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Preface

In the preface to the first edition of this book, Iwrote that one stimulus to write it
had been teaching a course on nutritional biochemistry, in which my students
had raised questions for which I had to search for answers. In the intervening
decade, they have continued to stimulate me to try to answer what are often
extremely searching questions. I hope that the extent to which helping them
through the often conflicting literature has clarified my thoughts is apparent
to future students who will use this book and that they will continue to raise
questions for which we all have to search for answers.

The other stimulus to write the first edition of this book was my member-
ship of United Kingdom and European Union expert committees on reference
intakes of nutrients, which reported in 1991 and 1993, respectively. Since these
two committees completed their work, new reference intakes have been pub-
lished for use in the United States and Canada (from 1997 to 2001) and by the
United Nations Food and Agriculture Organization/World Health Organiza-
tion (in 2001). A decade ago, the concern of those compiling tables of refer-
ence intakes was on determining intakes to prevent deficiency. Since then, the
emphasis has changed from prevention of deficiency to the promotion of op-
timum health, and there has been a considerable amount of research to iden-
tify biomarkers of optimum, rather than minimally adequate, vitamin status.
Epidemiological studies have identified a number of nutrients that appear to
provide protection against cancer, cardiovascular, and other degenerative dis-
eases. Large-scale intervention trials with supplements of individual nutrients
have, in general, yielded disappointing results, but these have typically been
relatively short-term (typically 5-10 years); the obvious experiments would
require lifetime studies, which are not technically feasible.

The purpose of this book is to review what we know of the biochemistry
of the vitamins, and to explain the extent to which this knowledge explains

XXiii
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the clinical signs of deficiency, the possible benefits of higher intakes than are
obtained from average diets, and the adverse effects of excessive intakes.

In the decade since the first edition was published, there have been consid-
erable advances in our knowledge: novel functions of several of the vitamins
have been elucidated; and the nutritional biochemist today has to interact with
structural biochemists, molecular, cell, and developmental biologists and ge-
neticists, as well as the traditional metabolic biochemist. Despite the advances,
there are still major unanswered questions. We still cannot explain why defi-
ciency of three vitamins required as coenzymes in energy-yielding metabolism
results in diseases as diverse as fatal neuritis and heart disease of thiamin de-
ficiency, painful cracking of the tongue and lips of riboflavin deficiency, or
photosensitive dermatitis, depressive psychosis, and death associated with
niacin deficiency.

This book is dedicated in gratitude to those whose painstaking work over
almost 100 years since the discovery of the first accessory food factor in 1906
has established the basis of our knowledge, and in hope to those who will
attempt to answer the many outstanding questions in the years to come.

David A. Bender
August 2002 London



ONE

The Vitamins

The vitamins are a disparate group of compounds; they have little in common
either chemically or in their metabolic functions. Nutritionally, they form a
cohesive group of organic compounds that are required in the diet in small
amounts (micrograms or milligrams per day) for the maintenance of normal
health and metabolic integrity. They are thus differentiated from the essential
minerals and trace elements (which are inorganic) and from essential amino
and fatty acids, which are required in larger amounts.

The discovery of the vitamins began with experiments performed by
Hopkins at the beginning of the twentieth century; he fed rats on a defined
diet providing the then known nutrients: fats, proteins, carbohydrates, and
mineral salts. The animals failed to grow, but the addition of a small amount
of milk to the diet both permitted the animals to maintain normal growth and
restored growth to the animals that had previously been fed the defined diet.
He suggested that milk contained one or more “accessory growth factors” —
essential nutrients present in small amounts, because the addition of only a
small amount of milk to the diet was sufficient to maintain normal growth and
development.

The first of the accessory food factors to be isolated and identified was
found to be chemically an amine; therefore, in 1912, Funk coined the term
vitamine, from the Latin vita for “life” and amine, for the prominent chemical
reactive group. Although subsequent accessory growth factors were not found
tobeamines, thenamehasbeenretained —with theloss of the final “-e” to avoid
chemical confusion. The decision as to whether the word should correctly be
pronounced “vitamin” or “veitamin” depends in large part on which system
of Latin pronunciation one learned — the Oxford English Dictionary permits
both.



2 The Vitamins

During the first half of the twentieth century, vitamin deficiency diseases
were common in developed and developing countries. At the beginning of the
twenty-first century, they are generally rare, although vitamin A deficiency
(Section 2.4) is a major public health problem throughout the developing
world, and there is evidence of widespread subclinical deficiencies of vita-
mins B, (Section 7.4) and B¢ (Section 9.4). In addition, refugee and displaced
populations (some 20 million people according to United Nations estimates
in 2001) are at risk of multiple B vitamin deficiencies, because the cereal foods
used in emergency rations are not usually fortified with micronutrients [Food
and Agriculture Organization/World Health Organization (FAO/WHO, 2001)].

1.1 DEFINITION AND NOMENCLATURE OF THE VITAMINS

In addition to systematic chemical nomenclature, the vitamins have an ap-
parently illogical system of accepted trivial names arising from the history of
their discovery (Table 1.1). For several vitamins, a number of chemically re-
lated compounds show the same biological activity, because they are either
converted to the same final active metabolite or have sufficient structural sim-
ilarity to have the same activity.

Different chemical compounds that show the same biological activity are
collectively known as vitamers. Where one or more compounds have biological
activity, in addition to individual names there is also an approved generic
descriptor to be used for all related compounds that show the same biological
activity.

When it was realized that milk contained more than one accessory food
factor, they were named A (which was lipid-soluble and found in the cream)
and B (which was water-soluble and found in the whey). This division into
fat- and water-soluble vitamins is still used, although there is little chemical
or nutritional reason for this, apart from some similarities in dietary sources
of fat-soluble or water-soluble vitamins. Water-soluble derivatives of vitamins
A and K and fat-soluble derivatives of several of the B vitamins and vitamin C
have been developed for therapeutic use and as food additives.

As the discovery of the vitamins progressed, it was realized that “Factor B”
consisted of a number of chemically and physiologically distinct compounds.
Before they were identified chemically, they were given a logical series of al-
phanumeric names: B;, B,, and so forth. As can be seen from Table 1.2, a
number of compounds were assigned vitamin status, and were later shown
either not to be vitamins, or to be compounds that had already been identified
and given other names.



1.1 Definition and Nomenclature of the Vitamins

Table 1.1 The Vitamins

Vitamin Functions Deficiency Disease
A Retinol Visual pigments in the retina; Night blindness,
B-Carotene regulation of gene xerophthalmia;
expression and cell keratinization of skin
differentiation; (3-carotene
is an antioxidant)

D Calciferol Maintenance of calcium Rickets = poor
balance; enhances intestinal mineralization of bone;
absorption of Ca?* and osteomalacia = bone
mobilizes bone mineral; demineralization
regulation of gene
expression and cell
differentiation

E Tocopherols Antioxidant, especially in cell Extremely rare - serious

Tocotrienols membranes; roles in cell neurological dysfunction
signaling

K Phylloquinone Coenzyme in formation of Impaired blood clotting,

Menaquinones y-carboxyglutamate in hemorrhagic disease
enzymes of blood clotting
and bone matrix

B, Thiamin Coenzyme in pyruvate and Peripheral nerve damage
2-oxo-glutarate (beriberi) or central
dehydrogenases, and nervous system lesions
transketolase; regulates Cl~ (Wernicke-Korsakoff
channel in nerve conduction syndrome)

B> Riboflavin Coenzyme in oxidation and Lesions of the corner of the
reduction reactions; mouth, lips, and tongue;
prosthetic group of sebhorreic dermatitis
flavoproteins

Niacin Nicotinic acid Coenzyme in oxidation and Pellagra-photosensitive

Nicotinamide reduction reactions, dermatitis; depressive
functional part of NAD and psychosis
NADP; role in intracellular
calcium regulation and cell
signaling
Bs Pyridoxine Coenzyme in transamination Disorders of amino acid
Pyridoxal and decarboxylation of metabolism, convulsions

Pyridoxamine

Folic acid

amino acids and glycogen
phosphorylase; modulation
of steroid hormone action
Coenzyme in transfer of
one-carbon fragments

Megaloblastic anemia

(continued)




The Vitamins

Table 1.1 (continued)
Vitamin Functions Deficiency Disease
B2 Cobalamin Coenzyme in transfer of Pernicious anemia =

Pantothenic
acid

Biotin

Ascorbic
acid

one-carbon fragments
and metabolism of folic
acid

Functional part of coenzyme
A and acyl carrier protein:
fatty acid synthesis and
metabolism

Coenzyme in carboxylation
reactions in
gluconeogenesis and fatty
acid synthesis; role in
regulation of cell cycle

Coenzyme in hydroxylation
of proline and lysine in
collagen synthesis;
antioxidant; enhances
absorption of iron

megaloblastic anemia with
degeneration of the spinal
cord

Peripheral nerve damage
(nutritional melalgia or
“burning foot syndrome”)

Impaired fat and
carbohydrate
metabolism; dermatitis

Scurvy — impaired wound
healing, loss of dental
cement, subcutaneous
hemorrhage

NAD, nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phos-

phate.

