer see Colon cancer; Colorectal cancer
constipation see Constipation
diarrhea see Diarrhea

see also Inflammatory bowel disease

irritable bowel syndrome see Irritable bowel
syndrome (IBS)

Colorectal cancer
carbohydrate consumption 81
dietary fiber 135–136, 137–138, 140
complex carbohydrates 141
mechanisms 141, 141t
population studies 140

glucosinolate 305
neoplasia 135–136
tumorigenesis 141
vitamin E 44
see also Colon cancer

Colorimetry
functional food 224

Common cold, ascorbic acid effects 54
Complex carbohydrate(s)
colorectal cancer 141
dietary fiber 138

The Composition of Foods (1978) 132
Cones, iodopsin generation 442–443
Congenital diseases/disorders
iodine deficiency disorders 229

Congenital erythropoietic porphyria
(CEP) 94–95

Congestive heart failure (CHF)
diuretics 392

Conjunctival xerosis 425–426, 427
epidemiology 429

Connexin 43 246–247
functional food 221
dietary fiber 135–136, 144, 148

Convulsions, vitamin B6 deficiency 455
folic acid inactivation 218
niacin deficiency 277
pantothenic acid 285
resistant starch, type II 84
resistant starch, type III 85
salt 337, 344
thiamin leaching 391–392

Copper 112–117
absorption 113, 114
ascorbic acid 51
bioavailability 114
chronic exposure 116
deficiency 113–114, 115
dietary intake 112–113
dietary sources 112–113, 113t
dietary sources, fish 211
excess 116
excretion 112–113, 114
homeostasis 112, 113f, 115
mammalian enzymes 112, 112t
metabolism
tin excess effects 408

overload, coenzyme A synthesis
reduction 282

requirements/recommendations 113, 114t
RDA/adequate intake 113–114

toxicity 112–113, 116
transportation 114–115
zinc intake 519

Copper-containing hydroxylases 49
Corn see Maize (Zea mays)
Cornea
lesions, vitamin A deficiency 361–362, 427,

435, 443
xerophthalmia 425–426, 427, 428f
xerosis 443

Corn syrup 78
Coronary heart disease (CHD) 202
diabetes mellitus patients 146
dietary fiber 122, 125, 138, 139, 145–146
mechanisms 139
population studies 139

fats/lipids
cholesterol 120, 122, 124, 190
monounsaturated fatty acids 125, 163, 165,

169
PUFAs 125
n-3 PUFAs 159, 180, 183
saturated fatty acids 124, 125

trans fatty acids 198, 199
trans-fatty acids 124
fibrinogen 165–166
hemostasis see Hemostasis

lipid theory 117–123
cholesterolemia 120
etiology 118

mortality rates 123
nutritional effects 124, 126
alcohol intake 127
antioxidants 126
carbohydrates 125
composite diets 127
dairy products 127
DASH diets 127
dietary guidelines 200–201
fish 126, 205–206
flavonoids 126, 297, 298, 298t, 303
folic acid 126
fruit 126
ginkgo biloba 308
Japanese diets 128
Mediterranean diet 127
nuts 127
phytochemicals 126
potassium 126
protein 122
recommended diet 128
sodium 126
soy 127
vegetables 126
vegetarian diets 128

pathogenesis 124
prevention 123–129
global trends reflecting nutrition

transition 123
pathways 128
prudent vs. Western patterns 128

risk factors 123, 124
salt intake 337–339

Cost of micronutrient interventions 373
Cow’s milk
copper bioavailability/deficiency 114,

115–116
PUFAs content 179

C-peptide 81
Cranberry juice, urinary tract

infections 219–220
Creatine
excretion rate, riboflavin status 319
fish 207

Cross-linked starches 85t, 85–86
Cruciferae 305
Crude fiber see Fiber, dietary
Crustaceans 203
Cryptoxanthin
carotenoid interactions 99

�-Cryptoxanthin 105
dietary sources 96t, 105
health impact 103t
pigmentation 96–97
provitamin A activity 95, 101, 105
structure 92, 102f
vitamin A activity 438
see also Carotenoid(s)

Culture based assessment, intestinal
microflora 265

Curing agent, sodium nitrate 336
Cushing’s disease 74–75
Cyanide
see also Cobalamin (vitamin B12)

Cyclooxygenase(s)
eicosanoid synthesis 161

CYP1A2, caffeine metabolism 66
Cystathionine
vitamin B6 deficiency 451–452

Cystathionine �-synthase
function 2t, 5, 5f
supplementation 5

Cystic fibrosis
energy needs
amino acid supplementation 5–6
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Cystic fibrosis (continued)
vitamin E deficiency 476

Cystine
function 5, 5f
supplementation 5

Cytochrome(s)
iron metabolism 10

Cytochrome P450
all-trans-retinoic acid (atRA)

catabolism 423–424
inflammation 167
PUFAs 181–182

production
vitamin E regulation 473, 483

stress 181–182

D
Daidzein 299
Dairy products
coronary heart disease prevention 127
calcium 76

see also Milk/milk products
Dark adaptation 442–443
Dark skin pigmentation, vitamin D

deficiency 469
DASH see Dietary Approaches to Stop

Hypertension (DASH) trials
Deaf mutism, iodine deficiency 227
see also Feces

Degenerative diseases, oxidant stress 22f
natriuresis, hypernatremia 331
see also Thirst; Water
absorption 48
bloodstream circulation 48
excretion 48
metabolism 48

Dehydroascorbic acid reductase 48
7-Dehydrocholesterol see Provitamin D3

(7-Dehydrocholesterol)
Dehydrogenase complexes, TDP coenzyme

see TDP coenzymes
Dementia
soya 300

Deoxyribonucleic acid (DNA) see DNA
Deoxyuridine suppression
low-carbohydrate diets 81–82
National Food Consumption Survey
vitamin K recommendations 493

Department of Health (UK)
thiamin recommended intake 395

Department of health services, low-carbohydrate
diets 81–82

Dephytinized products 135
Depression
niacin effect 279
oral contraceptives, vitamin B6

supplements 454
PUFAs 181–182
tryptophan effect 279

Derivatized starches 85t, 85–86
Designer foods, functional foods 224
Developing countries
dietary fiber 132
nutritional surveillance see Nutritional

surveillance
nutritional surveys see Nutritional surveys
riboflavin deficiency 321

Dextrin, indigestible 221t
Dextrinized starches 85t, 85–86
analysis 88

Dextrose
blood pressure 343
ascorbic acid deficiency, functional 48

maturity onset diabetes of the young
(MODY) see Maturity onset diabetes of
the young (MODY)

prevention
dietary fiber 134
vitamin B6 454
see also Maturity onset diabetes of the

young (MODY)

see also Hypoglycemia
dietary fiber 138, 143, 146
mechanisms 143

energy intake control 146
magnesium 254
manganese 261
n-3 PUFAs 181
nicotinamide effect 278–279
vitamin D deficiency association 462, 463f
antioxidants 37
caffeine 69
carbohydrate consumption 81
prevention 146–147
n-6 :n-3 PUFAs ratio 172, 175f
whole grains 496, 499, 500t

Diabetes UK, dietary fiber intake 146–147
FOSHU 221t
structure 160f

Diallyl sulfides
cancer 306–307
sources 300–301

Dialysis
dehydration see Dehydration
dietary fiber 144

iron supplements 375–376
probiotics 267
sodium regulation 332, 334
vitamin A deficiency 427–428, 432
mortality reduction 433

zinc
deficiency 507
supplements 378, 511

zinc supplementation developing
countries 364

Diastolic blood pressure
DASH trial 343

Dicarboxylic acid
oxidation 154–155
riboflavin supplementation 317, 320

3,4-Didehydroretinol (DR: vitamin A2)
437–438

Diet(s)
Atkins see Atkins diet
high-carbohydrate
coronary heart disease 125
diabetes mellitus 146
sports nutrition 350–351

high-fat
diabetes mellitus 146
sports nutrition 350–351

high-protein/low-carbohydrate
sports nutrition 349

low-carbohydrate 81
glucose levels 82
insulin levels 82
macronutrients 82
side effects 82
vitamins and minerals 82
see also Atkins diet

low-fat
vitamin A deficiency etiology 431
vitamin E consumption 476

low-glycemic index
diabetes mellitus 146–147

macrobiotic diets 412t, 414
maize-based
niacin deficiency 277
pellagra 273

Mediterranean see Mediterranean diet
nutritional survey of British adults

496–497
Western see Western diets

Dietary Approaches to Stop Hypertension
(DASH) trials 127–128, 343

coronary heart disease prevention 127
Dietary fiber see Fiber, dietary
Dietary folate equivalent (DFE) 216
Dietary Guidelines for Americans (2000) 371
Dietary Reference Intake (DRI)
macronutrients 80
protein 206
vitamins, fish 209t

Dietary Reference Value (DRV)
selenium 327, 328t
UK
niacin 277
nonstarch polysaccharide 148

Dietary Supplement Health and Education Act
(1994) 367, 369t

Dietary supplements see Supplements/
supplementation

Digestion
peppermint tea 219–220
of TDP coenzyme 392

Digitalis lanata 369–370
Dihomo-�-linolenic acid (DGLA) 184
dietary sources 186

3,7-Dihydro-1,3,7-trimethyl-1H-purine-
2,6-dione see Caffeine

1,25-Dihydroxycholecalciferol 469
3,4-Dihydroxyphenylalanine (DOPA)
tyrosine 8–9

1,25-Dihydroxyvitamin D
(1,25(OH)2D) 457–458

biotransformation 466f
calcium-phosphate interrelationships 286
inorganic phosphate absorption 287
lycopene, synergistic action 246–247
renal disease 468
see also Vitamin D

Diiodotyrosine (DIT) 236
Dimethyl benz(a)anthracene (DMBA),

cancer 306–307
Dimethylcarbamide, caffeine synthesis 65
Diphenols, anti-thiamin factor 391–392
Disaccharide(s) 78
sources 90t
structure 90t

Disaccharides
structures and sources 90t

Discretionary salt, assessment of use 344, 345f
Diseases/disorders, chronic
micronutrient supplementation 353

Diuretic drugs
administration, magnesium deficiency 254
sports nutrition 352
thiamin status, impairment of 392–393

Diuretic treatment, beriberi 383
Divalent metal transporter (DMT-1) 11
dietary fiber 148
dietary fiber, disease etiology role 144

Diverticulitis 148
DNA
biosynthesis
folic acid 216

biotin role in transcription/regulation 60
flavonoids 303
nicotinamide adenosine diphosphate 276

Docosahexanoic acid (DHA) 184
absorption 178
arachidonic acid replacement 173
biological effects 173–174, 176f
anti-inflammatory effects 181
brain development 178
fish 202, 203, 204, 205

essentiality 159
�-linolenic acid metabolism 171, 173f
premature infants 179, 182–183
structure 170f

Dopamine �-hydroxylase 49
nutrition
iodine deficiency disorders 227, 229f,

239–240
iodine supplementation 227, 378
low blood manganese 261

Drinks see Beverages
Drug abuse
thiamin 395

Dry beriberi
clinical features 385
epidemiology 381
etiology 383–384

Dual energy X-ray absorptiometry (DEXA)
dietary fiber, in 133–134
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Dwarfism, iodine deficiency disorders 227
Dyslipidemia
diabetes mellitus 147
magnesium deficiency 254
primary 121t
secondary 121t

E
Eczema
probiotics 268

Edema
sodium role 331–332

The Edinburgh Case Control Study, vitamin
E 483

Education
coronary heart disease prevention 128
see also Nutritional education

Efficacy trials, micronutrient
supplementation 355

composition
calcium 287t
phosphorus 287t
vitamin A 417

Egg white
biotin deficiency 60

Egyptians, Ancient
atherosclerosis 186
endothelial function 186
n-3 fatty acid derived 189
n-6 fatty acid derived 189
fatty acid/genome interaction 175–176
fatty acid intake 186
function 184–185
inflammation 186
metabolism
n-3 PUFAs 173
n-6 PUFAs 173

synthesis
arachidonic acid 159
fatty acids 161

synthesis, n-3 PUFAs 184–185
thrombosis 186

Eicosapentaenoic acid (EPA) 184
absorption 178
anti-inflammatory effects 181, 186
arachidonic acid replacement 173
biological effects 173–174, 176f
dietary sources 186
eicosanoid metabolites 185f, 186
�-linolenic acid metabolism 171, 173f
structure 170f

Elaidic acid
melting point 195
calcium absorption 359
folic acid requirements 218
micronutrient supplementation 359
vitamin D deficiency 74, 359, 469
vitamin D supplementation 468, 469
vitamin K deficiency 492

Electrolytes
abnormalities
see also Body water

replacement
sports nutrition 352

sports nutrition 351
reactive oxygen species production 20–21

Embryogenesis
retinol 444
vitamin A essentiality 444

Empty calories 80
Endemic cretinism
characteristics 229–230
iodine deficiency disorders 227, 229
prevalence 229–230

Endocrine diseases/disorders
hypoglycemia see Hypoglycemia
vitamin B6 deficiency 455

Endogenous digitalis-like inhibitors (EDLIs) 333
Endoscopy
intestinal microflora research 265

Endosperm layer, whole grains 495, 496, 496f

Endothelium
function
eicosanoids 186
n-6 PUFAs 185

injury hypothesis, atherogenesis 118
Endothelium-derived relaxing factor

(EDRF) 164
End stage liver disease
caffeine, effects of 69

Energy
intake
caffeine, effects of 69
athletes 349
metabolic rate see Metabolic rates
parenteral nutrition see Parenteral nutrition
exercise 348

energy expenditure see Energy expenditure
expenditure
athletes 348

Energy-density
rate see Metabolic rates

Energy-transfer reactions, carotenoids 94–95
‘English disease’ see Rickets
English pea
dietary fiber content of food 131,

132, 132t
resistant starch analysis 86–88, 87t
indications
�-linolenic acid deficiency 179

see also Parenteral nutrition
Enterobacteria 265
Enterobacteriaceae, fish 207
Enterococci
probiotic safety 269

Enterococcus faecium
antibiotic-associated diarrhea 268
irritable bowel syndrome 269

Enterodiol 299
Enterolactone 299
Environmental Protection Agency (US)
manganese toxicity 261–262

Enzymatic antioxidants 24
Enzymes
metalloenzymes see Metalloenzymes

Enzymic hydrolysis, dietary fiber 131, 132
Ephedra
alkaloids 370

EPIC-Norfolk Prospective Study 41–42
Epidermal growth factor (EGF) receptor, cancer

protection 303
functional foods 222

Epilepsy
low blood manganese 261

Epinephrine (adrenaline)
rickets 461–462

Equol 299, 304–305
breast cancer 299

Ergocalciferol
see also Vitamin D; Vitamin D2

Ergogenic effects, of caffeine 69
Ergosterol see Provitamin D2

Erythrocyte(s)
lifespan 10–11
magnesium concentration assessment 253
pantothenic acid uptake 281–282
phospholipids 179
transketolase 384
thiamin deficiency 381

Erythrocyte glutathion reductase activation
coefficient (EGR-AC) test 314–315,
319–320

