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Preface

In theprefacetothefirsteditionof thisbook, Iwrote thatonestimulus towrite it

had been teaching a course on nutritional biochemistry, inwhichmy 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 Kingdomand EuropeanUnion 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 intakeswas 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 trialswith 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 editionwas published, there have been consid-

erable advances in our knowledge: novel functions of several of the vitamins

havebeenelucidated; and thenutritionalbiochemist todayhas to interactwith

structural biochemists, molecular, cell, and developmental biologists and ge-

neticists, aswell as the traditionalmetabolicbiochemist.Despite theadvances,

there are still major unanswered questions. We still cannot explain why defi-

ciencyof threevitamins requiredas coenzymes inenergy-yieldingmetabolism

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

LondonAugust 2002



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 andmetabolic 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

ofmilk to the diet both permitted the animals tomaintain 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 ofmilk to the diet was sufficient tomaintain 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–withthe lossof thefinal“-e” toavoid

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.

1



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 B2 (Section 7.4) and B6 (Section 9.4). In addition, refugee and displaced

populations (some 20 million people according to United Nations estimates

in 2001) are at risk ofmultiple B vitamin deficiencies, because the cereal foods

used in emergency rations are not usually fortified withmicronutrients [Food

andAgricultureOrganization/WorldHealthOrganization (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 samefinal activemetabolite or have sufficient structural sim-

ilarity to have the same activity.

Different chemical compounds that show the same biological activity are

collectivelyknownasvitamers.Whereoneormorecompoundshavebiological

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: B1, B2, 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.
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Table 1.1 The Vitamins

Vitamin Functions Deficiency Disease

A Retinol
�-Carotene

Visual pigments in the retina;
regulation of gene
expression and cell
differentiation; (�-carotene
is an antioxidant)

Night blindness,
xerophthalmia;
keratinization of skin

D Calciferol Maintenance of calcium
balance; enhances intestinal
absorption of Ca2+ and
mobilizes bone mineral;
regulation of gene
expression and cell
differentiation

Rickets = poor
mineralization of bone;
osteomalacia = bone
demineralization

E Tocopherols
Tocotrienols

Antioxidant, especially in cell
membranes; roles in cell
signaling

Extremely rare – serious
neurological dysfunction

K Phylloquinone
Menaquinones

Coenzyme in formation of
�-carboxyglutamate in
enzymes of blood clotting
and bone matrix

Impaired blood clotting,
hemorrhagic disease

B1 Thiamin Coenzyme in pyruvate and
2-oxo-glutarate
dehydrogenases, and
transketolase; regulates Cl−

channel in nerve conduction

Peripheral nerve damage
(beriberi) or central
nervous system lesions
(Wernicke–Korsakoff
syndrome)

B2 Riboflavin Coenzyme in oxidation and
reduction reactions;
prosthetic group of
flavoproteins

Lesions of the corner of the
mouth, lips, and tongue;
sebhorreic dermatitis

Niacin Nicotinic acid
Nicotinamide

Coenzyme in oxidation and
reduction reactions,
functional part of NAD and
NADP; role in intracellular
calcium regulation and cell
signaling

Pellagra-photosensitive
dermatitis; depressive
psychosis

B6 Pyridoxine
Pyridoxal
Pyridoxamine

Coenzyme in transamination
and decarboxylation of
amino acids and glycogen
phosphorylase; modulation
of steroid hormone action

Disorders of amino acid
metabolism, convulsions

Folic acid Coenzyme in transfer of
one-carbon fragments

Megaloblastic anemia

(continued )
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Table 1.1 (continued )

Vitamin Functions Deficiency Disease

B12 Cobalamin Coenzyme in transfer of
one-carbon fragments
and metabolism of folic
acid

Pernicious anemia =
megaloblastic anemia with
degeneration of the spinal
cord

Pantothenic
acid

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

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

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

Impaired fat and
carbohydrate
metabolism; dermatitis

C Ascorbic
acid

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

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

B3 Assigned to a compound that was probably pantothenic acid, also sometimes
used (incorrectly) for niacin

B4 Later identified as a mixture of arginine, glycine, and cysteine, possibly also
riboflavin and vitamin B6

B5 Assigned to what was later assumed to be either vitamin B6 or nicotinic acid; also
sometimes used for pantothenic acid

B7 A factor that prevented digestive disturbance in pigeons (also called vitamin I)
B8 Later identified as adenylic acid
B9 Never assigned
B10 A factor for feather growth in chickens, probably folic acid and thiamin
B11 Later identified as a mixture of folic acid and thiamin
B13 A growth factor in rats; orotic acid, intermediate in pyrimidine synthesis
B14 An unidentified compound isolated from urine that increases bone marrow

proliferation in culture
B15 Pangamic acid, reported to enhance oxygen uptake
B16 Never assigned
B17 Amygdalin (laetrile), a cyanogenic glycoside with no physiological function
Bc Obsolete name for folic acid
Bp Chicken antiperosis factor; can be replaced by choline and manganese salts
BT Carnitine, a growth factor for insects
BW A growth factor, probably biotin
Bx Obsolete name for p-aminobenzoic acid (intermediate in folate synthesis); also

used at one time for pantothenic acid
C2 A postulated antipneumonia factor (also called vitamin J)
F Essential fatty acids (linoleic, linolenic, and arachidonic acids)
G Obsolete name for riboflavin
H3 “Gerovital,” novocaine (procaine hydrochloride) promoted without evidence as

alleviating aging, not a vitamin
I A factor that prevented digestive disturbance in pigeons (also called vitamin B7)
J A postulated antipneumonia factor (also called vitamin C2)
L Factor isolated from yeast that was claimed to promote lactation
M Obsolete name for folic acid
N Extracts from the brain and stomach, purported to have anticancer activity
P Bioflavonoids
PP Pellagra-preventing factor, obsolete name for niacin
Q Ubiquinone (also called Q10)
R Bacterial growth factor, probably folic acid
S Bacterial growth factor, probably biotin
T Growth factor in insects, and reported to increase protein uptake in rats, later

identified as a mixture of folic acid, vitamin B12, and nucleotides
U Methylsulfonium salts of methionine
V Bacterial growth factor, probably NAD
W Bacterial growth factor, probably biotin
X Bacterial growth factor, probably biotin
Y Probably vitamin B6

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
quinone

Coenzyme in redox reactions

Taurine Osmotic agent in retina and used for conjugation of bile acids; dietary
essential for cats

Ubiquinone
(coenzyme Q)

Redox coenzyme in mitochondrial electron transport chain

“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 themarginal 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 µmoles, nmoles, or even pmoles per kilogram,

and cannot readily be extracted from themultiplicity 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 amolar basis (e.g., the vitamin B6 vitamers, Section 9.1), ormay

have verydifferent biological activity (e.g., the vitaminEvitamers, Section4.1).

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 Plant (flower) pigments, antioxidants
Bioflavonoids Polyphenolic compounds with antioxidant action, at one time known as

vitamin P
Glucosinolinates Modify metabolism of foreign compounds and reduce yield of active

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

carcinogens from procarcinogens
Polyterpenes Inhibit cholesterol synthesis
Squalene Final acyclic intermediate in cholesterol synthesis, acts as feedback

inhibitor of cholesterol synthesis
Phytoestrogens Weak estrogenic and antiestrogenic actions, potentially protective

against estrogen- and androgen-dependent tumors and osteoporosis
Polyphenols Antioxidants
Ubiquinone
(coenzyme Q)

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

Vitamin A
inactive
carotenoids

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),

it is usual to express total vitamin activity in terms of milligram equivalents of

the major vitamer or that with the highest biological activity.

Manyof themethods that havebeendevised for vitamin analysis arenowof

littlemore thanhistorical 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, oftenwith only aminimal 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 enrichedwith vitamins, because of the requirement

for the food to contain the stated amount of vitamin after normal storage,

manufacturers commonly addmore 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 whichmanufacturers 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

towhich the nutrient is digested, the extent towhich 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

OlestraTM) 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 B12, 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 body reserves of the vitaminmay affect the extent towhich it

is absorbed (byaffecting the synthesis ofbindingand transportproteins)

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 β-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

B6 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 lysineunavailable (Section 9.1); andmost of theniacin in cereals
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is present as niacytin (nicotinoyl-glucose esters in oligosaccharides and

nonstarchpolysaccharides), which is only hydrolyzed to a limited extent

by gastric acid (Section 8.2.1.1).

Occasionally, protein binding of a vitaminon foods increases its absorption

and hence its biological availability. For example, folate frommilk is consider-

ably better absorbed than that from eithermixed food folates or free folic acid

(Section 10.2.1). Folate bound to a specific binding protein inmilk 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 deficiencydisease,with clear anatomical and functional lesions,

and severemetabolic disturbances, possibly proving fatal. Prevention of

deficiency disease is aminimal goal in determining requirements and is

the criterion of the WHO basal requirement (WHO, 1996).
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2. 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 at least 20mgper day is required

for healing of wounds.

3. Metabolic abnormalities under normal conditions, such as impaired

carbohydrate metabolism in thiamin deficiency (Section 6.5) or excre-

tion of methylmalonic acid in vitamin B12 deficiency (Section 10.10.3).

4. 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 B6 deficiency (Section 9.5.4), although at normal

levels of intake there may be nometabolic impairment.

5. 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 B6 (Section

9.5.3).

6. 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.

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

in metabolic turnover.

8. Incomplete saturation of body reserves.

9. Adequatebody reserves andnormalmetabolic integrity. This is the (pos-

sibly untestable) goal. Both immune function andminimization 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).

10. Possibly beneficial effects of intakes more than adequate to meet re-

quirements: thepromotionofoptimumhealthandlifeexpectancy.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).

11. Pharmacological (druglike) actions at very high levels of intake. This

is beyond the scope of nutrition, and involves using compounds that

happentobevitamins for the treatmentofdiseasesother thandeficiency

disease.
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12. Abnormal accumulation in tissues andoverloading of normalmetabolic

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 B6 (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.

Althoughvitamindeficiencies give rise tomore-or-less clearlydefined 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 ormarginal

deficiency.

An individualwhoshowsbiochemical evidenceofdeficiencyor inadequacy

may be metabolically stable, and adequately adapted to his or her current in-

take, ormaybe in theearly stagesofdevelopingclinically significantdeficiency

disease. In population studies, whereas the number of people with clear clini-

caldeficiencysignsgives some indicationof thescaleof theproblem,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. Determinationofplasma,urine,or tissueconcentrationsofvitaminsand

their metabolites. Thesemethods 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. Metabolic loadingtestsandthedeterminationofenzymesaturationwith

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 B6 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, theproblem is todeterminewhat are adequate intakes

tomeet those criteria. Studies of vitamin requirements can be divided into the

following four groups.

1.2.3.1 Population Studies of Intake Inareas inwhichdeficiencydiseases

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-

tionaladequacy.Suchstudiesgenerally relyonseven-dayweighed food intakes

(andmake the assumption that recording of intakewill 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

thehealthypopulation, althougha lower intakemaybeclassifiedasacceptable
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on the basis of other information. Thus, for example, average requirements for

vitamin B12 are of the order of 0.1 to 1 µg per day, but the intake of the 2.5th

percentile in Great Britain is 2.4 µg 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, thendetermining 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. Thenumber of subjects studied in thiswayhasbeen 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, providemost of the

experimental evidence on which current estimates of vitamin requirements

are based.

Depletion/repletion studies may give a false indication of requirements,

because theyarebasedonanonphysiological 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, andmeasure-

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. Theremaybemultiplemetabolicpoolsof thevitamin,withverydifferent

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 B6, 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.

1.2.3.4 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 arenotnormalhealthy subjects – there is some

good medical reason for their treatment. Furthermore, they will have little or

no enterohepatic recirculation of vitamins, and hencemay have considerably

higher requirements than normal; there is considerable enterohepatic circu-

lation of folate (Section 10.2.1) and vitamin B12 (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 inTables 1.5–1.8, reference intakes publishedbydifferent 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

of thenutrient that isadequate toensure that therequirementsofessentiallyall

healthy people in the specifiedpopulation group aremet. The 2001 FAO/WHO

report introduced the termprotective nutrient intake – anamount 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 amore or less statistically normal

(Gaussian) distribution, as shown in the upper curve in Figure 1.1. Thismeans

that 95% of the population has a requirement for a given nutrient within the

range of±2 SD about the observedmean requirement. Therefore, an intake at

the level of the observed (or estimated) mean requirement plus 2× SDwill 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.

There is, in fact, littleevidencethat requirementsdofollowaGaussiandistri-

bution; theU.S./Canadian tables (InstituteofMedicine,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

standarddeviations fromdifferent studies are inconsistent, theU.S./Canadian

tables determine the RDA on the basis of 1.2× average requirement. This as-

sumes a coefficient of variation of 10%, which is based on the known variance

in basal metabolic rate.

It is apparent from this discussion that reference intakefigures are intended

for use in populations and communities, and do not apply to individuals. An

individualmight have a requirement anywherewithin the range, and therefore



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

RDA Recommended
Dietary
Allowances

U.S., 1941 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.

RDI Recommended
Dietary
Intakes

U.K., 1969 ... to emphasize that the
recommendations related to
foodstuffs as actually eaten

RDA Recommended
Daily
Amounts

U.K., 1979 ... 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”

Safe levels of
intake

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

RNI Reference
Nutrient
Intakes

U.K., 1991 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

RNI Recommended
Nutrient
Intake

FAO, 2001

PRI Population
Reference
Intakes

EU, 1993 By parallel with RNI, but
emphasizing that these are
population ranges, and not
applicable to individuals; see
Table 1.6

U.S.-RDA U.S., 1973 Reference intakes for labeling
purposes, the highest RDA
value for any population group;
see Table 1.11

RDI Reference Daily
Intakes

U.S., 1990 Reference intakes for labeling
purposes, numerically equal to
U.S.-RDA; see Table 1.11

DRV Daily Reference
Values

U.S., 1990 Reference values for fat,
carbohydrate, sodium,
potassium, and protein; for
labeling purposes

AI Adequate
Intake

U.S./Canada,
1997

UL Tolerable
Upper Intake
Level

U.S./Canada,
1997

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 observedmean 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.



1.2 Vitamin Requirements and Reference Intakes 23

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. At an intake equal to themean 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

yieldofbreastmilk (Figure1.2).TheEUexpertgroup(Table1.6;ScientificCom-

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 (forwhich there are goodexperimental 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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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 fromthehighest intakeatwhich there isnodetectableadverseeffect – the

no adverse effect level (NOAEL) – by dividing by a factor of 100, thus ensuring

a very widemargin 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

belowtherequirementformetabolic integrity.TheU.K. (DepartmentofHealth,

1991) and EU (Scientific Committee for Food, 1993) tables give “guidance on

higher intakes,” suggesting upper safe levels of habitual intake from supple-

ments.TheU.S./Canadiantables (InstituteofMedicine,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

a recommended 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

mostmanufacturers 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

Upper Limit for
Supplementsa

Tolerable Upper Levels

Vitamin NOAEL U.S.b EUc

A �g 3,000 3,000 2,800, 3,000d 7,500, 9,000
Carotene �g — 25 — —
D �g 20 20 50 50
E mg 800 800 1,000 >2,000
K mg 30 — — —
B1 mg 50 50 — >500
B2 mg 200 200 — —
Niacin mg 500, 250e — — —
Nicotinic acid mg — 500, 250e 35 —
Nicotinamide mg — 1,500 — —
B6 mg 200 200 100 25 f

Folate �g 1,000 1,000 1,000 1,000
3B12 �g 3,000 3,000 — 200g

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: aShrimpton, 1997; bInstitute of Medicine, 1997, 1998, 2000, 2001; cScientific
Committee for Food, 1993; dwhere two figures are shown for vitamin A, the lower is for
women and the higher is for men (Table 2.5). efor niacin and nicotinic acid, the lower
values are for sustained release preparations; f the EU upper level of 25 mg of vitamin B6
was proposed by the Scientific Committee for Food Opinion, 2000; and gthe EU upper
level of 200 �g of vitamin B12 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:

� a requirement 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
U.S.
Reference Proposed by Scientific
Daily Intakea Committee for Foodb Required by Directivec

Vitamin A, �g 1,500 500 800
Vitamin D, �g 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 B6, mg 2.0 1.3 2.0
Folate, �g 400 140 200
Vitamin B12, �g 6.0 1.0 1.0
Biotin, �g 300 — 150
Pantothenic acid, mg 10 — 6

Sources: aNational Research Council, 1989; bScientific Committee for Food, 1993;
cEuropean Commission, 1990.

� a requirement for manufacturers to register themselves and their prod-

ucts with the FDA;
� a requirement for guidance tomanufacturers 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

labelingof foods, it is obviouslydesirable tohavea singlefigure thatwill permit

comparisonof different foods andpharmaceutical preparations. In theUnited

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

lossofconfidenceintraditional foodsthatwouldappear tobeof lownutritional

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 theEU requires that thefigures 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, andhencemorbidity andmortality, in developing countries; even in

developed countries, vitamin A (along with iron) is the nutrient most likely to

be supplied inmarginal amounts. In addition toprimarydeficiencyof 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,

30
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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; β-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, β-carotene is a radical trapping antioxi-

dant andmaybenutritionally important in its own rightbothas anantioxidant

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 A2) 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



Figure 2.1. Major physiologically active retinoids. Relative molecular masses (Mr):
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 β-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% ormore 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 β-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 β-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 α- and β-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 β-carotene in plants

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

(c) dihydroxycarotenoids, of which lutein (dihydroxy α-carotene) and
zeaxanthin (dihydroxyβ-carotene)are themost important inhuman
tissues.



Figure 2.2. Major dietary carotenoids. α-, β-, and γ -carotenes and β-cryptoxanthine
have vitaminAactivity; zeaxanthin, lutein, canthaxanthin, and lycopenedonot. Relative
molecularmasses (Mr): α-, β-, and γ -carotenes, 536.9; β-cryptoxanthine, 552.9; zeaxan-
thin, 568.9; lutein (xanthophyll), 568.85; canthaxanthin, 564.8; and lycopene, 536.9.
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Inplasma, themorehydrophobiccarotenoidsaredeepwithinchylomicronsor

very low-density lipoproteins,whereas themorepolar 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 µg of free retinol or 0.344 µg of

retinyl acetate).

13-Cis-retinol has 75%of thebiological 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 × 13-cis-retinol + 0.9 × 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 µg of β-carotene is 1 µg of retinol-equivalent – a molar ratio of

3.2 mol of β-carotene equivalent to 1 mol of retinol. β-Carotene is absorbed

much better from milk than from other foods; in milk, 2 µg of β-carotene is

1µgofretinol-equivalent (1.07molequivalent to1molof retinol).This isstill far

from the theoretical yield of 2mol of retinol permol of β-carotene. Other pro-

vitamin A carotenoids yield atmost half the retinol of β-carotene, and 12µg of

these compounds= 1 µg of retinol-equivalent. On this basis, 1 iu of vitamin A

activity= 1.8 µg of β-carotene or 3.6 µg 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 µg of

all-trans-retinol, 12 µg of β-carotene, and 24 µg of α-carotene or β-crypto-

xanthin. On this basis, 1 iu of vitamin A activity = 3.6 µg of β-carotene or

7.2 µg 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 lipidmicelles. 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 II) 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

coenzymeA (CoA):retinol acyltransferase (ARAT) esterifies the free retinol that

accumulates in intracellularmembranes.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; Blomhoff et al.,

1991; Green et al., 1993; Harrison and Hussain, 2001).

A small proportionof 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,whoareunable to synthesizechylomicrons, cannevertheless

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%ofhepatic vitaminA,

as cytoplasmic lipid droplets that consist of between 12% to 65% retinyl es-

ters (Batres and Olson, 1987). Studies with [13C]retinyl 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)andisdown-regulatedinvitaminAdepletion,whentheneed

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

et al., 2000).

The concentration of retinol in most tissues is between 1 to 5 µmol per kg;

in the liver, themean concentration is 500µmol 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 µmol per kg, and about 5% had reserves in excess of 1,700 µmol 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 P450, 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 µmol 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 µmol 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 µmol per kg, which gives a higher estimate of requirements (Sauberlich

et al., 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 tissuemay contain 15% to 20% of total body vita-

minA.Muchof this is takenupfromchylomicrons; retinylestersarehydrolyzed
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by lipoprotein lipase (Blaner et al., 1994), but some vitamin A is also taken up

from circulating vitamin bound to RBP. Release of retinol from adipose tis-

sue is by hydrolysis of stored retinyl esters, catalyzed by (cAMP-stimulated)

hormone-sensitive lipase, bound to RBP, which is synthesized by both white

and brown adipose tissue (Wei et al., 1997).

A variety of other tissues synthesize RBP; this provides a mechanism for

return to the liver of retinol in excess of requirements that has been taken up

from chylomicrons by the action of lipoprotein lipase. Because these tissues

do not synthesize transthyretin, the binding of holo-RBP to transthyretin

must occur in the circulation after release.

2.2.1.2 Metabolism of Retinoic Acid Retinoic acid is the normal major

metabolite of physiological amounts of retinol. However, it is not a catabolic

product of retinol, but the ligand for nuclear retinoid receptors involved in

modulation of gene expression (Section 2.3.2). It may be formed in the liver,

although there is no hepatic storage, and is then transported bound to serum

albumin rather thanRBP.Other tissues are also able to form retinoic acid from

retinol. The rate-limiting step is the dehydrogenation of retinol to retinalde-

hyde; the Km of the dehydrogenase is high, so that a major determinant of the

rate of formation of retinoic acid will be the concentration of retinol in the cell

(Napoli, 1996).

Cytosolic alcoholdehydrogenasesonlyacton free retinol, not retinolbound

to CRBP, so they are unlikely to be involved in formation of retinaldehyde

andretinoicacid.Furthermore, inhibitionofcytosolicalcoholdehydrogenases

does not inhibit the oxidation of retinol to retinoic acid (Boerman andNapoli,

1996).CRBP-boundretinol is a substrate for at least threemicrosomalNADP+-
dependent dehydrogenases; but, given the intracellular NADP+:NADPH ratio

(0.01, compared with an NAD+:NADH ratio of the order of 103), it is likely that

these microsomal enzymes will act mainly to reduce retinaldehyde to retinol

and not to oxidize retinol.

A microsomal retinol dehydrogenase catalyzes the oxidation of CRBP-

bound all-trans-retinol to retinaldehyde; it also acts as a 3α-hydroxysteroid

dehydrogenase. A similar enzyme catalyzes the oxidation of 9-cis- and 11-

cis-retinol, but not all-trans-retinol; again, it has 3α-hydroxysteroid dehy-

drogenase activity. In the eye, the major product of this enzyme is 11-cis-

retinaldehyde, whereas in other tissues it is 9-cis-retinaldehyde, which is then

oxidized to 9-cis-retinoic acid (Section 2.3.2.1; Chen et al., 2000; Duester,

2000, 2001; Gamble et al., 2000; Napoli, 2001). Although there is known to

be an isomerase in the eye for the formation of 11-cis-retinaldehyde as a
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substrate for the dehydrogenase, there is no information concerning an iso-

merase in other tissues to produce 9-cis-retinol (Wang et al., 1999; Gamble

et al., 2000; McBee et al., 2000).

Intracellular concentrations of retinoic acid are controlled not only by the

rate of synthesis, but also by catabolism. At least in culture, prior exposure of

cells to retinoic acid induces the enzymes of retinoic acid catabolism (Chytil,

1984; Napoli and Race, 1987). The major metabolite of retinoic acid is the

glucuronide (Section 2.2.1.3).

All-trans-retinoic acid (but apparently not 9-cis-retinoic acid) undergoes

microsomal oxidation to yield a variety of polar metabolites. Retinoic acid hy-

droxylase is a retinoic acid-induced cytochrome P450 (CYP26) – from its amino

acid sequence, it appears to represent a novel family of cytochrome P450. 4-

Hydroxyretinoic acid then undergoes further oxidation to yield 4-oxo-retinoic

acid. The same enzyme also catalyzes 18-hydroxylation and 5,6-epoxidation

of retinoic acid. 4-Hydroxy- and 4-oxo-retinoic acids were originally consid-

ered to be inactivation products of all-trans-retinoic acid; however, they bind

to, and activate, the RAR and show high activity as modulators of positional

specificity in Xenopus embryogenesis. Furthermore, CYP26 is expressed dif-

ferently through the process of embryogenesis (Sonneveld et al., 1998).

In addition to oxidation of retinol, retinoic acid may be formed by the

β-oxidation of apo-carotenals arising from the asymmetric cleavage of β-

carotene (Section 2.2.2.1).

Retinoic acid regulates its own synthesis from retinol in a variety of ti-

ssues by induction of LRAT; this increases the rate of esterification of re-

tinol, thereby decreasing the amount available for oxidation to retinoic acid

(Kurlandsky et al., 1996). Retinoic acid also induces the cytochrome P450 that

catalyzes oxidation to 4-oxo-retinoic acid, and regulates both its own syn-

thesis and catabolism.

2.2.1.3 Retinoyl Glucuronide and Other Metabolites The main excre-

tory product of both retinol and retinoic acid is retinoyl glucuronide, which

is secreted in bile. Some retinoyl taurine is also secreted in bile. This suggests

that, in addition to regulated synthesis of retinoic acid for its biological activity,

oxidation to the acid is also a significant pathway for catabolismof retinol. Un-

like retinoyl glucuronide, which has biological activity, retinoyl taurine seems

to be solely an excretory product.

Theplasmaconcentrationof retinoyl glucuronide is between5and14nmol

per L, and the activity of retinoic acid UDP-glucuronyltransferase increases

in vitamin A deficiency, suggesting that glucuronidation may be important
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other than as a pathway for inactivation and excretion of retinoic acid (Miller

and DeLuca, 1986). Retinoyl glucuronide has biological activity; it is not clear

whether or not this is as a result of hydrolysis to retinoic acid. In some ex-

perimental systems, the glucuronide appears to act without undergoing hy-

drolysis, although it binds to neither cellular retinoic acid binding protein nor

nuclear retinoid receptors.However, glucuronidases in the liver andkidneyhy-

drolyze retinoyl glucuronide, and activity of the glucuronidase, like that of the

UDP-glucuronyltransferase, increases in vitamin A deficiency (Barua, 1997;

Sidell et al., 2000). It has also been suggested that retinoyl glucuronide, rather

than retinoic acid, may be the precursor of retinoyl CoA for retinoylation of

proteins (Section 2.3.3.1).

Small amounts of a number of other metabolites, including epoxy-retinoic

acid glucuronide and a number of products of side-chain oxidation of retinol

and retinoic acid, are also formed, some of which are excreted in the urine as

well as bile. As the intake of retinol increases, and the liver concentration rises

above 70 µmol per kg, a different catabolic pathway becomes increasingly

important for the catabolism of retinol in liver parenchymal cells. This is a

microsomal cytochrome P450-dependent oxidation, leading to a number of

polarmetabolites, including 4-hydroxyretinol, which are excreted in the urine

and bile. Thus, there is a catabolic mechanism that allows excretion of excess

retinol. However, at high intakes, the microsomal pathway is saturated, and

this may be one of the factors in the toxicity of excess retinol, because there

is no further capacity for its catabolism and excretion. Stored retinyl esters in

the stellate cells of the liver are only slowly released to the parenchymal cells

for catabolism, and retinol is chronically toxic (Section 2.5.1). Induction of

cytochromeP450 enzymes by chronic administration of barbiturates can result

in depletion of liver reserves of retinol and may be a factor in drug-induced

vitamin A deficiency (Leo and Lieber, 1985; Olson, 1986; Leo et al., 1989).

Anhydroretinolmay arise by nonenzymic isomerization of all-trans-retinol

under acidic conditions and can act as a precursor for the synthesis of other

biologically active retroretinoids (McBee et al., 2000).

2.2.2 Absorption and Metabolism of Carotenoids
Carotenoids are absorbedpassively, dissolved in lipidmicelles; various studies

haveestimated thebiological availability andabsorptionofdietary caroteneas

between 5% to 60%, depending on the nature of the food, whether it is cooked

or raw, and the amount of fat in the meal. In addition, much of the carotene

in foods is present as crystals thatmay not dissolve to any significant extent in

intestinal contents (Parker, 1989; 1996; Parker et al., 1999; Hickenbottomet al.,

2002; Ribaya-Mercado, 2002; Tanumihardjo, 2002; Yeum and Russell, 2002).
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Figure 2.3. Oxidative cleavage of β-carotene by carotene dioxygenase (EC 1.14.99.36),
and onward metabolism of retinaldehyde catalyzed by retinol dehydrogenase (EC
1.1.1.105) and retinaldehyde oxidase (EC 1.2.3.11).

Although the generally accepted factors for calculating retinol equivalence

of dietary carotenoids are that 1µg of retinol is provided by 6µg of β-carotene

or 12 µg of other provitamin A carotenoids, feeding studies suggest that 1 µg

of retinol is provided by 26 µg of β-carotene from dark green leafy vegetables

(with a range of 13 to 76 µg), or 12 µg from yellow and orange fruits (with

a range of 6 to 29 µg) (Castenmiller and West, 1998; West and Castenmiller,

1998). A number of studies have shown that increasing the consumption of

dark green leafy vegetables as a means of increasing vitamin A intake in chil-

dren in developing countries is unlikely to provide a significant improve-

ment in nutritional status. These studies provide the rationale for the retinol

activity equivalents that are half the traditional retinol equivalents (Section

2.1.3).

2.2.2.1 Carotene Dioxygenase As shown in Figure 2.3, β-carotene and

other provitamin A carotenoids undergo oxidative cleavage to retinaldehyde
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in the intestinal mucosa, catalyzed by carotene dioxygenase. Retinaldehyde

binds to the intracellular retinoid binding protein (CRBP II), and is reduced

to retinol by a microsomal dehydrogenase, then esterified and secreted in

chylomicrons together with retinyl esters formed from dietary retinol.

As discussed in Section 2.2.2.2, only a relatively small proportion of caro-

tene undergoes oxidation in the intestinal mucosa, and a significant amount

of carotene enters the circulation in chylomicrons. Novotny and coworkers

(1995) reported a study in one subject given an oral dose of [2H]β-carotene

dissolved in oil; 22% was absorbed – 17.8% as carotene and 4.2% as retinoids.

Their results suggest that nonintestinal carotene dioxygenase is important in

retinoid formation, because there was a late disappearance of labeled caro-

tene from the circulation and the appearance of labeled retinoids.

There is some hepatic cleavage of carotene taken up from chylomicron

remnants, again giving rise to retinaldehyde and retinyl esters; the remainder

is secreted in very low-density lipoproteins and may be taken up and cleaved

by carotene dioxygenase in extrahepatic tissues. During and coworkers (1996)

reported the activity of carotene dioxygenase in various tissues: liver (25% of

the specific activity in intestinal mucosa), brain (2.5% of intestinal activity),

and lungs (1% of intestinal activity), with some activity also in the kidneys.

The carotene 15,15′-dioxygenase gene is expressed in duodenal villi, the liver,
lungs, and kidney tubules (Wyss et al., 2001).

Central oxidative cleavage of β-carotene, as shown in Figure 2.3, gives rise

to twomolecules of retinaldehyde, which can be reduced to retinol. However,

as noted previously, the biological activity of β-carotene, on a molar basis, is

considerably lower than that of retinol, not two-fold higher as might be ex-

pected. Three factors may account for this: limited absorption of carotenoids

from the intestinal lumen, limited activity of carotene dioxygenase, and ex-

centric (asymmetric) cleavage.

2.2.2.2 Limited Activity of Carotene Dioxygenase The intestinal activity

of carotene dioxygenase is relatively low, so that in many species (including

human beings) a relatively large proportion of ingested β-carotene may ap-

pear in the circulation unchanged. In general, herbivores have higher activ-

ity of carotene dioxygenase than omnivores. In some carnivores, such as the

cat, there is virtually no carotene dioxygenase activity, and cats are unable to

meet their vitamin A requirements from carotene (Lakshmanan et al., 1972).

Species with high intestinal activity of carotene dioxygenase have white body

fat,whereas in specieswith lower activity, body fat has a yellow tinge. Although

the activity of carotene dioxygenase in most species is probably adequate to
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meet vitamin A requirements solely from dietary carotene, it is low enough to

ensure that even very high intakes of carotene will not result in the formation

of potentially toxic amounts of retinol (Section 2.5.1).

In animals fed a vitamin A-deficient diet, the activity of intestinal carotene

dioxygenase is significantlyhigher than inanimals fedahigh intakeofcarotene

or preformed retinol. Dietary protein also affects the intestinal conversion

of carotene to retinol, resulting in increased liver retinol stores in animals

fed a high-protein diet. In both human beings and experimental animals,

feeding a high-protein diet results in increased activity of intestinal mucosal

carotenedioxygenase. By contrast, proteindeficiency in experimental animals

and protein-energymalnutrition in human beings lead to reduced cleavage of

carotene to vitamin A (van Vliet et al., 1996; Parvin and Sivakumar, 2000).

Other carotenoids in the diet, which are not substrates, such as canthaxan-

thin and zeaxanthin, may inhibit carotene dioxygenase and reduce the pro-

portion that is converted to retinol (Grolier et al., 1997). Similarly, a variety of

antioxidants that occur in foods together with carotenoids, including flavo-

noids (Section 14.7.2), also inhibit carotene dioxygenase.

A number of studies have reported low serum concentrations of retinol

and high concentrations of β-carotene in patients with insulin-dependent

diabetes mellitus. Krill and coworkers (1997) showed that up to one-third of

nondiabetic first-degree relatives of patients with diabetes also showed a low

serum retinol:carotene ratio, implying a genetic predisposition to low activity

of carotenedioxygenase,possiblyassociatedwith insulin-dependentdiabetes.

2.2.2.3 The Reaction Specificity of Carotene Dioxygenase Whereas the

principal site of carotene dioxygenase attack is the 15,15′-central bond of β-

carotene, there is evidence that asymmetric cleavage also occurs, leading to

formation of 8′-, 10′-, and 12′-apo-carotenals, as shown in Figure 2.4. These

apo-carotenals are metabolized by oxidation to apo-carotenoic acids, which

are substrates for β-oxidation to retinoic acid and a number of other metabo-

lites.

Early studies of the reaction specificity of carotene dioxygenase in intesti-

nal mucosal homogenates suggested that it catalyzed both central and asym-

metric cleavage (Wang et al., 1991, 1992), although there was evidence that

excentric cleavage was nonenzymic. Devery and Milborrow (1994) suggested

that there are two enzymes: a cytosolic dioxygenase that acts centrally and

a membrane-associated enzyme that catalyzes asymmetric cleavage. Using

intestinal homogenates and under conditions to minimize nonenzymic ac-

tion, there was a near stoichiometric yield of retinaldehyde from β-carotene
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Figure 2.4. Potential products arising from enzymic or nonenzymic symmetrical (a) or
asymmetric (b to d) oxidative cleavage of β-carotene. Apocarotenals can undergo side
chain oxidation to yield retinoic acid, but cannot form retinaldehyde or retinol.

(Nagao et al., 1996); later studies suggested that excentric cleavage did not oc-

cur in the presence of antioxidants, such as α-tocopherol (Yeum et al., 2000).

Genetic cloning of an enzyme that catalyzed specifically central cleavage sup-

ported the view that excentric cleavagewas an artifact (Barua andOlson, 2000;

Redmond et al., 2001); however, there is also a mammalian enzyme that cat-

alyzes C9′ to 10′ cleavage of β-carotene, yielding apo-10-carotenal and β-

ionone, an enzyme that also catalyzes cleavage of lycopene (Kiefer et al., 2001).

There is some evidence that apocarotenoic acids arising from asymmetric
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cleavage have effects on cell proliferation independently of actions mediated

by RARs (Tibaduiza et al., 2002).

2.2.3 Plasma Retinol Binding Protein (RBP)
Retinol is released from the liver bound to an α-globulin, retinol binding pro-

tein (RBP); this serves to maintain the vitamin in aqueous solution, protects

it against oxidation, and also delivers the vitamin to target tissues. RBP binds

1 mol of retinol per mol of protein.

RBP forms a 1:1 complex with the tetrameric thyroxine-binding preal-

bumin, transthyretin.This is important topreventurinary lossof retinolbound

to the relatively small RBP (Mr 21,000), which would be filtered by the glomer-

ulus; transthyretin has anMr of 54,000; hence, the complex will not normally

be filtered. However, moderate renal damage, or the increased permeability

of the glomerulus in infection, may result in considerable loss of vitamin A

bound to RBP-transthyretin.

The transthyretin tetramer could theoretically bind 2mol of holo-RBP, but

does not, because holo-RBP is limiting. In vitamin A deficiency, the ratio of

RBP:transthyretin falls, indicating that although binding to transthyretin is es-

sential for secretionofholo-RBP fromthe liver, vitaminA isnot essential for se-

cretion of transthyretin. Other tissues secrete holo-RBP, but not transthyretin;

it is assumed that this binds to transthyretin in the circulation.

In the liver, the apo-RBP-transthyretin complex is formed in the rough

endoplasmic reticulum and then migrates through the smooth endoplasmic

reticulum to the Golgi on binding retinol. Calnexin, an integral membrane

protein, coprecipitates with the apo-RBP-transthyretin complex, suggesting

that migration of the apo-protein into the Golgi is prevented by membrane

binding. Binding of retinol to the complex displaces calnexin, so that the holo-

RBP-transthyretin complex is now free to migrate to the Golgi for secretion

(Bellovino et al., 1996).

Metabolites of polychlorinatedbiphenyls bind to the thyroxine binding site

of transthyretin and, in doing so, impair the binding of RBP. As a result of this,

there is free RBP-bound retinol in plasma, which is filtered at the glomerulus

andhence lost in theurine.Thismayaccount for thevitaminAdepletingaction

of polychlorinated biphenyls (Brouwer and van den Berg, 1986).

RBP is relatively rich in aromatic amino acids, which create a deep hy-

drophobic pocket that is specific for the β-ionone ring, polyene side chain,

and polar end group. In addition to all-trans-retinol, RBP binds retinaldehyde,

retinoicacid,and13-cis-retinol,butnot retinylestersorβ-carotene.RBPshows

considerable structural homology with β-lactoglobulin from milk and other
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binding proteins for lipophilic compounds. β-Lactoglobulin also binds retinol

and may be important in the absorption of the vitamin in young animals.

Cell surface receptors in target tissues take up retinol from the RBP-

transthyretin complex, esterifying it externally, then transferring free retinol

by esterase activity onto an intracellular RBP. Part of the function of the re-

ceptor is to catalyze a conformational change in RBP so that the retinol held

in the hydrophobic pocket can be released. There is no endocytosis of the

RBP-transthyretin complex.

Thecell surfacereceptorsalsoremovethecarboxy terminalarginineresidue

from RBP, thus inactivating it by reducing its affinity for both transthyretin

and retinol. As a result, apo-RBP is filtered at the glomerulus. Some may be

lost in the urine, but most is resorbed in the proximal renal tubules and is

then catabolized by lysosomal hydrolases. This seems to be themain route for

catabolism of RBP; the apo-protein is not recycled (Peterson et al., 1974).

During the development of vitamin A deficiency in experimental animals,

the plasma concentration of RBP falls, while the liver content rises. The ad-

ministration of retinol to deficient animals results in a considerable release

of holo-RBP from the liver. This is a rapid effect on the release of preformed

apo-RBP in response to the availability of retinol, rather than an increase in

the synthesis of the protein. There is no evidence that retinol controls the syn-

thesis of RBP (Soprano et al., 1982). This provides the basis of the relative dose

response (RDR) test for liver stores of vitamin A (Section 2.4.1.3); administra-

tion of a test dose of retinol gives a considerably greater increase in plasma

retinol, bound to RBP, in deficient subjects than in those with adequate liver

reserves, because of the accumulation of apo-RBP in the liver.

As well as protecting retinol against oxidation, the binding of retinol to RBP

may also serve to protect the body against the generalmembrane-seeking and

potentially membrane lytic effects of retinol. In tissue culture, the addition

of retinol nonspecifically bound to albumin results in lysosomal membrane

damage and the release of lysosomal hydrolases. Retinol bound to RBP does

not have this effect, suggesting that the high affinity of RBP for retinol protects

tissues against nonspecific uptake of the vitamin. Vitamin A toxicity occurs

when there is such an excess that RBP is saturated and retinol circulates bound

to other proteins and as esters in plasma lipoproteins (Meeks et al., 1981).

Protein-energymalnutrition results in functional vitaminAdeficiency,with

very low circulating levels of the vitamin and development of clinical signs of

xerophthalmia (Section 2.4). The condition is unresponsive to the administra-

tion of vitamin A and often occurs despite adequate liver reserves of retinol.

The problem is one of impaired synthesis of RBP in the liver and hence a
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seriously impaired ability to release retinol from liver stores. During rehabil-

itation of protein-energy malnourished children, there is a rapid increase in

plasma retinol as a result of increased synthesis of RBP. Deficiency of zinc also

impairs synthesis of RBP.

2.2.4 Cellular Retinoid Binding Proteins: CRBPs and CRABPs
There are five intracellular retinoid binding proteins that show considerable

sequence homology not only with each other, but also with a variety of other

intracellular binding proteins for hydrophobic metabolites, including the in-

tracellular fatty acid binding protein (Li and Norris, 1996; Noy, 2000; Vogel

et al., 2001).

The two cellular retinol binding proteins bind all-trans- and 13-cis-retinol,

but not 9-cis- or 11-cis-retinol, or retinoic acid. They also bind retinaldehyde,

although there is a distinct retinaldehyde binding protein in the eye:

1. CRBP(I) occurs in almost all tissues, apart from skeletal and cardiac

muscle; it is especially abundant in tissues that contain large amounts

of retinol.

2. CRBP(II) occurs only in the small intestinal mucosal cells.

3. CRBP(III) occurs in skeletal and cardiac muscle.

There are two cellular retinoic acid binding proteins:

1. CRABP(I) is widely distributed.

2. CRABP(II) occurs primarily in the skin, uterus, ovary, choroid plexus,

and in fetal cells.

All five proteins have a high affinity and are present in excess of their li-

gands, with CRBP 1.4-fold higher than intracellular retinol, and CRABP 20-

fold higher than intracellular retinoic acid. This means that, under normal

conditions, essentially all of the intracellular retinoids will be protein-bound.

The intracellular retinoid binding proteins function as a passive reservoir

of retinoids, permitting accumulationwithin the cellwhile bothprotecting the

ligands against oxidative damage and also protecting cells against the mem-

brane lytic effects of retinoids.

They are also important in intracellular trafficking and transport of reti-

noids. CRBP(II) interacts directly with the enterocytemembrane retinol trans-

porter, and CRBP(I) with the cell surface RBP receptor, thus permitting direct

uptake and accumulation of retinol from the intestinal lumen and circulation

respectively. CRBP(I) is present in large amounts in cells that synthesize and



48 Vitamin A: Retinoids and Carotenoids

secreteRBP,suggesting that italso functions to transport retinol into the lumen

of the endoplasmic reticulum and present it to apo-RBP.

CRABP(I) andCRABP(II) function to transport retinoicacid into thenucleus

for binding to retinoid receptors. CRABP(II), with retinoic acid bound, also

interacts directly with the liganded RAR-RXR heterodimer bound to hormone

response elements on DNA and enhances the activity of the nuclear receptor

(Section 2.3.2.1; Delva et al., 1999).

Both CRBP and CRABP are also important in regulating the metabolism of

retinoids:

1. In the enterocyte, CRBP(II) regulates

(a) reduction to retinol of the retinaldehyde formed by carotene dioxy-
genase;

(b) esterification of retinol by LRAT.

2. In the liver and other tissues, CRBP(I) regulates

(a) esterification of retinol and hydrolysis of retinyl esters;
(b) oxidation of retinol to retinaldehyde; and
(c) oxidation of retinaldehyde to retinoic acid.

3. CRABP is required for themicrosomal oxidation of retinoic acid tomore

polar compounds.

In each case, the binding protein is required for binding of the substrate to

the enzyme, and protein binding protects retinol fromother enzymes that can

act on free, but not protein-bound, substrate. It is likely that this requirement

to interact with not only the ligand, but also the catalytic sites of enzymes,

explains the very high degree of conservation of the cellular retinoid binding

proteins across species (Napoli et al., 1995; Boerman and Napoli, 1996). After

relatively large amounts of retinol, there is significant formationof (potentially

teratogenic) all-trans-retinoic acid as a result of nonspecific (andhenceunreg-

ulated) oxidation in enterocytes of excess retinol that is not bound to CRBP(II)

(Arnhold et al., 2002).

In most tissues, apo-CRBP does not bind to enzymes; only the holo-CRBP

binds.However, in the liver, apo-CRBP(I) does bind to LRAT and acts to reduce

the rate of esterification of retinol when there is a significant excess of apo-

CRBP. This serves to reduce the esterification of retinol for storage at times of

low retinol availability andwill presumable direct retinol into the endoplasmic

reticulum for binding to apo-RBP for export. Apo-CRBP(II) in the intestinal

mucosa does not bind to LRAT.

Apo-CRBP(I) stimulates the hydrolysis of retinyl esters, thus releasing

retinol from stores for transfer to RBP. This means that the esterification and
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hydrolysis of retinyl esters is regulated to a considerable extent by the ratio of

apo-CRBP:holo-CRBP.

2.3 METABOLIC FUNCTIONS OF VITAMIN A

Vitamin A has four metabolic roles:

1. as the prosthetic group of the visual pigments;

2. as a nuclear modulator of gene expression;

3. as a carrier of mannosyl units in the synthesis of hydrophobic glyco-

proteins; and

4. in the retinoylation of proteins.

Ahmed and coworkers (1990) suggested that the development of clinical signs

of vitamin A deficiency may require the additional stress of infection. They

showed that vitamin A-depleted mice were more sensitive to rotavirus infec-

tion, and the infected animals showed clinical signs of vitamin A deficiency,

whereas uninfected animals that had stopped growing as a result of vitamin A

depletiondidnot.The increasedsusceptibility to infectionwasassociatedwith

reduced differentiation and formation of a specific subpopulation of intesti-

nal, mucus-secreting goblet cells in the crypts of Leberkühn, suggesting the

importance of retinol in mannosyltransfer reactions in mucopolysaccharide

synthesis (Section 2.3.3).

2.3.1 Retinol and Retinaldehyde in the Visual Cycle
Binding of retinaldehyde to the protein opsin in the rods, and related proteins

in the cones, of the retina gives a highly sensitive signal transduction and

amplification system, such that a singlephoton results in ameasurable change

in the current across the outer sectionmembrane, and hence the propagation

ofanerve impulse. In theouter segmentof rodcells, opsinmayconstitutemore

than 90% of the total protein; it is present at a concentration of approximately

3 mmol per L.

Photoexcited rhodopsin activates transducin, a G-protein, which in turn

stimulates cyclic GMPphosphodiesterase; this leads to closing of an ion chan-

nel, hyperpolarization of the membrane, and a decreased rate of neurotrans-

mitter release (Wald, 1968; Stryer, 1986; Chabré and Deterre, 1989).

Thepigment epitheliumof the retina receives all-trans-retinol fromplasma

RBP. It is then isomerized to 11-cis-retinol, which may either be stored as

11-cis-retinyl esters or oxidized to 11-cis-retinaldehyde, which is transported

to the photoreceptor cells bound to an interphotoreceptor retinoid binding

protein.
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As shown in Figure 2.5, within the rods and cones of the retina, 11-cis-

retinaldehyde forms a protonated Schiff base to the ε-amino group of lys-

ine296 in opsin, forming the holo-protein rhodopsin. Lysine296 is within the

membrane, inoneof the transmembranehelical regionsof theprotein.Opsins

are cell type-specific.They serve to shift theabsorptionof 11-cis-retinaldehyde

fromultraviolet (UV) light intowhatwecall, inconsequence, thevisible range–

either a relatively broad spectrum of sensitivity for vision in dim light (in the

rods, with an absorbance peak at 500 nm) or more defined spectral peaks

for differentiation of colors in stronger light (in the cones). The absorption

maxima are at 425 (blue), 530 (green), or 560 nm (red), depending on the cell

type.

Any one cone cell contains only one type of opsin and is sensitive to only

one color of light. Color blindness results from loss or mutation of one or the

other of the cone opsins. The combination of 11-cis-retinaldehyde with cone

opsin is sometimescalled iodopsin,with rhodopsinmeaningmore specifically

theholo-protein of rodopsin.Most studies of themechanismsof vision shown

in Figure 2.5 have been performed using rods; by extrapolation, it is assumed

that the samemechanisms are involved in cone vision.

Opsincanbeconsideredtobearetinaldehydereceptorprotein, functioning

in the sameway as cell surface receptorG-proteins (Sakmar, 1998). Like recep-

tor proteins, opsin is a transmembrane protein with seven α-helical regions in

the transmembranedomain; thedifference is thatopsinspans the intracellular

diskmembrane of the rod or cone cell, whereas hormone and neurotransmit-

ter receptors span the plasma membrane of the cell. The response time of

rhodopsin is considerably faster than that of cell surface receptor proteins.

The absorption of light by rhodopsin results in a change in the configura-

tion of the retinaldehyde from the 11-cis to the all-trans isomer, together with

a conformational change in opsin. This results in both the release of retinalde-

hyde from the Schiff base and the initiation of a nerve impulse. The overall

process is known as bleaching, because it results in the loss of the color of

rhodopsin.

The formation of the initial excited form of rhodopsin – bathorhodopsin –

depends on the isomerization of 11-cis-retinaldehyde to a strained form of

all-trans-retinaldehyde. This occurswithin picoseconds of illumination and is

the only light-dependent step in the visual cycle. Thereafter, there is a series

of conformational changes leading to the formation of metarhodopsin II. In

metarhodopsin II, the Schiff base is unprotonated, and the retinaldehyde is in

the unstrained all-trans configuration.
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Figure 2.5. Role of retinol in the visual cycle.
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The conversion ofmetarhodopsin II tometarhodopsin III is relatively slow,

with a time course of minutes. It is the result of phosphorylation of serine

residues in the protein catalyzed by rhodopsin kinase. The final step is hydrol-

ysis to release all-trans-retinaldehyde and opsin.

Under conditions of low light intensity, the all-trans-retinaldehyde re-

leased from rhodopsin is reduced to all-trans-retinol, which is then trans-

ported to the retinal pigment epithelium bound to the interphotoreceptor

RBP. This protein also binds fatty acids, including palmitate and docosa-

hexaenoic acid (C22:6 ω3), which is known to be essential for vision

and which comprises some 50% of the phospholipid of photoreceptor

cells.

In the retinal pigment epithelium, palmitate is bound to the fatty acid bind-

ing site of the interphotoreceptor RBP, and the retinoid binding site has a high

affinity for 11-cis-retinaldehyde, which is to be transported to the photorecep-

tor cells. In the photoreceptor cells, the palmitate is displaced by docosahex-

aenoic acid, which causes a conformational change in the protein, so that it

no longer binds 11-cis-retinaldehyde, which is delivered to the photoreceptor

cells and binds all-trans-retinol for transport back to the pigment epithelium.

Here, the docosahexaenoic acid is displaced by palmitate, and the affinity of

the protein for 11-cis-retinaldehyde is restored (Palczewski and Saari, 1997;

Tschanz and Noy, 1997).

Under conditions of high light intensity, all-trans-retinaldehyde binds to

the retinal G-protein–coupled receptor (RGR), which catalyzes photoisomer-

ization to 11-cis-retinaldehyde – the reverse of the photoisomerization cat-

alyzed by rhodopsin. Retinaldehyde dehydrogenase binds to the RGR and re-

duces the 11-cis-retinaldehyde to 11-cis-retinol, which then enters the pool

available to undergo oxidation to the aldehyde and reform rhodopsin. Knock-

out mice lacking RGR have impaired responses to light under conditions of

continuous intense illumination, but normal responses under conditions of

low-light intensitywhen all-trans-retinaldehyde is reduced to all-trans-retinol

and transported by the interphotoreceptor retinoid binding protein (Hao and

Fong, 1999; Chen et al., 2001).

Metarhodopsin II is the excited form of rhodopsin that initiates the gua-

nine nucleotide amplification cascade that causes nerve stimulation. The fi-

nal event is a hyperpolarization of the outer section membrane of the rod

or cone caused by the closure of sodium and calcium channels through the

membrane – excitationof a singlemolecule of rhodopsin, the actionof a single

photon, causes adropof 1pA in thenormaldark current across thismembrane
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in rods. In cones, the response to a single photon is only 1% to 10% of that in

the rods.

In the dark, the sodium channels are kept open, and there is a dark current

because they bind GMP. They are closed by the loss of this bound GMP as

it is hydrolyzed to 5′-GMP by phosphodiesterase. The phosphodiesterase is

activated by the guanine nucleotide binding protein (G-protein) transducin.

Transducin, in its inactive forminthedark,hasboundGDP; interactionwith

metarhodopsin II causes it to release this GDP andbindGTP. Transducin-GTP

has a low affinity for metarhodopsin II, which is therefore free to interact with

another molecule of transducin-GDP. Thus, for as long as metarhodopsin II

remains in its active state (i.e., until it has been fully phosphorylated and con-

verted tometarhodopsin III, which does not interact with transducin-GDP), it

will continue to activate transducin molecules.

Metarhodopsin II activates transducin, leading to an exchange of bound

GDPforGTP; severalhundredmoleculesof transducinareactivatedbya single

molecule of metarhodopsin II within a fraction of a second. Transducin-GTP

binds to, and activates, GMP phosphodiesterase, lowering the intracellular

concentration of cGMP. As cGMP falls, a cation channel in the membrane

closes, thus interrupting the steady inward current of sodium and calcium

ions. This leads to hyperpolarization of the membrane and reduced secretion

of neurotransmitter (Baylor, 1996).

Like other G-proteins, transducin has innate GTPase activity, and over a

time course of seconds or less is autocatalytically converted to transducin-

GDP, which does not interact with phosphodiesterase. This restores the nor-

mal inhibition of phosphodiesterase, permitting cGMP concentrations to rise

again, reopening the sodium channels and restoring the dark current.

Metarhodopsin II is inactivatedbyphosphorylationof three serine residues

at the carboxyl terminal of theprotein, catalyzedby rhodopsinkinase. In trans-

genicmicewith carboxyl terminal-truncated rhodopsin, lacking thephospho-

rylation sites, there is a prolonged response to a single photon. Rhodopsin ki-

nase is activatedby its substrate,metarhodopsin II, and is inhibitedbycalcium

bound to the protein recoverin, which thus prolongs the photoresponse.

Phosphorylation is a necessary, but not sufficient, condition for quenching

metarhodopsin II; it also has to bind the protein arrestin before it loses the

bound retinaldehyde and is converted to metarhodopsin III. Then, it is de-

phosphorylated by protein phosphatase 2A and a calcium-activated protein

phosphatase. It is this dephosphorylation of metarhodopsin III that is corre-

latedwith dark adaptation and regeneration of active rhodopsin by binding to
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11-cis-retinaldehyde (Palczewski and Saari, 1997; Hurley et al., 1998; Kennedy

et al., 2001).

The rate-limiting step in initiation of the visual cycle is the regeneration of

11-cis-retinaldehyde. In vitamin A deficiency, when there is little 11-cis-retinyl

ester in the pigment epithelium, both the time taken to adapt to darkness and

the ability to see in poor light will be impaired.

2.3.2 Genomic Actions of Retinoic Acid
Apart from the effects on vision, most of the effects of vitamin A deficiency

(Section 2.4) involve derangements of cell proliferation and differentiation

(squamousmetaplasia and keratinization of epithelia), dedifferentiation, and

loss of ciliated epithelia. Retinoic acid has both a general role in growth and

a specific morphogenic role in development and tissue differentiation. These

functions are the result of genomic actions, modulating gene expression by

activation of nuclear receptors. Both deficiency and excess of retinoic acid

cause severe developmental abnormalities.

Retinoic acid has a specific morphogenic role in limb development. There

is a small concentration gradient of retinoic acid across the developing limb

bud and a gradient of retinoic acid binding protein in the opposite direction,

suggesting that the resultant relatively steep gradient of free retinoic acidmay

be the important factor determining the pattern of development (Thaller and

Eichele, 1987, 1990). Itmayalsobe important in thedevelopmentof thecentral

nervous system. CRABP has a strictly delimited anatomical localization in the

developingmouse brain and is only expressed transiently, between days 11 to

14 of gestation (Momoi et al., 1990).

At pharmacological levels, retinoic acid enhances the expression of uncou-

pling protein 1 (thermogenin) in brown adipose tissue and decreases the ex-

pression of leptin inwhite adipose tissue, suggesting that itmay have an effect

on energy homeostasis, but it is not knownwhether or not the effects are rele-

vant at physiological levels (Kumar et al., 1999; Villarroya et al., 1999). Retinoic

acid also induces synthesis of glucokinase in pancreatic β-islet cells. Increased

metabolismof glucose as a result of glucokinase activity is responsible for initi-

ating insulinsecretion in response toa rise inbloodglucoseconcentration,and

retinoic acid increases the secretion of insulin by pancreatic islets in culture

(Cabrera-Valladares et al., 1999).

Retinoic acid may either enter the target cell from the circulation or may

be formed intracellularly by oxidation of retinol. A number of tissues – but

not muscle, kidneys, small intestines, liver, lungs, or spleen – have a cellular

retinoic acid binding protein (CRABP) that is distinct from CRBP. Testis and
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uterus containCRBPandCRABP; both retinol and retinoic acid are essential in

the functions of these organs. Although retinoic acid will support testosterone

synthesis, it will not support spermatogenesis, nor will it support placental

development in vitamin A-deficient animals (Appling and Chytil, 1981). Sim-

ilarly, retinol and retinoic acid have different actions on bone cells in culture,

suggesting that both have functions in normal bone development, in addition

to antagonizing the actions of vitamin D when retinoic acid is present in ex-

cess. Retinol inhibits collagen synthesis, whereas retinoic acid stimulates the

synthesis of noncollagen bone proteins (Dickson et al., 1989).

The role of these intracellular binding proteins seems to be to transport

retinoicacid into thenucleus.Unlike receptorproteins,whichbind their ligand

in the nucleus and then interact with regulatory elements on DNA, the CRBPs

do not enter the nucleus or interact with DNA and nucleoproteins.

2.3.2.1 Retinoid Receptors and Response Elements Thereare twofami-

liesofnuclear retinoidreceptors: theretinoicacidreceptors (RARs),whichbind

all-trans-retinoic acid and the retinoid X receptors (RXRs), so-called because

their physiological ligand was unknown when they were first discovered. It is

nowknown tobe9-cis-retinoic acid,whichalsobinds to andactivatesRARs. As

well asbeing theactivating ligand forRXR, 9-cis-retinoic acidalso increases the

rate of catabolism of its receptor, whichmay be important in the regulation of

the various hormonal responses that require formation of RXR heterodimers

(Figure 2.6).

14-Hydroxyretroretinol, 4-oxoretinol, and anhydroretinol, as well as possi-

bly other retinoids, also bind to and activate the RAR family of receptors at

physiological concentrations, but do not bind to the RXR family. 4-Oxoretinol

is formed from all-trans-retinol in differentiating cells; 10% to 15% of intra-

cellular retinol may be oxidized to 4-oxoretinol during an 18-hour period,

whereas there is no formation of all-trans-retinoic acid or 9-cis-retinoic acid.

4-Oxoretinol induces differentiation of cells in culture (Achkar et al., 1996). In

the developing Xenopus embryo, 4-oxoretinaldehyde is the major retinoid,

acting as a precursor of both 4-oxoretinol and 4-oxoretinoic acid, both of

which activate the RAR (Blumberg et al., 1996). This developmental role of

4-oxoretinoidsmay explain the observation that pregnant vitamin A-deficient

rats resorb the fetuses around day 15 of gestation if they are provided with

retinoic acid, but not if they are provided with retinol (Wellik and DeLuca,

1995). 14-Hydroxyretroretinol and 13,14-dihydroxyretroretinol act as growth

promoters for retinol-deficient cells in culture, but do not induce differentia-

tion; by contrast, anhydroretinol has growth-inhibiting activity.



56 Vitamin A: Retinoids and Carotenoids

Figure 2.6. Interactions of all-trans- and 9-cis-retinoic acids (and other active retinoids)
with retinoid receptors. COUP, chicken ovalbumin upstream promoter.

The two families of receptors differ fromeachother considerably, andRARs

show greater sequence homology with thyroid hormone receptors than with

RXRs. RARs act only as heterodimers with RXRs; homodimers of RARs have

poor affinity for retinoid response elements on DNA. The liganded CRABP(II)

enhances the binding of the RAR-RXR heterodimer to response elements on

DNA and amplifies the effect of the receptor dimer (Delva et al., 1999).

RXR forms active homodimers and also form heterodimers with the cal-

citriol (vitamin D) receptor (Section 3.3.1), the thyroid hormone receptor,

the peroxisome proliferation-activated receptor (PPAR, whose physiological
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ligand is a long-chain polyunsaturated fatty acid or an eicosanoid deriva-

tive), and the chicken ovalbumin upstream promoter (COUP) receptor – an

orphan receptor whose physiological ligand is unknown (Mangelsdorf and

Evans, 1995; Glass, 1996; Glass et al., 1997). Formation of RXR heterodimers

seems tobe required forDNAbindingof calcitriol, thyroidhormone, andPPAR

receptors. Interestingly, there is no requirement for a ligand bound to the RXR

for this to occur. An unliganded RXR can form active heterodimers (Wendling

et al., 1999).

In thepresenceofall-trans-or9-cis-retinoicacid, thereceptorheterodimers

are transcriptional activators.However, theheterodimerswill alsobind toDNA

in the absence of retinoic acid, in which case they act as repressors of gene

expression (Fujita andMitsuhashi, 1999).

There are three isoforms of each receptor type: RARα, RARβ, RARγ , RXRα,

RXRβ, and RXRγ . They are encoded by different genes, with different tissue-

specificexpression, anddifferent expressionatdifferent timesduringdevelop-

ment. There is a greater conservation of amino acid sequence between species

for any one type of retinoid receptor than between the different receptor types

in the same species, suggesting that the receptor types evolved separately a

considerable time ago. In addition, there are two different subforms of each

(RARα, RARγ , RXAα, RXRβ, andRXRγ ) and four subformsofRARβ. These arise

by differential splicing of the RNA transcript (Rowe and Brickell, 1993).

RARα and RXRβ have widespread distribution in tissues; RARβ and RARγ

are expressed to different extents in different tissues during development.

RARα and RXRγ have tissue-specific distribution.

Studies with knockout mutant mice lacking one or another of the retinoid

receptors suggest that there is some degree of redundancy or overlap between

the receptor subtypes, and thatRARγ is especially important in the teratogenic

actions of retinoids (Section 2.5.1.1; Mark et al., 1999; Maden, 2000):

� RARα0 mice show no congenital abnormalities, but have a high postna-

tal mortality.
� RARβ0 mice show no detectable effects.
� RARγ 0 mice havewidespread congenital abnormalities, as seen in severe

vitamin A deficiency.
� RARα0 mice show the same teratogenic effects of retinoic acid excess as

wild-type mice.
� RARβ0 mice show the same teratogenic effects of retinoic acid excess as

wild-type mice.
� RARγ 0 mice show some, but not all, of the teratogenic effects of retinoic

acid excess.
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� RXRα0 mice show abnormalities of the eye and heart.
� RXRβ0 mice are morphologically normal, but the males are sterile.

The multiplicity of possible combinations of homodimers and heterodi-

mers of RAR and RXR subtypes, and the various possible RXR heterodimers

with other receptors, permits a wide variety of active retinoid receptor com-

plexes that bind todifferent response elements onDNA.Unlikemost hormone

response elements on DNA, which are palindromic and bind a symmetrical

receptor homodimer, the most common type of retinoid response element

is a direct repeat: purine-G-(G or T)-T-C-A-(Xn)-purine-G-(G or T)-T-C-A, in

which the spacer (Xn) is commonly 5 base pairs, but may be 1 or 2. There are

alsomore complex retinoid response elements, including palindromic and in-

verted palindromic repeats, as well as hexamericmotifs with variable spacing.

This means that a wide variety of different genes may be regulated differently

in response to retinoids.

2.3.3 Nongenomic Actions of Retinoids
In addition to its genomic functions, retinoic acid also has a number of non-

genomic functions. It enhances the stability of keratin mRNA, leading to in-

creased synthesis of this protein (Crowe, 1993). Retinoic acid acts also as an

effector in response to transmembrane signaling by retinoylation of target

proteins.

In the synthesis ofmost glycoproteins containingmannose, the intermedi-

atecarrierof themannosylmoiety is thepolyenedolicholphosphate.However,

in somesystems, retinylphosphatecanactas the intermediatecarrierbetween

UDP-mannose and the acceptor glycoprotein. Retinyl phosphate mannose

seems to be involved especially in the synthesis of hydrophobic regions of

glycoproteins (DeLuca, 1977; Frot-Coutaz et al., 1985).

2.3.3.1 Retinoylation of Proteins Studieswithknockoutmice, lackingnu-

clear retinoid receptors, suggest that retinoic acid has physiological functions

unrelated to its genomic actions. Label from [3H]retinoic acid is incorporated

into cells in culture in a form that is not extractable by organic solvents, sug-

gesting that there iscovalentbindingof retinoicacid toproteins– retinoylation.

There are twomain routes involved in the retinoylation of proteins:

1. Formation of retinoyl CoA, followed by formation of an ester with the

hydroxyl group of tyrosine, threonine or serine, or a thio-ester with the

sulfhydryl group of cysteine (Figure 2.7). The source of retinoic acid for
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Figure 2.7. Retinoylation of proteins by retinoyl CoA.

this reaction may be retinoyl glucuronide (Section 2.2.1.3) rather than

free retinoic acid.

2. Cytochrome P450-catalyzed 4-hydroxylation, followed by formation of

an ether bond to the hydroxyl group of tyrosine, threonine or serine, or

a thio-ether bond to the sulfhydryl group of cysteine (Figure 2.8).

Both in cells in culture and in vivo, the major targets for retinoylation are the

regulatory subunits of cAMP-dependent protein kinases, suggesting a role for

retinoic acid in modulation of the actions of cell surface acting hormones

and neurotransmitters (Myhre et al., 1996). In a variety of cell types, cAMP-

dependent protein kinase activity increases after exposure to retinoic acid. In

anumberofexperimental situations, retinoicacidandcAMPactsynergistically

in cell differentiation.Takahashi et al. (1997) reported that 40differentproteins
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Figure 2.8. Retinoylation of proteins by 4-hydroxyretinoic acid.

are retinoylated in cells in culture, whereas cells inwhich the ras oncogene has

been activated and that are insensitive to growth inhibition by retinoic acid,

only 15 proteins are retinoylated (Takahashi et al., 1997).

2.3.3.2 Retinoids in Transmembrane Signaling Neutrophils treatedwith

physiological concentrationsof all-trans-retinoic acid showadose-dependent

increase in synthesis of superoxide. Inhibitor studies suggest that retinoic acid

acts via an inositol trisphosphate cascade rather than calcium and protein ki-

nase C (Koga et al., 1997). There is also evidence that all-trans-retinoic acid

leads to increased formation of cADP-ribose and nicotinic acid adenine din-

ucleotide phosphate as second messengers (Section 8.4.4; Dousa et al., 1996;

Mehta and Cheema, 1999).

Some of the retroretinoids also have cell signaling functions at a cell

surface or a cytoplasmic receptor. 14-Hydroxyretroretinol is required for

lymphocyte proliferation, whereas anhydroretinol is a growth inhibitor; the

two compounds act antagonistically. Treatment of T lymphocytes with an-

hydroretinol in the absence of 14-hydroxyretroretinol leads to rapid cell death,
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with widespread morphological changes but little or no nuclear abnormal-

ity. This suggests a cytoplasmic mechanism of apoptosis (O’Connell et al.,

1996).

There is also evidence that retinoic acid directly modulates transmission

at electrical synapses of retinal cells. This is independent of G-proteins and

second messengers, and involves a nonnuclear RAR-like binding site associ-

ated with ion channels (Zhang andMcMahon, 2000).

2.4 VITAMIN A DEFICIENCY (XEROPHTHALMIA)

Vitamin A-deficient experimental animals fail to grow; adults are blind and

sterile, with testicular degeneration inmales and keratinization of the uterine

epithelium in females. Although deficient female animals will conceive, and

the fetuses will implant, formation of the placenta is impaired and the fetuses

are resorbed. Epithelia in general are hyperplastic and keratinized, and there

is impaired cellular immunity with increased susceptibility to infection. Both

retinol and retinoic acid are required for gestation in the rat; in deficient ani-

mals, retinoic acid alone will not prevent fetal resorption after about day 10 of

gestation (Wellik and DeLuca, 1995; Wellik et al., 1997).

Vitamin A deficiency is a major problem of children under five in develop-

ing countries, being the single most common preventable cause of blindness.

Table 2.1 shows the prevalence of vitamin A deficiency in different regions of

the world. The increased susceptibility to infection and impairment of im-

mune responses in vitamin A deficiency causes significant childhoodmortal-

ity. A number of trials of vitamin A supplementation in areas of endemic defi-

ciency show a 20% to 35% reduction in child mortality.

Table 2.1 Prevalence of Vitamin A Deficiency among Children under Five

Subclinical Deficiency Clinical Deficiency

WHO Region Millions % Prevalance Millions % Prevalance

Africa 49 45.8 1.08 1.0
Americas 17 21.5 0.06 0.1
Southeast Asia 125 70.2 1.3 0.7
Europe — — — —
Eastern Mediterranean 23 31.5 0.16 0.3
Western Pacific 42 30.0 0.1 0.1

Total 256 40.3 2.7 0.1

WHO, World Health Organization.
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Functional vitamin A deficiency may occur despite adequate liver reserves

of retinol, as a result of impaired synthesis of RBP in protein-energy malnu-

trition, and possibly also in zinc deficiency (Smith et al., 1973; Solomons and

Russell, 1980; Rahman et al., 2002).

A mild infection, such as measles, commonly triggers the development of

xerophthalmia in children whose vitamin A status is marginal. In addition to

functional deficiency as a result of impaired synthesis of RBP (Section 2.2.3)

and transthyretin in response to infection, there may be a considerable uri-

nary loss of vitamin A because of increased renal epithelial permeability and

proteinuria, permitting loss of retinol bound to RBP-transthyretin. The Amer-

ican Academy of Pediatrics Committee on Infectious Diseases (1993) recom-

mended vitamin A supplements for all children who have been hospitalized

with measles.

In adults, excessive alcohol consumption reduces liver reserves of vita-

min A, both as a result of alcoholic liver damage and also by induction of

cytochrome P450 enzymes that catalyze the oxidation of retinol to retinoic acid

(as also occurs with chronic use of barbiturates). However, chronic consump-

tion of alcohol can also potentiate the toxicity of retinol (Section 2.5.1).

Even marginal vitamin A status leads to significantly impaired resistance

to infection, and deficient children are significantly more prone to infection.

A number of studies show beneficial effects of vitamin A supplementation,

and adverse effects of marginal status in measles, diarrheal and respiratory

diseases,malaria, human immunodeficiency virus (HIV) infection, and tuber-

culosis (Semba, 1999; Semba andTang, 1999). The vitaminhasmultiple effects

on the immune system, includingmodulating the expressionof cytokines, and

the differentiation, function, and apoptosis ofmacrophages, T and B lympho-

cytes, neutrophils, and other cells.

Mild deficiency results in impaired dark adaptation; as the deficiency pro-

gresses, there is inability to see in the dark (night blindness). As discussed in

Section 2.3.1, the recycling of retinaldehyde to reform rhodopsin is the rate-

limiting step in the visual cycle. If reserves of retinaldehyde in the pigment

epithelium are inadequate, then there will be slow dark adaptation and im-

paired vision in poor light. More prolonged and severe deficiency leads to

conjunctival xerosis – squamous metaplasia and keratinization of the epithe-

lial cells of the conjunctivawith loss of goblet cells in the conjunctivalmucosa,

leading to dryness, wrinkling, and thickening of the cornea (xerophthalmia).

As the deficiency progresses, there is keratinization of the cornea. At this stage,

the condition is still reversible, although there may be residual scarring of the
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Table 2.2 WHO Classification of Xerophthalmia

Prevalence among
Preschool Children to
Indicate Significant

Classification Code Clinical Description Public Health Problems

XN Night blindness >1%
X1A Conjunctival xerosis —
X1B Bitot’s spots >0.5%
X2 Corneal xerosis
X3A Corneal ulceration/keratomalacia

involving less than one-third of
the corneal surface

>0.01%

X3B Corneal ulceration/keratomalacia
involving more than one-third
of the corneal surface

>0.01%

XS Corneal scar >0.05%
XF Xerophthalmic fundus
Biochemical Plasma retinol <0.35 �mol/L >5%

cornea. In advanced xerosis, yellow-gray foamy patches of keratinized cells

and bacteria (Bitot’s spots) may accumulate on the surface of the conjunc-

tiva. The next stage is ulceration of the cornea from increased proteolytic ac-

tion, thus causing irreversible blindness (Pirie et al., 1975). Table 2.2 shows

the World Health Organization classification of xerophthalmia.

As well as the conjunctiva, other epithelia are affected bymoderate ormild

vitamin A deficiency, with increased intestinal permeability to disaccharides,

later a reduction in the number of goblet cells per villus, and then a reduction

in mucus secretion (McCullough et al., 1999). There is also atrophy of the res-

piratory epithelium, again with loss of goblet cells, followed by keratinization,

resulting in increased susceptibility to infection. These changes in intestinal

and respiratory epithelium develop earlier than the more readily observed

diagnostic changes in the eye.

In adults maintained on vitamin A-deficient diets for a period of months,

there are a number of early signs, apparent before the impairment of dark ad-

aptation: impairment of the senses of taste, smell, and balance and distortion

of color vision, with impaired sensitivity to green light. With the exception of

the effects on color vision, these can all be attributed to dedifferentiation of

ciliated epithelia (Sauberlich et al., 1974; Hodges et al., 1978).

Early studies showed impaired gluconeogenesis and low hepatic stores of

glycogen in vitaminA-deficient animals. Synthesis of one of the key regulatory
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enzymes of glycolysis, the GTP-dependent isoenzyme of phosphoenolpyru-

vate carboxykinase, is regulated by all-trans-retinoic acid. Both gene expres-

sion and gluconeogenesis fall in vitamin A deficiency (Shin and McGrane,

1997).

2.4.1 Assessment of Vitamin A Nutritional Status
An early sign of vitamin A deficiency is impaired dark adaptation – an increase

in the time taken to adapt to seeing in dim light. The apparatus required is not

suitable for use in field studies, or for use with children (the groupmost at risk

from deficiency), and the dark adaptation test is largely of historical interest.

Balance, color vision, and the sensesof taste and smell are also affected in early

deficiency, but none of these provides a sensitive or specific test of status.

Liver reserves of vitamin A can be estimated by isotope dilution after a test

dose of isotopically labeled retinol, but this is not a suitable technique for

assessment of status in population studies.

Assessment of vitamin A nutritional status depends on the biochemical

criteria shown in Table 2.3.