For a compound to be considered a vitamin, it must be shown to be a diet-
ary essential. Its elimination from the diet must result in a more-or-less
clearly defined deficiency disease, and restoration must cure or prevent that
deficiency disease.

Demonstrating that a compound has pharmacological actions, and pos-
sibly cures a disease, does not classify that compound as a vitamin, even if it
is a naturally occurring compound that is found in foods.

Equally, demonstrating that a compound has a physiological function as

a coenzyme or hormone does not classify that compound as a vitamin. It
is necessary to demonstrate that endogenous synthesis of the compound is
inadequate to meet physiological requirements in the absence of a dietary
source of the compound. Table 1.3 lists compounds that have clearly defined
functions, but are not considered vitamins because they are not dietary essen-
tials; endogenous synthesis normally meets requirements. However, there is
some evidence that premature infants and patients maintained on long-term
total parenteral nutrition may be unable to meet their requirements for car-
nitine (Section 14.1.2), choline (Section 14.2.2), and taurine (Section 14.5.3)
unless they are provided in the diet, and these are sometimes regarded as
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Table 1.2 Compounds that Were at One Time Assigned Vitamin Nomenclature, But
Are Not Considered to Be Vitamins

Bs
Bs
Bs

B
Bg
Bg
Bio
By
Bis
Bis

Bis
Bis
Bz
Bc
Bp
Br
Bw
By

<Xs<cC

Assigned to a compound that was probably pantothenic acid, also sometimes
used (incorrectly) for niacin

Later identified as a mixture of arginine, glycine, and cysteine, possibly also
riboflavin and vitamin Bg

Assigned to what was later assumed to be either vitamin Bg or nicotinic acid; also
sometimes used for pantothenic acid

A factor that prevented digestive disturbance in pigeons (also called vitamin I)

Later identified as adenylic acid

Never assigned

A factor for feather growth in chickens, probably folic acid and thiamin

Later identified as a mixture of folic acid and thiamin

A growth factor in rats; orotic acid, intermediate in pyrimidine synthesis

An unidentified compound isolated from urine that increases bone marrow
proliferation in culture

Pangamic acid, reported to enhance oxygen uptake

Never assigned

Amygdalin (laetrile), a cyanogenic glycoside with no physiological function

Obsolete name for folic acid

Chicken antiperosis factor; can be replaced by choline and manganese salts

Carnitine, a growth factor for insects

A growth factor, probably biotin

Obsolete name for p-aminobenzoic acid (intermediate in folate synthesis); also
used at one time for pantothenic acid

A postulated antipneumonia factor (also called vitamin J)

Essential fatty acids (linoleic, linolenic, and arachidonic acids)

Obsolete name for riboflavin

“Gerovital,” novocaine (procaine hydrochloride) promoted without evidence as
alleviating aging, not a vitamin

A factor that prevented digestive disturbance in pigeons (also called vitamin By)

A postulated antipneumonia factor (also called vitamin C,)

Factor isolated from yeast that was claimed to promote lactation

Obsolete name for folic acid

Extracts from the brain and stomach, purported to have anticancer activity

Bioflavonoids

Pellagra-preventing factor, obsolete name for niacin

Ubiquinone (also called Qo)

Bacterial growth factor, probably folic acid

Bacterial growth factor, probably biotin

Growth factor in insects, and reported to increase protein uptake in rats, later
identified as a mixture of folic acid, vitamin By,, and nucleotides

Methylsulfonium salts of methionine

Bacterial growth factor, probably NAD

Bacterial growth factor, probably biotin

Bacterial growth factor, probably biotin

Probably vitamin Bg

NAD, nicotinamide adenine dinucleotide.
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Table 1.3 Marginal Compounds that Are Probably Not Dietary Essentials

Carnitine Required for transport of fatty acids into mitochondria
Choline Constituent of phospholipids; acetylcholine is a neurotransmitter
Inositol Constituent of phospholipids; inositol trisphosphate acts as second

messenger in transmembrane signaling
Pyrroloquinoline Coenzyme in redox reactions

quinone
Taurine Osmotic agent in retina and used for conjugation of bile acids; dietary
essential for cats
Ubiquinone Redox coenzyme in mitochondrial electron transport chain

(coenzyme Q)

“marginal compounds,” for which there is no evidence to estimate require-
ments.

The rigorous criteria outlined here would exclude niacin (Chapter 8) and
vitamin D (Chapter 3) from the list of vitamins, because under normal con-
ditions endogenous synthesis does indeed meet requirements. Nevertheless,
they are considered to be vitamins, even if only on the grounds that each was
discovered as the result of investigations into once common deficiency dis-
eases, pellagra and rickets.

In addition to the marginal compounds listed in Table 1.3, there are a num-
ber of compounds present in foods of plant origin that are considered to be
beneficial, in that they have actions that may prevent the development of
atherosclerosis and some cancers, although there is no evidence that they are
dietary essentials, and they are not generally considered as nutrients.

These compounds are listed in Table 1.4 and discussed in Section 14.7.

1.1.1 Methods of Analysis and Units of Activity
Historically, the vitamins, like hormones, presented chemists with a consid-
erable challenge. They are present in foods, tissues, and body fluids in very
small amounts, of the order of umoles, nmoles, or even pmoles per kilogram,
and cannot readily be extracted from the multiplicity of other compounds that
might interfere in chemical analyses. Being organic, they are not susceptible
to determination by elemental analysis as are the minerals. In addition, for
several vitamins, there are multiple vitamers that may have the same biologi-
cal activity on a molar basis (e.g., the vitamin B¢ vitamers, Section 9.1), or may
have very different biological activity (e.g., the vitamin E vitamers, Section 4.1).
The original methods of determining vitamins were biological assays, ini-
tially requiring long-term depletion experiments in animals, and later using a
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Table 1.4 Compounds that Are Not Dietary Essentials, But May Have Useful
Protective Actions

Anthocyanins
Bioflavonoids

Glucosinolinates
Glycosides

Polyterpenes
Squalene

Phytoestrogens

Polyphenols

Ubiquinone
(coenzyme Q)

Vitamin A
inactive
carotenoids

Plant (flower) pigments, antioxidants

Polyphenolic compounds with antioxidant action, at one time known as
vitamin P

Modify metabolism of foreign compounds and reduce yield of active
carcinogens from procarcinogens

Modify metabolism of foreign compounds and reduce yield of active
carcinogens from procarcinogens

Inhibit cholesterol synthesis

Final acyclic intermediate in cholesterol synthesis, acts as feedback
inhibitor of cholesterol synthesis

Weak estrogenic and antiestrogenic actions, potentially protective
against estrogen- and androgen-dependent tumors and osteoporosis

Antioxidants

Redox coenzyme in mitochondrial electron transport chain,
coantioxidant with vitamin E

Antioxidants

variety of microorganisms with more or less defined requirements. Microbio-

logical assays are still commonly used for many of the vitamins; problems of

both overestimation and underestimation may occur:

1. Overestimation of the vitamin content of foods will occur if the test or-

ganism can use chemical forms and derivatives of the vitamin that are

not biologically active in, or available to, human beings.