Erythrocyte transketolase (ETKL) stimulation
test 394–395

Erythromycin
lycopene, protective effect 248

Essential fatty acid(s) (EFAs) 159, 171, 184
deficiency 198
trans fatty acid metabolism interaction 198
see also n-3 Polyunsaturated fatty acids

(n-3 PUFAs); n-6 Polyunsaturated fatty
acids (n-6 PUFAs)

Essential fatty acids (EFAs) 159

Estimated Average Requirement (EAR)
carbohydrate consumption 82

Estrogen(s)
calcium metabolism effects 74–75
dietary fiber influence 143
exercise effect 351
phosphatidylethanolamine N-

methyltransferase 108
vitamin B6 447, 453

Eubacterium, intestinal microflora 264
Eucommiacea glycosides, FOSHU 221t
European Commission (EC)
caffeine, regulation of labeling 65

European diet, oligosaccharide intake 89
European Multicentre Euramic Study 248
European Prospective Investigations into Cancer

and Nutrition (EPIC) study 141
Evening blindness, vitamin A deficiency 427
Exercise
colon function benefits 148
endurance, caffeine, effects of 69
training
effect on energy balance 348

see also Athletes; Physical activity
sodium 330, 331
volume excess effect 331–332
volume inadequacy effect 332

F
Facilitated diffusion, ultratrace element

absorption 398
Factor VII
saturated fatty acids 193
thrombosis 165

Factor VIIc 192
saturated fatty acids 193, 193f, 194

Factor X see Vitamin E
Faisant’s method 86, 87t
FAO see Food and Agriculture Organization

(FAO)
Fasting 413
fatty acid synthesis activity reduction 282

Fasting glucose
cholesterol see Cholesterol
fatty acids see Fatty acids
blood pressure effects 339
calcium bioavailability effects 77
disease/disorder effects
coronary heart disease prevention 124
vitamin E deficiency 476

plasma cholesterol influence 120
sports nutrition 350

Fatty acid(s) 151–163
actions/functions
coenzyme A (CoA) functions 283–284
eicosanoid synthesis 161

activation 153
complex lipid components 160, 160f
fish 202

elongation 158
essential see Essential fatty acid(s) (EFAs)
nomenclature 151, 152f
physical properties 151
polyunsaturated see Polyunsaturated fatty

acid(s) (PUFAs)
saturated see Saturated fatty acids (SFAs)
short-chain see Short-chain fatty acids

(SCFAs)
stored, breakdown see Ketone bodies
structures 151–152, 152f
synthesis 156, 158f, 159t
reduction in fasting conditions 282

long-chain degradation 154–155
riboflavin 317
sports nutrition 350–351

�-oxidation 155, 157f
�-oxidation 159t
mitochondrial 153, 154f, 155f
peroxisomal 154, 156f

!-oxidation 155
protein fatty acylation 161
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Fatty acid(s) (continued)
regulation 162
unsaturation 159
vitamins associated with 162, 162t

trans Fatty acids 194–201
absorption 197
analysis methods 195, 196t
atherosclerosis 199
cancer 200
chemistry 194, 195f
coronary heart disease 124, 198, 199
dietary sources 196, 197t
digestion 197
essential fatty acid metabolism interaction 198
haemostasis 199
intakes, typical 196, 197t
lipoprotein effects 198, 198f
metabolism 197
occurrence 195
physical properties 195
physiology 197
PUFAs metabolism interference 171
requirements/recommendations 200
turnover 197–198

Fatty acid synthase 157–158
Fatty acyl-coenzyme A
fatty acid �-oxidation 153
lipid biosynthesis 160–161

Fatty aldehyde dehydrogenase 2 (FADH2) 153
Fatty liver
choline in parenteral solutions 109–110
lecithin synthesis 109–110
methyltetrahydrofolic acid reductase 108
phosphatidylethanolamine N-

methyltransferase 108
thiamin absorption, impairment 392
triacylglycerol 109–110

Fatty streak formation, atherosclerosis 164–165
Febrile illness
vitamin A supplementation 434–435

Feces
bulk
colorectal cancer etiology, dietary fiber 142
dietary fiber benefits 135–136, 136, 148
wheat bran effect 144

drying out, constipation 148
energy loss 147
intestinal microflora assessment 265

Fermentation
dietary fiber 136
functional foods 220

Fermented foods
raw fish products 384

Ferrireductase haephestin 11
anemia 14
antioxidant activity 24
metabolism 10–11

Ferroportin
transporter 11

Ferrous fumarate 16, 377
Ferrous gluconate 16, 377
Ferrous sulfate 16, 377
Fetus
caffeine, effects of 70
development 216
folic acid deficiency 216
vitamin K deficiency 491–492
intrauterine growth restriction (IUGR) see

Intrauterine growth restriction (IUGR)
n-3 PUFAs 178
restriction 216

Fever
vitamin A deficiency 427–428

Fiber, dietary
actions/effects 91t, 131–137
absorption effects 131–137

calcium bioavailability 76–77
copper requirement effect 113–114
defined 90
American Association of Cereal Chemists

(AACC) 90
Institute of Medicine, US 90

dietary reference intakes 83t
dietary sources 132, 132t, 133t

FOSHU 221t
digestive tract, in 132
large intestine 135
mouth 133
pharynx 133
small intestine 133
stomach 133

disease etiology 137–144
associations with disease processes 138
atherosclerosis influence 122
complex carbohydrates 138
constipation 144
coronary heart disease 122, 125
see also Coronary heart disease

diabetes see Diabetes mellitus
diarrhoea 144
diverticular disease 144
inflammatory bowel disease 144
laxation 144
obesity 137–138, 143

fermentation 136
hypothesis 131, 134
insoluble 132, 133t
whole grains 495

magnesium absorption effect 251–252
nutritional management role 145–149
bowel disorders 147
diabetes mellitus 146
hyperlipidemia 145

oligosaccharides 90
pantothenic acid influence 281
requirements/recommendations 82–83
resistant starch definition as 90
soluble 132, 133t
diabetes mellitus 146
hyperlipidemia effect 145
whole grains 499–500

types 132
see also Nonstarch polysaccharides (NSPs)

Fibrin 165
Fibrinogen
CVD 192
saturated fatty acid effect 194
thrombosis 165

Fibrinolysis
monounsaturated fatty acids 167
thrombosis 166

Fibroblast growth, pantothenic acid 284
Fibrous plaques, atherosclerosis 117
Finasteride, prostate cancer 358
Finfish, characteristics 202
Fish 203
composition
fats 204, 204t
n-3 fatty acids 205t
lipids 204
mineral concentrations 203
minerals 208, 210t
nonprotein nitrogen compounds 207t
PUFAs 176
vitamin D 462
vitamins 209t

consumption 202
benefits 204, 206t
pregnancy 204

definition 202
disease/disorder effects
coronary heart disease 126

nutritional value 202–211
raw/ fermented, anti-thiamin factors

391–392
see also Docosahexanoic acid (DHA);

Eicosapentaenoic acid (EPA)
anti-inflammatory effects 167, 181
bleeding time 180–181
disease/disorder effects
coronary heart disease 125, 180
thrombosis 180–181
ventricular fibrillation reduction 176

PUFAs source 176

vitamin D 462
see also Docosahexanoic acid (DHA);

Eicosapentaenoic acid (EPA); n-3
Polyunsaturated fatty acids (n-3 PUFAs)

Flatus
extreme, causes of 136
gas components 136

Flavan-3-ols 292, 292f, 293, 293t
see also Flavonoid(s)

Flavanol(s) 291, 292f, 293, 293t
see also Flavonoid(s)

Flavanones 292f, 293, 293t
see also Flavonoid(s)

Flavin adenine dinucleotide (FAD)
dietary sources 313
folic acid metabolism 318
metabolism 315–316
riboflavin status 318–319

Flavin adenine dinucleotide (FAD)
phosphate 316

Flavin mononucleotide (FMN)
dietary sources 313
riboflavin metabolism 315–316
riboflavin transport 313

Flavoenzymes 315
metabolic functions 317
metabolism 315–316, 316t

Flavokinase 316
Flavones 292, 292f, 293, 293t, 295
see also Flavonoid(s)

Flavonoid(s) 291
absorption 294, 297
anthocyanidins 292, 293t
as antioxidants 46–47, 302, 303
bioavailability 27t, 294, 297
chalcones 293t
dietary sources 27t, 46, 291, 293t, 297
whole grains 495, 499

disease/disorder effects, coronary heart disease
prevention 126

flavanols 291, 292f, 293, 293t
flavanones 292f, 293, 293t
flavan-3 -ols 292, 292f, 293, 293t
flavones 292, 292f, 293, 293t, 295
future research 296
health effects 291, 295, 296, 297, 298t, 303
cancer 295
cardiovascular health 291, 295
coronary heart disease protection 297
mechanisms of action 301

intake estimates 293, 294t
isoflavones 291, 292f, 293, 293t
mechanisms of action 294
metabolism 294
plasma concentrations 27t
polyphenoic, as antioxidants 45–46
safety 296
structure 292f
subclasses 291, 292f
toxicity 296

Flavoproteins
see also Flavin adenine dinucleotide (FAD);

Flavin mononucleotide (FMN)
Flour
dietary fiber content 132
folic acid 217

Fluid(s)
balance
dehydration see Dehydration

Fluoride
absorption 398
functions 406

Fluorine 406
absorption 399t
adequate intake 406
beneficial effects 397–398
biological roles 401t
body content 404t
deficiency 404t, 406
dietary sources 404t
excretion 401t
retention 401t
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storage 399t
toxicity 406
transport 399t
typical intake 404t
upper intake limit 406

Foam cells
atherosclerosis 164–165
formation 165f

Folic acid 211–219
absorption 214
antioxidant activity 26

bioavailability 214–215
biochemistry 212, 212f, 212t, 213f
methionine synthase inhibition,

implications 213
one-carbon unit removal from folic

acid 212
one-carbon unit sources for folic acid 212

catabolism 215
cellular uptake 215
definition 211
dietary sources 218, 218t
fish 208
micronutrient supplementation 354–355

disease/disorder effects
cancer 109
coronary heart disease prevention 126
heart disease 109
neural tube defects 211–212, 217

excretion 215
iron supplements 376
metabolism
riboflavin effect 318

one-carbon unit removal 212
one-carbon unit sources 212
requirements/recommendations 215, 216t
adolescents 218
adults 218, 358
children 217
elderly 218, 360
infants 217
lactation 217
pregnancy 216
RDA/adequate intake 215, 216t

transport 215
turnover 215

Folic acid deficiency 211–212, 214
Folypoly-�-glutamate synthase, folic acid

accumulation 215
Fontanel, bulging, vitamin A

supplementation 435–436
Food and Agriculture Organization (FAO) 83,

202, 507
zinc recommendations 519
dietary fiber, health claims 145
micronutrient supplementation 353
whole grains 496
coronary heart disease 139

Food and Drugs Act (1953: Canada) 368
Food and Nutrition Board (US) 371
dietary reference intakes 412, 414
folic acid 216
vitamin A 417
vitamin B6 upper intake level 454
vitamin E 471, 472–473, 474
zinc 519

‘Food groups’
whole grains 496

Food poisoning (FP)
bacterial infections see Bacterial infections

Foods for Special Health Uses (FOSHU)
functional foods 220, 221t
Japan 369

Food Standards Act 1999 (UK) 367
Food Standards Agency (UK)
dietary supplements 367
whole grains 503

Forage foods 138
Forearm extensor electromyogram, caffeine,

effects of 69
Formate
folic acid metabolism 214

Formula feed
composition
copper bioavailability 114
iodine 232
PUFAs 179
riboflavin 320
thiamin 395
vitamin K 491–492

overheating, vitamin B6 deficiency 453, 455
soya-based 305
see also Breast-feeding

Fortification
avoidance, vegetarians 413
folic acid 217
vitamin A 432–433, 435, 436
vitamin D 456, 464
whole grain foods 496
see also Supplementation

Fourier transform infrared absorption
spectroscopy 196t

F-Plan Diet, dietary fiber 147
Fractional calcium absorption 73
Fracture risk, vitamin D deficiency 462
cholesterolemia 120

Framingham offspring study 501
Free fatty acid(s)
eicosanoid precursors 186
physical properties 152
manganese cycling 256
see also Reactive oxygen species (ROS)

French paradox 303
Freshness indices, fish 207–208
Friderichsen type I familial hypercholesterolemia,

niacin 279
‘Friendly’ bacteria 264
sources 90t
structures 90t

Fructokinase
functional foods 223

Fructose 78, 79–80
dietary sources 78
diet containing 131

Fruit(s)
biomarkers, carotenoids 103
composition
antioxidants 26, 26f, 27
ascorbic acid 53, 53t
calcium 76
�-carotene 103–104
carotenoids 96t, 96–97
dietary fiber 132, 133t, 140–141
flavanols 291–292
phytochemicals 290–291
potassium 309

disease/disorder effects
coronary heart disease 126

Fruit juice
carbohydrate consumption 78

Functional foods 219–225
Chinese medicine 221
concept 219
definition 219, 220
designer foods 224
edible plants 221
Foods for Special Health Uses 220, 221t
history 219
immune modulators 223
interest and development 220–221
phytochemicals 221, 222t
prebiotics see Prebiotics
probiotics see Probiotics
trends 220–221

Fundus albipunctatus 420–421
Fungal infections
thiamin status, impairment of 392–393

G
Galactose 78, 79–80
glucose-galactose malabsorption see Glucose-

galactose malabsorption
sources 78

�-Galactosidase
probiotics 268

Gamma-carboxylated glutamyl (Gla)
formation 488–489, 490f
vitamin K role 488, 488–489, 490f, 491

�-aminobutyric acid (GABA)
vitamin B6 deficiency 455

Gandhi 336, 337–339
Garlic (Allium sativum) 300–301
organosulfur compounds 300, 306

Gas6 protein, vitamin K interaction 491
Gas-liquid chromatography (GLC)
trans fatty acid analysis 196t

Gastrectomy
carotenoids 97–98

Gastritis
atrophic, sodium chloride 343–344

Gastroenteritis
absorption
calcium 72
magnesium 251

caffeine, effects of 69
dietary fiber see Fiber, dietary
diseases/disorders
carbohydrate consumption 81
dietary fiber, nutritional management 147

large intestine
dietary fiber effects 135
fermentation of dietary fiber 139

metabolism, vitamin A 440, 440f
microflora see Gastrointestinal (GI) tract

microflora
small intestine see Small intestine

Gastrointestinal (GI) tract microflora 265
adults 265
by probiotics 266

colon see Colon
colonization 135
composition 264
development 251–264, 265
disease/disorder effects 266
cancer 268

elderly 265
importance 267
pantothenic acid synthesis 281, 285

mucins 265
newborns 265
prebiotics see Prebiotics
probiotics see Probiotics
quantity 264
research on 265
succession 251–264, 265