2.4.1.1 Plasma Concentrations of Retinol and �-Carotene BecauseRBP

is released from the liver only as the holo-protein and apo-RBP is cleared from

the circulation rapidly after tissue uptake of retinol (Section 2.2.3), the fasting

plasma concentration of retinol remains constant over awide range of intakes.

It is only when liver reserves are nearly depleted that it falls significantly, and

it only rises significantly at the onset of toxic signs. Therefore, although in-

sensitive to changes within the normal range, measurement of plasma retinol

provides a convenientmeans of detecting people whose intake of vitamin A is

inadequate to permit normal liver reserves to be maintained.

Interpretationofplasmaconcentrationsof retinol is confoundedby the fact

that both RBP and transthyretin are negative acute phase proteins, and their

synthesis falls, and hence the plasma concentration of retinol fall, in response

to infection. Similarly, both protein-energy malnutrition and zinc deficiency

result in a low plasma concentration, despite possibly adequate liver reserves

as a result of impaired synthesis of RBP.

Caroteneinplasmaismainly inlipoproteins; thus,aswithvitaminE(Section

4.5), measurements of plasma concentrations of carotene should be related

to either cholesterol or total plasma lipids. Only 10% to 20% of total plasma

carotenoids isβ-carotene,with a verywide rangeof individual variation. There

are no reliable determinations of β-carotene or total provitaminA carotenoids
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Table 2.3 Biochemical Indices of Vitamin A Status

Liver Retinyl Esters (as Retinol) �mol/kg mg/kg

Adequate >70 >20
Marginal 35–70 10–20
Poor 17.5–35 5–10
Deficient <17.5 <5

Plasma Retinol �mol/L �g/L

Elevated >1.75 >500
Normal 0.7–1.75 200–500
Unsatisfactory 0.35–0.7 100–200
Liver stores depleted/deficient <0.35 <100

Plasma Total Carotenoidsa �mol/L �g/L

Adult reference range 0.4–4.0 240–2,200
Acceptable >0.75 >400
Hypercarotinemia >5.6 >3,000

Plasma Retinoic Acid nmol/L �g/L

Adults 10–13 3–4

Plasma Retinol Binding Protein �mol/L �g/L

Adults 1.9–4.28 40–90
Preschool children 1.19–1.67 25–35

Relative Dose Response
Normal <20%
Marginal deficiency >20%

Modified Dose Response Dehydroretinol/retinol
Normal <0.03
Marginal deficiency >0.03

a �-Carotene is 10% to 20% of total plasma carotenoids.
Sources: International Vitamin A Consultative Group, 1983; Underwood, 1990.

in appropriate populations to permit plasma concentrations of carotene to be

related to vitamin A nutritional status.

2.4.1.2 Plasma Retinol Binding Protein Measurement of plasma con-

centrations of RBPmay give some additional information. Indeed, it has been

suggested that because retinol is susceptible to oxidation on storage of blood

samples, measurement of RBP may be a better indication of the state of vi-

tamin A status. In adequately nourished subjects, about 13% of immunologi-

cally reactive RBP in plasma is present as the apo-protein, whereas in vitamin

A-deficient children, the proportion of apo-protein may rise to 50% to 90% of
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circulating RBP. Measurement of the ratio of plasma retinol:RBPmay provide

a sensitive index of status (Thurnham and Northrop-Clewes, 1999).

2.4.1.3 The Relative Dose Response (RDR) Test The RDR test is a test

of the ability of a dose of vitamin A to raise the plasma concentration of retinol

several hours later, after chylomicrons have been cleared from the circulation.

What is being tested is the ability of the liver to release retinol into the circu-

lation. In subjects who are retinol deficient, a test dose will produce a large

increase in plasma retinol, because of the accumulation of apo-RBP in the

liver in deficiency (Section 2.2.3). In those whose problem is due to lack of

RBP, then little of the dosewill be released into the circulation. AnRDRgreater

than 20% indicates depletion of liver reserves of retinol to less than 70 µmol

per kg (Underwood, 1990).

The test requires two samples of blood, taken before and 5 hours after the

test dose of retinol. A modified RDR test involves giving a test dose of dehy-

droretinol, then determining the ratio of dehydroretinol:retinol in a single

plasma sample taken 30 hours later. Again, because of the accumulation of

RBP in the liver in deficiency and because in deficiency there is less dilution of

dehydroretinol with liver pools of retinyl esters, the ratio is inversely propor-

tional to the liver stores of retinol (Tanumihardjo et al., 1987).

2.4.1.4 Conjunctival Impression Cytology Early changes in vitamin A de-

ficiency include loss of the mucus-secreting goblet cells from the conjuncti-

val epithelium, and the appearance of enlarged, flattened, and partially kera-

tinized epithelial cells. An impression of the conjunctiva is taken by blotting

onto cellulose acetate, then fixing and staining prior to histological examina-

tion. The technique detects children who do not yet show any clinical signs

and whose serum retinol is within the normal range (Wittpenn et al., 1986;

Natadisastra et al., 1987).

2.5 VITAMIN A REQUIREMENTS AND REFERENCE INTAKES

Very few direct studies have been performed to determine human vitamin A

requirements. In the Sheffield study (Hume andKrebs, 1949), 16 subjects were

depleted of vitamin A for 2 years; only three subjects showed clear signs of

impaired dark adaptation. One of these subjects was repleted with 390 µg

of retinol per day, which resulted in a gradual restoration of dark adapta-

tion; the other two subjects received β-carotene. On this basis, the minimum

requirement was presumed to be 390 µg, and the reference intake was set at

750 µg.
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Table 2.4 Reference Intakes of Vitamin A (�g/day)

U.K. EU U.S./Canada FAO
Age 1991 1993 2001 2001

0–6 m 350 — 400 375
7–12 m 350 350 500 400
1–3 y 400 400 300 400
4–6 y 500 400 400 450
7–8 y 500 500 400 500

Males
9–10 y 500 500 600 600
11–13 y 600 600 600 600
>14 y 700 700 900 600

Females
9–10 y 500 500 600 600
11–13 y 600 600 600 600
>14 y 600 600 700 600
Pregnant 700 700 770 800
Lactating 950 950 900 850

EU, European Union; FAO, Food and Agriculture Organization; WHO, World
Health Organization.
Sources: Department of Health, 1991; Scientific Committee for Food, 1993;
Institute of Medicine, 2001; FAO/WHO, 2001.

Since then, eight more subjects have been studied (Sauberlich et al., 1974;

Hodges et al., 1978). From these studies, the reference intake for adultmenwas

set at 1,000 µg of retinol equivalent, with a minimum physiological require-

ment of 600 µg per day. Because the signs of deficiency only resolve slowly, it

is possible that depletion/repletion studies overestimate requirements.

An alternative approach to determining requirements is to measure the

fractional rate of catabolism of the vitamin by use of a radioactive tracer, then

determinethe intakethatwouldberequiredtomaintainanappropriate levelof

liver reserves.Asdiscussed inSection2.2.1.1,whenthe liverconcentrationrises

above70µmolper kg, there is increasedactivityof themicrosomaloxidationof

vitamin A and biliary excretion of retinol metabolites. The fractional catabolic

rate is 0.5% per day; assuming 50% efficiency of storage of dietary retinol, this

gives a mean requirement of 6.7 µg per kg of body weight and a reference in-

take of 650 to 700 µg for adult men (Olson, 1987a). Reference intakes for vita-

min A are shown in Table 2.4.

Although there is some evidence that β-carotene and other carotenoids

may have actions in their own right, apart from their provitamin A activity

(Section 2.6.3), there is no evidence on which to base any recommendations
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orsuggestionsof requirements forcaroteneother thanasaprecursorof retinol.

There is no evidence of any carotene deficiency disease in depletion studies

of people provided with an adequate intake of retinol (Institute of Medicine,

2001). Theepidemiological evidence that showsahigh intakeof carotenoids to

beassociatedwitha lower incidenceofcancer (Section2.6.3)mayreflect intake

of (carotene-rich) fruits and vegetables, which are sources of other potentially

protective compounds (Section 14.7), rather than carotene intake per se.

2.5.1 Toxicity of Vitamin A
Vitamin A is both acutely and chronically toxic. Acutely, large doses of vita-

min A (in excess of 300 mg in a single dose to adults) cause nausea, vomit-

ing, and headache, with increased pressure in the cerebrospinal fluid – signs

that disappear within a few days. After a very large dose, there may also be

drowsiness and malaise, with itching and exfoliation of the skin; extremely

high doses can prove fatal. Single doses of 60 mg of retinol are given to chil-

dren in developing countries as a prophylactic against vitamin A deficiency –

an amount adequate to meet the child’s needs for 4 to 6 months. About 1% of

children so treated show transient signs of toxicity, but this is considered to be

an acceptable adverse effect in view of the considerable benefit of preventing

xerophthalmia.

The chronic toxicity of vitamin A is a more general cause for concern; pro-

longed and regular intake of more than about 7,500 to 9,000 µg per day by

adults (and significantly less for children) causes signs and symptoms of toxi-

city affecting:

1. The skin: excessive dryness, scaling and chapping of the skin, desqua-

mation, and alopecia.

2. The central nervous system: headache, nausea, ataxia, and anorexia, all

associated with increased cerebrospinal fluid pressure.

3. The liver: hepatomegaly, hyperlipidemia, and histological changes in

the liver, including increased collagen formation. Alcohol potentiates

the hepatotoxicity of vitamin A.

4. Bones: joint pains, thickening of the long bones, hypercalcemia, and

calcification of soft tissues, butwith reduced bonemineral density. High

intakes of vitamin A are associatedwith an increased rate of loss of bone

mineral density with age, and some studies have shown that intakes

above 1,500µg per day are associatedwith increased incidence of osteo-

porosis and hip fracture, although other studies have not shown any

relationship between vitamin A intake and osteoporosis (Institute of

Medicine, 2001). At high levels of intake, vitamin A both stimulates bone
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Table 2.5 Prudent Upper Levels of Habitual Intake (�g of preformed
vitamin A/day)

Upper Limit of Safe Habitual Tolerable Upper Intake
Age (y) Intake (U.K., 1991) Level (U.S./Canada, 2001)

Birth–1 900 600
1–3 1,800 600
4–6 3,000
4–8 900
7–10 4,500

Males
9–13 1,700
11–18 6,000
14–18 2,800

Adult females 9,000 3,000
9–13 600
11–18 6,000
14–18 2,800
Adult 7,500 3,000
Pregnant 3,300 2,800–3,000
Lactating — 2,800–3,000

Sources: Department of Health, 1991; Institute of Medicine, 2001.

resorption and inhibits bone formation (Binkley and Krueger, 2000),

largely as a result of antagonism of the actions of vitamin D (Section

3.3.5). As the tissue concentration of 9-cis-retinoic acid increases, so

there is increased formation of RXRhomodimers, leaving an inadequate

amount of RXR to dimerize with the vitamin D receptor.

Prudent upper levels of habitual intake of retinol are shown in Table 2.5.

As the intake of vitamin A increases, there is an increase in the excretion of

metabolites in bile, once adequate liver reserves have been established. How-

ever, the biliary excretion of retinol metabolites reaches a plateau at relatively

low levels, and it seems likely that this explains the relatively low toxic thresh-

old (Olson, 1986). Vitamin A intoxication is associated with the appearance of

both retinol and retinyl esters bound to albumin and in plasma lipoproteins,

which can be taken up by tissues in an uncontrolled manner; the amount of

circulating retinol bound to RBP does not increase. Retinol has a membrane

lytic action; it was noted in Section 2.2.2.3 that one of the functions of RBP

binding seems to be to protect tissues against retinol, as well as to protect

retinol against oxidation (Meeks et al., 1981).

At relatively high levels of intake, vitamin A induces synthesis of gly-

cine N-methyltransferase. This can lead to depletion of methyl groups and
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undermethylation ofDNA, a potential factor in carcinogenesis (Section 10.9.5;

Rowling et al., 2002).

Carotenoids do not cause hypervitaminosis A. As discussed in Section

2.2.2.1, the conversion of provitamin A carotenoids to retinol is limited; there-

fore, vitaminA intoxication isunlikely tooccurevenathigh intakesof carotene.

Accumulation of even abnormally large amounts of carotene seems to have

no short-term adverse effects, although plasma, body fat, and skin can have a

strong orange-yellow color (hypercarotinemia) after prolonged high intakes

of carotenoids. A small number of people lack carotene dioxygenase and

suffer from (asymptomatic) carotinemia with normal modest intakes. How-

ever, as discussed in Section 2.6.3, two large-scale intervention trials have

shown an increased incidence of cancers in subjects receiving supplements of

β-carotene.

2.5.1.1 Teratogenicity of Retinoids 13-Cis-retinoic acid and etretinate

(Section 2.6.2) are highly teratogenic. After women have been treated with

retinoids for dermatological problems, it is generally recommended that con-

traceptive precautions be continued for 12 months, because of the retention

of retinoids in the body. With embryonic limb bud cells in culture, it is those

retinoids that bind to RAR that are teratogenic; those that bind to RXR are not.

However, retinoids that bind to RXR potentiate the teratogenicity of those that

bind to RAR (Soprano and Soprano, 1995; Collins and Mao, 1999). There is

considerable species variation in sensitivity to the teratogenic effects of 13-

cis-retinol; in species such as rats and mice, it has low teratogenicity because

it is metabolized rapidly to the glucuronide. In primates, it is mainly oxidized

to 13-cis-4-oxoretinoic acid, which is transported across the placenta (Nau,

2001).

By extrapolation, it has been assumed that retinol is also teratogenic, al-

though there is little evidence; in case control studies, intakes between 2,400

to 3,300µg per day during pregnancy have been associated with birth defects.

Other studies have not demonstrated any teratogenic effect at this level of

intake, and it has been suggested that the plasma concentration associated

with teratogenic effects is unlikely to be reached with intakes below 7,500 µg

per day (Miller et al., 1998; Ritchie et al., 1998; Wiegand et al., 1998). Arnhold

and coworkers (2002) demonstrated formation of all-trans-retinoic acid in en-

terocytes after feeding relatively large amounts of retinol that saturated the

intestinal CRBP (Section 2.2.4) and suggested that there is indeed a threshold

intake of retinol above which teratogenic metabolites are formed. Pregnant

women are variously advised not to consumemore than 2,800 to 3,000 µg per
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day (Institute of Medicine, 2001) or 3,300 µg per day (Department of Health,

1991).

2.5.2 Pharmacological Uses of Vitamin A, Retinoids,
and Carotenoids
2.5.2.1 Retinoids in Cancer Prevention and Treatment Since the dis-

covery of vitamin A, the observation that the main effects of deficiency are

hyperplasia and loss of differentiation of squamous epithelium has raised

speculation that the vitaminmaybeassociatedwith carcinogenesis. Either de-

ficiency may be a risk factor for cancer or increased intake may be protective.

Deficient animals develop more spontaneous tumors and are more sensitive

to chemical carcinogens, whereas liver reserves of vitamin A are lower in pa-

tients with cancer than in controls. One of the genes repressed by retinoic acid

is themyc-oncogene.

The addition of relatively high concentrations of retinol to organ culture

media produces changes that are apparently the opposite of those seen in

deficiency; chick epidermis, which is normally keratinized, becomes mucus

producing and in some cases ciliated. Studies of experimentally induced and

transplanted tumors in experimental animals givenveryhigh intakesof retinol

or retinoic acid, and of tumors in tissue culture with very high concentrations

of retinol and retinoic acid, suggest that there is a potentially beneficial effect

of very high intakes in inhibiting the initiation andgrowthof epithelial tumors.

The doses of retinol that are protective in animals are in the toxic range

(Section 2.5.1) and are unlikely to be useful in cancer therapy or prevention. A

numberof synthetic retinoidshavebeendeveloped, inasearch forcompounds

that show anticancer activity, but are metabolized, stored, and transported

differently, or bind to different subtypes of retinoid receptor and are less toxic.

RXR-selective ligands are less toxic and more active in animal cancer models

than RAR ligands (Lippman and Lotan, 2000). Fenretinamide, and possibly

other retinoids that have antitumor activity, exerts at least part of its action

by induction of apoptosis by a receptor-independent mechanism (Wu et al.,

2001).

In addition to the regression of established tumors, a number of retinoids

show apparent inhibition of the chemical induction of the bladder and other

epithelial tumors in experimental animals. The effect is not in fact inhibition

of carcinogenesis, but rather a lengthening of the latent period between the

initiation step of carcinogenesis and the development of tumors. Although

perhaps not as exciting as compounds that prevent the development of can-

cers, such a delaying action may be useful. If the results can be scaled from



72 Vitamin A: Retinoids and Carotenoids

experimental animals to man, then it seems that the recurrence of bladder

tumors after initial surgery or chemotherapymight be delayedby 5 to 10 years,

a clinically useful effect (Hicks and Turton, 1986).

2.5.2.2 Retinoids in Dermatology 13-Cis-retinoic acid (isotretinoin,

Accutane®) is used orally, and all-trans-retinoic acid (Tretinoin®) topically, for

treatment of severely disfiguring cystic acne. Etretinate (the trimethoxyphenyl

analog of retinoic acid) and tazarotene (a receptor-specific retinoid) are used

topically for the treatment of psoriasis. They are effective in cases in which

other therapy has failed, and at lower levels than are required for the con-

trol of tumor development in experimental animals, although they have been

associated with birth defects (Section 2.5.1.1; Johnson and Chandraratna,

1999).

2.5.2.3 Carotene Average daily intakes of carotenoids in western coun-

tries are of the order of 7 to 8 mg per day: α-carotene, 0.7 mg; β-carotene,

3 mg; lutein and zeaxanthin, 2.5 mg each; and lycopene, 1 mg. The major

importance of dietary carotenoids is as precursors of vitamin A; even among

omnivores in western countries, some 25% to 30% of vitamin A is provided

by carotenes rather than preformed retinol. In plants and microorganisms,

carotenoids functionnot only as pigments (e.g., in flowers), but also as energy-

transferring molecules in photosynthesis, broadening the spectrum of light

that can activate chlorophyll. A number of carotenoids of natural origin are

used as food colors – those that have an unsubstituted β-ionone ring will also

have provitamin A activity.

Most carotenoids are stored in adipose tissue. Lutein and zeaxanthin (but

not other carotenoids) are specifically accumulated in the pigment layer of the

retina, and there is epidemiological evidence that they are protective against

the development of age-relatedmacular degeneration. There is also epidemi-

ological evidence that lutein and zeaxanthin may provide protection against

the development of cataracts. Lycopene is accumulated in the adrenal glands

and testes at concentrations 20-fold higher than occur in adipose tissue, sug-

gesting that there is active accumulation in these two tissues. Epidemiological

evidence suggests that it may be protective against prostate cancer (Stahl and

Sies, 1996; Gann et al., 1999; Handelman, 2001).

In addition to their importance as precursors of vitamin A, carotenes can

also act, at least in vitro (and under conditions of low oxygen tension), as

antioxidants, trapping singlet oxygen generated by photochemical reactions

or lipid peroxidation of membranes (Burton and Ingold, 1984). Studies with
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β-carotene and other carotenoids have not shown any consistent effect on in

vivo markers of oxidative damage (Institute of Medicine, 2000).

Epidemiological and case-control studies show a negative association be-

tweenβ-carotene intakeandanumberof cancers (Petoet al., 1981), suggesting

thatβ-carotenemayhave aprotective effect against some formsof cancer, and

hence a function in its own right, not simply as a precursor of retinol. This has

generally been assumed to be due to the antioxidant activity of β-carotene,

although it is noteworthy that different dietary carotenoids induce different

isoenzymes of cytochrome P450 and might be predicted to have positive or

negative effects on (chemical) carcinogenesis (Jewell and O’Brien, 1999). In

addition, there is evidence that some carotenoids may have a genomic ac-

tion in their own right, inducing synthesis of connexin 43, one of the pro-

teins involved inmaintaining tissue integrity and cell-to-cell communication.

Teicher and coworkers (1999) reported that the action of apo-carotenoic acids

is to increase the stabilityof connexinmRNA(bybinding to the3′-untranslated
region), rather than enhancement of gene expression. Increased synthesis of

connexin might retard the growth of a tumor bymaintaining an outer layer of

tightly connected normal cells or stimulating intercell gap-junction commu-

nication (Stahl and Sies, 1996; Bertram, 1999; Stahl et al., 2000).

On the basis of the epidemiological evidence, there have been a number

of intervention studies using supplements of β-carotene. They have typically

used supplements of 20 to 30 mg per day β-carotene in a highly available

form, compared with average intakes from foods of 7 to 8 mg of mixed

carotenoids of generally low biological availability. In the Linxian study in

China (Blot et al., 1993), supplements of β-carotene, vitamin E, and selenium

to a marginally malnourished population led to a reduction in mortality from

a variety of cancers, especially gastric cancer. The Physicians’ Health Study

(Hennekens et al., 1996) was a 12-year trial in the United States in which β-

carotene supplements showed no effect on the incidence of cardiovascular

disease or cancer.

Twomajor intervention trials among people at risk of lung cancer were the

Alpha-Tocopherol Beta-Carotene Study in Finland, in which heavy smokers

were given supplements of 20 mg per day of β-carotene and/or 50 mg of vi-

tamin E (Alpha-Tocopherol Beta-Carotene Cancer Prevention Study Group,

1994), and the CARET Study (Carotene and Retinol Efficacy Lung Cancer

Chemoprevention Trial; Omenn et al., 1996a, 1996b) in the United States in-

volving people who had been exposed to asbestos dust, who received 30mg of

β-carotene and 7,500 µg of retinyl palmitate per day. Both studies showed

a significant increase in death from lung cancer among people taking the
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supposedly protective carotene supplements. A number of hypotheses have

been advanced to explain this unexpected finding:

1. The studies were performed on established heavy smokers and people

who had been exposed to asbestos dust some years previously. It has

been suggested that whereas β-carotene may inhibit induction of can-

cers by reactive oxygen species, itmay also enhance later stages in tumor

development.

2. The plasma concentrations of β-carotene in the intervention trials were

considerably higher than those observed to be protective in epidemio-

logical studies; as with any antioxidant, β-carotene is also potentially a

prooxidant.This is especially likely in the lung,where thepartialpressure

of oxygen is high; the radical-trapping antioxidant action is observed at

low partial pressures of oxygen (Burton and Ingold, 1984). Whereas β-

carotene may be an antioxidant at low levels of intake, higher intakes

may lead to the formation of oxidized metabolites that are prooxidants

(Wang and Russell, 1999; Young and Lowe, 2001).

3. It is possible that whereas asymmetric cleavage of β-carotene at low

concentrations leads to the formation of apocarotenals that can be ox-

idized to retinoic acid (Section 2.2.2.1), at higher levels apocarotenals

and apocarotenoic acids may antagonize retinoic acid. Ferrets (which

metabolize carotene similarly to human beings) show lower concentra-

tions of retinoic acid in the lung when they are given high intakes of β-

carotene, as well as lower expression of RARβ, although RARα and RARγ

areunaffected. In lungcancer cells invitro,RARβ has tumor-suppressing

activity (Houle et al., 1993).

4. What the epidemiological studies have actually shown is a negative

association between various types of cancer and the consumption of

fruits and vegetables that are rich in carotenoids and a great many

other potentially protective compounds (Section 14.7). It may be that

β-carotene is simply a marker for some other protective factor.
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THREE

Vitamin D

Vitamin D is not strictly a vitamin, rather it is the precursor of one of the

hormones involved in the maintenance of calcium homeostasis and the reg-

ulation of cell proliferation and differentiation, where it has both endocrine

and paracrine actions. Dietary sources are relatively unimportant compared

with endogenous synthesis in the skin by photolysis of 7-dehydrocholesterol;

problems of deficiency arise when there is inadequate exposure to sunlight.

The deficiency diseases (rickets in children and osteomalacia in adults) are

therefore largely problems of temperate and subarctic regions, although cul-

tural factors that result in little exposure to sunlight may also cause problems

in subtropical and tropical areas. There are few foods that are rich sources of

vitamin D. It is generally accepted that, for people with inadequate exposure

to sunlight (young children and the house-bound elderly), supplements are

necessary to maintain adequate status. Excessively high intakes of vitamin D

are associated with hypercalcemia and calcinosis.

Although the pioneering studies of Chick and others during the 1920s

clarified the dual roles of sunlight exposure to promote endogenous synthe-

sis and dietary sources of the vitamin, it was not until high specific activity

[3H]vitamin D became available in the 1960s that the onward metabolism of

vitamin D to the active metabolite, calcitriol, was discovered, and its mech-

anism of action elucidated, largely by Kodicek and coworkers in Cambridge

andDeLuca and coworkers inWisconsin. Calcitriol acts as a steroid hormone,

binding to a nuclear receptor protein in target tissues and regulating gene ex-

pression. As a result of studies of the distribution of calcitriol receptors and the

induced proteins, a number of functions have been discovered for the vitamin

other than in themaintenance of calcium balance, including roles in cell pro-

liferation anddifferentiation, in themodulation of immune system responses,

and in the secretion of insulin and thyroid and parathyroid hormones.

77
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More recent studies, during the 1990s, have shown that calcitriol also has

rapid actions, acting via cell surface G-protein receptors linked to both adeny-

late cyclase and phospholipase cascade systems.

3.1 VITAMIN D VITAMERS, NOMENCLATURE, AND UNITS

OF ACTIVITY

Two compounds have the biological activity of vitamin D: cholecalciferol,

which is thecompound formed in the skin, andergocalciferol,which is synthe-

sized by ultraviolet (UV) irradiation of ergosterol (see Figure 3.1). The name

vitamin D1 was originally given to the crude product of irradiation of ergo-

sterol, which contained a mixture of ergocalciferol with inactive lumisterol

(an isomer of ergosterol) and suprasterols. When ergocalciferol was identified

as the active compound, it was called vitamin D2. Later, when cholecalciferol

was identified as the compound formed in the skin and found in foods, it was

called vitaminD3. VitaminD is a secosteroid – i.e., a steroid inwhich theB-ring

has undergone cleavage, followed by rotation of the A-ring (see Figures 3.1

and 3.2). The numbering of carbon atoms in the vitamin follows that of the

parent steroid nucleus, and, more confusingly, the assignation of positions

of substituents above or below the plane of the ring also follows that of the

parent steroid. This means that the 1-hydroxylated derivative, which actually

has the β-configuration, is correctly referred to as 1α-hydroxy. As discussed

in Section 3.2, vitamin D undergoes hydroxylation to the metabolically ac-

tive 1,25-dihydroxy derivative, and a number of abbreviations for the various

hydroxylatedderivatives are used in the literature. The recommendednomen-

clature for the metabolites is shown in Table 3.1.

Figure 3.1. VitaminDvitamers. Relativemolecularmasses (Mr): calciol, 384.6; ercalciol,
396.6.
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Table 3.1 Nomenclature of Vitamin D Metabolites

Trivial Name Recommended Name Abbreviation Mr

Vitamin D3
Cholecalciferol Calciol — 384.6
25-Hydroxycholecalciferol Calcidiol 25(OH)D3 400.6
1�-Hydroxycholecalciferol 1(S)-Hydroxycalciol 1�(OH)D3 400.6
24,25-Dihydroxycholecalciferol 24(R)-Hydroxycalcidiol 24,25(OH)2D3 416.6
1,25-Dihydroxycholecalciferol Calcitriol 1,25(OH)2D3 416.6
1,24,25-Trihydroxycholecalciferol Calcitetrol 1,24,25(OH)3D3 432.6

Vitamin D2
Ergocalciferol Ercalciol — 396.6
25-Hydroxyergocalciferol Ercalcidiol 25(OH)D2 412.6
24,25-Dihydroxyergocalciferol 24(R)-Hydroxyercalcidiol 24,25(OH)2D2 428.6
1,25-Dihydroxyergocalciferol Ercalcitriol 1,25(OH)2 D2 428.6
1,24,25-Trihydroxyergocalciferol Ercalcitetrol 1,24,25(OH)3D2 444.6

Abbreviations shown in column 3 are not recommended, but are frequently used in the liter-
ature.

Before the preparation of crystalline cholecalciferol, the standard for bio-

logical activity of vitamin Dwas a solution of irradiated ergosterol (and hence

ergocalciferol). The (obsolete) international unit (iu) of vitamin D activity is

equivalent to 25 ng (65 pmol) of cholecalciferol. One microgram of chole-

calciferol is equivalent to 40 iu (1 nmol is 104 iu). Cholecalciferol and ergo-

calciferol are not equipotent, and the relative biological activities of the two

vitamers differ in different species. Inmost species (including human beings),

cholecalciferol causes a greater increase in the circulating concentrationof the

25-hydroxy-derivative than does ergocalciferol, because of faster metabolic

clearance of ergocalciferol than cholecalciferol. In the rat, by contrast, there is

metabolic discrimination against cholecalciferol in favor of ergocalciferol. As

far as is known, the active metabolites (calcitriol and ercalcitriol) are equipo-

tent andbind tocalcitriol receptors in target tissues (Section3.3.3.1)withequal

affinity (Horst et al., 1982; Trang et al., 1998).

3.2 METABOLISM OF VITAMIN D

Synthetic ergocalciferol is used for enrichment and fortification of foods; its

metabolic fate is the sameas that of dietary cholecalciferol. Exceptwhere there

are known to be differences between the two vitamers, it is assumed that all of

the following discussion applies equally to ergocalciferol and cholecalciferol.

There are few rich dietary sources of vitaminD, and themajor source is usually

photosynthesis in the skin. Dietary vitamin D is absorbed in chylomicrons

and taken up rapidly by the liver as chylomicron remnants are cleared from



80 Vitamin D

Table 3.2 Plasma Concentrations of Vitamin D Metabolites

nmol/L

Cholecalciferol 1.3–156
24-Hydroxycalcidiol 2–20
Calcitriol 0.038–0.144
Calcidiol Adults, summer 37–87

Adults, winter 20–45
Adults with osteomalacia <10
Children, summer 50–100
Children, winter 27–52
Children with rickets <20
Risk of hypercalcemia >400

the circulation. By contrast, vitamin D synthesized in the skin is bound to

plasma vitamin D binding protein (Section 3.3.2.7) and is metabolized more

gradually.

Both dietary and endogenously synthesized vitamin D undergo 25-hy-

droxylation in the liver to yield calcidiol (25-hydroxycholecalciferol), which

is the main circulating form of the vitamin. This undergoes 1-hydroxylation

in the kidney to produce the active hormone calcitriol (1,25-dihydroxy-

cholecalciferol) or 24-hydroxylation in the kidney andother tissues to yield 24-

hydroxycalcidiol (24,25-dihydroxycholecalciferol).

Unlike the other fat-soluble vitamins, there is little or no storage of vitamin

D in the liver, except in oily fish. In human liver, concentrations of vitamin D

do not exceed about 25 nmol per kg. Significant amounts may be present in

adipose tissue,but this isnot really storageof thevitamin,because it is released

into the circulation as adipose tissue is catabolized, rather than in response

to demand for the vitamin. The main storage of the vitamin seems to be as

plasma calcidiol, which has a half-life of the order of 3 weeks (Holick, 1990).

In temperate climates, there is a considerable seasonal variation, with plasma

concentrations at the end of winter as low as half those seen at the end of

summer (see Table 3.2). The major route of vitamin D excretion is in the bile,

with less than 5% as a variety of water-soluble conjugates in urine. Calcitroic

acid (see Figure 3.3) is the major product of calcitriol metabolism; but, in

addition, there are a number of other hydroxylated and oxidizedmetabolites.

3.2.1 Photosynthesis of Cholecalciferol in the Skin
Cholecalciferol is formed nonenzymically in the skin by UV irradiation of

7-dehydrocholesterol, as shown in Figure 3.2. 7-Dehydrocholesterol is an
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Figure 3.2. Synthesis of calciol from 7-dehydrocholesterol in the skin.

intermediate in the synthesis of cholesterol that accumulates in the skin, but

not other tissues. It is synthesized in the sebaceous glands, secreted onto the

surface of the skin, and then absorbed into the epidermis. It is found through-

out the epidermis and dermis, with the highest concentration per unit surface

area in the stratum basale and stratum spinosum, which therefore have the

highest capacity for cholecalciferol synthesis. One of the possible causes of vi-

taminD deficiency in the elderly, in addition to low exposure to sunlight, is an

age-dependent decrease in the concentration of 7-dehydrocholesterol in the

epidermis – hence a reduction in the capacity for endogenous cholecalciferol

synthesis.

On exposure to UV light, 7-dehydrocholesterol undergoes photolysis, with

cleavage of the B-ring and inversion of the A-ring, to yield precalciferol (pre-

vitamin D or tacalciol). The peak wavelength for this photolysis is 296.5 nm;

for practical purposes, the useful range of solar radiation is the UV-B range,

between 290 nm (the lowest wavelength transmitted by ozone) and 320 nm.

At 310 nm, however, the yield of precalciferol is only 1% of that at 296.5 nm.

Precalciferol undergoes thermal isomerization to cholecalciferol. This is a slow

process; at 37◦C, there is 50% isomerization within 48 hours, and, after 4 days,

equilibrium is reached in vitro with about 83% cholecalciferol. In vivo, iso-

merization is somewhat more rapid because the equilibrium is shifted by the

removal of cholecalciferol bound to plasma vitamin D binding protein.
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Asdiscussed inSection3.6.1, excessoral vitaminDresults inhypercalcemia;

toxicity is associated with plasma concentrations of calcidiol above 400 nmol

perL.However,evenexcessiveexposure tosunlightdoesnot result invitaminD

intoxication, and theplasmaconcentrationof calcidiol doesnot rise above 100

to 200 nmol per L. During prolongedUV irradiation of the skin, the concentra-

tion of precalciferol does not rise above 10% to 15%of the initial concentration

of 7-dehydrocholesterol. This is because photolysis of 7-dehydrocholesterol

is reversible; light-catalyzed closure of the B-ring can result in formation of

either 7-dehydrocholesterol or lumisterol, in which the 19-methyl group has

theopposite configuration. In addition, precalciferol undergoesphotoisomer-

ization to tachysterol, which is biologically inactive; and cholecalciferol is also

sensitive to photodegradation, yielding 5,6-trans-cholecalciferol and biologi-

cally inactive suprasterols. There is no evidence that the cutaneous synthesis

of cholecalciferol is regulated by vitamin D status, and the administration of

calcitriol has no effect on the increase in serum calcidiol after exposure to UV

irradiation. Because of both the slow isomerization of precalciferol to chole-

calciferol and photoisomerization to inactive compounds, skin pigmentation

seemsnot toaffect the totalamountofcholecalciferol formedtoanysignificant

extent.

Sunlight is not strictly essential for cutaneous synthesis of cholecalciferol,

because UV-B penetrates clouds reasonably well; complete cloud cover re-

duces the available intensity by about 50%. It also penetrates light clothing.

However, low-intensity irradiation (below 20 mJ per cm2 in vitro) does not re-

sult in significant photolysis of 7-dehydrocholesterol to previtamin D. Acute

whole-body exposure to UV-B irradiation below 18mJ per cm2 does not result

in any detectable increase in plasma cholecalciferol or calcidiol. In temperate

regions (beyond about 40◦N or S), the intensity of UV-B is below this thresh-

old in winter, so there is unlikely to be any significant cutaneous synthesis of

the vitamin in winter, and plasma concentrations of calcidiol show a marked

seasonal variation in temperate regions (Holick, 1995; see Table 3.2).

3.2.2 Dietary Vitamin D
Thereare fewdietary sourcesof cholecalciferol.The richest sourcesareoilyfish

(especially fish liver oils), although eggs also contain a relatively large amount,

and there is a modest amount in milk fat and animal liver. In many countries,

margarine is fortified with vitamin D. No common plant foods contain vita-

min D, although some tropical plants contain calciferol glucuronides that are

hydrolyzed in the intestinal lumenandare a source of the vitamin. Indeed, this

can be a cause of hypervitaminosis and calcinosis in grazing animals.
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Dietary cholecalciferol and ergocalciferol are absorbed from the small in-

testine in lipid micelles and are transferred into chylomicrons. Some is then

transferred in the circulation onto the plasma vitaminD binding protein (Sec-

tion 3.2.7), but much enters the liver in chylomicron remnants. There is ev-

idence that cholecalciferol arriving in the liver in chylomicron remnants is

more susceptible to catabolism, rather than 25-hydroxylation, than is chole-

calciferol bound to the plasma vitamin D binding protein. In addition, in-

termittent and relatively high dietary intakes of cholecalciferol will lead to

high concentrations in the liver and hence increased catabolism, compared

with the more gradual release from the skin. Even in subjects consuming

foods fortified with ergocalciferol, and in winter when the intensity of UV-B

irradiation is below the threshold for cutaneous synthesis of calciferol, 80%

to 90% of circulating 25-hydroxyvitamin D is calcidiol rather than ercalcid-

iol. In elderly subjects, the plasma concentration of calcidiol may fall to be-

low 15 to 20 nmol per L in winter, suggesting that normal dietary intake

does not make a significant contribution (Lawson et al., 1979). An intake of

at least 5 µg per day is required to avoid this seasonal variation in plasma

calcidiol and the associated rise in parathyroid hormone secretion (Section

3.2.8.2), and maintenance of plasma calcidiol above 20 nmol per L requires

intakes of the order of 10 µg per day (Krall et al., 1989). This is considerably

above what can be achieved from a normal diet and suggests that supple-

ments are necessary when sunlight exposure and endogenous synthesis are

inadequate.

3.2.3 25-Hydroxylation of Cholecalciferol
There are two separate cytochrome P450-dependent mixed-function oxidases

in the liver thatcatalyze the25-hydroxylationofcholecalciferol (seeFigure3.3).

The activity of both enzymes is higher in tissue from vitamin D-deficient an-

imals, and there is some evidence that calcitriol either inhibits or represses

them. The mitochondrial enzyme (CYP27A), which has a Km of 10−5 M, cat-

alyzes the hydroxylation of cholecalciferol twice as fast ergocalciferol. It also

acts on a number of C-27 steroids and is involved in bile acid synthesis. This

enzyme requires ferredoxin and ferredoxin reductase for activity. The micro-

somal enzyme (CYP2D25), with a Km of 10−7 M, only acts on cholecalciferol,

and not ergocalciferol, although it also acts on a number of C-27 steroids and

will catalyze the 25-hydroxylation of 1α-hydroxycholecalciferol (hydroxycal-

ciol) to calcitriol. As discussed in Section 3.4.2, this has been exploited to treat

andprevent problemsof vitaminD-resistant rickets andosteomalacia in cases

of renal failure (renal osteodystrophy) using 1α-hydroxycholecalciferol.
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Figure 3.3. Metabolism of calciol to yield calcitriol and 24-hydroxycalcidiol.

Cholecalciferol 25-hydroxylase is not restricted to the liver; kidneys, skin,

and gutmicrosomes also have a cytochromeP450-dependent enzyme that cat-

alyzes the 25-hydroxylation of cholecalciferol and 1α-hydroxycholecalciferol,

but not ergocalciferol. Although there is some evidence that calcitriol can re-

duce the activity of calciferol 25-hydroxylase, it is not known whether this is

physiologically important; themajor factor controlling 25-hydroxylation is the

rate of uptake of cholecalciferol into the liver. It is the fate of calcidiol in the

kidneys that provides themost important regulation of vitaminDmetabolism

(Wikvall, 2001).
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3.2.4 Calcidiol 1�-Hydroxylase
Theactivemetabolite of vitaminD, calcitriol, is formed in theproximal tubules

of the kidneys from calcidiol. There are three cytochrome P450-dependent

enzymes in kidneys that catalyze 1-hydroxylation of calcidiol: CYP27A and

CYP27 inmitochondriaandamicrosomal1α-hydroxylase,which is ferredoxin-

dependent. It is likely that the microsomal enzyme is the most important; its

synthesis is induced by cAMP in response to parathyroid hormone (Section

3.2.8.2) and repressed by calcitriol (Omdahl et al., 2001; Wikvall, 2001).

Calcidiol 1α-hydroxylase is not restricted to the kidney, but is also found

in placenta, bone cells (in culture), mammary glands, and keratinocytes. The

placental enzyme makes a significant contribution to fetal calcitriol, but it is

not clear whether the calcidiol 1-hydroxylase activity of other tissues is phys-

iologically significant or not. Acutely nephrectomized animals given a single

doseof calcidiol donot formanydetectable calcitriol, but there is some forma-

tionof calcitriol in anephric patients,which increases on the administrationof

cholecalciferol or calcidiol. However, this extrarenal synthesis is not adequate

to meet requirements, so that osteomalacia develops in renal failure (Section

3.4.1). The enzyme is inhibited, or possibly repressed, by strontium ions; this

is the basis of strontium-induced vitamin D-resistant rickets, which responds

to the administration of calcitriol or 1α-hydroxycalciol, but not calciferol or

calcidiol (Omdahl and DeLuca, 1971).

Calcidiol 1α-hydroxylase also acts on 24-hydroxycalcidiol, yielding cal-

citetrol; indeed, it has a relatively lowspecificity andwill act onany secosteroid

with hydroxyl groups at C-3 and C-25. Calcitriol has a shortmetabolic half-life

after injection of the order of 4 to 6 hours (Holick, 1990). But, under normal

conditions, theregulationof its synthesismeans that theplasmaconcentration

remains fairly constant, depending on the state of calcium balance (Hewison

et al., 2000).

3.2.5 Calcidiol 24-Hydroxylase
Both calcidiol and calcitriol are substrates for 24-hydroxylation, catalyzed by a

cytochrome P450-dependent enzyme in kidneys, intestinal mucosa, cartilage,

and other tissues that contain calcitriol receptors. This enzyme is induced by

calcitriol; the activities of calcidiol 1-hydroxylase and 24-hydroxylase in the

kidney are subject to regulation in opposite directions, so that decreased re-

quirement for, and synthesis of, calcitriol results in increased formation of

24-hydroxycalcidiol. Kidney epithelial cells in culture show increased forma-

tion of 24-hydroxycalcidiol, and decreased formation of calcitriol, after the

addition of calcitriol or high concentrations of calcium to the culturemedium.
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Conversely, the addition of parathyroid hormone results in decreased 24-

hydroxylationand increased1-hydroxylation(JuanandDeLuca,1977;Omdahl

et al., 2001; Wikvall, 2001). There is evidence that the high prevalence of vita-

minDdeficiencyamongpeople fromthe Indian subcontinentmaybebecause

of genetically determined high activity of calcidiol 24-hydroxylase, rather than

cultural and dietary factors (Awumey et al., 1998).

Early studies suggested that 24-hydroxylationof calcidiolwas apathway for

inactivation of the vitamin, a conclusion that is supported by the observation

that calcidiol 24-hydroxylase is activated and inducedby calcitriol. Fish-eating

mammals, such as seals, that have a very high intake of cholecalciferol, do not

show vitamin D intoxication. Although they have plasma concentrations of

calcitriol similar to those seen in other mammals, after the administration

of [3H]cholecalciferol, label is found in calcidiol and 24-hydroxycalcidiol, not

calcitriol, suggesting that 24-hydroxylation provides a means of inactivating

excesscalciferolandhenceavoidingvitaminDintoxication(Keiveretal., 1988).

There is evidence that 24-hydroxycalcidiol has physiological functions dis-

tinct from those of calcitriol, and the regulation of the 24-hydroxylase suggests

that it functions to provide ametabolically active product, as well as diverting

calcidiol away fromcalcitriol synthesis (Henry, 2001). Studiesofknockoutmice

lacking the 24-hydroxylase show that 24-hydroxycalcidiol has a role in both in-

tramembranous bone formation during development and the suppression of

parathyroid hormone secretion (St-Arnaud, 1999; van Leeuwen et al., 2001).

3.2.6 Inactivation and Excretion of Calcitriol
Most vitaminD is excreted in the bile; less than 5% is excreted aswater-soluble

metabolites in urine. Some 2% to 3% of the vitaminD in bile is cholecalciferol,

calcidiol, and calcitriol, but most is a variety of polar metabolites and their

glucuronide conjugates. Inmost tissues, themajor pathway for inactivation of

calcitriol is by way of 24-hydroxylation to calcitetrol, then onward oxidation

by way of the 24-oxo-derivative, 23-hydroxylation, and oxidation to calcitroic

acid (see Figure 3.3). In addition, a variety of hydroxylated and other polar

metabolites have been identified in bile, andmany of these onward oxidation

products alsoundergoglucuronideconjugation in the liver (ReddyandTserng,

1989).

Compounds that induce cytochrome P450-dependent hydroxylases, such

as barbiturates and the anticonvulsants primidone and diphenylhydantoin,

cause increased output of vitamin D metabolites in the bile, and increase the

rate of inactivation of calcidiol by liver microsomes. As a result of this, long-

term use of these anticonvulsantsmay be associated with the development of
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osteomalacia, although barbiturates also cause some induction of calciferol

25-hydroxylase, thus increasing the hydroxylation of calciferol to calcidiol.

3.2.7 Plasma Vitamin D Binding Protein (Gc-Globulin)
Cholecalciferol, calcidiol, calcitriol, and 24-hydroxycalcidiol are all trans-

ported bound to the same plasma binding protein – Gc-globulin, also known

as the group-specific component or transcalciferin. There are three major

formsofGc-globulin,withdifferingprimarystructures, andanumberofminor

variants of each because of differences in postsynthetic glycosylation. There

is considerable polymorphism among human populations; because of this,

Gc-globulin has been investigated both for its interest in population genetics

and also its potential value in forensic medicine. All the variants bind vitamin

D and its metabolites with similar affinity. It is noteworthy that the absence

of Gc-protein has never been detected, suggesting that a deletion of this pro-

tein may be fatal. Cholecalciferol is also transported in plasma lipoproteins,

so that about 60% is normally bound to Gc-globulin and 40% to lipoproteins.

It is only that fraction bound to lipoproteins that is taken up by the liver for

25-hydroxylation (Haddad et al., 1988). In addition to its role in the plasma

transport of vitaminD, and control over tissue uptake, Gc-globulin represents

the major storage site for the vitamin, mainly as calcidiol.

The plasma binding protein has a higher affinity for calcidiol and 24-

hydroxycalcidiol than for calcitriol or cholecalciferol. The plasma concentra-

tion of Gc-globulin is about 6 mmol per L – considerably higher than the

concentrations of other hormone binding proteins, such as thyroxine binding

globulin (300 µmol per L), cortisol binding globulin (800 µmol per L), or sex

hormone binding globulin (40 µmol per L in males and 80 µmol per L in fe-

males) and far in excess of circulating vitaminD. As a result of this, whereas the

other hormone binding globulins are about 50% saturated under normal con-

ditions, the vitamin D binding protein is only about 2% saturated. Thismeans

that changes in the circulating concentration of the protein are unlikely to

have any significant effect on the small proportion of vitamin D metabolites

that is free, rather than protein-bound. Again, unlike other hormone binding

globulins, the plasma concentration of Gc-globulin is not affected by vita-

min D status or other factors that affect calcium homeostasis and vitamin D

metabolism (Cooke and Haddad, 1989; Haddad, 1995).

3.2.8 Regulation of Vitamin D Metabolism
The main physiological function of vitamin D is in the control of calcium

homeostasis, and vitamin D metabolism is regulated largely by the state of
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calcium balance. The main regulation of vitamin D metabolism is by control

of the activities of calcidiol 1-hydroxylase and 24-hydroxylase, and hence the

fate of calcidiol. In general, factors that increase the activity of one of the

hydroxylases simultaneously reduce the activity of the other. Althoughplasma

calcitriol is relatively constant throughout the year, 24-hydroxycalcidiol shows

a seasonal fluctuation that reflects that of calcidiol.

3.2.8.1 Calcitriol Themajor determinant of the relative activities of calcid-

iol 1-hydroxylase and 24-hydroxylase is the availability of calcitriol. In vitamin

D-deficient animals, with low circulating concentrations of calcitriol, the ac-

tivity of 1-hydroxylase in the kidneys ismaximal. There is little or nodetectable

24-hydroxylase activity. Both in vivo and in isolated kidney cells in culture, the

addition of calcitriol results in induction of the 24-hydroxylase and repres-

sion of 1-hydroxylase; removal of calcitriol from the culturemedium results in

induction of 1-hydroxylase and repression of 24-hydroxylase.

3.2.8.2 Parathyroid Hormone Parathyroid hormone raises plasma cal-

cium by direct effects on bone resorption and renal reabsorption of calcium,

and indirectly by regulating the metabolism of vitamin D. It is a peptide and

acts via cell surface G-protein receptors linked to adenylate cyclase. The

parathyroid glands have G-protein cell surface calcium receptors linked to

phospholipase C, and parathyroid hormone is secreted in response to hypo-

calcemia. Magnesium is required for secretion of the hormone, which may

explain the development of hypocalcemia in premature infants who aremag-

nesium deficient.

In the kidneys, parathyroid hormone increases 1-hydroxylation of calcidiol

and reduces 24-hydroxylation. This is not the result of de novo enzyme syn-

thesis, but an effect on the activity of the preformed enzymes, mediated by

cAMP-dependent protein kinases. In turn, calcitriol has a direct role in the

control of parathyroid hormone, acting to repress expression of the gene. In

chronic renal failure, there is reduced synthesis of calcitriol, leading to the

development of secondary hyperparathyroidism that results in excess mobi-

lization of bone mineral, hypercalcemia, hypercalciuria, hyperphosphaturia,

and the development of calcium phosphate renal stones.

3.2.8.3 Calcitonin Calcitonin is secreted by the C cells of the thyroid gland

in response to hypercalcemia. Its primary action is to oppose the actions of

parathyroid hormone by suppressing osteoclast actions. It also stimulates
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calcidiol 1-hydroxylation in the kidney. Two separate mechanisms seem to

be involved: (1) a rapid increase in the activity of 1-hydroxylase, mediated by

a cAMP-dependent protein kinase, and (2) a slower response that involves

de novo enzyme synthesis. Isolated kidney cells in culture do not respond

to calcitonin. The effect is not seen when calcitonin is given to thyro-para-

thyroidectomized animals. This suggests that calcitoninmay act indirectly, via

actions on the parathyroid gland and parathyroid hormone secretion, rather

than directly on calcidiol hydroxylases.

3.2.8.4 Plasma Concentrations of Calcium and Phosphate Although

the main response to changes in plasma calcium is a change in the secre-

tion of parathyroid hormone, the activity of calcidiol 1-hydroxylase in kid-

ney slices is decreased directly by high concentrations of calcium in the in-

cubation medium. Calcium has no direct effect on the activity of calcidiol

24-hydroxylase under these conditions. Strontium and cadmium also inhibit

calcidiol 1-hydroxylase.

The serum concentration of calcitriol varies inversely with phosphate

throughout the day. Feeding subjects on low phosphate diets leads to a fall

in serum phosphate and an increase in circulating calcitriol. It is not clear

whether or not this is a direct effect of phosphate on the kidneyhydroxylases.

3.3 METABOLIC FUNCTIONS OF VITAMIN D

The principal physiological role of vitamin D is in the maintenance of the

plasma concentration of calcium. Calcitriol acts to increase intestinal absorp-

tion of calcium, to reduce its excretion by increasing reabsorption in the distal

renal tubule, and to mobilize the mineral from bone – of the 25 mol of cal-

cium in the adult body, 99% is in bone. The daily intake of calcium is around

25 mmol, and intestinal secretions add an additional 7 mmol to the intestinal

contents; 10 to 14 mmol of this is normally absorbed, with 18 to 22 mmol ex-

creted in feces. Bone turnover accounts for exchange of 10 mmol of calcium

between bone and plasma daily. The kidneys filter some 240mmol of calcium

daily, almost all of which is reabsorbed; urinary excretion of calcium is about

3 to 7 mmol per day.

Calcitriol acts like a steroid hormone, binding to, and activating, nuclear

receptors that modulate gene expression. More than 50 genes are known to

be regulated by calcitriol (see Table 3.3), but vitamin D response elements

have only been identified in a relatively small number, including: calcidiol 1-

hydroxylase and 24-hydroxylase; calbindin, a calcium binding protein in the
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Table 3.3 Genes Regulated by Calcitriol

Increased Expression Decreased Expression

Vitamin D Calcitriol receptor
metabolism Calcidiol 1-hydroxylase

Calcidiol 24-hydroxylase

Mineral Calbindin D Preproparathyroid hormone
metabolism Osteocalcin Transferrin receptor

Osteopontin
Plasma membrane calcium pump
Metallothionein

Energy Glyceraldehyde 3-phosphate Fatty acid binding protein
metabolism dehydrogenase

ATP synthase
NADH dehydrogenase subunit I NADH dehydrogenase subunit II
NADH dehydrogenase subunit IV
Cytochrome oxidase Cytochrome b
Protein kinase C Protein kinase inhibitor

Ferredoxin

Regulatory Nerve growth factor Histone H4
peptides Interleukin I Interleukin II

Interleukin 6
Interleukin III receptor
Cachexin (tumor necrosis factor-�) �-Interferon
Monocyte-derived Granulocyte-macrophage
neutrophil-activating peptide colony stimulating factor

Cytoskeleton Fibronectin �-tubulin
Osteoclast integrin

Oncogenes c-fms, c-fos, c-ki-ras, c-myc c-myc
Type I collagen

Source: From data reported by Hannah and Norman, 1994.

intestinal mucosa and other tissues; the vitamin K-dependent protein osteo-

calcin in bone (Section 5.3.3); and osteopontin, which permits the attachment

of osteoclasts to bone surfaces and the osteoclast cell membrane isoform of

integrin. In addition, calcitriol affects the secretion of insulin and the synthe-

sis and secretion of parathyroid and thyroid hormones – these actionsmay be

secondary to changes in intracellular calcium concentrations resulting from

induction of calbindin.

Calcitriol also has a role in the regulation of cell proliferation and differ-

entiation. In addition to genomic actions, it has a variety of actions that are

because of interaction with cell surface G-protein receptors.

24-Hydroxycalcidiol is also biologically active. In hypocalcemic vitamin

D-deficient chicks, calcitriol alone does not reverse the hypertrophy of the



3.3 Metabolic Functions of Vitamin D 91

parathyroid gland; 24-hydroxycalcidiol, together with calcitriol, does – al-

though alone it has no effect (Henry et al., 1977). In hens raised to maturity

with calcitriol as the sole source of vitamin D, although the fertility of the eggs

is unimpaired, hatchability is greatly reduced and can be restored by feed-

ing 24-hydroxycalcidiol, together with calcitriol (Henry and Norman, 1978).

24-Hydroxycalcidiol also has biological activity in cartilage. Isolated chondro-

cytes show increased formation of proteoglycans in response to both calcitriol

and 24-hydroxycalcidiol. Studies of knockoutmice lacking the 24-hydroxylase

show that 24-hydroxycalcidiol has a role in intramembranous bone formation

during development (St-Arnaud, 1999; van Leeuwen et al., 2001).

3.3.1 Nuclear Vitamin D Receptors
ThenuclearvitaminDreceptorwasoriginally studied in intestinalmucosa,but

has subsequently been found in a variety of other tissues that have therefore

been shown to be vitamin D-responsive, including kidneys, bone, parathy-

roid gland, β-islet cells of the pancreas, pituitary, placenta, uterus, mammary

glands, skin, thymus,monocytes,macrophages, and activated T lymphocytes.

Like other steroid hormone receptors, it is a zinc finger protein; it has the same

high affinity (of the order of 10−11 M) for both calcitriol and ercalcitriol.

The vitamin D receptor acts mainly as a heterodimer with the retinoid X

receptor (RXR; Section 2.3.2.1). Binding of calcitriol induces a conformational

change in the receptor protein, permitting dimerization with occupied or un-

occupied RXR, followed by phosphorylation to activate binding to the vita-

min D response element on DNA (DeLuca and Zierold, 1998). Abnormally

high concentrations of 9-cis-retinoic acid result in sequestration of RXR as the

homodimers, meaning that it is unavailable to form heterodimers with the

vitamin D receptor (or other receptors); excessive vitamin A can therefore an-

tagonize the nuclear actions of vitamin D (Haussler et al., 1995; Rohde et al.,

1999).

ThevitaminDreceptor-RXRheterodimerbinds in5′RXR-VDR3′polarity toa
direct repeathormoneresponseelement.However, thevitaminDreceptoralso

forms heterodimers with the retinoic acid receptor and the thyroid hormone

receptor. All three vitamin D receptor dimers can interact with either direct

repeat or inverted palindromic hormone response elements. In heterodimers,

the vitamin D receptor may be at the 5′-position or 3′-position, resulting in
six types of activated vitamin D receptor dimers that can bind to two types

of response elements, raising the possibility of multiple signaling pathways

(Carlberg, 1996; Carlberg et al., 2001; Yamada et al., 2001b).

Synthesisof thevitaminDreceptor is increased in response tobothparathy-

roid hormone (Section 3.2.8.2) and calcitriol. It is not clear whether or not the
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response to calcitriol is from increased transcription. There is evidence that

the ligand-occupied receptor protein ismore resistant to degradation than the

empty receptor and therefore survives longer (Christakos et al., 1996).

Type II vitamin D-resistant rickets (Section 3.4.2) is associated with target

tissue resistance to calcitriol. Most cases are from either a lack of calcitriol

receptors or impaired binding of calcitriol to the receptor. Thus, higher than

normal concentrations of calcitriol are required to saturate the receptor. Some

affected families show normal binding of calcitriol to the receptor, with an

apparent defect in the DNA binding domain (Griffin and Zerwekh, 1983).

3.3.2 Nongenomic Responses to Vitamin D
With the isolated perfused duodenum, there is a rapid increase in calcium

transport in response to the addition of calcitriol to the perfusion medium.

Isolated enterocytes and osteoblasts also show a rapid increase in calcium

uptake in response to calcitriol. It is not associated with changes in mRNA

or protein synthesis, but seems to be because of recruitment of membrane

calcium transport proteins from intracellular vesicles to the cell surface. It is

inhibitedby the antimicrotubule compoundcolchicine. It canonly bedemon-

strated in tissues from animals that are adequately supplied with vitamin D;

in vitamin D-deficient animals, the increase in intestinal calcium absorption

occurs only more slowly, together with the induction of calbindin.

In osteoblasts, keratinocytes, and colonocytes, andpossibly other cells, cal-

citriol acts via cell surface receptors linked to phospholipase C, resulting in

release of diacylglycerol and inositol trisphosphate (Section 14.4.1), followed

by opening of intracellular calcium channels and activation of protein kinase

C and mitogen-activated protein (MAP) kinases. The effect of this is inhibi-

tion of cell proliferation and induction of differentiation. A variety of analogs

of calcitriol that do not bind to the nuclear receptor do bind to, and activate,

the cell surface receptor, including 1,25-dihydroxy-7-dehydrocholesterol and

1,25-dihydroxylumisterol. The rapid nongenomic responses to vitamin D can

be demonstrated in knockout mice that lack the vitamin D nuclear receptor

(Farach-Carson and Ridall, 1998; Nemere and Farach-Carson, 1998).

Calcitriol modulates the maturation of chondrocytes via a cell surface re-

ceptor linked to phospholipase and protein kinase C; in response to calcitriol,

there are rapid changes in arachidonic acid release from, and reincorporation

into, membrane phospholipids, and increased synthesis of prostaglandins E1
andE2 (Boyanet al., 1999). 24-Hydroxycalcidiol alsomodulates thematuration

of chondrocytes, acting via cell surface receptors linked to phospholipase

D, causing inactivation of both protein kinase C and MAP kinases, thus
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resulting in both genomic and nongenomic actions. Chondrocytes form 24-

hydroxycalcidiol themselves, and this may represent both endocrine and au-

tocrine actions (Boyan et al., 2001).

In thyroidcells inculture, calcitriol reducesproductionof cAMPin response

to thyroid stimulating hormone by a nuclear action on the synthesis of G-

protein subunits. However, it also reduces the responsiveness to cAMP, and

attenuates cell growth and iodide uptake in response to thyroid stimulating

hormone,with a rapid timecourse fromdirect actiononprotein kinaseA (Berg

and Haug, 1999).

3.3.3 Stimulation of Intestinal Calcium and Phosphate Absorption
Early studies showed that, after the administration of [3H]cholecalciferol or

ergocalciferol to vitamin D-deficient animals, there is marked accumulation

of [3H]calcitriol in the nuclei of intestinal mucosal cells. Physiological doses

of vitamin D cause an increase in the intestinal absorption of calcium in defi-

cient animals; the response is faster after the administration of calcidiol and

faster still after calcitriol. There are two separate responses of intestinal mu-

cosal cells to calcitriol: a rapid increase in calcium uptake that is due to re-

cruitment of calcium transporters to the cell surface (Section 3.3.2) and a later

response from the induction of a calcium binding protein, calbindin-D.

3.3.3.1 Induction of Calbindin-D In response to calcitriol administration,

there is an increase inmRNA synthesis and then in the synthesis of calbindin-

D in intestinal mucosal cells, which is correlated with the later and more sus-

tained increase in calcium absorption. In vitamin D-deficient animals, there

is no detectable calbindin in the intestinal mucosa, whereas in animals ade-

quatelyprovidedwithvitaminD, itmayaccount for 1%to3%of solubleprotein

in the cytosol of the columnar epithelial cells. Although the rapid response to

calcitriol is an increase in the permeability of the brush border membrane to

calcium, the induction of calbindin permits intracellular accumulation and

transport of calcium. The rapid increase in net calcium transport in tissue

from vitamin D-replete animals is presumably dependent on the calbindin

that is already present; in deficient animals, there can be no increase in cal-

cium transport until sufficient calbindin has accumulated to permit intracel-

lular accumulation, despite the increased permeability of the brush border.

Calbindin is a relatively small protein (the chickproteinhas anMr of 28,000,

whereas those from mammalian intestinal mucosa have Mr between 8,000

to 11,000) and binds calcium with high affinity (Kdiss 1 − 10 × 10−7 M). The

mammalian intestinal protein (calbindin-D9k) has two calcium binding
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domains,whereas thechickprotein (calbindin-D28k)has four. Aswell asbeing

the intestinal calcium binding protein in birds, calbindin-D28k is also found

in mammalian kidneys, liver, and pancreas. There is little sequence homol-

ogy between calbindin-D9k and calbindin-D28k, despite the fact that there is

considerable interspecies homology in calbindin-D28k. The calcium binding

domain of calbindin-D is distinct from the lower affinity calcium binding do-

mains of the γ -carboxyglutamate-containing calcium binding proteins (Sec-

tion 5.3) and is similar to that of other high-affinity calcium binding proteins,

such as calmodulin, parvalbumin, troponin C, and brain S-100 protein, none

of which is calcitriol dependent. It consists of an octahedral calcium binding

region formed from a helix–loop–helix structure; the loop region has side-

chain oxygen atoms that chelate calcium. Other metal ions are also bound,

with lower affinity: cadmium > strontium > manganese > zinc > barium >

cobalt>magnesium.

3.3.4 Stimulation of Renal Calcium Reabsorption
Almost all of the 240mmol of calciumfiltered daily in the kidney is reabsorbed

by three mechanisms (Friedman, 2000):

1. In the proximal tubules, calcium absorption is mainly by a paracellular

route that is not regulated by hormones.

2. Inthethickascending limbs, therearebothparacellularandtranscellular

routes: theactivetranscellularrouteisregulatedbyparathyroidhormone

(increasing reabsorption) and calcitonin (reducing reabsorption), the

paracellular route by cotransport with sodium.

3. In thedistal tubule, reabsorption isentirely transcellular, and is regulated

by parathyroid hormone and calcitriol (increasing reabsorption) and

calcitonin (reducing reabsorption).

Although calcitriol is synthesized only in the proximal renal tubule, after

the administration of [3H]calcidiol, radioactivity in the kidney accumulates

only in the distal and collecting tubules. This is the region in which selective

resorptionof calcium fromtheurineoccurs and, in response to calcitriol, there

is induction of calbindin-D28k. As in the intestinal mucosa, calbindin in the

kidney is a cytosolic protein and is presumably involved in the intracellular

accumulation and transport of calcium.

3.3.5 The Role of Calcitriol in Bone Metabolism
Inaddition to the roleofbonemineral asa structural componentofbone, it can

be regarded as amajor reserve of calcium for thebody. In anadult, the skeleton

contains 25mol of calcium, whereas the total extracellular fluids contain only

about 25 mmol. Parathyroid hormone, calcitonin, and calcitriol regulate the
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intestinal absorption and renal excretion of calcium, and the mobilization

and deposition of bone calcium, maintaining the plasma concentration in a

narrow range between 2.2 to 2.55mmol per L. Of this, 0.7mmol per L is bound

to albumin and therefore not readily diffusible; a further 0.25 mmol per L is

chelated, for example, by citrate. The metabolically important fraction is the

remaining 1.3 mmol per L that is present as free Ca2+ ions.
Bone mineral is largely calcium phosphate, in the form of hydroxyapatite

[Ca10(PO4)6(OH)2], although it also contains carbonate and citrate, as well as

magnesium and traces of fluoride and strontium. The mineral has a very fine

crystal structure, and hence a large surface area; as discussed in Section 5.3.3,

the functionofosteocalcin, theγ -carboxyglutamate-containingcalciumbind-

ing protein in the bone matrix, is to modify crystallization of bone mineral.

The maintenance of bone structure is because of the balanced activity of os-

teoclasts, which erode existing bone mineral and organic matrix. Osteoblasts

synthesize and secrete theproteins of thebonematrix andalsohave resorptive

activity. Mineralization of the organicmatrix seems to be largely controlled by

the availability of adequate concentrations of calcium and phosphate, modu-

lated by osteocalcin.

Osteoblasts also synthesize and secrete into the bone matrix a variety of

compounds thatmodify the responsiveness of osteoclasts to inhibition by cal-

citonin and prostaglandins. They have both nuclear and cell surface receptors

for calcitriol, as well as receptors for parathyroid hormone, glucocorticoids,

epidermal growth factor, prostaglandins, estrogens, and androgens. They are

susceptible to multiple hormonal modulation of activity. In response to cal-

citriol, they show decreased synthesis of collagen and alkaline phosphatase,

and increased synthesis of osteocalcinandosteopontin. Theseare genomic re-

sponses associatedwith nuclear receptors. There are also rapid (nongenomic)

responsesmediatedbycell surface receptors that includeactivationofvoltage-

gatedcalciumchannels, inductionofphospholipidandsphingolipid turnover,

an increase in intracellular calcium, and priming of parathyroid hormone-

sensitive ion channels, as well as second messenger cascades. There is also a

slower, nongenomic response to calcitriol, with a time course of 1 to 3 hours

and phosphorylation of a variety of secreted proteins, including osteopontin

(Farach-Carson and Ridall, 1998).

Physiologically, the response of bone to calcitriol is resorption of bonemin-

eral and matrix protein. Both calcitriol and parathyroid hormone increase

bone resorption in vivo and in bone organ culture, but have no effect on the

activity of isolated osteoblasts. In addition to direct stimulation of the resorp-

tive activity of osteoblasts, calcitriol increases osteoclastic activity. This is not

because of a direct effect of calcitriol on osteoclasts, which lack calcitriol
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receptors, but rather an increase in the differentiation of osteoclast precursor

cells into mature osteoclasts. It is not known whether osteoclast precursors

respond directly to calcitriol, or whether the effect is indirect, mediated by

calcitriol-responsive leukocytes or osteoblasts. Osteoblasts stimulated by cal-

citriolorparathyroidhormonesecreteoneormoresmallproteins that increase

the activity of osteoclasts (Bar-Shavit et al., 1983).

Osteoclastic activity is inhibited by calcitonin and prostaglandins I2, E1,

and E2, all of which act directly on the osteoclast; there is some evidence

that osteoblasts may synthesize and secrete some of the osteoclast inhibitory

prostaglandins. Calcitriol and parathyroid hormone stimulation of osteoblast

resorptive activity also cause the synthesis and release of a variety of growth

factors from the osteoblasts. These accumulate in the bone and act as delayed

activators of osteoblast proliferation and activation. Although the immediate

response of osteoblasts to calcitriol is repression of the synthesis of collagen

and alkaline phosphatase (Rowe and Kream, 1982), between 24 to 48 hours

after calcitriol administration there is increased collagen synthesis, with both

newmRNAsynthesisandan increasedrateof translationof theexistingmRNA,

and inductionof alkalinephosphatase andosteocalcin (Franceschi et al., 1988;

Boyan et al., 1989). Alkaline phosphatase may have an important role in min-

eralization by hydrolyzing pyrophosphate and ATP in the bone matrix, both

of which are inhibitors of mineralization; inhibition of alkaline phosphatase

inhibits calcification of cartilage in culture. The combined effect of the de-

layed autocrine activators of osteoblast proliferation released by parathyroid

hormone or calcitriol-stimulated osteoblasts, and the delayed induction of

collagen, osteocalcin, and alkaline phosphatase synthesis is thus to promote

the formationandmineralizationofnewbonematrix to replace that resorbed.

3.3.6 Cell Differentiation, Proliferation, and Apoptosis
Not only is calcitriol an important determinant for the differentiation of osteo-

clastprecursorcells, italsodirects thedifferentiationandmaturationofnormal

and leukemic cells into monocytes, and potentiates apoptosis induced by 9-

cis-retinoic acid, although it does not induce apoptosis itself. This suggests

the possibility of what has been calledmaturation therapy for leukemia rather

than conventional chemotherapy (James et al., 1999).

Calcitriol induces terminal differentiation of skin keratinocytes in culture,

an action that has been exploited in the treatment of psoriasis (Section 3.6.2).

In keratinocytes in culture, both calcium and calcitriol are required for dif-

ferentiation. Cells lacking the calcium-sensing receptor or phospholipase

C-γ 1 fail to differentiate in response to calciumor calcitriol, suggesting that in
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addition to nuclear actions, calcitriol also modulates differentiation via cell

surface receptors, phospholipase, and a protein kinase C cascade (Bikle et al.,

2001; Bollinger and Bollag, 2001). Keratinocytes not only form cholecalciferol

from 7-dehydrocholesterol (Section 3.2.1), but also hydroxylate it to calcitriol.

This endogenous formation of calcitriol is regulated, and changes as the cells

differentiate, so there is both endocrine and autocrine regulation of differen-

tiation by calcitriol (Bikle, 1995).

Hair follicles also have calcitriol receptors and type II vitamin D-resistant

rickets (Section 3.4.2), which is caused by lack of calcitriol receptor function,

is associated with total alopecia, suggesting that calcitriol has a role in their

development.

Vitamin D receptors have been identified in a variety of tumor cells. At low

concentrations, calcitriol is a growth promoter, whereas at higher concentra-

tions it inhibits proliferation of a variety of tumor cells in culture, including

breast and prostate tumor cells. There is an epidemiological association be-

tween low vitaminD status and prostate cancer. Calcitriol has both antiprolif-

erativeandproapoptoticactions incancercells inculture.Theantiproliferative

effect is by suppression of growth stimulatory factors and the potentiation of

growth inhibitory signals, and serves to introduce a block in the cell cycle at

the transition from the G1 phase to the S phase. Apopotosis is induced by

increased translocation of the proapoptotic Box protein into mitochondria,

leading to increased formation of cytotoxic reactive oxygen species (Blutt and

Weigel, 1999; Narvaez et al., 2001; Ylikomi et al., 2002).

Adipocytes have vitamin D receptors, and there is evidence that vitamin D

may act as a suppressor of adipocyte development (Kawada et al., 1996). It has

been suggested that vitaminD inadequacymaybe a factor in thedevelopment

of the metabolic syndrome (“syndrome X,” the combination of insulin resis-

tance, hyperlipidemia, and atherosclerosis associated with abdominal obe-

sity). Sunlight exposure, and hence vitamin D status, may be a factor in the

difference in incidence of atherosclerosis and myocardial infarction between

northernandsouthernEuropeancountries; in addition toeffects onadipocyte

development, calcitriol also enhances insulin secretion through induction of

calbindin-D (Section 3.3.7.1), and there is some evidence vitamin D supple-

ments can improve glucose tolerance (Boucher, 1998).

3.3.7 Other Functions of Calcitriol
Calcitriol receptorshavebeen identified inavarietyof tissues; in someof these,

the effect of calcitriol is to induce the synthesis of calbindin-D; in others, it is

regulation of cell proliferation and differentiation.
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Calbindin-D9k has been identified in both the placenta and yolk sac of

rats and mice, and increases in the later stages of gestation when there is

considerable fetal uptakeof calcium formineralizationof the skeleton. Inboth

birds andmammals, calcitriol is also required for ovulation (Halloran, 1989).

Calbindin-D28k is found in both the central and peripheral nervous sys-

tems. In the central nervous system, it is apparently a constitutive, calcitriol-

independent protein, whereas in peripheral nerves, it is induced by calcitriol.

3.3.7.1 Endocrine Glands Calcium is known to be important in the se-

cretion of insulin; in vitamin D deficiency, there is impairment of secretion.

Calbindin-D28k in the β-islet cells of the pancreas is believed to be calcitriol

dependent, unlike similar calcium binding proteins in other pancreatic cells

that are constitutive proteins and independent of calcitriol.

3.3.7.2 The Immune System Calcitriol has effects on the proliferation,

differentiation, and immune function of lymphocytes and monocytes. Lym-

phocytes from vitamin D-deficient mice show impaired inflammatory and

phagocytic responses. There is a correlation between plasma concentrations

of calcidiol (andhence vitaminD status) and circulating concentrations of im-

munoglobulins (Sedrani, 1988). Peripheralmonocytes andmacrophages have

a constitutive calcitriol receptor at all stages of development and activation.

Calcitriol promotes the differentiation of monocyte precursor cells to form

monocytes and macrophages, and enhances monocyte function (Manolagas

et al., 1985). Activatedmacrophages have calcidiol 1-hydroxylase and can syn-

thesize calcitriol from calcidiol, suggesting that, in addition to the endocrine

role of calcitriol, it may have a paracrine role in the immune system (Casteels

et al., 1995). Resting lymphocytes do not have calcitriol receptors, although

the receptor is induced within 24 hours of activation. Calcitriol is a potent in-

hibitor of interleukin-2, and suppresses the effector functions of T and B lym-

phocytes; it is a potent inhibitor of immunoglobulin production by peripheral

bloodmonocytes in culture, apparently as a result of its antiproliferative effect

on immunoglobulin-producing B cells and/or T-helper cells (Lemire et al.,

1984; Manolagas et al., 1985). Thus, calcitriol acts at the site of inflammation

both to limit T-lymphocyte action and to enhance or activate macrophage

cytotoxicity.

3.4 VITAMIN D DEFICIENCY -- RICKETS AND OSTEOMALACIA

Rickets is a disease of young children and adolescents, resulting from a failure

of the mineralization of newly formed bone. In infants, epiphyseal cartilage

continues to grow, but is not replacedbybonematrix andmineral. The earliest
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sign of this is craniotabes – the occurrence of unossified areas in the skull,

accompanied by late closure of the fontanelles. At a later stage, there is en-

largement of the epiphyses, initially at the costachondral junction of the ribs,

giving a beading effect – the rachitic rosary. This may lead to deformity of the

chest, and in severe cases collapse of the rib cage, with consequent obstruc-

tion of respiration. Other epiphyseal junctions also become enlarged. When

the child begins towalk, theweight of the body deforms the undermineralized

long bones, leading to bow legs or knock knees and deformity of the pelvis.