2. Underestimation will occur if the test organism is unable to use some

vitamers, although human beings have appropriate enzymes for inter-

conversion.

Before some of the vitamins had been purified, they were determined in

terms of units of biological activity. All should now be expressed in mass or,

preferably, molar terms, although occasionally the (now obsolete) interna-
tional units (iu) are still used for vitamins A (Section 2.1.3), D (Section 3.1), and
E (Section 4.1). Where different vitamers differ greatly in biological activity
(e.g., the eight tocopherol and tocotrienol vitamers of vitamin E, Section 4.1),
itis usual to express total vitamin activity in terms of milligram equivalents of
the major vitamer or that with the highest biological activity.

Many of the methods that have been devised for vitamin analysis are now of

little more than historical interest, and, in general, unless there is some reason,
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no analytical methods are listed in this book. A number of recommended
methods for vitamin analysis in foods were published as the outcome of a
European Union (EU) COST-91 project (Brubacher et al., 1985); since then,
the development of ligand binding assays (radioimmunoassays) and high-
performance liquid chromatography techniques has meant that individual
chemical forms of most of the vitamins can now be determined with great
precision and specificity, often with only a minimal requirement for extraction
from complex biological materials. Nevertheless, microbiological assays are
still sometimes the method of choice, and biological assay is still essential to
determine the relative biological activity of different vitamers.

Although modern analytical techniques have considerable precision and
sensitivity, food composition tables cannot be considered to give more than
an approximation to vitamin intake. Apart from the problems of biological
availability (Section 1.1.2), there is considerable variation in the vitamin con-
tent of different samples of the same food, depending on differences between
varieties, differences in growing conditions (even of the same variety), losses
in storage, and losses in food preparation.

When foods have been enriched with vitamins, because of the requirement
for the food to contain the stated amount of vitamin after normal storage,
manufacturers commonly add more than the stated amount - so-called over-
age. One of the problems in the debate concerning folate enrichment of flour
(Section 10.12) is the relatively small difference between the amount that is
considered desirable and the amount that may pose a hazard to vulnerable
population groups, and the precision to which manufacturers can control the
amount in the final products. In pharmaceutical preparations, considerable
latitude is allowed; the U.S. Pharmacopeia permits preparations to contain
from 90% to 150% of the declared amount of water-soluble vitamins and from
90% to 165% of the fat-soluble vitamins.

1.1.2 Biological Availability

The biological availability of a nutrient is the proportion of the nutrient
present in a food that can be used by the body. It is determined by the extent
to which the nutrient is digested, the extent to which the products of digestion
are absorbed, and the metabolism of the products of digestion. A number of
factors affect digestion, absorption, and metabolism, and hence biological
availability. These factors include the physical properties of the food matrix
(e.g., nutrients may be inside intact cells of plant foods, and the plant cell
wall is not digested); the chemical nature of the vitamin in the food; and the
presence of inhibitors that may be present in the food, taken with food, or
taken as drugs or medications (Bates and Heseker, 1994; Ball, 1998).
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1. Many vitamins are absorbed by active transport; this is a saturable pro-
cess, and, therefore, the percentage that is absorbed will decrease as the
intake increases.

2. The fat-soluble vitamins (A, D, E, and K) are absorbed dissolved in lipid
micelles, and, therefore, absorption will be impaired when the meal is
low in fat. Gastrointestinal pathology that results in impaired fat absorp-
tion and steattorhea (e.g., untreated celiac disease) will also impair the
absorption of fat-soluble vitamins, because they remain dissolved in the
unabsorbed lipid in the intestinal lumen. Lipase inhibitors used for the
treatment of obesity and fat replacers (e.g., sucrose polyesters such as
Olestra™) will similarly impair the absorption of fat-soluble vitamins.

3. Many of the water-soluble vitamins are present in foods bound to pro-
teins, and their release may require either the action of gastric acid (as
for vitamin B, Section 10.7.1) or specific enzymic hydrolysis [e.g., the
action of conjugase to hydrolyze folate conjugates (Section 10.2.1) and
the hydrolysis of biocytin to release biotin (Section 11.2.3)].

4. The state of bodyreserves of the vitamin may affect the extent to which it
isabsorbed (by affecting the synthesis of binding and transport proteins)
or the extent to which it is metabolized after uptake into the intestinal
mucosa [e.g., the oxidative cleavage of carotene to retinaldehyde is reg-
ulated by vitamin A status (Section 2.2.1)].

5. Compounds naturally present in foods may have antivitamin activity.
Many foods contain thiaminases and compounds that catalyze nonen-
zymic cleavage of thiamin to biologically inactive products (Section
6.4.7).

6. Both drugs and compounds naturally present in foods may compete
with vitamins for absorption. Chlorpromazine, tricyclic antidepres-
sants, and some antimalarial drugs inhibit the intestinal transport
and metabolism of riboflavin (Section 7.4.4); carotenoids lacking vita-
min A activity compete with g-carotene for intestinal absorption and
metabolism (Section 2.2.2.2); and alcohol inhibits the active transport
of thiamin across the intestinal mucosa (Section 6.2).

7. Some vitamins are present in foods in chemical forms that are not sus-
ceptible to enzymic hydrolysis during digestion, although they are re-
leased during the preparation of foods for analysis. Much of the vitamin
B in plant foods is present as pyridoxine glycosides (Section 9.1), which
are only partially available, and may also antagonize the metabolism of
free pyridoxine (Gregory, 1998); excessive heating can lead to nonen-
zymic formation of pyridoxyllysine in foods, rendering both the vitamin
and the lysine unavailable (Section 9.1); and most of the niacin in cereals
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is present as niacytin (nicotinoyl-glucose esters in oligosaccharides and
nonstarch polysaccharides), which is only hydrolyzed to a limited extent
by gastric acid (Section 8.2.1.1).

Occasionally, protein binding of a vitamin on foods increases its absorption
and hence its biological availability. For example, folate from milk is consider-
ably better absorbed than that from either mixed food folates or free folic acid
(Section 10.2.1). Folate bound to a specific binding protein in milk is absorbed
in the ileum, whereas free folate monoglutamate is absorbed in the (smaller)
jejunum.

1.2 VITAMIN REQUIREMENTS AND REFERENCE INTAKES
A priori, it would appear to be a simple matter to determine requirements for
vitamins. In practice, a number of problems arise. The first of these is the defi-
nition of the word requirement. The U.S. usage (Institute of Medicine, 1997) is
that the requirement is the lowest intake that will “maintain a defined level of
nutriture in an individual” - i.e., the lowest amount that will meet a specified
criterion of adequacy. The WHO (1996) defines both a basal requirement (the
level of intake required to prevent pathologically relevant and clinically de-
tectable signs of deficiency) and a normative requirement (the level of intake
to maintain a desirable body reserve of the nutrient).

We have to define the purpose for which we are determining the require-
ment (the criteria of adequacy), then determine the intake required to meet
these criteria.

1.2.1 Criteria of Vitamin Adequacy and the Stages of Development
of Deficiency

For any nutrient, there is a range of intakes between that which is clearly in-
adequate, leading to clinical deficiency disease, and that which is so much in
excess of the body’s metabolic capacity that there may be signs of toxicity. Be-
tween these two extremes is a level of intake that is adequate for normal health
and the maintenance of metabolic integrity, and a series of more precisely
definable levels of intake that are adequate to meet specific criteria and may
be used to determine requirements and appropriate levels of intake. These
follow.

1. Clinical deficiency disease, with clear anatomical and functional lesions,
and severe metabolic disturbances, possibly proving fatal. Prevention of
deficiency disease is a minimal goal in determining requirements and is
the criterion of the WHO basal requirement (WHO, 1996).
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10.

11.