Genetics
gene expression
biotin role 60
fatty acid effect 174–175

gene-nutrient interactions
n-3 fatty acids 183

Genistein 298–299, 299
cancer protection 303
vascular protection 304

Genome interactions, n-3 PUFAs 174,
177t, 178t

Genotoxicity
blocking 306
brassica vegetables 306

Germanium 406
absorption 399t
biological roles 401t
body content 404t
deficiency 404t, 406
dietary sources 404t
excretion 401t
requirements/recommendations 406
recommended intake 406

retention 401t
storage 399t
toxicity 406
transport 399t
typical intake 404t

Germany
vitamin and mineral regulation 368–369
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Germ layer, whole grains 495, 496f
vitamin B6 supplements 453–454

Gestational night blindness, vitamin A
deficiency 427

Ghrelin 162
Ginger, functional foods 220
Ginkgetin 308
Ginkgo biloba
phytochemicals 308

Ginseng
saponins 307–308

Ginsengosides 307–308
antioxidants 32–33, 34t
vitamin E 484

Global Network for the Sustainable Elimination
of Iodine Deficiency 234

Global partnership, iodine deficiency
disorders 233

Glucagon
fatty acid metabolism 162
gluconeogenesis see Gluconeogenesis

�-Glucans 81
Glucobrassicin, cancer prevention 305
Glucocorticoid(s)
calcium metabolism effects 74–75
alanine 3–4
glutamine 3–4

Glucose 78, 79–80
dietary sources 78

see also Insulin
intolerance see Diabetes mellitus
food intake recommendations 134–135
sodium uptake promotion 334

see also Glycemic index (GI)
Glucose-alanine cycle 3–4
caffeine, effects of 69
normalization, vitamin B6 supplements 453

Glucosinolates
undesirable health effects 306

Glucuronic acid catabolism, ascorbic acid 48
Glucuronides, retinoid excretion 442
function 2t, 6, 6f
supplementation 6

Glutathione peroxidase 326t
assay 327
selenium donation 327

Glutathione reductase, riboflavin status 315,
318–319, 319, 319f

Glycemic index (GI) 79–80, 81
calculation 134
dietary fiber 134, 146–147
high GI foods 83
low GI foods 83
whole grains 496, 499–500

Glycerophospholipids
fish 207
function 2t, 7
supplementation 7

Glycine max
sports nutrition 350
storage 79

Glycogen phosphorylase, vitamin B6 storage 452
Glycosylated hemoglobin see Hemoglobin(s)
Go grains (Australia) 503
Goiters 227, 228–229, 229f, 230, 231
iodine supplementation 378
prevalence 230
surgery 230–231

Goitrogens 239
isothiocyanates 306

Golgi apparatus, coenzyme A 284
Goñi’s method 86, 87t
‘Good’ cholesterol see High-density lipoprotein

(HDL) cholesterol
Grains
products
calcium source 76

Gram-positive organisms, large intestine 135
Granulocytes, ascorbic acid concentration 52
Green beans (Phaseolus vulgaris)
flavan-3 -ol source 292
polyphenols, FOSHU 221t

Growth curves
delay
pantothenic acid deficiency 284
vitamin A deficiency 428, 428–429

dietary effects
calcium metabolism 75–76
n-3 PUFAs 178
zinc 517

spurt 75–76
Growth hormone (GH)
calcium metabolism 74–75

Guanosine, fish 208
Guarana, caffeine 65
Guaranin 65
Guar gum
diabetes risk reduction 143
hyperlipidemia effect 145

Gums 78
Gum tragacanth, diabetes risk

reduction 143

H
Hair
biotin deficiency 62

Hallervordan-Spatz syndrome 282
Halogens 235
abundance in natural environment 235t

Halo-perixidases 235
Haptoglobin, antioxidant activity 24
Hartnup disease
niacin 279

Hashimoto’s thyroiditis 240
Health Canada (2004) 368
vegetarians 414

Health Professionals Follow-Up Study 501
colon cancer 200
coronary heart disease, diet 128
lycopene, prostate cancer protection 248
prostate cancer 200
stroke and potassium intake 310–311, 311f
trans fatty acids 200

Health Professionals Study 500
vitamin E 44

Heart
trans fatty acids 197

Heart disease
risk
carbohydrate consumption 80–81

Heart Outcomes Prevention Evaluation (HOPE)
Study 30t, 32–33, 34t, 37

vitamin E and CVD 484
Heart Protection Study 30t
vitamin E 358

Heart rate
caffeine, effects of 68

Heat
carotenoid isomerization 97

see also Dehydration
production see Thermogenesis

Heat-stable factors, anti-thiamin
factors 391–392

Hegsted formula 120
Helianthus annus
elderly 359
eradication 269
anemia 364

Hematochromatosis
bioavailability 11
FOSHU 221t

Hemicellulose
iron supplementation 376

Hemodilution, pregnancy 13
Hemoglobin(s)
hbA1c measurement

carbohydrate consumption 81
iron metabolism 10
maternal, birth weight 16

Hemolytic anemia
menadione toxicity 493
S-methyl cysteine sulfoxide link 306

Hemopexin, antioxidant activity 24

Hemorrhagic disease of the newborn, vitamin K
deficiency 491–492

Hemosiderin 10–11
Hemosiderosis 376
coagulation cascade see Coagulation

Hepatic encephalopathy
tryptophan 9

Hepatocellular carcinoma (HCC)
choline deficiency 110
selenium 329

Hepatocytes
copper 114–115

Hepcidin, iron absorption 12
Herbal medicines
demand 367
exempt from licensing requirements 368
regulations 368

Hereditary hemochromatosis 14–15, 17–18
Herring 204
Hesperetin 302
High-carbohydrate diets see Diet(s)
High-density lipoprotein(s) (HDLs) 119t
atherosclerosis 163
carbohydrate consumption 80–81
carotenoid transport 99, 442
dietary fats 124
plasma composition 119t
n-6 PUFAs 187–188
reduction by trans-fatty acids 124–125
seasonal variation 122
trans fatty acids effects 198
vitamin E absorption 478–479
whole grains 499

High-density lipoprotein (HDL) cholesterol
CVD prevention 188
saturated fatty acid effect 190, 190f
trans fatty acids 198
transport 163

High-fat diets see Diet(s)
High-intensity exercise see Exercise
High-performance anion exchange

chromatography (HPAEC) 89
High-performance liquid chromatography

(HPLC)
lycopene 243–245
trans fatty acid analysis 196t
vitamin K status 492–493

High-protein diets see Diet(s)
High-protein, low-carbohydrate diets see Diet(s)
High-sugar diets see Diet(s)
Histamine
fish 207
function 2t, 7
supplementation 7
zinc deficiency 506

HIV infection
see also AIDS

Holocarboxylase synthetase (HCS)
biotin metabolism 57, 58f

Holo-retinol-binding protein (RBP) 441,
441–442

cornea provision of retinoic acid 443
caffeine effects 68
folic acid deficiency 214, 359
hyperhomocysteinemia see

Hyperhomocysteinemia
riboflavin status 318
coronary heart disease 126
CVD 355

vitamin B6 deficiency 451–452, 453
Honey
zinc deficiency 513–514

HOPE study see Heart Outcomes Prevention
Evaluation (HOPE) Study

Hormone(s)
amino acid decarboxylation 450
dietary fiber role 138, 142
mechanisms 143
population studies 142

diseases/disorders
whole grains 495

magnesium reabsorption effect 252
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regulation, calcium 73, 73f
Hormone replacement therapy (HRT)
vitamin B6 447

Hox gene family 444
Human growth hormone see Growth

hormone (GH)
Human safety trials, micronutrient

supplementation 355
Humidity
beriberi 383–384
probiotics 268
see also Appetite

Huntington’s disease 394
Hydrochloric acid
dietary fiber breakdown 133

Hydrogen peroxide
oxidant stress 19–20

Hydrolyzed cornstarch 78
Hydroxyapatite, calcium storage 73
synthesis 153–154, 155f

25-Hydroxycholecalciferol 469
Hydroxycobalamin
see also Cobalamin (vitamin B12)

8-Hydroxyguanine, ascorbic acid depletion 52
3-Hydroxyisovaleric acid, biotin deficiency 60
Hydroxykynurenine accumulation, vitamin B6

deficiency 455
5-Hydroxytryptamine see Serotonin (5-

hydroxytryptamine: 5-HT)
25-Hydroxyvitamin D 457–458
circulation level maintenance 462
sunlight 467
vegans 469
vitamin D biotransformation 466f
vitamin D deficiency 467t, 467–468
vitamin D status determination 462
see also Vitamin D

Hyperammonemia
biotin deficiency 60

Hyperbilirubinemia, menadione toxicity 493
Hypercalcemia, vitamin D toxicity 465
Hypercalcinuria
absorptive, calcium restriction 77
magnesium reabsorption effect 252
vitamin D toxicity 465

Hypercholesterolemia
diabetes mellitus 146
see also Diabetes mellitus

Hyperhomocysteinemia 214
genetic predisposition 452
vitamin B6 supplements 452, 453
see also Homocysteine

Hyperkalemia
aldosterone secretion 333
potassium intake 311

Hyperlipidemia
nutritional management,

dietary fiber 145
Hypermagnesuria 253
Hypernatremia
dehydration natriuresis 331

Hyperparathyroidism
secondary, vitamin D deficiency 462

Hypersensitivity
classification guidelines 343
potassium deficiency 310
salt 337–339
sodium 126, 330, 333–334, 334
DASH diet see Dietary Approaches to Stop

Hypertension (DASH) trials
salt reduction 346

disease associations
coronary heart disease 126

Hyperthyroidism 240–241
in diabetes mellitus 147
nicotinic acid toxicity 278

Hypervitaminosis A 445–446, 446
Hypoaesthesia, beriberi 385
Hypocalcemia
magnesium deficiency 254
parathyroid hormone role 73–74
vitamin D deficiency 461–462

Hypocholesterolemia, ascorbic acid effect 54
see also Diabetes mellitus
sports nutrition 352

Hypokalemia
caffeine, effects of 69
magnesium deficiency 254
potassium deficiency 309

Hypolipidemia, n-3 fatty acids 180
Hypomagnesemia
alcoholism 254
magnesium excretion assessment 253
sports nutrition 352

Hypophosphatemia
magnesium reabsorption effect 252
vitamin D deficiency 461–462

Hyporetinolemia
epidemiology 429
incidence 429–430
infection 427–428

Hypothyroid cretinism 230f
Hypovitaminosis A see Vitamin A deficiency
Hypoxanthine, fish 207–208

I
Idiopathic copper toxicosis, chronic copper

exposure 116
Ileostomy
magnesium absorption 251

Ilex paraguariensis 65
Immune modulators, functional foods 223
diseases/disorders
carcinogenesis 168
vitamin A deficiency effects 426

intestinal microflora 265
see also Iron
probiotics, diarrhea 267
retinol 444
selenium 325
zinc 510, 518
see also Zinc

Immunodeficiency
HIV/AIDS see AIDS; HIV infection

Immunological tolerance see Tolerance
Immunostimulating polysaccharides, functional

foods 223
IMP see Inosine monophosphate (IMP)
see also Diabetes mellitus

Indian childhood cirrhosis (ICC), chronic copper
exposure 116

Indole-3-carbinol 305
Indoles, whole grains 495, 499
foodmineral composition effects 337, 339t, 344

Infant(s)
calcium metabolism 75
intestinal microflora 265
iron stores 12
micronutrient supplementation 356
copper deficiency 115–116
cow’s milk fed 115–116
n-3 PUFAs 179
folic acid 217
magnesium 254–255
vitamin B6 453
vitamin K 493

see also Children
Infant formulas
choline content 109
cows milk, vegetarians 415
iron 14
manganese 256–257
oligosaccharide content and bifidobacteria

growth in feces 89
soy milk, vegetarians 415
docosahexaenoic acid 159, 179

Infant Research on Infant Supplementation
trials 366

children, zinc 510
copper deficiency 116

supplementation
vitamin A 434–435

vitamin A deficiency 426, 427, 428f, 432

Infertility
phytoestrogens 305
dietary fiber 144, 149
probiotics 269

Inflammatory response 167
in arthritis see Rheumatoid arthritis
atherosclerosis trigger 167
cholesterol metabolism 164
coronary heart disease 124
eicosanoids 186
n-3 fatty acids 183
monounsaturated fatty acids 167
oxidative damage 167
n-3 PUFAs 177t, 181
n-6 PUFAs 187
thrombosis trigger 167
vitamin A deficiency 426
vitamin E 482

Infrared absorption spectrometry, trans fatty acid
analysis 196t

Inorganic phosphate (Pi) 287
absorption 287
cell regulation 288
fluctuations 287
paracellular passive absorption 287
regulation 287–288
transcellular mechanisms 287

Inosine, fish 207–208
Inosine monophosphate (IMP)
fish 207–208

Insoluble fiber see Fiber, dietary
Insoluble polysaccharides 138
constipation 144

Institute of Medicine (IOM)
carbohydrate 82
dietary reference intakes 412, 414
iron supplementation 375
Nutrition Board, dietary fiber defined 90
recommendations
choline 109
manganese 261
vitamin A intake 444
vitamin D upper intake levels 468

Insulin
actions/effects
fatty acid metabolism regulation 162

disease/disorder effects
magnesium deficiency 254

inorganic phosphate ions 288
pantothenic acid influence 282
sensitivity
caffeine, effects of 69
n-3 fatty acids 181

Insulin like growth factor-1 (IGF-1)
lycopene effects 246–247
zinc deficiency 517
magnesium deficiency 254

Interdepartmental Committee on Nutrition for
National Defense (USA) 277

inflammation 167
INTERHEART 126
n-3 fatty acids 181
inflammation 167

Intermediate-density lipoprotein (IDL) 119t
cholesterol transport 163
plasma composition 119t

International Council for Control of Iodine
Deficiency Disorders (ICCIDD) 232, 233

zinc deficiency 505
International Nutritional Anemias Consultative

Group 16
zinc deficiency 505

International Olympic Committee (IOC) 70
International Union of Biochemistry 516–517
International unit (IU) 439
International vitamin A Consultation

Group 362, 374
zinc deficiency 505

International Zinc Nutrition Consultative
Group 505

Interphotoreceptor retinoid binding protein
(IRBP) 421
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INTERSALT study 341, 342f, 342t
sodium 331

Intolerence
magnesium concentration 251
potassium concentration 309
sodium 330

Intraluminal binding, polysaccharides 135
Intramuscular iodine injections 378
developing countries 361

Intrauterine contraceptive device
anemia 12–13

Intrauterine growth
zinc supplementation 378

Iodide 228
Iodine 235–242
absorption, transport and storage 235
actions/effects 237
classification 235
concentrations in organs 238t
cycle in nature 228, 228f, 236f
dietary sources 241, 242, 242t
fish 211

environmental insufficiency 239
excess 238, 240
existence in natural environment 235
intake, US and Britain 242t
metabolism and excretion 237
production sources 228
requirements/recommendations 241, 241t
salt fortification 231, 235, 238–239, 240
cost 231
iodine deficiency disorders 227

status assessment 241
supplementation/fortification 378
developing countries 361
dose 378
efficacy 378
injections 231, 232f
milk 232
oil 231
safety 378
target groups and prevention schedules 377t