Similar problems may develop during the adolescent growth spurt. In severe

deficiency, the plasma concentration of calciummay fall to the level at which

intracellular calcium in nerves andmuscles cannot bemaintained, and tetany

occurs.

Rickets wasmore or less eradicated as a nutritional deficiency disease dur-

ing the1950s, asa result ofwidespreadenrichmentof infant foodswithvitamin

D. The level of supplementation was reduced as a result of the development

of hypercalcemia caused by vitamin D intoxication (Section 3.6.1) in a small

number of especially susceptible infants. As a result, rickets has reemerged,

especially in northern cities in temperate countries.

There have been a number of reports of rickets, especially among African-

Americans in the southern United States. Rickets and osteomalacia are prob-

lems among Indians living in the United Kingdom and elsewhere. Although

dietary and cultural factors may be involved, there is evidence of a genetic

predisposition from high activity of calcidiol 24-hydroxylase (Section 3.2.5)

(Dunnigan and Henderson, 1997; Awumey et al., 1998; Shaw and Pal, 2002).

Osteomalacia is thedefective remineralizationof boneduringnormal bone

turnover in adults, so that there is a progressive demineralization, but with

adequate bone matrix, leading to bone pain and skeletal deformities, with

muscle weakness. Women with inadequate vitamin D status are especially at

risk of osteomalacia after repeated pregnancies, as a result of the considerable

drain on calcium reserves for fetal bone mineralization and lactation.

Elderly people are at risk of osteomalacia, because of both decreased syn-

thesis of 7-dehydrocholesterol in the skin with increasing age and low expo-

sure to sunlight. Plasma concentrations of calcidiol below 10 nmol per L are

commonly seen in people over 75 years of age, not rising above 20 nmol per L

at any time of the year. Histologically proven osteomalacia is observed in 2%

to 5% of elderly people presenting to the hospital in Britain.

3.4.1 Nonnutritional Rickets and Osteomalacia
Induction of cytochrome P450 enzymes by barbiturates and other anticonvul-

sants can result in increased catabolism of calcidiol, and hence secondary,
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drug-induced osteomalacia. The antituberculosis drug isoniazid inhibits

cholecalciferol 25-hydroxylase, andagainprolongedadministrationcancause

osteomalacia.

Three conditions associated with defective 1-hydroxylation of calcidiol

can all be treated by the administration of either calcitriol itself or 1α-

hydroxycholecalciferol, which is a substrate for 25-hydroxylation in the liver

forming calcitriol:

1. Strontium intoxication can cause vitamin D-resistant rickets because

strontium is a potent inhibitor of calcidiol 1-hydroxylase (Omdahl and

DeLuca, 1971).

2. Renal failure is associated with an osteomalacia-like syndrome, renal

osteodystrophy, as a result of the loss of calcidiol 1-hydroxylase activity.

The conditionmay be complicated by defective reabsorption of calcium

and phosphate from the urine. Furthermore, the half-life of parathy-

roid hormone is increased, because the principal site of its catabolism

is the kidney, so there is increased parathyroid hormone-stimulated os-

teoclastic action without the compensatory action of calcitriol (Mawer

et al., 1973).

3. Hypoparathyroidism is also associated with a failure of calcidiol 1-

hydroxylation, in this case because the major stimulus for induction of

1-hydroxylase is parathyroid hormone.

3.4.2 Vitamin D-Resistant Rickets
There are a number of rachitic syndromes that do not respond to normal

amounts of vitamin D:

1. X-linked hypophosphatemic rickets is caused by abnormal reabsorp-

tion of phosphate in the proximal renal tubule, resulting in excessive

excretion of phosphate and hence hypophosphatemia. There may also

be blunting of the normal increase in calcidiol 1-hydroxylase activity in

response to hypophosphatemia. The gene responsible for the condition

has been identified (the PHEX gene); its product is a membrane-bound

endopeptidase that normally acts to clear the hormone phosphatonin

from the circulation. Phosphatonin acts to decrease the activity of the

sodium/phosphate cotransporter in the kidney (Drezner, 2000).

2. Tumor-inducedosteomalacia (oncogenic hypophosphatemic osteoma-

lacia) is also characterized by excessive urinary excretion of phos-

phate, and hence hypophosphatemia and low circulating calcitriol. Re-

moval of the tumor results in normalization of phosphate excretion and
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recovery fromosteomalacia.The tumors thatcauseosteomalaciasecrete

abnormally large amounts of phosphatonin (Kumar, 2000).

3. Type I vitaminD-resistant rickets is due to a genetic defect in calcidiol 1-

hydroxylase, so that little or no calcitriol is formed. Patients respondwell

to the administration of 1α-hydroxycholecalciferol, which is a substrate

for 25-hydroxylation in the liver, leading to normal circulating concen-

trations of calcitriol.

4. Type II vitamin D-resistant rickets is characterized by a lack of respon-

siveness of target tissues to calcitriol and is caused by a genetic defect in

the calcitriol receptor. Affected children develop more or less normally

until about 9 months of age, then develop severe rickets with alopecia

and a wide variety of disorders, including immune system dysfunction.

Three variants are known:

(a) Complete absence of calcitriol receptor, presumably the result of a
deletion or early nonsense mutation in the receptor gene.

(b) Poor affinity of the receptor for calcitriol, presumably the result of a
mutation affecting the calcitriol binding site.

(c) Normal receptor binding of calcitriol with impaired responsiveness
of target tissues, presumably the result of a mutation affecting the
DNA binding domain of the receptor.

3.4.3 Osteoporosis
Osteoporosis is acondition involving lossofbonemineral andmatrix inelderly

people, and may affect 40% of women and 12% of men as they age. The loss

of bonemineral is associated with inappropriate calcification of other tissues,

especially arteries and the kidneys. Thismay bemore dangerous than the loss

of bone, in that the majority of deaths among women suffering from osteo-

porosis are from cardiovascular disease.

Unlike osteomalacia, there is no defect of bone mineralization in osteo-

porosis. The lower density of the bone renders it more susceptible to fracture,

whereas in osteomalacia the incompletelymineralized bonematrix is liable to

deformation rather than fracture.

Type I osteoporosis, also known as postmenopausal osteoporosis, involves

loss of trabecular bone in the vertebrae, leading to crush fracture with min-

imal trauma. It is essentially a condition affecting postmenopausal women,

with a female:male ratio of 10:1. Type II osteoporosis (senile osteoporosis)

is osteoporotic hip fracture. It shows only a 2:1 excess of females over males

and a geometric increase in incidence with increasing age. The two types of

osteoporosis are not exclusive, and type I patients are more susceptible to

hip fracture, whereasmany hip fracture patients have asymptomatic vertebral

crush fractures.



102 Vitamin D

The principal cause of osteoporosis seems to be the loss of estrogen and

androgen secretion with increasing age. It was noted in Section 3.3.5 that os-

teoblasts have both estrogen and androgen receptors. Although the mech-

anism of action of the sex steroids is not clear, it seems likely that they act

by reducing the osteoclastogenesis resulting from osteoblast activation. They

may also antagonize the release of osteoblast-derived resorption factors fol-

lowing calcitriol and parathyroid hormone action. Thus, loss of estrogen at

menopause and loss of testosterone with increasing age in men result in

loss of some of the normal modulation of bone resorption stimulated by

calcitriol.

Osteoporosis isprobablyaninevitableconsequenceofaging.Thepeakbone

mass is achieved between the ages of 20 to 30; thereafter, there is a progres-

sive loss of bone, becomingmoremarked postmenopausally. The condition is

considerably less severe in women who enter menopause with greater bone

mass, which is largely genetically determined. Polymorphismof the vitaminD

receptor gene is one factor, but variants of the estrogen receptor gene and the

gene for type I collagen are also involved (Wood and Fleet, 1998; Audi et al.,

1999; Eisman, 1999).

A lifetime low intake of calcium is a risk factor, and there is some evidence

that amoderately high intake of calciumduring early life, while the skeleton is

being formed, is protective. Postmenopausal hormone replacement therapy

is beneficial in reducing the rate of bone loss.

AlthoughvitaminDstatusdeclineswith increasingageand there is reduced

activity of calcidiol 1-hydroxylase, osteoporosis is not caused by vitaminDde-

ficiency. Equally, although there is negative calcium balance in osteoporosis,

this is a result of bone loss, not a cause. Two consensus statements (National

InstitutesofHealth, 2000;NorthAmericanMenopauseSociety, 2001)note that,

although supplementary calcium is less effective than hormone replacement

therapy or treatment with antiresorptive agents (such as bisphosphonates), it

is – together with vitamin D – an essential component of treatment for osteo-

porosis. An intake of at least 1,200mgof calcium (but notmore than 2,500mg),

together with 10 to 15 µg of vitamin D, is recommended.

3.4.3.1 Glucocorticoid-Induced Osteoporosis Therapeutic doses of glu-

cocorticoid hormones, and even high physiological levels associated with

chronic stress, can cause or exacerbate osteoporosis. The gene for osteocal-

cin has an inhibitory glucocorticoid response element that overlaps the TATA

box and hence impairs the induction of osteocalcin in response to calcitriol

(Christakos et al., 1996).
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Analysis of a number of controlled trials shows that, whereas bisphospho-

nates are most effective in preventing or treating glucocorticoid-induced os-

teoporosis, calciumandvitaminD together are superior to eitherno treatment

or calcium supplements alone (Amin et al., 1999). It is recommended that all

patients being treated with glucocorticoids should receive 20 µg of vitamin D,

1 µg of 1α-hydroxycalcidiol, or 0.5 µg of calcitriol per day to normalize cal-

cium balance, in addition to bisphosphonates or estrogen replacement ther-

apy as appropriate (AmericanCollege of Rheumatology AdHocCommittee on

Glucocorticoid-Induced Osteoporosis, 2001).

3.5 ASSESSMENT OF VITAMIN D STATUS

Before gross anatomical deformities are apparent in vitamin D-deficient chil-

dren, bone density is lower than normal, and this can be detected by ra-

diography. This preclinical condition is known as radiological rickets. At an

earlier stage of deficiency, there is amarked elevation of plasma alkaline phos-

phatase releasedby osteoclastic activity; the reference range for alkaline phos-

phatase in children is 75 to 250 units per L. For many years, this stage of bio-

chemical rickets was used as a means of detecting children with preclinical

rickets.

Osteocalcin is induced in osteoblasts by calcitriol, and circulating osteocal-

cin can be used as an index of calcitriol action andmetabolic bone disease. In

rachitic children, theplasmaconcentrationof osteocalcin is lower than in con-

trols, and rises on therapy, remaining high until there is radiological evidence

of cure. However, plasma osteocalcin can be undetectably low in normal sub-

jects with adequate vitamin D status, so this does not provide a useful indica-

tion of deficiency (Greig et al., 1989).

Theplasmaconcentrationof calcidiol is themost sensitive anduseful index

of vitamin D status, and is correlated with elevated plasma parathyroid hor-

mone and alkaline phosphatase activity (Table 3.4). As shown in Table 3.2, the

reference rangeofplasmacalcidiol is between20 to 150nmolper L,with a two-

fold seasonal variation in temperate regions. Concentrations below 20 nmol

per L are considered to indicate impending deficiency, and osteomalacia is

seen in adults when plasma calcidiol falls below 10 nmol per L. In children,

clinical signs of rickets are seen when plasma calcidiol falls below 20 nmol

per L. The plasma concentration of calcitriol does not give a useful indica-

tion of vitamin D status. The reference range is between 38 to 144 pmol per L

and is maintained because of the stimulation of calcidiol 1-hydroxylation by

parathyroidhormonesecreted in response to fallingconcentrationsof calcium

(Holick, 1990).
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Table 3.4 Plasma Concentrations of Calcidiol, Alkaline Phosphatase,
Calcium, and Phosphate as Indices of Nutritional Status

Alkaline
Calcidiol Phosphatase Calcium Phosphate
(nmol/L) (units/L) (mmol/L) (mmol/L)

Infants 27–100 100–300 2.5 1.6–2.6
Children with rickets <20 >390 2.0–2.25 1.0
Adults 20–87 57–100 2.5 1.0–1.4
Adults with osteomalacia <10 300 2.25 0.6–1.0
Adults with osteoporosis 20–87 40 2.5–3 1.3–1.6

3.6 REQUIREMENTS AND REFERENCE INTAKES

Dietary vitamin D makes little contribution to status, and the major factor is

exposure to sunlight, a conclusion that is supported by the two-fold seasonal

variation in plasma calcidiol in temperate regions (see Table 3.2). There are

no reference intakes for young adults in the United Kingdom and Europe; for

house-boundelderlypeople, the reference intake is 10µgperday, basedon the

intakerequiredtomaintainaplasmaconcentrationofcalcidiolof20nmolperL

(see Table 3.5). This will almost certainly require supplements of the vitamin,

because average intakes are less than half this amount. The U.S./Canadian

adequate intake is 5 µg per day up to age 50, increasing to 10 µg between 51

to 70, and 15 µg over 70 years of age (Institute of Medicine, 1997).

A number of studies have suggested that the cholecalciferol content of hu-

manmilk is inadequate tomeet the requirements of breast-fed infantswithout

exposure to sunlight, especially during the winter, when themother’s reserves

of the vitamin are low. Infant formulae normally provide 10 µg of cholecal-

ciferol per day, and a similar amount is recommended for breast-fed infants.

Supplements of 10 µg per day are also recommended for children between

3 months and 3 years, because of the relatively high requirement during the

phase ofmaximumbone development and the limited exposure to sunlight in

temperate regions. Such supplements maintain the plasma concentration of

calcidiol above 20 nmol per L.

The U.S./Canadian report (Institute of Medicine, 1997) discussed require-

ments only in terms of bone density andmaintenance of a plasma concentra-

tion of calcitriol above that associated with elevated parathyroid hormone

and alkaline phosphatase. Vieth (1999) noted that intakes above 5 µg per

day are required to prevent osteoporosis (Section 3.4.3) and secondary hyper-

parathyroidism, and suggested thatnormal sunlight exposuremayprovide the
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Table 3.5 Reference Intakes of Vitamin D (�g/day)

U.K. U.S./Canada FAO
Age 1991 1997 2001

0–6 m 8.5 5 5
7–12 m 7 5 5
1–3 y 7 5 5
4–10 y — 5 5

Males
10–50 y — 5 5
51–70 y 10 10 10
>70 y 10 15 15

Females
10–50 y — 5 5
51–70 y 10 10 10
>70 y 10 15 15
Pregnant 10 5 5
Lactating 10 5 5

FAO, Food and Agriculture, Organization; WHO, World
Health Organization.
Sources: Department of Health, 1991; Institute of Medi-
cine, 1997; FAO/WHO, 2001.

equivalent of 20 to 50 µg per day, with possible benefits of preventing some

cancer (Section 3.3.6), hypertension, and the progression of osteoarthritis.

3.6.1 Toxicity of Vitamin D
Intoxication with vitamin D causes weakness, nausea, loss of appetite, head-

ache, abdominal pains, cramps, and diarrhea. More seriously, it also causes

hypercalcemia, with plasma concentrations of calcium between 2.75 to

4.5 mmol per L, compared with the normal range of 2.2 to 2.5 mmol per L.

At plasma concentrations of calcium above 3.75mmol per L, vascular smooth

muscle may contract abnormally, leading to hypertension and hypertensive

encephalopathy.Hypercalciuriamayalso result in theprecipitationof calcium

phosphate in the renal tubules and hence the development of urinary calculi.

Hypercalcemia can also result in calcinosis – the calcification of soft tissues,

including kidneys, heart, lungs, and blood vessels. This is assumed to be the

result of increased calciumuptake into tissues in response to excessive plasma

concentrations of the vitamin and its metabolites.

Some children are sensitive to hypercalcemia and calcinosis as a result of

vitamin D intakes as low as 45µg per day (Chesney, 1990; Holick, 1990). There
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is thusanarrowmarginbetweenamountsof vitaminDadequate toensure that

rickets is prevented throughout the community and the level at which vulner-

able infants will develop hypercalcemia. This became a significant problem

in Britain in the 1950s. Widespread fortification of infant foods had resulted

in eradication of rickets, but, by 1955, 200 cases of hypercalcemia had been

reported. The amounts of vitamin D added to infant foods was reduced; as a

result, ricketsreappeared.Theproblemistoidentify thosechildrenatriskofde-

ficiency, who therefore require additional supplements, without putting those

with a low threshold for intoxication at risk of hypercalcemia and calcinosis.

TheU.S./Canadian report (Institute ofMedicine, 1997) quotes a no adverse

effect level of 60 µg per day, leading to a tolerable upper level of intake of

50 µg per day (and 25 µg per day for infants). The toxic threshold for adults

has not been established, but reports of hypercalcemia in adults have involved

intakes in excess of 1,000µg per day. There is no evidence of adverse effects at

plasma concentrations of calcidiol lower than 140 nmol per L, which requires

an intake in excess of 250 µg per day, suggesting that the currently accepted

no adverse effect level is lower than necessary (Vieth, 1999).

Hypercalcemia persists for many months after the cessation of excessive

intakes of vitamin D, because of the accumulation of the vitamin in adipose

tissue and its slow release into the circulation. The introduction of calcitriol

and 1α-hydroxycalcidiol for the treatment of such conditions as hypoparathy-

roidism, renal osteodystrophy, hypophosphatemic osteomalacia, and vitamin

D-dependent rickets has meant that hypercalcemia is less of a problem than

when high doses of vitamin D were used in the treatment of these conditions.

Because calcitriol has a short half-life in the circulation, the resultant hyper-

calcemia is of shorter duration than after cholecalciferol, and adjustment of

the dose is easier.

3.6.2 Pharmacological Uses of Vitamin D
Multiple sclerosis is less common among people living at high altitude, where

UV exposure is greater. Patients with multiple sclerosis have poor vitamin D

status and low bone density, although this could be a result of the disease

rather than a cause. Calcitriol prevents the development of experimental au-

toimmune encephalomyelitis in mice, a widely accepted model of multiple

sclerosis, and it has been suggested that vitamin D supplements may protect

genetically susceptible people fromdeveloping the disease (Hayes et al., 1997;

Hayes, 2000).

A number of studies have shown that there is a north-south gradient in the

incidence of type I diabetes mellitus and that children who are given vitamin
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D supplements are less at risk of developing the disease. It is not known how

vitamin D protects against the development of diabetes, but it may be by

modulation of the differentiation of lymphocytes involved in the autoimmune

destruction of pancreatic β-islet cells. The protective dose is above current

reference intakes and indeedmay be above the tolerable upper intake of 25µg

per day for infants (Harris, 2002).

The calcitriol molecule shows considerable conformational flexibility, and

different conformations are required for binding to the plasma vitamin D

binding protein (Section 3.2.7), nuclear receptors (Section 3.3.1), and cell sur-

face receptors (Section 3.3.2; Norman et al., 1996; 2001a; 2001b). Because

of the roles of vitamin D in regulating cell proliferation and differentiation

(Section 3.3.6), there is considerable interest in the development of analogs

of calcitriol that have little or no hypercalcemic action, for the treatment of

psoriasis and some cancers. Such compounds include calcipotriol (1α,27-

dihydroxycholecalciferol), 19-nor-calcidiol, doxercalciferol, 22-oxacalcitriol,

and alfacacidiol (Brown, 1998, 2001; Guyton et al., 2001).
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FOUR

Vitamin E: Tocopherols and Tocotrienols

For a long time, it was considered that, unlike the other vitamins, vitamin E

had no specific functions; rather it was the major lipid-soluble, radical-

trapping antioxidant in membranes. Many of its functions can bemet by syn-

thetic antioxidants; however, some of the effects of vitamin E deficiency in

experimental animals, including testicular atrophy and necrotizing myopa-

thy, do not respond to synthetic antioxidants. The antioxidant roles of vita-

min E and the trace element seleniumare closely related and, to a great extent,

either can compensate for a deficiency of the other. The sulfur amino acids

(methionine and cysteine) also have a vitamin E-sparing effect.

More recent studies have shown that vitamin E also has roles in cell sig-

naling, by inhibition or inactivation of protein kinase C, and in modulation

of gene expression, inhibition of cell proliferation, and platelet aggregation.

These effects are specific for α-tocopherol and are independent of the antiox-

idant properties of the vitamin.

Deficiency of vitamin E is well established in experimental animals, result-

ing in reproductive failure, necrotizing myopathy, liver and kidney damage,

and neurological abnormalities. In human beings, deficiency is less well de-

fined, and it was only in 1983 that vitamin Ewas conclusively demonstrated to

be essential. Deficiency is a problem only in premature infants with low birth

weight and in patients with abnormalities of lipid absorption or congenital

lack of β-lipoproteins – abetalipoproteinemia – or a genetic defect in the α-

tocopherol transfer protein. In adults, lipidmalabsorptiononly results in signs

of vitamin E deficiency after many years.

4.1 VITAMIN E VITAMERS AND UNITS OF ACTIVITY

As shown in Figure 4.1, there are eight vitamers of vitamin E; the tocopherols

and the tocotrienols differ in that the tocopherols have a saturated side chain,

109
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Figure 4.1. Vitamin E vitamers, tocopherols and tocotrienols, and the synthetic water-
soluble vitamin E analog, Trolox. Relative molecular masses (Mr): α-tocopherol, 430.7
(acetate 488.8, succinate 546.8); β-tocopherol, 419.7; γ -tocopherol, 416.7; δ-tocopherol,
402.7; α-tocotrienol, 424.7; β-tocotrienol, 410.7; γ -tocotrienol, 410.7; δ-tocotrienol,
396.7; and Trolox, 250.3.

whereas the tocotrienols have an unsaturated side chain. The different to-

copherols and tocotrienols (α, β, γ , and δ) differ in the methylation of the

chromanol ring. Tocotrienols occur in foods as both the free alcohols and also

as esters; tocopherols occur naturally as the free alcohols, but acetate and suc-

cinate esters are used in pharmaceutical preparations because of their greater

stability against oxidation. Trolox is a synthetic water-soluble compoundwith

vitamin E activity.
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Table 4.1 Relative Biological Activity of the Vitamin E Vitamers

Fetal Resorption Bioassay
Binding to
�-Tocopherol
Transfer ProteinIU/mg

Relative
Activity

D-�-tocopherol (RRR) 1.49 1.0 1.0
D-�-tocopherol (RRR) 0.75 0.50 0.38
D-�-tocopherol (RRR) 0.15 0.10 0.09
D-�-tocopherol (RRR) 0.05 0.03 0.02

D-�-tocotrienol 0.75 0.50 0.12
D-�-tocotrienol 0.08 0.05 —
D-�-tocotrienol — — —
D-�-tocotrienol — — —

L-�-tocopherol (SRR) 0.46 0.31 0.11
RRS-�-tocopherol 1.34 0.90 —
SRS-�-tocopherol 0.55 0.37 —
RSS-�-tocopherol 1.09 0.73 —
SSR-�-tocopherol 0.31 0.21 —
RSR-�-tocopherol 0.85 0.57 —
SSS-�-tocopherol 1.10 0.60 —

RRR-�-tocopheryl 1.36 0.91 —
acetate

RRR-�-tocopheryl acid 1.21 0.81 —
succinate

All-rac-�-tocopherol 1.10 0.74 0.02
All-rac-�-tocopheryl 1.00 0.67 —
acetate

All-rac-�-tocopheryl 0.89 0.60 —
acid succinate

Based on biological assay in vitamin E-deficient rats, the vitamers have

widely varying biological activity. The original international unit (iu) of vi-

tamin E potency was equated with the activity of 1 mg of (synthetic) dl-α-

tocopherol acetate; on this basis, pured-α-tocopherol (RRR-α-tocopherol, the

most potent vitamer) is 1.49 iu per mg. The precise mixture of stereoisomers

in this original standard is unknown, and the different stereoisomers have

very different biological activities, so that different preparations may differ

considerably.

It is now usual to express the vitamin E content of foods in terms of

milligram-equivalents of (RRR)-α-tocopherol, basedon their biological activi-

ties. InTable 4.1, thebiological activity is shown in iupermilligramand relative

to d-α-tocopherol on a molar basis. For the major vitamers present in foods,

total α-tocopherol equivalent is calculated as the sum of mg α-tocopherol +
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Figure 4.2. Stereochemistry of α-tocopherol.

0.4 × mg β-tocopherol + 0.3 × mg γ -tocopherol + 0.01 × mg δ-tocopherol +
0.3 × mg α-tocotrienol + 0.05 × mg β-tocotrienol + 0.01 × mg γ -tocotrienol

(Holland et al., 1991).

As shown in Figure 4.2, the tocopherols have three asymmetric centers. The

naturally occurring compound isd-α-tocopherol, inwhich all three asymmet-

ric centershave theR-configuration [2R, 4′R, 8′R, or all-R (RRR)-α-tocopherol].
Chemical synthesis yields a mixture of the eight possible stereoisomers (all-

rac-α-tocopherol); as shown in Table 4.1, the stereoisomers all have different

biological activity in the rat biological assay, and the all-racmixture has a rela-

tive biological activity of 0.74× the activity ofRRR-α-tocopherol. Convention-

ally, this factorof 0.74hasbeenused tocalculate thenutritional contributionof

synthetic all-rac-α-tocopherol. Themost important determinant of biological

activity is the chirality of C-2; the four isomerswith the 2R configuration are all

more active than the corresponding 2S isomers. Indeed, the 2S isomers are not

maintained in plasma and do not bind to the α-tocopherol transfer protein in

liver (Section 4.2).

TheU.S./CanadianDietary Reference intakes report (Institute ofMedicine,

2000) departed from tradition by considering only the contribution of the 2R

isomers to vitamin E intake, and proposed an equivalence of 0.45 iu permg for

synthetic all-rac-α-tocopherol, although in consideration of upper tolerable

levels of intake (Section 4.6.1), they considered the contribution of all iso-

mers equally. However, although the 2S isomers have a shorter half-life than

RRR-α-tocopherol in the circulation, and hence a lower apparent biological

availability, they are active in animal biological assays (Hoppe and Krennrich,

2000).
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Tocopherols and tocotrienols are important constituents of chloroplast

membranes in green plants, and are also found in large amounts in seeds.

The aromatic ring arises from homogentisic acid, which is both a precursor of

aromatic amino acids and also an intermediate in the catabolism of tyrosine.

The side chain is formed by the addition of geranyl-geranyl pyrophosphate to

yield initially δ-tocotrienol. Successive methylation of the ring results in the

formation of γ -, β-, and α-tocotrienols; the tocopherols are formed by reduc-

tion of the side chain. Tocotrienols can be considered to be end-products of

the hydroxymethylglutaryl coenzyme A (HMG CoA) reductase pathway that

also leads to the synthesis of cholesterol, and they down-regulate HMG CoA

reductase and cholesterol synthesis.

4.2 METABOLISM OF VITAMIN E

The absorption of vitamin E is relatively poor – only some 20% to 40% of a

test dose is normally absorbed from the small intestine, in mixed lipid mi-

celleswith other dietary lipids. This absorption is enhanced bymedium-chain

triglycerides and inhibited by polyunsaturated fatty acids, possibly because of

chemical interactionsbetween tocopherols andpolyunsaturated fatty acids or

their peroxidation products in the intestinal lumen. Esters are hydrolyzed in

the intestinal lumen by pancreatic esterase and also by intracellular esterases

in the mucosal cells.

In intestinal mucosal cells, all vitamers of vitamin E are incorporated into

chylomicrons, and tissues take up some vitamin E from chylomicrons. Most,

however,goes tothe liver inchylomicronremnants.α-Tocopherol,whichbinds

to the liver α-tocopherol transfer protein, is then exported in very low-density

lipoprotein (VLDL) and is available for tissue uptake (Traber and Arai, 1999;

Stocker and Azzi, 2000). Later, it appears in low-density lipoprotein (LDL) and

high-density lipoprotein, as a result of metabolism of VLDL in the circulation.

Theothervitamers,whichdonotbindwell totheα-tocopherol transferprotein,

are not incorporated into VLDL, but aremetabolized in the liver and excreted.

Thisexplainsthelowerbiologicalpotencyof theothervitamers,despitesimilar,

or higher, in vitro antioxidant activity.

The affinities of α-tocopherol transfer protein for the other vitamers (rel-

ative to RRR-α-tocopherol = 1, and based on competition with RRR-α-toco-

pherol) are β-tocopherol, 0.38; γ -tocopherol, 0.09; δ-tocopherol, 0.02; SRR-α-

tocopherol, 0.11; and α-tocotrienol, 0.09. As a result, whereas the half-life of

α-tocopherol in the circulation is 48 hours, that of β- and γ -tocopherol (and

the other vitamers) is only of the order of 13 to 15 hours. In patientswith ataxia

and vitamin E deficiency caused by a genetic lack of α-tocopherol transfer
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Figure 4.3. Reaction of tocopherol with lipid peroxides; the tocopheroxyl radical can be
reduced to tocopherol or undergo irreversible onward oxidation to tocopherol quinone.

protein (Section 4.4.2), the half-life of plasma α-tocopherol is of the order of

13 hours (Hosomi et al., 1997).

Because vitamin E is transported in lipoproteins secreted by the liver, the

plasma concentration depends to a great extent on total plasma lipids. Ery-

throcytesmayalsobe important in transport, because there is a relatively large

amount of the vitamin in erythrocyte membranes, and this is in rapid equi-

librium with plasma vitamin E. There are two mechanisms for tissue uptake

of the vitamin. Lipoprotein lipase releases the vitamin by hydrolyzing the tri-

acylglycerol in chylomicrons and VLDL, whereas separately there is receptor-

mediated uptake of LDL-bound vitamin E. Studies in knockout mice suggest

that themainmechanism for tissue uptake of vitamin E from plasma lipopro-

teins is by way of the class B scavenger receptor (Mardones et al., 2002).

Retention within tissues depends on intracellular binding proteins which,

like the liver α-tocopherol transfer protein, have the highest affinity for RRR-

α-tocopherol. The retention of α-tocopherol in tissues varies. In the lungs the

vitamin has a half-life of 7.6 days, in liver 9.8 days, in skin 23.4 days, in brain

29.4 days, and in the spinal cord 76.3 days (Ingold et al., 1987).

As shown in Figure 4.3, tocopherol can undergo reversible oxidation to an

epoxide, followed by ring cleavage to yield a quinone, which is reduced to

the hydroquinone and conjugated with glucuronic acid, for excretion in the

bile, which is the major route of excretion. The side chain of the quinone and
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hydroquinone may be oxidized by β-oxidation, and small amounts of these

oxidationproducts (carboxyethyl-hydroxychromans) and their conjugates are

excreted in the urine. This is generally a minor route of metabolism, account-

ing for only about 1% of a test dose of labeled α-tocopherol, although larger

amounts of the oxidation products of the other vitamers are excreted in urine.

There may also be significant excretion of the vitamin by the skin. After the

administration of chylomicron-incorporated [3H]α-tocopherol to rats, there is

not only a significant accumulation and retention of radioactivity in the skin,

but also on the outer surface and in the fur (Shiratori, 1974).

4.3 METABOLIC FUNCTIONS OF VITAMIN E

The best-established function of vitamin E is as a lipid-soluble antioxidant in

plasma lipoproteins and cell membranes. Many of the antioxidant actions are

unspecific, and a number of synthetic antioxidants have a vitamin E-sparing

effect. There is considerable overlap between the antioxidant roles of vita-

min E and selenium (Section 4.3.2).

A number of studies have shown that α-tocopherol has a role in modula-

tion of gene expression and regulation of cell proliferation (Section 4.3.3), sug-

gesting that the potential beneficial effects of vitamin E against heart disease

and cancer (Section 4.6.2) may not be because of its antioxidant action.

There is some evidence that tocopherols have a specific function in cell

membranes; the phytyl side chain of RRR-α-tocopherol can interact closely

with the methylene-interrupted cis-double bonds of arachidonic acid and

other long-chain polyunsaturated fatty acids in membranes, both stabiliz-

ing membrane structure and also protecting the fatty acids from oxidative

damage. The membrane phospholipids of fibroblasts grown in culture con-

tain more arachidonate, and less linoleate, when grown in the presence of

adequate amounts of α-tocopherol. This seems to be a specific effect on phos-

pholipid synthesis and is not reflected in the fatty acid content of neutral

lipids (Giasuddin and Diplock, 1981). α-Tocopherol forms a 1:1 complex with

lysophospholipids and free fatty acids formed by the action of membrane

phospholipases, thus negating the detergent-like action that might otherwise

disrupt the membrane (Wang and Quinn, 1999, 2000).

It was noted in Section 4.1 that the tocotrienols can be considered to be

derivatives of mevalonate, the product of HMG CoA reductase, which is the

key regulatory enzyme of cholesterol synthesis. Dietary tocotrienols have a

cholesterol-lowering effect; they act by reducing the activity of HMG CoA re-

ductase. The main effect is posttranslational; tocotrienols cause an increased
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rate of catabolism of the enzyme protein (Parker et al., 1993; Theriault et al.,

1999). Tocotrienols also induce cell cycle arrest in tumor cell lines in culture

and induce apoptosis (Yu et al., 1999).

As well as being an end-product of the oxidation of α-tocopherol, α-

tocopherol quinone (see Figure 4.3) is the cofactor for themitochondrial fatty

acid desaturation/elongation pathway, and it has been suggested that the se-

vere neurological degeneration in patients with a genetic lack of α-tocopherol

transfer protein or abetalipoproteinemia (Section 4.4.2) is caused by failure of

synthesis of long-chain polyunsaturated fatty acids (Infante, 1999).

The main metabolite of γ -tocopherol is 2,7,8-trimethyl-2-(β-carboxyeth-

yl)-6-hydroxychroman (γ -CEHC), which is excreted in the urine. It has poten-

tiallyphysiologicallysignificantnatriureticactivity,whereasthecorresponding

metabolite of α-tocopherol, which is formed in increasing amounts as intake

increases, is inactive (Jiang et al., 2001).

4.3.1 Antioxidant Functions of Vitamin E
Vitamin E functions as a lipid antioxidant both in vitro and in vivo; a number

of synthetic antioxidants will prevent or cure most of the signs of vitamin E

deficiency in experimental animals. Polyunsaturated fatty acids undergo ox-

idative attack by hydroxyl radicals and superoxide to yield alkylperoxyl (alkyl-

dioxyl) radicals,whichperpetuateachainreactioninthe lipid–withpotentially

disastrous consequences for cells. Similar oxidative radical damage can occur

to proteins (especially in a lipid environment) and nucleic acids.

Phenolic compounds can break such chain reactions by trapping the radi-

cals, with the formation of stable nonradical products from the oxidized lipid

andphenoxyl radicals that are relatively unreactive because they are stabilized

by resonance.Thephenoxyl radicalmayeither reactwitha further alkylperoxyl

radical to yield nonradical products, or it may be reduced back to the starting

phenol by reaction with a water-soluble reducing agent.

Vitamin E is one of the most active radical-trapping, chain-breaking an-

tioxidant phenols that has been investigated, and is the major lipid-soluble

antioxidant in tissues (Burton and Ingold, 1984). As shown in Figure 4.4, the

α- and β-tocopheroxyl radicals have three resonance forms compared with

two for the γ - and δ-radicals, and are thereforemore stable and have a greater

antioxidant activity. In simple solution, α-tocopherol and α-tocotrienol are

equipotent as antioxidants. In vitro, when it is incorporated into liposomes or

microsome preparations, α-tocotrienol has greater antioxidant activity. This

is probably because the unsaturated side chain causes more membrane per-

turbation, and tocotrienol is able to distribute more uniformly through the
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Figure 4.4. Resonance forms of the vitamin E radicals.

membrane,with a greater chance of interactingwith lipid peroxides.However,

the poor retention of tocotrienols in tissues means that in vivo tocotrienols

have lower antioxidant activity than tocopherols (Packer et al., 2001).

Tocopherol can act catalytically as a chain-breaking lipophilic antioxidant

in membranes and plasma lipoproteins, because the tocopheroxyl radical

formed by reaction of α-tocopherol with a lipid peroxide radical can be re-

duced to tocopherol in four main ways:

1. By reaction with ascorbate to yield the monodehydroascorbate radical,

which in turn can either be reduced to ascorbate or can undergo dis-

mutation to yield dehydroascorbate and ascorbate (Section 13.4.7.1). In

vitro, the formation of the tocopheroxyl radical can be demonstrated by

the appearance of its characteristic absorbance peak, which normally

has a decay time of 3 msec; in the presence of ascorbate, the tocopher-

oxyl peakhas adecay timeof 10µsec, and its disappearance is accompa-

nied by the appearance of themonodehydroascorbate peak. There is an

integral membrane oxidoreductase that uses ascorbate as the preferred

electron donor, linked either directly to reduction of tocopheroxyl rad-

ical or via an electron transport chain involving ubiquinone (see no. 4

below; May, 1999).

2. By reaction with glutathione, catalyzed by a membrane-specific iso-

enzyme of glutathione peroxidase, which is a selenoenzyme. Thus, in
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Figure 4.5. Role of vitamin E as a chain-perpetuating prooxidant.

addition to its role in removing products of lipid peroxidation (Section

4.3.2), selenium has a direct role in the recycling of tocopherol.

3. By reaction with other lipid-soluble antioxidants in the membrane or

lipoprotein, including ubiquinone (Section 14.6), which is present in

large amounts in all membranes as part of an electron transport chain,

not just themitochondrial innermembrane (Thomas et al., 1995; Crane

and Navas, 1997; Thomas and Stocker, 2000; Villalba and Navas, 2000).

4. In mitochondria by reaction with the electron transport chain linked to

the oxidation of NADH, succinate, or reduced cytochrome c (Maguire

et al., 1989).

4.3.1.1 Prooxidant Actions of Vitamin E Most of the studies of the anti-

oxidant activity of vitamin E have used relatively strong oxidants as the source

of oxygen radicals to produce lipid peroxides in lipoproteins or liposomes in

vitro. Studiesof lipoproteins treated invitrowith lowconcentrationsof sources

of theperhydroxyl radical suggest that vitaminEmayhaveaprooxidant action.

Over 8 hours, there was 10-foldmore formation of cholesterol ester hydroper-

oxide (an index of lipid peroxidation) in native LDL than in vitaminE-depleted

LDL (Bowry et al., 1992). This is perhaps unsurprising; vitamin E and other

radical-trapping antioxidants are effective because they form stable radicals

thatpersist longenough toundergo reaction tononradicalproducts. It is there-

fore to be expected that they are also capable of perpetuating the radical chain

reaction deeper into lipoproteins or membranes, as shown in Figure 4.5,
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Figure 4.6. Reactions of α- and γ -tocopherol with peroxynitrite.

therefore causing increased oxidative damage to lipids, especially in the ab-

sence of coantioxidants such as ascorbate or ubiquinone (Upston et al., 1999;

Carr et al., 2000).

4.3.1.2 Reaction of Tocopherol with Peroxynitrite Nitric oxide can re-

act with superoxide to yield peroxynitrite, which, although not a radical, can

react with proteins and lipids. Both α- and γ -tocopherol react with perox-

ynitrite; γ -tocopherol is more active and undergoes nitration as shown in

Figure 4.6; it is significantly more active in preventing lipid peroxidation by

peroxynitrite than is α-tocopherol, which does not undergo nitration (Jiang

et al., 2001).
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4.3.2 Nutritional Interactions Between Selenium and Vitamin E
The physiological role of vitamin E as an antioxidant and scavenger of free

radicals explains the apparently complex nutritional interactions between vi-

taminEandselenium.Seleniumis required,as theseleniumanalogofcysteine,

selenocysteine, in the catalytic site of glutathione peroxidase. As noted previ-

ously, the membrane-specific isoenzyme of glutathione peroxidase catalyzes

the reduction of the tocopheroxyl radical back to tocopherol. In addition, glu-

tathione peroxidase reduces hydrogen peroxide and so lowers the amount of

peroxide available for the generation of radicals, whereas vitamin E is involved

in removing the products of attack by these radicals on lipids.

Thus, in vitamin E deficiency, selenium has a beneficial effect in lower-

ing the concentrations of alkylperoxyl radicals, and conversely, in selenium

deficiency, vitamin E has a protective effect in reducing the radicals. When

selenium is adequate, but vitamin E is deficient, tissues with low activity of

glutathione peroxidase [e.g., the central nervous system and (rat) placenta]

are especially susceptible to lipid peroxidation, whereas tissues with high ac-

tivity of glutathione peroxidase are not. Conversely, with adequate vitamin E

and inadequate selenium,membrane lipid peroxidation will be inhibited, but

tissues with high peroxide production and low catalase activity will still be at

risk from peroxidative damage, especially to sulfhydryl proteins.

There is one selenocysteine residue per monomer unit of glutathione

peroxidase, at the catalytic site, and this is incorporated during ribosomal

protein synthesis, not as a postsynthetic modification. Tissues contain a se-

lenocysteine tRNA (tRNAsec) and theUGA codon inmRNA is read in a context-

dependent manner as coding for selenocysteine. Under normal conditions,

UGA is the opal terminator codon. However, in the presence of a stem-loop

in the 3′-untranslated region of mRNA, with the selenocysteine insertion se-

quenceAUG(N)mAAA(N)nUGR,UGAcodes for the incorporationof selenocys-

teine. If selenocysteine tRNA is uncharged (i.e., in the absence of selenocys-

teine), the UGA codon is read as a terminator codon in the normal way, and

translationof themRNAceases.For this reason, there isnoabnormalselenium-

deficient variant of the enzyme produced in selenium deficiency (Chambers

et al., 1986). Selenocysteine is formed in a pyridoxal phosphate-dependent

reaction between tRNAsec charged with serine and selenophosphate. The in-

corporation of selenium into serine-tRNAsec occurs cotranslationally, and the

activity of the enzyme is controlled by the stem-loop sequence in the 3′-
untranslated region of mRNA (Bock et al., 1991; Stadtman, 1996).

Selenocysteine is also incorporated in the sameway into a number of other

enzymes, including thyroxine deiodinase, which catalyzes the formation of
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active triiodothyronine from thyroxine in target tissues, and two selenopro-

teins of unknown function in plasma and muscle. In addition, a number of

T-cell–associated genes (CD4, CD8, and HLA-DR) have as many as 10 UGA

codons in the open reading frame, as well as a potential stem-loop contain-

ing the selenocysteine insertion sequence, suggesting a role of selenium in

T-cell–mediated immune function (Taylor, 1995).

There may also be an effect of selenium deficiency on vitamin E nutrition.

Selenium deficiency causes a specific pancreatic atrophy, which is unrespon-

sive to vitamin E supplements. In turn, this leads to impaired secretion of li-

pase, andhence impaired absorptionof dietary lipids in general thatwill affect

the absorption of vitamin E (Thompson and Scott, 1970).

4.3.3 Functions of Vitamin E in Cell Signaling
Both in vitro and in vivoα-tocopherol inhibits platelet aggregation in response

to agonists such as arachidonic acid and phorbol ester; the effect seems to be

mediated by a protein kinase C mechanism. In cultured cells, α-tocopherol

lowers protein kinase C activity, apparently by activating diacylglycerol ki-

nase and phosphoprotein phosphatase, and hence initiating the dephospho-

rylation and inactivation of protein kinase C (Steiner, 1999; Freedman and

Keaney, 2001). Inhibition of protein kinase C is also the mechanism by which

α-tocopherol inhibits vascular smoothmuscle proliferation, a factor in throm-

bus formation and platelet aggregation. Neither β-tocopherol nor Trolox has

anyeffect onprotein kinaseC,platelet aggregation, or vascular smoothmuscle

proliferation (Azzi et al., 2000, 2001, 2002).

There are a number of actions of α-tocopherol on monocytes and mac-

rophages that suggest it may have a protective role against atherogenesis

quite distinct from its antioxidant actions. In monocytes, it reduces forma-

tion of reactive oxygen species, cell adhesion to the endothelium, and re-

lease of interleukins and tumor necrosis factor. The effect on cell adhesion

is from inhibition of protein kinase C. α-Tocopherol inhibits the assembly of

the respiratory burst NADPH oxidase that is responsible for oxygen radical

generation (Section 7.3.6). The effect on cytokine release is from inhibition

of 5-lipoxygenase. In macrophages, it reduces release of interleukin-1 and

the activity of the scavenger LDL receptor, thus reducing the accumulation

of cholesterol and transformation into foam cells (Jialal et al., 2001; Devaraj

et al., 2002).

α-Tocopherol modulates transcription of a number of genes. It induces

the liver α-tocopherol transfer protein and α-tropomyosin in smooth mus-

cle, whereas it represses the age-related increase in synthesis of collagenase
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(metalloproteinase 1) in fibroblasts in culture, and the expression of the scav-

enger receptors for oxidized LDL in macrophages and smooth muscle. With

the exception of the induction of α-tocopherol transfer protein, in which β-

tocopherol is also active, these responses are specific for α-tocopherol. It is

likely that these transcriptional actions are mediated by binding to the α-

tocopherol–associated protein, a hydrophobic-ligand protein that specifically

bindsα-tocopherol and is expressed in all tissues; however, as yet, no response

element for this protein has been identified on any of the proposed target

genes (Azzi et al., 2000, 2001, 2002).

In experimental animals, vitamin E deficiency depresses immune system

function,with reducedmitogenesis ofBandT lymphocytes, reducedphagocy-

tosisandchemotaxis, andreducedproductionofantibodiesand interleukin-2.

This suggests a signaling role in the immune system (Moriguchi and Muraga,

2000).

4.4 VITAMIN E DEFICIENCY

Vitamin E deficiency in experimental animals was first described by Evans

and Bishop in 1922, when it was discovered to be essential for fertility. It was

not until 1983 that vitamin E was demonstrated to be a dietary essential for

human beings, when Muller and coworkers (1983) described the devastating

neurological damage from lack of vitamin E in patients with hereditary abe-

talipoproteinemia.

4.4.1 Vitamin E Deficiency in Experimental Animals
Vitamin E deficiency in experimental animals results in a number of different

conditions, with considerable differences between different species in their

susceptibility to different signs of deficiency. As shown in Table 4.2, some of

the lesions can be prevented or cured by the administration of synthetic an-

tioxidants, and others respond to supplements of selenium.

Vitamin E-deficient female animals suffer death and resorption of the fe-

tuses. This was the basis of the original biological assay of the vitamin; female

rats were maintained for 2 to 3 months on a vitamin E-free diet and then

mated. Impregnation and implantation proceed normally; but, if they are not

provided with vitamin E, the fetuses die and are resorbed. Five days aftermat-

ing, the animalswere killed, and thenumber of surviving fetuses gave an index

of the biological activity of the test compound, relative to standard doses of

α-tocopherol. Synthetic antioxidants can replace vitamin E for this function,

but selenium cannot.
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Table 4.2 Responses of Signs of Vitamin E or Selenium Deficiency to
Vitamin E, Selenium, and Synthetic Antioxidants in Experimental Animals

Vitamin E Selenium Synthetic Antioxidants

Fetal resorption + − +
Testicular atrophy + + −
Necrotizing myopathy/white Variable + −
muscle disease

CNS necrosis + − +
Exudative diathesis + + +
Erythrocyte hemolysis + + +
Liver necrosis Variable + +
Kidney necrosis + − +
CNS, central nervous system.

Inmale animals, deficiency results in testicular atrophy, with degeneration

of the germinal epithelium of the seminiferous tubules. This lesion responds

to vitamin E or selenium, but not to synthetic antioxidants.

Vitamin E deficiency results in the development of necrotizing myopathy,

sometimes including cardiacmuscle. This has been called nutritionalmuscu-

lar dystrophy, an unfortunate term, because deficiency of the vitamin is not a

factor in the etiology of humanmuscular dystrophies, and supplements of the

vitamin have no beneficial effect. The myopathy responds to selenium, but

not to synthetic antioxidants.

The nervous system is also affected in deficiency, with the development

of central nervous system necrosis (nutritional encephalomacia), a condition

that can be exacerbated by feeding a diet especially rich in polyunsaturated

fatty acids. There is also axonal dystrophy in animals maintained for pro-

longed periods of time on vitamin E-deficient diets. Synthetic antioxidants,

but not selenium, can prevent these changes. The neuropathy begins from

axonal membrane injury, and then develops as a distal and dying-back type

of axonopathy.

Vitamin E-deficient animals show exudative diathesis, in which there is

leakage of blood plasma fromcapillaries into subcutaneous tissues, apparent-

ly the result of abnormal permeability of capillary blood vessels. There is an

accumulation of (usually green-colored) fluid under the skin. This responds

to synthetic antioxidants or selenium.

There is also increased erythrocyte hemolysis, which responds to synthe-

tic antioxidants or selenium. The sensitivity of erythrocytes to chemically

induced hemolysis can be used both as a biological assay of vitamin E in
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experimental animals and also as an index of vitaminEnutritional status (Sec-

tion 4.5).

Deficient animals may also show necrosis of the liver (which responds to

seleniumand synthetic antioxidants) andkidney (which responds to synthetic

antioxidants but not selenium).

Most of these effects of vitaminEdeficiency canbe attributed tomembrane

damage. In deficiency, there is an accumulation of lysophosphatidylcholine

in membranes, which is cytolytic. The accumulation of lysophosphatidyl-

choline is a result of increased activity of phospholipase A. It is not clear

whether α-tocopherol inhibits phospholipase A; whether there is increased

phospholipase activity because of increased peroxidation of polyunsaturated

fatty acids in phospholipids, and hence an attempt at membrane lipid repair;

or whether the physicochemical effects of α-tocopherol on membrane orga-

nization and fluidity prevent the cytolytic actions of lysophosphatidylcholine

(Douglas et al., 1986; Erin et al., 1986).

Lipid peroxidation is increased in vitamin E deficiency, and subsequent

catabolism of the peroxides results in the formation of malondialdehyde and

other aldehydes. These can form Schiff bases with amino groups of proteins,

free amino acids, and nucleic acids. The resultant fluorescent pigments are

called ceroid pigments, lipopigments, or lipofuscin, and accumulate in in-

creasedamounts in the liver andother tissuesofdeficient animals (Manwaring

and Csallany, 1988).

The formation of the ceroid pigments seems to represent a mechanism

for detoxication of the products of lipid peroxidation and, although a useful

indicator of peroxidation, and hence of vitamin E deficiency, seems to have

no adverse effects undermost conditions. The exception is in neuronal ceroid

lipofuschinosis, which can result in physiological disturbance and nerve loss.

Malondialdehyde attack on nucleic acids may be a factor in the induction of

carcinogenesis in response to some oxidative radical-generating carcinogens.

The formation of ceroid pigments can be prevented by synthetic antioxidants

and possibly also selenium.

Vitamin E deficiency is also associated with impaired mitochondrial ox-

idative metabolism and impaired activity of microsomal cytochrome P450-

dependent mixed-function oxidases, and hence the metabolism of xenobi-

otics. There is no evidence that vitamin E has any specific role in electron

transport inmitochondria ormicrosomes. Again, changes inmembrane lipids

and oxidative damage presumably account for the observedmetabolic abnor-

malities.
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4.4.2 Human Vitamin E Deficiency
Vitamin E deficiency is not a problem, even among people living on rela-

tively poor diets. In depletion studies, very low intakes of vitamin E must be

maintained for many months before there is any significant fall in circulating

α-tocopherol, because there are relatively large tissue reserves of the vitamin.

Deficiency develops in patients with severe fatmalabsorption, cystic fibro-

sis, chronic cholestatic hepatobiliary disease, and in two rare groups of pati-

ents with genetic diseases:

1. Patients with congenital abetalipoproteinemia, who are unable to syn-

thesize VLDL. This was the first condition reported that confirmed the

essentiality of vitamin E in human beings (Muller et al., 1983). The

patients have undetectably low plasma levels of α-tocopherol and de-

velop devastating ataxic neuropathy and pigmentary retinopathy. The

administration ofmassive oral supplements of vitamin E (of the order of

100 mg of α-tocopherol acetate per kg of body weight per day) halts

the progression of the neuropathy in children diagnosed relatively late

and can prevent the development of neuropathy altogether if therapy is

started early enough (Muller, 1986).

2. Patients who lack the hepatic tocopherol transfer protein (Section 4.2)

and suffer from what has been called AVED (ataxia with vitamin E defi-

ciency) are unable to export α-tocopherol from the liver in VLDL.

In both groups of patients, the only source of vitamin E for peripheral tissues

will be recently ingested vitamin E in chylomicrons. They develop cerebellar

ataxia, axonal degeneration of sensory neurons, skeletal myopathy, and pig-

mented retinopathy similar to those seen in experimental animals.

Inpremature infants,whose reservesof thevitaminare inadequate, vitamin

E deficiency causes a shortened half-life of erythrocytes, which can progress

to increased intravascular hemolysis, and hence hemolytic anemia. In infants

treated with hyperbaric oxygen, there is a risk of damage to the retina (retro-

lental fibroplasia), and vitamin E supplements may be protective, although

this is not firmly established (Phelps, 1987).

4.5 ASSESSMENT OF VITAMIN E NUTRITIONAL STATUS

The most commonly used index of vitamin E nutritional status is the plasma

concentration of α-tocopherol; because it is transported in plasma lipopro-

teins, it is best expressed permole of cholesterol or permilligram of total plas-

ma lipids (Horwitt et al., 1972; Winbauer et al., 1999). The reference range is
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Table 4.3 Indices of Vitamin E Nutritional Status

Deficient Low Acceptable Desirable

Plasma tocopherol, �mol/L <12 12–16 >16 >30
Plasma tocopherol, �mol/g plasma <1.1 1.1–1.86 >1.86 >3.4
total lipid

Plasma tocopherol, mmol/mol <2.2 2.2–2.25 >2.25 >4.0
cholesterol

Erythrocyte fragility — — <0.05 —
Ratio of hemolysis by
H2O2:H2O

Sources: From data reported by Horwitt et al., 1972; Sauberlich et al., 1974; Mor-
rissey and Sheehy, 1999.

12 to 37 µmol per L; ranges associated with inadequate and desirable status

are shown in Table 4.3; an optimum concentration for protection against car-

diovascular disease and cancer is >30 µmol per L (Morrissey and Sheehy,

1999).

Erythrocytes are incapable of de novo lipid synthesis, so peroxidative dam-

age resulting from oxygen stress has a serious effect: shortening red cell life

and possibly precipitating hemolytic anemia in vitamin E deficiency. This has

been exploited as a method of assessing status by measuring the hemolysis

induced by either hydrogen peroxide or dialuric acid. This gives a means of

assessing the functional adequacy of vitamin E intake, albeit one that will be

masked by adequate selenium intake andmay be affected by other, unrelated

factors. Plasma concentrations of α-tocopherol greater than 14 µmol per L

are adequate to prevent significant hemolysis; less than 2.2 mmol per mol of

cholesterol or 1.1 µmol per g of total plasma lipid is associated with increased

susceptibility of erythrocytes to induced hemolysis in vitro.

Overall antioxidant status, as opposed to specifically vitamin E status, can

be assessed by a variety ofmeasures of lipid peroxidation, includingmeasure-

ment of:

1. Plasma total thiobarbituric acid-reacting substances (TBARS);

2. F2 isoprostanes, the isomers of prostaglandin F2 that are formed by

radical-catalyzed peroxidation of arachidonic acid in membranes.

3. The exhalation of pentane arising from the catabolism of the products

of peroxidation of ω6 polyunsaturated fatty acids or ethane arising from

ω3 polyunsaturated fatty acids. Intravenous infusion of a lipid mixture

rich in linoleic acid stresses antioxidant capacity and results in increased
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breathpentane; this ismoremarkedinsubjectswith lowvitaminEstatus,

and the administration of vitamin E reduces the exhalation of pentane

(Tappel andDillard, 1981; Lemoyneet al., 1988; VanGossumet al., 1988).

4.6 REQUIREMENTS AND REFERENCE INTAKES

Based on the plasma concentration of α-tocopherol to prevent significant

hemolysis in vitro (14 to 16µmol per L), the U.S./Canadian estimated average

requirement is 12 mg per day, giving a Recommended Dietary Amount (RDA)

of 15mg per day (Institute ofMedicine, 2000) – a 50% increase on the previous

RDA (National Research Council, 1989). This increase arose partly as a result

of considering only the 2R isomers in dietary intake (Section 4.1). Average in-

takes are of the order of 8 to 12mgof α-tocopherol equivalent per day; it would

be difficult meet this reference intake without significant changes in diet or

use of supplements.

Horwitt (2001) has criticized this high reference intake, noting that it was

based on reinterpretation of the same data as had been provided to the com-

mittee in 1998, which set a lower RDA. Data were from studies that he had

performed (Horwitt, 1960), and he notes that to provide a diet rich in polyun-

saturated fatty acids and low in vitaminE, the oils hadbeenoxidized to remove

vitaminE, and therefore contained large amounts of oxidized lipids thatwould

increase apparent vitamin E requirements.

Early reportssuggestedthatvitaminErequirements increasewiththe intake

of polyunsaturated fatty acids. Neither the United Kingdom (Department of

Health, 1991) nor the European Union (Scientific Committee for Food, 1993)

setreferenceintakesforvitaminE,butbothsuggestedthatanacceptable intake

was 0.4 mg of α-tocopherol equivalent per g of dietary polyunsaturated fatty

acid (PUFA). This should be readily achievable from PUFA-rich foods, which

are also rich sources of vitamin E, but PUFA supplements may not contain

adequate vitamin E. There is little evidence to support the figure of 0.4 mg of

α-tocopherolequivalentpergofdietaryPUFA,and indeed theneed forvitamin

E (andother antioxidants) dependsmoreon thedegreeof unsaturationof fatty

acids than the total amount, and dietary PUFAs undergo chain elongation and

further desaturation in the body. Valk andHornstra (2000) suggested an intake

of 0.6 mg of α-tocopherol per g of linoleic acid, and noted that there are no

data on the requirements for people consuming long-chain PUFA.

Gey (1995) has shown that there is an inverse relationship between plasma

α-tocopherol and risk of ischemic heart disease over a range of 2.5 to 4.0mmol

per mol of cholesterol, and has suggested an optimum or desirable plasma

concentration > 4 mmol of α-tocopherol per mol of cholesterol (>3.4 µmol
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per g of total plasma lipid). This would require an intake of 17 to 40 mg of

α-tocopherol equivalents per day.

4.6.1 Upper Levels of Intake
Vitamin E seems to have very low toxicity, and habitual intake of supplements

of 200 to 600 mg per day (compared with an average dietary intake of 8 to

12 mg) seems to be without untoward effect; there are no consistent reports

of adverse effects up to 3,200 mg per day, suggesting that an acceptable daily

intake is in the very wide range between 0.15 to 2 mg per kg of body weight;

theEuropeanHealth FoodManufacturers’ Association suggests anupper limit

of 800 mg per day from supplements (Shrimpton, 1997).

Very high intakes may antagonize vitamin K and hence potentiate anti-

coagulant therapy. This is probably the result of inhibition of the vitamin K

quinone reductase, but α-tocopheryl quinone may compete with vitamin K

hydroquinone and hence inhibit carboxylation of glutamate in target proteins

(Section 5.3.1).

The U.S./Canadian tolerable upper level is set at 1,000 mg per day, based

on reports of prolonged prothrombin time in people receiving anticoagulants

and consuming 1,100 to 2,100 mg of vitamin E per day. It is noteworthy

that although the report specifically excluded the 2S isomers of synthetic α-

tocopherol from calculations of nutritional requirements, this tolerable upper

level includes all forms of the vitamin, regardless of their tissue retention and

biological activity (Institute of Medicine, 2000).

4.6.2 Pharmacological Uses of Vitamin E
Although vitamin E deficiency causes infertility in experimental animals (Sec-

tion4.4.1), there isnoevidencethatdeficiencyhasanysimilareffectsonhuman

fertility. It is a considerable leap of logic from the effects of gross depletion in

experimental animals to the popular, and unfounded, claims for vitamin E in

enhancing human fertility and virility.

There are no established pharmacological uses of vitamin E except for the

protectionofpreterminfantsexposedtohighpartialpressureoxygen,whomay

develop the retinopathyof prematurity (retrolental fibroplasia); however, even

here, the protective effect of vitamin E is controversial, and it is not routinely

recommended(Phelps,1987).There issomeevidencethatage-relatedmacular

degenerationisalsoassociatedwithoxidativedamageandthathighcirculating

concentrations of vitamin E may be protective, although there is no evidence

from intervention studies (Beatty et al., 2000).
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Animal studies show some protective effects of tocopherol supplements

against a variety of radical-generating chemical toxicants, and it has been

assumed that vitamin E may similarly be protective against a variety of de-

generative diseases that are associatedwith radical damage, including cancer,

cardiovascular disease, cataracts, and neurodegenerative diseases.

4.6.2.1 Vitamin E and Cancer The α-tocopherol β-carotene study was

designed to test the efficacy of supplements against lung cancer; vitamin E

had no effect, although as discussed in Section 2.5.2.3, carotene supplements

were associatedwith increasedmortality from lung cancer (Alpha-Tocopherol

Beta-Carotene Cancer Prevention Study Group, 1994). However, there was a

32% lower incidenceof, and41%lowermortality from,prostate cancer in those

people taking the vitamin E supplements (Heinonen et al., 1998). There is no

clear evidence from other intervention trials that vitamin E reduces cancer

risk.

4.6.2.2 Vitamin E and Cardiovascular Disease Epidemiologically, there

is a significant negative association between vitamin E status and coronary

heartdisease (Gey,1995).This is generallyassumedtobebecauseof theantiox-

idantpropertiesof thevitamin(Section4.3.1),but theeffectsofα-tocopherol in

regulatingvascular smoothmuscleproliferationandplatelet aggregation (Sec-

tion 4.3.3) and of tocotrienols on cholesterol synthesis (Section 4.1) may also

be important (Traber, 2001). The results of intervention studies have been dis-

appointing. In theCambridgeHeart AntiOxidant Study, therewas a significant

reduction in nonfatal myocardial infarctions among those taking vitamin E

supplements, but a (nonsignificant) increase in fatal infarctions (Stephens

et al., 1996). Other large intervention trials have shown no beneficial effect

of vitamin E in coronary heart disease (Meydani, 2000; Kaul et al., 2001; Pruthi

et al., 2001).

4.6.2.3 Vitamin E and Cataracts There is good evidence that cataracts

are the result of oxidative damage to α-crystallin in the lens of the eyes, and

therefore high intakes of antioxidants might be expected to be beneficial. Of

10 controlled trials, 5 showed a protective effect of vitamin E supplements,

and 5 showed no effect (Institute of Medicine, 2000).

4.6.2.4 Vitamin E and Neurodegenerative Diseases There is evidence

that Parkinson’s disease is a result of oxidative radical damage, and there have
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been some suggestions that Alzheimer’s diseasemaybe aswell (SunandChen,

1998; Grundman, 2000). The neurological damage associated with Down’s

syndrome (trisomy 21) may also be related to radical damage; the gene for

superoxide dismutase is on chromosome 21, and overexpression inmice is as-

sociated with increased lipid peroxidation in the brain, apparently as a result

of increased formation of hydrogen peroxide. However, controlled trials show

no beneficial effects of vitamin E supplementation in any of these conditions

(Shoulson, 1998; Tabet et al., 2000).
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Vitamin K

Vitamin K was discovered in 1935 as a result of studies of a hemorrhagic dis-

ease of chickens fed on solvent-extracted fat-free diets and cattle fed on silage

made from spoiled sweet clover. The problem in the chickens was a lack of

the vitamin in the diet, whereas in the cattle it was from the presence of di-

coumarol, an antimetabolite of the vitamin. It soon became apparent that

vitamin K was required for the synthesis of several of the proteins required

for blood clotting, but it was not until 1974 that Stenflo and coworkers (1974)

elucidated the mechanism of action of the vitamin. A new amino acid, γ -

carboxyglutamate (Gla) was found to be present in the vitamin K-dependent

proteins, but absent from the abnormal precursors that circulate in deficiency.

γ -Carboxyglutamate is chemically unstable and undergoes spontaneous de-

carboxylation to glutamate when proteins are hydrolyzed in acid for amino

acid analysis.

Since then, a number other proteins that undergo the same vitamin K-

dependent posttranslational modification, carboxylation of glutamate resi-

dues to γ -carboxyglutamate, have been discovered, including osteocalcin and

the matrix Gla protein in bone, nephrocalcin in the kidneys, and the product

of the growth arrest-specific gene Gas6, which is involved in both the regu-

lation of differentiation and development in the nervous system, and control

of apoptosis in other tissues. All of these γ -carboxyglutamate–containing pro-

teinsbindcalcium,whichcausesaconformational changeso that they interact

with membrane phospholipids.

The impairment of blood clotting in response to antimetabolites of vita-

min K has been exploited in two ways: the development of clinically useful

anticoagulant drugs for patients at risk of thrombosis and, at higher doses, as

rodenticides.

131
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In green plants, vitamin K (phylloquinone) functions as a secondary elec-

tron acceptor in photosystem I, and in bacteria a variety of menaquinones

(which also have vitamin K activity) have a role in the plasma membrane in

electron transport,where theyserve thesameroleasubiquinone (Section14.6)

in mitochondrial electron transport. There is no evidence that vitamin K has

any role in electron transport in animals.

5.1 VITAMIN K VITAMERS

AsshowninFigure5.1,compoundswithvitaminKactivityhavea2-methyl-1,4-

naphthoquinone ring. There are two naturally occurring vitamers: phylloqui-

none (from plants) has a phytyl side chain, whereas the menaquinones (from

bacteria) have a polyisoprenyl side chain, with up to 15 isoprenyl units (most

commonly 6 to 10), shown bymenaquinone-n. Bacteria also form a variety of

Figure 5.1. Vitamin K vitamers and the vitamin K antagonists dicoumarol and war-
farin. Relative molecular masses (Mr): phylloquinone, 450.7; menaquinone-4, 447.4;
menaquinone-5, 512.8; menaquinone-6, 580.0; menaquinone-7, 649.0; menaquinone-
8, 717.1; menadione, 172.2; menadiol diacetate, 258.3; dicoumarol, 336.3; and warfarin
308.3.
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menaquinoneswithdifferingdegreesof saturationof the sidechain, variations

in thepositionsof thedoublebonds, and sometimes additionalmethylationof

the naphthoquinone ring. The pattern ofmenaquinones synthesized is useful

in the taxonomy and identification of bacteria.

Phylloquinone is vitamin K1, menaquinones are vitamin K2, and the syn-

thetic compounds menadione and menadiol are vitamin K3. In addition to

menadione itself,menadiol diacetate (acetomenaphthone) isused inpharma-

ceutical preparations, and two water-soluble derivatives, menadione sodium

bisulfite and menadiol sodium phosphate, have been used for administra-

tion of the vitamin by injection and in patients with malabsorption syn-

dromes that would impair the absorption of menadione, phylloquinone, and

menaquinones, which are lipid soluble.

Menaquinones are synthesized by intestinal bacteria, but it is unclear how

much they contribute to vitamin K nutrition, because they are extremely hy-

drophobic, andwill only be absorbed from regions of the gastrointestinal tract

where bile salts are present – mainly the terminal ileum. However, prolonged

use of antibiotics can lead to vitamin K deficiency and the development of

vitamin K-responsive hypoprothrombinemia (Section 5.4), as can dietary de-

privation of phylloquinone. In vitro, menaquinones 2 to 6 have the same ac-

tivity as phylloquinone as coenzyme for the solubilized liver microsomal vita-

min K-dependent carboxylase (Section 5.3.1), whereas menaquinones with a

side chain longer than seven have lower activity (Suttie, 1995). In extrahepatic

tissues, the principal active vitamer is menaquinone-4 (Thijssen and Drittij-

Reijnders, 1996; Thijssen et al., 1996).

5.2 METABOLISM OF VITAMIN K

Phylloquinone is absorbed in the proximal small intestine, by an energy-

dependent mechanism, and is incorporated into chylomicrons. Estrogens in-

crease phylloquinone absorption in both male and female animals, and male

animals are more susceptible to dietary vitamin K deprivation than females

(Jolly et al., 1977). Even after an overnight fast, about half the plasma vita-

min K is present in chylomicron remnants, and only a quarter in low-density

lipoprotein. Theplasmaconcentrationofphylloquinone is associatedwith ge-

netic variants of apoprotein E, which determines the binding of chylomicron

remnants to the liver lipoprotein receptor (Kohlmeier et al., 1996).

Extrahepatic tissues take up phylloquinone from chylomicrons and very

low-density lipoprotein, and synthesize menaquinone-4, which is the princi-

pal vitamer in tissues other than the liver. Some menaquinone-4 is also ab-

sorbed into the portal system from the colon.
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Menaquinones are absorbed mainly from the terminal ileum, where bile

salts are present, into the hepatic portal vein. Little of the menaquinones

formed by colonic bacteria can be absorbed, because they remain tightly

boundtobacterial cellmembranes in theabsenceofbile salts.About90%of the

total liver content of vitamin K is menaquinones 7 to 13, and the hepatic pool

of phylloquinone turns over considerably faster than that of menaquinones.

Sixty percent to 70% of the daily intake of phylloquinone is excreted, mainly

as conjugates in the bile, and the half-life of a tracer dose of phylloquinone is

only about 17 hours.

After a tracer dose of radioactive phylloquinone, the label is rapidly accu-

mulated in the liver, then lost from the body with turnover time of 1.5 days.

This suggests that there is rapid turnover and little storage of vitamin K. How-

ever, there may be considerable enterohepatic recirculation of the conjugates

excreted in the bile (Shearer et al., 1996; Olson et al., 2002). About 10% of the

total liver vitamin K is normally present as the epoxide, which is formed by the

vitamin K-dependent carboxylase and normally reduced back to the active

vitamin (Section 5.3.1).

Menadione ismainly absorbed byway of the portal system, although some

is also absorbed into the lymphatic system. In the liver, menadione is alky-

lated to menaquinone-4 by the addition of geranyl-geranyl pyrophosphate,

rather than a stepwise formation of the polyisoprenyl side chain; liver mi-

crosomal preparations will catalyze the formation of menaquinone-2 (from

geranyl pyrophosphate), menaquinone-3 (from farnesyl pyrophosphate), and

menaquinone-4 at the same rate, depending on which isoprenyl pyrophos-

phate is provided (Dialameh et al., 1970). The vitamin K antagonist warfarin

(seeFigure5.1) inhibits thealkylationofmenadione,althoughthis isnot itsma-

jormodeof action (Section5.3.1).Menadione,which is not alkylated, is rapidly

metabolized, largely by reduction to menadiol, followed by the formation of

the glucuronide, which is excreted in the bile, and sulfate and phosphate con-

jugates, which circulate in the bloodstream and are excreted in both bile and

urine. The metabolism of menadione is rapid, so that only a small proportion

is converted to (biologically active) menaquinone-4.

About 20% of an oral dose of [3H]phylloquinone is excreted in the feces

unchanged, suggesting that 80% is absorbed. A further 35% to 40% of the ra-

dioactivity is recovered in the feces as a variety of conjugates of polarmetabo-

lites formed by ω-methyl oxidation of the side chain, followed by successive

β-oxidation, as well as reduction of the quinone ring to the quinol, to provide

the site for conjugationwith glucuronic acid, phosphate, or sulfate. About 75%

of the conjugates are excreted in the bile and the remainder in the urine. In
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the intestinal lumen, the glucuronides are largely hydrolyzed by bacterial glu-

curonidase, and the carboxyl groupmay be esterified by bacterial enzymes, so

that the fecal metabolites are more lipophilic than those initially excreted in

the bile. After the administration of the vitamin K antagonist warfarin, there is

an increase in the urinary excretion of metabolites of phylloquinone epoxide

and a compensatory decrease in fecal excretion (Olson, 1984).

5.2.1 Bacterial Biosynthesis of Menaquinones
The quinone ring is derived from isochorismic acid, formed by isomerization

ofchorismicacid, an intermediate in theshikimicacidpathway for synthesisof

the aromatic amino acids. The first intermediate unique tomenaquinone for-

mation is o-succinyl benzoate, which is formed by a thiamin pyrophosphate-

dependent condensation between 2-oxoglutarate and chorismic acid. The re-

action catalyzed by o-succinylbenzoate synthetase is a complex one, involv-

ing initially the formation of the succinic semialdehyde-thiamin diphosphate

complex by decarboxylation of 2-oxoglutarate, then addition of the succinyl

moiety to isochorismate, followed by removal of the pyruvoyl side chain and

the hydroxyl group of isochorismate.

o-Succinyl benzoate forms a coenzyme A thioester, which then undergoes

dehydration and ring closure to naphthohydroquinone-3-carboxylate. This

reacts with polyprenyl pyrophosphate, with the loss of carbon dioxide. The

immediate product of the enzymic reaction, desmethylmenaquinol, is oxi-

dized to desmethylmenaquinone, which is methylated to yield menaquinone

(Meganathan, 2001)

5.3 THE METABOLIC FUNCTIONS OF VITAMIN K

Themainmetabolic function of vitaminK is as the coenzyme in the carboxyla-

tionofprotein-incorporatedglutamate residues toyieldγ -carboxyglutamate–

a unique type of carboxylation reaction, clearly distinct from the biotin-

dependent carboxylation reactions (Section 11.2.1).

Four vitamin K-dependent proteins involved in blood coagulation, pro-

thrombinandFactorsVII, IX, andX,werediscovered early in the investigations

of the vitamin, as a result of the hemorrhagic disease caused by deficiency.

The function of γ -carboxyglutamate in these proteins is to chelate calcium

and induce a conformational change that permits binding of the proteins to

membrane phospholipids. Unlike the high-affinity calcium binding proteins,

such as calmodulin and calbindin (Section 3.3.3.1), the vitamin K-dependent

calciumbinding proteins have a relatively low affinity for calcium, with values

of Kdiss in the millimolar range.
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In addition to blood clotting, γ -carboxyglutamate–containing proteins are

found in

1. bone (osteocalcin and bone matrix Gla protein);

2. the kidney cortex (nephrocalcin); hydroxyapatite and calcium oxalate

containing urinary stones;

3. atherosclerotic plaque – this protein is sometimes called atherocalcin,

but is probably the sameas thebonematrixGla protein (Section 5.5.3.3);

4. the intermembrane space of mitochondria, where they may have a role

in the mitochondrial accumulation of calcium; and

5. the central nervous system and probably other tissues (Gas6).

A number of proteins involved in cell signaling and as cell surface receptors

also contain γ -carboxyglutamate (Nelsestuen et al., 2000).

A specific vitamin K binding protein has been identified in the nucleus in

osteoblasts, suggesting that the vitamin may also have direct nuclear actions

(Hoshi et al., 1999). Phylloquinone, but not menaquinones, down-regulates

osteoclastic bone resorption by inducing apoptosis in osteoclasts (Kameda

et al., 1996).

The vitamin also activates serine palmitoyltransferase, the first enzyme of

phosphosphingolipid synthesis, and inbacteria it can, togetherwith inorganic

phosphate, replace part of the ATP requirement of galactocerebroside sulfo-

transferase (Tsaioun, 1999). In animals, lipid sulfatides are decreased in vita-

min K deficiency and increased with higher intakes (Sundaram et al., 1996).

5.3.1 The Vitamin K-Dependent Carboxylase
The vitamin K-dependent carboxylase is an integral membrane protein. Most

of the proteins that are carboxylated are extracellular proteins, and the major

activityof thecarboxylase is at the luminal faceof the roughendoplasmic retic-

ulum. However, there is also significant carboxylase activity in mitochondria.