. Covert deficiency, where there are no signs of deficiency under normal

conditions, but any trauma or stress reveals the precarious state of the
body reserves and may precipitate clinical signs. For example, as dis-
cussed in Section 13.7.1, an intake of 10 mg of vitamin C per day is ade-
quate to prevent clinical deficiency, but atleast 20 mg per day is required
for healing of wounds.

. Metabolic abnormalities under normal conditions, such as impaired

carbohydrate metabolism in thiamin deficiency (Section 6.5) or excre-
tion of methylmalonic acid in vitamin B,, deficiency (Section 10.10.3).

. Abnormal response to a metabolic load, such as the inability to me-

tabolize a test dose of histidine in folate deficiency (Section 10.10.4), or
tryptophan in vitamin Bs deficiency (Section 9.5.4), although at normal
levels of intake there may be no metabolic impairment.

. Inadequate saturation of enzymes with (vitamin-derived) coenzymes.

This can be tested for three vitamins, using red blood cell enzymes: thi-
amin (Section 6.5.3), riboflavin (Section 7.5.2), and vitamin Bg (Section
9.5.3).

. Low plasma concentration of the nutrient, indicating that there is an

inadequate amount in tissue reserves to permit normal transport be-
tween tissues. For some nutrients, this may reflect failure to synthesize
a transport protein rather than primary deficiency of the nutrient itself.

. Low urinary excretion of the nutrient, reflecting low intake and changes

in metabolic turnover.

. Incomplete saturation of body reserves.
. Adequate body reserves and normal metabolic integrity. This is the (pos-

sibly untestable) goal. Both immune function and minimization of DNA
damage offer potential methods of assessing optimum micronutrient
status, but both are affected by a variety of different nutrients and other
factors (Fenech, 2001).

Possibly beneficial effects of intakes more than adequate to meet re-
quirements: the promotion of optimum health andlife expectancy. There
is evidence that relatively high intakes of vitamin E and possibly other
antioxidant nutrients (Section 4.6.2) may reduce the risk of developing
cardiovascular disease and some forms of cancer. High intake of folate
during early pregnancy reduces the risk of neural tube defects in the
fetus (Section 10.9.4).

Pharmacological (druglike) actions at very high levels of intake. This
is beyond the scope of nutrition, and involves using compounds that
happen to be vitamins for the treatment of diseases other than deficiency
disease.
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12. Abnormal accumulation in tissues and overloading of normal metabolic
pathways, leading to signs of toxicity and possibly irreversible lesions.
Niacin (Section 8.7.1), and vitamins A (Section 2.5.1), D (Section 3.6.1),
and Bg (Section 9.6.4) are all known to be toxic in excess (see Section
1.2.4.3 for a discussion of tolerable upper levels of intake).

Problems arise in interpreting the results, and therefore defining require-
ments, when different markers of adequacy respond to different levels of in-
take. This explains the difference in the tables of reference intakes published
by different national and international authorities (see Tables 1.5-1.8).

1.2.2 Assessment of Vitamin Nutritional Status
The same criteria used to define requirements can also be used to assess vita-
min nutritional status.

Although vitamin deficiencies give rise to more-or-less clearly defined signs
and symptoms, diagnosis is not always easy, so biochemical assessment is fre-
quently needed to confirm a presumptive diagnosis. Furthermore, whereas
experimental studies may involve feeding diets deficient in one nutrient, but
otherwise complete, it is unlikely that under normal conditions an individual
would have such a diet. Undernutrition is likely to lead to deficiency or de-
pletion of several vitamins, with the signs of one deficiency predominating.
Biochemical assessment will permit more specific diagnosis. There is an ob-
vious advantage in being able to detect biochemical signs of early or marginal
deficiency.

Anindividual who shows biochemical evidence of deficiency orinadequacy
may be metabolically stable, and adequately adapted to his or her current in-
take, or may be in the early stages of developing clinically significant deficiency
disease. In population studies, whereas the number of people with clear clini-
cal deficiency signs gives some indication of the scale of the problem, detection
of the larger number who show biochemical signs of deficiency gives a better
indication of the number of people at risk of developing deficiency, and hence
a more realistic estimate of the true scale of the problem.

Biochemical criteria of vitamin adequacy and methods for biochemical
assessment of nutritional status can be divided into the following two distinct
groups:

1. Determination of plasma, urine, or tissue concentrations of vitamins and
their metabolites. These methods depend on comparison of an individ-
ual or group with the population reference range, which is normally
taken as the 95% confidence interval: &+ twice the standard deviation
about the mean value. By definition, 5% of the normal healthy popula-
tion will lie outside the 95% reference range.
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2. Metabolicloadingtests and the determination of enzyme saturation with
cofactor measure the ability of an individual to meet his or her idiosyn-
cratic requirements from a given intake, and, therefore, give a nearly
absolute indication of nutritional status, without the need to refer to
population reference ranges. A number of factors other than vitamin in-
take or adequacy can affect responses to metabolic loading tests. This
is a particular problem with the tryptophan load test for vitamin Bs nu-
tritional status (Section 9.5.4); a number of drugs can have metabolic
effects that resemble those seen in vitamin deficiency or depletion,
whether or not they cause functional deficiency.

1.2.3 Determination of Requirements

Having decided an appropriate criterion of adequacy, which will differ from
one vitamin to another, the problem is to determine what are adequate intakes
to meet those criteria. Studies of vitamin requirements can be divided into the
following four groups.

1.2.3.1 Population Studies of Intake Inareasinwhich deficiencydiseases
are common, it is possible to estimate requirements to prevent the develop-
ment of deficiency by comparing the intakes of people with and without spe-
cific signs. This permits determination of minimally adequate intakes (basal
requirements), subject to the considerable problems of determining nutrient
intake with adequate accuracy.

There have been a small number of large-scale studies of healthy popu-
lations, comparing nutrient intake with specific biochemical indices of nutri-
tional adequacy. Such studies generally rely on seven-day weighed food intakes
(and make the assumption that recording of intake will not alter habitual diets
significantly), with estimation of nutrient intakes from tables of food compo-
sition; only very rarely are duplicate portions of foods analyzed for their vita-
min content in such studies. The study of almost 2,000 adults in Great Britain
(Gregory et al., 1990) was of this type and permitted revision of estimates of
requirements for some of the vitamins.

Such population studies also permit the definition of a range of acceptable
intakes. Quite apart from determining average requirements, and then refer-
ence intakes (Section 1.2.4), it is useful to know the range of intakes that is
compatible with normal health.

The lower acceptable intake will often be the intake of the 5th percentile of
the healthy population, although alower intake may be classified as acceptable
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on the basis of other information. Thus, for example, average requirements for
vitamin B,, are of the order of 0.1 to 1 ug per day, but the intake of the 2.5th
percentile in Great Britain is 2.4 ug per day (Gregory et al., 1990). In this case,
average intakes are well above the known lower acceptable level. Conversely,
if the intake of the 5th percentile is lower than that at which signs of defi-
ciency are known to occur, then this would not be classified as an acceptable
intake.

Similarly, upper acceptable intakes are defined on the basis of the intake
of the 95th percentile of the healthy population, unless this is known to be
above the toxic threshold; higher intakes may still be within the acceptable
range.

1.2.3.2 Depletion/Repletion Studies There have been a number of stud-
ies to determine vitamin requirements by deliberate depletion of initially
healthy subjects, following the development of biochemical and clinical signs
of deficiency, then determining the intake required to reverse those signs. Such
studies permit reasonably precise estimation of requirements to meet differ-
ent criteria of adequacy and give some indication of the extent of individual
variation. The number of subjects studied in this way has been relatively small,
and estimation of requirements has generally been by interpolation into the
results of experiments using a relatively wide range of intakes and is thus sub-
ject to considerable possible error. Such studies, however, provide most of the
experimental evidence on which current estimates of vitamin requirements
are based.

Depletion/repletion studies may give a false indication of requirements,
because they are based on a nonphysiological experiment—more-or-less com-
plete deprivation of the vitamin under test, but the provision of an otherwise
completely adequate diet. More important, they also measure requirements
in a state of changing nutritional status, during the acute development and
cure of deficiency, rather than measuring the requirements for maintenance
of normal body reserves and metabolic integrity against the background of a
relatively constant habitual intake.