Iodine deficiency 227–234, 228, 229t, 238
adult 230
affected countries 231
children 230
correction 231, 232f
country level elimination 232
criteria as public health problem (WHO) 241t
ecology 228
economic development 231
effects 227, 240
elimination programs 240
progress 233
sustainability 233
wheel model 233f

fetus 229
history 227
induced hypothyroidism 230–231
injections 227
magnitude 231
mental impairment prevalence 239
neonate 230
number of cases 231
physical effects 239
populationwide effects 231
developing countries 361

prevalence 228
prevention through salt 337
role of United Nations 232

Iodophors, iodine deficiency 232
Iodopsin 442–443
Iodothyronine deiodinases 326t
IOM see Institute of Medicine (IOM)
Ion-specific electrodes, magnesium concentration

assessment 253
Iowa Women’s Health Study 497–498
CVD 483
vitamin E 44, 483
whole grains 502

Ireland
ascorbic acid reduction 51

bioavailability 13–14, 14f
effect on absorption 11

deficiency see Iron deficiency
fish 211

excessive intakes 17–18
niacin deficiency 277

folic acid supplementation
developing countries 363
side effects 363

homeostasis 11f
maternal-fetal transfer 12
metabolism 10, 11f
disorders 115

micronutrient interactions 18
recycling 10
regulatory protein
manganese 258

requirements/recommendations 12
infants 14, 356
Recommended Nutrient Intake (RNI) 13,

14, 14f
riboflavin effects 317
status assessment 11
non-heme iron absorption 12

stores 10
supplementation/fortification 16, 17, 17t, 375
anemic children 16
delivery methods 16
dose 376
effective programs 377
efficacy 375
form 377
frequency 376
infancy 375
low-birth weight infants 376
manganese balance 258
pregnancy 14, 16, 17, 375
preschooler and school age children 376
recommended dose 16
safety 376
side effects 16–17
target groups and prevention schedules 377t
technical challenges 17
zinc addition 511–512

Iron-containing enzymes 10
hydroxylases 49–50

Iron deficiency 10
actions/effects 16
anemia see Iron deficiency anemia

indicators 14, 15t
lead benefit 406
manganese toxicity 261
in pregnancy 13f
prevalence 15
risk 12
severe, developing countries 361
tannin effect 303

Iron deficiency anemia 10–18
athletes 351
consequences 16
developing countries 363, 364
etiology
pregnancy 375

indicators 15t
prevalence 15
prevention 16, 17t
risk 12
risk groups screening 15
treatment 16

Iron-response proteins (IRP) 11
Iron-responsive elements (IRE) 11
Irritable bowel syndrome (IBS)
dietary fiber 148–149
intestinal microflora 266
probiotics 269

Ischemic heart disease
flavonoids 297–298

Ischemic strokes
whole grains 499

Isoflavones 291, 292f, 293, 293t
coronary heart disease risk reduction 127
toxicity 305

whole grains 495
see also Flavonoid(s)
excretion levels 299
health benefits 298
function 2t, 7
supplementation 8

Isomerization
carotenoids 97, 98

Isomerohydrolase (IMH), visual cycle 420–421
Isonazid 279
vitamin B6 deficiency 455

F2-Isoprostanes 188
Isothiocyanates
anticancer properties 305–306
goitrogenic effects 306

Isothiocyanates sulphorophane 306
Ispaghula husk see Psyllium
Isphagula, bulk laxative 136

J
Japanese diets, coronary heart disease

prevention 128
Japanese ministry of health and welfare 369,

369t
Jejunum
folic acid absorption 214–215
magnesium absorption 251

Joint health claims initiative, whole grains 496
Joint National committee on Prevention,

Detection, Evaluation and Treatment of
High Blood Pressure 343

Juvenile chronic arthritis, intestinal
microflora 266

Juvenile thyroid deficiency, iodine deficiency
disorders 227

K
Kale
calcium bioavailability 76–77
poisoning 306

Kampo 369
Kashin-Beck disease
selenium deficiency 323
selenium intervention 328–329

Kayser-Fleischer rings, copper 115
Keratinizing metaplasia of conjunctiva/corneal

epithelium 426–427
Keratomalacia 425–426, 427, 428f
risk in infants 430
vitamin A deficiency 427, 428f

Kernicturus, menadione toxicity 493
Keshan’s disease 323, 328–329
�-Ketoglutarate dehydrogenase complex, TDP

coenzyme 393f
Ketone bodies
see also Ketosis

Ketone levels (urinary), sports nutrition 348
low-carbohydrate diets 82
see also Ketone bodies

Keutel’s syndrome 490
Keys formula, plasma cholesterol changes 120
Kidney(s)
disease/disorders
copper excess 116
vitamin D deficiency 468

failure
blood pressure and salt intake 339
germanium toxicity 406

flavanoid metabolism 294
functions
all-trans-retinoic acid biosynthesis

421–422
caffeine, effects of 68
calcitroic acid excretion 458
calcium excretion 72, 75
choline 110
low-carbohydrate diets 82
magnesium excretion 252

iodothyronines 237
protection, ginsengosides 307–308
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Kidney bean
potassium deficiency 309, 310f
vitamin D toxicity 465

Kiwansis International 233
Kola nuts, caffeine 65
Kynurenic acid 9
Kynureninase
tryptophan load test 451
vitamin B6 deficiency 451

Kynurenine 9

L
Labeling
caffeine content 65
claims
dietary supplements 370
micronutrient supplementation 355–356

Lablab purpureus
calcium metabolism 76
iron cost 13
folic acid 217
niacin 277
pantothenic acid 285
retinol 445, 445t
riboflavin 320
vitamin D 465

vitamin A deficiency incidence 430
zinc deficiency 508–509
see also Breast-feeding; Breast milk

Lactic acid
sports nutrition 350

Lactic acid bacteria
intestinal microflora 264

Lactic acidosis 393
Lactobacillus
intestinal microflora 264, 265
oligosaccharides as prebiotics 89–90
probiotics 266
safety 269
antibiotic-associated diarrhea 268
cancer 268
traveler’s diarrhea 269

Lactobacillus bulgaricus 268
Lactobacillus casei
Shirota strain, cancer 268

Lactobacillus GG (LGG)
cancer 268
traveler’s diarrhea 269
viral diarrhea 267–268

Lactobacillus johnsonii 266
Helicobacter pylori eradication 269
irritable bowel syndrome 269
pantothenic acid status assessment 282

Lacto-ovo-vegetarianism 412t
current practices 415
calcium bioavailability effects 77
galactose component see Galactose
malabsorption
primary see Lactose intolerance

sources 79
dark skin pigmentation 469
probiotics 268

Lactosucrose, FOSHU 221t
Lactovegetarian 411, 412t
current practices 415

Lactulose, FOSHU 221t
Latitude, vitamin D deficiency association 462
Lauric acid 189
cholesterol levels 190–191, 191f, 194
coagulation effect 193–194
fibrinogen concentration 194
platelet aggregation 192

Laxation, dietary fiber 144
Laxatives
dietary fiber 136

Lead 406
absorption 399t
actions/effects 401t
beneficial effects 406
body content 404t
deficiency 404t, 406

dietary sources 404t
excretion 401t
requirement 407
retention 401t
storage 399t
transport 399t
typical intake 404t

Lecithin
malnutrition treatment 109–110

Lecithin:retinol acyltransferase (LRAT)
retinoid homeostasis 424
visual cycle role 420–421
vitamin A homeostasis 421

Left ventricular hypertrophy (LVH)
salt intake 337–339
phytate 135
small intestine passage 134

Leigh’s disease 394
Leptin
actions/effects
stearoyl-coenzyme A desaturase

regulation 159
function 2t, 7
supplementation 8

Leukocyte(s) see Lymphocyte(s)
Leukoma, vitamin A deficiency 427
fatty acid/genome interaction 175–176
n-3 fatty acids 181
inflammatory response 186
synthesis 161

Leukotriene B4 186
Leukotriene B5 186
Levodopa
amino acid supplementation 9

Licorice 308
Lifestyle
obesity see Obesity

Lifestyle modification
micronutrient supplementation 353, 356

Light energy reactions, carotenoids 94
Light exposure, carotenoid radical reactions 95
Lignans
cardioprotective effects 300
colon cancer, protective effect 300
dietary sources 298
whole grains 495

health benefits 298
Lignin
dietary fiber, disease etiology role 138

Linoleic acid 159, 171, 184
actions/effects
cholesterol reduction 178
CNS effects 178–179

associated diseases/disorders
atherosclerosis 187
coronary heart disease 125
CVD 187

dietary sources 171, 171t, 184
Western diets 178

HDL cholesterol 188
LDL cholesterol 188
long-chain n-3 fatty acid intake influence 176
Mead acid accumulation 198
metabolism 171, 173f
palmitic acid effect on cholesterol

influence 191
structure 152f, 170f
see also n-3 Polyunsaturated fatty acids (n-3

PUFAs)
�-Linolenic acid 159, 171, 184
actions/effects
CNS effects 178–179
platelet aggregation effects 178

deficiency 179
dietary sources 171, 171t, 184
long-chain n-3 fatty acid intake influence 176
metabolism 171, 173f
physiologic indexes 176
structure 152f, 170f
see also n-6 Polyunsaturated fatty acids (n-6

PUFAs)
�-Linolenic acid 184

Lipases
amylose retrogradation, interference with 85
disease associations
atherogenesis 118

metabolism
blood cholesterol 118f

peroxidation 188
atherosclerosis 164
flavonoid inhibition 302
PUFAs 167

serum
thyroid hormones 237

trans fatty acids incorporation 197
see also Fatty acids

Lipidemia, dietary fiber influence 122
Lipid soluble thiamin derivatives 388
Lipocalin family 420
Lipoic acid
caffeine effects 69

Lipoprotein(s)
actions/effects
vitamin E transport 475

blood cholesterol 118f
characteristics 120t
composition 119t
n-6 PUFAs 187
trans fatty acids 198, 198f, 200–201
trans monounsaturated fatty acids 198,

198f
functions 120t
plasma, major 119t

Lipoprotein (a) 119
fibrinolysis 166
trans fatty acids 199
triacylglycerol hydrolysis 153
vitamin E absorption 478–479

�-Lipoproteins, lycopene association 246
5-Lipoxygenase
atherosclerosis 175
promoter genetic variation 175–176

Liquid diets see Diet(s)
Listeriosis
fish 202

Lithium 407
absorption 399t
actions/effects 397–398, 401t
body content 404t
deficiency 404t, 407
dietary sources 404t
excretion 401t
requirement 407
retention 401t
storage 399t
toxicity 407
transport 399t
typical intake 404t

Lithium marker technique, salt intake
estimation 344, 345f

Liver
cancer see Liver cancer
cell death
choline deficiency 110
plasma choline and

phosphatidylcholine 110
cells see Hepatocytes
development, polyunsaturated fatty

acids 178–179
diseases/disorders see Liver diseases/disorders
drug acetylation, pantothenic acid

deficiency 282
encephalopathy see Hepatic encephalopathy
enzymes, test to determine activities 66
functions
all-trans-retinoic acid biosynthesis

421–422
carotenoid storage 99
flavanoid metabolism 294
ketone body synthesis 153–154, 155f
serum retinol binding protein (SRBP)

synthesis 420
vitamin A uptake/storage/release 417–418,

441
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Liver (continued)
impaired function, isotopic caffeine breath

test 66
nutritional effects
biotin 56
folic acid uptake 215
lycopene 246
niacin 273–274
pantothenic acid 282
trans fatty acids 197
vitamin E 475
vitamin K 488

thyroxine 237
Liver cancer
choline 110

Liver, dietary
folic acid source 218

Liver diseases/disorders
arsenic deficiency 403
cancer see Liver cancer
glycogen diseases
see also Hepatitis

vitamin A excess 445–446
vitamin D deficiency 468

Low birth weight see Birth weight, low
Low-carbohydrate diets see Diet(s)
Low density lipoprotein (LDL) 119t
actions/effects
carotenoid transport 99, 442
vitamin E transport 475

dietary fiber 125–126
coronary heart disease 139–140

disease/disorder effects
atherosclerosis 163, 164–165

elevation by trans-fatty acids 124–125
molecular size 119
nutritional effects
carbohydrates 81
fats 124
flavonoids 303
n-6 PUFAs 187–188
soya 304
whole grains 499

oxidation 165
CVD 32
flavonoids 303
soya 304

plasma composition 119t
seasonal variation 122
tissue factor generation of factor VIIc

activity 165
tocopherols, modification by 482
trans fatty acids effects 198
disease/disorder effects
coronary heart disease 139–140
CVD 188

nutritional effects
dietary fiber 139–140, 145
linoleic acid 178
lycopene 247, 248
n-6 PUFAs 188
saturated fatty acids 190, 190f
trans fatty acids 198

transport 163
Lower respiratory tract infections, zinc

supplementation 511
Low-fat diets see Diet(s)
Low-glycemic index diets see Diet(s)
Lutein 106, 107
absorption 98, 98–99
associated diseases/disorders
age-related macualr degeneration 100
breast cancer 103

bioavailability 106
carotenoid interactions 99, 106
dietary sources 96t, 106
supplements 106

electronic properties 95
health impact 103t
oxidative skin damage protection 100
pigmentation 96–97
structure 92, 93f, 102f

transport 99
see also Carotenoid(s)

Luteolin 302–303
Lycopene(s) 105, 243–249
absorption 98, 243
actions/effects 246
antioxidant activity 105

autooxidation 95–96
bioavailability 245
carotenoid interactions 99
chemical properties 243
structure 244f

daily intake 245
dietary sources 96t, 97, 106, 243, 243–245,

245t, 246t
disease/disorder effects 103t, 243, 246
breast cancer 103
cancers 99–100, 246–247, 247t
CVD 247, 248, 248t
oxidative skin damage protection 100
prostate cancer 143
studies 247, 247t

isomers 98, 243–245, 244f
physical properties 243
pigmentation 96–97
plasma concentration, influencing factors 246
structure 92, 93f, 102f
synthesis 243
tissue contents 246, 246t
tissue health properties 246
transport 99
turnover 246
see also Carotenoid(s)

Lymphocyte(s)
ascorbic acid 48
concentration interpretation 52
requirement estimation 52
storage 48

magnesium assessment 253
Lymphocyte propionyl-coenzyme A carboxylase

(PCC) 59
Lymphopenia, zinc deficiency 518
Lyon Heart Study 125, 127, 172
function 2t, 8
supplementation 8

Lysine hydroxylases 50

M
Mackerel 204, 207
Macrobiotic diets 412t, 414
Macronutrients
appetite see Appetite
metabolism
zinc 518

sports nutrition 349
Macula
lutein 95, 100, 106
zeaxanthin 95, 100, 106

Macular degeneration, antioxidants 38
Magnesium 251–255
absorption, intestinal 251
actions/effects 251
deficiency 253
causes of 254
consequences 254
dietary 253
metabolic diseases 254
secondary 253

dietary sources 252, 252t
fish 208–211

distribution within the body 251, 252t
excess 254
excretion, urinary 252
extracellular 251
metabolism 251
plasma concentrations 251
assessment 253

reabsorption 252
requirements/recommendations 253
RDAs 254, 255

status assessment 253

Magnesium trisilicate 408
Mahi-mahi 207
Maize (Zea mays) 495
Maize-based diets see Diet(s)
biotin requirement 62
copper deficiency 115–116
magnesium deficiency 253