As shown in Figure 5.2, the initial reaction is oxidation of vitamin K hydro-

quinone to the epoxide, linked to γ -deprotonation of the glutamate residue to

yield a carbanion, catalyzed by vitamin K epoxidase.

Menaquinones 2 to 7 have essentially the same activity as phylloquinone

when the reduced hydroquinones are incubated with either isolated prepa-

rations of epoxidase or intact microsomes. If intact microsomes are incu-

bated with the quinones, menaquinone-3 has higher activity than phyllo-

quinone, which in turn has higher activity than menaquinone-4 or higher

homologs, suggesting that quinone reductase (see below) has greater speci-

ficity for the length of the side chain than does the epoxidase. The glutamate
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Figure 5.2. Reaction of the vitamin K-dependent carboxylase (vitamin K epoxidase)
and recycling of vitamin K epoxide to the hydroquinone. Vitamin K epoxidase, EC
1.14.99.20; warfarin-sensitive epoxide/quinone reductase, EC 1.1.4.1; and warfarin-
insensitive quinone reductase, EC 1.1.4.2.

carbanion formedby theepoxidase reactionreactswithcarbondioxide to form

γ -carboxyglutamate. At saturating concentrations of carbon dioxide, there is

equimolar formation of γ -carboxyglutamate and vitamin K epoxide.

The double bond at C-3 of the side chain is essential to activity and has

trans-configuration; cis-phylloquinone has no biological activity. This double

bond seems to be involved in the deprotonation of the glutamate substrate.

Target proteins for carboxylation have the recognition sequence X-Phe-X-

aa-aa-aa-aa-Ala, where X is an aliphatic hydrophobic amino acid, and 10 to 12

glutamate residues in the first 40 amino acids of the amino terminal region.

The peptide substrate binds to the amino terminal region of the carboxylase,

whereas the carboxyl terminal regionhas the epoxidase activity. Theepoxidase

activity is regulated by the binding of the peptide substrate and in the absence

of the peptide, epoxidation does not occur (Furie and Furie, 1997; Sugiura

et al., 1997). Theenzymecatalyzesmultiple carboxylationof glutamategroups,

each associated with epoxidation of vitamin K hydroquinone, during a single

peptide binding event; no partially carboxylated peptide is released from the
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enzyme tobe reboundandundergo further carboxylation, although invitamin

K deficiency partially carboxylated peptides are released (Morris et al., 1995).

Vitamin K epoxide is reduced to the quinone in a reaction involving oxida-

tion of a dithiol to the disulfide, catalyzed by epoxide reductase. This enzyme

has no activity towardmenadione epoxide or the epoxides of a variety of xeno-

biotics,but isspecificforalkylatedvitaminKepoxides.Likeotherdithiol-linked

flavoprotein reductases, this enzyme initially undergoes an internal dithiol–

disulfide reaction, followed by reaction with the dithiol substrate. The initial

step in the reaction is an attack on the epoxide ring by an enzyme-bound

sulfhydryl group, with intermediate formation of a thioether adduct. Thiol

reagents, such as iodoacetamide and N-ethylmaleimide, inhibit the enzyme

irreversibly.Theadditionof vitaminKepoxideprotects theenzymeagainst this

inactivation. The physiological dithiol substrate has not been uniquevocally

identified, but is assumed to be thioredoxin.

Vitamin K quinone is reduced to the active hydroquinone substrate for the

epoxidase reaction by either a dithiol-linked reductase that is almost certainly

the same enzyme as the epoxide reductase or NADPH-dependent quinone

reductase. Like the epoxide reductase, the dithiol-linked reductase is inhibited

by warfarin. In warfarin-resistant rats, there is a warfarin-insensitive epoxide

reductase, which also has quinone reductase activity (Hildebrandt et al., 1984;

Gardill and Suttie, 1990).

The NADPH-dependent reduction of vitamin K quinone to the hydro-

quinone is not inhibited by warfarin. In the presence of adequate amounts

of vitamin K, the carboxylation of glutamate residues can proceed normally,

despite the presence of warfarin, with the stoichiometric formation of vita-

min K epoxide that cannot be reutilized. Small amounts of vitamin K epoxide,

and hydroxides formed by its reduction by other enzymes, are normally found

in plasma. In warfarin-treated animals and patients, there is a significant in-

crease in the plasma concentration of both. There is also an increase in the

urinary excretion of the products of side-chain oxidation of the epoxide and

hydroxides.

Prothrombin normally contains 10 γ -carboxyglutamate residues in the

amino terminal region. In the presence of high concentrations of warfarin,

a completely uncarboxylated precursor, preprothrombin, is released into the

circulation.Before thenatureof thisprecursorproteinwasknown, itwascalled

protein induced by vitamin K absence or antagonism (PIVKA), a term that is

sometimes still used.

At lower doses of anticoagulant, a variety of partially carboxylated pre-

prothrombins are formed. Sequencing of these proteins shows that the
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carboxylation is not random, but proceeds in an orderly fashion from the

amino terminalof the substrate. Inpreprothrombincontaining80%of thenor-

mal amountof γ -carboxyglutamate, it is the last twoglutamate residuesbefore

the carboxy terminal that are not carboxylated; in 60%undercarboxylatedpre-

prothrombin, it is the last four glutamate residues that are not carboxylated

(Liska and Suttie, 1988).

In some patients with combined deficiency of vitamin K-dependent co-

agulation factors, the deficiency can be partially corrected by high doses of

vitamin K, suggesting that the defect is in the affinity of the carboxylase for its

coenzyme (Mutucumarana et al., 2000).

5.3.2 Vitamin K-Dependent Proteins in Blood Clotting
The formation of blood clots is the result of the conversion of the soluble pro-

tein fibrinogen into fibrin, an insoluble network of fibers. This is achieved by

specific proteolysis of fibrinogen at two arginine–glycine junctions, removing

two pairs of small peptides (fibrinopeptides), catalyzed by thrombin. The re-

sultant fibrin monomer aggregates into the insoluble fibrin polymer, which

undergoes further covalent cross-linkage, catalyzed by a transamidase, the so-

called fibrin-stabilizing factor or Factor XIII. Fibrin-stabilizing factor is nor-

mally present as an inactive dimer that is activated by thrombin. By the for-

mation of an insoluble clot, bleeding is rapidly stopped.

Thrombin, which catalyzes the proteolysis of fibrinogen, circulates as an

inactive precursor, prothrombin, which in turn is activated by partial proteol-

ysis to remove a peptide sequence that masks the catalytic site. There are two

distinct pathways leading to the activation of prothrombin to thrombin (see

Figure 5.3):

1. The extrinsic pathway, which is initiated by thromboplastin released

from injured tissues and the protease proconvertin (Factor VII).

2. The intrinsic pathway, which is initiated by the activation of Factor XII

as a result of adsorption onto collagen, platelet membranes, or (under

laboratory conditions) glass.

Factor X can also be activatedby kallikrein – in turnprekallikrein is activated to

kallikrein by activated Factor XII, thus prolonging the initial contact activation

of Factor XII.

The intrinsic pathway is involved in the clotting of blood in glass tubes and

in the undesirable intravascular clotting that results in thrombosis. Control of

theclottingmechanismis thuscentral tohemostasis toavoidbothhemorrhage

and thrombosis.
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Figure 5.3. Intrinsic and extrinsic blood clotting cascades. Factor I, fibrinogen; Fac-
tor II, prothrombin (vitamin K-dependent); Factor III, thromboplastin; Factor V, proac-
celerin; Factor VII, proconvertin (vitamin K-dependent); Factor VIII, antihemophilic
factor; Factor IX, Christmas factor (vitamin K-dependent); Factor X, Stuart factor (vi-
tamin K-dependent); Factor XI, plasma thromboplastin; Factor XII, Hageman factor;
Factor XIII, fibrin-stabilizing factor; and Factor XIV, protein C (vitamin K-dependent).
What was at one time called Factor IV is calcium; no factor has been assigned number
VI.

As shown in Figure 5.3, both the intrinsic and extrinsic pathways for the

activation of prothrombin and hence initiation of blood clotting involve a

number of intermediate factors. The nomenclature of the factors is based on

thehistory of their discovery,whichwas largely as a result of studies inpatients

with various congenital clotting defects. Most of the clotting factors are serine

proteases, which circulate as inactive zymogens. Each factor is activated by

partial proteolysis and then in turn activates the next factor – a cascade that

results in considerable amplification of the original stimulus.

The cascade is not a simple linear one. The concerted action of activated

Factors VIII and IX is required in the intrinsic pathway for the activation of

Factor X. The rate of prothrombin activation by activated Factor X alone is

inadequate to meet physiological needs; an additional protein, proaccelerin

or Factor V, is also required. In addition to prothrombin, Factors VII, IX, and X

contain γ -carboxyglutamate and hence are vitamin K-dependent, as are three
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further proteins: proteins C, S, and Z, which are anticoagulants. Protein C is a

protease that hydrolyzes activatedFactor V andactivates clot lysis. It circulates

as a zymogen and is activated by thrombin. Protein Z serves as the cofactor for

the inhibitionof activatedFactorXbyaprotease inhibitor; in turn, theprotease

inhibitor–protein Z complex is hydrolyzed by activated Factors X and XI (Furie

and Furie, 1988; Broze, 2001).

The initiation of the clotting process occurs on phospholipid surfaces, and

the γ -carboxyglutamate residues in the various vitamin K-dependent clot-

ting factors are essential for the calcium-dependent binding of the proteins to

phospholipid. In the absence of calcium, the γ -carboxyglutamate residues are

exposed, and the Gla domain has no affinity for lipid surfaces. After bind-

ing calcium ions, the protein undergoes a conformational change, so that

the Gla residues are internalized and hydrophobic amino acids are exposed.

Thesepenetrate intophospholipidmembranes andbind theprotein to the cell

surface.

5.3.3 Osteocalcin and Matrix Gla Protein
Treatment with warfarin or other anticoagulants during pregnancy can lead

toboneabnormalities in the fetus, theso-called fetalwarfarinsyndrome,which

is because of impaired synthesis of osteocalcin – a small calcium binding pro-

tein containing three γ -carboxyglutamate residues found in bone matrix and

dentine. It also contains a hydroxyproline residue, and thus undergoes both

vitaminK- and vitaminC-dependent posttranslationalmodifications (Section

13.4.3). It is the most abundant of the noncollagen proteins of bone matrix,

accounting for 1% to 2% of total bone protein, or 15% of noncollagen bone

protein. Osteocalcin synthesis is induced by physiological concentrations of

calcitriol, and thereleaseofosteocalcin into thecirculationprovidesasensitive

marker of vitamin D action andmetabolic bone disease (Section 3.5).

Osteocalcin is synthesized in the osteoblasts as a precursor protein that

then undergoes γ -carboxylation of glutamate residues and cleavage of a pep-

tide extension before secretion into the extracellular space, where it binds to

hydroxyapatite. Osteocalcin binds to hydroxyapatite in bone andmodifies the

crystallization of calcium phosphates, retarding the conversion of brushite

[CaHPO4.2H2O] to hydroxyapatite [Ca10(PO4)6(OH)2] and inhibiting the min-

eralization of bone. Osteocalcin knockout mice have a higher bone mineral

density than normal. The absence of osteocalcin leads to increased bone for-

mation without impairing resorption (Ducy et al., 1996).

The matrix Gla protein, which was originally described in bone, where it

bindstobothorganicandmineralcomponents, is foundinavarietyof tissues. It
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acts topreventmineralizationof cartilage andother connective tissues.Matrix

Gla protein knockout mice develop a variety of abnormalities within 2 weeks

of birth and die within 2 months from rupture of the aorta, associated with

extensive calcification of blood vessels (Luo et al., 1997). Matrix Gla protein

(atherocalcin) is also found in atherosclerotic plaque.

Nephrocalcin in the kidneys has considerable homology with matrix Gla

protein. It is probably involved in renal reabsorption of calcium, but also acts

to solubilize calcium salts in the urine. It is found in calcium oxalate renal

stones.

5.3.4 Vitamin K-Dependent Proteins in Cell Signaling – Gas6
The fetal warfarin syndrome involves neurological as well as bone abnormal-

ities. Vitamin K-dependent carboxylase is expressed in different brain regions

at different times during embryological development.

The product of the growth arrest-specific gene 6 (Gas6) is a γ -carboxy-

glutamate containing growth factor that is important in the regulation of

growth and development. The γ -carboxyglutamate region of Gas6 is required

for binding to phosphatidylserine in cell membranes before interactingwith a

receptor tyrosinekinase, leading to the inductionofmitogen-activatedprotein

kinase. Phosphatidylserine is normally deep in the membrane phospholipid

bilayer, but it is exposed at the cell surface in senescent red blood cells and

apoptotic cells, suggesting that Gas6 has a role in the recognition of cells that

are to undergo phagocytosis, and hence regulation of apoptosis and cell sur-

vival (Saxena et al., 2001).

5.4 VITAMIN K DEFICIENCY

Vitamin K deficiency results in prolonged prothrombin time, and eventually

hemorrhagic disease, as a result of the impairment of synthesis of the vita-

min K-dependent blood clotting proteins. Although osteocalcin synthesis is

similarly impaired, the effects on blood clotting predominate, and effects of

vitamin K deficiency on bone mineralization can only be demonstrated in

experimental animals if they are transfused with preformed blood clotting

factors. Otherwise, they suffer fatal hemorrhage before there is any detectable

effect on osteocalcin and bone metabolism. However, there is some evidence

thatundercarboxylatedosteocalcin is formedinsubjectswithmarginal intakes

of vitamin Kwith no evidence of impaired blood clotting (Binkley et al., 2000)

The coumarin anticoagulants act as vitamin K antimetabolites, inhibiting

vitamin K quinone reductase and epoxide reductase, and hence cause func-

tional vitaminKdeficiency. As discussed in Section 5.3.1, the inhibitionof vita-

minKquinone reductase does not prevent the formation of the hydroquinone
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for epoxidase activity, because a warfarin-insensitive enzyme also catalyzes

the reaction. Provision of high intakes of vitamin K will overcome the inhibi-

tion of glutamate carboxylation caused by anticoagulants by permittingmore

or less stoichiometric utilization of the vitamin, with excretion of metabolites

of the epoxide. Thismay causeproblemswithpatients receiving anticoagulant

therapy who take supplements of vitamin K. High dietary intakes of vitamin

K, rather than supplements, may also affect anticoagulant action. Although

daily consumption of 250 g of a vitamin K-rich vegetable, such as spinach or

broccoli, is required to affect prothrombin time, some of the vegetable oils in

commonuse have a high vitaminK content (Karlson et al., 1986; Bolton-Smith

et al., 2000).

The response of deficient animals to repletion with vitamin K, or the ad-

ministration of the vitamin after anticoagulants, is more rapid than might be

expected. There is a considerable intracellular accumulation of preprothrom-

bin,which is immediately available for carboxylationwhenvitaminKbecomes

available.

5.4.1 Vitamin K Deficiency Bleeding in Infancy
Newborn infants present a special problem with respect to vitamin K. They

have low plasma levels of prothrombin and the other vitamin K-dependent

clotting factors (about 30% to 60% of the adult concentrations, depending

on gestational age). To a great extent, this is the result of the relatively late

development of liver glutamate carboxylase, but they are also short of vitamin

K, as a result of the placental barrier that limits fetal uptake of the vitamin.

This is probably a way of regulating the activity of Gas6 and other vitamin K-

dependent proteins in development and differentiation (Section 5.3.4; Israels

et al., 1997).

Over thefirst 6weeksof postnatal life, theplasmaconcentrationsof clotting

factors gradually rise to the adult level; in the meantime, they are at risk of

potentially fatal hemorrhage that was formerly called hemorrhagic disease of

the newborn and is now known as vitamin K deficiency bleeding in infancy. It

is usual to give all newborn infants prophylactic vitamin K, either orally or by

intramuscular injection (Sutor et al., 1999). At one time,menadione was used,

but, because of the association between menadione and childhood leukemia

(Section 5.6.1), phylloquinone is preferred.

5.5 ASSESSMENT OF VITAMIN K NUTRITIONAL STATUS

The usual method of assessing vitamin K nutritional status, or monitoring

the efficacy of anticoagulant therapy, is a functional test of blood clotting,

and hence the ability to synthesize the vitamin K-dependent clotting factors.
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The standard assay measures the time taken for the formation of a fibrin clot

in citrated plasma after the addition of calcium ions and thromboplastin to

activate the extrinsic clotting system – the prothrombin time. The normal

prothrombin time is 11 to 13 seconds; greater than 25 seconds is associated

with severe bleeding.

Measurement of plasmaconcentrations of preprothrombinpermits amore

sensitivemeansof detectingmarginally inadequate vitaminK status than sim-

ple determination of prothrombin time. Preprothrombin is not activated by

thromboplastin, although it is a substrate for the protease from snake venom,

whichdoesnotrequirephospholipidbindingof thesubstrate foractivity.When

so activated, descarboxy-thrombin will catalyze clot formation from fibrino-

gen. This provides ameans of determining the relative amounts of prothrom-

bin and preprothrombin in blood samples. If snake venom protease is used

instead of thromboplastin, the prothrombin time will be shorter, depending

on howmuch preprothrombin is present. In normal subjects, the ratio of pro-

thrombin time using thromboplastin and that using snake venom protease is

>0.6, whereas in vitamin K-deficient or anticoagulant-treated subjects, it is

lower.

Preprothrombin canbedetermined immunologically, either using antipro-

thrombin antibodies, after adsorption of the γ -carboxylated protein onto bar-

ium carbonate or using anti-preprothrombin antibodies that do not cross-

react with prothrombin. Circulating concentrations of preprothrombin in

vitamin K deficiency are of the order of 150 to 1,500 nmol per L. If elevated

preprothrombin is because of vitamin K deficiency, then it will fall on admin-

istration of the vitamin, whereas if it is the result of liver disease, then vitamin

K supplements will have no effect.

In deficiency, there is alsoundercarboxylatedosteocalcin in the circulation,

and this provides amore sensitive indexofmarginal status; it is detectable, and

responds to supplements of vitamin K, in subjects with normal clotting time

and no circulating preprothrombin (Sokoll and Sadowski, 1996; Binkley et al.,

2000).

Measurement of the plasma concentration of phylloquinone gives some

information about status, but reflects not only intake but also plasma triacyl-

glycerol, becausemost is carried in chylomicrons and chylomicron remnants.

The plasma concentration of phylloquinone is higher in older subjects, but

the phylloquinone:triacylglycerol ratio is lower than in younger people (Booth

and Suttie, 1998).

The urinary excretion of γ -carboxyglutamate, as both the free amino acid

and in small peptides, also reflects functional vitamin K status, because γ -

carboxyglutamate released by the catabolism of proteins is neither reutilized
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nor metabolized. The normal range of γ -carboxyglutamate excretion is 0.2 to

0.6 µmol per mol of creatinine in adults. Children excrete more, presumably

reflecting greater turnover of osteocalcin. Inpatients receiving anticoagulants,

the urinary excretion of γ -carboxyglutamate falls to half as the prothrombin

time increases two- to three-fold (Suttie et al., 1988).

5.6 VITAMIN K REQUIREMENTS AND REFERENCE INTAKES

The determination of vitamin K requirements is complicated by the intesti-

nal bacterial synthesis of menaquinones and the extent to which these are

absorbed and utilized (Section 5.1). Prolonged use of antibiotics leads to im-

paired blood clotting, but simple dietary restriction of vitamin K results in

prolonged prothrombin time and increased circulating preprothrombin; so it

is apparent that bacterial synthesis is inadequate tomeet requirements in the

absence of a dietary intake of phylloquinone. Preprothrombin is elevated at

intakes between 40 to 60 µg per day, but not at intakes above 80 µg per day

(Suttie et al., 1988).

The total body pool of vitamin K is 150 to 200 nmol (70 to 100 µg); the half-

life of phylloquinone is 17 hours, suggesting a requirement for replacement of

50 to 70µg per day. In subjects treatedwith neomycin to sterilize the gastroin-

testinal tract, a daily intake of 0.4 g of phylloquinone is adequate to maintain

normal blood clotting. On the basis of preventive studies (as opposed to ear-

lier curative studies in deficient patients), Olson (1987b) suggested a mean

daily requirement of 0.4 µg per kg of body weight, and a Recommended Daily

Amount based on 0.56 µg per kg of body weight. Depletion/repletion studies

suggest a requirement of 0.5 to 1 mg of phylloquinone (Suttie et al., 1988).

Most reference intakes are based on 0.5 to 1 µg phylloquinone per kg of

bodyweight (see Table 5.1). However, the U.S./Canadian Adequate Intake (In-

stitute of Medicine, 2001) is 120 µg for men and 90 µg for women, based on

observed intakes. There is some evidence that average intakes may, in fact, be

inadequate to permit full carboxylation of osteocalcin; Binkley and coworkers

(2000) showed that giving supplements to normal healthy subjects reduced

the circulating concentration of undercarboxylated osteocalcin.

5.6.1 Upper Levels of Intake
Even large intakes of phylloquinone have no apparent toxic effects, although

they may be dangerous in patients receiving anticoagulant therapy (Sec-

tion 5.4).

Menadione and its water-soluble derivatives are potentially toxic in excess

and have been reported to cause hemolytic anemia, hyperbilirubinemia,

central nervous system toxicity, and methemoglobinemia in the newborn.
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Table 5.1 Reference Intakes of Vitamin K
(�g/day)

U.S./Canada FAO
Age 2001 2001

0–6 m 2 5
7–12 m 2.5 10
1–3 y 30 15
4–16 y 55 20
7–8 y 55 25

Males
9–10 y 60 25
11–13 y 60 35–55
14–18 y 75 35–55
>19 y 120 65

Females
9–10 y 60 25
11–13 y 60 35–55
14–18 y 75 35–55
>19 y 90 55
Pregnant 90 55
Lactating 90 55

FAO, Food and Agriculture Organization; WHO,
World Health Organization.
Sources: Institute of Medicine, 2001; FAO/WHO,
2001.

Menadione prophylaxis against vitamin K deficiency bleeding in infancy (Sec-

tion5.4.1)hasbeenassociatedwith increased incidenceofchildhood leukemia

and other cancers.

5.6.2 Pharmacological Uses of Vitamin K
The pharmacological uses of vitamin K are in the treatment of (rare) vitamin K

deficiency, prophylaxis in newborn infants (Section 5.4.1), and as an antidote

to overcome anticoagulant toxicity. Because of its cytoxic effects, menadione

hasbeenused incancerchemotherapy. It alsopotentiates theanalgesicactions

of salicylates and opiates, and has been used to enhance pain relief in cancer

patients.

It has been suggested that supplements may be beneficial in the healing of

bonefractures.There is someevidencethatpatientswithosteoporosis (Section

3.4.3)have lowcirculatingconcentrationsofvitaminK,andsomeevidencethat

supplementsof vitaminKmayretard theprogressionofosteoporosis (Vermeer

et al., 1995, 1996; Feskanich et al., 1999).
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SIX

Vitamin B1 – Thiamin

Theperipheralnervous systemdisease,beriberi, causedby thiamindeficiency,

hasbeenknownsporadically fornearly 1,300 years; it becameamajorproblem

of public health in the Far East in the nineteenth centurywith the introduction

of the steam-powered ricemill, which resulted inmore widespread consump-

tion of highly milled (polished) rice. Thiamin was discovered as the factor in

the discarded polishings that protected against the disease.

Although now largely eradicated, beriberi remains a problem in someparts

of theworldamongpeoplewhosediet isespeciallyhigh incarbohydrates.Adif-

ferent condition, affecting the central rather than peripheral nervous system,

theWernicke–Korsakoff syndrome, is also due to thiamin deficiency. It occurs

in developed countries, especially among alcoholics and narcotic addicts.

Thiaminwasthefirstof thevitaminstobedemonstratedtohaveaclearlyde-

finedmetabolic function as a coenzyme; indeed, the studies of Peters’ group in

the 1920s and 1930s laid the foundations not only of nutritional biochemistry,

but also ofmodernmetabolic biochemistry and neurochemistry. Despite this,

the mechanism by which thiamin deficiency results in central and peripheral

nervous system lesions remains unclear; in addition to its established coen-

zyme role, thiamin regulates the activity of a chloride transporter in nerve

cells.

6.1 THIAMIN VITAMERS AND ANTAGONISTS

As shown in Figure 6.1, thiamin consists of pyrimidine and thiazole rings, lin-

kedbyamethylenebridge; the alcohol groupof the side chain canbeesterified

with one, two, or three phosphates, yielding thiamin monophosphate, thia-

mindiphosphate (alsoknownas thiaminpyrophosphate, themetabolicallyac-

tive coenzyme), and thiamin triphosphate. The vitamin was originally named

aneurine, the antineuritic vitamin, because of its function in preventing or
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Figure 6.1. Thiamin and thiamin analogs, products of thiaminolysis, and experi-
mental antimetabolites. Relative molecular masses (Mr): thiamin, 266.4 (chloride-
hydrochloride, 337.3); thiaminmonophosphate, 345.3; thiamin diphosphate, 425.3; thi-
amin triphosphate, 505.3; thiochrome, 262.3; thiamin thiol, 282.4 (oxidizes to thiamin
disulfide, 562.7); oxythiamin, 301.8; and pyrithiamin, 420.2.
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curing polyneuritis in deficient animals. When its chemistry was discovered,

it was called thiamine, because of the presence of both sulfur and an amino

group in the molecule. The final -e has been dropped; the amino group is not

involved in the metabolic role of the vitamin.

The free base is unstable, and two derivatives of thiamin are commonly

used in food enrichment and pharmaceutical preparations: thiamin chloride

hydrochloride(generallyknownsimplyasthiaminhydrochloride)andthiamin

mononitrate.Themononitrate is lesshygroscopicthanthechloridehydrochlo-

ride and is the preferred form for food enrichment. There is considerable diffi-

culty in interpretingmuch of the literature on thiamin requirements, because

many authors quote mg of thiamin, without specifying whether it was as the

free base, the chloride hydrochloride, or the equivalent amount of free base.

Because theMr of free thiamin is 266.4, and that of the chloride hydrochloride

is 337.3, this confusion can result in errors of the order of 26%.

Oxidative cleavage of the thiazole ring occurs in alkaline solution, forming

a reactive sulfhydryl group (thiamin thiol) that can react with other thiols,

forming thiamin alkyl disulfides – allithiamins. Anumber of allithiamins occur

inplants (especiallymembersof thegenusAllium).Theyarebiologicallyactive;

on reductive cleavage of the disulfide bridge, they spontaneously dehydrate

to yield thiamin. However, they do not undergo alkali-catalyzed ring closure

to thiochrome, which is the basis of the most commonly used method for

determining thiamin chemically, so may be overlooked in chemical analysis.

Synthetic allithiamin derivatives, such as thiamin propyl and tetrahydro-

furfuryl disulfides, havebeenused for thepreventionand treatmentof thiamin

deficiency. Because they are lipid soluble, and are not subject to the normal

control of thiamin absorption by saturation of the intestinal transport system,

they have potential benefits in the treatment of thiamin-deficient alcoholics,

whose absorption of thiamin is impaired.

Thiaminis labile tosulfite,whichcleavesthemethylenebridge.Thereaction

is slow at acid pH, but rapid above pH 6. Sulfite treatment of dried fruit and

other foods results in more or less complete loss of thiamin.

Two analogs of thiamin, oxythiamin and pyrithiamin, are potent an-

timetabolites and have been widely used to induce thiamin deficiency in ex-

perimental animals. The mechanisms of action of pyrithiamin, oxythiamin,

and thiaminases found in foods are discussed in Section 6.4.7.

6.2 METABOLISM OF THIAMIN

Dietary thiamin phosphates are hydrolyzed by intestinal phosphatases, and

the resultant free thiamin is absorbed by active transport in the duodenum

and proximal jejunum, with little absorption in the rest of the small intestine.
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Thiamin active transport is sodium-independent and requires an outwardly

directed proton gradient (i.e., it is dependent on a proton-pumping ATPase).

Antimetabolites, such as pyrithiamin, compete with thiamin for active trans-

port. There is a similar proton-dependent thiamin uptake system in renal

tubules (Rindi and Laforenza, 2000; Dudeja et al., 2001).

The transport system is saturated at relatively low concentrations of thi-

amin (about 2 µmol per L), thus limiting the amount of thiamin that can be

absorbed. As a result, increasing test doses of thiamin from 2.5 to 20 mg have

only a negligible effect on the plasma concentration of thiamin or on urinary

excretion. By contrast, the absorption of lipid-soluble allithiamin derivatives

is not apparently saturable, and they can be used to achieve high blood con-

centrations of thiamin.

Some thiamin is phosphorylated to thiaminmonophosphate in the intesti-

nal mucosa, although this is not essential for uptake, and isolated membrane

vesicles will accumulate free thiamin against a concentration gradient. Thi-

amin does not accumulate in the mucosal cells; there is sodium-dependent

active transport across the basolateral membrane, so that the mucosal con-

centration of thiamin is lower than that in the serosal fluid (Rindi et al., 1984;

Rindi and Laforenza, 2000; Dudeja et al., 2001).

The absorption of thiamin is impaired in alcoholics, leading to thiamin de-

ficiency (Section 6.4.4). In vitro, tissuepreparations shownormal uptake of the

vitamin into the mucosal cells in the presence of ethanol, but impaired trans-

port to the serosal compartment. The sodium-potassium–dependent ATPase

of the basolateral membrane responsible for the active efflux of thiamin into

the serosal fluid is inhibited by ethanol (Hoyumpa et al., 1977).

Both free thiamin and thiaminmonophosphate circulate in plasma; about

60% of the total is the monophosphate. Under normal conditions, most is

bound to albumin; when the albumin binding capacity is saturated, the ex-

cess is rapidly filtered at the glomerulus and excreted in the urine. Although a

significant amount of newly absorbed thiamin is phosphorylated in the liver,

all tissues can take up both thiamin and thiamin monophosphate, and are

able to phosphorylate them to thiamin diphosphate and thiamin triphos-

phate. In most tissues, it is free thiamin that is the immediate precursor of

thiamin diphosphate, which is formed by a pyrophosphokinase; both the β-

and γ -phosphates of ATP are incorporated. Thiamin monophosphate arises

mainlyasa result of sequentialhydrolysisof thiamin triphosphateand thiamin

diphosphate.

Both thiaminmonophosphate and free thiamin are found in cerebrospinal

fluid. Uptake of thiamin monophosphate into cells in the central nervous

system involves extracellular hydrolysis to free thiamin, probably catalyzed
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by membrane-bound phosphatases (Reggiani et al., 1984; Rindi et al., 1984;

Patrini et al., 1988).

Genetic defects of the tissue thiamin transport protein and thiamin

pyrophosphokinase cause megaloblastic anemia, presumably as a result of

impaired synthesis of pentoses for DNA synthesis from low activity of trans-

ketolase (Section 6.3.2). In many cases, this megaloblastic anemia is thiamin-

responsive, suggesting that the defectmust be because of low affinity of either

the transport protein or thiamin pyrophosphokinase for its substrate (Neufeld

et al., 2001).

Twopercent to 3%of the thiamin innervous tissue is present as the triphos-

phate, which also occurs in significant amounts in skeletal muscle, especially

in fast-twitch muscle fibers. In the nervous system, the triphosphate is found

exclusively in the membrane fraction; muscle thiamin triphosphate is mainly

cytosolic. There are two pathways for formation of thiamin triphosphate from

the diphosphate:

1. Phosphorylation by ATP, catalyzed by thiamin diphosphate kinase,

which acts only on protein-bound thiamin diphosphate; and

2. Phosphorylation by ADP, catalyzed by adenylate kinase – this enzyme

is especially important in the rapid synthesis and turnover of thiamin

triphosphate in slow-twitch white muscle fibers.

In both muscle and the central nervous system, there is an active thiamin

triphosphatase, so that tissue concentrations of thiamin triphosphate are

strictly regulated (Nishino et al., 1983;Miyoshi et al., 1990; Lakaye et al., 2002).

Thiamin that is not bound to plasma proteins is rapidly filtered at the

glomerulus. Diuresis increases the excretion of the vitamin, and patients who

are treated with diuretics are potentially at risk of thiamin deficiency. Some of

the diuretics used in the treatment of hypertension may also inhibit cardiac

(and other tissue) uptake of thiamin, thus further impairing thiamin status,

which may be a factor in the etiology of heart failure (Suter and Vetter, 2000).

A small amount of thiamin is excreted in the urine unchanged, accounting

forabout3%ofa testdose, togetherwith small amountsof thiaminmonophos-

phate and thiamindiphosphate. As discussed in Section 6.5.1, this canbeused

to assess thiamin nutritional status. One of the major excretory products is

thiochrome; cyclization to thiochrome is the basis of the normal method of

determining thiamin; so, most reports of thiamin excretion are actually of thi-

aminplus thiochrome. Inaddition, smallamountsof thiamindisulfide, formed

by the oxidation of thiamin thiol, are also excreted.
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Sweat may contain up to 30 to 60 nmol of thiamin per L. In very hot condi-

tions, this may represent a significant loss of the vitamin.

The biological half-life of thiamin is 10 to 20 days, and deficiency signs can

develop rapidly during depletion.

6.2.1 Biosynthesis of Thiamin
There are differences in the pathways of thiamin biosynthesis between

prokaryotes and eukaryotes, and also between organisms that are aerobes

and facultative anaerobes. Some organisms are completely autotrophic for

thiamin, whereas others require the presence of either preformed pyrimidine

or thiazole in the culture medium, and indeed some require both.

The pyrimidinemoiety is not synthesized by the usual pathway for pyrimi-

dinesynthesis,butarises fromamino-imidazole ribonucleotide, an intermedi-

ate in purine synthesis. Bacterial mutants with a single point mutation in the

purine biosynthetic pathway show requirements for both thiamin and pre-

formed purines. High concentrations of adenosine inhibit the synthesis of the

hydroxymethylpyrimidine moiety of thiamin. The amino-imidazole ribonu-

cleotide undergoes ring cleavage and the insertion of a two-carbon unit to

yield the six-membered pyrimidine ring and a hydroxymethyl group, which

becomes the methylene bridge of thiamin.

The thiazole ring is synthesized from a pentulose or deoxypentulose 5-

phosphate and either glycine or tryptophan, depending on the organism. In-

corporation of sulfur leads to formation of hydroxymethyl thiazole, which is

then phosphorylated. The sulfur comes from cysteine and is incorporated by

formation of a thiocarboxylate at the carboxyl terminal of the enzyme, unlike

biotin synthesis (Section 11.1.1), where an iron-sulfur cluster at the active site

of the enzyme is the donor.

Thefinalstepinthesynthesisof thiamininvolvescondensationbetweenthe

hydroxymethylpyrimidinediphosphateandhydroxyethylthiazolemonophos-

phate to yield thiaminmonophosphate, which can then be dephosphorylated

to free thiaminorphosphorylated further to thediphosphateand triphosphate

(Hohmann andMeacock, 1998; Begley et al., 1999).

6.3 METABOLIC FUNCTIONS OF THIAMIN

The studies of Peters in the 1920s and 1930s (Peters, 1963) established the

coenzyme role of thiamin in the oxidative decarboxylation of pyruvate. Thi-

amindiphosphate is the coenzyme for threemultienzymecomplexes inmam-

malianmitochondria that are involved in theoxidativedecarboxylationofoxo-

acids: pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase in central
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Figure 6.2. Reaction of the pyruvate dehydrogenase (EC 1.2.4.1) complex. CoASH, free
coenzyme A.

energy-yielding metabolic pathways, and the branched-chain oxo-acid dehy-

drogenase in the catabolism of leucine, isoleucine, and valine.

Later studies established the coenzyme role of thiamin diphosphate in

transketolase in the pentose phosphate pathway. More recent studies have

shown that thiamin triphosphate acts to regulate a chloride channel in nerve

tissue.

6.3.1 Thiamin Diphosphate in the Oxidative Decarboxylation
of Oxo-acids
The reaction of the pyruvate dehydrogenase complex is shown in Figure 6.2;

the reactions of the 2-oxoglutarate and branched-chain oxo-acid dehydroge-

nase complexes follow the same sequence, and the multienzyme complexes

are similar.

Thiamin binds the oxo-acid substrate, decarboxylating it to an active alde-

hyde intermediate. This is then transferred to enzyme-bound lipoamide, re-

ducing thedisulfidebridgeof the lipoamideand forminga thioester. The resul-

tant acyl group is transferred to coenzyme A (CoA), and the dithiol lipoamide

is reoxidized by NAD+.
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Themultienzyme complexes are self-assembling andwill reassemble to an

active complex after resolution of the individual enzymes. The core enzyme of

the complex is the dihydrolipoyl acyltransferase (E2); the oxo-acid dehydroge-

nase (E1) and dihydrolipoyl dehydrogenase (E3) subunits form noncovalent

bonds to this central catalytic unit.

The pyruvate dehydrogenase E1 subunit is a tetramer of two classes of sub-

units. The α-subunit catalyzes the decarboxylation of pyruvate to hydroxy-

ethylthiamine diphosphate and the β-subunit catalyzes the reductive acy-

lation of the lipoamide prosthetic group of the acetyltransferase subunit. In

the complete multienzyme complex, there are 20 (kidney) or 30 (heart) dehy-

drogenase tetramers, 60 acetyltransferase subunits, 10 (kidney) or 12 (heart)

dihydrolipoyl dehydrogenase subunits, and 5 each of the kinase and phos-

phatase regulatory subunits.

6.3.1.1 Regulation of Pyruvate Dehydrogenase Activity Pyruvatedehy-

drogenase is the key enzyme that commits pyruvate (and hence the products

of carbohydratemetabolism) to complete oxidation (via the tricarboxylic acid

cycle) or lipogenesis. It is subject to regulation by both product inhibition and

aphosphorylation/dephosphorylationmechanism.AcetylCoAandNADHare

both inhibitors, competing with coenzyme A and NAD+.
There are four isoenzymes of the kinase. Pyruvate dehydrogenase is in-

hibited by phosphorylation of three serine residues on the E1α subunit; this

reduces the affinity for thiamin diphosphate 12-fold. Kinase 1 phosphorylates

all three sites, whereas the other isoenzymes phosphorylate only two sites,

and kinase 2 may catalyze only partial phosphorylation of one of these sites.

Binding of thiamin diphosphate to E1α decreases the phosphorylation of the

enzyme by the kinases. Pyruvate dehydrogenase is reactivated by dephospho-

rylation, catalyzed by two phosphatases, which have different activity on the

enzyme depending on which kinase has catalyzed the phosphorylation. This

means that regulation of pyruvate dehydrogenase activity will differ in dif-

ferent tissues, depending on the tissue-specific expression of the kinases and

phosphatases (Kolobova et al., 2001; Korotchkina and Patel, 2001a, 2001b).

The kinases are inhibited by pyruvate and adenosine disphosphate (ADP),

and the phosphatases are activated by calcium ions. There is normally a con-

stant process of phosphorylation and dephosphorylation of the enzyme, so

that it is very sensitive to changes in intracellular free calcium and the adeno-

sine triphosphate (ATP):ADP ratio.

Pyruvate dehydrogenase kinases are induced by glucocorticoid hormones

and long-chain fatty acids (acting via the peroxisome proliferation-activated
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receptor). This effect is antagonized by insulin, thus reducing pyruvate dehy-

drogenase activity in starvation and suggesting abnormalities of regulation of

pyruvatemetabolism in diabetesmellitus (Sugden et al., 2001a, 2001b; Huang

et al., 2002).

In addition to its cofactor role, thiamin diphosphate, together with cal-

cium or other divalent cations, activates pyruvate dehydrogenase by binding

to a regulatory site and reducing the Km for pyruvate (Czerniecki and Czygier,

2001).

6.3.1.2 Thiamin-Responsive Pyruvate Dehydrogenase Deficiency Ge-

netic deficiency of pyruvate dehydrogenase E1α (which is on the X chromo-

some) leads to potentially fatal lactic acidosis, with psychomotor retardation,

central nervous system damage, atrophy of muscle fibers and ataxia, and de-

velopmental delay. At least some cases respond to the administration of high

doses (20 to 3,000 mg per day) of thiamin. In those cases where the enzyme

has been studied, there is a considerable increase in the Km of the enzyme

for thiamin diphosphate. Female carriers of this X-linked disease are affected

to a variable extent, depending on the X-chromosome inactivation pattern in

different tissues (Robinson et al., 1996).

6.3.1.3 2-Oxoglutarate Dehydrogenase and the �-Aminobutyric Acid
(GABA) Shunt 2-Oxoglutarate dehydrogenase catalyzes the oxidative de-

carboxylation of 2-oxoglutarate to succinyl CoA in the citric acid cycle. There

is considerably less impairment of citric acid cycle activity (and hence ATP

formation) in thiamin deficiency than might be expected, and unlike pyru-

vate, 2-oxoglutarate does not accumulate in the brains of thiamin-deficient

animals. There is a significant reduction in brain 2-oxoglutarate (Butterworth

and Heroux, 1989).

As shown in Figure 6.3, the formation and catabolism of the neurotrans-

mitter γ -aminobutyric acid (GABA) provides an alternative to 2-oxoglutarate

dehydrogenase – the so-called GABA shunt. 2-Oxoglutarate is aminated to

glutamate by the reaction of either glutamate dehydrogenase or a variety of

transaminases; glutamate then undergoes decarboxylation to GABA. GABA is

inactivatedby transamination (inwhich2-oxoglutarate is theaminoacceptor),

yielding succinic semialdehyde, which is oxidized to succinate, an intermedi-

ate in the tricarboxylic acid cycle.

Glutamate decarboxylase and GABA aminotransferase are found in re-

gions of the central nervous system other than those in which GABA has a
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Figure 6.3. GABA shunt as an alternative to α-ketoglutarate dehydrogenase in the cit-
ric acid cycle. 2-Oxoglutarate dehydrogenase, EC 1.2.4.2; glutamate decarboxylase, EC
4.1.1.15; GABA aminotransferase, EC 2.6.1.19; and succinic semialdehyde dehydroge-
nase, EC1.2.1.16.

neurotransmitter role, and also innonneuronal tissues, including the liver and

kidneys. Inanumberof studies, there isevidenceofadecrease in the totalbrain

concentration of GABA in thiamin deficiency, but studies with [14C]glutamate

show that there is a considerable increase in the rate of GABA turnover, and

suggest that the GABA shuntmay be a significant alternative to 2-oxoglutarate

dehydrogenase in energy-yielding metabolism in thiamin deficiency, permit-

ting continued tricarboxylic acid cycle activity despite the impairment of 2-

oxoglutarate dehydrogenase (Page et al., 1989).
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6.3.1.4 Branched-Chain Oxo-acid Decarboxylase and Maple Syrup
Urine Disease The third oxo-acid dehydrogenase catalyzes the oxidative

decarboxylation of the branched-chain oxo-acids that arise from the transam-

ination of the branched-chain amino acids, leucine, isoleucine, and valine. It

has a similar subunit composition to pyruvate and 2-oxoglutarate dehydroge-

nases, and the E3 subunit (dihydrolipoyl dehydrogenase) is the same protein

as in theother twomultienzymecomplexes.Genetic lackof thisenzymecauses

maple syrup urine disease, so-called because the branched-chain oxo-acids

that are excreted in the urine have a smell reminiscent of maple syrup.

Like the other thiamin diphosphate-dependent dehydrogenases,

branched-chain oxo-acid dehydrogenase is regulated by phosphorylation

and dephosphorylation, and the proportion of the enzyme in the active (de-

phosphorylated) state is high in the liver, low in skeletal muscle, and inter-

mediate in the kidneys and heart. In most tissues, the activity of the dehy-

drogenase is considerably lower than that of branched-chain amino acid

aminotransferase, and regulation of the dehydrogenase is therefore important

for control of branched-chain amino acidmetabolism, and overall amino acid

and nitrogenmetabolism (Lombardo et al., 1999; Harris et al., 2001; Obayashi

et al., 2001).

Various mutations affecting either the E1 or the E2 subunit of the dehy-

drogenase are involved in different forms of maple syrup urine disease. Acute

infantile disease is caused by near complete lack of activity of the enzyme.

The intermittent form of the disease is associated with marginally adequate

residual activity of the enzyme that is able to cope with the branched-chain

oxo-acids arising from themetabolism ofmodest amounts of branched-chain

amino acids, but not relatively large amounts.

Some patients withmaple syrup urine disease respond to high doses (10 to

1,000mg per day) of thiamin; in some patients, the defect is clearly in the E1α

subunit, which has aK m for thiamin diphosphate 16-fold higher than normal.

But in other thiamin-responsive cases, the mutation is in the E2 subunit, sug-

gesting that assembly of the active multienzyme complex affects the affinity

of the thiamin diphosphate binding site of the E1α subunit.

In vitro, thiamin diphosphate inhibits the kinase that phosphorylates and

inactivates branched-chain oxo-acid dehydrogenase, and might be expected

to increase the activity of the enzyme in tissues, thus offering an alternative

mechanism for thiamin-responsive maple syrup urine disease. However, this

seems not to be relevant in vivo, possibly because tissue concentrations of thi-

amin diphosphate do not rise high enough to affect the activity of the kinase.

In thiamin-deficient animals, there is an increase in the total liver content
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of branched-chain oxo-acid dehydrogenase (suggesting induction of the en-

zyme) and an increase in the proportion in the dephosphorylated active form.

Feeding animals with very high levels of thiamin results in a decrease in the

total liver content of the dehydrogenase and a decrease in the proportion in

the dephosphorylated state (Blair et al., 1999).

6.3.2 Transketolase
Transketolase is involved in the pentose phosphate pathway, which is thema-

jor pathway of carbohydrate metabolism in some tissues and a significant

alternative to glycolysis in all tissues. The main importance of the pentose

phosphate pathway is in the production of NADPH for use in biosynthetic

reactions (and especially lipogenesis) and the de novo synthesis of ribose for

nucleotide synthesis.

As shown in Figure 6.4, transketolase catalyzes the transfer of a two-carbon

unit fromadonorketoseontoanacceptoraldosesugar.Thedonorketoseforms

a transient intermediate with thiamin diphosphate, which then undergoes

cleavage to release an aldose two carbons smaller than the ketose substrate,

leaving enzyme-bound dihydroxyethyl thiamin diphosphate. This reacts with

an acceptor aldose to form a ketose two carbons larger.

Although the entry of glucose 6-phosphate into the pentose phosphate

pathway is controlled by the need for NADPH and pentose sugars, transketo-

lase has a high control strength (0.74) in the nonoxidative part of the pathway,

and a proportion of the enzyme is normally present as the (inactive) apo-

enzyme. High intakes of thiamin, leading tomore-or-less complete saturation

of transketolasewith its cofactor,might thereforedisturb regulationofpentose

metabolism (Berthon et al., 1992).

6.3.3 The Neuronal Function of Thiamin Triphosphate
Early studies showed that the development of neurological abnormalities in

thiamin deficiency did not follow the same time course as the impairment

of pyruvate and 2-oxoglutarate dehydrogenase or transketolase activities. The

brain regions inwhichmetabolicdisturbancesaremostmarkedwerenot those

that are vulnerable to anatomical lesions. These studies suggested a function

for thiamin in the nervous system other than its coenzyme role.

Thiamin triphosphate is formed in brain and skeletal muscle by phospho-

rylation of thiamin diphosphate (Section 6.2), and its concentration is very

precisely controlled, because there is also an active thiamin triphosphatase

(Lakaye et al., 2002). In nervous tissue thiamin triphosphate is localized
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Figure 6.4. Role of transketolase in the pentose phosphate pathway. Glucose 6-
phosphate dehydrogenase, EC 1.1.1.49; phosphogluconate dehydrogenase, EC 1.1.1.44;
ribulose-phosphate epimerase, EC 5.1.3.1; phosphoribose isomerase, EC 5.3.1.6; trans-
ketolase, EC 2.2.1.1; and transaldolase, EC 2.2.1.2.

more-or-less completely in the membrane fraction, whereas in muscle it is

mainly cytosolic.

Early studies showed that thiamin triphosphate had a role in electrical con-

duction in nerve cells; more recent studies have shown that it activates a chlo-

ride channel in thenervemembrane, actingas aphosphatedonor (Bettendorff
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et al., 1994; Bettendorff, 1996). It also acts as a phosphate donor to othermem-

brane proteins in nerve and synaptosomepreparations (Nghiemet al., 2000).

6.4 THIAMIN DEFICIENCY

Thiamindeficiencycanresult in threedistinct syndromes:achronicperipheral

neuritis, beriberi, which may or may not be associated with heart failure and

edema; acute pernicious (fulminating) beriberi (shoshin beriberi), in which

heart failure and metabolic abnormalities predominate, with little evidence

of peripheral neuritis; and Wernicke’s encephalopathy with Korsakoff’s psy-

chosis, a thiamin-responsive condition associated especially with alcoholism

and narcotic abuse.

In general, a relatively acute deficiency is involved in the central nervous

system lesions of the Wernicke–Korsakoff syndrome, and a high-energy in-

take, as in alcoholics, is also a predisposing factor. Dry beriberi is associated

with a more prolonged, and presumably less severe, deficiency, with a gener-

ally low food intake, whereas higher carbohydrate intake and physical activity

predispose to wet beriberi.

In experimental animals, thiamin deficiency is associated with severe

anorexia. One of the problems in interpreting the literature on thiamin de-

ficiency is distinguishing between effects of thiamin deficiency per se and ef-

fects of general lackof foodand inanition. Evenmore thanwithother vitamins,

studiesof thiamindeficiency require strictpair-feedingofcontrol animalswith

those receiving the deficient diet. The mechanism of anorexia is unclear. Its

development shows a clear correlation with the loss of transketolase activity

in the intestinal mucosa, but not the loss of pyruvate or 2-oxoglutarate dehy-

drogenase activity. Animals treated with oxythiamin, which does not cross the

blood–brain barrier, and therefore has little effect on central nervous system

metabolism, show anorexia. This suggests that the effect is on the intestinal

mucosa rather than the central nervous system. In addition, it is possible that

the changes inGABAand5-hydroxytryptamine turnover in thiamindeficiency

(Section 6.4.6) may be involved in the etiology of anorexia, because potentia-

tion of GABA and 5-hydroxytryptamine activity is part of the action of a num-

ber of clinically used appetite suppressants.

6.4.1 Dry Beriberi
Chronic deficiency of thiamin, especially associated with a high carbohydrate

diet, results in beriberi, which is a symmetrical ascending peripheral neuritis.

Initially, the patient complains of weakness, stiffness, and cramps in the legs,

and is unable to walk for more than a short distance. Theremay be numbness

of the dorsum of the feet and ankles, and vibration sense may be diminished.
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As the disease progresses, the ankle jerk reflex is lost, and the muscular weak-

ness spreads upward, involving first the extensor muscles of the foot, then

the muscles of the calf, and finally the extensors and flexors of the thigh. At

this stage, there is pronounced toe and foot drop – the patient is unable to

keep either the toe or the whole foot extended off the ground. When the arms

are affected, there is a similar inability to keep the hand extended – wrist

drop.

The affectedmuscles become tender, numb, and hyperesthetic. The hyper-

esthesia extends in the form of a band around the limb, the so-called stocking

and glove distribution, and is followed by anesthesia. There is deep muscle

pain and, in the terminal stages, when the patient is bedridden, even slight

pressure (as from bed clothes), causes considerable pain.

In thiamin-deficient rats, electron microscopy of the sciatic and plantar

nerves shows distally pronounced axonal degeneration, with an increase in

the number of mitochondria and proliferation of vesicular elements of the

endoplasmic reticulum.This is followedbydisintegrationofneurotubules and

neurofilaments, and finally axonal shrinkage and myelin disruption (Pawlik

et al., 1977).

6.4.2 Wet Beriberi
The heart may also be affected in beriberi, with dilatation of arterioles, rapid

blood flow, and increased pulse rate and pressure, and increased jugular ve-

nous pressure leading to right-sided heart failure and edema (so-called wet

beriberi).

The signs of chronic heart failure may be seen without peripheral neuritis.

The arteriolar dilatation, and possibly also the edema, probably results from

high circulating concentrations of lactate and pyruvate, a result of impaired

activity of pyruvate dehydrogenase.

Together with the fall in pyruvate dehydrogenase, there is a fall in the con-

centration of ATP in the heart, although the ATP:ADP ratio in most tissues is

not affected by thiamin deficiency (McCandless et al., 1970).

6.4.3 Acute Pernicious (Fulminating) Beriberi – Shoshin Beriberi
Heart failurewithout increased cardiac output, andnoperipheral edema,may

also occur acutely, associated with severe lactic acidosis. This was a common

presentation of deficiency in Japan, where it was called shoshin (= acute)

beriberi; in the 1920s, nearly 26,000 deaths a year were recorded.

With improved knowledge of the cause, and improved nutritional status,

the disease has become more-or-less unknown, although it occurs among
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alcoholics,whenthe lacticacidosismaybe life-threatening,withoutclear signs

of heart failure. There have been a number of case reports among patients

receiving total parenteral nutrition, when it may occur as early as 4 days after

the start of parenteral nutrition in patients with initially low thiamin status

(Campbell, 1984; Kitamura et al., 1996).

Acute infantile beriberi in infants breast-fed by deficient mothers may in-

volve high-output cardiac failure, as in shoshin beriberi, as well as signs of

central nervous system involvement similar to those seen in Wernicke’s en-

cephalopathy (Section 6.4.4).

6.4.4 The Wernicke–Korsakoff Syndrome
Although the classical signs of beriberi are of peripheral neuritis, most of the

biochemical studies (Peters, 1963)were performedon the central nervous sys-

tem of pigeons, because they show central nervous system abnormalities in

thiamin deficiency and signs of peripheral neuritis. Although peripheral neu-

ritis and acute cardiac beriberi and lactic acidosis occur in thiamin deficiency

associatedwith alcohol abuse, themoreusual presentation is as theWernicke–

Korsakoff syndrome caused by central nervous system lesions. There is some

evidence that thiamindeficiency alone is not sufficient to cause theWernicke–

Korsakoff syndrome, but that alcohol is also a necessary factor (Homewood

andBond,1999).However, althoughalcohol isneurotoxicandcausesneuronal

damage in thecerebral cortex, there is littleevidence tosupporta separateclas-

sification of alcoholic dementia; most, if not all, of the organic brain damage

associatedwithalcohol abuse canbeconsidered tobe fromthiamindeficiency

(Joyce, 1994).

Initially, there is a confused state, Korsakoff’s psychosis, that is character-

ized by confabulation and loss of recent memory, although memory for past

eventsmaybeunimpaired. Later, clearneurological signsdevelop–Wernicke’s

encephalopathy. This is characterized by nystagmus and extraocular palsy.

Postmortem examination shows hemorrhagic lesions in the thalamus, pon-

tine tegmentum, and mammillary body, with severe damage to astrocytes,

neuronal dendrites, and myelin sheaths.

Wernicke’s encephalopathymaybemorecommonthan isbelievedonclini-

cal grounds.Harper (1979) reported that 1.7%of all postmortemexaminations

in Western Australia over a 4-year period showed clear anatomical evidence

of the disease, yet only 13% of the patients had been diagnosed as suffering

fromthe condition.Other studieshave similarly shown that only 10% to20%of

cases confirmed by postmortem examination had been diagnosed on clinical

grounds (Zubaran et al., 1997). There appears to have been a reduction in the
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prevalence of the Wernicke–Korsakoff syndrome in Australia after mandatory

enrichment of flour with thiamin (Ma and Truswell, 1995).

The irreversible brain lesions are associated with decreased activity of 2-

oxoglutaratedehydrogenaseand increasedactivity of theGABAshunt (Section

6.3.1.3), leading to localized lactic acidosis and excitotoxic levels of glutamate,

aswell as localized increasedpermeabilityof theblood–brainbarrier, evidence

of radical activity, and inflammatory responses to radical action. In addition,

the activity of kynurenine aminotransferase (Section 9.5.4) in glial cells is regu-

latedby the availability of its oxo-acid substrates, pyruvate and2-oxoglutarate,

so that increasedaccumulationof these twometaboliteswill result in increased

synthesis and release into synapses of kynurenic acid, which is an antagonist

ofboth theN-methyl-d-aspartateglutamate receptorandacetylcholine recep-

tors (Heroux and Butterworth, 1995; Langlais, 1995; Leong and Butterworth,

1996; McEntee, 1997; Hazell et al., 1998; Calingasan and Gibson, 2000).

A number of studies have suggested that there may be genetic polymor-

phismoftransketolase(Section6.3.2)andthatsomevariantsmaybeassociated

with increased susceptibility to the Wernicke–Korsakoff syndrome. Blass and

Gibson (1977) showed that transketolase in cultured fibroblasts from patients

withWernicke–Korsakoff syndrome had aKm for thiamin diphosphate 12-fold

higher than that from control subjects. This difference persisted through se-

rial passage in culture, suggesting it was a genetic rather than environmental

effect. Nixon and coworkers (1984) demonstrated different patterns of multi-

ple bands of transketolase on isoelectric focusing; 39 or their 42 patients with

Wernicke–Korsakoff syndromeshowedthesameunusualpattern thatwasonly

seen in 8 of 36 control subjects. Wang and coworkers (1997) expressed human

transketolase in Escherichia coli and showed that formation of the normal en-

zyme required a cytosolic factor derived from human cells that was absent

in cultured cells from a patient with Wernicke–Korsakoff syndrome, in which

theenzymeshowedenhanced sensitivity to thiamindeficiency.However, from

reviews of a number of studies, there is little evidence to support the hypothe-

sis that susceptibility to the Wernicke–Korsakoff syndrome is a genetic defect

(Blansjaar et al., 1991; Schenk et al., 1998).

6.4.5 Effects of Thiamin Deficiency on Carbohydrate Metabolism
The role of thiamin diphosphate in pyruvate dehydrogenase means that, in

deficiency, there is impaired conversion of pyruvate to acetyl CoA, and hence

impaired entry of pyruvate into the citric acid cycle. Especially in subjects on a

relatively high carbohydrate diet, this results in increased plasma concentra-

tionsof lactateandpyruvate,whichmay lead to life-threatening lactic acidosis.
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The increase in plasma lactate and pyruvate after a test dose of glucose was

used historically as a means of assessing thiamin nutritional status (Section

6.5).

In addition to the potential to maintain citric acid cycle activity by way

of the GABA shunt (Section 6.3.1.3), the activity of 2-oxoglutarate dehydro-

genase is less impaired in thiamin deficiency than the activities of pyruvate

dehydrogenase and transketolase. Synthesis of the apoenzymes of pyruvate

dehydrogenase and transketolase is reduced, whereas there is no change in

the expression of 2-oxoglutarate dehydrogenase, suggesting a potential role

for thiamin or ametabolite in regulation of the expression of genes for thiamin

dependent enzymes (Pekovich et al., 1996, 1998).

6.4.6 Effects of Thiamin Deficiency on Neurotransmitters
As noted in Section 6.3.1.3, brain GABA falls in thiamin deficiency, but there is

increased flux through the GABA shunt. The changes in the cerebellum occur

early, and asymptomatic animals aremore sensitive than normal to the GABA

antagonist picrotoxin. Brain concentrations of glutamate and aspartate are

also reduced in thiamin deficiency, as are several other neurotransmitters.

6.4.6.1 Acetylcholine One effect of the impaired activity of pyruvate de-

hydrogenase in thiamin deficiency is a reduction in the brain content of acetyl

CoA, and a reduction in both the pool size and turnover of acetylcholine.

This is reflected in functional impairment; within 1 day of the initiation of

treatment with pyrithiamin, animals show impaired performance in a tight-

rope test. Repletion with thiamin, or the administration of either the directly

acting muscarinic cholinergic agonist arecoline or the centrally acting acetyl

cholinesterase inhibitor physostigmine, rapidly restores normal performance

(Barclay et al., 1981).

6.4.6.2 5-Hydroxytryptamine There is no change in the concentration

of 5-hydroxytryptamine (serotonin) in the brains of thiamin-deficient rats,

but there is an increase in its metabolite, 5-hydroxy-indoleacetic acid, and

an increase in the accumulation of 5-hydroxytryptamine after the adminis-

tration of monoamine oxidase inhibitors, suggesting an increased rate of 5-

hydroxytryptamine turnover.Pyrithiamin treatment leads tosignsof increased

serotoninergic activity, especially changes in sleep patterns, which are nor-

malized by the administration of thiamin (Plaitakis et al., 1981; Crespi and

Jouvet, 1982). There is no obvious metabolic role of thiamin in the synthe-

sis or catabolism of 5-hydroxytryptamine, and it is likely that the changes are
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secondary to changes in GABA turnover, and hence the activity of GABA neu-

rons that are organizationally superior to some serotoninergic tracts.

6.4.7 Thiaminases and Thiamin Antagonists
Thiaminolytic enzymes are found in a variety of microorganisms and foods,

and a number of thermostable compounds present in foods (especially

polyphenols) cause oxidative cleavage of thiamin, as does sulfite, which is

widely used in food processing. The products of thiamin cleavage by sulfite

and thiaminases are shown in Figure 6.1.

In people whose thiamin intake is marginal, colonization of the gastroin-

testinal tract with thiaminolytic microorganismsmay be a factor in the devel-

opment of beriberi. The thiaminases present in raw fish can result in so-called

Chastek paralysis of foxes andmink, as a result of destruction of thiamin, and

may be important in parts of the world where much of the apparent thiamin

intake is fromfish that is eaten rawor fermented. Thepolyphenols and thiami-

nase in bracken fern can cause thiamin deficiency (blind staggers) in horses,

and tannic acid in tea andbetel nut have been associatedwith human thiamin

deficiency.

Thereare twoclassesof thiaminase.Thiaminase I catalyzes abaseexchange

reaction between the thiazole moiety of thiamin and a variety of bases, com-

monlyprimary, secondary, or tertiary amines, but alsonicotinamide andother

pyridine derivatives, and sometimes proline and sulfhydryl compounds. Thi-

aminase I is relatively widespread in a variety of microorganisms, plants, and

fish. In addition to depleting thiamin, the products of base exchange catalyzed

by thiaminase I are structural analogs of the vitamin andmay have antagonis-

tic effects (Edwin and Jackman, 1970). Similarly, the neurotoxic effects of the

antibioticmetronidazole, which is a thiazole,may be from its activity as a sub-

strate for thiaminase I, forming thiamin antimetabolites (Alston and Abeles,

1987).

Thiaminase II catalyzes a simple hydrolysis, releasing thiazole and meth-

oxypyrimidine, which has some antivitamin B6 antimetabolic activity. It is rel-

atively rare and is restricted to a small number of microorganisms.

The destruction of thiamin by polyphenols is not a stoichiometric reaction,

and reducing compounds such as ascorbate and cysteine inhibit the reac-

tion. In alkaline conditions, the thiazole ring of thiaminundergoes a reversible

cleavage to the thiol. Thiamin thiol can react with a variety of thiol or disulfide

compounds to form alkyl thiamin derivatives (allithiamins), some of which

have biological activity. However, the thiol can also undergo oxidation cata-

lyzed by polyphenols, resulting in the formation of thiamin disulfide, which

has no biological activity.
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Experimentally, two analogs of thiamin, pyrithiamin and oxythiamin (see

Figure 6.1), are used to induce thiamin deficiency. Both are inhibitors of, and

substrates for, thiamin pyrophosphokinase. Pyrithiamin also competes with

thiamin for the blood–brain barrier uptake mechanism and is accumulated

in the central nervous system by metabolic trapping. Oxythiamin does not

cross the blood–brain barrier and has little or no effect on the central nervous

system.Oxythiamindiphosphate is apotent inhibitorof thiamindiphosphate-

dependent enzymes, whereas pyrithiamin diphosphate is a poor inhibitor. In

general, oxythiaminacts as aperipheral thiaminantagonist,while pyrithiamin

depletes the vitamin.

6.5 ASSESSMENT OF THIAMIN NUTRITIONAL STATUS

The impairment of pyruvate dehydrogenase in thiamin deficiency (Section

6.4.5) results in a considerable increase in the plasma concentrations of lac-

tate and pyruvate. This has been exploited as a means of assessing thiamin

nutritional status by measuring changes in the plasma concentrations of lac-

tate, pyruvate, and glucose after an oral dose of glucose andmild exercise. This

is not specific for thiamin deficiency; a variety of other conditions can also

result in metabolic acidosis. Although it may be useful in depletion/repletion

studies, it is used little nowadays in screening or assessment of nutritional

status, and a number of more sensitive and specific tests of thiamin status are

available (as shown in Table 6.1).

6.5.1 Urinary Excretion of Thiamin and Thiochrome
Although there are a number of urinary metabolites of thiamin, a significant

amount of the vitamin is excreted unchanged or as thiochrome, especially

if intake is adequate, and therefore the urinary excretion can provide useful

information on nutritional status. Excretion decreases proportionally with in-

take in adequately nourished subjects; but, at low intakes, there is a threshold

below which further reduction in intake has little effect on excretion.

The excretion of a test dose of thiamin has also been used as an index

of status; after a parenteral dose of 5 mg (19 µmol) of thiamin, adequately

nourished subjects excrete more than 300 nmol of the vitamin over 4 hours,

whereas deficient subjects excrete less than 75 nmol.

6.5.2 Blood Concentration of Thiamin
Inexperimentalanimalsandindepletionstudies,measurementof theconcen-

tration of thiamin in plasma or whole blood provides an indication of the pro-

gression of deficiency. The normal method is by the formation of thiochrome,

which is fluorescent; only free thiamin, and not the phosphates, undergoes
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Table 6.1 Indices of Thiamin Nutritional Status

Adequate Marginal Deficient

Intake
mmol/1,000 kcal >1.1 0.75–1.1 <0.75
mmol/MJ >0.27 0.18–0.27 <0.18
mg/1,000 kcal >0.3 0.2–0.29 < 0.2
�g/MJ >72 48–72 <48

Urinary excretion
mmol/mol creatinine >28 11–27 <11
mg/g creatinine >66 27–65 <27
nmol/24 h >375 150–375 <150
�g/24 h >100 40–99 <40

Urinary excretion over 4 h after a 19 nmol (5 mg) parenteral dose
nmol >300 75–300 <75
�g >80 20–79 <20

Transketolase activation coefficient
<1.15 1.15–1.24 >1.25

Erythrocyte thiamin diphosphate
nmol/L >150 120–150 <120
�g/L >64 50–64 <50

Sources: From data reported by Brin, 1964; Sauberlich et al., 1974; Finglass, 1993.

oxidation to thiochrome, so measurement before and after reaction of the

sample with alkaline phosphatase permits determination of free and total

thiamin.

Erythrocytes and leukocytes containmainly thiamindiphosphate,whereas

plasmacontainsfreethiaminandthiaminmonophosphate.Theconcentration

of thiamin diphosphate in erythrocytes is normally between 110 and 330nmol

per L of packed cells. The total thiamin concentration in erythrocytes is about

4- to5-foldhigher than inplasmaand that in leukocytes is 10-foldhigheragain.

Whole blood total thiamin below 150 nmol per L is considered to indicate

deficiency.However, the changesobserved indepletion studies are small. Even

in patientswith frank beriberi, the total thiamin concentration in erythrocytes

is only 20% lower than normal; whole blood thiamin is not a sensitive index of

status.

6.5.3 Erythrocyte Transketolase Activation
Activation of apotransketolase in erythrocyte lysate by thiamin diphosphate

added invitrohasbecome themostwidelyusedandaccepted indexof thiamin

nutritional status. Apotransketolase is unstableboth in vivo and in vitro; there-

fore, problems may arise in the interpretation of results, especially if samples

have been stored for any appreciable time. An activation coefficient >1. 25 is
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indicative of deficiency, and <1.15 is considered to reflect adequate thiamin

nutrition.

6.6 THIAMIN REQUIREMENTS AND REFERENCE INTAKES

It is apparent from the central role of thiamin in carbohydrate metabolism

that the requirement will depend on carbohydrate intake to a considerable

extent. In practice, requirements are calculated on the basis of total energy

intake, assuming that the average diet provides 40% of energy from fat. For

diets that are lower in fat, and hence higher in carbohydrate and protein,

thiamin requirements will be somewhat higher.

Onthebasisofdepletion/repletionstudies,anintakeof0.2mgper1,000kcal

is required to maintain normal urinary excretion, but an intake of 0.3 mg per

1,000 kcal is required for a normal transketolase activation coefficient. At low

levels of energy intake, there will be a requirement for metabolism of endoge-

nous substrates and to maintain nervous system thiamin triphosphate.

Reference intakes (seeTable 6.2) are basedon0.5mgper 1,000 kcal (0.12mg

per MJ) for adults consuming more than 2,000 kcal per day, with the proviso

that even in fasting there is a requirement for 0.8 mg of thiamin per day to

permit the metabolism of endogenous energy-yielding substrates.

6.6.1 Upper Levels of Thiamin Intake
There isnoevidenceofanytoxiceffectofhigh intakesof thiamin,althoughhigh

parenteral doses have been reported to cause respiratory depression in ani-

mals and anaphylactic shock in human beings. Hypersensitivity and contact

dermatitis have been reported in pharmaceutical workers handling thiamin.

As noted in Section 6.2, absorption of dietary thiamin is limited, and nomore

than about 2.5mg (10 µmol) can be absorbed from a single dose; free thiamin

is rapidly filtered by the kidneys and excreted.

6.6.2 Pharmacological Uses of Thiamin
Apart from children with thiamin-responsive maple syrup urine disease (Sec-

tion6.3.1.4) and thiamin-responsivemegaloblastic anemia (Section6.2), there

are no established pharmacological uses of thiamin other than the treatment

of deficiency. Because of the neurological involvement in thiamin deficiency,

the vitamin has been used in nerve tonics, although there is no evidence that

it has any effect except in cases of deficiency.

Studies in thiamin-deficient animals revealed the presence of Alzheimer-

like amyloid plaques in the brain. Although there is no evidence of similar

plaque formation in the brains of patients with the Wernicke–Korsakoff syn-

drome, this has led to trials of thiamin for treatment of Alzheimer’s disease
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Table 6.2 Reference Intakes of Thiamin (mg/day)

U.K. EU U.S./Canada FAO
Age 1991 1993 1998 2001

0–6 m 0.2 — 0.2 0.2
7–9 m 0.2 0.3 0.3 0.3
10–12 m 0.3 0.3 0.3 0.3
1–3 y 0.5 0.5 0.5 0.5
4–6 y 0.7 0.7 0.5 0.6
7–8 y 0.7 0.8 0.5 0.9

Males
9–10 y 0.7 0.8 0.9 0.9
11–13 y 0.9 1.0 0.9 1.2
14–15 y 0.9 1.0 1.2 1.2
16–18 y 1.1 1.2 1.2 1.2
19–30 y 1.0 1.1 1.2 1.2
31–50 y 1.0 1.1 1.2 1.2
>50 y 0.9 1.1 1.2 1.2

Females
9–10 y 0.7 0.8 0.9 0.9
11–13 y 0.7 0.9 0.9 1.1
14–15 y 0.7 0.9 1.0 1.1
16–18 y 0.8 0.9 1.1 1.1
19–30 y 0.8 0.9 1.1 1.1
31–50 y 0.8 0.9 1.1 1.1
>50 y 0.8 0.9 1.1 1.1
Pregnant 0.9 1.0 1.4 1.4
Lactating 0.9 1.1 1.4 1.5

EU, European Union; FAO, Food and Agriculture Organization; WHO, World Health
Organization.
Sources: Department of Health, 1991; Scientific Committee for Food, 1993; Institute
of Medicine, 1998; FAO/WHO, 2001.

(Calingasan et al., 1996). Whereas some studies have shown beneficial effects,

a systematic review has concluded that there is no evidence of beneficial ef-

fects of thiamin supplementation in Alzheimer’s disease (Rodriguez-Martin

et al., 2001).
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SEVEN

Vitamin B2 – Riboflavin

Riboflavin has a central role as a redox coenzyme in energy-yielding meta-

bolism and a more recently discovered role as the prosthetic group of the

cryptochromes in the eye – the blue-sensitive pigments that are responsible

for day-length sensitivity and the setting of circadian rhythms.

Dietary deficiency is relatively widespread, yet is apparently never fatal;

there is not even a clearly characteristic riboflavin deficiency disease. In ad-

dition to intestinal bacterial synthesis of the vitamin, there is very efficient

conservation and reutilization of riboflavin in tissues. Flavin coenzymes are

tightly enzymebound, in some cases covalently, and control of tissue flavins is

largely at the level of synthesis and catabolism of flavin-dependent enzymes.

Reoxidation of reduced flavin coenzymes is the major source of oxygen

radicals in thebody,andriboflavin isalsocapableofgeneratingreactiveoxygen

species nonenzymically. As protection against this, there is very strict control

over the body content of riboflavin. Absorption is limited, and any in excess of

requirements is rapidly excreted.

In bacteria, flavin adenine dinucleotide (FAD) is the prosthetic group of the

photolyases that catalyze reductive repair of light-induced pyrimidine dimers

inDNA.Riboflavinis thelight-emittingmolecule insomebioluminescent fungi

and bacteria, and is the precursor for synthesis of the dimethylbenzimidazole

ring of vitamin B12 (Section 10.7.3).

7.1 RIBOFLAVIN AND THE FLAVIN COENZYMES

As shown in Figure 7.1, riboflavin consists of a tricyclic dimethyl-isoalloxazine

ring conjugated to the sugar alcohol ribitol. The metabolically active coen-

zymes are riboflavin 5′-phosphate and flavin adenine dinucleotide (FAD). In
some enzymes the prosthetic group is riboflavin, bound covalently at the cat-

alytic site.

172
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Figure 7.1. Riboflavin, the flavin coenzymes and covalently bound flavins in proteins.
Relativemolecularmasses (Mr): riboflavin, 376.4; riboflavin phosphate, 456.6; and FAD,
785.6.
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The ribityl moiety is not linked to the isoalloxazine ring by a glycosidic

linkage, and it is not strictly correct to call FAD a dinucleotide. Nevertheless,

this trivial name is accepted, as indeed is the even less correct term flavin

mononucleotide for riboflavin phosphate.

Riboflavin phosphate and FAD may be either covalently or noncovalently

bound at the catalytic sites of enzymes. Even in those enzymes in which the

binding is not covalent, the flavin is tightly bound; in many cases, the flavin

has a role in maintaining or determining the conformation of the enzyme

protein. In some cases, the flavin is incorporated into the nascent polypeptide

chain, while it is still attached to the ribosome.However, in others a flavin-free

apoenzyme is synthesized and accumulates in riboflavin deficiency (Section

7.5.2).