1.2.3.3 Replacement of Metabolic Losses An alternative approach to
determining vitamin requirements is to measure the loss from the body pool
in a steady state. This requires estimation of the total body pool, and measure-
ment of the fractional rate of loss from that pool, generally using radioactive
or stable isotope tracers. Three problems can arise in such studies.
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1. The measured total body pool may not be appropriate or desirable, be-
cause it will reflect the state of the subjects’ nutrition on a self-selected
diet (see Section 13.7.3 for a discussion of the problem of the desirable
body pool of vitamin C).

2. There maybe multiple metabolic pools of the vitamin, with very different
rates of turnover. In this case, short-term and long-term studies will give
very different estimates of the fractional rate of turnover of the total
body pool. As discussed in Section 9.6.1, this is known to be a problem
with vitamin Bg, because some 80% of the total body pool is associated
with muscle glycogen phosphorylase and has a much lower fractional
turnover rate than the remaining 20%.

3. The fractional rate of turnover of the body pool may well change with
changes in intake; as discussed in Section 13.7.3, this is known to be the
case with vitamin C.

1.2.5.4 Studies in Patients Maintained on Total Parenteral Nutrition
Subjects who are maintained for prolonged periods by total parenteral nu-
trition are obviously wholly dependent on what is provided in the nutrient
mixture, normally with no contribution from intestinal bacteria. A great deal
has been learned from such patients, including the essentiality of the amino
acid histidine, and evidence that endogenous synthesis of taurine (Section
14.5.3) and carnitine (Section 14.1.2) may not be adequate to meet require-
ments without some dietary provision. However, for obvious ethical reasons,
such patients have not been subjected to trials of graded intakes of vitamins,
but are generally provided with amounts calculated to be adequate and in
excess of minimum requirements.

A further problem with studies in patients maintained on long-term total
parenteral nutrition is that they are not normal healthy subjects — there is some
good medical reason for their treatment. Furthermore, they will have little or
no enterohepatic recirculation of vitamins, and hence may have considerably
higher requirements than normal; there is considerable enterohepatic circu-
lation of folate (Section 10.2.1) and vitamin B;, (Section 10.7.1).

1.2.4 Reference Intakes of Vitamins

Notwithstanding the problems involved in determining requirements for vita-
mins, most national authorities (as well as the United Nations FAO/WHO and
the European Commission) publish, and periodically revise, tables of recom-
mended intakes of nutrients or dietary reference values.
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As shown in Tables 1.5-1.8, reference intakes published by different author-
ities show considerable differences. Some of the reasons for this are apparent
from the discussion above; different criteria of adequacy may be applied by
the members of different expert committees, and the estimation of average
requirements and, hence, reference intakes requires a considerable exercise of
judgment to interpret the relatively small body of scientific literature. Histor-
ically, tables of reference intakes were based on requirements to prevent de-
ficiency disease, or subclinical signs of inadequacy; increasingly, as evidence
accumulates, the emphasis is on requirements to promote optimum health
rather than to prevent deficiency.

As shown in Table 1.9, a number of terms are used: Recommended Daily
(or Dietary) Intake (RDI), Recommended Dietary (or Daily) Amount (RDA),
Reference or Recommended Nutrient Intake (RNI), and Population Reference
Intake (PRI). All have the same statistical basis, and all are defined as an intake
ofthe nutrient thatis adequate to ensure that the requirements of essentially all
healthy people in the specified population group are met. The 2001 FAO/WHO
reportintroduced the term protective nutrient intake—an amount greater than
the reference intake that may be protective against specified health risks of
public health importance.

There is considerable individual variation in nutrient requirements. It is
generally assumed that requirements follow a more or less statistically normal
(Gaussian) distribution, as shown in the upper curve in Figure 1.1. This means
that 95% of the population has a requirement for a given nutrient within the
range of +2 SD about the observed mean requirement. Therefore, an intake at
the level of the observed (or estimated) mean requirement plus 2 x SD will be
more than enough to meet the requirements of 97.5% of the population. This
is the level that is generally called the RDI, RDA, RNI, or PRI.

Thereis, infact, little evidence that requirements do follow a Gaussian distri-
bution; the U.S./Canadian tables (Institute of Medicine, 1997, 1998, 2000, 2001)
note this, and state that when the distribution is skewed the 97.5th percentile
can be estimated by transforming the data to a normal distribution. Where the
standard deviations from different studies are inconsistent, the U.S./Canadian
tables determine the RDA on the basis of 1.2 x average requirement. This as-
sumes a coefficient of variation of 10%, which is based on the known variance
in basal metabolic rate.

Itis apparent from this discussion that reference intake figures are intended
for use in populations and communities, and do not apply to individuals. An
individual might have a requirement anywhere within the range, and therefore



Table 1.9 Terms that Have Been Used to Describe Reference Intakes of Nutrients

RDA

RDI

RDA

RNI

RNI

PRI

U.S.-RDA

RDI

DRV

Al

UL

Recommended
Dietary
Allowances

Recommended
Dietary
Intakes

Recommended
Daily
Amounts

Safe levels of
intake

Reference
Nutrient
Intakes

Recommended
Nutrient
Intake

Population
Reference
Intakes

Reference Daily
Intakes

Daily Reference
Values

Adequate
Intake

Tolerable
Upper Intake
Level

U.S., 1941

U.K., 1969

U.K., 1979

UN agencies

U.K., 1991

FAO, 2001

EU, 1993

uU.sS., 1973

U.S., 1990

uU.S., 1990

U.S./Canada,
1997

U.S./Canada,
1997

The name was deliberately chosen
to allow the possibility of future
modification of the values and
was not intended to carry any
connotation of minimum or
optimal requirements.

.. to emphasize that the
recommendations related to
foodstuffs as actually eaten

.. to make it clear that the
amounts referred to averages
for a group of people and not
to amounts that individuals
must meet, as implied by the
term “allowances”

Means safe and adequate, but
does not imply that higher
intakes are unsafe

By parallel with clinical chemistry
reference ranges, which
encompass 95% of normal
values; to emphasize that they
are not recommendations for
individuals, nor are they
amounts to be consumed daily;
see Table 1.5

By parallel with RNI, but
emphasizing that these are
population ranges, and not
applicable to individuals; see
Table 1.6

Reference intakes for labeling
purposes, the highest RDA
value for any population group;
see Table 1.11

Reference intakes for labeling
purposes, numerically equal to
U.S.-RDA; see Table 1.11

Reference values for fat,
carbohydrate, sodium,
potassium, and protein; for
labeling purposes

EU, European Union; FAO, Food and Agriculture Organization; UN, United Nations.
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Figure 1.1. Derivation of reference intakes of nutrients from the distribution around
the observed mean requirement; plotted below as a cumulative distribution curve, per-
mitting estimation of the probability that a given level of intake is adequate to meet an
individual’s requirement.

might satisfy requirements with an intake considerably below the reference
intake. In the United Kingdom, the RNI is regarded as a goal for planning
and evaluating the intake of population groups and communities, rather than
applying to an individual (Department of Health, 1991); in contrast, in the
United States and Canada, the RDA is regarded as a goal for individuals to
achieve (Institute of Medicine, 1997, 1998, 2000, 2001).

The lower curve in Figure 1.1 shows the population distribution of nutrient
requirements plotted as a cumulative percentage. This can then be reinter-
preted as indicating the statistical probability that a given level of intake will
be adequate for an individual.
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1. At an intake equal to the mean requirement minus twice the standard
deviation, only 2.5% of the population have been included. Therefore,
there is only a 2.5% probability that this intake is adequate for an indi-
vidual.

2. Atanintake equal to the mean observed requirement, 50% of the popu-
lation have been included, and there is thus a 50% probability that this
level of intake will be adequate for an individual.