Malaria
anemia 18, 364
beriberi 383–384
riboflavin 317
zinc supplementation 379, 511

Malate, fatty acid synthesis 158
Malic enzyme, fatty acid synthesis 158
Malnutrition
associated diseases/disorders
thiamin deficiency 386

management
see also Protein malnutrition

severe
zinc supplements 510

see also Malnutrition
Malonic acid, caffeine synthesis 65
Malonyl-coenzyme A
fatty acid metabolism 153, 156–157, 158–159
sources 79

Mammary gland see Breast
Mandatory fortification see Fortification
Manganese 256–263
absorption 257
dephytinized soy formula 256–257,

257–258
green vegetables 256–257
phosphorus antagonism 257–258
seed kernels 256–257

actions/effects 257, 259
hormonal metabolism regulation 258
lipotrophic effect 261

anthropogenic sources 256
chemical and physical properties 256
cytosolic aconitase (IRP-1) 258
deficiency 256, 260
abnormal lipid metabolism 261
amylase 260–261
arginine alterations 259
ataxia 260
bone development 260
carbohydrate metabolism 260, 261
glucose metabolism 260
glycosyltransferase activity 260
HDLs 261
hypocholesterolemia 261
liver fat 261
nitric oxide synthase (NOS) 259
osteoblast and osteoclast activity 260
osteoporosis 260
otoliths 260
pancreas effects 260, 260–261
pregnancy 260
tissue peroxidation rate 261

dietary calcium 257–258
dietary fiber 257–258
dietary phosphorus 257–258
dietary phytates 257–258
dietary sources 256
breast milk 256–257
cereal grains 256–257
fish 211
groundwater 256
meat, poultry and fish 256–257
nuts, cereals and dried fruit 256–257
teas 256–257

divalent metal transporter 1 (DMT1) 258
enzyme activation 259–260
glutamine synthetase 260
glycosyltransferases 259–260
phosphoenolpyruvate

carboxykinase 259–260
extrahepatic tissues 258
fetal concentrations 257
infant formulas 256–257
potential toxicity 262–263
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intakes 261
iron interaction 258
enzyme function 258

iron supplements 258
low blood concentrations 261
metalloenzymes 259
methylcyclopentadienyl manganese tricarbonyl

(MMT) 256, 261–262
oxidation states/valences 256
Mn2+ 256
Mn3+ 256

requirements/recommendations
suggested intakes 261
upper intake levels 261

retention 257
solution chemistry 256
status assessment 257, 263
blood arginase activity 263
concentration determinations 256
hair concentrations 257
lymphocyte MnSOD activity 263
plasma concentrations 263
whole blood concentrations 263

storage 257
metabolic pools 258

tissue concentrations 257
toxicity 261
compromised liver function 262
Creutfeld-Jakob disease 263
divalent (MnCl2) 262
heptavalent (KMnO4) 262
infants 262–263
inhalation reference range 261–262
iron deficiency 261
MRI diagnosis 263
neonates 257
neural toxicity in rats 262
neurological disorder of extrapyramidial

system 261–262
spongiform encephalopathies 263
underlying mechanisms 262

transferrin 258
transport 257
uptake by liver 258

Manganese-superoxide dismutase (MnSOD) 259
disease treatment 259
gene delivery 259
pancreatic dysfunction 260
three-dimensional growth improvements 259
tissue peroxidation 261

‘Mango season,’ xerophthalmia 431
Manioc
low blood manganese 261

Margarine
vitamin A fortification 436

Matairesinol 299
Matrix Gla protein (MGP), vitamin K

interaction 489, 490–491
Mature milk see Breast milk
McCleary method 87t, 88
Mead acid 198
Measles
treatment 435
vitamin A supplementation 433

vitamin A deficiency 425, 430, 432, 444
Measurement errors
avoidance 412t, 413
see also Vegetarianism

binding, salt 336
iron absorption 11

Medical Research Council Trials (UK)
Assessment and Management of Older People

in the Community 42, 44
Medicine and Health care (UK) dietary

supplement regulation 369t
Medicines Act (1968) 367–368
Medicines directive 2001/83/EEC 367–368
Medicines for Human Use Regulations

(1994) 367–368
Mediterranean diet
coronary heart disease 125, 127
monounsaturated fatty acids 163

Medium-chain fatty acids (MCFA) 189
cholesterol effects 191
platelet aggregation 192

Medullary vagal stimulation, by caffeine 68
Medwatch, dietary supplements 370
cobalamin (vitamin B12) deficiency 213–214

see also Cobalamin (vitamin B12) deficiency
folic acid deficiency 211–212, 216
see also Folic acid deficiency

Melatonin, tryptophan function 9
Melting points, fatty acids 195
Menadione (vitamin K2) 486

toxicity 493
see also Vitamin K

Menaquinone 486
dietary sources 487
structure 487f
see also Vitamin K

Menatetranone (MK-4) 486
functions 491

Menkes’ P-type ATPase, copper 114–115
Menopause
calcium metabolism 76

Menstrual cycle
lycopene 246

Menstruation
calcium metabolism 75–76

Mental defects
iodine deficiency disorders 227

Messenger RNA
magnesium deficit 254
dietary fiber 134

Metabolic rates
elevation
athletes 349

diet 124
food intake recommendations 134–135
high-carbohydrate diet effect 125

Metabolism
intestinal microflora 265

Metal chelating agents, flavonoids 302
Metallo-oxidases 115
Metallothionein (MT) 515–516
antioxidant defence system 518
cadmium binding 398
zinc 514–515

Methione, vitamin B6 452
function 2t, 5, 5f
vitamin B6 nutritional status 451, 452f

metabolism 451–452, 452f
supplementation 5
vitamin B6 deficiency 451–452
zinc deficiency 506

Methionine synthase
folic acid metabolism 213
inhibition, implications 213

Methotrexate
folic acid 359

Methylated xanthines 65
Methylation cycle
see also Cobalamin (vitamin B12)

Methylcrotonyl-coenzyme A carboxylase 59
S-Methyl cysteine sulfoxide 306
Methylmercury
fish 202, 204

Methyl methane thiosulfinate 306
Mexico
food composition, industrialization effect 339t

Micelles
vitamin E absorption 478–479

Micronutrient(s)
physical activity 351
influencing factors 356f

supplementation/fortification 372–380
adults 358
advantages 373
choice of intervention 373, 373f
consumer motivation 354
definition 372
evidence for recommendations of use 356
health impact determination 354
with iron 376

limitations 373
prevalence of use, developed countries 354
target groups and prevention schedules 377t
testing 355, 355t
United States 354

Migraine, caffeine treatment 68
Migrants
blood pressure effect 340, 340t
vitamin D deficiency 469

Milk-alkali syndrome (MAS) 77
Milk/milk products
breast see Breast milk
composition
calcium 287t
carbohydrates 78
phosphorus 287t
thiamin 390–391

disease/disorder effects
lactose intolerance see Lactose intolerance

fortification, vitamin D 456, 462
see also Dairy products

Milk powder, vitamin A fortification 436
Milled rice, beriberi 381, 382
Millward’s adaptive metabolic demandmodel 349
Mineral(s)
dietary sources
fish 208, 210t

losses
sports nutrition 352

metabolism, dietary fiber effect 135
ultratrace elements see Ultratrace elements

Mining, salt 336
Ministry of Health of China 232
Miscarriages
iodine deficiency disorders 227

Miso 298–299, 300
Mitochondria
fatty acid oxidation 153, 154f, 155f

Modified starches 78, 85
analysis 88
chemically modified 85t, 85–86
classification 85t, 85–86
derivatized 85t, 85–86
dextrinized 85t, 85–86
analysis 88

enzymatically modified 85t, 85–86
intake, quantification of 88
physically modified 85t, 85–86
pregelatinized 85t, 85–86
analysis 88

production methods 85t, 85–86
resistant starch see Resistant starch
resistant starch source 85

Mold
anti-thiamin properties 384
biotin source 61

Moldy grain, pellagra risk 276
Mollusks 203
Molybdenum 397–398, 407
absorption 399t
actions/effects 401t
body content 404t
deficiency 404t, 407
dietary sources 404t
essentiality 403, 407
excretion 401t
metabolism 398–403
requirements/recommendations
adequate intake 407
upper intake limit 407

storage 399t, 401t
transport 399t
typical intake 404t

Molybdenum-responsive syndrome 407
Moncytic stem cells, vitamin D

interaction 458–461
Monocytes
LDL 482

Monodehydroascorbic acid reductase 48
Monoiodotyrosine (MIT) 236
carbohydrates 78
vitamin A fortification 436
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trans -Monounsaturated fatty acids
plasma lipoprotein effects 198, 198f

Monounsaturated fatty acids (MUFAs) 163–169,
159, 170

definition 163
dietary sources 171t
disease/disorder effects
atherogenesis 165
cancer prevention 168
coronary heart disease 125, 163, 165, 169
thrombosis 166

inflammation 167
nomenclature 151
physiological effects 169

Monounsaturated oils, vitamin E 471
Mouth
dietary fiber effects 133

Msleni joint disease
low blood manganese 261

Mucilages 78
Mucus
colonic microflora 135

Mucus colitis see Irritable bowel syndrome (IBS)
Muir method 86–88, 87t
Multimineral mixes, salt substitution 346
Multiple sclerosis
vitamin D deficiency association 462

Muscle(s)
caffeine effects 69
magnesium 251
myoglobin 10
vitamin B6 storage 448, 452
see also Skeletal muscle

Mushrooms, functional foods 224
Myelin
loss, vitamin B6 toxicity 454
palmitoyl coenzyme A 284
synthesis
cobalamin (vitamin B12) 213–214

Myocardial infarction (MI)
prevention, nicotinic acid 278

Myocardial tissue, stimulation by caffeine 68
Myosin, thyroid hormones 237
Myrecetin, health benefits mechanism of

action 302
Myristic acid 189
cholesterol levels 190–191, 191f, 194
coagulation effect 193–194
fibrinogen concentration 194
platelet aggregation 192

Myristoylation 161
Myxedematous cretinism, iodine

deficiency 239–240

N
N1-methyl nicotinamide (NMN), niacin

status 277
Nambour Skin Cancer Prevention Trial 35–36
Naringenin 302
National Academy of Sciences (US)
dietary reference intakes 412

National Child Health Days, vitamin A
supplementation 435–436

people over 65 496–497
National Food Survey (UK)
pantothenic acid intake 284
trans fatty acids intake 196
coronary heart disease prevention, fruits/

vegetables 126
lycopene intake 245
potassium intake 311
ascorbic acid 42
iron status 15
micronutrient supplementation 354,

355–356
vitamin E 45, 478

National Immunization Days, vitamin
A 435–436

National Institutes of Health (NIH)
cholesterol levels, seasonal variation 122
low-carbohydrate diets 81–82

Natriuretic hormones, sodium regulation 333
Negative iron balance, infants 12
Neonates
apnoea, caffeine control 70
caffeine elimination in 66
calcium metabolism 75
jaundice, riboflavin 320
microflora establishment 265
thyroid deficiency 227
vitamin K deficiency 491–492

Nephrocalcin, vitamin K interaction 491
Nervous disorders, cobalamin (vitamin B12)

deficiency 213–214
dehydrogenase complexes, TDP

coenzyme 393–394
thiamin requirement 393–394
zinc deficiency 518
see also Brain

Netherlands Cohort Study 300–301
folic acid 211–212, 217, 358–359

Neurodegenerative diseases
adult-onset, thiamin 394
allium organosulfur compounds 306
ginkgo biloba 308

Neuroendocrine diseases/disorders
caffeine, effects of 67–68

Neuromotor development, docosahexaenoic acid
(DHA) 179

Neuromuscular system
magnesium deficiency 254
riboflavin 318

Neurosporene, electronic properties 92–94
Neurotransmitter(s)
amino acid decarboxylation 450

Neutrophils
inflammation 167

Niacin (vitamin B3) 273–279
absorption 273
actions/effects 276
fatty acid metabolism 162, 162t

antimetabolites 278
deficiency 273, 276, 277
clinical signs 278
criteria 277
see also Pellagra

dietary sources 274t, 278
fish 208, 209t

essentiality 276
excretion 274
high intakes 278
metabolism 274, 275f
requirements/recommendations 277
status assessment 277
storage 273
transport 273
see also Nicotinic acid

Nickel 407
absorption 398, 399t
actions/effects 401t
body content 404t
deficiency 404t, 407–408
dietary sources 404t
essentiality 397–398
excretion 401t
retention 401t
storage 399t
toxicity 408
transport 399t
typical intake 404t
upper intake limit 408

Nicotinamide 273
diabetes, insulin dependent 278–279
pharmacological properties 278
transport 273–274
see also Niacin (vitamin B3)

Nicotinamide adenine dinucleotide (NAD)
catabolism 275–276
hepatic, hydrolysis 276
metabolic function 276
niacin metabolism 274–275
niacin source 273
storage 274

Nicotinamide adenine dinucleotide H (NADH),
fatty acid �-oxidation 153

Nicotinamide adenine dinucleotide phosphate
(NADP)

catabolism 275–276
metabolic function 276
niacin metabolism 274–275
niacin source 273
storage 274

Nicotinamide adenine dinucleotide phosphate H
(NADPH)

fatty acid metabolism 158, 158–159
Nicotinic acid 273
pharmacological properties 278
toxicity 278
tryptophan, conversion to 274, 275f
see also Niacin

Nicotinic acid diethyamide 279
‘Night blindness,’ 420–421, 425–427,

442–443
epidemiology 429
incidence 430
treatment, vitamin A 433, 435
vitamin A deficiency 425–426

Nikethamide 279
Nitric oxide (NO)
endothelium-derived relaxing factor 164
ginsengosides 307–308
oxidant stress 19–20
precursor arginine 4

Nitric oxide synthase (NOS), arginine 4
Nitrites, ascorbic acid reaction 51
Nitrogen
see also Protein

Nitrosamine formation inhibition, ascorbic
acid 51

Nonexercise activity thermogenesis (NEAT)
bioavailability 11

Nonprotein nitrogen compounds, fish 207, 207t
Nonstarch polysaccharides (NSPs) 78, 79, 80,

81, 131
bowel disorders 147–148
coronary heart disease 139–140
disease etiology role 138
fermentation in large intestine 139
gastrointestinal health 81
requirements/recommendations 82–83
dietary reference value, UK 148

sources 79
Non-steroidal antiinflammatory drugs

(NSAIDs)
degradation in peroxisomes 154–155

North/South Ireland Food Consumption
Survey 478

Norwegian Country Study 502
Nuclear magnetic resonance (NMR), trans fatty

acid analysis 196t
Nuclear retinoid receptors 443
see also DNA; RNA

Nurses’ Health Study 498–499, 500, 501
antioxidants and cancer 42–43
�-carotene and breast cancer risk 103
colon cancer 200
coronary heart disease 126, 483
folic acid 126
saturated fatty acids, coronary heart

disease 124
trans fatty acids 199–200
colon cancer 200

vitamin E 44, 483
Nutrient(s)
bioavailability
whole grains 495

consumption trends, determination 78t
gene interactions see Genetics

Nutritional counseling, coronary heart disease
prevention 128–129

Nutritional education
see also Education

Nutritional strategy
see also Parenteral nutrition

Nutrition Facts label 201
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Nutrition Labeling and Education Act
(NLEA) 370–371