Covalent binding of the flavin coenzymes is normally through the 8-α-

methyl group. 8-Hydroxymethyl-riboflavin is formed by microsomal mixed-

function oxidases (Section 7.2.5), but it is not known whether or not this is

a precursor of covalently bound flavin coenzymes. A variety of amino acid

residuesmay be involved in covalent binding of flavin coenzymes to enzymes,

including the following:

1. flavin 8-α-carbon linkage to imidazoleN-3 of a histidine residue (e.g., in

succinate, sarcosine, and dimethylglycine dehydrogenases inmammals

and bacterial 6-hydroxynicotine oxidase);

2. flavin 8-α-carbon linkage to imidazole N-1 of a histidine residue (e.g.,

in bacterial thiamin dehydrogenase and mammalian gulonolactone

oxidase in those species for which ascorbate is not a vitamin) (Section

13.3.4);

3. flavin 8-α-carbon thioether linkage to a cysteine residue (e.g., in mono-

amine oxidase) – the 8-ethyl analog of riboflavin is incorporated into

monoamine oxidase, although the resultant holo-enzyme analog is cat-

alytically inactive;

4. flavin 8-α-carbon thio-hemiacetal linkage to a cysteine residue (e.g., in

bacterial cytochrome c552);

5. flavin 8-α-carbon O-tyrosyl ether linkage (e.g., in bacterial p-cresol

methyl hydroxylase); and

6. linkage fromcarbon-6 of theflavin to a cysteine residue (e.g., in bacterial

trimethylamine dehydrogenase).

Although the ribitol moiety is not involved in the redox function of the

flavin coenzymes, both the stereochemistry and nature of the sugar alcohol

are important. Although some riboflavin analogs have partial vitamin action,
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most are inactive or have antivitamin activity, although they may be active in

microbiological assays. Thegalactitol (dulcitol) analog, galactoflavin,hasbeen

widely used as ameans of inducing riboflavindeficiency in animal andhuman

studies.

Photolysis of riboflavin leads to the formation of lumiflavin in alkaline so-

lution and lumichrome in acidic or neutral solution (see Figure 7.2). Because

lumiflavin is chloroform extractable, photolysis in alkaline solution, followed

by chloroform extraction and fluorimetric determination, is the basis of com-

monly used chemicalmethods of assaying riboflavin. Thephotolysis proceeds

by way of intermediate formation of cytotoxic riboflavin radicals, and the ad-

dition of riboflavin and exposure to light has been suggested as a means of

inactivating viruses and bacteria in blood products (Goodrich, 2000).

Exposure ofmilk in clear glass bottles to sunlight or fluorescent light (with a

peakwavelength of 400 to 550 nm) can result in the loss of significant amounts

of riboflavin as a result of photolysis. This is potentially nutritionally impor-

tant, because on average, in Western diets, 25% to 30% of riboflavin comes

from milk. The resultant lumiflavin and lumichrome catalyze the oxidation

of vitamin C, so that even relatively brief exposure to light, causing little loss

of riboflavin, can lead to a considerable loss of vitamin C. This is nutrition-

ally unimportant, because milk is normally an insignificant source of vitamin

C. Lumiflavin and lumichrome also catalyze oxidation of lipids (to lipid per-

oxides) and methionine (to methional), resulting in the development of an

unpleasant flavor – the so-called sunlight flavor.

Photolysis of riboflavin occurs in vivo during phototherapy for neonatal

hyperbilirubinemia (Section 7.4.4). There is no evidence that normal exposure

to sunlight results in significant photolysis of riboflavin, although it is possible

that some of the lumichromes found in urine may arise in this way.

7.2 THE METABOLISM OF RIBOFLAVIN

7.2.1 Absorption, Tissue Uptake, and Coenzyme Synthesis
Apart from milk and eggs, which contain relatively large amounts of free ri-

boflavin bound to specific binding proteins, most of the vitamin in foods is as

flavin coenzymes bound to enzymes, with about 60% to 90% as FAD.

FAD and riboflavin phosphate in foods are hydrolyzed in the intestinal lu-

men by nucleotide diphosphatase and a variety of nonspecific phosphatases

to yield free riboflavin, which is absorbed in the upper small intestines by a

sodium-dependent saturable mechanism; the peak plasma concentration is

related to the dose only up to about 15 to 20 mg (40 to 50 µmol). Thereafter,
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Table 7.1 Tissue Flavins in the Rat

% Present as

Total �mol/kg Riboflavin Riboflavin P FAD

Plasma 0.064 65 7 28
Liver 58.0 3 23 74
Kidney 63.2 4 41 55
Muscle 4.1 3 12 85

there is little or no absorption of higher single doses of riboflavin (Zempleni

et al., 1996).

Intestinal bacteria synthesize riboflavin, and fecal losses of the vitaminmay

be five- to six-fold higher than intake. It is possible that bacterial synthesis

makes a significant contribution to riboflavin intake, because there is carrier-

mediated uptake of riboflavin into colonocytes in culture. The activity of the

carrier is increased in riboflavin deficiency and decreased when the cells are

cultured in the presence of high concentrations of riboflavin. The same carrier

mechanism seems to be involved in tissue uptake of riboflavin (Said et al.,

2000).

Much of the absorbed riboflavin is phosphorylated in the intestinal mu-

cosa by flavokinase and enters the bloodstream as riboflavin phosphate; this

metabolic trapping is essential for concentrative uptake of riboflavin into en-

terocytes (Gastaldi et al., 2000). Parenterally administered free riboflavin is also

largely phosphorylated in the intestinal mucosa. It is not clear whether this is

the result of enterohepatic recycling of the vitamin or simply uptake of free

riboflavin into the intestinal mucosa from the bloodstream.

About 7% of dietary riboflavin is covalently bound to proteins (mainly

as riboflavin-8-α-histidine or riboflavin-8-α-cysteine). The riboflavin–amino

acid complexes released by proteolysis are not biologically available; although

they are absorbed from the gastrointestinal tract, they are excreted in theurine

(Chia et al., 1978).

As shown in Table 7.1, the total riboflavin concentration in plasma is very

much lower than in most tissues. About 50% of plasma riboflavin is free ri-

boflavin,which is themain transport form,with44%asFADand the remainder

as riboflavin phosphate. The vitamin is largely protein bound in plasma; free

riboflavin binds to both albumin and α- and β-globulins, and both riboflavin

and the coenzymes also bind to immunoglobulins. The products of photolysis

of riboflavin bind to albumin with considerably higher affinity than riboflavin

itself; this albumin binding may represent a mechanism to prevent tissue
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uptake of these potential antimetabolites, or it may be an artifact of the expo-

sure of samples to light during analysis.

Most tissues contain very little free riboflavin and, except in the kidneys,

where 30% is as riboflavin phosphate,more than 80% is FAD, almost all bound

to enzymes. Isolated hepatocytes (and presumably other tissues) show sat-

urable concentrative uptake of riboflavin. The Km of the uptake process is the

sameas thatofflavokinase, anduptake is inhibitedby inhibitorsofflavokinase,

suggesting that tissue uptake is the result of carrier-mediated diffusion, fol-

lowedbymetabolic trappingasriboflavinphosphate, thenonwardmetabolism

to FAD, catalyzed by FAD pyrophosphorylase. FAD is a potent inhibitor of the

pyrophosphorylase and acts to limit its own synthesis. FAD, which is not pro-

tein bound is rapidly hydrolyzed to riboflavin phosphate by nucleotide py-

rophosphatase; unbound riboflavin phosphate is similarly rapidly hydrolyzed

to riboflavinbynonspecificphosphatases (Awet al., 1983; Yamada et al., 1990).

FAD is cleaved by an FAD-adenosine monophosphate (AMP) lyase in liver

to yieldAMPand riboflavin 4′,5′-cyclic phosphate; it is not knownwhether this
has any coenzyme or cell signaling function, but it is a substrate for phospho-

diesterase and has also been identified in small amounts in yeast (Fraiz et al.,

1998; Cabezas et al., 2001).

7.2.2 Riboflavin Binding Protein
There is a specific plasma riboflavin binding protein that is induced by es-

trogens; in female animals, its concentration varies through the estrous cycle.

The same protein is also synthesized in the testes and is found on the acroso-

mal surface of spermatozoa. In females, it acts to transport the vitamin across

the placenta, which is impermeable to free riboflavin or the coenzymes. The

protein is essential for fetal uptake of riboflavin, and immunoneutralization

of the protein causes a considerable decrease in the uptake of riboflavin by

the fetus, leading to death of the fetus and termination of the pregnancy, with

no apparent effect on maternal riboflavin metabolism. It has been suggested

that active or passive immunization against the binding protein may provide

bothmale and female contraception (Krishnamurthy et al., 1984; Adiga, 1994;

Adiga et al., 1997).

In pregnant women, there is a progressive increase in the erythrocyte glu-

tathione reductase activation coefficient (an index of functional riboflavin nu-

tritional status; Section 7.5.2), which resolves on parturition despite the daily

secretion of 200 to 400 µg (0.5 to 1 µmol) of riboflavin intomilk. This suggests

that theestrogen-inducedriboflavinbindingproteincansequester thevitamin

for fetal uptake at the expense of causing functional deficiency in the mother.
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In laying hens, induction of this riboflavin protein results in a 100-fold in-

crease in plasma riboflavin, compared with males or nonlaying females. In

mutant chickens lacking the protein, the adult has massive urinary loss of

riboflavin. The embryo develops normally for about 10 days, then develops

severe hypoglycemia associatedwith a reduction inmedium-chain acyl coen-

zyme A (CoA) dehydrogenase to 20% of normal activity and the accumulation

of intermediates of fatty acid oxidation (White, 1996).

The riboflavin binding protein that occurs in eggs has been exploited for

the radio-ligand binding assay of riboflavin. Because binding to the protein

quenches the native fluorescence of riboflavin, it can be exploited for a di-

rect titrimetric fluorescence assay of the vitamin in urine and other biological

samples (Kodentsova et al., 1995).

7.2.3 Riboflavin Homeostasis
There is no evidence of any significant storage of riboflavin; in addition to the

limitedabsorption,anysurplus intake isexcreted rapidly; thus,oncemetabolic

requirements have been met, urinary excretion of riboflavin and its metabo-

lites reflects intakeuntil intestinalabsorption is saturated. Indepletedanimals,

the maximum growth response is achieved with intakes that give about 75%

saturationof tissues, and the intake toachieve tissue saturation is that atwhich

there is quantitative urinary excretion of the vitamin.

Equally, there is very efficient conservationof tissue riboflavin indeficiency.

There is only a four-fold difference between the minimum concentration of

flavins in the liver in deficiency and the level at which saturation occurs. In the

central nervous system, there is only a 35% difference between deficiency and

saturation.

Control over tissue concentrations of riboflavin coenzymes seems to be

largely by control of the activity of flavokinase, and the synthesis and cata-

bolism of flavin-dependent enzymes. Almost all the vitamin in tissues is en-

zyme bound, and free riboflavin phosphate and FAD are rapidly hydrolyzed to

riboflavin. If this is not rephosphorylated, it rapidly diffuses out of tissues and

is excreted.

In deficiency, virtually the only loss of riboflavin from tissues will be the

small amount that is covalently bound to enzymes. The 8α-linkage is not

cleaved bymammalian enzymes and 8α-derivatives of riboflavin are not sub-

strates for flavokinase and cannot be reutilized.

7.2.4 The Effect of Thyroid Hormones on Riboflavin Metabolism
The activities of a variety of flavin-dependent enzymes are depressed in hy-

pothyroidism. They are increased by the administration of thyroxine or tri-

iodothyronine, as a result of increased synthesis of riboflavin phosphate and
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FAD, leading to increased saturation of enzymeproteinswith coenzymes. This

increases the stability of the enzymes against proteolysis and increases their

activity in tissues (Rivlin and Langdon, 1966).

Tissue concentrations of flavin coenzymes in hypothyroid animals may be

as low as in those fed a riboflavin-deficient diet. In hypothyroid patients, ery-

throcyte glutathione reductase (EGR) activitymay be as low, and its activation

by FAD added in vitro (Section 7.5.2) as high, as in riboflavin-deficient sub-

jects. Tissue concentrations of flavin coenzymes and EGR are normalized by

the administration of thyroid hormones, with no increase in riboflavin intake

(Cimino et al., 1987).

The administration of thyroid hormones to hypothyroid animals results in

a rapid increase inflavokinaseactivity as a result of theactivationof an inactive

precursor protein; as flavokinase activity increases, there is a parallel decrease

in the tissue content of an apparently inactive riboflavin binding protein (Lee

andMcCormick, 1985).

Hyperthyroidism is not associated with elevated tissue concentrations of

flavin coenzymes, despite increasedactivity of flavokinase. Again, this demon-

strates the importance of the enzyme binding of flavin coenzymes and the

rapid hydrolysis of unbound FAD and riboflavin phosphate in the regulation

of tissue concentrations of the vitamin.

Riboflavin may also be involved in the metabolism of thyroid hormones.

In the presence of oxygen, riboflavin phosphate catalyzes a photolytic deiod-

ination of thyroxine. The lower tissue concentration of riboflavin phosphate

in hypothyroidismmay thus serve to protect such thyroid hormone as is avail-

able against catabolism and prolong its action.

7.2.5 Catabolism and Excretion of Riboflavin
Riboflavin and riboflavin phosphate that are not bound to plasma proteins

are filtered at the glomerulus; the phosphate is generally dephosphorylated

in the bladder. Renal tubular reabsorption of riboflavin is saturated at normal

plasmaconcentrations,andthere isalsoactive tubularsecretionof thevitamin,

so that urinary clearance of riboflavin can be two- to three-fold greater than

the glomerular filtration rate.

Under normal conditions, about 25% of the urinary excretion of riboflavin

is as the unchanged vitamin, with a small amount as a variety of glycosides

of riboflavin and its metabolites. Riboflavin-8-α-histidine and riboflavin-8-α-

cysteine arising from the catabolism of enzymes in which the coenzyme is

covalently bound are excreted unchanged.

Liver cytochrome P450-linked mixed-function oxidases result in the pro-

duction of 7- and 8-hydroxymethylriboflavin, both of which are substrates for
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Table 7.2 Urinary Excretion of
Riboflavin Metabolites

% of Total

Riboflavin 60–70
7-Hydroxymethyl riboflavin 10–15
8-�-Sulfonyl riboflavin 5–10
8-Hydroxymethyl riboflavin 4–7
Riboflavin peptide esters 5
10-Hydroxyethyl riboflavin 1–3

flavokinase. There is some evidence that 8-hydroxymethylriboflavinmayhave

biological activity; it is not knownwhether or not it is involved in the formation

of 8-α-amino acid covalent links in proteins. Significant amounts of both of

these hydroxylated derivatives and their onward oxidation products (7- and

8-carboxyriboflavin) are excreted in the urine (see Figure 7.2 and Table 7.2).

Intestinal bacterial cleavage of the ribityl side chain results in the formation

of 10-hydroxyethylflavin (an oxidation product of lumiflavin), lumichrome,

and7- and8-carboxy-lumichromes,whichare also excreted in theurine. Some

of the lumichromes detected in urinemay result from photolysis of riboflavin

in the circulation.

7.2.6 Biosynthesis of Riboflavin
A number of fungi have a failure of the normal regulation of riboflavin syn-

thesis and are overproducers of the vitamin. Mutants of Ashbya gossypiimay

accumulate up to 150 µmol of riboflavin per gram of protein, compared with

a normal content of 0.25 µmol per gram of protein. They can produce and

excrete somuch that riboflavin crystallizes in the culturemedium. Such fungi

are used for the commercial production of riboflavin by fermentation, as an

alternative to chemical synthesis.

The precursors for riboflavin biosynthesis in plants and microorganisms

are guanosine triphosphate and ribulose 5-phosphate. As shown in Figure 7.3,

the first step is hydrolytic opening of the imidazole ring of GTP, with release

of carbon-8 as formate, and concomitant release of pyrophosphate. This is the

sameas thefirst reaction in the synthesisofpterins (Section10.2.4), bututilizes

a different isoenzyme of GTP cyclohydrolase (Bacher et al., 2000, 2001).

Inyeasts and fungi, openingof the imidazole ring is followedby reductionof

the ribose side chain to ribitol, deamination, and dephosphorylation to yield

amino-ribitylamino-pyrimidinedione; in bacteria, deamination occurs before
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Figure 7.3. Biosynthesis of riboflavin in fungi; in bacteria, deaminationprecedes reduc-
tion of sugar. GTP cyclohydrolase, EC 3.5.4.25; and riboflavin synthase, EC 2.5.1.9.

reduction of the sugar. Amino-ribitylamino-pyrimidinedione condenses with

dihydroxybutanone 4-phosphate, which is formed from ribulose 5-phosphate

by an unusual reaction involving loss of carbon-4 via an intramolecular re-

arrangement. The product of the reaction catalyzed by lumazine synthase is

dimethyllumazine.
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Thefinal step is adismutation reactionbetween twomoleculesofdimethyl-

lumazine, catalyzed by riboflavin synthase, yielding riboflavin and amino-

ribitylamino-pyrimidinedione. This latter product can undergo reaction with

dihydroxybutanone 4-phosphate to yield dimethyl-ribityllumazine.

7.3 METABOLIC FUNCTIONS OF RIBOFLAVIN

Themetabolic functionof theflavin coenzymes is as electron carriers in awide

variety of oxidation and reduction reactions central to allmetabolic processes,

including themitochondrial electron transportchain.Unlike thenicotinamide

nucleotide coenzymes (Section 8.4.1), which act as cosubstrates, leaving the

catalytic site of the enzyme at the end of the reaction, the flavin coenzymes

remain bound to the enzyme throughout the catalytic cycle.

FADistheprostheticgroupof thebacterialphotolyasethatreducescyclobu-

tane thymine dimers formed in DNA as a result of ultraviolet (UV) irradiation;

closely homologous proteins in the human eye (the cryptochromes) are the

blue-sensitive pigments that are responsible for day-length sensitivity and the

setting of circadian rhythms.

7.3.1 The Flavin Coenzymes: FAD and Riboflavin Phosphate
The majority of flavoproteins have FAD as the prosthetic group rather than

riboflavin phosphate. Somehave both flavin coenzymes, and somehave other

prosthetic groups.

As shown in Figure 7.4, flavins can undergo a one-electron reduction to

the semiquinone radical or a two-electron reduction to dihydroflavin. This

means that flavins can act as intermediates between obligatory two-electron

redox reactions involving nicotinamide nucleotides (Section 8.4.1) and oblig-

atory one-electron reactions involving cytochromes, iron-sulfur proteins, and

ubiquinone (Section 14.6).

In solution, the flavin semiquinone radical is highly unstable, undergoing

rapid equilibration to a mixture of the oxidized and fully reduced flavins. It is

stabilized by protein binding in enzymes.

Theneutral flavin radical has anabsorptionmaximumat 580nmandhence

abluecolor; it is sometimes referred toas theblue radical. It canundergoeither

protonation atN-1 to yield a cation radical or deprotonation atN-5 to yield an

anion radical, if the enzyme has appropriate proton donating or withdrawing

amino acid residues at the catalytic site. Both protonation and deprotonation

result in the same spectral shift to give an absorption maximum at 470 nm

andhence a red color. Both the blue and red radicals are seen as intermediates

in enzyme reactions, suggesting that some enzymes form the neutral radical,

whereas others form one of the charged radicals.
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Figure 7.4. One- and two-electron redox reactions of riboflavin.

Dihydroflavin can be oxidized by reaction with a substrate, NAD(P)+ or cy-
tochromes in a variety of dehydrogenases, or can react withmolecular oxygen

in oxygenases andmixed-function oxidases.

7.3.2 Single-Electron–Transferring Flavoproteins
Flavoproteinscatalyzingsingle-electrontransferprovide the linkbetweensub-

strate oxidation catalyzed by dehydrogenases and themitochondrial electron

transport chain.

The simplest such single-electron–transferring flavoproteins are the flavo-

doxins of obligate anaerobic bacteria, which catalyze a single-electron–

transfer reaction, cycling between dihydroflavin and the semiquinone radical.

In all other organisms, the electron transport iron-sulfur flavoprotein under-

goes a two-electron reduction at the expense of NADH; this may result in

either the formation of dihydroflavin or reduction to the semiquinone radical

of two molecules of flavin in the enzyme. The reduced enzyme then transfers

electrons singly to cytochrome b.
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The reduction of cytochrome P450 by NADPH involves a single enzyme,

NADPH-cytochrome P450 reductase, which contains both FAD and riboflavin

phosphate. The FAD undergoes a two-electron reduction at the expense of

NADPH, then transfers electrons singly to the riboflavin phosphate, which

in turn reduces cytochrome P450. The semiquinone radicals of both FAD and

riboflavin phosphate are intermediates in this reaction.

A distinct electron transfer flavoprotein (ETF) is the single-electron accep-

tor for a variety of flavoprotein dehydrogenases, including acyl CoA, glutaryl

CoA,sarcosine,anddimethylglycinedehydrogenases. It thentransferstheelec-

trons to ETF-ubiquinone reductase, the iron-sulfur flavoprotein that reduces

ubiquinone in the mitochondrial electron transport chain.

7.3.3 Two-Electron–Transferring Flavoprotein Dehydrogenases
The initial step of the two-electron–transferring reactions is the removal of

a proton from the substrate, followed by the intermediate formation of an

adduct between the substrate and prosthetic group at N-5 of the flavin. This

undergoes cleavage to yield dihydroflavin and the oxidized product, which

is commonly a carbon–carbon double bond. The reduced flavin is then

reoxidized by reaction with an electron-transferring flavoprotein, as dis-

cussed above, or in some cases by reaction with nicotinamide nucleotide

coenzymes.

The nicotinamide nucleotide independent flavoprotein dehydrogenases

include the following:

1. Succinate dehydrogenase in the tricarboxylic acid cycle, which reacts

directly with ubiquinone in themitochondrial electron transport chain.

2. Acyl CoA dehydrogenases in fatty acid β-oxidation. These enzymes are

especially sensitive to riboflavin depletion, and riboflavin deficiency is

characterizedby impaired fattyacidoxidationandorganicaciduria (Sec-

tion 7.4.1). These are also the enzymes affected in riboflavin-responsive

organic acidurias.

3. Dimethylglycine and sarcosine dehydrogenases in the catabolism of

choline (Section 14.2.1). In these reactions, a methyl group in the sub-

strate is oxidized by FAD, then the intermediate adduct undergoes hy-

drolysis to release formaldehyde, which reacts with tetrahydrofolate to

form 5,10-methylene tetrahydrofolate.

7.3.4 Nicotinamide Nucleotide Disulfide Oxidoreductases
Glutathione reductase, thioredoxin reductase, and lipoamide dehydrogenase

are members of a group of flavoproteins that contain an active site disulfide

as well as FAD. They catalyze the NAD(P)H dependent reduction of a disulfide
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Figure 7.5. Reaction of glutathione peroxidase (EC 1.11.1.19) and glutathione reduc-
tase (EC 1.6.4.2). Relative molecular masses (Mr): glutathione, 307.3; and oxidized glu-
tathione, 612.6.

substrate to its dithiol form. The initial step in the reaction is reduction of

the disulfide to yield a sulfhydryl group and a flavin-cysteine adduct, followed

by release of the oxidized flavin to leave a second sulfhydryl group at the active

site. It is these two disulfide groups that catalyze the reduction of the disulfide

substrate. The reaction of glutathione reductase is shown in Figure 7.5, and

that of lipoamide dehydrogenase in Figure 6.2.

7.3.5 Flavin Oxidases
Flavin oxidases include d- and l-amino acid oxidases, and some amine oxi-

dases, althoughothers arequinoproteins (Section9.8.3). In these enzymes, the

flavin is reduced by dehydrogenation of the substrate, by way of an interme-

diate substrate-flavin adduct, as occurs in the dehydrogenases (Section 7.3.3).

After the oxidized product has left the enzyme, the reduced flavin reacts

with oxygen to form, initially, the flavin semiquinone radical and superoxide.

These undergo the sequence of rapid reactions shown in Table 7.3, ultimately

resulting in reoxidation of the flavin and formation of hydrogen peroxide.
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Table 7.3 Reoxidation of Reduced Flavins in Flavoprotein Oxidases

The overall reaction is:
X−−H2 + flavin → X + flavin-H2, flavin-H2 + O2 → flavin + H2O2

Fully reduced flavin-H2 reacts with oxygen to form the flavin semiquinone radical and
superoxide

flavin-H2 + O2 → flavin-H• + •O2
−

Flavin semiquinone and superoxide react to form flavin hydroperoxide
flavin-H• + •O2

− → flavin-HOOH
Flavin hydroperoxide slowly breaks down to yield flavin semiquinone and perhydroxyl

flavin-HOOH → flavin-H• + •O2H
Perhydroxyl decays to superoxide plus a proton

•O2H → H+ + •O2
−

In the presence of H+, flavin semiquinone and superoxide yield peroxide and oxidized flavin
flavin-H• + H+ + •O2

− → flavin + H2O2

By their production of superoxide and perhydroxyl radicals and hydrogen

peroxide, flavin oxidases make a significant contribution to the so-called ox-

idant stress of the body. Overall, some 3% to 5% of the daily consumption of

about30molofoxygenbyanadulthumanbeing is converted to singletoxygen,

hydrogen peroxide, and the superoxide, perhydroxyl and hydroxyl radicals,

rather than undergoing complete reduction to water in the electron transport

chain. There is thus a total production of 1.5 mol of reactive oxygen species

daily, potentially capableof causingdamage tomembrane lipids,proteins, and

nucleic acids.

Paradoxically, although the oxidation of reducedflavins contributes signifi-

cantly to oxidant stress, itmay also have a protective role. There is a significant

amountof reducedriboflavinbound toprotein inhepatocyte (andpresumably

other cell) membranes. This undergoes oxidation when the cells are exposed

to oxygen. The superoxide so producedmay have a protective role in trapping

the considerably more reactive and damaging hydroxyl radicals produced in

other reactions (Nokuboetal., 1989).Nevertheless, the fact that reducedflavins

react nonenzymicallywithoxygen to yield superoxide andperhydroxy radicals

(the autoxidation of flavins) suggests that they are potentially toxic in excess.

This may explain not only the limitation of the absorption of riboflavin from

the intestinal tract, but also the active efflux of free riboflavin from the central

nervous system and the active secretion of the vitamin in the renal tubule.

7.3.6 NADPH Oxidase, the Respiratory Burst Oxidase
NADPH oxidase was originally described in activated macrophages, whose

function is to generate reactive oxygen species and halogen radicals as part

of the cytotoxic action against phagocytosed microorganisms. It catalyzes
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transfer of electrons from NADPH onto cytochrome b558, which then reduces

oxygen to yield 2mol of superoxide and two protons. Activation of the oxidase

requires increased formation ofNADPHandhence increased oxidation of glu-

cose through the pentose phosphate pathway (see Figure 6.4), the so-called

respiratory burst.

The oxidase is a cell membrane–multienzyme complex. It has a cell surface

receptor linked to a G-protein that activates a phosphatidyl inositol cascade

leading to assembly and activation of the oxidase complex. The receptor is

activated by the following:

1. Complement fragment C5a, which arises from the antibody–antigen re-

action.

2. Peptides containing the sequence N-formyl-Met-Leu-Phe. These may

bebacterial peptides or peptides arising frommitochondria of damaged

tissue.

3. A variety of endogenous responses to infection andmediators of inflam-

matoryreactions, includingplateletactivating factor, leukotrieneβ4, and

interleukin-8.

The NADPH binding site is on the cytosolic side of the membrane, whereas

the superoxide release site is either extracellular or on the luminal side of the

phagocytic vesicle. The enzyme acts as an ion pump, because it releases su-

peroxide without an accompanying cation; protons remain inside the cell,

resulting in considerable membrane depolarization (Babior, 1992; Chanock

et al., 1994).

NADPHoxidaseactivityhasalsobeendemonstratedinawidevarietyofcells

other than macrophages, where it is not involved in cytotoxic action against

engulfed microorganisms. It seems likely that reactive oxygen species pro-

duced by NADPH oxidase have a role in cell signaling, possibly as part of the

mechanism of apoptosis.

7.3.7 Molybdenum-Containing Flavoprotein Hydroxylases
Xanthine oxidoreductase and aldehyde oxidase represent a distinct class of

flavin-dependentoxidases.Theybothdehydrogenateandhydroxylate thesub-

strate.However, unlike themixed-functionoxidases (Section7.3.8), theoxygen

introduced into the substrate by these enzymes is derived fromwater, and the

role of molecular oxygen is in the reoxidation of the reduced flavin. Among

other reactions, aldehyde oxidase is important in the oxidation of N1-methyl
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nicotinamide to methyl pyridone carboxamide (Section 8.2.4) and pyridoxal

to 4-pyridoxic acid (Section 9.2).

The initial step in the reaction is dehydrogenation of the substrate at the

expense of the molybdenum, which is reduced from MoVI to MoIV. This is

followed by attack by the persulfide group on the carbon atomof the substrate

at which the hydroxyl group will be introduced. Hydrolysis of the persulfide–

carbon bond then introduces a hydroxyl group. The reduced molybdopt-

erin is reoxidized by the iron-sulfur groups, which in turn reduce the FAD. The

reducedflavin then reactswithoxygen, eventually forminghydrogenperoxide.

Xanthine oxidoreductase contains two molecules of molybdenum as

molybdopterin (Section 10.5), two molecules of FAD, eight non-heme iron-

sulfide groups, and two persulfide (—S—S—) groups. It exists as two intercon-

vertible forms:

1. The xanthine dehydrogenase form catalyzes the oxidation of xanthine

to hypoxanthine at the expense of NAD+.
2. The xanthine oxidase form cannot utilize NAD+, but reduces oxygen to

hydrogen peroxide.

The dehydrogenase form of the enzyme is converted to the oxidase form by

reversible oxidation of cysteine to form a disulfide bridge. The redox potential

of the dehydrogenase form of the enzyme is considerably lower than that of

the oxidase form, because the protein confers greater stability on the neutral

flavin semiquinone radical (Rajagopalanand Johnson, 1992;Kisker et al., 1997;

Nishino and Okamoto, 2000).

7.3.8 Flavin Mixed-Function Oxidases (Hydroxylases)
The flavin-dependent mixed-function oxidases include amine N-oxidases

and a variety of S-oxidases. They provide an alternative to cytochrome P450-

dependent enzymes in the metabolism of xenobiotics.

Inmost of these enzymes, the flavin is reduced to dihydroflavin byNADPH,

although some also act as dehydrogenases, both oxidizing and hydroxylating

the substrate so that it is the substrate that is the source of hydrogen to form

the dihydroflavin. This then forms a hydroperoxide by reaction with oxygen.

Rather than decaying to the flavin and perhydroxyl radicals as in the oxidases

discussed in Section 7.3.5, the hydroperoxide is stabilized by the enzyme pro-

tein and is cleaved by the substrate, resulting in transfer of a hydroxyl group

and leaving the flavin C-4 hydroxide, that breaks down to yield water and the

oxidized flavin, via the sequence of reactions shown in Table 7.4, again adding

to the overall radical burden in the body.
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Table 7.4 Reoxidation of Reduced Flavins in Flavin Mixed-Function Oxidases

The overall reaction is:
X−−H2 + O2 → X−−OH + H2O or X + NADPH + O2 → X−−OH + NADP+ + H2O

Flavin is reduced by reaction with either substrate-H2 or NADPH.
Fully reduced flavin-H2 reacts with oxygen to form the flavin semiquinone radical and
superoxide

flavin-H2 + O2 → flavin-H• + •O2
−

Flavin semiquinone and superoxide react to form flavin hydroperoxide
flavin-H• + •O2

− → flavin-HOOH
Flavin hydroperoxide reacts with substrate

flavin-HOOH + X → flavin-HOOH-X
Intermediate complex breaks down to hydroxylated product + flavin hydroxide

flavin-HOOH-X → flavin-OH + X-OH
Flavin hydroxide breaks down to regenerate fully oxidized flavin + H2O

flavin-OH → flavin + H2O

7.3.9 The Role of Riboflavin in the Cryptochromes
One of the mechanisms of DNA repair in bacteria, acting to reduce cyclobu-

tane dipyrimidines and pyrimidine-pyrimidone dimers formed by exposure

to UV light, is the blue light-activated photolyase. The primary light-trapping

pigment is 5,10-methylene tetrahydrofolate (Section 10.1), which then trans-

fers the excitation energy of the trapped photon to FADH, which reduces the

substrate.

Cryptochromes in the human eye have a considerable sequence and struc-

ture homologywith thephotolyases, bindingbothmethylene tetrahydrofolate

and FAD. They have the same DNA binding pocket as photolyase, although

they do not catalyze the reduction of DNA pyrimidine dimers. They are found

in the nucleus of cells of the inner layer of the retina, behind the rods and

cones involved in vision (Section 2.3.1), and absorb blue light, withmaximum

absorbance at 420 nm.

The function of cryptochromes is in setting the circadian clock in response

to day-length. In response to excitation by light, there are changes in the ex-

pression in the retinal cells of genes known to regulate the circadian cycle,

possibly as a result of increased ubiquitination and hence catabolism of the

TIM protein (the product of the timeless gene). In addition, a nerve impulse is

generated along fibers of the optic nerve that innervate the suprachiasmatic

nucleus in the anterior hypothalamus, rather than the visual cortex. It is not

known how this nerve impulse is initiated in response to photoexcitation of

cryptochrome (Sancar, 2000; Lin et al., 2001).
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7.4 RIBOFLAVIN DEFICIENCY

Riboflavin deficiency is relatively common, yet there is no clear deficiency

disease and the condition never seems to be fatal. This presumably reflects

the high degree of conservation of riboflavin in tissues (Section 7.2.3). There

is only a relatively small difference between the concentration of flavins at

which tissues are saturated and the lowest levels in prolonged depletion of

experimental animals. In deficiency,most of the flavin coenzymes released by

the catabolism of enzymes are reutilized.

Clinically, riboflavin deficiency is characterized by lesions of the margin of

the lips (cheilosis) and corners of the mouth (angular stomatitis), a painful

desquamation of the tongue, so that it is red, dry, and atrophic (so-called

magenta tongue) and a sebhorroic dermatitis, with filiform excrescences,

affecting especially the naso-labial folds, eyelids, and ears, with abnormalities

of the skin around the vulva and anus and at the free border of the prepuce.

The lesions of the mouth may respond to either riboflavin or vitamin B6 in

apparently riboflavin-deficient subjects (Lakshmi and Bamji, 1974).

There may also be conjunctivitis with vascularization of the cornea and

opacity of the lens. This is the only lesion for which we know a possible bio-

chemical basis – glutathione is important in maintaining the normal clarity

of crystallin in the lens, and glutathione reductase is a flavoprotein that is

particularly sensitive to riboflavin depletion.

7.4.1 Impairment of Lipid Metabolism in Riboflavin Deficiency
Riboflavin-deficient animals have a lower metabolic rate than controls, and

require a 15% to 20% higher food intake to maintain body weight. There is

increased accumulation of triglycerides in the liver, with an increase in liver

weight as a proportion of body weight. There is no impairment of electron

transport in the liver, although in brown adipose tissue both electron trans-

port and the thermogenic response to adrenergic stimulation are impaired

(Duerden and Bates, 1985).

The main effect of riboflavin deficiency is on lipid metabolism. In experi-

mental animals on a riboflavin-free diet, feeding a high-fat diet leads to more

marked impairment of growth, and a higher requirement for riboflavin to re-

store growth. There are also changes in the patterns of long-chain polyunsat-

urated fatty acids in membrane phospholipids.

Within a day of initiating a riboflavin-free diet in weanling rats, there is

a 35% decrease in the oxidation of palmitoyl CoA. All three mitochondrial

acyl CoA dehydrogenases are affected, although it is the short-chain acyl CoA
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dehydrogenase that is most severely impaired and that becomes the rate-

limiting step of fatty acid oxidation. The accumulating short-chain fatty acyl

CoA derivatives may undergo microsomal ω-oxidation and possibly peroxi-

somal β-oxidation of the resultant dicarboxylic acids. Althoughmitochondrial

β-oxidation is impaired in riboflavin deficiency, the peroxisomes appear to

be protected. As a result, a number of dicarboxylic acids (including adipic,

suberic, sebacic, octenedioic, hexenedioic, and decendioic acids) are excreted

in the urine. In addition, a number of conjugates of the substrates of im-

paired acyl CoA dehydrogenases are excreted, including butyryl-, isovaleryl-,

2-methylbutyl-, and isobutyl-glycine conjugates. There are a number of ribo-

flavin responsive organic acidurias caused by impairment of one or another

of the acyl CoA dehydrogenases (Goodman, 1981; Veitch et al., 1988).

In animals, the production of 14CO2 from [14C]palmitate or octanoate is not

consistently affected by riboflavin deficiency, possibly as a result of increased

activity of carnitine palmitoyl transferase, which is more a response to food

deprivation than to riboflavin deficiency. However, the production of 14CO2

from[14C]adipic acid is significantly reduced, and responds rapidly (with some

overshoot) to repletion with the vitamin. It has been suggested that the ability

to metabolize a test dose of [13C]adipic acid may provide a sensitive means

of investigating riboflavin nutritional status in human beings (Bates, 1989,

1990).

7.4.2 Resistance to Malaria in Riboflavin Deficiency
A number of studies have noted that, in areas where malaria is endemic,

riboflavin-deficient subjects are relatively resistant and have a lower parasite

burden than adequately nourished subjects. Dietary deficiency of riboflavin,

hypothyroidism, which induces functional riboflavin deficiency by lowering

the synthesis of flavokinase (Section 7.2.4), or the administration of chlor-

promazine, which inhibits flavokinase and can cause functional riboflavin

deficiency (Section 7.4.4), all inhibit the growth ofmalarial parasites in experi-

mental animals.However, althoughparasitemia is less in riboflavindeficiency,

the course of the disease may be more severe (Dutta et al., 1985; Dutta, 1991;

Akompong et al., 2000a, 2000b; Shankar, 2000).

The biochemical basis of this resistance to malaria in riboflavin deficiency

is not known, but a number of mechanisms have been proposed, including

the following:

1. The malarial parasites may have a particularly high requirement for ri-

boflavin. A number of flavin analogs have antimalarial action.
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2. The impairment of glutathione reductase activity may result in lower

availability of glutathione in erythrocytes and hence a more oxidizing

environment, which is hostile to the parasites.

3. As a result of impaired antioxidant activity in erythrocytes, there may

be increased fragility of erythrocyte membranes or reduced membrane

fluidity. As in sickle cell trait, which also protects against malaria, this

may result in:

(a) Exposureof theparasites to thehost’s immunesystematavulnerable
stage in their development, resulting in the production of protective
antibodies.

(b) Release into thecirculationof immature formsof theparasite thatare
not capable of either surviving outside the erythrocyte or infecting
new cells.

In vitro, high concentrations of riboflavin also impair parasite growth, appar-

ently as a result of increased reduction of methemoglobin. The parasites can

only hydrolyze methemoglobin, not native hemoglobin.

7.4.3 Secondary Nutrient Deficiencies in Riboflavin Deficiency
Riboflavin deficiency is associated with hypochromic anemia as a result of

secondary iron deficiency. The absorption of iron is impaired in riboflavin-

deficient animals, with a greater proportion of a test dose retained in the in-

testinalmucosal cells bound to ferritin, andhence lost in the feces, rather than

being absorbed. The mobilization of iron bound to ferritin, in either intesti-

nal mucosal cells or the liver, for transfer to transferrin, requires oxidation of

Fe2+ toFe3+, a reactioncatalyzedbyNAD-riboflavinphosphateoxidoreductase
(Powers et al., 1991; Powers, 1995; Williams et al., 1995).

At least part of the impairment of iron absorption in riboflavin deficiency

is a result of morphological changes in the intestinal mucosa, with hyperpro-

liferation, an increased rate of enterocyte transit along the villi and a reduced

number of (longer) villi and deeper crypts (Williams et al., 1996).

In addition to the role of flavoproteins in ironmetabolism, it is possible that

the anemia associated with riboflavin deficiency is a consequence of the im-

pairmentofvitaminB6metabolisminriboflavindeficiency.Pyridoxineoxidase

is a flavoprotein and, like glutathione reductase, is very sensitive to riboflavin

depletion(McCormick,1989).VitaminB6 deficiencycanresult inhypochromic

anemia as a result of impairedporphyrin synthesis. Although riboflavin deple-

tion decreases the oxidation of dietary vitamin B6 to pyridoxal (Section 9.2), it

is not clear towhat extent there is secondary vitaminB6 deficiency in riboflavin

deficiency. This is partly because vitamin B6 nutritional status is commonly
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assessed by the metabolism of a test dose of tryptophan (Section 9.5.4), and

kynurenine hydroxylase in the tryptophan oxidative pathway is a flavopro-

tein (Section 8.3.3.1); riboflavin deficiency can therefore disturb tryptophan

metabolismquite separately fromitseffectsonvitaminB6 nutritional status. In

riboflavin-deficient animals, despite a decrease in pyridoxine oxidase to 15%

of the control activity, and an increase in the concentration of pyridoxine in

tissues, there is no significant decrease in the tissue concentration of pyridoxal

phosphate (Lakshmi and Bamji, 1974).

The disturbance of tryptophanmetabolism in riboflavin deficiency, caused

by impairment of kynureninehydroxylase, can also result in reduced synthesis

of NAD from tryptophan. This may therefore be a factor in the etiology of

pellagra (Section 8.3.3.1).

In species for which ascorbate is not a vitamin, riboflavin deficiency can

also lead to considerably reduced synthesis and low tissue concentrations of

ascorbate, since gulonolactoneoxidase, the key enzyme inascorbate synthesis

(Section 13.2), is a flavoprotein.

7.4.4 Iatrogenic Riboflavin Deficiency
The phenothiazines, such as chlorpromazine, used in the treatment of schi-

zophrenia, the tricyclic antidepressantdrugs suchas imipramineandamitryp-

tiline, antimalarials such as quinacrine, and the anticancer agent adriamycin

are structural analogs of riboflavin (see Figure 7.6) and inhibit flavokinase. In

experimental animals, administration of these drugs at doses equivalent to

those used clinically results in an increase in the EGR activation coefficient

(Section 7.5.2) and increased urinary excretion of riboflavin, with reduced tis-

sue concentrations of riboflavin phosphate and FAD, despite feeding diets

providing more riboflavin than is needed to meet requirements (Pinto et al.,

1981).

Although there is no evidence that patients treated with these drugs for a

prolonged period develop clinical signs of riboflavin deficiency, long-termuse

of chlorpromazine is associated with a reduction in metabolic rate.

Neonatal hyperbilirubinemia is normally treated by phototherapy. The

peak wavelength for photolysis of bilirubin is 450 nm, the same as that for

photolysis of riboflavin (Section 7.1). Infants undergoing phototherapy show

biochemical evidence of riboflavin depletion, with a significant increase in

the EGR activation coefficient. Provision of additional riboflavin to maintain

plasma concentrations enhances the photolysis of bilirubin, apparently as a

result of reactive oxygen radicals generated by the products of photolysis of

riboflavin.
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Figure 7.6. Drugs that are structural analogs of riboflavin and may cause deficiency.
Relative molecular masses (Mr): riboflavin, 376.4; quinacrine, 472.9 (dihydrochloride);
chlorpromazine, 318.9; imipramine, 280.4; amitryptyline, 277.4; and adriamycin (dox-
orubicin), 543.5.

However, even relatively lowconcentrationsof riboflavincancausedamage

to DNA under conditions of photolysis, with damage to deoxy-guanosine in

isolated DNA, and activation of DNA repair mechanisms in cells in culture. It

is therefore not common practice to use riboflavin supplements as an adjunct
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Table 7.5 Indices of Riboflavin Nutritional Status

Adequate Marginal Deficient

Urine riboflavin �g/g creatinine >80 27–80 <27
mol/mol creatinine >24 8–24 <8
�g/24 h >120 40–120 <40
nmol/24 h >300 100–300 <100
mg over 4 h after >1.4 1.0–1.4 <1.0
5 mg dose

�mol over 4 h after >3.7 2.7–3.7 <2.7
5 mg dose

Erythrocyte riboflavin �g/g hemoglobin >0.45 — —
nmol/g hemoglobin >1.2 — —

Glutathione reductase Activation coefficient <1.4 1.4–1.7 >1.7

Sources: From data reported by Sauberlich et al., 1974; Bates, 1993.

to phototherapy of neonatal hyperbilirubinemia (Speck et al., 1975; Gromisch

et al., 1977).

7.5 ASSESSMENT OF RIBOFLAVIN NUTRITIONAL STATUS

Two methods of assessing riboflavin status are generally used: urinary ex-

cretion of the vitamin and its metabolites, and activation of EGR. Criteria of

riboflavin adequacy are shown in Table 7.5.

7.5.1 Urinary Excretion of Riboflavin
Clinical signs of riboflavin deficiency are seen at intakes below about 1 mg

per day. At intakes below about 1.1 mg per day, there is very little urinary

excretion of riboflavin; thereafter, as intake increases, there is a sharp increase

in excretion. Up to about 2.5mg per day, there is a linear relationship between

intake and excretion. At higher levels of intake, excretion increases sharply,

reflecting active renal secretion of excessive vitamin (Section 7.2.5).

Riboflavinexcretion isonly correlatedwith intake in subjectswhoaremain-

taining nitrogen balance. In subjects in negative nitrogen balance, there may

be more urinary excretion than would be expected, largely as a result of the

catabolism of tissue flavoproteins and loss of their prosthetic groups. Higher

intakes of protein than are required to maintain nitrogen balance do not af-

fect the requirement for riboflavin or indices of riboflavin nutritional status,

although, asmight be expected, more riboflavin is retained in subjects in pos-

itive nitrogen balance, as a result of increased net synthesis of flavoproteins.
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7.5.2 Erythrocyte Glutathione Reductase (EGR)
Activation Coefficient
Glutathione reductase is especially sensitive to riboflavin depletion. In defi-

cient animals, the activity of glutathione reductase responds earlier andmore

markedly than any other index of riboflavin status apart from liver concentra-

tions of flavin coenzymes and the activity of hepatic flavokinase (Prentice and

Bates, 1981a, 1981b). The activity of the enzyme in erythrocytes can therefore

be used as an index of riboflavin status.

Interpretation of the results can be complicated by anemia, and it is more

usual to use the activation of EGR by FAD added in vitro. An activation coeffi-

cientof 1.0 to1.3 reflectsadequatenutritional status;>1.7 indicatesdeficiency.

EGRactivationcoefficientbetween1.3 to 1.7 represents amarginal status,with

no clinical signs of deficiency.

Like glutathione reductase, pyridoxine oxidase is sensitive to riboflavin de-

pletion. Innormal subjects and inexperimental animals, theEGRandpyridox-

ine oxidase activation coefficients are correlated, and both reflect riboflavin

nutritional status. In subjects with glucose 6-phosphate dehydrogenase defi-

ciency, there is an apparent protection of EGR, so that even in riboflavin defi-

ciency it does not lose its cofactor, and the EGR activation coefficient remains

within the normal range. The mechanism of this protection is unknown. In

such subjects, the erythrocyte pyridoxine oxidase activation coefficient gives

a response thatmirrors riboflavin nutritional status (Clements and Anderson,

1980).

7.6 RIBOFLAVIN REQUIREMENTS AND REFERENCE INTAKES

On the basis of depletion/repletion studies, the minimum adult requirement

for riboflavin is 0.5 to 0.8 mg per day. In population studies, values of the

EGR activation coefficient <1.3 are seen in subjects whose habitual intake of

riboflavin is 1.2 to 1.5 mg per day. At intakes between 1.1 to 1.6 mg per day,

urinary excretion rises sharply, suggesting that tissue reserves are saturated.

On the basis of such studies, reference intakes (see Table 7.6) are in the range

of 1.2 to 1.6 mg per day (Bates, 1987a, 1987b).

Because of the central role of flavin coenzymes in energy-yielding meta-

bolism, reference intakes are sometimes calculated on the basis of energy

intake: 0.6 to 0.8 mg per 1,000 kcal (0.14 to 0.19 mg per MJ). However, in view

of the wide range of riboflavin-dependent reactions, in addition to energy-

yielding metabolism, it is difficult to justify this basis for the calculation of

requirements.
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Table 7.6 Reference Intakes of Riboflavin
(mg/day)

U.K. EU U.S./Canada FAO
Age 1991 1993 1998 2001

0–6 m 0.4 — 0.3 0.3
7–12 m 0.4 0.4 0.4 0.4
1–3 y 0.6 0.8 0.5 0.5
4–6 y 0.8 1.0 0.6 0.6
7–8 y 1.0 1.2 0.6 0.9

Males
9–10 y 1.0 1.2 0.9 0.9
11–13 y 1.2 1.4 0.9 1.3
>14 y 1.3 1.6 1.3 1.3

Females
9–10 y 1.0 1.2 0.9 0.9
11–13 y 1.1 1.2 0.9 1.1
>14 y 1.1 1.3 1.1 1.1
Pregnant 1.4 1.6 1.4 1.4
Lactating 1.6 1.7 1.6 1.6

EU, European Union; FAO, Food and Agriculture
Organization; WHO, World Health Organization.
Sources: Department of Health, 1991; Scientific
Committee for Food, 1993; Institute of Medicine,
1998; FAO/WHO, 2001.

7.7 PHARMACOLOGICAL USES OF RIBOFLAVIN

Because of its intense yellow color and low toxicity, riboflavin is widely used

as a food color (E-101). It is also used in relatively high doses in the treatment

of recessive familial methemoglobinemia and some organic acidurias.

Recessive familial methemoglobinemia is from lack of NADH-dependent

cytochromeb5methemoglobinreductase,which is themajorenzymeinvolved

in reduction of methemoglobin. (The more common methemoglobinemias

are causedbymutations in thehemoglobin gene andare commonlydominant

conditions.) Reducedflavinswill reducemethemoglobinnonenzymically, and

doses of the vitamin of 20 to 40mgper day result in a significant accumulation

of reduced flavins in erythrocytes, as a result of the activity of NADH-flavin

reductase (Yubisui et al., 1977).

Some congenital organic acidurias resulting from apparent deficiency of

acyl CoA dehydrogenases are riboflavin responsive. The defects seem to result

from impaired coenzyme binding to either the electron-transferring flavopro-

tein that transfers electrons from a variety of acyl CoA dehydrogenases into

theelectrontransportchain,orelectron-transferringflavoprotein-ubiquinone
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reductase.Administrationof100mgof riboflavinperdayormoreseems toper-

mit accumulation of sufficient flavin coenzymes to give useful activity of the

affected enzyme, despite the limitation of riboflavin absorption (Christensen

et al., 1984; Gregersen et al., 1986).

There is someevidence that riboflavin status affects the stability of the ther-

molabile variant of methylene tetrahydrofolate reductase (Section 10.3.2.1),

and that supplements of riboflavin may lower plasma homocysteine (Section

10.3.4.2) inpeoplewhoarehomozygous for thevariant enzyme (McNulty et al.,

2002).

Because of its low solubility and limited absorption from the gastrointesti-

nal tract, riboflavin has no significant or measurable toxicity by mouth. At

extremely high parenteral doses (300 to 400 mg per kg of body weight), there

may be crystallization of riboflavin in the kidney because of its low solubility.
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Niacin

Niacin is unusual among the vitamins in that it was discovered as a chemical

compound, nicotinic acid produced by the oxidation of nicotine, in 1867 –

long before there was any suspicion that it might have a role in nutrition. Its

metabolic function as part of what was then called coenzyme II [nicotinamide

adeninedinucleotidephosphate (NADP)]wasdiscovered in1935, againbefore

its nutritional significance was known.

It is not strictly correct to regard niacin as a vitamin. Its metabolic role is

as the precursor of the nicotinamide moiety of the nicotinamide nucleotide

coenzymes, nicotinamide adenine dinucleotide (NAD) and NADP, and this

can also be synthesized in vivo from the essential amino acid tryptophan.

At least in developed countries, average intakes of protein provide more than

enough tryptophan tomeet requirements forNADsynthesiswithout anyneed

for preformed niacin. It is only when tryptophan metabolism is disturbed,

or intake of the amino acid is inadequate, that niacin becomes a dietary

essential.

The nicotinamide nucleotide coenzymes function as electron carriers in a

wide variety of redox reactions. In addition, NAD is the precursor of adenine

dinucleotide phosphate (ADP)-ribose for ADP-ribosylation and poly(ADP-

ribosylation) of proteins and cADP-ribose and nicotinic acid adenine dinu-

cleotide phosphate (NAADP). They act as second messengers and stimulate

increases in intracellular calcium concentrations.

Pellagra was first described asmal de la rosa in Asturias in central Spain by

Casal in 1735. He observed that the condition was apparently related to diet

andwasdistinct fromscurvyandother thenknowncausesof superficially sim-

ilar dermatitis. The name pellagra was coined by the Italian physician Frapolli

in 1771 to describe the most striking feature of the disease: the roughened,

sunburn-like appearance of the skin. Pellagra became common in Europe

200
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whenmaizewas introduced fromtheNewWorldas a convenienthigh-yielding

dietary staple. By the nineteenth century, it was widespread throughout

southernEuropeandnorthAfrica.ThediseasewasunknowninsouthernAfrica

until the outbreak of rinderpest in 1897, which led to widespread death of cat-

tle and a major change in the dietary habits of the Bantu.

From being a meat- and milk-eating community, they became, and have

remained, largelymaize eaters, and pellagra continued to be amajor problem

of public health nutrition in South Africa throughout much of the twentieth

century. The other region where pellagra was a major problem at the begin-

ning of the twentieth century was the southern part of the United States. The

social and economic upheaval of the American Civil War led to a poor maize-

based diet for large sections of the population, and it was not until the entry of

the United States into the secondWorldWar that increasing employment and

a rise in the general standard of living solved the dietary problem. Although

Casal had considered pellagra to be due to a dietary deficiency, investigations

at the beginning of the twentieth century started from the assumption that,

like other diseases, it was an infection. It was the pioneering studies of Gold-

berger and coworkers in the United States that showed that the condition was

neither contagious nor infectious, but could be prevented or cured by dietary

means.

After it had been established that pellagra was a nutritional deficiency dis-

ease, thenext problemwas todiscover themissingnutrient. Additional dietary

protein was shown to be beneficial, thus it was concluded that pellagra was

because of a protein deficiency. This view, and later that it was more specifi-

cally from a deficiency of tryptophan, was held for some time. In 1938, Spies

and coworkers showed that nicotinic acid would cure pellagra; thereafter it

was gradually accepted that it was a niacin deficiency disease.

The role of additional dietary protein in curing pellagra was elucidated in

1947, when it was shown that the administration of tryptophan to human

beings led to an increase in the urinary excretion of N1-methyl nicotinamide,

themajor urinarymetabolite of niacin. It is usual to regard pellagra as a niacin

deficiency disease, and tryptophan as a substitute for niacin when the dietary

intake of the vitamin is inadequate. However, this is not strictly correct, and

pellagra should be regarded as being a deficiency of both tryptophan and

niacin.

8.1 NIACIN VITAMERS AND NOMENCLATURE

The term niacin is the generic descriptor for the two compounds that have

the biological action of the vitamin: nicotinic acid and nicotinamide (see
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Figure 8.1. Niacin vitamers, nicotinamide and nicotinic acid, and the nicotinamide nu-
cleotidecoenzymes.Relativemolecularmasses (Mr):nicotinicacid,123.1;nicotinamide,
122.1; NAD, 663.4; and NADP 743.4.

Figure 8.1). Although the amino acid tryptophan is quantitatively the major

precursor of the nicotinamide ring of the coenzymes (Section 8.3), it is not

considered to be a niacin vitamer.

Nicotinic acid was discovered and named as a product of the chemical

oxidation of nicotine in 1867. When it was later discovered to be the pellagra-

preventing vitamin, it was not assigned a number among the B vitamins be-

cause its chemistry was already known. Niacin is generally placed between

vitamins B2 and B6, although it is incorrect to call it vitamin B3, which was at

one time assigned to pantothenic acid (Section 12.1).

There is confusion in the literature because of the North American usage

of the name niacin to mean specifically nicotinic acid, whereas the amide is

knownasniacinamide. Thenameniacinwas coined in the late 1940swhen the

role of deficiency in the etiology of pellagra was realized, and it was decided

thatdietarystaples shouldbe fortifiedwith thevitamin. Itwas felt thatnicotinic

acidwasnotasuitablenameforasubstance thatwas tobeadded to foods,both

because of its phonetic (and chemical) relationship to nicotine and because it

is an acid.

Nicotinic acid andnicotinamidehave equal biological activity. Asdiscussed

in Section 8.3, approximately 60 mg of tryptophan is equivalent to 1 mg of
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dietary preformed niacin. Requirements and intakes are calculated as mg

niacin equivalents – the sum of preformed niacin+ 1/60× tryptophan.

8.2 NIACIN METABOLISM

8.2.1 Digestion and Absorption
Niacin is present in tissues, and therefore in foods, largely as the nicotinamide

nucleotides. The postmortem hydrolysis of NAD(P) is extremely rapid in an-

imal tissues, and it is likely that much of the niacin of meat (a major dietary

source of the vitamin) is free nicotinamide.

Nicotinamidenucleotides present in the intestinal lumenare hydrolyzed to

nicotinamide. A number of intestinal bacteria have high nicotinamide deami-

dase activity, and a significant proportion of dietary nicotinamide may be

deamidated in the intestinal lumen. Both nicotinic acid and nicotinamide are

absorbed from the small intestine by a sodium-dependent saturable process.

8.2.1.1 Unavailable Niacin in Cereals Chemical analysis reveals niacin in

cereals (largely in the bran), but this is biologically unavailable, because it is

bound as niacytin – nicotinoyl esters to a variety of macromolecules ranging

betweenMr 1,500 to17,000. Inwheatbran,60%isesterified topolysaccharides,

and the remainder to polypeptides and glycopeptides (Mason et al., 1973). In

calculation of niacin intakes, it is conventional to ignore the niacin content of

cereals completely.

A small fraction of the niacin in niacytin may be biologically available as a

result of hydrolysis by gastric acid. About 10% of the total is released as free

nicotinic acid after extraction of maize or sorghum meal with 0.1 mol per L

of hydrochloric acid, and Carter and Carpenter (1982) have shown that about

10% of the total niacin content of maize is biologically available to humans

beings.

Treatment of cereals with alkali (e.g., soaking overnight in a calcium hy-

droxide solution, as is the traditionalmethod for the preparation of tortillas in

Mexico)andbakingwithalkalinebakingpowder, releasesmuchof thenicotinic

acid. This may explain why pellagra has always been rare in Mexico, despite

the fact that maize is the dietary staple. Roasting of whole grain maize has a

similar effect, because there is enough ammonia released from glutamine to

form free nicotinamide by ammonolysis.

8.2.2 Synthesis of the Nicotinamide Nucleotide Coenzymes
As shown in Figure 8.2, the nicotinamide nucleotide coenzymes NAD and

NADPcanbe synthesized fromeither of theniacin vitamers or fromquinolinic
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Figure 8.2. Synthesis of NAD from nicotinamide, nicotinic acid, and quinolinic acid.
Quinolinate phosphoribosyltransferase, EC 2.4.2.19; nicotinic acid phosphoribosyl-
transferase, EC 2.4.2.11; nicotinamide phosphoribosyltransferase, EC 2.4.2.12; nicoti-
namidedeamidase, EC3.5.1.19;NADglycohydrolase, EC3.2.2.5;NADpyrophosphatase,
EC 3.6.1.22; ADP-ribosyltransferases, EC 2.4.2.31 and EC 2.4.2.36; and poly(ADP-ribose)
polymerase, EC 2.4.2.30. PRPP, phosphoribosyl pyrophosphate.
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acid, a metabolite of the amino acid tryptophan. Incorporation of nicotin-

ic acid is catalyzed by nicotinate phosphoribosyltransferase to yield nico-

tinic acid mononucleotide, which is converted to nicotinic acid adenine

dinucleotide (desamido-NAD) by the action of nicotinic acidmononucleotide

pyrophosphorylase, and then amidated to NAD. Incorporation of nicoti-

namidemay either be direct, catalyzed bynicotinamide phosphoribosyltrans-

ferase to yield nicotinamide mononucleotide, and then NAD by the action of

nicotinamide mononucleotide pyrophosphorylase, or indirect, by deamida-

tion to nicotinic acid, catalyzed by nicotinamide deamidase. The dicarboxylic

acid intermediate in the quinolinate phosphoribosyltransferase reaction un-

dergoes spontaneous decarboxylation to nicotinic acid mononucleotide.

In the liver, there is little utilization of preformed niacin for nucleotide

synthesis. Although isolated hepatocytes will take up both vitamers from the

incubation medium, they seem not to be used for NAD synthesis and cannot

prevent the fall in intracellular NAD(P), which occurs during incubation. The

enzymes for nicotinic acid and nicotinamide utilization are more or less sat-

urated with their substrates at normal concentrations in the liver, and hence

are unlikely to be able to use additional niacin for nucleotide synthesis. By

contrast, incubation of isolated hepatocytes with tryptophan results in a con-

siderable increase in the rate of synthesis of NAD(P) and accumulation of

nicotinamide and nicotinic acid in the incubation medium. Similarly, feed-

ing experimental animals on diets providing high intakes of nicotinic acid or

nicotinamide has relatively little effect on the concentration of NAD(P) in the

liver, whereas high intakes of tryptophan lead to a considerable increase. It

thus seems likely that the major role of the liver is to synthesize NAD(P) from

tryptophan, followedbyhydrolysis to releaseniacin for useby extrahepatic tis-

sues (Bender et al., 1982;McCreanor and Bender, 1986; Bender andOlufunwa,

1988).

In most extrahepatic tissues, nicotinic acid is a better precursor of nu-

cleotides than is nicotinamide. However, muscle, brain, and to a lesser extent

the testis are able to take up nicotinamide from the bloodstream effectively,

and apparently utilize it without prior deamidation (Gerber andDeroo, 1970).

8.2.3 Catabolism of NAD(P)
The nicotinamide nucleotide coenzymes are catabolized by four enzymes,

which act on the oxidized, but not the reduced, coenzymes:

1. NAD pyrophosphatase, which releases nicotinamide mononucleo-

tide. This can either be hydrolyzed by NAD glycohydrolase to release
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nicotinamide, or can be a substrate for nicotinamide mononucleotide

pyrophosphorylase, to form NAD.

2. NAD glycohydrolase, which releases nicotinamide and ADP-ribose. As

discussed in Section 8.4.4, this enzyme also catalyzes the synthesis of

cADP-ribose and nicotinic acid ADP, which have roles in intracellular

signaling.

3. ADP-ribosyltransferase, which catalyzes ADP-ribosylation of proteins,

releasing nicotinamide (Section 8.4.2).

4. Poly(ADP-ribose)polymerase,whichcatalyzespoly-ADP-ribosylationof

proteins, again releasing nicotinamide (Section 8.4.3).

The total NADase activity of tissues from these four enzymes is very high,

and the total tissue content of nicotinamide nucleotides can be hydrolyzed

within a few minutes. Two factors prevent this in vivo. Apart from NAD py-

rophosphatase, the enzymes that catalyze the release of nicotinamide from

NAD(P) are biosynthetic rather than catabolic, and their activity is highly reg-

ulated under normal conditions. Furthermore, the values of Km of the en-

zymes are of the same order of magnitude as those of many of the NAD(P)-

dependent enzymes in the cell, so that there is considerable competition for

the nucleotides. Only that relatively small proportion of the nicotinamide nu-

cleotidepool in thecell that is freeatanyone timewillbe immediatelyavailable

for hydrolysis.

8.2.4 Urinary Excretion of Niacin Metabolites
Under normal conditions, there is little or no urinary excretion of either

nicotinamide or nicotinic acid, because both vitamers are actively reab-

sorbed from the glomerular filtrate. It is only when the concentration is so

high that the transport mechanism is saturated that there is any significant

excretion.

As shown in Figure 8.3, the principal metabolites of nicotinamide are N1-

methyl nicotinamide and methyl pyridone carboxamides. N1-Methyl nicoti-

namide is actively secreted into theurineby theproximal renal tubules.Nicoti-

namideN-methyltransferase is anS-adenosylmethionine–dependent enzyme

that is present in most tissues. Very high intakes of nicotinamide may deplete

tissue pools of one-carbon fragments – indeed, this was the basis for the use

of nicotinamide in the treatment of schizophrenia (Section 8.8).

N1-Methyl nicotinamide can also be oxidized to methyl pyridone-2-

carboxamide and methyl pyridone-4-carboxamide. The extent to which this

oxidation occurs, and the relative proportions of the two pyridones formed,
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Figure 8.3. Metabolites of nicotinamide and nicotinic acid. Nicotinamide deamidase
(nicotinamidase), EC 3.5.1.19; nicotinamide N-methyltransferase, EC 2.1.1.1; alde-
hyde dehydrogenase, EC 1.1.1.1. Relative molecular masses (Mr): nicotinamide, 123.1;
nicotinic acid, 122.1; nicotinamide N-oxide, 139.1; N1-methyl nicotinamide, 139.1;
trigonelline, 137.1; nicotinuric acid, 179.2; and methyl pyridone carboxamides, 154.1.

not only varies from one species to another, but shows considerable variation

between different strains of the same species. Aldehyde oxidase catalyzes the

formation of both pyridones, and some additional 2-pyridone arises from the

activity of xanthine oxidase. Aldehyde oxidase is activated by androgens, and

male mice excrete 2 to 3 times more pyridone than do females (Felsted and

Chaykin, 1967; Stanulovic and Chaykin, 1971a, 1971b).

Nicotinamide can also undergo oxidation to nicotinamideN-oxide. This is

normally a minor metabolite in human beings, unless large amounts (about

200 mg) of nicotinamide are ingested. In the mouse, nicotinamide N-oxide

is the major excretory product of niacin metabolism. At high levels of nicoti-

namide intake, some 6-hydroxynicotinamide may also be excreted.

Nicotinic acid can be conjugated with glycine to form nicotinuric acid

(nicotinoyl-glycine),ormaybemethylated to trigonelline (N1-methylnicotinic
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acid). It is not clear to what extent urinary excretion of trigonelline reflects en-

dogenousmethylationofnicotinic acid, because there are significant amounts

of trigonelline in foods thatmaybeabsorbed,but cannotbeutilizedasa source

of niacin, and are excreted unchanged. Small amounts of 6-hydroxynicotinic

acid may also be formed.

8.3 THE SYNTHESIS OF NICOTINAMIDE NUCLEOTIDES

FROM TRYPTOPHAN

As shown in Figure 8.2, NAD(P) can be synthesized from the tryptophan

metabolite quinolinic acid. The oxidative pathway of tryptophanmetabolism

is shown in Figure 8.4. Under normal conditions, almost all of the dietary

intake of tryptophan, apart from the small amount that is used for net new

protein synthesis, is metabolized by this pathway, and hence is potentially

available for NAD synthesis. About 1% of tryptophan metabolism is by way

of 5-hydroxylation and decarboxylation to 5-hydroxytryptamine (serotonin),

which is excreted mainly as 5-hydroxyindoleacetic acid.

A number of studies have investigated the equivalence of dietary trypto-

phan and preformed niacin as precursors of the nicotinamide nucleotides,

generally by determining the excretion ofN1-methyl nicotinamide andmethyl

pyridone carboxamide in response to test doses of the precursors, in subjects

maintained on deficient diets.

The most extensive such study was that of Horwitt and coworkers (1956).

They found that there was a considerable variation between subjects in the

response to tryptophan and niacin, and suggested that in order to allow for

individual variation, it shouldbeassumed that 60mgof tryptophanwas equiv-

alent to 1mg of preformed niacin. This ratio has been generally accepted, and

is the basis for expressing niacin requirements and intake in terms of niacin

equivalents – the sum of preformed niacin and 1/60 of the tryptophan.

Changes in hormonal status may result in considerable changes in this

ratio,between7 to30mgofdietary tryptophanequivalent to1mgofpreformed

niacin in late pregnancy. The intake of tryptophan also affects the ratio. At low

intakes, 1mg of tryptophanmay be equivalent to only 1/125mg of preformed

niacin (Nakagawa et al., 1969).

Tryptophan dioxygenase (Section 8.3.2) is only found in the liver; other tis-

sues have an indoleamine dioxygenase, with lower specificity, that catalyzes

the same reaction. However, the pathway for onward metabolism of kynure-

nine is found only in liver andmononuclear phagocytes, and induction of in-

doleamine dioxygenase by cytokines, such as interferon-γ , leads to increased

circulating concentrations and urinary excretion of kynurenine, with little or



Figure 8.4. Pathways of tryptophan metabolism. Tryptophan dioxygenase, EC
1.13.11.11; formylkynurenine formamidase, EC 3.5.1.9; kynurenine hydroxylase, EC
1.14.13.9; kynureninase, EC 3.7.1.3; 3-hydroxyanthranilate oxidase, EC 1.10.3.5; picol-
inate carboxylase, EC 4.1.1.45; kynurenine oxoglutarate aminotransferase, EC 2.6.1.7;
kynurenine glyoxylate aminotransferase, 2.6.1.63; tryptophanhydroxylase, EC1.14.16.4;
and 5-hydroxytryptophan decarboxylase, EC 4.1.1.26. Relative molecular masses (Mr):
tryptophan, 204.2; serotonin, 176.2; kynurenine, 208.2; 3-hydroxykynurenine, 223.2;
kynurenic acid, 189.2; xanthurenic acid, 205.2; and quinolinic acid 167.1. CoA, coen-
zyme A.
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no formation of quinolinic acid and hence NAD(P). Induction of indoleamine

dioxygenase may therefore be a factor in tryptophan depletion leading to the

development of pellagra (Section 8.5).

8.3.1 Picolinate Carboxylase and Nonenzymic Cyclization
to Quinolinic Acid
As shown in Figure 8.4, the synthesis of NAD from tryptophan involves the

nonenzymiccyclizationofaminocarboxymuconic semialdehyde toquinolinic

acid. The alternative metabolic fate of aminocarboxymuconic semialdehyde

is decarboxylation, catalyzed by picolinate carboxylase, leading into the ox-

idative branch of the pathway, and catabolism via acetyl coenzyme A. There

is thus competition between an enzyme-catalyzed reaction that has hyper-

bolic, saturable kinetics, and anonenzymic reaction that has linear, first-order

kinetics.

The result of this is that at low rates of flux through the kynureninepathway,

which result in concentrations of aminocarboxymuconic semialdehyde below

that atwhichpicolinate carboxylase is saturated,most of thefluxwill bebyway

of the enzyme-catalyzed pathway, leading to oxidation. There will be little ac-

cumulation of aminocarboxymuconic semialdehyde to undergo nonenzymic

cyclization. As the rate of formation of aminocarboxymuconic semialdehyde

increases, and picolinate carboxylase nears saturation, there will be an in-

creasing amount available to undergo the nonenzymic reaction and onward

metabolism to NAD. Thus, there is not a simple stoichiometric relationship

between tryptophan and niacin, and the equivalence of the two coenzyme

precursors will vary as the amount of tryptophan to be metabolized and the

rate of metabolism vary.

As might be expected, the synthesis of NAD from tryptophan is inversely

related to the activity of picolinate carboxylase. Inhibition with pyrazinamide

results in increased availability of aminocarboxymuconic semialdehyde, and

hence increased NAD formation. Equally, activation of picolinate carboxylase

results in reduced availability of aminocarboxymuconic semialdehyde for cy-

clization, and hence a reduced formation of NAD.

Cats, which have some 30- to 50-fold higher activity of picolinate car-

boxylase than other species, are entirely reliant on a dietary source of pre-

formed niacin, and are not capable of any significant synthesis of NAD from

tryptophan.

It is thus apparent that the utilization of tryptophan as a precursor for NAD

synthesis depends on both the amount of tryptophan to be metabolized and

also the rate of metabolic flux through the pathway. The activities of three
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enzymes (tryptophan dioxygenase, kynurenine hydroxylase, and kynureni-

nase) may all affect the rate of formation of aminocarboxymuconic semialde-

hyde, as may the rate of tryptophan uptake into the liver.

8.3.2 Tryptophan Dioxygenase
The first enzyme of the pathway, tryptophan dioxygenase (also known as tryp-

tophanoxygenaseor tryptophanpyrrolase), is rate-limitingundernormalcon-

ditions. In isolated hepatocytes, the control coefficient for flux through the

pathway of tryptophan dioxygenase is 0.75 and that for tryptophan uptake

into the cells is 0.25 (Salter et al., 1986).

Tryptophan dioxygenase has a short half-life (of the order of 2 hours) and is

subject to regulation by three mechanisms: saturation with its heme cofactor,

hormonal induction and feedback inhibition, and repression by NAD(P).

8.3.2.1 Saturation of Tryptophan Dioxygenase with Its Heme Cofactor
Unlike many other heme enzymes, the hematin of tryptophan dioxygenase

behaves more like a dissociating cofactor than a tightly bound prosthetic

group, and dissociation of the holo-enzyme can occur in the presence of pro-

toporphyrin or mesoporphyrin. The holo-enzyme is more resistant to prote-

olysis than is the apoenzyme. In the presence of relatively large amounts of

heme, both the activity of the enzyme and the total amount of immunoreac-

tive tryptophan dioxygenase protein in the liver are increased. It has been

suggested that induction of tryptophan dioxygenase apoenzyme may pro-

vide a metabolic sink for excess heme synthesis (Badawy and Evans, 1975;

Badawy, 1977).

Tryptophan and a number of tryptophan analogs also enhance the stabil-

ity of tryptophan dioxygenase by enhancing conjugation of the apoenzyme

with hematin and stabilizing the holo-enzyme. The tryptophan analogs that

promote heme conjugation are not substrates, nor do they competewith tryp-

tophan at the catalytic site of the enzyme. They appear to bind to a domain

on the enzyme protein that is distinct from the catalytic site. The conjugation

promoting site of the apoenzyme has a relatively broad specificity, and a Km
for tryptophanof 26µmol per L,whereas the catalytic site on the holo-enzyme

binds only l-tryptophan and has a 10-fold higher Km.

8.3.2.2 Induction of Tryptophan Dioxygenase by Glucocorticoid Hor-
mones The de novo synthesis of tryptophan dioxygenase is induced by

glucocorticoid hormones (cortisol in human beings and corticosterone in

the rat). This is true induction of new mRNA and protein synthesis; indeed,
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tryptophan dioxygenase was the first mammalian enzyme to be shown to be

inducible.

In isolated hepatocytes, after maximum induction of tryptophan dioxyge-

nase by glucocorticoids, the uptake of tryptophan into the cells has a con-

trol coefficient of 0.75, whereas the control coefficient of tryptophan dioxy-

genase falls to 0.25. Therefore, the induction of tryptophan dioxygenase has

only a limited effect on tryptophan catabolism and NAD synthesis (Salter and

Pogson, 1985; Salter et al., 1986). In isolated perfused liver, although cortisol

leads to a several-fold increase in tryptophan dioxygenase activity, there is

only a relatively small increase in the rate of clearance of tryptophan from the

perfusion medium (Kim andMiller, 1969).

8.3.2.3 Induction of Tryptophan Dioxygenase by Glucagon Glucagon

(mediated by cAMP) increases the synthesis of tryptophan dioxygenase after

the administration of glucocorticoids, although it has little effect in unstimu-

lated animals. The effect of glucagon appears to be the result of an increase in

the rate of translation of mRNA rather than an increase in transcription and is

antagonized by insulin.