3. At an intake equal to the observed mean requirement plus twice the
standard deviation (RDA or RNI), 97.5% of the population have been
included, and there is thus a 97.5% probability that this intake will be
adequate for an individual.

1.2.4.1 Adequate Intake For some vitamins, notably biotin (Section 11.5)
and pantothenic acid (Section 12.6), dietary deficiency is more-or-less un-
known, and there are no data from which to estimate average requirements
or derive reference intakes. In such cases, the observed range of intakes is ob-
viously more than adequate to meet requirements, and the average intake is
used to calculate an adequate intake figure.

1.2.4.2 Reference Intakes for Infants and Children For obvious ethical
reasons, there have been almost no experimental studies of the vitamin re-
quirements of infants and children. For infants, it is conventional to use the
nutrient yield of breast milk and assume that this is equal to or greater than
requirements. Although this is termed an RNI in U.K. tables (Table 1.5), in the
U.S./Canadian tables (Table 1.7), it is more correctly referred to as an accept-
able intake.

Most authorities have estimated reference intakes for children by linear in-
terpolation between the experimental data for young adults and the nutrient
yield of breast milk (Figure 1.2). The EU expert group (Table 1.6; Scientific Com-
mittee for Food, 1993) took a different approach and extrapolated backward
from the experimentally determined reference intakes for young adults on the
basis of energy requirement (for which there are good experimental data), with
the possibly unjustified assumption that the nutrient density of adequate di-
ets should be essentially constant through childhood. The advantage of this
approach was that it takes into account the higher nutrient requirements at
times of rapid growth (because energy requirement increases in growth). This
backward extrapolation gave figures for vitamin requirements in infancy that
were the same as those based on the composition of breast milk.
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nutrient requirement

age (years)

Figure 1.2. Derivation of requirements or reference intakes for children. Dotted line
shows linear interpolation between the assumed acceptable intake at age 3 months
(based on breast milk composition) and the experimentally derived reference intake at
age 17 to 18 years. Solid line shows extrapolation backward from the experimentally
derived reference intake at age 17 to 18 years on the basis of energy requirements.

1.2.4.3 Tolerable Upper Levels of Intake A number of the vitamins are
known to be toxic in excess. For most, there is a considerable difference be-
tween reference intakes that are more than adequate to meet requirements
and the intake at which there may be adverse effects, although for vitamins A
(Section 2.5.1) and D (Section 3.6.1) there is only a relatively small margin of
safety.

For food additives and contaminants, an acceptable level of intake is calcu-
lated from the highestintake at which there is no detectable adverse effect—the
no adverse effect level NOAEL) - by dividing by a factor of 100, thus ensuring
avery wide margin of safety. This approach is not appropriate for compounds
that are dietary essentials, and indeed in many cases would result in a (tox-
icologically calculated) acceptable intake below the reference intake or even
belowthe requirement for metabolicintegrity. The U.K. (Department of Health,
1991) and EU (Scientific Committee for Food, 1993) tables give “guidance on
higher intakes,” suggesting upper safe levels of habitual intake from supple-
ments. The U.S./Canadian tables (Institute of Medicine, 1997, 1998, 2000, 2001)
give tolerable upper levels of intake derived from the NOAEL divided by ap-
propriate safety factors. The upper level of intake is defined as the maximum
level of habitual intake that is unlikely to pose any risk of adverse health effects
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Figure 1.3. Derivation of reference intake [Recommended Dietary (or Daily) Amount
(RDA)], and tolerable upper level (UL) for a nutrient. Curve shows the probability that a
subject will show signs of deficiency (left) or toxicity (right) at any given level of intake.

to almost all individuals in the (stated) population group. It is a level of intake
that can (with a high degree of probability) be tolerated biologically, but is not
arecommended level. “There is no established benefit for healthy individuals
consuming more than the RDA.” As shown in Figure 1.3, the RDA is set at the
97.5th percentile of the distribution of requirements, and is thus adequate to
meet the requirements of “essentially all” of the population group, whereas
the upper tolerable intake is set below the level at which any of the population
might be expected to show adverse effects.

Table 1.10 shows the NOAEL for the vitamins, the upper limits for supple-
ments available over the counter proposed by the European Federation
of Health Product Manufacturers Associations (Shrimpton, 1997), the U.S./
Canadian tolerable upper levels, and the prudent upper levels of consump-
tion from the EU tables.

The upper levels for over-the-counter supplements shown Table 1.10 are
voluntary, but because the report (Shrimpton, 1997) was commissioned by
the European Federation of Health Product Manufacturers, it is likely that
most manufacturers of nutritional supplements will abide by them. The prob-
lem is that in most countries nutritional supplements are covered by food
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Table 1.10 Toxicity of Vitamins: Upper Limits of Habitual Consumption and
Tolerable Upper Limits of Intake

Tolerable U Level
Upper Limit for olerable “pper Levels

Vitamin NOAEL Supplements?  U.S.b EUC

A ne 3,000 3,000 2,800, 3,000¢ 7,500, 9,000
Carotene ne — 25 — —

D e 20 20 50 50

E mg 800 800 1,000 >2,000
K mg 30 — — —

B, mg 50 50 — >500
B, mg 200 200 — —
Niacin mg 500, 250¢ — — —
Nicotinic acid mg — 500, 250¢ 35 —
Nicotinamide mg — 1,500 — —

Bs mg 200 200 100 257
Folate ne 1,000 1,000 1,000 1,000
5B1, e 3,000 3,000 — 2009
Biotin mg 2,500 2,500 — —
Pantothenate mg 1,000 1,000 — —

C mg >1,000 1,000 2,000 10,000

EU, European Union; NOAEL, no adverse effect level, the highest level of intake at which
no adverse effects are observed.

Sources: ?Shrimpton, 1997; PInstitute of Medicine, 1997, 1998, 2000, 2001; “Scientific
Committee for Food, 1993; Ywhere two figures are shown for vitamin A, the lower is for
women and the higher is for men (Table 2.5). ¢for niacin and nicotinic acid, the lower
values are for sustained release preparations; fthe EU upper level of 25 mg of vitamin Bg
was proposed by the Scientific Committee for Food Opinion, 2000; and 9the EU upper
level of 200 wg of vitamin B, was set because of the possible presence of inactive
corrinoids in pharmaceutical preparations, not because of toxicity of the vitamin itself.

legislation rather than regulations covering medicines. A report to the U.S.
Food and Drug Administration (FDA; Department of Health and Human Ser-
vices, 2001) noted the lack of surveillance, and the lack of an adequate system
for reporting or investigating adverse effects of nutritional supplements. In-
deed, in one-third of cases in which adverse effects were reported, the FDA
was unable to discover from the manufacturers precisely what was included
in the supplements. In some cases, they could not find the manufacturer of
products that were implicated. The report recommended the following:

* arequirement for manufacturers to report serious adverse effects;
¢ provision of information to health care professionals and consumers
about the procedure for reporting adverse effects;
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Table 1.11 Labeling Reference Values for Vitamins

European Union

uU.s.

Reference Proposed by Scientific

Daily Intake? Committee for Food? Required by Directive®
Vitamin A, p.g 1,500 500 800
Vitamin D, pg 10 5 5
Vitamin E, mg 30 — 10
Vitamin C, mg 60 30 60
Thiamin, mg 1.5 0.8 1.4
Riboflavin, mg 1.7 1.3 1.6
Niacin, mg 20 15 18
Vitamin Bg, mg 2.0 1.3 2.0
Folate, pg 400 140 200
Vitamin Bys, pg 6.0 1.0 1.0
Biotin, pg 300 — 150
Pantothenic acid, mg 10 — 6

Sources: 9National Research Council, 1989; “Scientific Committee for Food, 1993:
“European Commission, 1990.

* arequirement for manufacturers to register themselves and their prod-
ucts with the FDA;

* arequirement for guidance to manufacturers on safety information to be
provided.