Nutrition policies
disease/disorder effects, coronary heart disease

prevention 127

O
Oat gum, diabetes risk reduction 143
Oatmeal
disease/disorder effects
diabetes mellitus 146
hyperlipidemia effect 145
colorectal cancer 142
diabetes mellitus 147

epidemiology
children see Children
calcium metabolism role 75

lifestyle effects
carbohydrate consumption 80
dietary fiber role 137–138, 143

see also Overweight
Occidental diets see Western diets
Octadecenoic acid, isomers 195
O-desmethylangolensin (O-DMA) 299
Office of Complementary Medicine 369
Office of Natural Health Products

(Canada) 368, 369t
Oleic acid 163, 170
anti-inflammatory effects 167
brain development 178–179
cholesterol esters 161

coronary heart disease 125
dietary sources 163
see also Olive oil

melting point 195
structure 151–152, 152f, 163f, 170f
unsaturation 159

Oligoelements, fish 208–211
Oligosaccharides 84–91, 88
analysis 89
classification 88, 90t
definition 88
as dietary fiber 90, 138
dietary sources 89, 90t, 131
in adults 89
breast milk 89
infant formulas 89
in colon 89

FOSHU 221t
magnesium 251–252

nutritionally important 85t
physiological effects 91t
as prebiotics 89–90, 136–137
structure(s) 90t

Olive oil 163
anti-inflammatory properties 167
cancer protection 168–169
Mediterranean diet 127

Omega-3 saturated fatty acids see n-3
Polyunsaturated fatty acids (n-3 PUFAs)

Omega-6 polyunsaturated fatty acids see n-6
Polyunsaturated fatty acids (n-6 PUFAs)

Omnivores, linoleic acid reserves 178
‘One stage prothrombin time’ test, vitamin K

status 488–489, 492–493
Onions (Allium cepa) 300–301
cancer risk reduction 300–301

Opsin 442–443
Oral contraceptives
anemia 12–13
riboflavin 320
vitamin B6 447
vitamin B6 supplementation 453

Oral iodized oil 231, 378
developing countries 361
sodium 334

Organophosphates 286
Orlistat
vitamin E status effects 475

Ornithine
function 2t, 4, 4f

supplementation 4, 5
Ornithine �-ketoglutarate (OAK)
function 6, 6f
supplementation 6

Osteoarthritis
concentration 492–493
modification
hydroxylases 50

vitamin K 489, 490–491
deficiency in postmenopausal women 492

apoptosis, menatetranone (MK-4)
function 491

vitamin D deficiency 467–468
Osteomalacia 466–470
blood serum measurements 467t
clinical features 467, 467t
etiology
primary causes 467
secondary causes 466f, 468
vitamin D deficiency 462

prevalence 468
radiography 468
protein S 490
epidemiology
athletes 351

estrogens 74–75
etiology
caffeine 69
calcium 75–76, 76
manganese 261
salt 344
menatetranone 492
deficiency 462

Overexercising, carotenoid radical
reactions 95

Overweight
see also Obesity

Ovomucoid
ascorbic acid excretion 48–49

Oxalate stones
calcium restriction 77
dietary fat influence 77

Oxaloacetate
fatty acid synthesis 156, 158

Oxidant stress 19, 20f, 20t
effects of 21, 22f, 23f
etiology 19, 21f
see also Antioxidants

Oxidation
carcinogenesis 168
carotenoids 97

�-Oxidation, fatty acids 155, 157f
�-Oxidation, fatty acids see Fatty acid

metabolism
!-Oxidation, fatty acids 155
Oxidative damage, inflammation 167
Oxidatively modified low-density lipoprotein

(OxLDL)
atherosclerosis 188
endothelial function 164
fibrinolysis 166
foam cell formation 165f
thrombosis 166–167

Oxidative phosphorylation
n-6 PUFAs 188
vitamin E 476

2-Oxoglutarate-linked, iron-containing
hydroxylases, ascorbic acid 49, 50f, 50t

Oxygen
antioxidants see Antioxidants
iron metabolism 10
reactive oxygen species production 20–21

P
Package disease prevention, developing

countries 365
Paleolithic diet 172
Palmitic acid 189
actions/effects
cholesterol 190–191, 191f, 194
fibrinolysis 194

platelet aggregation 192
plasminogen activator inhibitor 1

(PAI-1) 194
structure 151–152, 152f, 170f
synthesis 157–159
unsaturation 159

Palmitoylation 161
coenzyme A 284

Palmitoyl-coenzyme A 284
sphingolipid synthesis 161

Palm oil
cholesterol effect 190–191
fatty acid content 190t

Pancreas
� cells
see also Insulin

cystic fibrosis see Cystic fibrosis
disease
see also Insulin
dietary fiber 133–134

lycopene, protective effect 248
Pantothenate see Pantothenic acid
Pantothenate kinase-associated

neurodegeneration (PKAN) 282
Pantothenic acid 281–286
absorption 281
actions/effects
fatty acid metabolism 162, 162t
metabolic function 283

deficiency 281, 282
signs 284

dietary sources 285, 285t
fish 208

essentiality 283
excretion 281, 283
high intakes 285
metabolism 282, 283f
requirements/recommendations 284
RDA/adequate intake 284–285

status assessment 281
storage 281
structure 282f
transport 281
turnover 282
see also Coenzyme A (CoA)

Paracetamol
anemia 13
iron supplements 18

Parathyroid hormone (PTH)
calcium regulation 73, 287
excretion 75
phosphate interrelationships 286

inorganic phosphate regulation 287–288
magnesium deficiency 254
rickets 461–462
vitamin D metabolism regulation 457–458,

461f, 464
Paraxanthine
adenosine receptors, antagonism of 71
biomarker for caffeine intake 66
structure 66f

Parboiled rice, beriberi 382
Parenteral loading test, magnesium deficiency

diagnosis 253
children
choline 109

Parkinson’s disease
caffeine, beneficial effects of 68
ginkgo biloba 308
growth arrest-specific (GAS) cell-signaling gene

product 491
tyrosine 8–9
vitamin E 485

Passive diffusion, ultratrace element
absorption 398

Passive transport, calcium 72–73
Peanut oil
source of iodine 361

Pectin
hyperlipidemia effect 145

Pediatric blindness, vitamin A
deficiency 425–426
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Pellagra 273, 276, 277
management
vitamin B6 supplementation 455

moldy grain 276
see also Niacin (vitamin B3)

Penicillamine
vitamin B6 deficiency 455

Pentasaccharides 90t
beriberi 388

People for the Ethical Treatment of Animals
(PETA) 411

People’s Republic of China see China
Peppermint tea, digestive complaints 219–220
Peptidyl glycine hydroxylase 49
Percentage daily value (%DV), vitamin A food

content 439, 439t
Peripheral nervous system (PNS)
see also Brain

Peripheral neuropathy
management/treatment 387
vitamin B6 toxicity 454
vitamin E deficiency 476
see also Dry beriberi

Peripheral parenteral nutrition see Parenteral
nutrition

Peripheral tissues, biotin 56
Pernicious anemia
fatty acid metabolism regulation 162
retinoid homeostasis 424

Peroxisomes, fatty acid �-oxidation 154, 156f
Peroxyls, carotenoid radical reactions 95
Perthes disease, low blood manganese 261
Phagocytes
reactive oxygen species production 19–20

Pharynx
dietary fiber 133

Phenethy isothiocyanate 306
Phenothiazines, riboflavin antagonist 313–314
function 2t, 8
supplementation 9
low blood manganese 261

Phenytoin
inorganic phosphate regulation 288

Phosphate
additives 286–287
calcium ion concentration 287
cellular roles 286
cola 286–287
distribution 288t
functional roles 288
health and disease 288
homeostasis 287, 288, 288t
calcium balance 287–288
1,2,5-dihydroxyvitamin D 287–288

inorganic see Inorganic phosphate (Pi)
intestinal absorption 287
labeling laws 286–287
metabolism, calcium link 286
organophosphate 286
serum buffering 288
see also Phosphorus

Phosphatidic acid (PA)
structure 160f

Phosphatidylcholine (PC) 108–112
see also Lecithin
brain development 178–179

Phosphatidylethanolamine N-methyltransferase
(PEMT) 108

isoform 1 108
isoform 2 108
polymorphisms 108

Phosphodiesterase, inhibition by caffeine 70
eicosanoid synthesis 161

Phospholipase C
glycerophospholipids see

Glycerophospholipids
red blood cells 179
structure 160f
synthesis 160–161

Phosphorus 286–290
dietary sources 286, 287t
fish 208–211

disease/disorder effects
deficiency rickets 286

elderly 286
blood distribution 288t

phosphate salts 286
requirements/recommendations
mean intakes (US) 286–287
recommended intakes (US) 287

uses 286
vitamin D effects 457–458, 458–461, 461f
see also Phosphate

Photobleaching 442–443
Photoreceptors
iodopsin generation 442–443
rhodopsin generation 442–443
riboflavin 318

Phylloquinone (vitamin K1) 486
dietary sources 487, 487t
prophylactic at birth 491–492
structure 487f
see also Vitamin K
riboflavin 318
thiamin requirements 395
see also Athletes; Exercise

Physically inaccessible starch (RS1) 84, 84t
in vitro assays 86–88, 87t

Physicians Committee for Responsible Medicine
(PCRM) 411

Physicians’ Health Study 498
�-carotene supplementation 104

Physicians Health Study II, vitamin E 358
Physiology 212
Phytanic acid
degradation 155–156
structure 152f

Phytates 80
actions/effects
iron absorption 11
magnesium absorption effect 251–252

mineral binding 135
soy formula, manganese absorption

257–258
zinc deficiency 506, 506t, 512

Phytate:zinc molar ratio 506, 506t, 507
Phytic acid (myo-inositol hexaphosphoric acid)
dietary sources
whole grains 495

iron fortification 17
Phytochemicals 290–296, 297–309
allium organosulfur compounds 300, 306
chemistry 291
coronary heart disease 126
definition 101, 290–291
functional foods 221, 222t
saponins, health benefits 307
types 291
vegetarians 412, 415
whole grains 495

Phytoene
electronic properties 92–94
oxidative skin damage protection 100
see also Carotenoid(s)

Phytoestrogens
carbohydrate consumption 81
disease/disorder effects 298
mechanisms of action 303

excretion levels 299
whole grains 495
see also Isoflavones

Phytofluene
electronic properties 92–94
oxidative skin damage protection 100

Phytonutrients see Phytochemicals
Piridoxin see Vitamin B6 (pyridoxine)
Pituitary gland
thyroid hormones 237
insufficiency
biotin 56

Plant(s)
antioxidant source 28
cell membranes, fatty acid

derivatives 171–172

cell walls, nondigestible components see Fiber,
dietary

as food
zinc content and bioavailability 506

functional foods 221
lycopene synthesis 243

Plaque Gla protein, vitamin K interaction 491
Plasmalogen
structure 160f
synthesis 161

Plasminogen activator inhibitor 1 (PAI-1) 166
butterfat 193
CVD 192
palmitic acid 194

Plasmodium falciparum see Malaria
Platelet(s)
aggregation 165
�-linolenic acid 176, 178
measurement methods 191–192
prostaglandins 186
n-6 PUFAs 187

inhibiting herbs and supplements 370
Pneumonia
zinc supplementation 378

Poisoning, caffeine 70
Polymeric diets see Diet(s)
Polyneuropathy, thiamin deficiency 384–385
Polysaccharides 79
dietary fiber see Fiber, dietary

Polyunsaturated fatty acid(s) (PUFAs) 159
cytokines 181–182
depression 181–182
dietary sources 171t
disease/disorder effects
cancer 168
coronary heart disease 124, 125

nomenclature 151
peroxidation 188
reactive oxygen species (ROS) 167
requirements/recommendations
adequate intake 179, 180t

thrombosis 166–167
vitamin E protection 473, 475f

n-3 Polyunsaturated fatty acids (n-3
PUFAs) 169–184

actions/effects 169–170
genome interactions 174, 177t, 178t
growth and development 178

aging 179
desaturation 170
dietary sources 170, 171t, 172t
breast milk 179
fish 204, 205, 205t

disease/disorder effects
antiarrhythmic effects 181
antiinflammatory effects 177t, 181
atherosclerosis 175, 177t
coronary heart disease 180
thrombosis 187

drug therapy alteration 181
eicosanoid metabolism 173, 177t
elongation 170
essentiality 159
evolutionary aspect of diet 172
fetal growth 178
future research 182
infant feeding 179
long-chain effects physiologic indexes 176
pregnancy 178
n-6 PUFAs ratio 172, 184
requirements/recommendations 183

n-6 Polyunsaturated fatty acids (n-6
PUFAs) 184–189

actions/effects
blood pressure 188
cholesterol effects 187
endothelial function 185

desaturation 170
dietary reduction 182
dietary sources 170, 171t, 188–189
disease/disorder effects
atherosclerosis 185, 188–189
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CVD 185, 186, 188–189
inflammation 187
thrombosis 187

eicosanoid metabolism 173
see also Eicosanoids

elongation 170
essentiality 159
function 184
high dietary intake 173–174
lipoproteins 187
low intakes 186–187, 188–189
metabolism 185f
oxidative stress 188
n-3 PUFAs ratio 172, 184
requirements/recommendations 183, 184
structure 184, 185f

Poppy seed oil, iodine source 361
Populations
strategies for health improvement
salt 342, 345

Porphyrias, carotenoids 94–95
Postmenopausal women
vitamin K deficiency 492

Postnatal depression, vitamin B6

supplements 454
Postnatal growth see Infant(s)
Postprandial state
fatty acid oxidation 153–154
glucose metabolism 499–500
glycemia, dietary fiber effect 134
satiety, dietary fiber 147
thermogenesis see Thermogenesis

Potassium 309–312
acid-base considerations 309
deficiency effects 309
blood pressure elevation 310
bone demineralization 309
CVD 310, 311f
kidney stones 309, 310f

dietary sources 311, 312t
fish 208–211
Mexican food content 337, 339t

disease/disorder effects
coronary heart disease 126
hypertension 333–334, 340

excess intake, adverse effects 311
excretion 309
impairment 311

requirements/recommendations 311
current levels 311
RDA 311

Potassium chloride
stroke reduction 310
supplements 310

Potassium citrate, stroke reduction 310
Potassium iodate, iodine deficiency 231
folic acid source 218

Prealbumin
definition 223
functional foods 223
oligosaccharides as 89–90

Pregelatinized starches 85t, 85–86
analysis 88
calcium metabolism 76
gestational diabetes see Gestational diabetes
lipid nutrition 178
nutrient deficiencies
vitamin A 429–430
zinc 508–509

nutrient supplementation
biotin 62
iodine 378
iron 376, 377–378
oral iodized oil 378
vitamin A 434
vitamin B6 453–454

n-3 PUFAs 178
folic acid 216
iron 14, 375
magnesium 254
niacin 277
pantothenic acid 285

riboflavin 315, 320
vitamin A 445, 445t
vitamin D 465

upper intake levels
vitamin A 445–446

Prehypertension 343
Prematurity see Preterm infants
vitamin B6 supplementation 454