8.3.2.4 Repression and Inhibition of Tryptophan Dioxygenase by Nico-
tinamide Nucleotides High concentrations of the nicotinamide nucleotide

coenzymes, and especially NADPH, both inhibit preformed tryptophan oxy-

genase and also repress its synthesis. It is not clear how important this is in

terms of physiological regulation, because concentrations of the nucleotides

required to achieve significant inhibition are relatively high, but some of the

effects of alcohol on tryptophan metabolism may be because of the increase

in NADH and NADPH that follows the ingestion of relatively large amounts of

alcohol (Badawy, 2002).

8.3.3 Kynurenine Hydroxylase and Kynureninase
The entry of tryptophan into the oxidative pathway is limited by tryptophan

dioxygenase activity and the uptake of tryptophan; under basal conditions,

these two processes have control coefficients of 0.75 and 0.25, respectively.

Neither kynureninehydroxylasenor kynureninasehas a significant control co-

efficient inmetabolicflux studies inhepatocytes isolated fromnormal animals

(Salter and Pogson, 1985; Salter et al., 1986). However, the activity of both en-

zymes is only slightly higher than that of tryptophan dioxygenase under basal

conditions, and increased tryptophan dioxygenase activity is accompanied by
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increased accumulation and excretion of kynurenine, hydoxykynurenine, and

their transamination products, kynurenic and xanthurenic acids (see Figures

8.4 and 9.4).

Even without induction of tryptophan dioxygenase, impairment of the ac-

tivity of either enzymemay impair the onwardmetabolism of kynurenine and

thus reduce the accumulation of aminocarboxymuconic semialdehyde and

synthesis of NAD.

During the first half of the twentieth century, when 87,000 people died

from pellagra in the United States, there was a two-fold excess of females over

males. Reports of individual outbreaks of pellagra show a similar sex ratio.

This may well be the result of inhibition of kynureninase, and impairment of

the activity of kynurenine hydroxylase, by estrogen metabolites, and hence

reduced synthesis of NAD from tryptophan (Bender and Totoe, 1984b).

8.3.3.1 Kynurenine Hydroxylase Kynurenine hydroxylase is an FAD-

dependent mixed-function oxidase of the outer mitochondrial membrane,

which uses NADPH as the reductant. The activity of kynurenine hydroxylase

in the liver of riboflavin-deficient rats is only 30% to 50% of that in control

animals, and deficient rats excrete abnormally large amounts of kynurenic

and anthranilic acids after the administration of a loading dose of tryptophan,

and, correspondingly lower amounts of quinolinate and niacin metabolites.

Riboflavin deficiency may thus be a contributory factor in the etiology of pel-

lagra when intakes of tryptophan and niacin are marginal (Section 8.5.1).

In a number of studies, sexually mature women show a higher ratio of

urinary kynurenine:hydroxykynurenine than do children, postmenopausal

women, or men, suggesting impairment of kynurenine hydroxylase activity

by estrogens or their metabolites. In experimental animals, the administra-

tion of estrogens results in a reduction in kynurenine hydroxylase activity to

about 30% of the control activity. The mechanism of this effect is unclear,

because the addition of estrogens or their metabolites has no effect on the

enzyme in vitro. It is possible that the effect is indirect, and due to the inhibi-

tion of kynureninase by estrogen conjugates, and hence an accumulation of

hydroxykynurenine, and increased formation of kynurenic and xanthurenic

acids. Kynurenine hydroxylase is inhibited by micromolar concentrations of

xanthurenic acid (Bender andMcCreanor, 1985).

8.3.3.2 Kynureninase Kynureninase is apyridoxalphosphate (vitaminB6)-

dependent enzyme that catalyzes the hydrolysis of 3-hydroxykynurenine to

3-hydroxyanthranilic acid, releasing the side chain as alanine. Impairment
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of kynureninase activity in vitamin B6 deficiency leads to accumulation of

kynurenine and hydroxykynurenine, and their transamination products,

kynurenic and xanthurenic acids. This is the basis of the tryptophan load test

for vitamin B6 nutritional status (Section 9.5.4). Vitamin B6 deficiency, or inhi-

bition of kynureninase by estrogen metabolites, would therefore be expected

to reduce the rate ofmetabolic flux through the oxidative pathway and reduce

the formation of quinolinic acid and NAD from tryptophan.

8.4 METABOLIC FUNCTIONS OF NIACIN

Nicotinamide is the reactive moiety of the nicotinamide nucleotide coen-

zymes NAD (nicotinamide adenine dinucleotide) and NADP (nicotinamide

adenine dinucleotide phosphate), which are coenzymes (or more correctly

cosubstrates) in a wide variety of oxidation and reduction reactions (Section

8.4.1). The notation NAD(P) is used to mean either NAD or NADP, without

specifying the oxidation state.

NAD is the source of ADP-ribose for themodification of proteins bymono-

ADP-ribosylation, catalyzed by ADP-ribosyltransferases (Section 8.4.2), and

poly(ADP-ribosylation), catalyzed by poly(ADP-ribose) polymerase (Section

8.4.3). It is also the precursor of two second messengers that act to increase

the intracellular concentration of calcium, cADP-ribose, and nicotinic acid

adenine dinucleotide phosphate (Section 8.4.4).

Nicotinic acid has been tentatively identified as the organic component of

the (as yet uncharacterized) chromium-containing glucose tolerance factor

that enhances the interaction of insulin with cell surface receptors.

8.4.1 The Redox Function of NAD(P)
The nicotinamide coenzymes are involved as proton and electron carriers in a

wide variety of oxidation and reduction reactions. Before their chemical struc-

tures were known, NAD and NADP were known as coenzymes I and II. Later,

when the chemical nature of thepyridine ringof nicotinamidewasdiscovered,

theywerecalleddiphosphopyridinenucleotide (DPN=NAD)and triphospho-

pyridine nucleotide (TPN=NADP). The nicotinamide nucleotide coenzymes

are sometimes referred to as the pyridine nucleotide coenzymes.

As shown in Figure 8.5, the oxidized coenzymes have a formal positive

charge, and are represented asNAD+ andNADP+, whereas the reduced forms,

carrying two electrons and one proton (and associatedwith an additional pro-

ton), are represented as NADH and NADPH. The two-electron reduction of

NAD(P)+ proceeds by way of a hydride (H−) ion transfer to carbon-4 of the

nicotinamide ring.
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Figure 8.5. Redox function of the nicotinamide nucleotide coenzymes.

In general, NAD+ is involved as an electron acceptor in energy-yielding

metabolism,and the resultantNADHisoxidizedby themitochondrial electron

transport chain. The major coenzyme for reductive synthetic reactions is

NADPH. An exception here is the pentose phosphate pathway (see Figure 6.4),

which reducesNADP+ toNADPHand is the source of about half the reductant

for lipogenesis.

In the reduced coenzymes, the hydrogen atoms at carbon-4 of the nicoti-

namide ring lie above and below the plane of the ring. Isotope studies have

shown that they are not equivalent, and enzymes specifically remove or add

the pro-R hydrogen (above the plane of the ring) or the pro-S hydrogen (be-

low the plane of the ring). The result of this is that, although NAD(P) acts as

a cosubstrate, binding to and being released from the enzyme catalytic site

during the reaction, rather than remaining enzyme bound, there can be con-

siderable channeling between pairs of enzymes that use the opposite faces of

the coenzyme and effectively sequester the coenzyme between them.

8.4.1.1 Use of NAD(P) in Enzyme Assays The reduced coenzymes have

an absorption maximum at 340 nm, whereas the oxidized coenzymes do not.

This is widely exploited to provide sensitive and specific methods for deter-

mining a variety of analytes using purified NAD(P)-linked enzymes and fol-

lowing the change in absorption at 340 nm as the coenzyme is either reduced

or oxidized by the substrate.

8.4.2 ADP-Ribosyltransferases
ADP-ribosylation is a reversible modification of proteins, as shown in Figure

8.6, and there are specific hydrolases that remove the ADP-ribose from target

proteins.

ADP-ribosyltransferases are enzymes of the cytosol, plasma membrane,

and nuclear envelope that catalyze the transfer of ADP-ribose onto arginine,



Figure 8.6. Reactions of ADP-ribosyltransferase (EC 2.4.2.31) and poly(ADP-ribose)
polymerase (EC 2.4.2.30).
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lysine, or asparagine residues in acceptor proteins to form N-glycosides.

The plasma membrane ADP-ribosyltransferases are ecto-enzymes, anchored

in the membrane by a glycosyl phosphoinositol tail, and have been impli-

cated in cell adhesion and also in chemotaxis in lymphocytes. In addition

to endogenous ADP-ribosyltransferases, a number of bacterial toxins, inclu-

ding diphtheria and cholera toxins, Escherichia coli enterotoxin LT and Pseu-

domonas aeruginosa exotoxin A also have ADP-ribosyltransferase activity.

In the absence of an acceptor protein, ADP-ribosyltransferase catalyzes the

hydrolysis of NAD+ to release nicotinamide and free ADP-ribose. The carboxy

terminal region of the enzyme has NAD glycohydrolase activity, but does not

catalyze the transfer of ADP-ribose onto target proteins.

The ribosomal elongation Factor II is the acceptor protein for the ADP-

ribosyltransferase activity of diphtheria toxin and P. aeruginosa exotoxin A, as

well as a mammalian cytosolic ADP-ribosyltransferase. ADP-ribosylation re-

sults in loss of activity. The uncontrolled action of the bacterial toxins causes

the cessationofprotein synthesis andhencecell death. Themore regulatedac-

tionof theendogenousADP-ribosyltransferase ispart of thenormal regulation

of protein synthesis.

A variety of guaninenucleotidebindingproteins (G-proteins) involvedwith

the regulation of adenylate cyclase activity and transducin in the retina (Sec-

tion 2.3.1) are substrates for ADP-ribosylation. Cholera toxin and E. coli en-

terotoxin LT ADP-ribosylate, and hence activate, the stimulatory G-protein of

adenylate cyclase, whereas pertussis toxin ADP-ribosylates, and inactivates

the inhibitory G-protein of adenylate cyclase. The result of ADP-ribosylation

by eithermechanism is increased adenylate cyclase activity, and an increase in

intracellular cAMP and the opening of membrane calcium channels. Again,

there are endogenous ADP-ribosyltransferases that modify the same G-

proteins, but in a controlled manner (Moss et al., 1997, 1999).

8.4.3 Poly(ADP-ribose) Polymerases
Poly(ADP-ribose) polymerases are a family of enzymes that catalyze transfer

ofmultiple ADP-ribose units onto target proteins, as shown in Figure 8.6. They

are DNA-binding proteins with a zinc-finger motif and require nicked DNA

(with single- or double-strand breaks) for activity. They are present in the cell

in high concentrations; about one molecule of enzyme for each kilobase of

DNA (Hayaishi and Ueda, 1977; D’Amours et al., 1999).

Poly(ADP-ribose) polymerases catalyze three reactions:

1. Initial ADP-ribosylation of the γ -carboxyl group of glutamate residues

(or the carboxyl group of aC-terminal lysine) in the target protein, form-

ing anO-glycoside.
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2. Elongation of the poly-(ADP-ribose) chain by reaction with the 2′-
hydroxyl group of the nonreducing end of the growing chain, with up

to 200 elongation events catalyzed per initiation event.

3. Introduction of branch points every 30 to 40 ADP-ribose units.

Poly(ADP-ribose) formed by the polymerase turns over rapidly in DNA-

damaged cells, with a half-life of the order of a minute. Cells contain a gly-

cohydrolase with both endo- and exoglycosidase activity, which acts initially

to remove the complete branched poly(ADP)ribose from the protein, then,

more slowly, hydrolyze it to oligomers and free ADP-ribose.

The best-established function of poly(ADP-ribose) polymerase is in repair

ofdamagedDNA; it isactivatedbyDNAstrandbreaks,andacts toclearhistones

and other nucleoproteins away from the DNA to permit access of the DNA

repair enzymes. Both in vitro and in experimental animals, niacin deficiency

leads to increased genomic instability, as the ability to repair damaged DNA

is impaired, and may increase tumor risk. There is little information about

genomic instability and cancer risk in human niacin deficiency (Hageman

and Stierum, 2001).

Activation of poly(ADP-ribose) polymerase also provides a mechanism of

cell death in response to severeDNAdamage. Inundamagedcells, the concen-

tration of NAD is 400 to 500µmol per L, with a half-life of the order of an hour.

In response toDNAdamage, itmay fall by 80%within5 to15minutes, resulting

in significant impairment of oxidative metabolic activity, hence depletion of

ATP and cell death.

Themain target forpoly(ADP-ribosylation) ispoly(ADP-ribose)polymerase

itself; the enzyme has up to 28 sites for automodification, and several thou-

sandmoleculesofADP-ribosemaybeadded toeachmoleculeof enzyme.Both

while bound to the enzyme, and more importantly after release from the en-

zyme by glycohydrolase action, poly(ADP-ribose) has a considerably higher

affinity for the basic amino acids in the α-helical tail of histones than does

DNA, and serves to remove histones from DNA binding and hence unravel

nucleosomes.

A variety of other nuclear proteins are also targets for poly(ADP-ribo-

sylation), including histones, topo-isomerases, DNA ligases, andDNA-depen-

dent RNA polymerase, suggesting that in addition to its role in DNA repair,

poly(ADP-ribose) polymerasemay be important in DNA replication and tran-

scription. In DNA replication, it controls the progression of the replication

fork, and in preadipocytes, there is a considerable increase in activity in re-

sponse to the induction of differentiation (Simbulan-Rosenthal et al., 1996).
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Poly(ADP-ribose) polymerasemay also have a role in regulating the activity

of nuclear-acting hormone receptors; it binds directly to retinoid X receptors

(Section 2.3.2.1) and inhibits the transcriptional activity of retinoidX receptor-

thyroid hormone dimers. It also acts as a transcription factor in pancreatic

β-islet cells (Miyamoto et al., 1999).

The diabetogenic compounds streptozotocin and alloxan cause DNA

strand breaks by radical generation, leading to necrosis of pancreatic β-islet

cells as a result of NAD, and hence ATP, depletion. Release of cell contents

from necrotic cells leads to the development of anti-β-cell antibodies and

the autoimmune development of diabetes mellitus. In poly(ADP-ribose)

polymerase knockout mice, these compounds are not diabetogenic, and

inhibitors of poly(ADP-ribose) polymerase, such as nicotinamide, protect

against streptozotocin- and alloxan-induced diabetes (Pieper et al., 1999).

This has led to trials of nicotinamide as a protective agent against insulin-

dependent diabetes mellitus in people at high risk (Section 8.8).

8.4.4 cADP-Ribose and Nicotinic Acid Adenine Dinucleotide
Phosphate (NAADP)
Cells contain high activities of enzymes that were originally identified as

NAD glycohydrolases, catalyzing the hydrolysis of NAD(P)+ to nicotinamide

and ADP-ribose (phosphate). As shown in Figure 8.7, these glycohydrolases

also catalyze two additional reactions that lead to products that have a role

in calcium release from intracellular stores, and act as second messengers

(Dousa et al., 1996; Lee, 1996, 1999, 2000, 2001):

1. Cyclization of ADP-ribose arising from NAD to cADP-ribose.

2. Exchange of the nicotinamide moiety of NADP for nicotinic acid, form-

ing NAADP. Early studies also showed that the enzyme can catalyze

exchange of nicotinamide with a variety of other bases, including his-

tamine. Formation of histamine adenine dinucleotide phosphate was

thought to provide an alternative to amine oxidase for rapid inactivation

of histamine.

The intracellular NAD glycohydrolase is now known as ADP-ribose cyclase;

there is also a cell surface ectozyme, identical with the lymphocyte CD38

antigen. CD38 also occurs intracellularly, in endosomes. Both enzymes cat-

alyze the formation of both cADP-ribose and NAADP, as well as the glycohy-

drolase reaction. The cyclase reaction predominates at neutral pH, and the

nicotinamide/nicotinic acid exchange reaction at acid pH, suggesting that in

cytosol themainproduct of the soluble enzyme is cADP-ribose. In endosomes,
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Figure 8.7. Reactions catalyzedbyADP ribose cyclase (NADglycohydrolase, EC 3.2.2.5).
When the substrate is NADP, the base exchange reaction leads to the formation of nico-
tinic acid adenine dinucleotide phosphate.

the main product of CD38 is NAADP (Lee, 1999). In sea urchin eggs, cyclase

activity is increased by a cGMP-dependent kinase, whereas NAADP formation

is activated by a cAMP-dependent kinase, although inmammalian cells cGMP

has no effect on the enzymes (Wilson and Galione, 1998).

Both cADP-ribose and NAADP act to increase cytosolic calcium concen-

trations, releasing calcium from intracellular stores via a receptor distinct

from that which responds to inositol trisphosphate (Section 14.4.1). The re-

sponses to cADP-ribose and NAADP are additive, and they seem to act on

different intracellular calcium stores (Jacobson et al., 1995; Patel et al., 2001).
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The role of cADP-ribose and NAADP in regulating cytosolic calciummay pro-

vide an alternative explanation to the serotonin hypothesis for the psychiatric

and neurological signs of the niacin deficiency disease pellagra (Section 8.5;

Petersen and Cancela, 1999).

cADP-ribose and NAADP act as second messengers in response to nitric

oxide, acetyl choline, and cholecystokinin, and are therefore involved in re-

sponses to neurotransmitters and hormones (Cancela, 2001). Pancreatic β-

islet cells express CD38, and cADP-ribose has been implicated in the calcium

releasethatsignals insulinsecretion. InresponsetoincreasedintracellularATP,

as a result of increased uptake and metabolism of glucose, there is inhibition

of the NAD glycohydrolase activity of the enzyme, and increased formation of

cADP-ribose. This acts synergistically with palmitate, formed as a result of in-

creased glucose uptake andmetabolism, to release calcium from intracellular

stores (Okamoto, 1999a, 1999b).

All-trans-retinoic acid (Section 2.2.3.2) stimulates the synthesis of cADP-

ribose in kidney cells in culture, apparently as a result of the induction of CD38

(Beers et al., 1995; Takahashi et al., 1995); in ovariectomized rats, estradiol

induces cytosolic ADP-ribosyl cyclase in the uterus, but not in estrogen un-

responsive tissues (Chini et al., 1997). If this induction of ADP-ribose cyclase

by estrogens leads to significant depletion of nicotinamide nucleotides, itmay

provide an additional explanation for the 2:1 excess of females tomales in the

incidence of pellagra (Section 8.5).

8.5 PELLAGRA – A DISEASE OF TRYPTOPHAN

AND NIACIN DEFICIENCY

Pellagra is characterized by a photosensitive dermatitis, like severe sunburn,

typically with a butterfly-like pattern of distribution over the face, affecting

all parts of the skin that are exposed to sunlight. Similar skin lesions may also

occur in areas not exposed to sunlight, but subject to pressure, such as the

knees, elbows, wrists, and ankles. Advanced pellagra is also accompanied by

a dementia or depressive psychosis, and there may be diarrhea. Untreated

pellagra is fatal.

Pellagrawas amajorproblemofpublic health in the earlypart of the twenti-

eth century and continued to be a problemuntil the 1980s in someparts of the

world. It is now rare, although there were reports of outbreaks among refugees

in Africa (Malfait et al., 1993), and occasional cases are reported in alcoholics

in developed countries and among people being treated with isoniazid (Sec-

tion 8.5.6) and some other drugs, and people with chronic gastrointestinal

disease.
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Despite our understanding of the biochemistry of niacin, we still can-

not account for the characteristic photosensitive dermatitis in terms of the

knownmetabolic lesions. There is no apparent relationship between reduced

availability of tryptophan and niacin, and sensitivity of the skin to ultravio-

let (UV) light. The only biochemical abnormalities that have been reported

in the skin of pellagrins involve increased catabolism of the amino acid histi-

dine leading to a reduction in the concentration of urocanic acid, a histidine

metabolite that is the major UV-absorbing compound in normal dermis (see

Figure 10.6).

The other characteristic feature of pellagra is the development of a de-

pressive psychosis, superficially similar to schizophrenia and the organic psy-

choses, but clinically distinguishable by the sudden lucidphases that alternate

with the most florid psychiatric signs. The mental symptoms may be the re-

sult of tryptophan depletion, and hence a lower availability of tryptophan for

synthesis of the neurotransmitter serotonin (5-hydroxytryptophan). But the

role of cADP-ribose and NAADP in controlling calcium release in response to

neurotransmitters (Section 8.4.4) and impaired energy-yielding metabolism

in the central nervous system as a result of depletion of NAD(P) may also be

important.

The diarrhea associated with pellagra is caused by rectal inflammation;

within 5 to 7 days of starting treatment with niacin, rectal histology is normal-

ized and the diarrhea ceases (Segal et al., 1986).

8.5.1 Other Nutrient Deficiencies in the Etiology of Pellagra
Although thenutritional etiology of pellagra iswell established, and additional

tryptophan or niacin will prevent or cure the disease, there are a number of

reports that suggest that additional factors may be involved. Carpenter and

Lewin (1985) reexamined thedietsassociatedwith thedevelopmentofpellagra

in theUnited States during the early part of the twentieth century and showed

that the total intake of tryptophan and niacin was apparently adequate, as

judged by current knowledge of requirements. They suggested that deficiency

of riboflavin (and hence impaired activity of kynurenine hydroxylase; Section

8.3.3.1) or vitamin B6 (and hence impaired activity of kynureninase; Section

8.3.3.2) may have been a significant factor in the etiology of pellagra when

intakes of tryptophan and niacin were only marginally adequate.

Irondeficiencymayalsobe a factor, because impairment of heme synthesis

will both reduce the activity of the enzyme and increase its susceptibility to

proteolysis (Section 8.3.2; Oduho et al., 1994).
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8.5.2 Possible Pellagragenic Toxins
Early studies suggested the presence of a toxin from some samples of maize

that was pellagragenic in experimental animals. Schoental (1983) suggested

thatmycotoxins resulting from fungal spoilage ofmaize andother grain stored

under damp conditions may have been responsible for some outbreaks of

pellagra. Certainly, the only known outbreak of the disease in Mexico can be

traced to a consignment of maize that was shipped under damp conditions

and had a significant fungal overgrowth. As discussed in Section 8.4.2 and

Section 8.4.3, a number of bacterial, fungal, and environmental toxins activate

ADP-ribosyltransferaseorpoly(ADP-ribose)polymerase, and it ispossible that

chronic exposure to such toxins will deplete tissue NAD(P) and be a contrib-

utory factor in the development of pellagra when intakes of tryptophan and

niacin are marginal.

8.5.3 The Pellagragenic Effect of Excess Dietary Leucine
Pellagra was amajor problem in parts of India where jowar (Sorghum vulgare)

is the dietary staple, despite the fact that the tryptophan content of sorghum

proteins is higher than that of maize, the cereal traditionally associated with

endemic pellagra. The intake of tryptophan and niacin was as great among

people whose dietary staple was jowar as that of rice eaters, yet pellagra was

common among jowar eaters and not in rice-eating communities, suggesting

that the relatively high content of leucine in the proteins of jowar might be a

contributory factor.

A number of studies have demonstrated a pellagragenic effect of excess di-

etary leucine in experimental animals and in human beings (Gopalan and

Rao, 1975), although other studies failed to show any effect (Manson and

Carpenter, 1978a, 1978b). Magboul and Bender (1983) showed that, when rats

were fed diets that were only marginally adequate with respect to tryptophan

and niacin, the addition of 1.5% leucine led to a significant depletion of liver

and blood nicotinamide nucleotides. This effect was only apparent when the

niacin content of the diet was such that it provided less than half the mini-

mum requirement andwasmostmarked when the diets provided virtually no

preformed niacin, suggesting that the effect of leucine is on themetabolism of

tryptophan and not on the utilization of niacin.

Studies with [14C]tryptophan in animals and isolated hepatocytes show

that leucine does inhibit the synthesis of NAD from tryptophan, inhibiting

metabolism at the level of kynurenine hydroxylase and kynureninase, caus-

ing the accumulation of intermediates. In isolated hepatocytes, the more
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important effect seems to be at the level of uptake of tryptophan into the

cells; leucine and tryptophan share a common transport mechanismwith the

other large neutral amino acids (Bender, 1983, 1989a; Salter et al., 1985).

It is likely that leucine is only a factor in the etiology of pellagra when the

dietary intakes of both tryptophan and niacin are extremely low – a condition

that may occur when sorghum is the dietary staple, especially during food

shortage.

8.5.4 Inborn Errors of Tryptophan Metabolism
Anumber of inborn errors ofmetabolismof the tryptophanoxidative pathway

(see Figure 8.4) have been reported, all of which result in the development

of pellagra that responds to high doses of niacin. These conditions include

vitamin B6-responsive xanthurenic aciduria, caused by a defect of kynureni-

nase (Section 9.4.3); hydroxykynureninuria, apparently caused by a defect of

kynureninase; tryptophanuria, apparently caused by tryptophan dioxygenase

deficiency; a hereditary pellagra-like condition, apparently caused by an in-

crease in activity of picolinate carboxylase; and Hartnup disease.

Hartnup disease is a rare genetic condition in which there is a defect of

the membrane transport mechanism for tryptophan and other large neutral

amino acids. The result is that the intestinal absorption of free tryptophan is

impaired, although dipeptide absorption is normal. There is a considerable

urinary loss of tryptophan (and other amino acids) as a result of the failure

of the normal reabsorption mechanism in the renal tubules – renal amino-

aciduria. In addition to neurological signs that can be attributed to a deficit of

tryptophan for the synthesis of serotonin in the central nervous system, the

patients show clinical signs of pellagra, which respond to the administration

of niacin.

8.5.5 Carcinoid Syndrome
Carcinoid is a tumor of the enterochromaffin cells that normally synthesize 5-

hydroxytrytophan and 5-hydroxytryptamine. The carcinoid syndrome is seen

when there are significant metastases of the primary tumor in the liver. It is

characterized by increased gastrointestinal motility and diarrhea, as well as

by regular periodic flushing. These symptoms can be attributed to systemic

release of large amounts of serotonin and can be controlled with inhibitors

of tryptophan hydroxylase, such as p-chlorophenylalanine. The synthesis of

5-hydroxytryptamine in advanced carcinoid syndromemay be so great that as

much as 60% of the body’s tryptophanmetabolism proceeds by this pathway,

compared with about 1% under normal conditions. A significant number of
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patients with advanced carcinoid syndrome develop clinical signs of pellagra,

because of this diversion of tryptophan away from the oxidative pathway of

metabolism.

8.5.6 Drug-Induced Pellagra
The antituberculosis drug isoniazid (iso-nicotinic acid hydrazide) can cause

pellagra by forming a biologically inactive complex with pyridoxal phosphate,

the metabolically active form of vitamin B6, and hence reducing the activity

of kynureninase (Section 8.3.3.2). This isoniazid-induced pellagra responds

to the administration of niacin supplements. However, isoniazid may also

cause peripheral neuropathy, which responds to vitamin B6 and not niacin,

and therefore it became usual to give vitamin B6 supplements together with

isoniazid.

During the 1960s, the doses of isoniazid used in the treatment of tuberculo-

sis were considerably reduced, as a result of the introduction of other effective

antimycobacterialagents in therapeuticcocktails, and itwasno longer thought

necessary to give patients supplements of vitamin B6. There have been some

reports of the development of pellagra in patients treated with relatively low

doses of isoniazid; most patients were of Indian origin, and it is likely that

they were genetically slow acetylators of isoniazid, so that an apparently low

dose of the drug was, in fact, high. Up to 60% of Indians are slow acetylators of

isoniazid.

Two further drugs are also capable of forming hydrazones with pyridoxal

phosphate: the anti-Parkinsonian drugs Benserazide and Carbidopa. Both

drugs inhibit the oxidative metabolism of tryptophan and cause reduced ex-

cretion ofN1-methylnicotinamide (Bender, 1980). Although no case of clinical

pellagrahasbeenunequivocally reported, therehavebeenanumberofcasesof

pellagra-like conditions among patients receiving Benserazide or Carbidopa,

and Parkinsonian patients treated with these drugs excrete less N1-methyl

nicotinamide than control patientswith similarly severe disease, but receiving

different medication.

8.6 ASSESSMENT OF NIACIN NUTRITIONAL STATUS

Although the nicotinamide nucleotide coenzymes function in a large number

of oxidation and reduction reactions, this cannot be exploited as a means of

assessing thestateof thebody’sniacin reserves,because thecoenzymesarenot

firmly attached to their apoenzymes, as are coenzymes derived from thiamin

(Section 6.5.3), riboflavin (Section 7.5.3), and vitamin B6 (Section 9.5.3), but

act as cosubstrates of the reactions, binding to and leaving the enzyme as
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the reaction proceeds. No specific metabolic lesions associated with NAD(P)

depletion have been identified.

The twomethods of assessing niacin nutritional status aremeasurement of

blood nicotinamide nucleotides and the urinary excretion of niacin metabo-

lites, neither of which is wholly satisfactory.

8.6.1 Tissue and Whole Blood Concentrations
of Nicotinamide Nucleotides
Measurement of liver and other tissue concentrations of NAD(P) gives a pre-

cise estimate of niacinnutritional status and seems tobe themost sensitive in-

dicator in experimental animals.Measurement of the whole blood concentra-

tionofNAD(P)mayservethesamepurpose; there isagoodcorrelationbetween

blood and liver concentrations of nicotinamide nucleotides in experimental

animals. The sensitivity of the method is such that reproducible determina-

tions can be carried out on finger-prick samples of 200 µL of blood (Bender

et al., 1982).

Erythrocyte NAD falls during niacin depletion and rises during repletion in

human subjects. Erythrocyte NADP is unaffected, and the ratio of NAD:NADP

provides a useful index of niacin nutritional status, with a ratio<1.0 indicating

deficiency (Fu et al., 1989).

8.6.2 Urinary Excretion of N1-Methyl Nicotinamide and Methyl
Pyridone Carboxamide
The most widely used method for assessing niacin nutritional status is mea-

surement of the urinary excretion of niacin metabolites. Table 8.1 shows the

excretion of N1-methyl nicotinamide and methyl pyridone carboxamide in

niacin adequacy and deficiency.

The excretion of methyl pyridone carboxamide is more severely reduced

in marginal niacin deficiency than is that ofN1-methyl nicotinamide. The ex-

cretion of methyl pyridone carboxamide decreases rapidly in subjects fed on

a niacin-deficient diet, and virtually ceases several weeks before the appear-

anceofclinical signsofdeficiency;bycontrast, anumberof studieshaveshown

continuing excretion of N1-methyl nicotinamide even in pellagrins. A better

estimate of niacin nutritional status can be obtained by determining the ratio

of urinary methyl pyridone carboxamide:N1-methyl nicotinamide, which is

relatively constant, despite the administration of loading doses of tryptophan

or niacin to adequately nourished subjects (between 1.3 to 4.0), and a ratio

of less than 1.0 indicates depletion of niacin reserves (de Lange and Joubert,

1964; Dillon et al., 1992).
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Table 8.1 Indices of Niacin Nutritional Status

Elevated Adequate Marginal Deficient

N1-Methyl nicotinamide
�mol/24 h >48 17–47 5.8–17 <5.8
mg/g creatinine >4.4 1.6–4.3 0.5–1.6 <0.5
mmol/mol creatinine >4.0 1.3–3.9 0.4–1.3 <0.4

Methyl pyridone carboxamide
�mol/24 h — >18.9 6.4–18.9 <6.4
mg/g creatinine — >4.0 2.0–3.9 <2.0
mmol/mol creatinine — >4.4 0.44–4.3 <0.44

Ratio, methyl pyridone carboxamide:N1-methyl nicotinamide
— 1.3–4.0 1.0–1.3 <1.0

Ratio, erythrocyte NAD:NADP
— >1.0 — <1.0

Sources: From data reported by de Lange and Joubert, 1964; Kelsay, 1969; Gontzea
et al., 1976; Fu et al., 1989.

8.7 NIACIN REQUIREMENTS AND REFERENCE INTAKES

In view of the central role of the nicotinamide nucleotides in energy-yielding

metabolism, and the fact that, at least in theory, the nicotinamide released

by ADP-ribosyltransferase (Section 8.4.2) and poly(ADP-ribose) polymerase

(Section 8.4.3) is available to be reutilized for nucleotide synthesis (although

this may not occur when these enzymes are significantly activated), niacin

requirementsareconventionallycalculatedonthebasisofenergyexpenditure.

The depletion/repletion studies of Horwitt et al. (1956) and others have

suggested, on the basis of restoration of urinary excretion ofN1-methyl nicoti-

namide, that the average niacin requirement is 5.5 mg per 1,000 kcal (1.3 mg

perMJ). Allowing for individual variation, reference intakes (see Table 8.2) are

set at 6.6 mg niacin equivalents (preformed niacin + 1/60 of the dietary tryp-

tophan) per 1,000 kcal (1.6mg perMJ). Evenwhen energy intakes are very low,

it must be assumed that energy expenditure will not fall below 2,000 kcal, and

this is the basis for the calculation of reference intakes for subjects with low

energy intakes.

There is probably little or no requirement for any preformed niacin in the

diet, because it is likely that average intakes of protein (at least in developed

countries)will provide enough tryptophan tomeet requirements (Section8.3).

Assuming that the average diet provides some 15% of energy from protein,

and this protein meets the reference pattern for essential amino acids and

provides 14 g of tryptophan per kg of dietary protein, this implies an intake of
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Table 8.2 Reference Intakes of Niacin (mg/day)

U.K. EU U.S./Canada FAO
Age 1991 1993 1998 2001

0–6 m 3 — 2 2
7–9 m 4 5 4 4
10–12 m 5 5 4 4
1–3 y 8 9 6 6
4–6 y 11 11 8 8
7–8 y 12 13 8 12

Males
9–10 y 12 13 12 12
11–13 y 15 15 12 16
14–15 y 15 15 16 16
16–18 y 18 18 16 16
19–50 y 17 18 16 16
>50 y 16 18 16 16

Females
9–10 y 12 13 12 12
11–13 y 12 14 12 16
14–15 y 14 14 14 16
16–18 y 14 14 14 16
19–50 y 13 14 14 14
>50 y 12 14 14 14
Pregnant 12 14 18 18
Lactating 16 16 17 17

EU, European Union; FAO, Food and Agriculture Organization; WHO, World
Health Organization.
Sources: Department of Health, 1991; Scientific Committee for Food, 1993;
Institute of Medicine 1998; FAO/WHO, 2001.

37.5 g of protein= 525 mg of tryptophan per 1,000 kcal. Assuming that 60 mg

of tryptophan is equivalent to 1 mg of dietary niacin, this suggests that an

average diet provides 8.75 mg niacin equivalents per 1,000 kcal from trypto-

phan alone – more than the reference intake.

8.7.1 Upper Levels of Niacin Intake
Nicotinic acid (but not nicotinamide) causes a marked vasodilatation, with

flushing, burning, and itching of the skin. Very large single doses of nicotinic

acid may cause sufficient vasodilatation to lead to hypotension; after the ad-

ministration of 1 to 3 g of nicotinic acid daily for several days, the effect wears

off to a considerable extent. A number of nicotinoyl esters have been devel-

oped to permit sensitive patients to benefit from the hypolipidemic effect of
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nicotinic acid without the vasodilatation. The tolerable upper limit is 35 mg

per day for adults (Institute of Medicine, 1998).

At intake in excess of 1 g of niacin per day, there is evidence of toxicity,

with changes in liver function tests, carbohydrate tolerance, and uric acid

metabolism that are reversible on withdrawal of niacin (Parsons, 1961a,

1961b). Baggenstoss and coworkers (1967) reported changes in liver ultra-

structure in patients receiving high doses of niacin, including dilatation of the

endoplasmic reticulumwith formation of vesicles and sacs, and a diminution

in theparallel arraysof roughendoplasmic reticulum,with fewer ribosomeson

theouter surface.Therewasalsoelongationof themitochondria,withbud-like

projections and crystalloid inclusions. The mechanism of niacin hepatotox-

icity is not known. Sustained release preparations are associated with more

severe liver damage than crystalline preparations, presumably because they

permit more prolonged maintenance of high concentrations of the vitamin,

whereas after an acute high dose there is normally considerable excretion of

unchangednicotinicacidandnicotinamide,as therenal threshold isexceeded.

The European Health Food Manufacturers’ Federation restricts over-the-

counter supplements to 500 mg per day (Shrimpton, 1997). Where niacin is

being used to treat clinically significant hyperlipidemia, and in trials for the

prevention of type I diabetes mellitus, a tentative upper limit has been set at

3 g per day (Knip et al., 2000).

8.8 PHARMACOLOGICAL USES OF NIACIN

Nicotinic acid is used clinically in large doses (of the order of 1 to 3 g per day)

as a hypolipidemic agent. It reduces both triglycerides and total cholesterol

by about 20%, acting as an inhibitor of cholesterol synthesis. It has a more

marked effect on cholesterol in low-density and very low-density lipoproteins,

and increaseshigh-density lipoprotein cholesterol; nicotinamide is ineffective

(Brown, 1995; Capuzzi et al., 2000). It also inhibits the release of nonesterified

fatty acids from adipose tissue by inhibiting the adenylate cyclase that is acti-

vated in response to hormonal stimulation, thus decreasing synthesis of very

low-density lipoprotein in the liver, and stimulates the 5-lipoxygenase path-

way, leading to increased formation of prostaglandin E2, thromboxane B2, and

leukotriene E4 from arachidonic acid (Saareks et al., 1999). There is, however,

some evidence that doses of about 1 g of nicotinic acid per day may lead to

elevation of plasma homocysteine (Section 10.3.4.2), which would reduce the

benefits to be expected from its hypolipidemic action (Garg et al., 1999).

In experimental animals, nicotinamide protects against the destruction of

pancreatic β-islet cells caused by diabetogenic agents, such as alloxan and
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streptozotocin. Type I diabetes mellitus is caused by autoimmune destruc-

tion of β-cells, and autoantibodies against β-cell proteins can be detected in

the circulation several years before the clinical onset of diabetes. It has been

suggested thatnicotinamidemaydelay thedevelopmentofdiabetes insuscep-

tible subjects (Gale, 1996a, 1996b). Nicotinamide may act by either inhibiting

ADP-ribosyltransferase (Section8.4.2) andpoly(ADP-ribose)polymerase (Sec-

tion 8.4.3) or by inhibiting the induction of cell surface antigens by interferon

and tumor necrosis factor (Kolb and Burkart, 1999; Kim et al., 2002). Although

nicotinamide has no effect once diabetes has developed (Vidal et al., 2000),

preliminary studies in people at risk of developing type I diabetes are promis-

ing. A prospective study involving first-degree relatives of patients with type I

diabetes, who are being screened for autoantibodies and randomized to re-

ceive either nicotinamide or placebo, the European Nicotinamide Diabetes

Intervention Trial (ENDIT) is expected to report in 2004 (Schatz and Bingley,

2001).

Gram doses of nicotinamide have been used in so-called orthomolecular

psychiatry as a treatment for schizophrenia, originally because of the simi-

larities between schizophrenia and the depressive psychosis of pellagra. The

underlying rationale for this use is that such high doses of niacin may deplete

methyl donors, and at least one of the theories of the biochemical basis of

schizophrenia was that the condition is caused by inappropriate methylation

of neurotransmitter metabolites to yield psychotogenic compounds (Hoffer

et al., 1957). There is no independent confirmation of the efficacy of nicoti-

namide in the treatment of schizophrenia.
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Vitamin B6

Vitamin B6 has a central role in the metabolism of amino acids: in transami-

nase reactions (and hence the interconversion and catabolism of amino acids

and the synthesis of nonessential amino acids), in decarboxylation to yield

biologically active amines, and in a variety of elimination and replacement re-

actions. It is also the cofactor for glycogenphosphorylase anda variety of other

enzymes. In addition, pyridoxal phosphate, the metabolically active vitamer,

has a role in the modulation of steroid hormone action and the regulation of

gene expression.

The vitamin is widely distributed in foods, and clinical deficiency is virtu-

ally unknown, apart from an outbreak during the 1950s, which resulted from

overheating of infant milk formula.

Marginal inadequacy, affecting amino acid metabolism and possibly also

steroid hormone responsiveness, may be relatively common. A number of

vitamin B6 dependency syndromes have been reported – inborn errors of

metabolism inwhich the defect is in the coenzyme binding site of the affected

enzyme.

Estrogens cause abnormalities of tryptophan metabolism that resemble

those seen in vitamin B6 deficiency, and the vitamin is widely used to treat the

side effects of estrogen administration and estrogen-associated symptoms of

the premenstrual syndrome, although there is little evidence of its efficacy.

High doses of the vitamin, of the order of 100 times requirements, cause pe-

ripheral sensory neuropathy.

In a number of enzymes that catalyze reactions that might be assumed

to be pyridoxal phosphate-dependent, pyruvate provides the reactive car-

bonyl group (Section 9.8.1). Other enzymes have reactive carbonyl groups

provided by a variety of quinones. One of these quinones, pyrrolidone quino-

linequinone, may be a dietary essential, although no mammalian enzymes

232
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have been demonstrated to use it; the other catalytic quinones are covalently

bound to the enzyme and are formed by postsynthetic modification of amino

acid residues in a precursor protein, so are unlikely to be nutritionally relevant

(Section 9.8.3).

9.1 VITAMIN B6 VITAMERS AND NOMENCLATURE

The generic descriptor vitamin B6 includes six vitamers: the alcohol pyridox-

ine, the aldehydepyridoxal, the aminepyridoxamine, and their 5′-phosphates.
There is some confusion in the older literature, because at one timepyridoxine

was used as a generic descriptor, with pyridoxol as the specific name for the

alcohol.As shown inFigure9.1, thevitamersaremetabolically interconvertible

and, as far as is known, they have equal biological activity.

A significant proportion (in some cases up to 75%) of the vitamin B6 in

plant foods is present as glycosides, mainly to the 5′-hydroxyl group, although
4′-glycosides also occur. There may be some hydrolysis of glycosides in the

Figure 9.1. Interconversion of the vitamin B6 vitamers. Pyridoxal kinase, EC 2.7.1.38;
pyridoxine oxidase, EC 1.1.1.65; pyridoxamine phosphate oxidase, EC 1.4.3.5; and pyri-
doxaloxidase,EC1.1.3.12.Relativemolecularmasses (Mr): pyridoxine, 168.3 (hydrochlo-
ride, 205.6); pyridoxal, 167.2; pyridoxamine, 168.3 (dihydrochloride, 241.1); pyridoxal
phosphate, 247.1; pyridoxamine phosphate, 248.2; and 4-pyridoxic acid, 183.2.
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gastrointestinal tract, and about half the vitamin present in foods as glyco-

sides may be biologically available. However, pyridoxine glycosides are also

absorbed intact (and excreted unchanged in the urine), andmay compete for

intestinal absorption and tissue uptake with the vitamin, thus having antivi-

tamin activity (Gregory, 1998).

A proportion of the vitamin B6 in foods may be biologically unavailable

after heating, as a result of the formation of (phospho)pyridoxyllysine by re-

duction of the aldimine (Schiff base) by which pyridoxal and the phosphate

are bound to the ε-amino groups of lysine residues in proteins. A proportion of

this pyridoxyllysinemay be useable, because it is a substrate for pyridoxamine

phosphate oxidase to form pyridoxal and pyridoxal phosphate. However, it is

also a vitaminB6 antimetabolite, and even at relatively low concentrations can

accelerate thedevelopment of deficiency in experimental animalsmaintained

on vitamin B6-deficient diets (Gregory, 1980a, 1980b).

9.2 METABOLISM OF VITAMIN B6

The phosphorylated vitamers are dephosphorylated bymembrane-bound al-

kaline phosphatase in the intestinal mucosa; pyridoxal, pyridoxamine, and

pyridoxine are all absorbed rapidly by carrier-mediated diffusion. Intesti-

nal mucosal cells have pyridoxine kinase and pyridoxine phosphate oxidase

(see Figure 9.1), so that there is net accumulation of pyridoxal phosphate by

metabolic trapping.Muchof the ingestedpyridoxine is released into theportal

circulation as pyridoxal, after dephosphorylation at the serosal surface.

Tissue uptake of vitamin B6 is again by carrier-mediated diffusion of pyri-

doxal (andother unphosphorylated vitamers), followedbymetabolic trapping

by phosphorylation. Circulating pyridoxal and pyridoxamine phosphates are

hydrolyzed by extracellular alkaline phosphatase. All tissues have pyridoxine

kinase activity, but pyridoxine phosphate oxidase is found mainly in the liver,

kidney, and brain.

Pyridoxine phosphate oxidase is a flavoprotein, and activation of the ery-

throcyteapoenzymebyriboflavin5′-phosphate invitrocanbeusedasan index
of riboflavin nutritional status (Section 7.4.3). However, even in riboflavin de-

ficiency, there is sufficient residual activity of pyridoxine phosphate oxidase to

permit normalmetabolism of vitamin B6 (Lakshmi and Bamji, 1974). Pyridox-

ine phosphate oxidase is inhibited by its product, pyridoxal phosphate, which

binds a specific lysine residue in the enzyme. In the brain, the Ki of pyridoxal

phosphate is of the order of 2 µmol per L – the same as the brain concen-

tration of free and loosely bound pyridoxal phosphate, suggesting that this

inhibition may be a physiologically important mechanism in the control of

tissue pyridoxal phosphate (Choi et al., 1987).
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Pyridoxine is rapidlyconverted topyridoxalphosphate in the liverandother

tissues. Pyridoxal phosphate does not cross cell membranes, and efflux of the

vitamin from most tissues is as pyridoxal. Pyridoxal phosphate is exported

from the liver bound to albumin by formation of a Schiff base to lysine (Zhang

et al., 1999). Much of the free pyridoxal phosphate in the liver (i.e., that which

is not protein bound) is hydrolyzed to pyridoxal, which is also exported, and

circulates bound to both albumin and hemoglobin in erythrocytes.

Extrahepatic tissues take up both pyridoxal and pyridoxal phosphate from

the plasma. Pyridoxal phosphate is hydrolyzed to pyridoxal, which can cross

cell membranes, by extracellular alkaline phosphatase, which is then trapped

intracellularly by phosphorylation.

In subjects with hypophosphatasia, the rare genetic lack of extracellular

alkaline phosphatase, plasma concentrations of pyridoxal phosphate are very

much higher than normal (up to 4µmol per L, compared with a normal range

of about 100 nmol per L), and intracellular concentrations of pyridoxal phos-

phate are lower than normal (Narisawa et al., 2001).

Tissue concentrations of pyridoxal phosphate are controlled by the bal-

ance between phosphorylation and dephosphorylation. The activity of phos-

phatases acting on pyridoxal phosphate is greater than that of the kinase in

most tissues, although this may be an artifact of determining alkaline phos-

phatase activity at its pH optimum rather than at a more physiological pH,

when the two activities are approximately equal. This means that pyridoxal

phosphate that is not bound to enzymes is readily dephosphorylated.

Free pyridoxal either leaves the cells or is oxidized to 4-pyridoxic acid by

aldehyde dehydrogenase (which is present in all tissues) and also by hepatic

and renal aldehyde oxidases. 4-Pyridoxic acid is actively secreted by the renal

tubules, so measurement of the plasma concentration provides an index of

renal function (Coburn et al., 2002). There is some evidence that oxidation to

4-pyridoxic acid increases with increasing age; in elderly people, the plasma

concentration of pyridoxal phosphate is lower, and that of 4-pyridoxic acid

higher, than in younger subjects even when there is no evidence of impaired

renal function (Bates et al., 1999b). Small amounts of pyridoxal and pyridox-

amine are also excreted in the urine, although much of the active vitamin B6
that is filtered in the glomerulus is reabsorbed in the kidney tubules.

Although pyridoxine is taken up and phosphorylated bymuscle (and other

tissues), the resultant pyridoxine phosphate is not oxidized to pyridoxal phos-

phate. Ithasbeensuggested that theneurotoxicityofhigh intakesofpyridoxine

(Section 9.9.6.4) may be caused by the uptake and trapping of pyridoxine, and

hence competition with pyridoxal, resulting in depletion of tissue pyridoxal

phosphate and a deficiency of the metabolically active form of the vitamin.
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9.2.1 Muscle Pyridoxal Phosphate
Some 80% of the body’s total vitamin B6 is as pyridoxal phosphate in muscle,

and some 80% of this is associated with glycogen phosphorylase. This does

not seem to function as a reserve of the vitamin and is not released from the

muscle in deficiency.

Muscle pyridoxal phosphate is released into the circulation (as pyridoxal)

in starvation as muscle glycogen reserves are exhausted and there is less re-

quirement for glycogen phosphorylase activity. Under these conditions, it is

potentially available for redistribution to other tissues, especially the liver and

kidneys, to meet the increased requirement for gluconeogenesis from amino

acids (Black et al., 1978). However, during both starvation and prolonged bed

rest, there is a considerable increase in urinary excretion of 4-pyridoxic acid,

suggesting that much of the vitamin B6 released as a result of depletion of

muscle glycogen and atrophy of muscle is not redistributed, but rather is ca-

tabolized and excreted (Coburn et al., 1995).

The normalmuscle concentration of pyridoxal phosphate is of the order of

10nmolperg; inpatientswithMcArdle’sdisease(glycogenstoragediseasefrom

congenital lack of glycogen phosphorylase), the muscle content of pyridoxal

phosphate is reduced to one-fifth of this. There is some evidence that patients

with McArdle’s disease show signs of vitamin B6 deficiency, suggesting that

the muscle pool of the vitamin is important in maintenance of vitamin B6
homeostasis (Beynon et al., 1995).

9.2.2 Biosynthesis of Vitamin B6
In most bacteria, pyridoxal phosphate is synthesized by condensation be-

tween4-hydroxythreonineandthepentosesugar1-deoxy-xylulosephosphate,

formed by condensation between pyruvate and glyceraldehyde 3-phosphate.

The details of the pathway are not known. In plants, fungi, and some bacte-

ria, the precursor is glutamine; again, the pathway is unknown (Drewke and

Leistner, 2001; Gupta et al., 2001).

9.3 METABOLIC FUNCTIONS OF VITAMIN B6

The metabolically active vitamer is pyridoxal phosphate, 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 recycling of steroid hormone recep-

tors from tight nuclear binding, where again it is the carbonyl group that is

important. In vitro, pyridoxal and the phosphate will catalyze many of the

reactions of pyridoxal phosphate (PLP)-dependent enzymes in protein-free

solution; investigation of the crystal structures of the enzymes has shown how
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Table 9.1 Pyridoxal Phosphate-Catalyzed Enzyme Reactions of Amino Acids

Bond Cleaved Reaction

Reactions at the �-carbon
Racemization �C—H DL-isomerization
Aminotransfer �C—NH2 Amino acid → keto-acid + PMP
Decarboxylation �C—COOH Amino acid → primary amine + CO2

Loss of side chain �C—�C Threonine aldolase
Serine hydroxymethyltransferase

Reactions at the �-carbon
Elimination �C—R and �C—H Tryptophanase

Serine dehydratase
Aspartate �-decarboxylase

Replacement �C—R and �C—H Tryptophan synthetase
Reactions at the �-carbon
Elimination �C—R and �C—H Homocysteine desulfhydrylase
Replacement �C—R and �C—H Cystathionine �-synthetase

PMP, pyridoxamine phosphate.

reactive groups in the active sites of the enzymes provide specificity for both

the substrates bound and the reaction catalyzed.

Pyridoxal phosphate reactswith ε-aminogroupsof lysine residues in awide

variety of proteins, forming an aldimine (Schiff base). Before the development

of site-directed mutagenesis as a way of investigating the role of individual

amino acids in substrate binding and catalytic mechanisms, loss of catalytic

activity after reaction with pyridoxal was used to provide evidence of the in-

volvement of a lysine residue. The aldimine can be reduced chemically to the

stable covalent aldamine (e.g., with sodium borohydride), thus providing a

means of labeling this reactive lysine residue for sequencing studies.

Pyridoxal phosphate has a clear role in lipid metabolism as the coenzyme

for the decarboxylation of phosphatidylserine, leading to the formation of

phosphatidylethanolamine, and then phosphatidylcholine (Section 14.2.1),

and membrane lipids from vitamin B6-deficient animals are low in phos-

phatidylcholine (She et al., 1995). It also has a role, less well defined, in the

metabolism of polyunsaturated fatty acids; vitamin B6 deficiency results in re-

duced activity of �6 desaturase and impairs the synthesis of eicosapentanoic

and docosahexanoic acids (Tsuge et al., 2000).

9.3.1 Pyridoxal Phosphate in Amino Acid Metabolism
The various reactions of pyridoxal phosphate in amino acid metabolism

shown in Table 9.1 all depend on the same chemical principle – the ability to

stabilize amino acid carbanions and to labilize bonds about the α-carbon, by
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reaction of the α-amino group of the substrate with the carbonyl group of the

coenzyme.

The ring nitrogen of pyridoxal phosphate exerts a strong electron with-

drawing effect on the aldimine, and this leads to weakening of all three bonds

about the α-carbon of the substrate. In nonenzymic reactions, all the possible

pyridoxal-catalyzed reactions are observed – α-decarboxylation, aminotrans-

fer, racemization and side-chain elimination, and replacement reactions. By

contrast, enzymes show specificity 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. As discussed in Section 9.3.1.5, reac-

tion specificity is not complete, and a number of decarboxylases also undergo

transamination.

In the absence of the amino acid substrate, pyridoxal phosphate is bound

to enzymes by the formation of a Schiff base to the ε-amino group of a lysine

residue at the active site. As shown in Figure 9.2, the first reaction between

the substrate and the coenzyme is transfer of the aldimine linkage from the

ε-amino group of the lysine residue to the α-amino group of the substrate.

Because pyridoxal phosphate is bound to lysine in this way, the resolution

of holoenzymes to yield the apoenzyme is difficult unless this Schiff base

can be reacted with a carbonyl-trapping reagent to give an adduct that can be

removed by dialysis. The pyridoxamine phosphate form of aminotransferases

(Section 9.3.1.3) can be resolved more readily, because the coenzyme is only

held by ionic bonds to the 5′-phosphate, hydrophobic interactions with the

2′-methyl group, and hydrogen bonding to the heterocyclic nitrogen.

9.3.1.1 �-Decarboxylation of Amino Acids If the electron-withdrawing

effect of theheterocyclic nitrogenof pyridoxal phosphate is primarily centered

on theα-carbon–carboxylbond, the result isdecarboxylationof theaminoacid

aldimine and release of CO2. The resultant carbanion is then protonated, 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 shown in

Table 9.2 are important as neurotransmitters and hormones, such as dopa-

mine, noradrenaline, adrenaline, serotonin (5-hydroxytryptamine), hista-

mine,andγ -aminobutyricacid(GABA),andasthediaminesagmatineandput-

rescine and the polyamines spermidine and spermine, which are involved in

the regulation of DNA metabolism. The decarboxylation of phosphatidylser-

ine to phosphatidylethanolamine is important in phospholipid metabolism

(Section 14.2.1).
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Figure 9.3. Transamination of amino acids.

9.3.1.2 Racemization of the Amino Acid Substrate Deprotonation of

the α-carbon of the amino acid leads to tautomerization of the Schiff base to

the quinonoid ketimine, as shown in Figure 9.2. The simplest reaction that the

ketimine can undergo is reprotonation at the now symmetrical α-carbon. This

is not a stereospecific process; therefore, displacement of the substrate by the

reactive lysine residue results in the racemicmixture of d- and l-amino acid.

Amino acid racemases have long been known to be important in bacterial

metabolism, because several d-amino acids are required for the synthesis of

cell wall mucopolysaccharides. d-Serine is found in relatively large amounts

in mammalian brain, where it acts as an agonist of the N-methyl-d-aspartate

(NMDA) glutamate receptor. Serine racemase has been purified from rat brain

and cloned fromhuman brain (Wolosker et al., 1999; DeMiranda et al., 2000).

9.3.1.3 Transamination of Amino Acids (Aminotransferase Reactions)
Hydrolysis of the α-carbon–amino bond of the ketimine results in the release

of the oxo-acid corresponding to the amino acid substrate, leaving pyridox-

amine phosphate at the catalytic site of the enzyme. In this case, there is no

reformation of the internal Schiff base to the reactive lysine residue. This is

the half-reaction of transamination. The process is completed by reaction of

pyridoxamine phosphate with a second oxo-acid substrate, forming an in-

termediate ketimine, then by the reverse of the reaction sequence shown in

Figure 9.2, releasing the amino acid corresponding to this second substrate af-

ter displacement from the aldimineby the reactive lysine residue to reform the

internal Schiff base. Transamination is thus a bisubstrate ping-pong reaction,

with the amino acid substrate binding to the pyridoxal phosphate form of the

enzyme and the oxo-acid substrate to the pyridoxamine phosphate form (as

shown in Figure 9.3).
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Table 9.3 Transamination Products of the Amino
Acids

Amino Acid Oxo-acid

Alanine Pyruvate
Arginine �-Oxo-�-guanidoacetate
Aspartic acid Oxaloacetate
Cysteine �-Mercaptopyruvate
Glutamic acid �-Oxoglutarate
Glutamine �-Oxoglutaramic acid
Glycine Glyoxylate
Histidine Imidazolepyruvate
Isoleucine �-Oxo-�-methylvalerate
Leucine �-Oxo-isocaproate
Lysinea �-Oxo-ε-aminocaproate → pipecolic acid
Methionine S-methyl-�-thiol 1�-oxopropionate
Ornithine Glutamic-�-semialdehyde
Phenylalanine Phenylpyruvate
Proline �-Hydroxypyruvate
Serine Hydroxypyruvate
Threonine �-Oxo-�-hydroxybutyrate
Tryptophan Indolepyruvate
Tyrosine p-Hydroxyphenylpyruvate
Valine �-Oxo-isovalerate

a Lysine does not usually undergo transamination; if it does,
the product, �-oxo-ε-aminocaproate, undergoes spontaneous
dehydration and cyclization to pipecolic acid.

Transamination isof central importance inaminoacidmetabolism,provid-

ingpathwaysforthecatabolismofallaminoacidsotherthanlysine(whichdoes

not undergo transamination), although pathways other than transamination

maybemore important for thecatabolismofsomeaminoacids. Italsoprovides

a pathway for the synthesis of those amino acids for which there is an alter-

native source of the oxo-acid (the nonessential amino acids). As can be seen

from Table 9.3, many of the oxo-acids are commonmetabolic intermediates.

Many of the transaminase reactions are linked to the amination of 2-oxo-

glutarate to glutamate or glyoxylate to glycine, which are substrates for oxida-

tive deamination, reforming the oxo-acids, and thus providing a pathway for

net deamination of most amino acids.

9.3.1.4 Steps in the Transaminase Reaction Purified aspartate amino-

transferase is capable of catalyzing the half-reaction of transamination (very

slowly) in the crystal. This means that the conformational changes that occur

during the reaction can be followed by X-ray diffraction crystallography.
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The first stage in the reaction is a noncovalent (Michaelis-type) binding

of the substrate to the enzyme. The substrate amino acid then attacks the

internal Schiff base aldimine nucleophilically at the C==N bond. To acquire

nucleophilicity, the substrate must be deprotonated; this is the role of the

phenolic –OH group of the coenzyme, which will be partially ionized, and

therefore carry some negative charge, when protein bound. This group then

forms a dative bond to the imino nitrogen of the internal aldimine, increasing

its electrophilicityand thusenhancing thenucleophilicattackby thesubstrate.

Once the substrate-coenzyme aldimine has been formed, it loses a proton

from the α-carbon. The base that catalyzes this is the ε-amino group of the

lysine residue that was involved in the internal aldimine. At this stage, the at-

tachment of the coenzyme to the enzyme, through the ring nitrogen, the 2′-
methyl group and the 5′-phosphate group, is especially important in main-

taining a rigid geometry as the cofactor ring rotates about its C-2 to C-5 axis to

bring the reacting region of the Schiff base into juxtaposition with the various

groups at the catalytic site that catalyze the successive stages of the reaction.

The deprotonated aldimine is reprotonated at carbon-4 by reaction with a

histamine residue to form the pyridoxamine phosphate ketimine. Hydrolysis

of this complex yields the free oxoacid (oxaloacetate), leaving pyridoxamine

phosphate at the catalytic site (Ivanov and Karpeisky, 1969).

9.3.1.5 Transamination Reactions of Other Pyridoxal Phosphate En-
zymes In addition to theirmain reactions, a number of pyridoxal phosphate-

dependent enzymes also catalyze the half-reaction of transamination. Such

enzymes include serine hydroxymethyltransferase (Section 10.3.1.1), several

decarboxylases, and kynureninase (Section 8.3.3.2).

The result of this half-transaminase reaction is formation of pyridoxamine

phosphate at the active site of the enzyme, and hence loss of activity. Pyridox-

amine phosphate dissociates from the active site, so that if adequate pyridoxal

phosphate is available the resultant apoenzyme can be reactivated.

The ratioof transamination:decarboxylation is relatively small –of theorder

of1:10,000 forglutamatedecarboxylase.Nevertheless, this is sufficient to result

in significant loss of active enzyme, andMeister (1990) suggested that thismay

be a control mechanism rather than simply a lack of reaction specificity.

9.3.1.6 Transamination and Oxidative Deamination Catalyzed by Di-
hydroxyphenylalanine (DOPA) Decarboxylase DOPA decarboxylase cat-

alyzes the decarboxylation of dihydroxyphenylalanine to yield dopamine

(and hence the other catecholamine neurotransmitters; see Figure 13.4) and
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5-hydroxytryptophan to yield serotonin (5-hydroxytryptamine). Early studies

suggested that it was especially susceptible to self-inactivation as a result of

catalyzing the half-reaction of transamination (Section 9.3.1.5). However, it

only catalyzes half-transamination under anaerobic conditions (commonly

used in vitro because of the ready polymerization of DOPA and dopamine

to yield melanin in the presence of oxygen). Under aerobic conditions, the

enzyme does not seem to catalyze half-transamination, but it does catalyze

oxidative deamination of its aromatic amine products (Bertoldi and Borri

Voltattorni, 2000, 2001).

9.3.1.7 Side-Chain Elimination and Replacement Reactions The third

bondintheSchiffbasealdiminethatcanbelabilizedbytheelectron-withdraw-

ing effect of the ring nitrogen is that between the α-carbon and the side chain

of the amino acid, resulting in a variety of α, β-elimination and β-replacement

reactions, such as the reactions of serine dehydratase; serine hydroxymethyl-

transferase (Section 10.3.1.1); cysteine lyase, which cleaves cysteine to form

alanine andH2S; selenocysteine lyase, which cleaves selenocysteine to release

H2Se and alanine; and cystathionine β-synthetase (see Figure 10.9). The reac-

tionmay also involve β, γ -elimination, as in γ -cystathionase (see Figure 10.9).

Cystathionine β-synthetase contains heme as well as pyridoxal phosphate,

but this seems to have a regulatory rather than catalytic role; the yeast en-

zyme does not contain heme (Jhee et al., 2000; Kabil et al., 2001). A common

genetic polymorphism in human cystathionine β-synthetase (a 68-base-pair

insertion, occurring in about 12%of the general population) is associatedwith

a lower than normal increase in plasmahomocysteine after amethionine load

in patients with low vitamin B6 status, suggesting that the variant enzymemay

have higher affinity for its cofactor than the normal form – the reverse of the

position in the vitamin B6 responsive genetic diseases discussed in Section

9.4.3 (Tsai et al., 1999).

9.3.2 The Role of Pyridoxal Phosphate in Glycogen Phosphorylase
Glycogen phosphorylase catalyzes the sequential phosphorolysis of glycogen

to release glucose 1-phosphate; it is thus the key enzyme in the utilization of

tissue glycogen reserves.

Unlike other pyridoxal phosphate-dependent enzymes, in which it is the

carbonyl group that is essential for catalysis, the internal Schiff base between

pyridoxal phosphate and lysine in glycogen phosphorylase can be reduced

with sodium borohydride without affecting catalytic activity. Thus, while

pyridoxal phosphate is essential for phosphorylase activity, it does not act

by the same kind of mechanism as in amino acid metabolism.
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Studies on the reactivation of apoglycogen phosphorylase with a variety of

analogs of pyridoxal phosphate have shown that the catalytic moiety is the

5′-phosphate group – only analogs with a reversibly protonatable dianion in
this position have any activity. In the nonactivated form of phosphorylase b,

the phosphate is monoprotonated (–OPO3H−); when the enzyme has been

activated, either allosterically or by phosphorylation (phosphorylase a), it is

dianionic (–OPO3
2−). A glutamate residue in the active site acts as the proton

acceptor or donor for this transition between the inactive and active forms of

the cofactor.

The initial stage in the phosphorolysis of glycogen is protonation of the

glycosidic oxygen of the polysaccharide by inorganic phosphate. The re-

sultant oxycarbonium ion is stabilized by the inorganic phosphate. The

role of pyridoxal phosphate is as a proton shuttle or buffer to stabilize the

oxycarbonium–phosphate ion pair, permitting covalent binding of the phos-

phate to the oxycarbonium ion to form glucose 1-phosphate (Palm et al.,

1990).

9.3.3 The Role of Pyridoxal Phosphate in Steroid Hormone Action
and Gene Expression
Steroid hormones act by binding to, and activating, nuclear receptors that

then bind to hormone response elements on DNA, increasing (or sometimes

decreasing) the transcription of specific genes.

Early studies showed that pyridoxal phosphate reacts with a lysine residue

in the steroid receptor protein and extracts the steroid–receptor complex from

tight nuclear binding. The specificity for pyridoxal phosphate, but not pyri-

doxal, and the low physiological concentration at which the effect can be ob-

served, ledCidlowski andThanassi (1981) topropose thatpyridoxal phosphate

may have a physiological role in the action of steroid hormones. It acts to re-

lease the hormone–receptor complex from tight nuclear binding, resulting

in release of the steroid from the nucleus, and frees or recycles receptors for

further uptake of steroid.

In experimental animals, vitamin B6 deficiency results in increased and

prolonged nuclear uptake and retention of steroids and hormones in target

tissues, and enhanced end-organ responsiveness to low doses of hormones

(Bender, 1987). Allgood and Cidlowski (1992) prepared a variety of gene con-

structs ofmarker genes with response elements for estrogens, androgens, glu-

cocorticoids, and progestagens and transfected these into various cell lines

in culture. Incubation in a vitamin B6-deficient medium (together with the

addition of the antimetabolite 4-deoxypyridoxone) led to a two-fold increase

in expression of the reporter gene, whereas addition of a high concentration
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of pyridoxine led to a halving of gene expression. It thus seems likely that

pyridoxal phosphate acts to terminate the nuclear action of steroid hormones.

Later studies showed that the effect of pyridoxal phosphate is mediated by

the nuclear transcription factor NF1; gene constructs lacking an NF1 bind-

ing site are insensitive to the effects of pyridoxal phosphate deficiency or

excess.Pyridoxalphosphatedoesnotonly regulate theexpressionofhormone-

inducible genes, it inactivates the tissue-specific transcription factor for albu-

min (by formingaSchiff base toanessential lysine residue), and theexpression

of a variety of housekeeping genes is increased in experimental vitamin B6 de-

ficiency (Oka et al., 1994; Tully et al., 1994; Oka, 2001). Proliferation of both

steroid-dependent and steroid-independent cancer cells in culture is reduced

by higher than normal concentrations of pyridoxal in the culture medium

(Davis and Cowing, 2000).

9.4 VITAMIN B6 DEFICIENCY

Gross clinical deficiency of vitamin B6 is extremely rare. The vitamin is widely

distributed in foods (although a significant proportion in plant foods may be

biologically unavailable; Section 9.1), and intestinal flora synthesize relatively

large amounts, at least some of which may be absorbed and hence available.

A variety of studies have shown that 10% to 20% of the population of de-

veloped countries havemarginal or inadequate status, as assessed by erythro-

cyte transaminase activation coefficient (Section 9.5.36) or plasma pyridoxal

phosphate (Section 9.5.1; Bender, 1989b). This may be sufficient to enhance

the responsiveness of target tissues to steroid hormones (Section 9.3.3), and

maybe important in the induction and subsequent development of hormone-

dependentcancerof thebreast andprostate.VitaminB6 supplementationmay

be a useful adjunct to other therapy in these common cancers; certainly, there

is evidence that poor vitamin B6 nutritional status is associated with a poor

prognosis in women with breast cancer.

In vitamin B6-deficient experimental animals, there are 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; de-

fects in the metabolism of tryptophan (Section 9.5.4), methionine (Section

9.5.5), andotheraminoacids;hypochromicmicrocyticanemia (thefirst stepof

heme biosynthesis is pyridoxal phosphate dependent); changes in leukocyte

count and activity; a tendency to epileptiform convulsions; and peripheral

nervous system damage resulting in ataxia and sensory neuropathy. There is

also impairment of immune responses, as a result of reduced activity of serine

hydroxymethyltransferase and hence reduced availability of one-carbon sub-

stituted folate for nucleic acid synthesis (Section 10.3.3). It has been suggested
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that the vitamin B6 antagonist deoxypyridoxine may be a useful adjunct to

immunosuppressive therapy (Trakatellis et al., 1997).

Much of our knowledge of human vitamin B6 deficiency is derived from an

outbreak in the early 1950s, which resulted from an infant milk preparation

that had undergone severe heating in manufacture, leading to the formation

of pyridoxyllysine by reaction between pyridoxal phosphate and the ε-amino

groups of lysine in proteins. Pyridoxyllysine has little biological activity, and

may also be an antimetabolite of vitamin B6, thus exacerbating the deficiency.

In addition to a number of metabolic abnormalities, many of the affected

infants convulsed. They responded to the administration of vitamin B6 sup-

plements.

Investigationof theneurochemical basis of the convulsions seen in vitamin

B6 deficiency revealed the role of GABA as an inhibitory neurotransmitter;

GABA is synthesized by decarboxylation of glutamate (see Figure 6.3). More

recent studies have suggested that the accumulation of hydroxykynurenine as

a result of impaired activity of kynureninase (see Figure 9.4)maybe the critical

factor precipitating convulsions, and GABA depletionmay be a necessary but

not sufficient condition for convulsions in vitaminB6 deficiency (Guilarte and

Wagner, 1987).

The excretion of oxalate is increased in vitamin B6 deficiency because of

depressed activity of alanine glyoxylate transaminase, leading to increased ac-

cumulation of glyoxylate and onward metabolism to oxalate catalyzed by lac-

tate dehydrogenase. The administration of vitamin B6 supplements has some

beneficial effects in reducing oxalate excretion in idiopathic oxalate stone for-

mers, by increasing the activity of glyoxylate transaminase andhence reducing

the metabolic burden of oxalate. In primary hyperoxaluria, alanine glyoxylate

transaminase either has very low activity or is mistargeted into mitochondria

rather than peroxisomes. Again, there is an increased glyoxylate burden, lead-

ing to considerably increased synthesis andurinary excretion of oxalate. Some

cases of primary hyperoxaluria are vitamin B6 responsive (Section 9.4.3).

9.4.1 Enzyme Responses to Vitamin B6 Deficiency
Some pyridoxal phosphate-dependent enzymes are normally fully saturated

with cofactor and show the same activity on assay in vitro whether additional

pyridoxal phosphate is present in the incubation medium or not. Examples

of this class of enzymes include liver cysteine sulfinate decarboxylase (which

is involved in the synthesis of taurine from cysteine; Section 14.5.1) and the

brain and liver glutamate and aspartate aminotransferases.

Other enzymes appear not to be fully saturated with cofactor and show

increased activity in vitro when additional pyridoxal phosphate is present
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Figure 9.4. Tryptophan load test for vitamin B6 status. Tryptophan dioxygenase, EC
1.13.11.11; formylkynurenine formamidase, EC 3.5.1.9; kynurenine hydroxylase, EC
1.14.13.9; kynureninase, EC 3.7.1.3; kynurenine oxoglutarate aminotransferase, EC
2.6.1.7; andkynurenineglyoxylateaminotransferase,2.6.1.63.Relativemolecularmasses
(Mr): tryptophan, 204.2; kynurenine, 208.2; 3-hydroxykynurenine, 223.2; kynurenic acid,
189.2; and xanthurenic acid, 205.2.

in the incubation medium; examples of these enzymes include brain glu-

tamate decarboxylase, liver kynureninase and cystathionase, and aspartate

aminotransferase from red blood cells. The activities of these enzymes thus

vary with vitamin B6 nutritional status. As discussed in Section 9.3.1.5, en-

zymes that undergo transamination, and hence mechanism-dependent

inactivation, may show greater inactivation under conditions of vitamin B6
deficiency and an exaggerated response to the addition of pyridoxal phos-

phate. When the intake of vitamin B6 is increased to a relatively high level,

these apoenzymes are activated in vivo, resulting in increased activity of en-

zymes that may well be rate controlling in metabolic pathways.
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The rates of synthesis and catabolism of some pyridoxal phosphate-

dependent enzymes are altered in deficiency. For example, within a few days

of feeding a vitamin B6-free diet to animals, there is a fall in the activity of

cysteine sulfinate decarboxylase in liver; after 2 weeks, the amount of the

enzyme protein has fallen to extremely low levels. It is likely that these en-

zymes are sacrificed to release pyridoxal phosphate for other, more essential

enzymes. Other enzymes show the opposite response – apparent induction of

the apoenzyme in vitamin B6 deficiency, presumably in an attempt to trap as

much of the available pyridoxal phosphate as possible. Sato and coworkers

(1996) demonstrated increased catabolism of apocystathionase in vitamin B6
deficiency, but no decrease in the amount of immunoreactive protein in the

liver, as a result of increased transcription.

Katunuma and coworkers (1971) described a protease in the rat that hy-

drolyzes the apoenzymes of a number of pyridoxal phosphate-dependent en-

zymes; it has no effect on other proteins or the holoenzymes. Presumably, it

attacks the conserved amino acid sequence around the active lysine residue to

which the internalSchiffbase is formed.Theactivityof theenzyme is increased

some 10- to 20-fold in vitamin B6 deficiency, suggesting that its function is to

degrade those enzymes that lose their coenzyme more readily, and so make

more pyridoxal phosphate available for use by other enzymes. There is also ev-

idence that some pyridoxal phosphate-dependent apoenzymes are modified

to become incapable of activation by pyridoxal phosphate, although retaining

immunological cross-reactivitywith thenormal formof theenzyme invitamin

B6 deficiency (Nagata and Okada, 1985).

As discussed in Section 9.3.3, pyridoxal phosphate is involved in the regu-

lation of gene expression, terminating the responses to steroid hormones and

inactivating some tissue-specific transcription factors. There is decreased syn-

thesis of pancreatic digestive enzymes in vitamin B6 deficiency, although the

synthesis of other pancreatic proteins is unaffected (Dubick et al., 1995).

9.4.2 Drug-Induced Vitamin B6 Deficiency
Vitamin B6 deficiency may result from the prolonged administration of drugs

that are carbonyl-trapping reagents, and hence can form biologically inactive

adducts with pyridoxal and pyridoxal phosphate. Such compounds include

penicillamine, the antituberculosis drug isoniazid, and the anti-Parkinsonian

drugs Benserazide and Carbidopa. Such drug-induced vitamin B6 deficiency

frequently manifests as the tryptophan-niacin deficiency disease pellagra

(Section 8.5.6). As discussed in Section 8.3, synthesis of the nicotinamide

nucleotide coenzymes from tryptophan is pyridoxal phosphate-dependent;

dietary intakes of preformed niacin seem to be inadequate to meet require-

mentswithout de novo synthesis from tryptophan, and endogenous synthesis
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Table 9.4 Vitamin B6-Responsive Inborn Errors of Metabolism

Enzyme Affected EC No.