1.2.4.4 Reference Intake Figures for Food Labeling Tables of reference
intakes provide figures for different age groups, separate figures for men and
women, and additional figures for pregnancy and lactation. For nutritional
labeling of foods, it is obviously desirable to have a single figure that will permit
comparison of different foods and pharmaceutical preparations. In the United
States, the figure that is used for labeling (the U.S. RDA or RDI) is the highest
RDA for any population group for that nutrient (National Research Council,
1989). The EU Scientific Committee for Food (1993) noted that to use the
highest reference intake might lead to excess nutrient intake by a substantial
proportion of the population and that those unable to achieve this high level
might be tempted to take (unnecessary) supplements. It might also lead to a
loss of confidence in traditional foods that would appear to be oflow nutritional
value. They proposed that the labeling reference value should be the average
requirement for men (which in many cases equals the reference intake for
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women). However, at present, the law in the EU requires that the figures shown
in column 3 of Table 1.11 be used for labeling.
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TWO

Vitamin A: Retinoids and Carotenoids

Vitamin A deficiency is a serious problem of public health nutrition, second
only to protein-energy malnutrition worldwide, and is probably the most im-
portant cause of preventable blindness among children in developing coun-
tries. Marginal deficiency is a significant factor in childhood susceptibility to
infection, and hence morbidity and mortality, in developing countries; even in
developed countries, vitamin A (along with iron) is the nutrient most likely to
be supplied in marginal amounts. In addition to primary deficiency of the vita-
min, secondary (functional) vitamin A deficiency results from protein-energy
malnutrition, because of impaired synthesis of the plasma retinol binding
protein (RBP) that is required for transport of the vitamin from liver reserves
to its sites of action.

The main physiologically active forms of vitamin A are retinaldehyde and
retinoic acid, both of which are derived from retinol. Retinaldehyde functions
in the visual system as the prosthetic group of the opsins, which act as the
signal transducers between reception of light in the retina and initiation of the
nervous impulse.

Retinoic acid modulates gene expression and tissue differentiation, acting
by way of nuclear receptors. Historically, there was confusion between the ef-
fects of deficiency of vitamins A and D; by the 1950s, it was believed that the
confusion had been resolved. Elucidation of the nuclear actions of the two
vitamins has shown that, in many systems, the two act in concert, forming
retinoid—vitamin D heterodimeric receptors; hypervitaminosis A can antago-
nize the actions of vitamin D.

In vitro, and in experimental animals, vitamin A has anticancer action re-
lated to its role in modulating gene expression and tissue differentiation. It
retards the initiation and growth of some experimental tumors. However, it
only shows these effects at toxic levels, and a number of synthetic analogs,
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collectively known as retinoids, have been developed for use as anticancer
drugs and in dermatology.

Preformed vitamin A is found only in animals and a small number of bac-
teria. A number of the carotenoid pigments in plants can be cleaved oxidat-
ively to yield retinol; 8-carotene is quantitatively the most important of these
provitamin A carotenoids. Although preformed retinol is both acutely and
chronically toxic in excess, carotene is not, because there is only a limited
capacity to cleave it to retinol.

In addition to its provitamin A role, -carotene is a radical trapping antioxi-
dant and may be nutritionally important in its own right both as an antioxidant
and possibly also through direct actions that are independent of retinoids.
Other carotenoids that occur in foods, and circulate in the bloodstream,
also have free radical trapping activity, and, hence, potential metabolic signi-
ficance, whether or not they are metabolic precursors of vitamin A.

2.1 VITAMIN A VITAMERS AND UNITS OF ACTIVITY
The term vitamin A can include any compound with the biological activity of
the vitamin: provitamin A carotenoids, retinol, and its active metabolites.

2.1.1 Retinoids

The term retinoid is used to include retinol and its derivatives and analogs,
either naturally occurring or synthetic, with or without the biological activity
of the vitamin. The main biologically active retinoids are shown in Figure 2.1;
until the late 1990s, only retinol, retinaldehyde, all-trans-retinoic acid, and 9-
cis-retinoic acid were known to be biologically active. However, a number of
other retinoids are now also known or believed to have important functions,
including 4-oxo-retinol, 4-oxo-retinoic acid, and a variety of retroretinoids.
The term rexinoid has been introduced to include only those retinoids that
bind to the retinoid X receptor (RXR) and not the retinoic acid receptor (RAR)
(Section 2.3.2.1).

Free retinol is chemically unstable and does not occur to any significant
extent in foods or tissues. Rather, it is present as a variety of esters, mainly
retinyl palmitate. Retinyl acetate is generally used as an analytical standard
and in pharmaceutical preparations. Dehydroretinol (vitamin A,) is found in
freshwater fishes and amphibians; it has about half the biological activity of
retinol.

Retinoic acid occurs in foods in only small amounts. In conventional bio-
logical assays, it has lower potency than retinol or retinyl esters because it
is not stored, but is metabolized rapidly. Furthermore, because retinoic acid
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Figure 2.1. Major physiologically active retinoids. Relative molecular masses (M;):
retinol, 286.5; retinaldehyde, 284.4; retinoic acid, 300.4; 13,14-dihydroxy-retinol, 318.5;
4-oxoretinol, 301.5; retroretinol, 286.5; 14-hydroxy-retroretinol, 302.5; anhydroretinol,
269.6; 4-oxo-retinoic acid, 315.4; 4-hydroxyretinoic acid, 316.4; dehydroretinol, 284.4;
retinyl acetate, 328.5; and retinyl palmitate, 524.9.

32



2.1 Vitamin A Vitamers and Units of Activity 33

cannot be reduced to retinaldehyde or retinol, it cannot support vision (or
fertility) in deficient animals.

Anhydroretinol binds to plasma and intracellular RBPs, but not to the cel-
lular retinoic acid binding proteins (CRABPs) or retinoid receptors. In experi-
mental animals, it protects against the development of chemically induced
tumors while showing none of the toxic effects of other retinoids.

4-Oxoretinol is synthesized from canthaxin (see Figure 2.2) and occurs in
plasma. It binds to the retinoic acid nuclear receptor (but not the RXR) and
is active in tissue differentiation. In the early embryo, the main biologically
active retinoid is 4-oxoretinaldehyde, which both activates RARs and also acts
as a precursor of oxo-retinoic acid and oxoretinol.

2.1.2 Carotenoids
A number of carotenoids that have an unsubstituted g-ionone ring can be
cleaved oxidatively to yield retinaldehyde, which is then reduced to retinol or
oxidized to retinoic acid. Such compounds are known collectively as provita-
min A carotenoids. Because relatively few foods are especially rich sources
of retinol — and these are all animal foods — they are nutritionally impor-
tant, accounting for a significant proportion of total vitamin A intake in most
countries. Even in developed countries, with a relatively high intake of animal
foods and fortified products, 25% to 30% of dietary vitamin A is derived from
carotenoids; in developing countries, 80% or more of the potentially available
vitamin A is from carotenoids. Only a small number of the several hundred
carotenoid pigments found in plants have an unsubstituted g-ionone ring
and are therefore capable of cleavage to yield retinaldehyde. The major di-
etary carotenoids are shown in Figure 2.2.

Carotenoids are classified in two ways:

1. Nutritionally, on the basis of whether or not they have an unsubstitu-
ted B-ionone ring and can therefore act as precursors of retinol (the
provitamin A carotenoids)

2. On the basis of their chemistry, as:

(a) hydrophobic hydrocarbon carotenoids, of which «- and 8-carotene
and lycopene are the most important in human tissues; lycopene is
not a precursor of vitamin A in mammals, although it is the acyclic
precursor of 8-carotene in plants

(b) monohydroxycarotenoids, of which B-cryptoxanthin is the most
important in human tissues

(c) dihydroxycarotenoids, of which lutein (dihydroxy «-carotene) and
zeaxanthin (dihydroxy 8-carotene) are the mostimportantin human
tissues.
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Figure 2.2. Major dietary carotenoids. -, 8-, and y-carotenes and S-cryptoxanthine
have vitamin A activity; zeaxanthin, lutein, canthaxanthin, and lycopene do not. Relative
molecular masses (M;): «-, 8-, and y -carotenes, 536.9; B-cryptoxanthine, 552.9; zeaxan-
thin, 568.9; lutein (xanthophyll), 568.85; canthaxanthin, 564.8; and lycopene, 536.9.
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In plasma, the more hydrophobic carotenoids are deep within chylomicrons or
very low-density lipoproteins, whereas the more polar hydroxycarotenoids are
at the surface, and therefore potentially available for transfer between plasma
lipoproteins and uptake into tissues.