Prenatal supplements, vitamin D content 465
Preschool children
high potency vitamin A 433
vitamin A deficiency risk 430

Preterm infants
docosahexaenoic acid requirement 179, 182–183
low birthweight see Birth weight, low
neonatal apnoea, control with caffeine 68, 70
retinol intake 444–445

Preventative antioxidants 24
Preventative Services Task Force (US)
micronutrient supplementation 355
vitamin E 358

Prevention of Cancer by Intervention with
Selenium (PRECISE) 329

Previtamin D3 457, 459f
Primary dyslipoproteinemia 121t
Primary Prevention Project (PPP) 30t
Pristanic acid
structure 152f
synthesis 155–156

Proanthocyanidins 292
Probiotics 264–271
bacteria 89–90
benefits 267f, 270t
binding site competition 267f
colonization 266
definition 223, 264
effects 267
functional foods 223
future challenges 270
knowledge 270
modulation 266
oligosaccharides 89–90
potential effects 268
potential risks 270t
risks 269–270
safety 269
stabilization 266–267
strains 270

Processed foods
carotenoids fortification 97
potassium supplementation 309
salt content 336–337, 337t
manufacturer reduction approach 346

Procollagen proline hydroxylase 50, 50f
Progressive supranuclear palsy, thiamin-

dependent processes and metabolism 394
Prolactin
function 2t, 4, 4f
supplementation 4

Proline hydroxylases 50
Proline-rich Gla proteins, vitamin K

interaction 491
Promyelocytic leukemia, retinoids 425
Prooxidants
ascorbic acid 51
carotenoids 96

Prophylatic micronutrient supplementation 374
Propionate
carbohydrate fermentation product 88, 136

Propionyl-coenzyme A carboxylase, biotin
metabolism 59

Propylthiouracil 239
Prostacyclin I2 186
Prostacyclin I3 186
biosynthesis 161
arachidonic acid 159

dietary fatty acid intake 179
platelet aggregation 186
vascular tone 186

Prostaglandin F2�
synthesis 161
platelet aggregation 192

Prostate cancer
dietary fiber 142
lycopene, protective effect 247t
phytoestrogens 298–299
tofu 300
tomatoes 99–100, 105
trans fatty acids 200
vitamin E 358

Prostate Cancer Prevention Trial (PCPT)
micronutrient supplementation 356
vitamin E 358

Prostate epithelial selenoprotein 326t
Protective clothing, vitamin D biosynthesis

prevention 468–469
actions/effects
amino acid flux 1

deficiency
fish 202, 203, 206, 206t

disease/disorder effects
atherosclerosis influence 122
coronary heart disease, lipid theory 122

fatty acylation 161
loss
amino acid see Amino acids

modification, coenzyme A (CoA)
functions 284

sports nutrition 349
supplementation
post exercise 349
visceral synthesis indicators 441

Protein C
blood clotting cascade, vitamin K role 488,

489
modification, aspartate �-hydroxylase 50

Protein–calorie malnutrition
fetal growth and development 178
vitamin E deficiency 476
beriberi 381–382
biotin deficiency 62
stroke see Stroke

Protein kinase C
activity inhibition by vitamin E 473

Protein kinase(s), inorganic phosphate
regulation 288

Protein malnutrition
athletes 349
RDA 206

Protein S
blood clotting cascade, vitamin K role 488,

489
vitamin K interaction 489, 490

Proteins Induced by vitamin K Absence/
Antagonism (PIVKA) test 488–489,
492–493

Protein Z, blood clotting cascade, vitamin K
role 488, 489

Proteolytic enzymes
dietary fiber breakdown 133

Prothrombin
saturated fatty acid effect 193–194

Protoporphyria, carotenoids 94–95
Provitamin A 95
dietary sources 439t
metabolism 440
retinol activity equivalent (RAE) 439
vitamin A status 432–433
see also �-Carotene

Provitamin D2

structure 458f
vitamin D isolation 456–457

Provitamin D3 (7-Dehydrocholesterol) 456–457
life cycle changes 468–469
structure 458f
sunlight 457, 467

Prudent diet vs. Western patterns, coronary heart
disease 128

Psoriasis
vitamin A 425
vitamin D 461

Psyllium
diverticular disease 148
hyperlipidemia effect 145
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Puberty
calcium requirement 464
vitamin D requirement 464

Pulses, carbohydrate consumption 78
Punctate keratopathy, vitamin A deficiency 427
Purine alkaloids, caffeine 65
Pyridine nucleotides, niacin 273
absorption 447
amino acid metabolism 448, 449f
�-decarboxylation 448
racemization 450
transamination 450

metabolism 447, 448f
Pyridoxamine 50-phosphate 447
Pyridoxine see Vitamin B6 (pyridoxine)
Pyridoxyllysine 447, 455
Pyrodextrins
analysis 88
see also Dextrinized starches

Pyruvate
fatty acid synthesis 156, 158

Pyruvate carboxylase
biotin metabolism 59
fatty acid synthesis 156
manganese component 259

Pyruvate dehydrogenase
fatty acid synthesis 156
impairment and lactate acidosis 393
in nervous tissue 393–394
TDP coenzyme 393, 393f

Q
Qualified health claims, dietary supplements 371
Quercetin 302
absorption 297
antithrombotic effects 303
cancer effects 298, 302
bladder cancer 303

CVD 295
Quinolinic acid 9
Quinol, vitamin K 488–489

R
Radiation
iodine deficiency disorders 230

Radioactive tracers
iodine 241

Radiography
osteomalacia 468
rickets 468

Rancho Bernardo Study 310–311
Rapeseed oil, source of iodine 361
AtRCHO
cellular retinol binding protein type II

(CRBP(II)) 421
retinal dehydrogenases (RALDHs) 423

Reactive oxygen species (ROS) 19, 167
disease association 21–24, 22f, 23f
electron transport chain production 20–21
production during phagocyte

activation 19–20
tocopherols 481

Recovery meals, sports nutrition 350
Rectal cancer, lycopene, protective effect
bacterial colonization 135

Red blood cells see Erythrocyte(s)
Reducing diet see Diet(s)
Red wine 220
Refined grains 496
Refrigeration
salt intake impact 337, 338t

Relative dose–response (RDR)
vegetarianism 414
sodium retention 333

Renin-angiotensin-aldosterone system
hypertension 341

Renin-angiotensin system
sodium absorption 339

Resistant granules (RS2) 84, 84t
in vitro assays 86, 87t

Resistant starch (RS) 84–91, 84
amylase inhibitors 86
amylose-lipid complex 85
analysis 86
AACC method 32-40 88
Akerberg method 86–88, 87t
Association of Official Analytical Chemists

(AOAC) method 2002.02 88
Berry method 86, 87t
Englyst method 86–88, 87t
Faisant’s method 86, 87t
Goñi’s method 86, 87t
McCleary method 87t, 88
Muir method 86–88, 87t
quantification in modified starches 88
in vitro methods 86, 87t
in vivo methods 86

antinutritional factors 86
chemically modified starch 85t, 85–86
classification 84, 84t, 85t
cross-linked starches 85t, 85–86
definition 84
derivatized starches 85t, 85–86
dextrinized starches 85t, 85–86
analysis 88

as dietary fiber 90, 140–141
disease etiology role 138

dietary sources 84, 85, 88
disease/disorder effects 138
bowel disorders 147–148
colorectal cancer etiology, dietary fiber 142

enzymatically modified starch 85t, 85–86
fermentation 88, 139
physiological effects 88, 89t

laxative effect 144
magnesium absorption effect 251–252
modified starches see Modified starches
physically modified starch 85t, 85–86
physiological effects 91t
pregelatinized starches 85t, 85–86
analysis 88

type I see Physically inaccessible starch (RS1)
type II see Resistant granules (RS2)
type III see Retrograde starch (RS3)
type IV 85–86

Resorcinol 239
Respiratory system
caffeine, effects of 69
infections
vitamin A deficiency 432

Response-to-injury hypothesis,
atherogenesis 118

Restaurants, salt content reduction 346
Resveratrol 303
Reticuloendothelial system
iron recycling 10

Retinal 437
�-carotenes, formation from 95
conversion to retinoic acid 442
dark adaptation 442–443
functions 95
isomers 438
physiological functions 424–425
structure 94f
synthesis 438

11-cis-Retinal (11cROH) 417
Retinal dehydrogenases (RALDHs) 423
Retinal pigment epithelium (RPE)
retinol uptake 442–443
visual cycle 420–421

Retinoic acid 437
all-trans (atRA) see All-trans-retinoic acid

(atRA)
breast milk 374
conversion from retinal 442
cornea 443
embryonic development 444
isomers 438
metabolism 442
structure 94f
synthesis 438
see also Vitamin A

Retinoic acid receptors (RARs) 424,
443–444

knockouts, vitamin A function
demonstration 425

Retinoic acid response element (RARE) 424,
443–444

Hox gene family 444
Retinoic acid X receptor (RXR) 424, 443–444,

458, 461f
Retinoids
definition 417, 437
homeostasis regulation 424
structures 418f
see also Vitamin A

Retinol
absorption 421
bioavailability 101–102
dietary sources 439t
infection 426
pigmentation of food 96–97
structure 94f
see also Vitamin A

Retinol activity equivalents (RAE) 439
in breast milk 431–432
infant recommendations 444
recommended intake during lactation 444
requirements/recommendations 101, 417
see also Retinol equivalents (RE)

cis-Retinol/androgen dehydrogenase
(CRAD) 420–421

Retinol-binding protein (RBP) 439,
440f, 441

half-life 441
plasma concentrations 441
visceral protein synthesis indicator 441

Retinol dehydrogenase (RDH) 423
visual cycle 420–421

Retinol equivalents (RE) 439
see also Retinol activity equivalents (RAE)

Retinol-retinol-binding protein (RBP) complex
(holo RBP) 439–440

Retinoyl-�-glucuronide 438
Retinyl acetate 437–438
Retinyl-�-glucuronide 438
Retinyl ester hydrolase (REH) 440, 441
Retinyl esters
absorption 440f
accumulation 442
formation in visual cycle 420–421
hepatic uptake/storage 441
metabolism 440
retinoid homeostasis 424
supplementation 446
vitamin A homeostasis 421

Retrograde starch (RS3) 84t, 85
in vitro assays 86, 87t

Rheumatoid arthritis 167
intestinal microflora 266
nutritional effects
n-3 fatty acids 181
olive oil 167
pantothenic acid supplements 285
vitamin D supplementation 462

Rhizopus oligosporus 220
Rhodopsin 442–443
night blindness 427
synthesis 421
vitamin A 427

Riboflavin (vitamin B2) 313–321
absorption 313, 314, 314f
actions/effects
fatty acid metabolism 162, 162t, 317
metabolic function 317
neuromuscular function 318
photoreceptors 318

deficiency
clinical signs 320
fatty acid oxidation 317
flavoenzyme protection 315
with niacin deficiency 277
physiological indices 320
transport effects 313
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dietary sources 321, 321t
fish 208, 209t

disease/disorder effects
cataracts 318
malaria 317

essentiality 317
excretion 315
folic acid metabolism effect 318
high intakes 321
iron economy 317
metabolism 315, 316f, 316t
physical activity 318
requirements/recommendations 320
RDAs 320

status assessment 318
glutathione reductase test 319, 319f
urinary excretion 319

storage 313, 315
transport 313, 315
vitamin B6 interaction 318

Riboflavin carrier protein (RCP) 315
Ribonucleic acid (RNA) see RNA
Rice 495
polished, thiamin content 391

Rickets 74, 466–470, 456, 457f
blood serum measurements 467t
calcium, dietary 468
clinical features 467, 467t
etiology
primary causes 467
secondary causes 466f, 468
vitamin D deficiency 461–462

micronutrient supplementation, infants 357
prevalence 466, 468
radiography 468

RNA
all-trans-retinoic acid (AtRA) action 424

Roche European Cataract Trial 38
Rod cells, rhodopsin generation 442–443
Rod outer segment (ROS) 421
RRR-�-tocopherol 471
RS1 see Physically inaccessible starch (RS1)
RS2 see Resistant granules (RS2)
RS3 see Retrograde starch (RS3)
Rubidium 408
absorption 399t
biological roles 401t
body content 404t
deficiency 404t, 408
dietary sources 404t
excretion 401t
retention 401t
storage 399t
transport 399t
typical intake 404t

Ruminococcus 264

S
Saccharomyces boulardii
antibiotic-associated diarrhea 268
probiotic safety 269

Sales, worldwide, dietary supplements 367
Saliva
amylase, dietary fiber breakdown 133

Salmon 204
carotenoids 96–97
fish 202

Salt 335–347
blood pressure
age-related changes 341, 342, 342t
genetic influences 341
INTERSALT study 341, 342f, 342t
rural-urban differences 340, 340t

children/adolescents, dietary exposure 337,
338t

dietary sources 335, 344
industrialization effects 337, 339t, 344
urbanization effects 337

disease/disorder effects 337
bronchial hyper-reactivity 344
coronary heart disease 126, 127–128

gastric cancer 343
osteoporosis 344
stroke 343

food technology, in 336, 337t
health improvement strategies 345, 346
hypertension 337–339, 342
intake reduction 343
potassium intake 310

intakes 344, 345t
cooking effect 344
discretionary use assessment 344, 345f
excess 332
global variation 337, 338t
history 335
refrigeration 337, 338t

iodine fortification 240–241
loss, sports nutrition 352
population strategies for health

improvement 342, 345
requirements/recommendations 343
recommended dietary intakes 343

salt cellar pore size 344
blood pressure 339

substitute 311–312
multimineral mixes 346

urinary excretion and blood pressure 341
uses, alternative 337
see also Sodium

Salt cellar pore size 344
Salt industry, iodine deficiency disorders 233
Saponins, health benefits 307
Sardines 204
see also Appetite

Saturated fatty acids (SFAs) 189–194
cholesterol effects 163–164, 190, 191f
total diet content effect 190, 190f

coagulation 192, 193
total diet content effect 193, 193f

dietary sources 171t, 190t
replacement with unsaturated fatty

acids 187
disease/disorder effects, coronary heart

disease 124, 125
fibrinolysis 192, 194
total diet content effect 193

LDL cholesterol 188
nomenclature 151
platelet aggregation 191
total diet content effect 192

thrombosis 166–167
Scaly dermatitis, �-linolenic acid deficiency 179
Scavenging antioxidants 24
SCFA see Short-chain fatty acids (SCFAs)

zinc deficiency 513–514
Schizophrenia
nicotinic acid 279

Scombroid poisoning 207
Scurvy
ascorbic acid concentration 53
rebound 54
see also Ascorbic acid

Sea salt see Salt
cholesterol levels 122
crops
vitamin D concentration 74
vitamin D status 463
xerophthalmia 431