Convulsions of the newborn Unknown —
Cystathioninuria Cystathionase (see Figure 9.5) 4.4.1.1
Gyrate atrophy with ornithinuria Ornithine-�-aminotransferase 2.6.1.13
Homocystinuria Cystathionine synthase (see Figure 9.5) 4.2.1.22
Primary hyperoxaluria, type I Peroxisomal alanine-glyoxylate transaminase 2.6.1.44
Sideroblastic anemia �-Aminolevulinate synthase (↓ heme synthesis) 2.3.1.37
Xanthurenic aciduria Kynureninase (see Figure 9.4) 3.7.1.3

of NAD from tryptophan seems to be more important than the utilization of

dietary preformed niacin.

9.4.3 Vitamin B6 Dependency Syndromes
A small number of patients show one or the other of the biochemical signs

associatedwith vitamin B6 deficiency despite apparently adequate status, and

require high intakes of the vitamin to normalize the abnormal metabolic

marker. These are genetic diseases and have been termed vitamin B6 depen-

dency syndromes.

As shown in Table 9.4, vitamin B6 dependency has been reported in cases

of type I primary hyperoxaluria, xanthurenic aciduria, homocystinuria, hy-

pochromic sideroblastic anemia, gyrate atrophy with ornithinemia, and vita-

min B6 responsive infantile convulsions. In this last condition, the underlying

defect has not been identified, but is almost certainly not impaired activity of

glutamate decarboxylase.

The molecular basis of the other vitamin B6 dependency syndromes is a

severely reduced affinity of the defective enzyme for its cofactor, and the pa-

tients respondwell to doses of 50 to 1,000mg of vitamin B6 per day. Apart from

theaffectedenzyme,otherbiochemical indicesof vitaminB6 nutritional status

are normal in these patients (Frimpter et al., 1969; Mudd, 1971).

9.5 THE ASSESSMENT OF VITAMIN B6 NUTRITIONAL STATUS

As shown in Table 9.5, there are a number of indices of vitamin B6 sta-

tus available: plasma concentrations of the vitamin, urinary excretion of

4-pyridoxic acid, activation of erythrocyte aminotransferases by pyridoxal

phosphate added in vitro, and the ability to metabolize test doses of trypto-

phan and methionine. None is wholly satisfactory; and where more than one

index has been used in population studies, there is poor agreement between

the different methods (Bender, 1989b; Bates et al., 1999a).
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Table 9.5 Indices of Vitamin B6 Nutritional Status

Adequate Status

Plasma total vitamin B6 >40 nmol (10 �g)/L
Plasma pyridoxal phosphate >30 nmol (7.5 �g)/L
Erythrocyte alanine aminotransferase activation coefficient <1.25
Erythrocyte aspartate aminotransferase activation coefficient <1.80
Erythrocyte aspartate aminotransferase >0.13 units (8.4 �kat)/L
Urine 4-pyridoxic acid >3.0 �mol/24 h

>1.3 mmol/mol creatinine
Urine total vitamin B6 >0.5 �mol/24 h

>0.2 mmol/mol creatinine
Urine xanthurenic acid after 2 g tryptophan load <65 �mol/24 h increase
Urine cystathionine after 3 g methionine load <350 �mol/24 h increase

Sources: From data reported by McChrisley et al., 1988; Leklem, 1990; Bitsch, 1993.

9.5.1 Plasma Concentrations of Vitamin B6
Fasting plasma total vitamin B6 (measuredmicrobiologically), ormore specif-

ically pyridoxal phosphate, is widely used as an index of status. Conditions

involving increased plasma activity of alkaline phosphatase may result in

reduced plasma concentrations of pyridoxal phosphate, without affecting

vitamin B6 nutritional status or tissue concentrations of pyridoxal phosphate.

There is a compensatory increase in thecirculating concentrationofpyridoxal,

which, as discussed in Section 9.2, is themain form for extrahepatic uptake of

vitamin B6. Barnard and coworkers (1987) have shown that, despite the fall in

plasma pyridoxal phosphate in pregnancy, which has been widely interpreted

as indicating vitamin B6 depletion or a greatly increased requirement for the

vitamin, theplasmaconcentrationofpyridoxalphosphatepluspyridoxal isun-

changed.Plasmapyridoxalphosphate isalsoaffectedbyacutephaseresponses

(Bates et al., 1999a). This suggests that determination of plasma pyridoxal

phosphate alone may not be a reliable index of vitamin B6 nutritional status.

9.5.2 Urinary Excretion of Vitamin B6 and 4-Pyridoxic Acid
Some biologically active vitamin B6 is excreted in the urine, and a number of

studies have assessed nutritional status by microbiological measurement of

this excretion; it is difficult to interpret the results in terms of underlying nutri-

tional status rather than as a reflection of recent intake, although the excretion

does fall in deficiency (Sauberlich et al., 1972, 1974). A possibly important

source of error here is that minor renal damage, resulting in albuminuria, will

result in a considerable increase in urinary albumin-bound pyridoxal phos-

phate.
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About half of the normal dietary intake of vitamin B6 is excreted as 4-

pyridoxic acid (seeFigure 9.1).Urinary excretionof 4-pyridoxic acidwill largely

reflect recent intake of the vitamin rather than underlying nutritional sta-

tus. More importantly, renal clearance of 4-pyridoxic acid is a marker of renal

function, irrespective of vitamin B6 status (Bates et al., 1999a; Coburn et al.,

2002).

9.5.3 Coenzyme Saturation of Transaminases
A number of studies have measured the activation of plasma transaminases

by pyridoxal phosphate added in vitro; however, it is difficult to interpret the

results, because plasma transaminases arise largely accidentally, as a result of

cell turnover, and the amount releasedwill dependon tissue damage. Further-

more, there is a considerableamountofpyridoxalphosphate inplasma, largely

associatedwithserumalbumin,andtheextent towhichplasmatransaminases

are saturated will depend largely on the relative affinity of albumin and the

enzyme concerned for the coenzyme, rather than reflecting the availability

of pyridoxal phosphate for intracellular metabolism. Studies on erythrocyte

transaminase activation coefficient are easier to interpret, because the extent

towhich the enzymes are saturated dependsmainly on the availability of pyri-

doxal phosphate.

It seems likely that it is normal for a proportion of pyridoxal phosphate-

dependent enzymes to be present as inactive apoenzyme, without coenzyme.

Thismaybeamechanismofmetabolic regulation. It is possible that increasing

the intakeofvitaminB6, toensurecompletesaturationofpyridoxalphosphate-

dependent enzymes, may not be desirable.

9.5.4 The Tryptophan Load Test
The tryptophan load test for vitamin B6 nutritional status (the ability to me-

tabolize a test dose of tryptophan) is one of the oldest metabolic tests for

functional vitamin nutritional status. It was developed as a result of observa-

tion of the excretion of an abnormal-colored compound, later identified as the

tryptophanmetabolite xanthurenic acid.

Apart from the relatively small amounts that are required for synthesis of

the neurotransmitter serotonin (5-hydroxytryptamine), and for net new pro-

tein synthesis, essentially the whole of the dietary intake of tryptophan is

metabolized by way of the oxidative pathway shown in Figures 8.4 and 9.4,

which provides both a mechanism for total catabolism by way of acetyl coen-

zymeAandapathway for synthesis of thenicotinamidenucleotide coenzymes

(Section 8.3).
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Under normal conditions, the rate-limiting enzyme of the pathway is

tryptophan dioxygenase (Section 8.3.2), and there is little accumulation of

intermediates. Kynurenine transaminase, the enzyme which catalyzes the

transamination and ring closure of kynurenine to kynurenic acid, and of

hydroxykynurenine to xanthurenic acid, has a high Km relative to the normal

steady-state concentrations of its substrates in the liver. Kynureninase and

kynurenine hydroxylase have lower values ofKm, so that there is normally little

accumulation of kynurenine or hydroxykynurenine.

Kynureninase is especially sensitive to vitamin B6 depletion, because it un-

dergoes self-inactivation as a result of catalyzing the half-reaction of transam-

ination (Section 9.3.1.5). In vitamin B6 deficiency, the activity of kynureninase

is lower than that of tryptophan oxygenase, the normal rate-limiting enzyme

of the pathway, and there is accumulation of both hydroxykynurenine and

kynurenine, permitting greatermetabolic flux than usual through kynurenine

transaminase, resulting in increased formation of kynurenic and xanthurenic

acids.

Xanthurenic andkynurenic acids, andkynurenine andhydroxykynurenine,

are easy tomeasure inurine, so the tryptophan load test, the ability tometabo-

lize a test dose of 2 to 5 g (150 to 380µmolper kgof bodyweight) of tryptophan,

was widely adopted as a convenient and sensitive index of vitamin B6 nutri-

tional status.

9.5.4.1 Artifacts in the Tryptophan Load Test Associated with In-
creased Tryptophan Dioxygenase Activity As discussed in Section 8.3.2,

tryptophan dioxygenase is subject to both induction by glucocorticoid hor-

mones and also stabilization by tryptophan and heme, and increased activity

may well result in a greater rate of entry of tryptophan into the pathway than

the capacity of kynureninase or kynurenine hydroxylase, thus leading to in-

creased formationofkynurenicandxanthurenicacids.Becauseof theproblem

of enhanced stability of tryptophanoxygenase in the presence of high concen-

trations of tryptophan, it was suggested that the test dose used should be no

more than 150 mol per kg of body weight, or 2 g for adults – a level at which

there is only a negligible increase in the rate of tryptophan oxidation.

In patients suffering from a wide variety of unrelated diseases, including

Hodgkins’ lymphoma, rheumatoid arthritis, schizophrenia, porphyria, renal

tuberculosis and aplastic anemia, there is abnormal excretion of kynurenine

metabolites after a test doseof tryptophan (AltmanandGreengard, 1966;Coon

andNagler, 1969). It is unlikely that such disparate conditions would all be as-

sociated with vitamin B6 deficiency. Liver biopsy shows elevated tryptophan
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dioxygenase activity, presumably because of increased glucocorticoid secre-

tion as a result of the general stress of illness.

Induction of extrahepatic indoleamine dioxygenase (which catalyzes the

same reaction as tryptophan dioxygenase, albeit by a differentmechanism) by

bacterial lipopolysaccharides and interferon-γ may result in theproductionof

relatively large amounts of kynurenine and hydroxykynurenine in tissues that

lack the enzymes for onward metabolism. Kidney has kynurenine transami-

nase activity, and therefore extrahepaticmetabolismof tryptophanmay result

in significantexcretionofkynurenicandxanthurenicacids, evenwhenvitamin

B6 nutrition is adequate.

It is apparent that abnormally increased excretion of kynurenine metabo-

lites after a test dose of tryptophan cannot necessarily be regarded as evidence

of vitamin B6 deficiency. This means that the tryptophan load test is unreli-

able as an index of status in epidemiological studies, although it is (probably)

reliable in depletion/repletion studies to determine requirements.

9.5.4.2 Estrogens and Apparent Vitamin B6 Nutritional Status Rose

(1966a, 1966b)was thefirst to report apparent vitaminB6 deficiency inwomen

taking combined progestagen–estrogen oral contraceptives. There was in-

creased urinary excretion of xanthurenic acid after a tryptophan load, which

was normalized by the administration of relatively high doses of vitamin B6.

A great many later reports have confirmed abnormal tryptophanmetabolism

among women taking the now obsolete high-dose oral contraceptives, and

estrogens as menopausal hormone replacement therapy. Although they have

beenwidely interpretedasevidenceofestrogen-inducedvitaminB6 deficiency

or depletion, when other indices of vitamin B6 nutritional status have been

measured, they have been unaffected by contraceptive use. This suggests an

effect on tryptophanmetabolism per se, rather than on vitamin B6 nutritional

status.

Modern low-dose estrogen oral contraceptives do not affect tryptophan

metabolism, although theymay cause increased plasma and erythrocyte con-

centrations of pyridoxal (Masse et al., 1996).

As discussed in Section 8.3.3, estrogen metabolites inhibit kynureninase

and reduce the activity of kynurenine hydroxylase to such an extent that, even

without induction of tryptophan dioxygenase (Section 9.5.4.1), the activity of

these enzymes is lower than is needed for the rate of flux through the pathway,

thus leading to increased formation of xanthurenic and kynurenic acids.

The gender difference in pellagra (Section 8.5) suggests that endogenous

estrogens may have an effect on tryptophan metabolism similar to that of

exogenous estrogens used as contraceptives. It implies that not only is the
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Figure 9.5. Methionine load test for vitamin B6 status. Methionine synthetase, EC
2.1.1.13 (vitamin B12-dependent); 2.1.1.5 (betaine as methyl donor); cystathionine syn-
thetase, EC 4.2.1.22; and cystathionase, EC 4.4.1.1. Relativemolecular masses (Mr): me-
thionine, 149.2; homocysteine, 135.2; cystathionine, 222.3; and cysteine, 121.2.

tryptophan load test unreliable as an index of vitamin B6 nutritional status in

women taking estrogens, but also that it may be inappropriate for women in

general (Bender, 1987).

9.5.5 The Methionine Load Test
The metabolism of methionine, shown in Figure 9.5, includes two pyri-

doxal phosphate-dependent steps: cystathionine synthetase and cystathio-

nase. Cystathionine synthetase is little affected by vitamin B6 deficiency,
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presumably because it has a high affinity for its cofactor, and possibly also

a slow rate of turnover. However, cystathionase activity falls in vitamin B6 de-

ficiency, and there is an increase in the tissue content of inactive apoenzyme.

The result of this is that in vitamin B6 deficiency there is an increase in the

urinary excretion of cystathionine, both after a loading dose of methionine

and under basal conditions, suggesting thatmethioninemetabolism provides

a useful index of status.

As discussed in Section 10.3.4.2, the metabolic fate of homocysteine aris-

ing from methionine is determined not only by the activity of cystathionine

synthetase and cystathionase, but also the rate at which it is remethylated to

methionine (which is dependent on vitamin B12 and folate status) and the re-

quirement for cysteine.

It is apparent that abnormally increased excretion of homocysteine and

cystathionine metabolites after a test dose of methionine cannot necessarily

be regarded as evidence of vitamin B6 deficiency. This means that, like the

tryptophan load test, themethionine load test is unreliable as an index of sta-

tus in epidemiological studies, although it is (probably) reliable in depletion/

repletion studies to determine requirements.

9.6 VITAMIN B6 REQUIREMENTS AND REFERENCE INTAKES

Vitamin B6 requirements have been estimated both by isotopic tracer studies

to determine turnover of the body pool (Section 9.6.1) and also by depletion/

repletion studies using a variety of indices of status (Section 9.6.2). These stud-

ies have generally been conducted on young adults, and there is inadequate

information to determine the requirements of elderly people, because appar-

ent status assessed by a variety of indices declines with increasing age, despite

intake as great as in younger people (Bates et al., 1999a). As discussed in Sec-

tion 9.6.3, there is also inadequate information to estimate the requirements

of infants.

9.6.1 Vitamin B6 Requirements Estimated from Metabolic Turnover
There isavarietyofestimatesof thebodypoolofvitaminB6.Short-termstudies

with isotopic tracers suggest a total body content of between 160 to 600 µmol

(40 to 150mg), with a half-life of 33 days, suggesting aminimum requirement

for replacement in the wide range between 0.6 to 2.27 mg per day.

About 80% of the total body vitamin B6 is in skeletalmuscle glycogen phos-

phorylase, with a relatively slow turnover. Based on longer term tracer studies,

Coburn (1990, 1996) has suggested a total body pool of 250 mg, or 15 nmol

(3.7 µg) per g of body weight, with a loss of about 0.13% per day, hence a
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minimum requirement for replacement of 0.02 µmol (5 µg) per kg of body

weight – 350 µg per day for a 70-kg adult.

This is considerably lower thantherequirementsestimated fromdepletion/

repletion studies (Section 9.6.2) and may reflect dilution of the small pool

associated with amino acid metabolism, which has a rapid turnover, by the

larger and more stable pool associated with glycogen phosphorylase.

9.6.2 Vitamin B6 Requirements Estimated from
Depletion/Repletion Studies
Early studies of vitamin B6 requirements used the development of abnormal-

ities of tryptophan or methionine metabolism during depletion, and normal-

ization during repletion with graded intakes of the vitamin. Although trypto-

phanandmethionine load tests areunreliable as indicesof vitaminB6 status in

epidemiological studies (Section 9.5.4 and Section 9.5.5), under the controlled

conditions of depletion/repletion studies they do give a useful indication of

the state of vitamin B6 nutrition.More recent studies have usedmore sensitive

indices of status, including the plasma concentration of pyridoxal phosphate,

urinary excretion of 4-pyridoxic acid, and erythrocyte transaminase activation

coefficient.

Because of the role of vitamin B6 in amino acid metabolism, it is likely

that protein intake will affect requirements. A number of studies have shown

that adultsmaintained on vitamin B6-deficient diets develop abnormalities of

tryptophanandmethioninemetabolismfaster, and theirbloodvitaminB6 falls

more rapidly, when their protein intake is relatively high (80 to 160 g per day

in various studies) than on low protein intakes (30 to 50 g per day). Similarly,

during repletionofdeficient subjects, tryptophanandmethioninemetabolism

are normalized faster at low than at high levels of protein intake (Miller and

Linkswiler, 1967; Kelsay et al., 1968a, 1968b; Canham et al., 1969; Miller et al.,

1985).However,Coburn (1994)noted that the requirement for growth inyoung

animals was the same for carnivorous species, with a high protein intake, as

for herbivorous species.

From such studies, the mean requirement for vitamin B6 was estimated at

13 µg per g of dietary protein. Reference intakes (see Table 9.6) were based on

15 to 16 µg per g of dietary protein.

More recent depletion/repletion studies, using more sensitive indices of

status in which subjects were repleted with either a constant intake of vi-

tamin B6 and varying amounts of protein, or a constant amount of pro-

tein and varying amounts of vitamin B6, have shown average requirements

of 15 to 16 µg per g of dietary protein, suggesting a reference intake of 18
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Table 9.6 Reference Intakes of Vitamin B6 (mg/day)

U.K. EU U.S./Canada FAO
Age 1991 1993 1998 2001

0–6 m 0.2 — 0.1 0.1
7–9 m 0.3 0.4 0.3 0.3
10–12 m 0.4 0.4 0.3 0.3
1–3 y 0.7 0.7 0.5 0.5
4–6 y 0.9 0.9 0.6 0.6
7–8 y 1.0 1.1 0.6 1.0

Males
9–10 y 1.0 1.1 1.0 1.0
11–13 y 1.2 1.3 1.0 1.3
14–15 y 1.2 1.3 1.3 1.3
16–18 y 1.5 1.5 1.3 1.3
19–30 y 1.4 1.5 1.3 1.3
31–50 y 1.4 1.5 1.3 1.3
51–70 y 1.4 1.5 1.7 1.7
>70 y 1.4 1.5 1.7 1.7

Females
9–10 y 1.0 1.1 1.0 1.0
11–13 y 1.0 1.1 1.0 1.2
14–15 y 1.0 1.1 1.2 1.2
16–18 y 1.2 1.1 1.2 1.2
19–30 y 1.2 1.1 13 1.3
31–50 y 1.2 1.1 1.3 1.3
51–70 y 1.2 1.1 1.5 1.5
>70 y 1.2 1.1 1.5 1.5
Pregnant 1.2 1.3 1.9 1.9
Lactating 1.2 1.4 2.0 2.0

EU, European Union; FAO, Food and Agriculture Organi-
zation; WHO, World Health Organization.
Sources: Department of Health, 1991; Scientific Com-
mittee for Food, 1993; Institute of Medicine 1998;
FAO/WHO, 2001.

to 20 µg per g protein (Kretsch et al., 1995; Hansen et al., 1996a, 1996b,

2001).

In 1998, the reference intake in the United States and Canada was reduced

from the previous Recommended Daily Allowance of 2 mg per day for men

and 1.6 mg per day for women (National Research Council, 1989) to 1.3 mg

per day for both (Institute of Medicine, 1998). The report cites six studies that

demonstrated that this level of intakewouldmaintain a plasma concentration

of pyridoxal phosphate at least 20 nmol per L although, as shown in Table 9.5,

the more generally accepted criterion of adequacy is 30 nmol per L.
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9.6.3 Vitamin B6 Requirements of Infants
Estimation of the vitamin B6 requirements of infants presents a problem, and

there is a clear need for further research.Humanmilk,whichmust be assumed

to be adequate for infant nutrition, provides only 2.5 to 3.5 µg of vitamin B6
per gofprotein– lower than the requirement for adults. Although their require-

ment for catabolism of amino acidsmay be lower than in adults (because they

have net new protein synthesis), theymust also increase their body content of

the vitamin as they grow.Coburn (1994) noted that the requirement for growth

in a number of animal species was less than that to maintain saturation of

transaminases or minimum excretion of tryptophan metabolites after a test

doseandwasabout 15nmolper gofbodyweight gainacross a rangeof species.

Based on the body content of 15 nmol (3.7 µg) of vitamin B6 per g body

weight, and the rate of weight gain, Coburn (1990) suggested that a minimum

requirement for infants over the first 6 months of life is 100 µg (417 nmol) per

day to establish tissue reserves, and an additional 20% to allow for turnover.

Even if themother receives daily supplements of 2.5mgof vitaminB6 through-

out lactation, thus more than doubling her normal intake, the infant’s intake

ranges from 100 to 300 µg per day over the first 6 months of life. At 1 month,

this is only 8.5 µg per g of protein, rising to 15 µg per g by 2 months (Borschel

et al., 1986).

Afirstapproximation to thevitaminB6 needsof infantscamefromstudiesof

thosewhoconvulsedasa resultof grossdeficiencycausedbyoverheated infant

milk formula. At intakes of 60 µg per day, there was an incidence of convul-

sions of 0.3%. Provision of 260µg per day prevented or cured convulsions, but

300µgperdaywasrequiredtonormalize tryptophanmetabolism(Besseyetal.,

1957). This is almost certainly a considerable overestimate of requirements,

because pyridoxyllysine, formed by heating the vitaminwith proteins, has an-

tivitaminactivity,andwould therefore result inahigherapparent requirement.

9.6.4 Toxicity of Vitamin B6
Animal studies have shown that vitamin B6 is neurotoxic, causing peripheral

neuropathy, with ataxia, muscle weakness, and loss of balance in dogs given

200mg of pyridoxine per kg of body weight for 40 to 75 days, and the develop-

ment of a swaying gait and ataxiawithin 9 days at a dose of 300mgper kg body

weight (Phillips et al., 1978; Krinke et al., 1980). At the lower dose of 50 mg per

kg of bodyweight, there are no clinical signs of toxicity, but histologically there

is loss of myelin in dorsal nerve roots. At higher doses, there is 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
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tract of the trigeminal nerve. The clinical signs of toxicity after 200 to 300mgof

vitamin B6 per kg of body weight regress within 3 months after withdrawal of

these massive doses, but sensory nerve conduction velocity, which decreases

during the development of the neuropathy, does not recover fully (Schaeppi

and Krinke, 1982).

In 1983, sensory neuropathy was reported in seven patients who had

been taking between 2,000 to 7,000 mg of pyridoxine/day for several months

(Schaumburg et al., 1983). On withdrawal of the vitamin supplements, there

was considerable recovery of neuronal function, although there was residual

nerve damage in some patients.

There has been one report of the development, within 2 years, of sen-

sory neuropathy in an infant with vitamin B6-dependent seizures treated with

2,000 mg per day, but over the following 16 years, the neuropathy did not

progress (McLachlan and Brown, 1995). However, most reports of patients

with vitamin B6 dependency diseases (Section 9.4.3) do not mention sensory

neuropathy. One study has reported electrophysiological and neurological ex-

amination of 17 homocystinuric patients who had been treated with 200 to

500mgof vitaminB6 per day for 10 to 24 years; therewasno evidenceof neuro-

pathy (Mpofu et al., 1991).

None of the studies in which there has been objective neurological exami-

nation has shown any evidence of sensory nerve damage at intakes of vitamin

B6 below200mgperday.Most have shownadverse effects only at considerably

higher levels of intake.

Studies with cells in culture show a cytotoxic effect of vitamin B6. This may

be from the formation of cytotoxic products when the vitamin is subjected to

ultraviolet irradiation andmay not be relevant in vivo (Maeda et al., 2000).

9.6.4.1 Upper Levels of Vitamin B6 Intake Although there is no doubt

that vitamin B6 is neurotoxic in gross excess, there is considerable controversy

over theway inwhich toxicological datahavebeen translated into limits on the

amounts that may be sold freely as nutritional supplements. This appears to

have been achieved by the application of standard toxicology safety margins,

and taking as the upper safe limit of intake 1% of the no adverse effect level.

Whereas this is appropriate for setting limits on additives and contaminants,

it can be argued that it is not appropriate as a basis for setting limits on a

nutrient; for many nutrients, an upper limit of intake established in this way

would be below the average requirement to prevent deficiency.

There is little evidence that intakes of up 200 to 500 mg of vitamin B6 per

day for prolonged periods are associated with any adverse effects. The U.S.
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Food and Nutrition Board set a tolerable upper level for adults of 100 mg per

day (Institute of Medicine, 1998); the European Union (Scientific Committee

on Food, 2000) set 25 mg per day.

9.7 PHARMACOLOGICAL USES OF VITAMIN B6

SupplementsofvitaminB6 ranging from25to500mgperdayhavebeenrecom-

mended for treatment of a variety of conditions inwhich there is anunderlying

physiological or biochemicalmechanism to justify their use, although inmost

cases there is little evidence of efficacy.

Some reports have shown vitamin B6 to be effective in suppression of lac-

tation, although others have shown no difference from placebo. Because the

vitamin suppresses the increase in prolactin induced by treatment with the

dopamine receptor antagonist pimozide, and because lactation is also sup-

pressed by the dopamine agonist bromocriptine, it has been suggested that

it acts to stimulate dopaminergic activity in the hypothalamus. However, it is

more likely that its action is by reduction in target tissue responsiveness to the

steroid hormones that stimulate prolactin secretion. High doses of vitamin

B6 are also effective in controlling tardive dyskinesia induced by neuroleptic

drugs (Lerner et al., 2001).

9.7.1 Vitamin B6 and Hyperhomocysteinemia
The identification of hyperhomocysteinemia as an independent risk factor in

atherosclerosis andcoronaryheart disease (Section10.3.4.2) has led to sugges-

tions that intakes of vitamin B6 higher than are currently considered adequate

to meet requirements may be desirable. Homocysteine is an intermediate in

methioninemetabolismandmayundergooneoftwometabolic fates,asshown

in Figure 9.5: remethylation to methionine (a reaction that is dependent on

vitamin B12 and folic acid) or onward metabolism leading to the synthesis of

cysteine (trans-sulfuration). Therefore, intakes of folate, vitamin B12, and/or

vitamin B6 may affect homocysteine metabolism.

Epidemiological studies suggest that hyperhomocysteinemia is most sig-

nificantly correlatedwith low folate status, but there is alsoa significant associ-

ationwith lowvitaminB6 status (Selhubet al., 1993). Trials of supplementation

have shown that whereas folate supplements lower fasting homocysteine in

moderately hyperhomocysteinemic subjects, supplements of 10mgper day of

vitamin B6 have no effect, although supplements do reduce the peak plasma

concentration of homocysteine after a test dose of methionine (Ubbink et al.,

1994; Ubbink, 1997; Dierkes et al., 1998). This can probably be explained on

the basis of the kinetics of the enzymes involved; the Km of cystathionine
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synthetase is 10-fold higher than that of methionine synthetase. Under basal

conditions, little homocysteine is metabolized by way of the transsulfuration

pathway; it is only after a loading dose of methionine, when homocysteine

rises to high levels, that the activity of cystathionine synthetase, rather than

the concentration of its substrate, is limiting.

It thus seems unlikely that intakes of vitamin B6 above amounts that are

adequate topreventmetabolic signsofdeficiencywill bebeneficial in lowering

plasma concentrations of homocysteine (Homocysteine Lowering Trialists’

Collaboration, 1998).

9.7.2 Vitamin B6 and the Premenstrual Syndrome
Studiesduringthe1960sshowingthatvitaminB6 supplementswereeffective in

overcoming someof the sideeffects of (high-dose)oral contraceptiveshave led

to the use of vitamin B6 in treatment of the premenstrual syndrome – the con-

dition of nervousness, irritability, emotional disturbance, headache, and/or

depression suffered by many women for up to 10 days before menstruation.

Twelveplacebo-controlled, double-blind trials of vitaminB6 in thepremen-

strual syndromewere reviewed by Kleijnen et al. (1990); the evidence of bene-

ficial effectswasweak. In three of the studies, therewas a significant beneficial

effect of vitamin B6 supplements of 100 to 500mg per day. Five studies yielded

ambiguous results and a further three reported the following: an improvement

for 82%of subjects receiving 100mgof vitaminB6 per day, and 70%of those re-

ceivingplacebo;apositive trendbutnostatistical significanceusing200mgper

day; and disappointing and not clear results using 50mg per day. The remain-

ing four studies reported no beneficial effects of doses between 100 to 500mg

per day. A systematic review of 25 controlled trials concluded that only 10met

thecriteria for inclusion, andconcluded thatoverall the resultswere suggestive

ofbeneficial effects,butdidnotprovideevidenceofefficacy (Wyattetal., 1999).

Interestingly, one study, which reported no significant difference between

vitamin B6 (100 mg per day) and placebo, showed that whichever treatment

was used second in a double-blind crossover trial was significantly better than

the treatment used first (Hagen et al., 1985).

9.7.3 Impaired Glucose Tolerance
Impaired glucose tolerance is common in pregnancy and may be severe

enough to be classified as diabetes mellitus (so-called gestational diabetes),

which usually resolves on parturition. A number of studies have shown that

supplements of 100 mg of vitamin B6 per day result in improved glucose tol-

erance (Rose et al., 1975).
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As discussed in Section 9.5.4.2, estrogenmetabolites inhibit kynureninase,

and they also lead to reduced activity of kynurenine hydroxylase. As a result,

in pregnancy or in response to (high-dose) oral contraceptives, tissue concen-

trations of kynurenine, hydroxykynurenine, xanthurenic, and kynurenic acids

are higher than normal.

The impairment of glucose tolerance associated with high plasma levels

of estrogens may be caused by a high plasma concentration of xanthurenic

acid, which forms a biologically inactive complex with insulin (Kotake et al.,

1975). The improvement following high doses of vitamin B6 could then be

explained by reactivation of kynureninase that has been inactivated as a re-

sult of transamination (Section 9.3.1.5). However, animal studies have failed

to demonstrate any effect of xanthurenic acid administration on glucose tol-

erance, and it has been suggested that the improvement in glucose tolerance

in response to vitamin B6 was because of increased formation of quinolinic

acid as a result of relief of the impairment of kynureninase activity (Adams

et al., 1976). Quinolinic acid is an inhibitor of phosphoenolpyruvate carboxy-

kinase, one of the key enzymes of gluconeogenesis, and the administration of

tryptophan (to increase synthesis of quinolinic acid) has also been reported to

improve glucose tolerance.

9.7.4 Vitamin B6 for Prevention of the Complications
of Diabetes Mellitus
AnumberofstudieshavesuggestedthatvitaminB6maybeeffective inprevent-

ing the adverse effects of poor glycemic control that lead to the development

of the complications of diabetes mellitus (Jain and Lim, 2001). Many of these

effects are mediated by nonenzymic glycation of proteins. Target proteins in-

clude the following:

1. hemoglobin, forming hemoglobin A1c, which has a reduced capacity to

transport oxygen;

2. α-crystallin in the lens of the eye, reducing its transparency and leading

to the development of cataracts;

3. collagen in joints and connective tissue, resulting in the development of

arthritis, retinopathy, and nephropathy; and

4. apolipoprotein B, resulting in impaired receptor-mediated clearance of

low-density lipoproteins by the liver and increasedmacrophage uptake,

and thus a factor in the development of atherosclerosis.

Administrationof vitaminB6 to genetically diabeticmicehasbeen reported

to reduce the thickening of the glomerular basement membrane (Hayakawa
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and Shibata, 1991). In men with non-insulin-dependent diabetes, supple-

ments of 150mg per day led to a significant reduction in glycated hemoglobin

and improved oxygen transport capacity, although there was no change in

glycemic control (Solomon and Cohen, 1989).

Pyridoxamine is a potent inhibitor of the irreversible rearrangement of the

initial product of reversible glycation to the advanced glycation end-product.

Such inhibitors of this reaction are collectively known as amadorins, and the

name pyridorin has been coined for pyridoxamine used in this way (Khalifah

et al., 1999). Pyridoxamine also inhibits protein modification caused by lipid

peroxides; in both cases, it seems to act by trapping carbonyl compounds

formed as intermediates (Onorato et al., 2000; Voziyan et al., 2002).

9.7.5 Vitamin B6 for the Treatment of Depression
There is a great deal of evidence that deficiency of serotonin (5-

hydroxytryptamine) is a factor in depressive illness, and many antidepres-

sant drugs act to decrease its catabolism or enhance its interaction with

receptors. A key enzyme involved in the synthesis of serotonin (and the

catecholamines) is aromatic amino acid decarboxylase, which is pyridoxal

phosphate-dependent. Therefore, it has been suggested that vitamin B6 defi-

ciency may result in reduced formation of the neurotransmitters and thus be

a factor in the etiology of depression. Conversely, it has been suggested that

supplements of vitamin B6 may increase aromatic amino acid decarboxylase

activity, and increase amine synthesis and have a mood-elevating or antide-

pressant effect. There is little evidence that vitamin B6 deficiency affects the

activity of aromatic amino acid decarboxylase. In patients with kidney failure,

undergoing renal dialysis, thebrain concentrationof pyridoxal phosphate falls

to about 50% of normal, with no effect on serotonin, catecholamines, or their

metabolites (Perry et al., 1985).

In rats, high doses of vitamin B6 (10 mg per kg of body weight) lead to

decreased oxidative metabolism of tryptophan, presumably as a result of im-

paired responsiveness to glucocorticoid hormones, an increased plasma con-

centration of tryptophan, and increased uptake of tryptophan into the brain,

leading to an increased rate of serotonin turnover (Bender and Totoe, 1984a).

This suggests that vitamin B6 supplements might be a useful adjunct to tryp-

tophan for the treatment of depression.

9.7.6 Antihypertensive Actions of Vitamin B6
Vitamin B6 depletion leads to the development of hypertension in experimen-

tal animals,which is normalizedwithin 24hours by repletionwith the vitamin.
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Four mechanisms, which are not mutually exclusive, have been proposed to

account for this (Dakshinamurti and Lal, 1992; Dakshinamurti, 2001):

1. Central effects on blood pressure regulation as a result of decreased syn-

thesis of brain GABA and serotonin (5-hydroxytryptamine). Glutamate

decarboxylase activity in the nervous system is especially sensitive to vi-

tamin B6 depletion, possibly as a result of mechanism-dependent inac-

tivation by transamination. Although there is no evidence that aromatic

amino acid decarboxylase activity is reduced in vitamin B6 deficiency,

there is reduced formation of serotonin in the central nervous system.

2. Increased sympathetic nervous system activity. There is evidence of ele-

vatedplasmaconcentrationsofadrenalineandnoradrenaline invitamin

B6-deficient animals.

3. Increased uptake of calcium by arterial smooth muscle, leading to in-

creased muscle tone, and hence increased circulatory resistance and

blood pressure. This could reflect increased sensitivity of vascular

smoothmuscle to calcitriol (vitamin D) action in vitamin B6 deficiency;

the membrane calcium-binding protein is regulated by vitamin D, and

vascular tissue has calcitriol receptors.

4. Increased end-organ responsiveness to glucocorticoids, mineralocorti-

coids, andaldosterone (Section9.3.3).Oversecretionof (andpresumably

also enhanced sensitivity to) any of these hormones can result in hyper-

tension. Vitamin B6 supplementationwould be expected to reduce end-

organ sensitivity to these hormones, and thusmight have a hypotensive

action.

A number of studies suggest that supplements of vitaminB6 may have a hy-

potensive action. Supplements of 300 mg of vitamin B6 per kg of body weight

per day attenuated the hypertensive response of rats treated with deoxycor-

ticosterone acetate (Fregly and Cade, 1995). At a more realistic level of sup-

plementation (five times the usual amount provided in the diet), vitamin B6
prevented the development of hypertension in the Zucker ( fa/fa) obese rat.

Withdrawal of the vitamin supplement led to the development of hyperten-

sion (Lal et al., 1996).

9.8 OTHER CARBONYL CATALYSTS

A number of enzymes contain other carbonyl compounds that catalyze re-

actions in the same way as does pyridoxal phosphate or that catalyze redox

reactions. Such compounds include pyruvate (Section 9.8.1); pyrroloquino-

line quinone, which may be a dietary essential (Section 9.8.2); and a variety
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of other quinones that are not dietary essentials because they are formed by

postsynthetic modification of precursor proteins (Section 9.8.3).

9.8.1 Pyruvoyl Enzymes
A number of enzymes that catalyze the same reactions as do pyridoxal

phosphate-dependent enzymes contain a catalytic pyruvate residue at the

amino terminal of the peptide chain. The catalytic mechanism is assumed to

be the same as for pyridoxal phosphate-dependent enzymes, except that the

proton donor is a glutamate residue rather than lysine.

Themost studiedenzymeishistidinedecarboxylase fromLactobacillus30a.

There are pyruvate residues at the amino terminals of each of 5 of the 10 sub-

units in this enzyme. When the organism is grown on [14C]serine, the specific

radioactivity of the pyruvate is the same as that of serine incorporated into the

protein and much greater than that of free lactate or pyruvate in the culture

medium. This suggests that pyruvate arises by postsyntheticmodification of a

serine residue.

Amutant strain of the organismhasbeen isolated that produces an inactive

precursor of histidine decarboxylase with only five separable subunits and no

pyruvate residues. Prolonged incubation of this zymogen leads to apparently

autocatalytic activation. Each subunit gives rise to two subunits, with the for-

mation of an amino terminal pyruvate from the serine residue adjacent to the

point of cleavage. The precursor protein has two adjacent serine residues, and

undergoes anautocatalyticnonhydrolytic cleavagebetween these twoserines.

Oxygen from the side chain of the distal serine becomes the second oxygen

of what now becomes the carboxy terminal of one peptide, leaving an imine

at the amino terminal of the other. This imine undergoes hydrolysis to release

ammonia and yield the amino terminal pyruvate residue.

Other pyruvate-containing enzymes include aspartate β-decarboxylase

from Escherichia coli, the enzyme that catalyzes the formation of β-alanine

for the synthesis of pantothenic acid (Section 12.2.4); proline reductase from

Clostridium sticklandii; phosphatidylserine decarboxylase from E. coli; and

phenylalanine aminotransferase from Pseudomonas fluorescens. Phospho-

pantetheinoyl cysteine decarboxylase, involved in the synthesis of coenzyme

A (Section 12.2.1), and S-adenosylmethionine decarboxylase seem to be the

only mammalian pyruvoyl enzymes (Snell, 1990).

9.8.2 Pyrroloquinoline Quinone (PQQ) and Tryptophan
Tryptophylquinone (TTQ)
PQQandTTQ(seeFigure9.6)are thecofactors foranumberofdehydrogenases

in gram-negative microorganisms. They can undergo reversible reduction to
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Figure 9.6. Quinone catalysts.

the semiquinone and quinol, and can therefore function as electron transport

cofactors in redox reactions.

PQQ is present as a noncovalently bound coenzyme in bacterial enzymes,

and organisms that are incapable of its de novo synthesis can import it from

the culture medium. It is synthesized by reaction between glutamate and ty-

rosine residues in a small (24 amino acid) peptide that is coded for by one

of the bacterial genes known to be required for PQQ synthesis (Stites et al.,

2000b).

Nomammalianenzymeshavebeen shown toutilizePQQorTTQasa cofac-

tor, although there is some evidence PPQmaybe adietary essential.Mice fed a

defineddiet completelydevoidofPQQshow impairedgrowth, friable skinwith

hemorrhages, hunched posture, decreased fertility, and fewer mitochondria,

which are less viable in vitro than normal. These abnormalities are corrected

by providing 1 nmol (300 ng) of PQQ per g diet (Stites et al., 2000a). It is not

known howmuch PQQmay normally be present in foods, nor howmuchmay

be synthesized by intestinal bacteria.
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9.8.3 Quinone Catalysts in Mammalian Enzymes
Mammalian copper-dependent oxidases, including plasma amine oxidases

(the semicarbazide-sensitive, chlorgyline-resistant, amine oxidases, not the

flavin-dependent monoamine oxidases) and lysyl oxidase (which is involved

in the cross-linking of collagen and elastin) have long been known to contain

a reactive carbonyl group that is essential for activity. Although this was origi-

nally assumed to be pyridoxal phosphate, there is no evidence for its presence

in these enzymes, and the apoenzymes cannot be reactivated with pyridoxal

phosphate. In amine oxidases, the reactive quinone is topaquinone, whereas

in lysyl oxidase it is lysyltopaquinone (see Figure 9.6).

Topaquinone and lysyltopaquinone are formed by postsyntheticmodifica-

tion of the precursor proteins of the active enzymes. A tyrosine residue in the

enzyme undergoes autocatalytic oxidation in the presence of enzyme-bound

copper and oxygen. Lysyltopaquinone in lysyl oxidase is believed to be syn-

thesized by reaction between topaquinone and the ε-amino group of a lysine

residue to form the cross-linked imino adduct. This means that it is highly

improbable that either topaquinone or lysyltopaquinone is a dietary essential,

because there is no way in which preformed quinone could be incorporated

into the precursor protein or a hypothetical apoenzyme.
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TEN

Folate and Other Pterins and Vitamin B12

Folic acid functions in the transfer of one-carbon fragments in a wide variety

of biosynthetic and catabolic reactions; it is therefore metabolically closely

related to vitaminB12, which also functions in one-carbon transfer. Deficiency

of either vitamin has similar clinical effects, and it seems likely that the main

effects of vitamin B12 deficiency are exerted by effects on folate metabolism.

The pterins include the redox cofactors biopterin and molybdopterin, as

well as various insect pigments. Folic acid is a conjugated pterin, in which the

pteridine ring is linked to p-aminobenzoyl-poly-γ -glutamate; it is this linkage

that renders folate a dietary essential, because it is the ability to condense p-

aminobenzoate to a pteridine, rather than to synthesize the pteridine nucleus

itself, which has been lost by higher animals. Biopterin (Section 10.4) and

molybdopterin (Section 10.5) are coenzymes inmixed-function oxidases; they

are not vitamins, but can be synthesized in the body. Rare genetic defects of

biopterin synthesis render it a dietary essential for affected individuals.

Although folate is widely distributed in foods, dietary deficiency is not un-

common, and a number of commonly used drugs can cause folate depletion.

Marginal folate status is a factor in the development of neural tube defects

and supplements of 400 µg per day periconceptually reduce the incidence

of neural tube defects significantly. High intakes of folate lower the plasma

concentration of homocysteine in people genetically at risk of hyperhomo-

cysteinemia andmay reduce the risk of cardiovascular disease, although as yet

there is no evidence from intervention studies. There is also evidence that low

folate status is associated with increased risk of colorectal and other cancers

and that folate may be protective. Mandatory enrichment of cereal products

with folic acid has been introduced in the United States and other countries,

and considered in others.
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By contrast, dietary deficiency of vitamin B12 is rare, except among strict

vegetarians, despite the fact that the vitamin is found only in animal foods

and some bacteria; rather, pernicious anemia caused by vitamin B12 lack is

normally the result of a defect in the mechanism for intestinal absorption of

the vitamin.

10.1 FOLATE VITAMERS AND DIETARY FOLATE EQUIVALENTS

As shown in Figure 10.1, folic acid consists of a pteridine linked at C-9 to

p-aminobenzoic acid, forming pteroic acid. The carboxyl group of the p-

aminobenzoic acid moiety is linked by a peptide bond to the amino group

of glutamate, forming pteroyl monoglutamate.

In the folate coenzymes, the pteridine ring is fully reduced to tetrahydro-

folate, although the oxidized form, dihydrofolate, is an important metabolic

intermediate. In the reactions of thymidylate synthetase (Section 10.3.3) and

methylene tetrahydrofolate reductase (Section 10.3.2.1), thepteridine ringhas

a redox role in the reaction. The folate coenzymes are conjugated with up to

six additional glutamate residues, linked by γ -glutamyl peptide bonds.

Although the terms folic acid and folate are often used interchangeably,

correctly folic acid refers to the oxidized compound, pteroyl monoglutamate,

and the various tetrahydrofolate derivatives are collectively known as folates.

Figure 10.1 also shows the structures of the folate antagonist methotrex-

ate (N 10-methyl aminopterin) and the pterin coenzymes tetrahydrobiopterin

(Section 10.4) and molybdopterin (Section 10.5).

As shown in Figure 10.3, tetrahydrofolate can carry one-carbon fragments

attached toN-5 (formyl, formimino,ormethyl groups),N-10 (formyl), orbridg-

ingN-5 toN-10 (methylene or methenyl groups).

5-Formyl-tetrahydrofolate is more stable to atmospheric oxidation than

folic acid itself and is commonly used in pharmaceutical preparations; it is

also known as folinic acid and the synthetic (racemic) compound as leucov-

orin. Although the [6S, 6R] racemic mixture might be expected to have only

50% of the biological activity of the naturally occurring 6S isomer, between

10% to 40% of the 6R isomer is biologically active (Baggott et al., 2001).

10.1.1 Dietary Folate Equivalents
The folate in foods consists of a mixture of the different one-carbon substi-

tuted derivatives, with varying numbers of conjugated glutamyl residues. The

biological availability of these vitamers differs and is consistently lower than

that of free folic acid (pteroyl monoglutamate), which is the compound that
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Figure 10.1. Folate vitamers, the folate antagonist methotrexate, molybdopterin,
and tetrahydrobiopterin. Relative molecular masses (Mr): tetrahydrofolic acid, 445.4;
methotrexate, 454.5; and tetrahydrobiopterin, 290.3.
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hasbeenusedindepletion/repletionstudies todeterminefolaterequirements,

and is the form used in food fortification. In order to permit calculation of

folate intakes in terms of both naturally occurring mixed food folates and

added folic acid, 1 µg of dietary folate equivalent has been defined as the sum

of µg of food folate+ 1.7× µg of folic acid (Institute of Medicine, 1998).

10.2 METABOLISM OF FOLATES

Most of the dietary folate consists of polyglutamates; a variable amount may

be substitutedwith various one-carbon fragments or be present as dihydrofo-

late derivatives. There is little information on either the distribution of folate

vitamers in foods or their relative biological activities (Gregory, 2001). Unsub-

stituted reduced folates in foods are chemically unstable and readily undergo

cleavage to p-aminobenzoic acid and the pteridine; between 50% to 75% of

the folate in food may be lost during processing and storage (Scott, 1999).

The growth responses of the microorganisms used for bioassay are differ-

ent for the different vitamers, and polyglutamates are used by bacteria only

after enzymic hydrolysis with conjugase. Endogenous conjugase in foodsmay

cause breakdown of polyglutamates during extraction and sample prepara-

tion, whereas autoclaving and the addition of preservativeswill also hydrolyze

some of the vitamers and may oxidize tetrahydrofolates, so that chromato-

graphic analysis alsomay not reflect the true distribution of vitamers in foods.

10.2.1 Digestion and Absorption of Folates
Within the intestinal lumen, folate conjugates are hydrolyzed by glutamate

carboxypeptidase (pteroylpolyglutamatehydrolase, alsoknownasconjugase),

a zinc-dependent enzyme of the pancreatic juice, bile, mucosal brush border,

and lysosomes of enterocytes and other cells. In the rat, conjugase is mainly a

pancreatic enzyme, acting in the intestinal lumen, whereas in human beings

the conjugaseof themucosal brushborder andenterocytes ismore important.

Conjugase is a general poly-γ -glutamyl hydrolase, with a broad specificity

for the pterin moiety. It acts randomly as both an exopeptidase removing

γ -glutamyl groups sequentially and as an endopeptidase removing oligo-

γ -glutamyl peptides, suggesting that there may be more than one enzyme.

Similar endo- and exopeptidase conjugases are found in all tissues; the extent

to which the conjugases in foods may contribute to the hydrolysis of folate

polyglutamates is not known. Some foods contain conjugase inhibitors that

will reduce the availability of conjugated folates.

Because conjugase is a zinc metallo-enzyme, zinc deficiency can impair

the absorption of conjugated food folates, but not folate monoglutamate.
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Conjugase responds rapidly to zinc depletion and repletion, and it has been

suggested that the absorption of a test dose of folate polyglutamatesmay pro-

vide a sensitive index of zinc nutritional status (Canton and Cremin, 1990).

The absorption of folatemonoglutamates (frompharmaceutical preparations

or foods) is not affected.

Free folate, released by conjugase action, is absorbed by a carrier-mediated

mechanism in the jejunum. However, the folate in milk is mainly bound to a

specific binding protein (which has been used in radioligand binding assays

for folate); the protein–folate complex is absorbed intact, mainly in the ileum,

byamechanismthat isdistinct fromthe jejunal transport systemfor free folate.

The biological availability of folate frommilk, or of folate from diets to which

milk has been added, is considerably greater than that of unbound folate,

whereas that of folate from cereal foods, or of free folic acid taken with cereal

foods, is lower.

Most of the dietary folate undergoes reduction andmethylation within the

intestinalmucosaandwhatenters theportalbloodstreamisa largely5-methyl-

tetrahydrofolate. Single doses of more than about 200 µg of folic acid saturate

the intestinal dihydrofolate reductase, so that free folic acid is absorbed and

circulates in the bloodstream. It canbe takenupby tissues, reduced to tetrahy-

drofolate, and utilized.

There is considerable enterohepatic circulation of folate, equivalent to

about one-third of the dietary intake. Methyl-tetrahydrofolate is secreted in

the bile, then reabsorbed in the jejunum together with food folates. In exper-

imental animals, bile drainage for 6 hours results in a reduction of serum fo-

late to 30% to 40% of normal (Steinberg et al., 1979). There is very little loss of

folate; jejunal absorption is very efficient, and the fecal excretion of 450 nmol

(200 µg) of folates per day largely represents synthesis by intestinal flora and

does not reflect intake to any significant extent.

10.2.2 Tissue Uptake and Metabolism of Folate
Methyl-tetrahydrofolate from the intestinal mucosa circulates bound to albu-

min and is themain vitamer for uptake by extrahepatic tissues. Small amounts

of other one-carbon substituted folates also circulate (about 10% to 15% of

plasma folate is 10-formyl-tetrahydrofolate) and are also available for tissue

uptake. There are twomechanisms for tissue uptake of folate:

1. The reduced folate transporter is a transmembrane protein with a high

affinity formethyl-tetrahydrofolate and a low affinity for other vitamers.

It is especially active in enterocytes and renal tubule epithelium, but is

also found in other cells (Sirotnak and Tolner, 1999).
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2. The folate receptor is a glycophosphatidyl inositol anchored cell sur-

face protein with a broader specificity that permits uptake of folate by

receptor-mediated endocytosis. At times of low folate requirement, the

receptor is in intracellular vesicles, which migrate to the cell surface

when the requirement for folate increases (Doucette and Stevens, 2001).

Demethylated tetrahydrofolatemonoglutamate is released by extrahepatic

tissues and is transported bound to a plasma folate binding protein simi-

lar to that in milk. It has a very low affinity for methyl-tetrahydrofolate and

other one-carbon substituted derivatives. It functions mainly to return folate

to the liver,where it is either conjugated for storage ormethylated to 5-methyl-

tetrahydrofolate that is secreted in the bile.

Red blood cells contain a several-hundred-fold higher concentration of

folate thandoes plasma, incorporated during erythropoeisis rather than taken

up from the circulation, as polyglutamates bound tohemoglobin. Folate binds

to deoxyhemoglobin in competition with 2,3-bisphophoglycerate, but does

not bind significantly to oxyhemoglobin. The binding affinity is low, but be-

cause of the high concentration of hemoglobin in erythrocytes, essentially

all of the folate in cells from venous blood will be bound. The function of

hemoglobin binding is not known, and itmay not serve any physiological pur-

pose, although, as discussed in Section 10.10.1, it may result in falsely low

values for erythrocyte folate as an index of folate status.

10.2.2.1 Poly-�-glutamylation of Folate Folate monoglutamates cross

cell membranes readily, whereas polyglutamates do not; therefore, formation

of conjugates permits intracellular accumulation of folate. Rapid formation of

at least a diglutamate is essential for tissue retention of folate. Further elon-

gation of the polyglutamate chain to form themetabolically active coenzymes

can proceed in a more leisurely fashion.

A single enzyme, folate polyglutamate synthetase, catalyzes the formation

of all the polyglutamates. At high concentrations of substrate, the diglutamate

is the main or sole product; increasing amounts of tri-, tetra-, penta-, and

hexaglutamates are formed as the concentration of tetrahydrofolate mono-

glutamate decreases. This is because, unlike other folate utilizing enzymes,

the Km of folate polyglutamate synthetase increases as the length of the poly-

glutamate chain increases, and short-chain polyglutamates are the preferred

substrates.Therateof reactionwith long-chainpolyglutamates isconsiderably

lower than with short-chain substrates.

Folate polyglutamate synthetase binds ATP, tetrahydrofolate-(oligo)-

glutamate, then glutamate sequentially forming an intermediate folate
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polyglutamate phosphate. The immediate product is released to compete for

enzyme binding with other intracellular folate conjugates, rather than under-

going sequential glutamyl transferwhile remainingenzymebound (Cichowicz

and Shane, 1987).

The principal substrate for glutamylation is free tetrahydrofolate; one-car-

bon substituted folates are poor substrates. Because the main circulating fo-

late, and themain formthat is takenup into tissues, ismethyl-tetrahydrofolate,

demethylation by the action of methionine synthetase (Section 10.3.3) is es-

sential for effective metabolic trapping of folate. In vitamin B12 deficiency,

whenmethionine synthetase activity is impaired, there will be impairment of

the retention of folate in tissues.

Under normal conditions, the predominant folates in liver are pentaglu-

tamates, with small amounts of tetra- and hexaglutamates. The extent of poly-

glutamylation is controlled to a great extent by the availability of folate; in

deficient animals, hexa- to octaglutamates predominate, whereas in supple-

mented animals, liver folate is mainly as the tri- to pentaglutamates (Cassady

et al., 1980).

10.2.3 Catabolism and Excretion of Folate
There is very little urinary loss of folate, some 5 to 10 nmol ofmicrobiologically

active material per day. Not only is most folate in plasma bound to proteins

(either folate binding protein for unsubstituted folate or albumin for methyl-

tetrahydrofolate), and thus protected from glomerular filtration, but also the

renal brush border has a high concentration of folate binding protein that acts

to reabsorb any that is filtered.

Folate polyglutamate in cells that is not enzyme bound undergoes hydrol-

ysis of the γ -glutamyl side chain, catalyzed by lysosomal conjugase, yielding

folatemonoglutamate,whichthenleaves thecell freely.Bothcarboxypeptidase

G and ferritin catalyze hydrolysis of the C-9 to N-10 bond of folate monoglu-

tamate to yield p-aminobenzoylglutamate (much of which is acetylated be-

fore excretion) and pterin, which is excreted either unchanged or as isoxan-

thopterin and other biologically inactive compounds. As a result of increased

synthesis of ferritin in pregnancy, the catabolism of folate and excretion of

p-aminobenzoylglutamate increase significantly, suggesting that the folate re-

quirement in pregnancy may be considerably higher that would be expected

on the basis of fetal requirements (Suh et al., 2001).

10.2.4 Biosynthesis of Pterins
As shown inFigure 10.2, thepteridinenucleus is synthesized fromGTP, in a se-

quence of reactions catalyzed by a different isoenzyme of GTP cyclohydrolase



Figure 10.2. Biosynthesisof folicacidandtetrahydrobiopterin.GTPcyclohydrolase I,EC
3.5.4.16; dihydropteroate synthase, EC 2.5.1.15; pyruvoyl-tetrahydrobiopterin synthase,
EC 4.6.1.10; and sepiapterin reductase, EC 1.1.1.153.
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from that involved in riboflavin synthesis (Section 7.2.6). The reaction se-

quence involves loss of C-8 of guanine as formate, followed by rearrangement

of the ribosemoiety, condensation, and ring closure to yield dihydroneopterin

triphosphate.Dephosphorylationand lossof the sidechain leads to the forma-

tion of dihydropteridine, the immediate precursor of folate. Inmammals, GTP

cyclohydrolase is inhibited by unconjugated reduced pterins; folate, which is

not an end-product of the mammalian enzyme, is not a significant inhibitor

(Thony et al., 2000).

Mammals lack dihydropteroate synthetase, which catalyzes the conden-

sation of dihydropteridine with p-aminobenzoic acid. The bacterial enzyme

canutilize eitherp-aminobenzoate (yieldingdihydropteroic acid) orp-amino-

benzoyl-glutamate (yielding dihydrofolate directly). p-Aminobenzoyl-gluta-

mate is not formed under normal conditions, although it is a product ofmam-

maliancatabolismof folate.Theusualproductof thereaction isdihydropteroic

acid, followed by conjugation with glutamate. Dihydropteroate synthetase is

inhibited by sulfonamides, which compete with p-aminobenzoate as sub-

strate; this is the basis of their action as bacteriostatic agents. They deplete

the organisms of pteridines by forming metabolically inactive sulfonamide

analogs of dihydropteroate.

Inbothmammalsandmicroorganisms,dihydrofolate is reduced to tetrahy-

drofolate by dihydrofolate reductase, which will act on free folate or various

polyglutamate conjugates, although the affinity of the enzyme for its substrate

falls as the length of the polyglutamate chain increases. In microorganisms,

this enzyme is important for thedenovosynthesisof tetrahydrofolate,whereas

in mammals it is mainly required to reduce the dihydrofolate formed in the

reaction of thymidylate synthetase (Section 10.3.3). As discussed in Section

10.3.3.1, dihydrofolate reductase is an important target for chemotherapy of

cancer, bacterial infections, and malaria.

The formation of biopterin involves dephosphorylation and reduction of

the side chain of dihydroneopterin triphosphate, followed by inversion of the

conformation of the two hydroxyl groups, by way of intermediate oxidation to

(symmetrical) oxo-groups, catalyzed by sepiapterin reductase.

Patients with a variety of cancers and some viral diseases excrete relatively

large amounts of neopterin, formed by dephosphorylation and oxidation of

dihydroneopterin triphosphate, an intermediate in biopterin synthesis. This

reflects the inductionofGTPcyclohydrolaseby interferon-γ and tumornecro-

sis factor-α in response to the increased requirement for tetrahydrobiopterin

for nitric oxide synthesis (Section 10.4.2). It is thus a marker of cell-mediated

immune reactions and permits monitoring of disease progression (Werner

et al., 1993, 1998; Berdowska and Zwirska-Korczala, 2001).
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10.3 METABOLIC FUNCTIONS OF FOLATE

The metabolic role of folate is as a carrier of one-carbon fragments, both in

catabolism and biosynthetic reactions. As shown in Figure 10.3, tetrahydrofo-

late can carry one-carbon fragments attached to N-5 (formyl, formimino, or

methylgroups),N-10 (formyl), orbridgingN-5 toN-10 (methyleneormethenyl

groups). The major sources of these one-carbon fragments, their major uses,

and the interconversions of the substituted folates are shown in Figure 10.4.

Themetabolicallyactive formsof folateareall substitutedtetrahydropteroyl

polyglutamates.Whereas some folate-dependent enzymeswill use themono-

glutamate in vitro,most have a considerably lowerKm for polyglutamates, and

somehavehigherVmax. Inmultienzymecomplexes, inwhichthe folatecofactor

serves to transport one-carbon fragments from one catalytic site to another,

the length of the polyglutamate tail may be especially important in anchoring

the cofactor, but permitting considerablemovement of the pteroylmoiety and

in channeling intermediates between catalytic sites.

10.3.1 Sources of Substituted Folates
The major point of entry for one-carbon fragments into substituted folates

is methylene-tetrahydrofolate, which is formed by the catabolism of glycine,

serine, and choline.

10.3.1.1 Serine Hydroxymethyltransferase Serinehydroxymethyltrans-

ferase is a pyridoxal phosphate-dependent aldolase that catalyzes the cleav-

age of serine to glycine and methylene-tetrahydrofolate (as shown in Fig-

ure 10.5). Serine is the major source of one-carbon substituted folates for

biosynthetic reactions. At times of increased cell proliferation, the activities of

serine hydroxymethyltransferase and the enzymes of the serine biosynthetic

pathway are increased. The other product of the reaction, glycine, is also re-

quired in increased amounts under these conditions (for de novo synthesis of

purines).

Thereare two isoenzymesof serinehydroxymethyltransferase; thecytosolic

enzyme is involved in the provision of one-carbon fragments for biosynthetic

reactions, whereas themitochondrial enzyme is important in the fasting state

asasourceof serine forgluconeogenesis.Theactivityof thecytosolicenzyme is

regulated by the state of folate substitution and the availability of folate, rather

than by the state of serine metabolism. Methyl-tetrahydrofolate is a potent

inhibitor, so when there is an adequate concentration of substituted folates

from other sources, serine can be spared for energy-yielding metabolism or

gluconeogenesis (Snell et al., 2000). The other reactions leading to the for-

mation of one-carbon substituted tetrahydrofolate shown in Figure 10.4 are



280 Folate and Other Pterins and Vitamin B12

Figure 10.3. One-carbon substituted tetrahydrofolic acid derivatives. THF, tetrahy-
drofolate.

primarily catabolic reactions and are not subject to feedback inhibition by

methyl-tetrahydrofolate.

When the glycine formed by serine hydroxymethyltransferase is not re-

quired for purine synthesis, it undergoes cleavage to carbon dioxide and

ammonium, catalyzed by the glycine cleavage system. This is a multienzyme
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Figure 10.4. Sources and uses of one-carbon units bound to folate. THF, tetrahydrofo-
late.

complex with a number of similarities to the thiamin-dependent 2-oxo-acid

dehydrogenases (Section 6.3.1), although it does not contain thiamin. It con-

sists of the following:

1. a pyridoxal phosphate-dependent glycine decarboxylase;

2. a lipoamide-containing aminomethyltransferase, which acts to oxidize

the one-carbon fragment to a methylene residue at the expense of re-

ducing lipoamide to the disulfhydryl form;

3. a methylene-tetrahydrofolate synthesizing enzyme that transfers the

one-carbon fragment onto tetrahydrofolate, releasing the nitrogen as

ammonium; and

4. anNAD-dependent flavoprotein, dihydrolipoyl dehydrogenase, that ox-

idizes disulfhydryl lipoamide back to the disulfide.

10.3.1.2 Histidine Catabolism As shown in Figure 10.6, the catabolism

of histidine leads to the formation of formiminoglutamate (FIGLU). The

Figure 10.5. Reactions of serine hydroxymethyltransferase (EC 2.1.2.1) and the glycine
cleavage system (EC 2.1.2.10). THF, tetrahydrofolate.
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Figure 10.6. Catabolism of histidine – basis of the FIGLU test for folate status. Histi-
dase, EC 4.3.1.3; urocanase, EC 4.2.1.49; FIGLU formiminotransferase, EC 2.1.2.5. THF,
tetrahydrofolate.

formimino group is transferred onto tetrahydrofolate to form formimino-

tetrahydrofolate, which is subsequently deaminated to form methenyl-

tetrahydrofolate.

A single bifunctional enzyme catalyzes the FIGLU formiminotransferase

and formiminofolate cyclodeaminase reactions, so there is little or no free

formimino-tetrahydrofolate in tissues under normal conditions. The two cat-

alytic sites are separate, and with tetrahydrofolate monoglutamate, there is

release of the formimino derivative. However, when polyglutamates are used,
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there is channeling of the intermediate between the two sites, and no re-

lease of the formimino derivative (Mackenzie and Baugh, 1980; Paquin et al.,

1985).

Although catabolism of histidine is not a major source of substituted fo-

late, the reaction is of interest because it has been exploited as ameans of ass-

essing folate nutritional status. In folate deficiency, the activity of the formimi-

notransferase is impaired by lack of cofactor. After a loading dose of histidine,

there is impaired oxidative metabolism of histidine and accumulation of

FIGLU, which is excreted in the urine (Section 10.10.4).

10.3.1.3 Other Sources of One-Carbon Substituted Folates As shown

in Figure 14.4, choline is oxidized to betaine (trimethylglycine), then the first

methyl group is transferred directly to homocysteine, forming methionine.

The resultant dimethylglycine is demethylated to methylglycine (sarcosine)

by an iron-flavoprotein, dimethylglycine dehydrogenase, which oxidizes the

methyl group to formaldehyde before transferring it to tetrahydrofolate to

form methylene-tetrahydrofolate. The demethylation of sarcosine to glycine

yields methylene-tetrahydrofolate in the same way.

Formylglutamate can transfer its formyl group directly onto tetrahydro-

folate to yield 5-formyl-tetrahydrofolate. Formyl-glutamate is not a normal

physiological intermediate, and the formation of 5-formyl-tetrahydrofolate is

probably a side reaction of FIGLU formiminotransferase.

Free formate can react with tetrahydrofolate to form 10-formyl-tetrahy-

drofolate; the plasma concentration of formate rises in folate deficiency, and

the ability to metabolize [14C]formate has been used as an index of folate

depletion in experimental animals.

10.3.2 Interconversion of Substituted Folates
Methylene-, methenyl-, and 10-formyl-tetrahydrofolates are freely intercon-

vertible. The two activities involved – methylene-tetrahydrofolate dehydro-

genase and methenyl-tetrahydrofolate cyclohydrolase – form a trifunctional

enzymewith 10-formyl-tetrahydrofolate synthetase (Paukert et al., 1976). This

means that single-carbon fragments entering the folate pool in any formother

than asmethyl-tetrahydrofolate can be readily available for any of the biosyn-

thetic reactions shown in Figure 10.4.

The conversion of 5-formyl-tetrahydrofolate tomethenyl-tetrahydrofolate,

catalyzedby5-formyl-tetrahydrofolate cyclohydrolase, is important.Although

5-formyl-tetrahydrofolate is themost commonly used pharmaceutical prepa-

ration of the vitamin, a relatively large proportion of orally administered
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Figure 10.7. Reaction of methylene-tetrahydrofolate reductase (EC 1.7.99.5). THF,
tetrahydrofolate.

5-formyl-tetrahydrofolate undergoes nonenzymic cyclization to methenyl-

tetrahydrofolate in the acid conditions of the stomach.

10.3.2.1 Methylene-Tetrahydrofolate Reductase The reduction of

methylene-tetrahydrofolate tomethyl-tetrahydrofolate, shown in Figure 10.7,

is catalyzed by methylene-tetrahydrofolate reductase, a flavin adenine di-

nucleotide-dependent enzyme; during the reaction, the pteridine ring of the

substrate is oxidized to dihydrofolate, then reduced to tetrahydrofolate by the

flavin, which is reduced by nicotinamide adenine dinucleotide phosphate

(NADPH; Matthews and Daubner, 1982). The reaction is irreversible under

physiological conditions, and methyl-tetrahydrofolate – which is the main

form of folate taken up into tissues (Section 10.2.2) – can only be utilized after

demethylation catalyzed by methionine synthetase (Section 10.3.4).

Methylene-tetrahydrofolate reductase is inhibited by S-adenosylmethi-

onine, which inhibits reduction of the flavin prosthetic group by NADPH. S-

Adenosylhomocysteine overcomes this inhibition to some extent, asmight be

expected for an enzyme that is indirectly involved in the regulation ofmethio-

nine and S-adenosylmethionine concentrations in the cell.

Kang and coworkers (1991) reported a variant of methylene-tetrahydrofo-

late reductase, in which cytosine677 is replaced by thymidine, resulting in a

change of alanine226 to valine, in people who were hyperhomocysteinemic

(Section 10.3.4.2). The variant enzyme is thermolabile (i.e., it is unstable to

heating to about 40◦ to 45◦C), and subjects who are homozygous for the ther-

molabile enzyme have about 50% of normal enzyme activity in tissues. Not

only is the enzyme labile onmoderate heating in vitro, but it is also unstable in
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vivo. There are considerable differences in the frequency of the variant gene in

differentpopulationgroups, ranging from1.2%ofBrazilianAmerindians, 3.1%

of British South Asians, and 10% of British and Australian white people, with

up to 30%of Italians and 35%of Japanese beinghomozygous for the thermola-

bile variant. Some studies have shown that the thermolabile variant was two-

to three-foldmore common among people with atherosclerosis and coronary

heart disease than among disease-free people of the same ethnic origin.

Being homozygous for the thermolabile variant of methylene-tetrahydro-

folate reductase is a necessary, but not sufficient, condition for the develop-

ment of hyperhomocysteinemia. Homozygotes with a high folate intake have

plasma concentrations of homocysteine as low as heterozygotes or people

who are homozygous for the normal (stable) form of the enzyme (Jacques

et al., 1996). Two possible mechanisms have been proposed to explain how a

relatively high intake of folate canmask the effect of being homozygous for the

thermolabile variant of methylene-tetrahydrofolate reductase:

1. Most dietary folate is reduced and methylated to methyl-tetrahydro-

folate in the intestinal mucosa (Section 10.2.1). Intestinal mucosal cells

have a rapid turnover, typically 48 hours from proliferation in the crypt

to shedding at the tip of the villus. This means that an unstable variant

of the enzyme, which loses activity over a shorter time than the normal

enzyme, is probably irrelevant in cells that have such a rapid turnover.

A high intake of folate would therefore result in a relatively high rate of

supply of methyl-tetrahydrofolate to cells, arising from newly absorbed

folate, so that impaired turnover of folate within cells would be less

important.

2. In common with a number of enzymes, methylene-tetrahydrofolate re-

ductasemay bemore resistant to thermal denaturation (and hence pos-

sibly more stable) in the presence of its substrate. Hence it is possi-

ble that high tissue levels of methylene-tetrahydrofolate (resulting from

a high folate status) may protect the enzyme and enhance its stabil-

ity (Guenther et al., 1999; Yamada et al., 2001a). However, it is unlikely

that a high intake of folate would lead to a sufficient accumulation of

methylene-tetrahydrofolate to stabilize the enzyme in this way because,

as discussed in Section 10.3.2.2, there is rapid interconversion between

the various one-carbon substituted folates. Any excess is converted to

formyl-tetrahydrofolate, then the formyl group is oxidized to carbon

dioxide tomaintain a pool of free folate for the collection of one-carbon

fragments in catabolic reactions.
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Methylene-tetrahydrofolate reductase is a flavoprotein. There is some

evidence that riboflavin also stabilizes the thermolabile variant and that ri-

boflavin supplementsmay lower plasma homocysteine in people who are ho-

mozygous for the variant enzyme (McNulty et al., 2002).

There is a second polymorphism of methylene-tetrahydrofolate reductase

inabout 10%of thepopulation, inwhichadenosine 1298 is replacedbycytosine.

Like the thermolabile variant, this results in about 50% of normal activity of

the enzyme in lymphocytes from homozygotes and the development of hy-

perhomocysteinemia which, in this case, does not seem to be responsive to

high intakes of folate (Chango et al., 2000a, 2000b).

10.3.2.2 Disposal of Surplus One-Carbon Fragments With the excep-

tion of serine hydroxymethyltransferase (Section 10.3.1.1), all of the reactions

shown in Figure 10.4 as sources of one-carbon substituted folates are essen-

tially catabolic reactions. When there is a greater entry of single carbon units

into the folate pool than is required for biosynthetic reactions, the surplus

can be oxidized to carbon dioxide by way of 10-formyl-tetrahydrofolate, thus

ensuring the availability of tetrahydrofolate for catabolic reactions.

10-Formyl-tetrahydrofolate dehydrogenase has a high Km relative to the

normal intracellular concentration of its substrate and only has significant

activity when there is a relative excess of one-carbon substituted tetrahydro-

folate. The product, free tetrahydrofolate, is a poor leaving group, and much

remains bound to the enzyme, resulting in significant inhibition. The ac-

tivity of the dehydrogenase is thus strictly regulated by the ratio of formyl-

tetrahydrofolate:free tetrahydrofolate in the tissue (Min et al., 1988).

There is an alternative pathway disposal of surplus one-carbon fragments,

in which glycine N-methyltransferase catalyzes the methylation of glycine to

sarcosine, using S-adenosylmethionine (Section 10.3.4) as the methyl donor.

The resultant S-adenosylhomocysteine is then remethylated at the expense of

methyl-tetrahydrofolate, thus regenerating free tetrahydrofolate. Factors such

asvitaminA–which induce thesynthesisofglycineN-methyltransferase–may

act to reduce the tissue pool of one-carbon substituted folates formethylation

reactions, leading to undermethylation of DNA and possible cancer develop-

ment (Rowling et al., 2002).

10.3.3 Utilization of One-Carbon Substituted Folates
As shown in Figure 10.4, 10-formyl-tetrahydrofolate and methylene-tetra-

hydrofolate are donors of one-carbon fragments in a number of biosynthetic

reactions, including the synthesis of purines, pyrimidines, porphyrins, and
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Figure 10.8. Synthesis of thymidine monophosphate. Thymidylate synthetase, EC
2.1.1.45; and dihydrofolate reductase, EC 1.5.1.3. THF, tetrahydrofolate.

themethylation of homocysteine tomethionine. Inmost cases, the reaction is

a simple transfer of the one-carbon group from substituted tetrahydrofolate

onto the acceptor substrate.

Tworeactionsareofspecial interest: thymidylatesynthetase (Section10.3.3)

and remethylation of homocysteine tomethionine (Section 10.3.4). This latter

reaction is central to the control of themetabolismof one-carbon compounds

and folate.

10.3.3.1 Thymidylate Synthetase and Dihydrofolate Reductase Meth-

ylation of deoxyuridine monophosphate (dUMP) to thymidine monophos-

phate (TMP; see Figure 10.8) is essential for the synthesis of DNA, although

preformed TMP can be reutilized by salvage from the catabolism of DNA.

Themethyl donor ismethylene-tetrahydrofolate. The reaction involves for-

mation of amethylene bridge betweenN-5 of the coenzyme andC-5 of dUMP,

followed by transfer of hydrogen from the pyrazine ring of tetrahydrofolate,
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thus forming dihydrofolate that is released from the enzyme. Dihydrofolate is

a product of this reaction, whereas in methylene-tetrahydrofolate reductase

(Section10.3.2.1), thedihydrofolate is a transient enzyme-bound intermediate

and is reduced back to tetrahydrofolate during the reaction.

5-Fluorouracil is widely used in cancer chemotherapy. It is a precursor of

5-fluoro-dUMP, which is a mechanism-dependent inhibitor of thymidylate

synthetase. It forms a stable methylene-bridged complex with methylene-

tetrahydrofolate on the enzyme catalytic site that cannot undergo reductive

cleavage.