2.1.3 International Units and Retinol Equivalents

The obsolete International Unit (iu) of vitamin A activity was based on biolog-
ical assay of the ability of the test compound to support growth in deficient
animals (1 iu = 10.47 nmol of retinol = 0.3 pg of free retinol or 0.344 ug of
retinyl acetate).

13-Cis-retinol has 75% of the biological activity of all-trans-retinol, and reti-
naldehyde has 90%. Food composition tables give total preformed vitamin A
as the sum of all-trans-retinol + 0.75 x 13-cis-retinol + 0.9 x retinaldehyde
(Holland et al., 1991).

To take account of the contribution from carotenoids, the total vitamin A
content of foods is expressed as micrograms of retinol-equivalents — the sum
of that provided by retinoids and from carotenoids. Because of the relatively
low absorption of carotenes and incomplete metabolism to yield retinol (Sec-
tion 2.2.2), 6 ug of B-carotene is 1 ug of retinol-equivalent — a molar ratio of
3.2 mol of B-carotene equivalent to 1 mol of retinol. 8-Carotene is absorbed
much better from milk than from other foods; in milk, 2 ug of 8-carotene is
1 ugofretinol-equivalent (1.07 mol equivalent to 1 mol of retinol). This is still far
from the theoretical yield of 2 mol of retinol per mol of 8-carotene. Other pro-
vitamin A carotenoids yield at most half the retinol of 8-carotene, and 12 ug of
these compounds = 1 ug of retinol-equivalent. On this basis, 1 iu of vitamin A
activity = 1.8 ug of g-carotene or 3.6 g of other provitamin A carotenoids.

The U.S./Canadian Dietary Reference Values report (Institute of Medicine,
2001) introduced the term retinol activity equivalent to take account of the
incomplete absorption and metabolism of carotenoids; 1 RAE = 1 ug of
all-trans-retinol, 12 ug of B-carotene, and 24 ug of w-carotene or -crypto-
xanthin. On this basis, 1 iu of vitamin A activity = 3.6 ug of 8-carotene or
7.2 ng of other provitamin A carotenoids.

2.2 ABSORPTION AND METABOLISM OF VITAMIN A
AND CAROTENOIDS

2.2.1 Absorption and Metabolism of Retinol and Retinoic Acid
About 70% to 90% of dietary retinol is absorbed, and, even at high intakes,
this falls only slightly. Retinyl esters are hydrolyzed by pancreatic lipase and
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carboxyl ester lipase in lipid micelles in the intestinal lumen, and also by one
or more retinyl ester hydrolases in the intestinal mucosal brush border mem-
brane. At physiological levels of intake, retinol uptake into enterocytes is by
facilitated diffusion from the lipid micelles. When the transport protein in the
intestinal mucosal brush border cells is saturated, there is also passive uptake
of retinol.

Within the enterocyte, retinol is bound to cellular retinol binding protein
(CRBP 1) and is esterified by lecithin:retinol acyltransferase (LRAT), which
uses phosphatidylcholine as the fatty acid donor, mainly yielding retinyl
palmitate, although small amounts of stearate and oleate are also formed.
At unphysiologically high levels of retinol, when CRBP II is saturated, acyl
coenzyme A (CoA):retinol acyltransferase (ARAT) esterifies the free retinol that
accumulates in intracellular membranes. Then the retinyl esters enter the lym-
phatic circulation and then the bloodstream (in chylomicrons), together with
dietary lipid and carotenoids (Norum et al., 1986; Olson, 1986; Blomhoffet al.,
1991; Green et al., 1993; Harrison and Hussain, 2001).

A small proportion of dietary retinol is oxidized to retinoic acid, which is ab-
sorbed into the portal circulation and bound to serum albumin. Some retinyl
esters are also transferred into the portal circulation. Patients with abeta-
lipoproteinemia, who are unable to synthesize chylomicrons, can nevertheless
maintain adequate vitamin A status if they are provided with relatively high
intakes of retinol.

2.2.1.1 Liver Storage and Release of Retinol Tissues can take up retinyl
esters from chylomicrons, but most is left in the chylomicron remnants that
are taken up into the liver by endocytosis. The retinyl esters are hydrolyzed
at the hepatocyte cell membrane, and free retinol is transferred to the rough
endoplasmic reticulum, where it binds to apo-RBP. Holo-RBP then migrates
through the smooth endoplasmic reticulum to the Golgi and is secreted as a
1:1 complex with the thyroid hormone binding protein, transthyretin (Section
2.2.3).

Studies in vitamin A replete animals suggest that most of the retinol is
transferred from hepatocytes to the perisinusoidal stellate cells of the liver.
Here, it is again esterified by LRAT to form mainly retinyl palmitate (76% to
80%), with smaller amounts of stearate (9% to 12%), oleate (5% to 7%), and
linoleate (3% to 4%). The stellate cells contain 90% to 95% of hepatic vitamin A,
as cytoplasmic lipid droplets that consist of between 12% to 65% retinyl es-
ters (Batres and Olson, 1987). Studies with [**CJretinyl palmitate show that
much of the recently ingested retinol appears more or less immediately in the
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circulation, bound to RBP, and is only sequestered in the liver reserves sub-
sequently. This suggests that there may be little or no direct transfer of retinol
from hepatocytes to stellate cells, but rather retinol is cleared from the circu-
lation into stellate cells for storage. LRAT is induced by retinoic acid (and by
dietaryvitaminA) and is down-regulated in vitamin A depletion, when the need
is to transfer vitamin A to tissues rather than to store it in the liver (Zolfaghari
and Ross, 2000; Wolf, 2001).

Release of retinol from stellate cells into the circulation may occur either
directly, as free retinol bound to RBP, or indirectly as a result of the transfer
of retinol from stellate cells to hepatocytes. The release of retinol from stores
is impaired in iron deficiency, as is the absorption of dietary vitamin A (Jang
etal., 2000).

The concentration of retinol in most tissues is between 1 to 5 umol per kg;
in the liver, the mean concentration is 500 xmol per kg, with a very wide range
of individual variation. In a number of studies of postmortem tissue, between
10% to 30% of the population of the United States had liver retinol below
140 pmol per kg, and about 5% had reserves in excess of 1,700 umol per kg.
Five percent to 10% of samples analyzed in Canada showed undetectably low
liver reserves of retinol, although similar studies in Britain did not show any
significant proportion of the population with extremely low liver reserves of
vitamin A (Sauberlich et al., 1974; Huque, 1982). Abnormally low liver reserves
of retinol may result not only from prolonged low intake, but also from the in-
duction by barbiturates of cytochrome P,s59, which catalyzes the catabolism of
retinol (Section 2.2.1.2). Chlorinated hydrocarbons, as in many agricultural
pesticides, also deplete liver retinol by effects on the metabolism of RBP
(Section 2.2.3).

Opinions differ as to what constitutes an adequate concentration of retinol
in the liver. When the concentration rises above 70 umol per kg, there is
increased catabolism of retinol (Section 2.2.1.2). Estimates of requirements
based on the fractional catabolic rate of whole body retinol and using liver
reserves of 70 umol per kg as a basis for calculation are generally in agree-
ment with estimates based on the very few depletion/repletion studies that
have been performed (Section 2.4). However, from the observed range of liver
reserves in healthy subjects, it can be argued that a more appropriate level is
140 pmol per kg, which gives a higher estimate of requirements (Sauberlich
etal., 1974; Hodges et al., 1978; Olson, 1987a).

Although the major storage of vitamin A is in the liver (50% to 80% of the
total body content), adipose tissue may contain 15% to 20% of total body vita-
minA. Much of this is taken up from chylomicrons; 