Seawater
salt composition 335
salt extraction, boiling 335

Secisolariciresinol 299
Secondary dyslipoproteinemia 121t
Secondary Prevention with Antioxidants of

Cardiovascular Disease in Endstage Renal
Disease (SPACE) study 484

intestine 268
Selenide 324–325
Selenium 323–330
absorption 323
actions/effects
antioxidant properties 26
immune system 325

deficiency 325
iodine deficiency 239–240

dietary sources 323
disease/disorder effects 323, 329
cancer 36
viral disease and mutation 325

distribution 327
interventions 328
metabolism 324f
requirements/recommendations
adults 358
dietary reference values 327, 328t
upper intake limits 328

selenoproteins see Selenoprotein(s)
status assessment 323, 327
supplementation 326

Selenium and Vitamin E Prevention Trial
(SELECT) 358

degradation 325
Selenophosphate synthetase 326t
18-kDa Selenoprotein (SELT) 326t
Selenoprotein(s) 323
classification and functions 325, 326t
selenium insertion 324–325

Selenoprotein P 326t
selenium donation 327

Selenoprotein W 326t
Selenosis 323
SelN 326t
SelR 326t
Sensory effects
appetite see Appetite

Sepsis
function 2t, 7
sphingolipid synthesis 161
supplementation 7

Serotonin (5-hydroxytryptamine: 5-HT)
tryptophan 9

Serum retinol binding protein (SRBP) 419t, 420
all-trans-retinoic acid biosynthesis 421–422
synthesis 420

Serum retinol binding protein (SRBP)
receptor 422–423

visual cycle 420–421
CHD 124
flavonoids 297, 298
saturated fatty acids 124

Seventh-Day Adventists
dietary practices 414

Sex hormones
metabolism, whole grains 495

Shellfish, characteristics 203
Shewanella putrefaciens, fish 207
Short bowel syndrome
biotin requirement 62

Short-chain fatty acids (SCFAs) 189
in colon
absorption 144
colorectal cancer 142

energy recovery fromundigested polysaccharides 136
functional foods 223
dietary fiber fermentation 139
resistant starch fermentation 88

Silica 408
Silicon 397, 408
absorption 399t
actions/effects 401t
body content 404t
deficiency 404t, 408
dietary sources 404t
essentiality 397–398
excretion 401t
retention 401t
storage 399t
transport 399t
typical intake 404t

Sinigrin 305
Skeletal muscle
caffeine, effects of 69
thyroid hormones 237
calcium 287t
phosphorus 287t
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Skin
oxidative damage, carotenoid protection 100
vitamin D production 457, 459f, 467,

468–469
Skin cancer, vitamin D biosynthesis

prevention 468–469
sports nutrition 348

Skipjack 207
Sleep, caffeine effects 68
treatment of neonatal apnoea 70

Slimming see Weight loss
dietary fiber effects 133
flavanoid metabolism 294
solid food transit 133–134

Smoking (tobacco) see Tobacco smoking
Smooth muscle, caffeine, effects of 69
Snow pea
vitamin A deficiency 430–431, 431t

Sodium 330–335
clinical importance 330
deficiency 333
depletion 330
dietary sources
fish 208–211

disease/disorder effects
coronary heart disease 126

distribution 331, 331t
excess amounts 333, 334
excretion 333

excretion 332, 339
salt intake estimation 344

extracellular 331
regulation 332

future research 334
natriuretic hormones 333
nutritional importance 330
physiological importance 330
reabsorption 333
requirements/recommendations 334
adequate amounts 333

retention 330
hormones 333

sports nutrition 352
transport 331

Sodium acid pyrophosphates, baking 336
Sodium chloride see Salt
Sodium-dependent multivitamin transporter

(SMVT) 56
Sodium ion
riboflavin transport dependency 313

Sodium nitrate 336
Sodium polyphosphate 336
Soft drinks
carbohydrate consumption 80

Soluble fiber see Fiber, dietary
Soluble nonstarch polysaccharides
constipation, diverticular disease, laxation 144
dietary fiber, coronary heart disease 139–140

Soluble polysaccharides, glucose absorption
effect 134

Somatic cells, biotin transport 55
South Beach diet 81–82
Southgate method 131, 132
Soya
bone mineral density 300
cardioprotective mechanisms 304
coronary heart disease 127
dementia incidence 300
health protective effects 307
iron absorption 11
n-6 PUFAs 186–187
carotenoid radical reactions 95–96
composition
phytoestrogens 143

disease/disorder effects
breast cancer 143
cancer 299–300

health benefits 298
protein
FOSHU 221t
functional foods 221–222

Soy milk

composition 287t
vegetarians 415

SPACE (Secondary Prevention with Antioxidants
of Cardiovascular Disease in Endstage Renal
Disease) study 484

Spain, childhood vitamin D deficiency 468
Spastic colon see Irritable bowel syndrome (IBS)
Spastic paralysis, iodine deficiency disorders 227
Spastic syndromes, threonine supplementation 7
Spastic weakness, iodine deficiency

disorders 227
Spermatid selenoprotein 326t
Spermatogenesis
zinc 518

Sperm mitochondrial capsule selenoprotein 326t
Sphincter of Oddi
metabolism, vitamin K function 491
synthesis 161

Sphingomyelin
synthesis 161

Spina bifida
maternal folic acid deficiency 217
calcium bioavailability 76–77
folic acid source 218

Sports nutrition 347–353
caffeine 70
functional foods 224
importance 348

Sprinting 349
Standing Committee on Nutrition of the United

Nations 362
Staphylococcus
fish 202

Starch(es) 78, 79
dietary sources 79
amylase inhibitors 86
antinutritional factors 86

disease/disorder effects
colorectal cancer 141

modified see Modified starches
structure
cross-linked 85t, 85–86

ketosis see Ketone bodies; Ketosis
see also Wasting

Stearic acid 189
cholesterol effect 190–191, 191, 191f, 194
coagulation effect 193–194
melting point 195

Stearoyl-coenzyme A desaturase 159
Stellate cells, vitamin A storage 441
coenzyme A (CoA) functions 283–284
fatty acid metabolism regulation 162

Stillbirths, iodine deficiency disorders 227, 229
Stimulants, caffeine 67–68
dietary fiber effects 133
cancer see Stomach cancer
peptic ulcer disease see Peptic ulcer disease
stomach cancer see Stomach cancer

mucosa
treatment with ascorbic acid 51

lycopene, protective effect 248
salt 343

Stools see Feces
Streptococcus thermophilus
probiotics 223
viral diarrhea 267–268

Stress
cytokine production 181–182
magnesium deficiency 254

Stressed malnutrition see Malnutrition
Strictures
flavonoids 297–298
folic acid deficiency 359
oxidant stress 23f
potassium, risk reduction 310
salt intake 337–339, 343

Stromal edema, vitamin A deficiency 427
Structured low-calorie diets see Diet(s)
Stunting (chronic nutrition)
vitamin A 425

Suckling
dietary sources 79

disease/disorder effects, dental caries 81
Sucrose polyester
carotenoid absorption 98–99
vitamin E status effects 475

Sudden cardiac death, trans fatty acids 199
Sugar(s) 78
dietary sources 90t
fermentation, intestinal microflora 265
intake 79
structures 90t
vitamin A fortification 436

Sugar alcohols 78
FOSHU 221t

Sulfur amino acid deficiency, coenzyme A
synthesis reduction 282

Sunlight see Ultraviolet radiation (sunlight)
Sunscreens, vitamin D biosynthesis

prevention 468–469
Supplementation en vitamines et Minéraux

AntioXydants Study (SU.VI.MAX) 39, 358
Supplements/supplementation 367–372
definitions 367
in developed countries 353–360
in developing countries 361–366
directive 2002/46/EC 367
food supplement definition 367

forms 367
interactions 370
multiple micronutrients
benefits for pregnant woman 364
composition 364–365
developing countries 364
forms 366
need 365
safety 365
target groups 365

potential benefits 371
recommendations 371
regulations 367
by country 369t

sports nutrition 351, 352
vegetarian infants and children 415

Supply (of food)
intestinal microflora research 265

Swallowing
athletes 351–352
electrolytes
sodium 331, 332

carbohydrate consumption 78
Symbiotics 89–90
Systemic immune response, probiotics 266
System L carrier, amino acid transport 8
Systolic blood pressure
DASH trial 343
salt intake 341

T
Table salt see Salt
Tachycardia, caffeine 68
Tannins
iron absorption 11
iron deficiency 303

TATA binding protein, all-trans-retinoic acid
(AtRA) action 424

Taurine
coenzyme A breakdown product 283
fish 207
function 5, 5f
supplementation 5

TCA cycle
PUFAs 168–169

TDP coenzymes 393
in nervous tissue 393–394
see also Thiamin pyrophosphate (TPP)
anti-thiamin factors 391–392
caffeine 65

manganese 256–257
tannin effects 256–257
Germany 368–369

theophylline 65
Teeth
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structural integrity, calcium 75
Tempeh, functional foods 220
high dose vitamin A 375

Testosterone
calcium metabolism effects 74–75
dietary fiber influence 143

Tetrahydrofolate (THF) 212, 212f, 216t
Tetranorbiotin 57
Tetranorbiotin methylketone 57
Tetrasaccharides 90t
Thailand, thiamin deficiency 391–392
Thein 65
Theobromine 65
caffeine synthesis 65
structure 66f

Theophylline 65
caffeine synthesis 66
neonatal apnoea treatment, caffeine vs. 70
structure 66f

Therapeutic Goods Act of (1989: Australia) 369,
369t

Therapeutic goods administration (TGA) 369
athletes 351–352

Thiamin (vitamin B1)
absorption and alcohol 392
actions/effects 392–393
fatty acid metabolism 162, 162t
TDP coenzyme 393, 393f

anti-thiamin factors 391–392
homeostasis 394

concentration in tissues 392
content of human adult body 390
deficiency 390
biochemical test for 393
chronic 395
early signs 385t
effects 385t
etiological factors 383t
experimental studies 384
gender significance 384
subclinical evidence 383
in Thailand (northern and northeastern) 391–392
see also Beriberi

dietary sources 390, 391t
cereals 390

drug-nutrient interactions 395
excretion 392
leaching during cooking 391–392
metabolic enzymes 394
metabolites 394
nervous tissues, role in 393–394
physiology 390–396
requirements/recommendations 395
determination by BMR 395
differences between the sexes 395
physical activity, effect of 395
quantification of 395
RDAs 395
sexes, differences between 395

status assessment 394, 394t
in chronic thiamin deficiency 395
ETKL stimulation test 394t, 394–395
oxidation to thiochrome 394–395
sample handling 395

storage 392
structure 390, 391f
toxicity 389, 395
transport 392
treatment 384–385

Thiaminases 384, 391–392
Thiamin diphosphatase (TDP) 394
Thiamin diphosphate (TDP) 384
beriberi 381
coenzyme functions 393, 393f
in branched-chain amino acid

metabolism 393
in carbohydrate metabolism 393, 393f
in dehydrogenase complexes 393–394
digestion 392

content of human adult body 390
structure 391f
thiamin transport and storage 392

Thiamin monophosphatase 394
structure 391f

Thiamin monophosphate (TMP)
content of human adult body 390
thiamin absorption 392
thiamin transport and storage 392

Thiamin pyrophosphate (TPP)
see also TDP coenzymes

Thiamin pyrophosphokinase 394
Thiamin triphosphate (TTP)
content of human adult body 390
deficiency, Leigh’s disease 394
in nervous tissue 393–394
structure 391f
thiamin absorption 392
thiamin transport and storage 392

Thiochrome 391–392
structure 391f
thiamin status assessment 394–395

Thiocyanate 239
Thioredoxin reductases 325, 326t
Thirst
sodium regulation 332
see also Dehydration
function 2t, 7
supplementation 7

Thrombin
induced platelet aggregation, saturated fatty

acids 192
saturated fatty acid effect 193–194

Thrombosis 165
coagulation cascade 165, 166f
coronary heart disease 124
definition 165
eicosanoids 186
factor VII 165
fibrinogen 165
fibrinolysis 165–166, 166
fish oil effect 180–181
monounsaturated fatty acids 166
prevention, quercetin 303
n-3 PUFAs 187
n-6 PUFAs 173–174, 187
synthesis 161

Thromboxane A2 186
platelet aggregation 192

Thromboxane A3 186
Thrombus formation 192
Thyme, functional foods 220
Thymidylate biosynthesis 213–214
Thymus
atrophy, zinc deficiency 518

Thyroglobulin (Tg) 236, 237
Thyroid follicle 235–236, 238f
Thyroid gland 237, 241
iodine 235, 235–236
size 241

Thyroid hormones
calcium metabolism effects 74–75
carbohydrate metabolism 237
changes, iodine excess 240
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levels 241
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absorption 398, 399t
biological roles 401t
body content 404t
deficiency 404t, 408
dietary sources 404t
excretion 401t
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storage 399t
transport 399t
typical intake 404t

Tissue plasminogen activator (tPA) 166
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angina pectoris 104
ascorbic acid deficiency 53
�-carotene supplementation 96
lycopene 246

�-Tocopherol 471
absorption 478–479, 479f
antioxidant activity 24
equivalents 472
function 169
isomers 479–480
metabolism 479f, 479–480
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plasma concentrations 475
transport 479f
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Tocopherol(s)
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immunosuppressant properties 484–485
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requirements/recommendations 485
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104, 484
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Tofu, prostate cancer protection 300
Tolerable upper intake level (UL)
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Tomatoes
annual consumption 97
cancer risk reduction 99–100, 247
carotenoid contents 245
lycopene 105, 243, 243–245
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aim of 348
nutrition 348
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Transcellular pathway
calcium transport 72–73
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all-trans-retinoic acid (atRA), induction 424

Transferrin
antioxidant activity 24
iron absorption/transport 10
saturation
iron deficiency 14–15

Transferrin receptors
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iron absorption/transport 10

Trans Golgi network (TGN), copper 114–115
Transition metals, aerobic physiology role 112
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in nervous tissue 393–394
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half-life 441
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Traveler’s diarrhea, probiotics 269
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n-3 fatty acids 180
trans fatty acids 197

hydrolysis 153

INDEX 545



Tremor, hand, caffeine (continued)
levels
carbohydrate consumption 80–81
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biotin metabolism 59, 59f
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see also Wheat
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as niacin source 273, 273–274, 276–277
niacin equivalents in foods 274t
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Western diets 278
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U
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United States
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Urine
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Vitamin C see Ascorbic acid (vitamin C)
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CVD 43–44, 483
neurological disease 485

drug adverse effects on status 475
excretion 478
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oxidation, radical formation 51
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see also Dehydration
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management/treatment 386–387
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management/treatment 386–387
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management/treatment 386–387
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benefits 497
cancer 495, 502
consumption 496
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US 496, 498
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World Development Report 1993 373
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X
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X-ray imaging see Radiography

Y
Yeast(s)
biotin source 61

Yersinia infections
composition
calcium 287t
phosphorus 287t

functional foods 220
Young children see Infant(s)

Z
Zea mays see Maize (Zea mays)
Zeaxanthin 106, 107
absorption 98
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