10.3.3.2 Dihydrofolate Reductase Inhibitors Undernormal conditions,

the dihydrofolate formed by thymidylate synthetase is rapidly reduced to

tetrahydrofolate by dihydrofolate reductase. Thymidylate synthetase and di-

hydrofolate reductase are especially active in tissues with a high rate of cell

division, and thus a high rate of DNA replication and a high requirement

for thymidylate. As cells enter the S-phase of the cell cycle, there is a 7-

fold increase in the rate of transcription of the dihydrofolate reductase gene

(Farnham and Schimke, 1985). Because of this role in actively dividing tis-

sue, inhibitors of dihydrofolate reductase have been exploited as anticancer

drugs. The most successful of these is methotrexate, the 4-amino analog of

10-methyl-tetrahydrofolate (see Figure 10.1).

Methotrexate is a potent inhibitor of dihydrofolate reductase, with an affin-

ity 1,000-fold greater than that of dihydrofolate. Chemotherapy consists of

alternating periods of administration of methotrexate and folate (normally as

5-formyl-tetrahydrofolate, leucovorin) to replete thenormal tissues andavoid

induction of folate deficiency – so-called leucovorin rescue. As well as deplet-

ing tissue pools of tetrahydrofolate,methotrexate leads to the accumulation of

relatively largeamountsof10-formyl-dihydrofolate,which isapotent inhibitor

of both thymidylate synthetase and glycinamide ribotide transformylase, an

intermediate step in purine nucleotide synthesis. It is likely that this, rather

than simple depletion of tetrahydrofolate, is the basis of the cytotoxic action

of methotrexate (Baram et al., 1988).

Methotrexate is also a substrate for conjugation with glutamate (Section

10.2.2.1) and a variety of methotrexate polyglutamates, which are potent in-

hibitors of dihydrofolate reductase are formed and retained in the cells. Sus-

ceptible tumor cells show greater conjugation, and greater accumulation, of

methotrexate than bone marrow cells or the gastrointestinal mucosa, thus

providing some degree of tumor specificity for the drug. Methotrexate poly-

glutamates inhibit the reactivation of dihydrofolate reductase by 5-formyl-
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tetrahydrofolate so that leucovorin rescue has less effect on (tumor) cells that

accumulate and conjugate methotrexate (Goldman andMatherly, 1987).

The antibacterial agent trimethoprim also acts as an inhibitor of dihydro-

folate reductase. It binds to the bacterial enzyme with much higher affinity

than themammalian enzyme. It provides a considerable degree of selectivity,

permitting use of doses low enough to have little effect on the host’s folate

metabolism. A number of trimethoprim-resistant strains of bacteria have

been isolated; at least three different plasmid-associated dihydrofolate reduc-

tases have been identified, including the following:

1. low Ki for trimethoprim and thus insensitive to inhibition;

2. sensitive to trimethoprim inhibition, but with a lower Km for dihydrofo-

late, which therefore competes with the drug more effectively;

3. sensitive to trimethoprim and with a high Km for dihydrofolate, but in-

ducedbytrimethoprim, thus increasing theamountofenzymeavailable.

10.3.3.3 The dUMP Suppression Test Rapidly dividing cells can either

use preformed TMP or can synthesize it de novo from dUMP. Isolated bone

marrow cells or stimulated lymphocytes incubated with [3H]TMP will incor-

porate label into DNA. In the presence of adequate amounts of methylene-

tetrahydrofolate, the addition of dUMP as a substrate for thymidylate syn-

thetase reduces the incorporation of [3H]TMPas a result of dilution of the pool

of labeled material by newly synthesized TMP.

The extent to which dUMP suppresses the incorporation of [3H]TMP into

DNA thus reflects folate nutritional status (Section 10.10.5).

10.3.4 The Role of Folate in Methionine Metabolism
In addition to its role in the synthesis of proteins and the polyamines sper-

midine and spermine, the main metabolic role of methionine is as a methyl

donor in a wide variety of biosynthetic reactions.

As shown in Figure 10.9, themethyl donor is S-adenosylmethionine, which

is demethylated to S-adenosyl homocysteine. After removal of the adenosyl

group, homocysteinemay undergo one of twometabolic fates: remethylation

to methionine or condensation with serine to form cystathionine, followed

by cleavage to yield cysteine – the transulfuration pathway (Section 9.5.5).

Cystathionine synthetase has a relatively lowKm comparedwith normal intra-

cellular concentrations of homocysteine. It functions at a relatively constant

rate, and under normal conditions, most homocysteine will be remethylated

to methionine.
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Figure 10.9. Metabolism of methionine. Methionine adenosyltransferase, EC 2.5.1.6;
methionine synthetase, EC 2.1.1.13 (vitamin B12-dependent) and EC 2.1.1.5 (betaine
as a methyl donor); cystathionine β-synthetase, EC 4.2.1.22; and γ -cystathionase, EC
4.4.1.1.
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There are two separate homocysteine methyltransferases in most tissues.

One uses methyl-tetrahydrofolate as the methyl donor and has vitamin B12
(cobalamin; Section 10.8.1) as its prosthetic group. This enzyme is also known

asmethionine synthetase; it is theonlyhomocysteinemethyltransferase in the

central nervous system. The other enzyme utilizes betaine (an intermediate

in the catabolism of choline; Section 14.2.1) as themethyl donor and does not

require vitamin B12.

Unlike most enzymes utilizing or metabolizing tetrahydrofolate, methion-

ine synthetase has equal activity toward methyl-tetrahydrofolate mono- and

polyglutamates. As discussed in Section 10.2.2, demethylation of methyl-

tetrahydrofolate is essential for the polyglutamylation and intracellular ac-

cumulation of folate.

10.3.4.1 The Methyl Folate Trap Hypothesis The reduction of meth-

ylene-tetrahydrofolate to methyl-tetrahydrofolate is irreversible (Section

10.3.2.1), and themajor source of folate for tissues is methyl-tetrahydrofolate.

The only metabolic role of methyl-tetrahydrofolate is the methylation of

homocysteine to methionine, and this is the only way in which methyl-

tetrahydrofolate can be demethylated to yield free tetrahydrofolate in tissues.

Methionine synthetase thus provides the link between the physiological func-

tions of folate and vitamin B12.

Impairment of methionine synthetase activity, for example, in vitamin B12
deficiency or after prolonged exposure to nitrous oxide (Section 10.9.7), will

result in the accumulation ofmethyl-tetrahydrofolate. This can neither be uti-

lized for any other one-carbon transfer reactions nor demethylated to provide

free tetrahydrofolate.

Experimental animals that have been exposed to nitrous oxide to deplete

vitamin B12 show an increase in the proportion of liver folate present as

methyl-tetrahydrofolate (85% rather than the normal 45%), largely at the ex-

pense of unsubstituted tetrahydrofolate and increased urinary loss ofmethyl-

tetrahydrofolate (Horne et al., 1989). Tissue retention of folate is impaired

because methyl-tetrahydrofolate is a poor substrate for polyglutamyl-folate

synthetase, compared with unsubstituted tetrahydrofolate (Section 10.2.2.1).

As a result of this, vitamin B12 deficiency is frequently accompanied by bio-

chemical evidence of functional folate deficiency, including impaired meta-

bolism of histidine (excretion of formiminoglutamate; Section 10.3.1.2) and

impaired thymidylate synthetase activity (as shown by abnormally low dUMP

suppression; Section 10.3.3.3), although plasma concentrations of methyl-

tetrahydrofolate are normal or elevated.
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This functional deficiency of folate is exacerbated by the associated low

concentrations ofmethionine and S-adenosylmethionine, althoughmost tis-

sues (apart from the central nervous system) also have betaine-homocysteine

methyltransferase that may be adequate to maintain tissue pools of methio-

nine. Under normal conditions S-adenosyl methionine inhibits methylene-

tetrahydrofolate reductase and prevents the formation of further methyl-

tetrahydrofolate. Relief of this inhibition results in increased reduction of

one-carbon substituted tetrahydrofolates to methyl-tetrahydrofolate.

Both in vivo and with isolated tissue preparations from vitamin B12-

deficient animals, additional methionine can alleviate some of the effects on

folate metabolism, elevating the liver concentration of folate and restoring

a more normal proportion of unsubstituted tetrahydrofolate; increasing the

metabolism of histidine, thus reducing the excretion of formiminoglutamate;

reducing the excretion of formate and intermediates of purine synthesis; and

restoring normal suppression of the incorporation of [3H]TMP into DNA by

dUMP. The additionalmethionine increases the availability of S-adenosylme-

thionine, thus increasing reactivation of the residual methionine synthetase

and permitting increased demethylation of methyl-tetrahydrofolate. The in-

creased concentration of S-adenosyl methionine will also restore normal in-

hibition of methylene-tetrahydrofolate reductase.

The activity of 10-formyl-tetrahydrofolate dehydrogenase, which catalyzes

the oxidation of 10-formyl tetrahydrofolate to CO2 and tetrahydrofolate, is

reduced at times of low methionine availability as a means of conserving

valuable one-carbon fragments. Therefore, there is no sink for one-carbon

substituted tetrahydrofolate, and increasing amounts of folate are trapped as

methyl-tetrahydrofolate that cannot beusedbecause of the lack of vitaminB12
(Krebs et al., 1976).

This has been called the methyl folate trap and appears to explain many

of the similarities between the symptoms and metabolic effects of folate and

vitamin B12 deficiency, although it does not provide a completely satisfactory

explanation (Chanarin et al., 1985).

10.3.4.2 Hyperhomocysteinemia and Cardiovascular Disease Chil-

dren with homocystinuria caused by a genetic defect of cystathionine syn-

thetase suffer multiple thromboses, and if untreated commonly die in their

teens. A number of epidemiological studies during the 1990s identified mod-

erate elevation of plasma homocysteine (significantly lower than seen in ho-

mocystinuricchildren)asan independentrisk factor forcardiovasculardisease

(D’Angelo and Selhub, 1997; Selhub et al., 2000; Herrmann, 2001). As shown in

Table 10.1, homocysteine has a variety of potential atherogenic, hypertensive,
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Table 10.1 Adverse Effects of Hyperhomocysteinemia

Atherogenic
• Especially in the presence of transition metal ions, homocysteine can undergo redox
cycling → ˙O2

−, thus a possibility of oxidative damage to LDL
• May react with cysteine–SH groups and modify apolipoproteins, thus impaired uptake
by LDL receptors

Hypertensive
Reacts with ˙NO → S-nitrosohomocysteine – this reacts with O2 → homocysteine +
NO3

− + Ȯ2
−

• Generation of Ȯ2
− and loss of vasodilation action of ˙NO

Procoagulant
Inhibits or downregulates anticoagulants
• Decreases prostacyclin synthesis
• Decreases activation of protein C
• Decreases thrombomodulin expression
• Suppresses the expression of heparan sulfate
• Decreases fibrinolysis
Activates procoagulants
• Increased Factor V activity
• Increased tissue clotting factor activity
Causes desquamation of vascular endothelium and impairs regeneration
• Endothelium has anticoagulant activity
Causes proliferation of vascular smooth muscle
• Vascular smooth muscle, when exposed, has potent procoagulant activity because of
tissue clotting factor

Increases platelet coagulability and so activates platelet aggregation
Connective tissue abnormalities
Inhibition of lysyl oxidase → disturbance of collagen and elastin cross-linking
(see Section 13.3.3)

In the presence of homocysteine, fibroblasts produce excessively sulfated proteoglycans
• The product is granular rather than fibrillar
• Excessively sulfated proteoglycans will attract and bind �-amino groups of lysine

in lipoproteins

LDL, low-density lipoprotein; ˙NO, nitric oxide; SH, sulfhydryl.

andprocoagulant actions (Stamler andSlivka, 1996;Welch andLoscalzo, 1998;

Herrmann, 2001).

Deficiency of vitamins B6, B12, or folate are all associated with elevated

plasma homocysteine, with vitamin B6 deficiency as a result of impaired ac-

tivity of cystathionine synthetase (Section 9.5.5) and folate and vitamin B12
as a result of impaired activity of methionine synthetase (Section 10.3.4). In

subjects with apparently adequate intakes of vitamins B6 and B12, supple-

ments of these two vitamins have little or no effect on fasting plasma homo-

cysteine, although additional vitamin B6 reduces the plasma concentration

of homocysteine after a test dose of methionine. By contrast, supplements of
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folic aciddo reduceplasmahomocysteine inhyperhomocysteinemic subjects,

despite apparently adequate folate status (Ubbink et al., 1994; Ubbink, 1997;

Homocysteine Lowering Trialists’ Collaboration, 1998; Refsum et al., 1998).

This is presumably as a result of overcoming the effect of being homozygous

for the thermolabile variant ofmethylene-tetrahydrofolate reductase (Section

10.3.2.1). As discussed in Section 10.12, this has led tomandatory enrichment

of cerealproductswith folicacid in theUnitedStatesandsomeothercountries,

although it remains to be demonstrated whether or not there is a causative re-

lationship between hyperhomocysteinemia and cardiovascular disease, and

thereforewhether loweringhomocysteinewillhaveanybeneficial effect.There

is a stronger relationship between homocysteine and cardiovascular disease

in cross-sectional and retrospective case-control studies than in prospective

studies (Meleady and Graham, 1999).

Although, as shown in Table 10.1, there are plausible mechanisms to sug-

gest that homocysteine is a causative factor in cardiovascular disease, it is

possible that hyperhomocysteinemia is a result of the renal damage that is an

early event in cardiovascular disease, thus a proxy marker of disease rather

than a causative factor (Jacobsen, 1998; Langman and Cole, 1999; Kircher and

Sinzinger, 2000). In chronic renal failure, hyperhomocysteinemia is associ-

ated with cardiovascular disease, probably because of both impaired excre-

tion of homocysteine and impaired activity of betaine homocysteine methyl-

transferase; elevated plasma dimethylglycine predicts plasma homocysteine

(McGregor et al., 2001).

10.4 TETRAHYDROBIOPTERIN

Tetrahydrobiopterin is not a vitamin, because it can be synthesized fromGTP,

as shown in Figure 10.2 (Thony et al., 2000). It is the coenzyme for mixed-

functionoxidases:phenylalanine, tyrosine,andtryptophanhydroxylases; alkyl

glycerol monoxygenase, which catalyzes the cleavage of alkyl glycerol ethers;

and nitric oxide synthase in the formation of nitric oxide. In addition to its

coenzyme role, tetrahydrobiopterin has a direct effect on neurons, acting to

stimulate dopamine release via a cAMP-dependent protein kinase and a cal-

cium channel (Koshimura et al., 2000).

10.4.1 The Role of Tetrahydrobiopterin in Aromatic
Amino Acid Hydroxylases
Most aromatic hydroxylases are either cytochrome- or flavin-dependent

enzymes; the three enzymes that catalyze hydroxylation of the aromatic ami-

no acids phenylalanine, tyrosine, and tryptophan are apparently unique in
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Figure 10.10. Role of tetrahydrobiopterin in aromatic amino acid hydroxylases. Pheny-
lalanine hydroxylase, EC 1.14.16.1; tyrosine hydroxylase, EC 1.14.16.2; tryptophan hy-
droxylase, EC 1.14.16.4; and dihydrobiopterin reductase (dihydropteridine reductase),
EC 1.6.99.7.

utilizing tetrahydrobiopterin, which acts as a reducing substrate rather than

a coenzyme. They are monooxygenases; one atom of oxygen is incorporated

into the substrate as a hydroxyl group, and the other is reduced to water.

As shown in Figure 10.10, tetrahydrobiopterin activates molecular oxygen

by forming aperoxypterin that reactswith an ironatom in the active site, yield-

ing Fe=O that reacts with the amino acid substrate, and hydroxypterin, which

then undergoes dehydration to yield dihydrobiopterin. Dihydrobiopterin is

reduced back to tetrahydrobiopterin by dihydrobiopterin reductase; dihydro-

folate reductase (Section 10.3.3) does not have any significant activity toward

dihydrobiopterin (Fitzpatrick, 1999).

The same pool of tetrahydrobiopterin and the same dihydrobiopterin re-

ductase are involved in the central nervous system in the hydroxylation of all

threearomaticaminoacids.Classicalphenylketonuria,which involvesadefect
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of phenylalanine hydroxylase, responds well to dietary restriction of phenyl-

alanine. However, so-called malignant or atypical phenylketonuria involves

either a defect in dihydrobiopterin reductase, or a failure of biopterin bio-

synthesis. In either case, there are disturbances of phenylalanine, tyrosine,

and tryptophan metabolism, and deficits of catecholamines and 5-hydroxy-

tryptamine, as well as in dopamine release and nitric oxide formation (Sec-

tion 10.4.2) so that the neurological problem is more serious than in classical

phenylketonuria. Dietary restriction of phenylalanine has little beneficial ef-

fect,andthereseemstobe little thatcanbedoneforpatientswithdihydrofolate

reductase deficiency. For patients whose problem is an inability to synthesize

biopterin, the outlook is good because synthetic biopterin derivatives are well

utilized.

10.4.2 The Role of Tetrahydrobiopterin in Nitric Oxide Synthase
Nitric oxide (̇ NO) was discovered as the endothelium-derived relaxation fac-

tor. It is produced in the central nervous system, lungs, macrophages, and

vascular endothelial cells in response to a variety of stimuli. It initiates a cGMP

signaling cascade.

In smooth muscle, nitric oxide activates a cytosolic guanylate cyclase by

reacting with a heme-containing regulatory subunit and causing a conforma-

tional change. This results in smoothmuscle relaxation and hence vasodilata-

tion as a result of reduced intracellular calcium in response to the increased

concentration of cGMP. This role of nitric oxide in stimulating guanyl cyclase

explains the clinically useful vasodilatory action of nitroglycerine and aryl ni-

trites, which decompose in vivo to yield nitric oxide. Endothelium-derived

nitric oxide also inhibits platelet aggregation, again acting byway of activation

of guanylate cyclase.

Inthecentralnervoussystem,nitricoxideformationfromarginine is the im-

mediate response of the glutamate-activated N-methyl-d-aspartate (NMDA)

receptors. Again, it acts intercellularly, being released fromneurons andacting

on neighboring glial cells by stimulation of guanylate cyclase. These actions of

nitric oxide are transient; activated macrophages continue to produce nitric

oxide from arginine, in considerably higher concentrations, as a part of their

cytotoxic action.

As shown in Figure 10.11, the reaction catalyzed by nitric oxide synthase is

hydroxylation of arginine; N-hydroxy-arginine then decomposes to citrulline

and nitric oxide. It is unclear whether the immediate product of the enzyme

is nitric oxide itself or the nitroxyl anion NO−; the addition of superoxide dis-
mutase in vitro increases the formation of nitric oxide, but this could be the
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Figure 10.11. Reaction of nitric oxide synthase (EC 1.14.13.39).

result of either oxidation of nitroxyl to nitric oxide or the removal of superox-

ide, which reacts with nitric oxide to yield peroxynitrite (Alderton et al., 2001).

Although the enzyme requires tetrahydrobiopterin for activity, the role of

pterin is not clear. Nitric oxide synthase is a heme-containing enzyme that

reacts with a reduced flavin; by analogy with cytochrome P450-dependent

enzymes, it could catalyze the hydroxylation of arginine without requiring

a pterin cofactor. There is no evidence of cycling between tetrahydrobiopterin

and dihydrobiopterin, as in the case of the aromatic amino acid hydroxy-

lases (Section 10.4.1), although there is evidence of formation of the trihydro-

biopterin radical as an intermediate in the reduction of heme. In addition to a

possible direct role in hydroxylation of arginine, tetrahydrobiopterinmay also

act in the following ways:

1. to inhibit the formation of superoxide and hydrogen peroxide;

2. to promote formation of, and stabilize, the active dimer (the monomer

of the enzyme is inactive);

3. to be an allosteric modifier of either the arginine binding site or the

environment of the reactive heme group; and

4. to protect the enzyme against autoinactivation.

10.5 MOLYBDOPTERIN

Three human redox enzymes, and a variety of bacterial enzymes, contain

molybdenum chelated by two sulfur atoms in a modified pterin: molyb-

dopterin (see Figure 10.1). In sulfite oxidase, the other two chelation sites of

themolybdenumareoccupiedbyoxygen; in xanthineoxidase/dehydrogenase

(Section7.3.7) andaldehydeoxidase, one site is occupiedbyoxygenandoneby

sulfur. In some bacterial enzymes, molybdopterin occurs as a guanine dinu-

cleotide rather than free. In others, tungsten rather thanmolybdopterin is the

chelated metal; there is no evidence that any mammalian enzymes contain

tungsten.
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Unusually for redox reactions involving metal ions, the molybdenum un-

dergoes a two-electron reaction, cycling between MoVI and IV; however, the

enzymes also have a reactive heme and/or an iron–sulfur cluster (which is a

single-electron acceptor/donor). Thus, theremust be intermediate formation

of MoV (Kisker et al., 1997; Rajagopalan, 1997; Nishino and Okamoto, 2000).

A very small number of children have been reportedwho are unable to syn-

thesize molybdopterin; they show severe neurological abnormalities shortly

after birth and fail to survive more than a few days. As expected from the

metabolic roles of molybdopterin, they have low blood concentrations of uric

acid and sulfate, and abnormally high levels of xanthine and sulfite. The neu-

rological damage is probably caused by sulfite, because similar abnormalities

are seen in children with isolated sulfite oxidase deficiency (Reiss, 2000).

10.6 VITAMIN B12 VITAMERS AND NOMENCLATURE

The structure of vitamin B12 is shown in Figure 10.12. The corrin ring is a

tetrapyrrole with fused A to D rings; the term corrinoid is used as a generic

descriptor for cobalt-containing compounds of this general structure, which,

depending on the substituents in the pyrrole rings, may or may not have vi-

tamin activity. Cobalamins are corrinoids that have a dimethylbenzimidazole

nucleotide attached to the D ring and chelating the central cobalt atom. The

term vitamin B12 is used as a generic descriptor for the cobalamins – those

corrinoids having the biological activity of the vitamin.

A number of noncobalamin corrinoids have activity in microbiological as-

says and thus appear to be vitamin B12, although they have no vitamin activity

and may have antimetabolite activity. The commonmethod of measuring vi-

tamin B12 and that required by law in some countries (including the United

States) is a microbiological growth assay using Lactobacillus leichmanii, for

which a number of noncobalamin corrinoids are growth factors. As a result, a

number of foods that contain only noncobalamin corrinoids are nonetheless

lawfully described as containing vitamin B12 (Herbert, 1988).

As shown in Figure 10.12, four of the six chelation sites of the cobalt atom

of cobalamin are occupied by the nitrogens of the corrin ring and one by

the nitrogen of the dimethylbenzimidazole side chain. The sixth site may be

occupied by the following ligands in biologically active vitamers:

� CN− (cyanocobalamin)
� OH− (hydroxocobalamin) or H2O (aquocobalamin), depending on pH
� –CH3 (methylcobalamin)
� 5′-deoxy-5′adenosine (adenosylcobalamin)
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Figure 10.12. Vitamin B12. Four coordination sites on the central cobalt atom are occu-
pied by the nitrogen atoms of the corrin ring, and one by the nitrogen of the dimethyl-
benzimidazole nucleotide. The sixth coordination site may be occupied by: CN− cya-
nocobalamin,Mr = 1355.4;OH− hydroxocobalamin,Mr = 1346.4;H2Oaquocobalamin,
Mr = 1347.4; –CH3 methylcobalamin, Mr = 1344.4; and 5′-deoxyadenosine adenosyl-
cobalamin,Mr = 1579.6.

Sulfitocobalamin, with a sulfite ligand, occurs in some foods as a result of

processing, but is poorly absorbed.

The cobalt atom is in the Co3+ oxidation state in hydroxo-, aquo-, methyl-,

and cyanocobalamins; in the Co+ oxidation state in adenosylcobalamin; and,

transiently, in the demethylated prosthetic group of methionine synthetase

(Section 10.8.1).

Although cyanocobalamin was the first form in which vitamin B12 was iso-

lated, it is not an important naturally occurring vitamer, but rather an artifact

causedby thepresenceof cyanide in the charcoal used in the extractionproce-

dure. It ismore stable to light than theother vitamers, and is commonlyused in

pharmaceutical preparations. Photolysis of cyanocobalamin in solution leads

to the formation of aquocobalamin or hydroxocobalamin, depending on pH.
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Hydroxocobalamin is also used in pharmaceutical preparations and is bet-

ter retained after parenteral administration than is cyanocobalamin.

Small amounts of cyanocobalamin are found in the bloodstream (about 2%

of total plasma vitamin B12) apparently as part of the metabolism of cyanide

derived from food (and tobacco smoke), but not in erythrocytes or tissues.

If it is not converted to aquo- or hydroxocobalamin, cyanocobalamin may

have antivitamin action and has been implicated in the neurological damage

associatedwithchroniccyanide intoxicationseen inpartsofwestAfrica,where

the dietary staple, cassava, is rich in cyanogenic glycosides.

Themajor plasma vitamer is methylcobalamin, accounting for 60% to 80%

ofplasmavitaminB12,withupto20%asadenosylcobalaminandtheremainder

mainlyhydroxocobalamin. In tissues, themajor vitamer is adenosylcobalamin

(about 70% in liver), with about 25% as hydroxocobalamin and less than 5%

as methylcobalamin.

10.7 METABOLISM OF VITAMIN B12

Very small amounts of vitamin B12 can be absorbed by diffusion across the in-

testinalmucosa.But,undernormalconditions, this is insignificant,accounting

for less than 1% of large oral doses. Themajor route of vitamin B12 absorption

is by way of attachment to a specific binding protein in the intestinal lumen.

Thisbindingprotein is intrinsic factor, so-calledbecause in theearly studies

of pernicious anemia (Section 10.9.2), it was found that two factors were re-

quired–anextrinsicordietary factor,whichwenowknowtobevitaminB12,and

an intrinsic or endogenously produced factor. Intrinsic factor is a glycoprotein

(Mr 44,000, containing 15%carbohydrate) secretedby the gastric parietal cells,

which also secrete hydrochloric acid. The secretionof both intrinsic factor and

gastric acid is stimulated by vagus nerve stimulation, histamine, gastrin, and

insulin.

10.7.1 Digestion and Absorption of Vitamin B12
Both gastric acid and pepsin are important in vitamin B12 nutrition, serving

to release the vitamin from protein binding and to make it available. Between

10% to 15% of people aged more than 60 years show some degree of vitamin

B12 deficiency as a result of impaired absorption due to atrophic gastritis. In

the early stages, there is failure of acid secretion, resulting in failure to release

the vitamin from dietary proteins. The absorption of free crystalline vitamin

B12, as opposed to vitamin that is bound to dietary proteins, is normal. As the

condition progresses, there is also failure of the secretion of intrinsic factor.



10.7 Metabolism of Vitamin B12 301

In the stomach, vitamin B12 binds to cobalophilin, a binding protein se-

creted in the saliva. The cobalophilins are a group of antigenically related, rel-

atively unspecific, corrinoid binding proteins, formerly known as R-proteins

because of their rapid mobility, compared with other cobalamin binding pro-

teins, on electrophoresis.

In the duodenum, cobalophilin is hydrolyzed, releasing vitamin B12 for

binding to intrinsic factor. Pancreatic insufficiency can therefore be a fac-

tor in the development of vitamin B12 deficiency, because failure to hydrolyze

cobalophilin will result in the vitamin remaining bound to cobalophilin and

being excreted, rather than being transferred to intrinsic factor (Gueant et al.,

1990).

Intrinsic factor binds the various vitamin B12 vitamers with equal affinity,

but not other corrinoids. There is one vitamin B12 binding site per mole of

intrinsic factor. On binding the vitamin, the protein undergoes a conforma-

tional change, resulting in dimerization and greatly enhanced resistance to

proteolysis.

Vitamin B12 is absorbed from the distal third of the ileum by receptor-

mediated endocytosis. There are intrinsic factor–vitamin B12 binding sites on

the brush border of the mucosal cells in this region. Free intrinsic factor does

not interact with the receptors (Seetharam, 1999).

The absorption of vitamin B12 is limited by the number of intrinsic factor–

vitamin B12 binding sites in the ileal mucosa, so that not more than about 0.7

to 1.1 nmol (1 to 1.5 µg) of a single oral dose of the vitamin can be absorbed.

The absorption is also slow; peak blood concentrations of the vitamin are not

achieved for 6 to 8 hours after an oral dose.

Within the ilealmucosal cell, the vitamin is released by lysosomal proteoly-

sis of intrinsic factor, and is bound to transcobalamin II, a vitamin B12 binding

protein synthesized in the enterocytes. Transcobalamin II is in vesicles des-

tined for export from the enterocytes, and it is assumed that vitamin B12 binds

to the apoprotein in these vesicles rather than in the lysosomes, because oth-

erwise newly synthesized transcobalamin would be hydrolyzed by lysosomal

proteases (Seetharam, 1999).

10.7.2 Plasma Vitamin B12 Binding Proteins and Tissue Uptake
Vitamin B12 enters the circulation bound to transcobalamin II; there is a rel-

atively large amount of apotranscobalamin II in the circulation, and par-

enterally administered vitamin is also protein-bound. The half-life of holo-

transcobalamin II in plasma is of the order of 1.5 hours, and all cells have
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surface receptors for holotranscobalamin II. Tissue uptake is by receptor-

mediated endocytosis, followed by lysosomal proteolysis to release hydrox-

ocobalamin. Functional deficiency, despite adequate intake and absorption,

occurs in rare patients with a genetic lack of the transport protein for the re-

lease of the vitamin from lysosomes into the cytosol; they accumulate large

amounts of the vitamin in lysosomes. Endocytosis of transcobalamin-bound

vitamin B12 is byway of the same cubilin/megalin cell surface receptor system

as for plasma lipoproteins (Seetharam and Li, 2000; Moestrup and Verroust,

2001). Hydroxocobalamin may either undergo methylation to methylcobal-

amin in the cytosol, or it may enter themitochondria and undergo a two-step

reduction, catalyzed by a flavoprotein reductase, to yield Co+-cobalamin, and

reaction with ATP, catalyzed by adenosyltransferase, to form adenosylcobal-

amin and tripolyphosphate.

Although transcobalamin II is the metabolically important pool of plasma

vitamin B12, it accounts for only 10% to 15% of the total circulating vitamin.

The majority is bound to haptocorrin (also known as transcobalamin I). The

function of haptocorrin is not well understood; it has a relatively long half-life

(7 to 10 days), and does not seem to be involved in tissue uptake or intertissue

transport of the vitamin. Although genetic lack of transcobalamin II results in

severe (and fatal) vitamin B12 deficiency, genetic lack of haptocorrin seems to

have no adverse effects.

There is a third plasma vitamin B12 binding protein, transcobalamin III,

which is rapidly cleared by the liver, with a plasma half-life of the order of

5 minutes. This seems to provide a mechanism for returning vitamin B12
and its metabolites from peripheral tissues to the liver, as well as for clear-

ance of other corrinoids without vitamin activity, whichmay arise either from

foods or the products of intestinal bacterial action and be absorbed passively

from the lower gut. These corrinoids are then secreted into the bile, bound to

cobalophilins.

Considerablymore intrinsic factor is secreted than isneeded for thebinding

andabsorptionofdietaryvitaminB12,which requiresonlyabout1%of the total

intrinsic factor available. There is a considerable enterohepatic circulation of

vitamin B12, variously estimated as between 1 to 9 µg per day, about the same

as the dietary intake. Like dietary vitamin B12 bound to salivary cobalophilin,

the biliary cobalophilins are hydrolyzed in the duodenum, and the vitamin

released binds to intrinsic factor, thus permitting reabsorption in the ileum.

Whereas cobalophilins and transcorrin III have low specificity, and will bind

a variety of corrinoids, intrinsic factor only binds cobalamins, and only the

biologically active vitamin will be reabsorbed to any significant extent.
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Estimates of requirements based on parenteral administration to subjects

with pernicious anemia as a result of the lack of intrinsic factor (Section 10.9.2)

are almost certainly erroneously high for subjects with normal enterohepatic

circulation of the vitamin; in pernicious anemia, the biliary vitamin B12 will

not be reabsorbed to any significant extent, and requirements will therefore

be considerably higher than normal.

10.7.3 Bacterial Biosynthesis of Vitamin B12
Vitamin B12 is synthesized only by bacteria and possibly some algae. There are

no plant sources of the vitamin, and no plant enzymes are known to require

vitamin B12 as a coenzyme. A number of reports have suggested that vitamin

B12 occurs in some algae, but thismay be the result of bacterial contamination

of the water in which they were grown. Nori, made from the edible seaweed

Porphyra tenera, has been reported to contain biologically active cobalamin

when it is fresh; but, on drying, there is a considerable loss of the vitamin as a

result of the formation of inactive corrinoids (Yamada et al., 1999).

The precursor for vitamin B12 synthesis is uroporphyrinogen III, the com-

mon precursor for all porphyrins, including heme and chlorophyll. Uropor-

phyrinogen III is synthesized by condensation between succinyl coenzyme A

(CoA) and glycine to yield δ-aminolevulinic acid. Two molecules of δ-amino-

levulinic acid then condense to form the pyrrole phorphobilinogen, and four

molecules of porphobilinogen condense to yield uroporphobilinogen III.

UroporphobilinogenIII thenundergoes the followingsequenceof reactions

(Raux et al., 2000; Roessner et al., 2001):

1. successive methylations, in which S-adenosyl methionine is the methyl

donor;

2. excision of C-20 to give the direct fused link between the A andDpyrrole

rings;

3. insertion of the central cobalt atom;

4. attachment of 5′-deoxyadenosine to the cobalt atom, yielding cobyrinic

acid;

5. amidation of the acidic side chains to yield cobinamide; and

6. attachment of the dimethylbenzimidazole nucleotide, which is either

formed from riboflavin, or synthesized by a similar pathway to that of

riboflavin synthesis (see Figure 7.3), yielding adenosylcobalamin.

10.8 METABOLIC FUNCTIONS OF VITAMIN B12

In microorganisms, vitamin B12 is involved in a variety of reactions, includ-

ing methyl transfer; the reduction of carbon dioxide to methane, a number
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of isomerase, mutase, and aminomutase reactions (1,2-migration reactions),

diol dehydrogenase, ethanolamine ammonia-lyase, and in some organisms

ribonucleotide reductase, which catalyzes the formation of deoxyribonu-

cleotides from ribonucleotides. In eukaryotes, this reaction is catalyzed by

an iron-containing enzyme.

Inmammals, there areonly three vitaminB12-dependent enzymes:methio-

nine synthetase, methylmalonyl CoA mutase, and leucine aminomutase. The

enzymes use different coenzymes: methionine synthetase uses methylcobal-

amin, and cobalt undergoes oxidation during the reaction; methylmalonyl

CoA mutase and leucine aminomutase use adenosylcobalamin and catalyze

the formation of a 5′-deoxyadenosyl radical as the catalytic intermediate.

In addition, vitamin B12 has a role in the metabolism of cyanide, forming

cyanocobalamin. This prevents the binding of cyanide to cytochrome oxidase

and permits (relatively slow) metabolism to yield thiocyanate.

10.8.1 Methionine Synthetase
As shown in Figure 10.9, the overall reaction of methionine synthetase is the

transfer of the methyl group from methyl-tetrahydrofolate to homocysteine.

However, the enzyme also requires S-adenosyl methionine and a flavoprotein

reducing system in addition to the cobalamin prosthetic group. A common

polymorphism of methionine synthetase, in which aspartate919 is replaced

by glycine, is associated with elevated plasma homocysteine in some cases,

although it is less important thanmethylene-tetrahydrofolate reductase poly-

morphisms (Section 10.3.2.1; Harmon et al., 1999).

Cobalt accepts a methyl group from methyl-tetrahydrofolate, forming

methyl Co3+-cobalamin. Transfer of the methyl group onto homocysteine re-

sults in the formation of Co+-cobalamin, which can accept a methyl group

from methyl-tetrahydrofolate to reform methyl Co3+-cobalamin. However,

except under strictly anaerobic conditions, demethylated Co+-cobalamin is

susceptible to oxidation to Co2+-cobalamin, which is catalytically inactive.

Reactivation of the enzyme requires reductive methylation, with S-adenosyl

methionine as the methyl donor, and a flavoprotein linked to NADPH. For

this reductive reactivation to occur, the dimethylbenzimidazole group of the

coenzyme must be displaced from the cobalt atom by a histidine residue in

the enzyme (Ludwig andMatthews, 1997).

Methionine synthetase also catalyzes the reduction of nitrous oxide to ni-

trogen and in so doing generates a hydroxyl radical that results in irreversible

inactivation of the enzyme (Frasca et al., 1986). Inactivation of methionine

synthetase by nitrous oxide has been used as an acute model of vitamin B12
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Figure 10.13. Reactions of propionyl CoA carboxylase (EC 6.4.1.3) and methylmalonyl
CoAmutase (EC 5.4.99.2).

deficiency inexperimentalanimals, andchronicexposure tonitrousoxidemay

cause vitamin B12 deficiency in human beings (Section 10.9.7).

10.8.2 Methylmalonyl CoA Mutase
Methylmalonyl CoA arises directly as an intermediate in the catabolism of

valine, and is formed by the carboxylation of propionyl CoA arising in the

catabolism of isoleucine, cholesterol, and fatty acids with an odd number

of carbon atoms. Normally, as shown in Figure 10.13, it undergoes an adeno-

sylcobalamin-dependentrearrangementtosuccinylCoA,catalyzedbymethyl-

malonyl CoA mutase. In vitamin B12 deficiency, the activity of this enzyme is

greatly reduced, although there is induction of the apoenzyme to some 1.5- to

5-fold above that seen in control animals.

The sequence of the methylmalonyl CoA mutase reaction is as follows

(Ludwig andMatthews, 1997; Frey, 2001):

1. Cleavage of the Co–C bond to the deoxyadenosyl group, with the prob-

able formation of a 5′-deoxyadenosyl radical.
2. Removal of hydrogen from the substrate by the 5′-deoxyadenosyl radi-

cal, generating a substrate radical. It is not clear whether the dehydro-

genation of the substrate occurs simultaneously with the cleavage of

the Co–C bond or whether the 5′-deoxyadenosyl radical catalyzes this
step.
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3. Rearrangement of the substrate radical to give the product radical. It is

not clear whether there is intermediate transfer of the carboxyl group of

thesubstrateontothecobaltof thecoenzymeordirectcarbon-to-carbon

transfer in the substrate radical.

4. Removal of hydrogen from the deoxyadenosine by the product radical,

forming the product and the 5’-deoxyadenosine radical.

5. Reformation of the C–Co bond of the intact coenzyme by reaction be-

tween the 5′-deoxyadenosine radical and the central cobalt atom.

As a result of the reduced activity of the mutase in vitamin B12 deficiency,

there is an accumulation of methylmalonyl CoA, some of which is hydrolyzed

to yield methylmalonic acid, which is excreted in the urine. As discussed in

Section 10.10.3, this can be exploited as a means of assessing vitamin B12 nu-

tritional status. Theremay also be some generalmetabolic acidosis, which has

been attributed to depletion of CoA because of the accumulation of methyl-

malonyl CoA. However, vitamin B12 deficiency seems to result in increased

synthesisofCoA tomaintainnormalpoolsofmetabolicallyuseable coenzyme.

Unlike coenzymeA and acetyl CoA, neithermethylmalonyl CoAnor propionyl

CoA (which also accumulates in vitamin B12 deficiency) inhibits pantothenate

kinase (Section 12.2.1). Thus, as CoA is sequestered in these metabolic inter-

mediates, there is relief of feedback inhibition of its de novo synthesis. At the

same time, CoA may be spared by the formation of short-chain fatty acyl car-

nitine derivatives (Section 14.1.1), which are excreted in increased amounts in

vitamin B12 deficiency. In vitamin B12-deficient rats, the urinary excretion of

acyl carnitine increases from 10 to 11 nmol per day to 120 nmol per day (Brass

et al., 1990).

Methylmalonyl CoA inhibits the synthesis of fatty acids from acetyl CoA at

concentrations of the order of those found in tissues of vitamin B12-deficient

animals. It is a substrate for fatty acid synthetase, leading to the formation of

branched-chain and odd-carbon fatty acids.

Propionyl CoA inhibits N-acetylglutamate synthetase competitively with

respect to acetyl CoA, forming N-propionylglutamate and reducing the syn-

thesis of N-acetylglutamate. This is an obligatory activator of carbamyl phos-

phate synthetase, the first enzyme of urea synthesis. Vitamin B12 deficiency

may result in some degree of protein intolerance and hyperammonemia.

10.8.3 Leucine Aminomutase
Leucine aminomutase catalyzes isomerization of leucine and β-leucine. As

with methylmalonyl CoA mutase, the reaction involves cleavage of the Co–C
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bondto formthe5′-deoxyadenosyl radical,whichthenremoveshydrogenfrom

theβ-carbonof leucine (or theα-carbonofβ-leucine), followedbymigrationof

the amino group and attack by the product radical on deoxyadenosine. In ad-

dition to adenosylcobalamin, the reaction is pyridoxal phosphate-dependent

(Section 9.3.1); presumably, migration of the amino group involves interme-

diate formation of pyridoxamine phosphate.

Poston (1984) showed that, in isolated rat tissues, about 5% of the catabolic

flux of leucine was by way of aminomutase action to yield β-leucine, and

then isobutyryl CoA, with the remainder provided by the more conven-

tional α-transamination pathway leading to the formation of isovaleryl CoA.

In patients suffering from vitamin B12 deficiency, there is an elevation of

plasma β-leucine, suggesting that the aminomutase may act to metabolize

β-leucine arising from intestinal bacteria, rather than as a pathway for leucine

catabolism.

10.9 DEFICIENCY OF FOLIC ACID AND VITAMIN B12

Deficiencyof either folic acidor vitaminB12 results in a clinically similarmega-

loblastic anemia; because of the neurological damage that accompanies the

megaloblastic anemia of vitamin B12 deficiency, the condition is generally

known as pernicious anemia. Suboptimal folate status is also associated with

increased incidence of neural tube defects (Section 10.9.4), hyperhomocys-

teinemia leading to increased risk of cardiovascular disease (Section 10.3.4.2),

andundermethylationofDNAleadingto increasedcancer risk (Section10.9.5).

Both vitamin B12 and folate deficiencies are associated with psychiatric ill-

ness. Folatedeficiency ismost commonly associatedwithdepression,whereas

cognitive impairment and dementia are seen in about 25% of patients with

either deficiency (Bottiglieri, 1996; Green and Miller, 1999). Herbert (1962)

noted insomnia, forgetfulness, and irritability during the development of self-

imposed folate deficiency, which responded well to the administration of the

vitamin.

Folate deficiency is relatively common; 8% to 10% of the population of

developed countries have low or marginal folate stores. By contrast, dietary

deficiency of vitamin B12 is rare, and deficiency is most often the result of

impaired absorption (Section 10.7.1).

Dietary deficiency of vitamin B12 does occur, rarely, in strict vegetarians,

because there are no plant foods that are sources of vitamin B12. The small

amounts thathavebeen reported in someplants andalgaearealmost certainly

from bacterial contamination.
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10.9.1 Megaloblastic Anemia
Deficiency of either folic acid or vitamin B12 results inmegaloblastic anemia –

the release into circulation of immature erythrocytes because of failure of the

normal process of maturation in the bone marrow (Wickramasinghe, 1995,

1999). There may also be low white cell and platelet counts, as well as in-

creased numbers of hypersegmented neutrophils. Iron deficiency may mask

the megaloblastic anemia.

The cause ofmegaloblastosis is depressed DNA synthesis, as a result of im-

pairedmethylation of dCDP to TDP, catalyzed by thymidylate synthetase, but

more or less normal synthesis of RNA. As discussed in Section 10.3.3, thymidy-

late synthetase uses methylene tetrahydrofolate as the methyl donor; it is ob-

vious that folic acid deficiency will result in impaired thymidylate synthesis. It

is less easy to see how vitamin B12 deficiency results in impaired thymidylate

synthesiswithout invoking themethyl folate traphypothesis (Section10.3.4.1).

The main circulating form of folic acid is methyl-tetrahydrofolate; before this

can be used for other reactions in tissues, itmust be demethylated to yield free

folic acid. The only reaction that achieves this is the reaction of methionine

synthetase (Section 10.8.1). Thus, vitaminB12 deficiency results in a functional

deficiency of folate.

The megaloblastic response to vitamin B12 deficiency seems to be unique

to humanbeings; deficient animals developneuropathy, but have unimpaired

hemopoeisis. It may be that human beings are more reliant on the de novo

synthesis of TMP and less able to salvage it from DNA breakdown than other

species. The normal suppression of the incorporation of [3H]thymidine into

DNA by added dUMP (Section 10.3.3.3) is less than 3% in the fruit bat, 23% in

the rat, and 65% in humans.

10.9.2 Pernicious Anemia
Pernicious anemia is the megaloblastic anemia due specifically to vitamin

B12 deficiency, in which there is also spinal cord degeneration and peripheral

neuropathy. It is a disease of later life. Only about 10% of patients are under

age 40; by the age of 60, about 1% of the population is affected, rising to 2%

to 5% of people over age 65, as a result of atrophic gastritis and thus impaired

absorption of vitamin B12 (Section 10.7.1).

Early studies suggested that folate supplements exacerbate or hasten the

development of the neurological damage in vitamin B12 deficiency. There is

little evidence that this is so, but high intakes of folatewill prevent thedevelop-

ment of megaloblastic anemia in vitamin B12 deficiency. In up to one-third of
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patients, the neurological signs appearwithout development ofmegaloblastic

anemia (Dickinson, 1995).

Failure of intrinsic factor secretion is commonly a result of autoimmune

disease; 90% of patients with pernicious anemia have complement-fixing an-

tibodies in the cytosol of the gastric parietal cells. Similar autoantibodies are

found in 30% of the relatives of pernicious anemia patients, suggesting that

there is a genetic basis for the condition.

About 70% of patients also have antiintrinsic factor antibodies in plasma,

saliva,andgastric juice.Thesecanbeeitherblockingantibodies,whichprevent

thebindingof vitaminB12 to intrinsic factor, orprecipitating antibodies,which

precipitate both free intrinsic factor and intrinsic factor–vitamin B12 complex.

Some patients have both types of antiintrinsic factor antibody. Although the

oral administration of partially purified preparations of intrinsic factor will

restore theabsorptionof vitaminB12 inmanypatientswithperniciousanemia,

thiscaneventually result in theproductionofantiintrinsic factorantibodies, so

parenteral administration of vitamin B12 is the preferredmeans of treatment.

For patients who secrete antiintrinsic factor antibodies in the saliva or gas-

tric juice, oral intrinsic factor will be of no benefit.

10.9.3 Neurological Degeneration in Vitamin B12 Deficiency
Vitamin B12 deficiency is accompanied by neurological degeneration in about

two-thirds of cases – either peripheral neuropathy or subacute combined de-

generation of the spinal cord. Folic acid deficiency is only rarely associated

with similar neurological damage.

Subacute combined degeneration of the spinal cord is from demyelination

of the corticospinal tracts and posterior columns of the spinal cord, leading

to gait ataxia and loss of position sense and vibratory sense. Peripheral neu-

ropathy leads to loss of cutaneous sensation and tendon reflexes (Savage and

Lindenbaum, 1995).

Demyelination is because of failure of the methylation of arginine107 of

myelin basic protein. The nervous system is especially vulnerable to depletion

of S-adenosylmethionine in vitamin B12 deficiency because, unlike other tis-

sues, it contains onlymethionine synthetase, which is vitamin B12-dependent

and not vitamin B12-independent homocysteine methyltransferase that uses

betaine as the methyl donor (Section 10.3.4; Weir and Scott, 1995).

Vitamin B12 deficiency is associated with increased synthesis of tumor

necrosis factor-α and decreased synthesis of epidermal growth factor in the

spinal cord; in experimental animals, injection of tumor necrosis factor-α
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causes spinal cord lesions. The role of vitamin B12 is unclear, but there is some

evidence that methylcobalamin has a role in regulation of the expression of

cytokine genes in nerve tissue (Buccellato et al., 1999; Scalabrino et al., 2000;

Peracchi et al., 2001).

Although the accumulation of methylmalonic acid can lead to increased

synthesisofodd-carbonandbranched-chainfattyacids(Section10.8.2),which

might become incorporated into myelin lipids, this does not seem to be re-

sponsible for neuropathy.Methylmalonic aciduria can also occur without any

evidence of vitamin B12 deficiency, as a result of a genetic defect of either

methylmalonyl CoA mutase or the synthesis of adenosylcobalamin. In some

cases, the condition is a vitamin dependency syndrome and responds to very

high intakes of vitamin B12. Although patients show mental retardation, fail-

ure to thrive, intermittent hypo- or hyperglycemia, and protein intolerance,

theydonotdevelopeithermegaloblasticanemiaorneurologicaldegeneration.

Similarly, in the rare condition of combinedmethylmalonic aciduria with ho-

mocystinuria, caused by a failure of the synthesis of both adenosylmethionine

andmethylcobalamin, although there is megaloblastic anemia with failure to

thrive and mental retardation, there is no evidence of neurological degenera-

tion. This suggests that neither the accumulation of methylmalonyl CoA and

methylmalonic acid nor the formation of odd-carbon and branched-chain

fatty acids has any significant effect on myelin synthesis.

10.9.4 Folate Deficiency and Neural Tube Defects
The development of the brain and spinal cord begins around day 18 of ges-

tation, with growth of the neural crest that folds and fuses to form the neural

tube;closurebeginsaboutday21and iscompletebyday24–before thewoman

knows she is pregnant. The closed neural tube stimulates the development of

the bony structures thatwill become the spinal cord and skull. Bone formation

does not occur over unclosed regions of the neural tube, and this leads to the

congenital defects that are collectively known as neural tube defects – anen-

cephaly and spina bifida, which affect between 0.5 to 8 per 1,000 live births,

depending on a variety of genetic and environmental factors.

Neural tubedefects are seen in3%to6%of fetuses that abort spontaneously

during thefirst trimester;manyof these are fromchromosomal abnormalities,

whereasamonginfantsbornwithneural tubedefectschromosomalabnormal-

ities are rare. Siblings are at a 10-fold greater risk of giving birth to infants with

neural tube defects than are unrelated women from the same region; thus,

there is a clear genetic factor. However, migration from areas with a high inci-

dence to thosewith a low incidence reduces the number of neural tube defects
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in infants of women genetically at risk, so there are also environmental factors

involved.

A number of observational studies suggested that low folate status was a

factor in the etiology of neural tube defects, and in 1991 an intervention study

(MRCVitamin StudyResearchGroup, 1991) showed that supplements of 4,000

µg per day of folic acid begunbefore conception considerably reduced the risk

of recurrenceofneural tubedefects inwomenwhohadhadaprevious affected

pregnancy. Later studies showed thatmoremodest supplements of 400µg per

day of folic acid, again begun preconceptually, halve the incidence of neural

tube defects among women who are not at high risk (Department of Health,

2000).

It is unlikely that an increase in folate intake equivalent to 400 µg of free

folic acid per day could be achieved from unfortified foods. Women who are

planningapregnancyare advised to take supplements. Asdiscussed inSection

10.12, enrichment of cereal productswith folic acid is nowmandatory in some

countries, mainly to reduce the incidence of neural tube defects.

A number of mechanisms have been proposed to account for the role of

folate in the development of neural tube defects (Moyers and Bailey, 2001):

1. Reduced synthesis of purines and pyrimidines as a result of folate de-

ficiency may lead to a general impairment of DNA replication and cell

division in the developing fetus.

2. Reduced synthesis of thymidine (Section 10.3.3) may lead to incorpora-

tion of uracil into DNA, thus leading to genomic instability.

3. Hyperhomocysteinemia (Section 10.3.4.2) may cause vascular impair-

ment leading to ischemia and hypoxia.

4. Homocysteineor itsmetabolitehomocysteic acidmayhaveadirectneu-

rotoxic effect in the developing neural tube; both bind to theN-methyl-

d-aspartate subtype of glutamate receptor.

5. A wide variety of methylation reactions, including developmentally

important methylation of DNA, may be inhibited by S-adenosylhomo-

cysteine, which accumulates because homocysteine is a product in-

hibitor of S-adenosylhomocysteine hydrolase.

10.9.5 Folate Deficiency and Cancer Risk
Epidemiological studies suggest that suboptimal folate status is associated

with an increased risk of colorectal and other cancers. It is difficult to de-

termine the importance of folate per se, because the dietary sources of folate

(mainlygreenleafyvegetables)arealsosourcesofavarietyofothercompounds
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that have potentially protective effects against the development of cancer, in-

cluding carotenoids (Section 2.5.2.3), vitamin C (Section 13.4.7) and vitamin E

(Section 4.6.2.1), allyl sulfur compounds (Section 14.7.1), glucosinolates (Sec-

tion 14.7.3), and flavonoids (Section 14.7.2).

There is, however, evidence that folate deficiency leads to impaired site-

specific methylation of DNA, which is a factor in oncogenesis. About 4% of

the total cytosines in DNA are methylated to 5-methylcytosine. Most of these

are in palindromic regions of DNA that are promoters, leading to altered gene

expression; methylation is important in the silencing of genes during devel-

opment and tissue differentiation, and under-methylation may well result in

dedifferentiation (Choi and Mason, 2000; Goodman and Watson, 2002; van

den Veyver, 2002).

10.9.6 Drug-Induced Folate Deficiency
As discussed in Section 10.3.3.1, a number of folate antimetabolites are used

clinically, as cancer chemotherapy (e.g., methotrexate), and as antibacte-

rial (trimethoprim) and antimalarial (pyrimethamine) agents. Although drugs

such as trimethoprim and pyrimethamine owe much of their clinical useful-

ness to considerably higher affinity of the dihydrofolate reductase of the target

organism than the human enzyme, their prolonged use can result in (iatro-

genic) folate deficiency.

A number of the older antiepileptic drugs – including diphenylhydantoin

(phenytoin), phenobarbital, and primidone – can also cause folate deficiency.

Although overt megaloblastic anemia affects only 0.75% of treated epileptics,

there is some degree of macrocytosis in 40%. The megaloblastosis responds

to folic acid supplements; but, in about 50% of patients treated with rela-

tively large folate supplements for 1 to 3 years, there is an increase in the fre-

quencyoffits (Reynolds,1967).Theconcentrationof folate inthecerebrospinal

fluid is normally two- to three-fold higher than in plasma; in epileptics taking

diphenylhydantoin, the cerebrospinal fluid and plasma concentrations of fo-

late are approximately equal, suggesting that the mechanism of action of the

anticonvulsants may involve folate antagonism.

The mechanism of this drug-induced folic acid deficiency is not clear, al-

though a number of effects have been reported:

1. Diphenylhydantoin and other anticonvulsants impair the intestinal ab-

sorption of folates. This may be by inhibition of intestinal conjugase;

however, the evidence from various studies is conflicting.

2. Diphenylhydantoin causes an increased rate of catabolism of folate and

increased excretion of folate metabolites (Kelly et al., 1979).
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3. Chronic therapy of experimental animals with primidone depletes liver

folate pentaglutamates, suggesting inhibition of folate polyglutamate

synthetase (Carl et al., 1987). Thiswouldbe expected to lead to increased

excretion of folate metabolites.

4. Administration of diphenylhydantoin leads to decreased activity of

methylene tetrahydrofolate reductase and an increased rate of oxida-

tionof formyl tetrahydrofolate (increasedoxidationof formateandhisti-

dine),witha fall inmethylene- andmethyl-tetrahydrofolate – the reverse

of the effect of the methyl folate trap (Billings, 1984a, 1984b).

More modern anticonvulsants, such as valproic acid and carbamazepine,

do not inhibit folate metabolism directly, and are not associated with mega-

loblastic anemia, although they are associated with increased risk of neural

tube defects. They inhibit the glycine cleavage system (Section 10.3.1.1) and

hence both reduce the pool of one-carbon substituted folates and also cause

hyperglycinemia (Mortensen et al., 1980).

10.9.7 Drug-Induced Vitamin B12 Deficiency
ItwasnotedinSection10.8.1 thatnitrousoxidecauses inhibitionofmethionine

synthetase, as a result of irreversible oxidation of the cobalt of methylcobal-

amin. Patients with hitherto undiagnosed vitamin B12 deficiency can develop

neurological signs after surgery when nitrous oxide is used as the anesthetic

agent. There are a number of reports of neurological damage because of vi-

tamin B12 depletion among people occupationally exposed to nitrous oxide

(especially dental surgeons).

ThehistamineH2 receptor antagonists andprotonpump inhibitors used to

treat gastriculcers andgastroesophageal refluxactby reducing the secretionof

gastric acid considerably. Prolonged use will result in impairment of protein-

bound vitamin B12 absorption. A number of studies have shown that even

prolonged use of these drugs does not lead to significant depletion of vitamin

B12 reserves.

10.10 ASSESSMENT OF FOLATE AND VITAMIN B12

NUTRITIONAL STATUS

Anumber ofmethods have beendeveloped to permit assessment of folate and

vitaminB12 nutritional status and to differentiate betweendeficiency of the vi-

tamins as a cause ofmegaloblastic anemia. Obviously, detection of antibodies

to intrinsic factor or gastric parietal cells will confirm autoimmune pernicious

anemia rather than nutritional deficiency of either vitamin.
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In addition to the methods described here, measurement of urinary ac-

etamidop-aminobenzoyl glutamatewill reflect folate turnover (Section10.2.3)

and incorporation of uracil, instead of thymidine into the DNA in leukocytes

or lymphocytes may provide a sensitive index of folate status.

10.10.1 Plasma and Erythrocyte Concentrations
of Folate and Vitamin B12
Measurement of plasma concentrations of the two vitamins is probably the

method of choice, and a number of simple and reliable radioligand binding

assays have been developed, some of which permit simultaneous determina-

tionofbothvitamins.Nevertheless, thereareanumberofproblems involved in

radioligandbinding assays, especially for folate. In somecenters,microbiolog-

ical determinationof plasmaorwhole blood folates is thepreferred technique.

The ligand binding assays that are normally used to determine erythrocyte fo-

late are specific for 5-methyl-folate. They may not detect formyl-folates that

are present in significant amounts in erythrocytes from people who are ho-

mozygous for the thermolabile variant of methylene-tetrahydrofolate reduc-

tase (Bagley and Selhub, 1998). Radioligand binding assays for vitamin B12
may give falsely high values if the binding protein is cobalophilin, which binds

a number of metabolically inactive corrinoids, as well as cobalamins. More

precise determination of true vitamin B12 comes from assays in which the

binding protein is purified intrinsic factor, although thismay still detect some

corrinoids without vitamin activity.

Erythrocytesaccumulateaconsiderablyhigherconcentrationof folate than

is present in plasma (Section 10.2.2). Folate is incorporated into erythrocytes

during erythropoeisis and does not enter the cells in the circulation to any

significant extent. Therefore, erythrocyte folate is generally considered to give

an indication of folate status over 1 to 3 months (the life span of erythrocytes

in the circulation is 120 days) and not to be subject to variations in recent

intake, as is the plasma concentration ofmost vitamins. However, folate binds

to deoxyhemoglobin considerably more tightly than to oxyhemoglobin, and

the degree of oxygenation of hemoglobin in vitro, in the sample being used for

assay, will affect the amount of folate that is free in solution and accessible for

determination. This means that, without standardization of assay conditions,

it is difficult to compare the results of erythrocyte folate determinations from

different laboratories (Wright et al., 1998).

A serum concentration of vitamin B12 below 110 pmol per L is associated

withmegaloblasticbonemarrow, incipientanemia,andmyelindamage.Below



10.10 Assessment of Folate and Vitamin B12 Nutritional Status 315

Table 10.2 Indices of Folate and Vitamin B12 Nutritional Status

Reference Range Deficiency

nmol/L �g/L nmol/L �g/L

Serum folate 9.8–16.2 4.4–7.2 <6.8 <3
Erythrocyte folate 420–620 185–270 <320 <140
Whole blood vitamin B12 0.22–0.65 0.29–0.87 — —
Serum vitamin B12 0.14–0.52 0.19–0.69 <0.075 <0.10
Erythrocyte vitamin B12 0.06–0.21 0.08–0.28 — —
Transcorrin II bound vitamin B12 — — <0.15 <0.22
Mean cell volume — >100 fL
Serum methylmalonic acid — >1 �mol/L
Serum homocysteine — >20 �mol/L
Urine FIGLU more than 8 h after — >50 �g /mL
histidine load

Excretion of radiolabeled vitamin B12 16–45% <5%
(Schilling test)

Sources: From data reported by Herbert, 1987a,1987b; van den Berg, 1993; Bailey
and Gregory, 1999.

150 pmol per L, there are early bone marrow changes, abnormalities of the

dUMP suppression test (Section 10.10.5), and methylmalonic aciduria after a

valine load (Section 10.10.3). As shown in Table 10.2, this is considered to be

the lower limit of adequacy.

Serum folate below 7 nmol per L or erythrocyte folate below 320 nmol per L

indicates negative folate balance and early depletion of body reserves. At this

stage, the first bone marrow changes are detectable.

About30%ofvitaminB12-deficientsubjectshaveelevatedserumfolate.This

is mainlymethyl-tetrahydrofolate, the result of themethyl folate trap (Section

10.3.4.1). About one-third of folate-deficient subjects have low serum vitamin

B12; the reason for this is not clear, but it responds to the administration of

folate supplements.

10.10.2 The Schilling Test for Vitamin B12 Absorption
The absorption of vitamin B12 can be determined by the Schilling test. An oral

dose of [57Co] or [58Co]vitamin B12 is given with a parenteral flushing dose of

1 mg of nonradioactive vitamin, and the urinary excretion of radioactivity is

followedasan indexof absorptionof theoralmaterial.Normal subjects excrete

16%to45%of theradioactivityover24hours,whereaspatients lacking intrinsic

factor or with antiintrinsic factor antibodies excrete less than 5%.
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The test can be repeated, giving intrinsic factor orally together with the

radioactive vitamin B12 – if the impaired absorption was because of a simple

lack of intrinsic factor, and not to antiintrinsic factor antibodies in saliva or

gastric juice, then a normal amount of the radioactive material should be

absorbed and excreted.

Amodified technique permits determination of the absorption in the pres-

ence and absence of exogenous intrinsic factor at the same time, by giving in-

trinsic factor–[57Co]vitamin B12 complex and free [58Co]vitamin B12 together,

and measuring the relative amounts of each isotope excreted in the urine.

Atrophic gastritis will cause decreased secretion of gastric acid before there

is any impairment of intrinsic factor secretion. This means that the absorp-

tion of crystalline vitamin B12, as used in the Schilling test, is normal but the

absorption of protein-bound vitamin B12 from foodswill be impaired (Section

10.7.1), and the Schilling test will give a false-negative result.

10.10.3 Methylmalonic Aciduria and Methylmalonic Acidemia
As discussed in Section 10.8.2, moderate vitamin B12 deficiency results in in-

creased accumulation of methylmalonyl CoA, and methylmalonic aciduria

and methylmalonic acidemia. This can be exploited as both a means of de-

tecting subclinical deficiency and monitoring vitamin B12 status in patients

with pernicious anemia who have been treated with parenteral vitamin. As

they become depleted, the excretion of methylmalonic acid, especially after a

loading dose of valine, will provide a sensitive index of depletion of vitamin

B12 reserves.

Methylmalonyl CoA mutase is especially sensitive to vitamin B12 deple-

tion, so methylmalonic aciduria is the most sensitive index of vitamin B12
status. Folate deficiency does not causemethylmalonic aciduria. However, up

to 25%of patientswith confirmedpernicious anemia excrete normal amounts

of methylmalonic acid, even after a loading dose of valine (Chanarin et al.,

1973).

10.10.4 Histidine Metabolism – the FIGLU Test
The ability to metabolize a test dose of histidine provides a sensitive func-

tional test of folate nutritional status; as shown in Figure 10.6, formiminoglu-

tamate (FIGLU) is an intermediate in histidine catabolism and is metabolized

by the tetrahydrofolate-dependent enzyme FIGLU formiminotransferase. In

folate deficiency, the activity of this enzyme is impaired, and FIGLU accumu-

lates and is excreted in the urine, especially after a test dose of histidine – the

FIGLU test.
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Although the FIGLU test depends on folate nutritional status, the meta-

bolism of histidine will also be impaired and a positive result obtained, in

vitamin B12 deficiency, because of the secondary deficiency of folate (Section

10.3.4.1). About 60% of vitamin B12-deficient subjects show increased FIGLU

excretion after a histidine load.

In experimental animals and with isolated tissue preparations and organ

cultures, the test can be refined by measuring the production of 14CO2 from

[14C]histidine in the presence and absence of added methionine. If the im-

pairment of histidine metabolism is the result of primary folate deficiency,

the addition of methionine will have no effect. By contrast, if the problem is

trapping of folate as methyl-tetrahydrofolate, the addition of methionine will

restore normal histidine oxidation as a result of restoring the inhibition of

methylene-tetrahydrofolate reductase by S-adenosylmethionine and restor-

ing the activity of 10-formyl-tetrahydrofolate dehydrogenase, thus permitting

more normal folate metabolism (Section 10.3.4.1).

10.10.5 The dUMP Suppression Test
The ability of deoxyuridine to suppress the incorporation of [3H]thymidine

into DNA in rapidly dividing cells (Section 10.3.3.3) can also be used to give

an index of functional folate nutritional status. Bone marrow biopsy samples

provide the best source, and this has been generally a research tool rather than

a screening test; however, transformed lymphocytes can also be used. The

dUMP suppression test is probably the most sensitive index of folate deple-

tion; abnormalities are apparent within 5 weeks of initiating folate depriva-

tion, whereas detectably high urinary FIGLU occurs only after 13 weeks de-

pletion, and bonemarrow is overtly megaloblastic at 19 weeks (Herbert, 1962,

1987a).

Cells that have been preincubated with deoxyuridine, then exposed to

[3H]thymidine, incorporate little or none of the labeled material into DNA.

This is because of both dilution of the labeled material in the larger intracel-

lular pool of newly synthesized TMP and also inhibition of thymidylate kinase

by thymidine triphosphate.

In normal cells, the incorporation of [3H]thymidine into DNA after prein-

cubation with dUMP is 1.4% to 1.8% of that without preincubation. By con-

trast, cells that are deficient in folate form little or no thymidine from dUMP,

and incorporate nearly as much of the [3H]thymidine after incubation with

dUMP as they do without preincubation.

Again, either a primary deficiency of folic acid or functional deficiency sec-

ondary to vitamin B12 deficiencywill have the same effect. In folate deficiency,
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addition of any biologically active form of folate, but not vitamin B12, will nor-

malize the dUMP suppression of [3H]thymidine incorporation. In vitamin B12
deficiency, the addition of vitamin B12 or methylene-tetrahydrofolate, but not

methyl-tetrahydrofolate, will normalize dUMP suppression (Killman, 1964;

Pelliniemi and Beck, 1980).

10.11 FOLATE AND VITAMIN B12 REQUIREMENTS

AND REFERENCE INTAKES

10.11.1 Folate Requirements
At the time that theU.K. andEuropeanUnion reference intakesof folate shown

inTable 10.3were being discussed, the results of intervention trials for the pre-

vention of neural tube defects (Section 10.9.4) were only just becoming avail-

able. At that time, there was no information concerning the effects of folate

statusonhyperhomocysteinemia (Section10.3.4.2).TheU.S./Canadian report

(Institute of Medicine, 1998) notes specifically that protective effects with re-

spect to neural tubedefectswere not considered relevant to the determination

of the Dietary Reference Intake of folate, and there was insufficient evidence

to associate higher intakes of folate (and lower plasma concentrations of ho-

mocysteine) with reduced risk of cardiovascular disease.

The total body pool of folate in adults is 17 µmol (7.5 mg), with a biological

half-life of 101 days. This suggests a minimum requirement for replacement

of 85 nmol (37µg) per day (Herbert, 1987a). Studies of the urinary excretion of

acetamido-p-aminobenzoyl glutamate in subjects maintained on folate-free

diets suggest that there is catabolism of 170 nmol (80 µg) of folate per day.

Depletion/repletion studies to determine folate requirements using

methyl-tetrahydrofolate suggest a requirement of the order of 170 to 220 nmol

(80 to 100 µg) per day. However, because of the problems of determining the

biological availability of the various folates found in foods (Section 10.2.1),

reference intakes allow a wide margin of safety and are generally based on an

allowance of 3 to 6 µg (7 to 14 nmol) per kg of body weight (200 to 400 µg

per day for adults). In pregnancy and lactation, an additional 200 µg per day

is generally recommended; this is probably more than can be obtained from

foods, and therefore may require supplementation. As discussed in Section

10.9.4, supplements of 400µg of folic acid per day in addition to normal intake

are recommended for reduction of the risk of neural tube defects.

10.11.2 Vitamin B12 Requirements
The total body pool of vitamin B12 is of the order of 1.8 µmol (2.5 mg), with a

minimum desirable body pool of about 0.3 µmol (1 mg).
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Table 10.3 Reference Intakes of Folate (�g/day)

U.K. EU U.S./Canada FAO
Age 1991 1993 1998 2001

0–6 m 50 — 65 80
7–12 m 50 50 80 80
1–3 y 70 100 150 160
4–6 y 100 130 200 200
7–8 y 150 150 200 300

Males
9–10 y 150 150 300 300
11–13 y 200 180 300 400
>14 y 200 200 400 400

Females
9–10 y 150 150 300 300
11–13 y 200 180 300 400
>14 y 200 200 400 400
Pregnant 300 400 600 600
Lactating 260 350 500 500

EU, European Union; FAO, Food and Agriculture Orga-
nization; WHO, World Health Organization.
Sources: Department of Health, 1991; Scientific Com-
mittee for Food, 1993; Institute of Medicine 1998;
FAO/WHO, 2001.

The daily loss is about 0.1% of the body pool in subjects with normal in-

trinsic factor secretion and enterohepatic circulation of the vitamin (Section

10.7.2). On this basis, the requirement is 0.3 to 1.8 nmol (1 to 2.5 µg) per day

(Herbert,1987b).This isprobablyaconsiderableoverestimateofrequirements,

because parenteral administration of less than 0.3 nmol per day is adequate

tomaintain normal hematology in patients with pernicious anemia, in whom

the enterohepatic recycling of the vitamin is grossly impaired.

Requirements are probably between 0.1 to 1 µg per day; as shown in Ta-

ble 10.4, reference intakes range between 1 to 2.4 µg per day, which is consid-

erably lower than the average intake of 5µg per day by nonvegetarians inmost

countries.

10.11.3 Upper Levels of Folate Intake
There are two potential problems associated with widespread enrichment of

foods with folic acid or the indiscriminate use of folic acid supplements:

1. Intakes of folic acid in excess of about 5,000 µg per day antagonize the

anticonvulsants used in treatment of epilepsy, leading to an increase in

fit frequency (Section 10.9.6).
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Table 10.4 Reference Intakes of Vitamin B12 (�g/day)

U.K. EU U.S./Canada FAO
Age 1991 1993 1998 2001

0–3 m 0.3 — 0.4 0.4
4–6 m 0.3 — 0.4 0.4
7–9 m 0.4 0.5 0.5 0.5
10–12 m 0.4 0.5 0.5 0.5
1–3 y 0.5 0.7 0.9 0.9
4–6 y 0.8 0.9 1.2 1.2
7–8 y 1.0 1.0 1.2 1.8

Males
9–10 y 1.0 1.0 1.8 1.8
11–13 y 1.2 1.3 1.8 2.4
14–15 y 1.5 1.3 2.4 2.4
>16 y 1.5 1.4 2.4 2.4

Females
9–10 y 1.0 1.0 1.8 1.8
11–13 y 1.2 1.3 1.8 2.4
14–15 y 1.2 1.3 2.4 2.4
>16 y 1.5 1.4 2.4 2.4
Pregnant 1.5 1.6 2.6 2.6
Lactating 2.0 1.9 2.8 2.8

EU, European Union; FAO, Food and Agriculture Organiza-
tion; WHO, World Health Organization.
Sources: Department of Health, 1991; Scientific Commit-
tee for Food, 1993; Institute of Medicine 1998; FAO/WHO,
2001.

2. High intakesof folicacidmask thedevelopmentofmegaloblasticanemia

from vitamin B12 deficiency and result in the development of subacute

combined degeneration of the spinal cord as the first sign of deficiency

(Section 10.9.3). This means that elderly people are especially vulnera-

ble, because of atrophic gastritis. It has been suggested that vitamin B12
should be added to cereal products, as well as folate; as long as intrinsic

factor secretion is unimpaired, crystalline vitamin B12 will be absorbed

normally, despite atrophic gastritis.

The U.S./Canadian upper level of folic acid intake (Institute of Medicine,

1998) is set at 1,000 µg per day, which is considered to be unlikely to mask

the development of megaloblastic anemia in elderly people. The United

Kingdom (Department ofHealth, 2000) considered the number of people over

age 50 who would be exposed to intakes greater than 1,000 µg per day and

the number of neural tube defects that would be prevented at various levels
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of folic acid enrichment of flour. It was concluded that fortification at 240 µg

per 100 g of flourwould have a significant beneficial effect without resulting in

unacceptably high intakes by any population group. After public consultation

in the United Kingdom, it was decided in May 2002 not to require fortifica-

tion of flour with folic acid, pending surveillance of the effects of mandatory

fortification in other countries.

10.12 PHARMACOLOGICAL USES OF FOLATE AND VITAMIN B12

The only pharmacological use of vitamin B12, other than for the treatment of

deficiency or for rare childrenwith vitamin dependency diseases affecting the

binding of the coenzyme to methylmalonyl CoAmutase (Section 10.8.2), is as

an antidote for cyanide poisoning. Supplements of vitamin B12 are available

for strict vegetarians who might be at risk of deficiency. There is no evidence

of any adverse effects of high intakes of vitamin B12.

Supplements of 400µgper dayof folic acid, begunbefore conception, halve

the risk of neural tube defect (Section 10.9.4), and similar supplements reduce

theplasmaconcentrationofhomocysteine inpeoplehomozygous for the ther-

molabile variant of methylene-tetrahydrofolate reductase (Section 10.3.4.2),

although it is not knownwhether or not this will reduce their risk of cardiovas-

cular disease. A number of manufacturers voluntarily enrich foods with folic

acid. In theUnited States and other countries, there ismandatory enrichment

of cereal products with folic acid.

It remains to be seen whether mandatory enrichment of cereal products

with folic acid will reduce death from cardiovascular disease. But this, and

the widespread voluntary enrichment of foods in other countries, means that

intervention studies with folic acid supplements for cancer prevention are

unlikely to yield useful results, because the control groupwill also be receiving

a high intake of folic acid.
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ELEVEN

Biotin (Vitamin H)

Biotin was originally discovered as part of the complex called bios, which pro-

moted the growth of yeast, and separately, as vitamin H, the protective or

curative factor in egg white injury – the disease caused by diets containing

large amounts of uncooked egg white. The glycoprotein avidin in egg white

binds biotin with high affinity. This has been exploited to provide a variety of

extremely sensitive assay systems.

Dietary deficiency of biotin sufficient to cause clinical signs is extremely

rare inhumanbeings, although itmaybe aproblem in intensively rearedpoul-

try. However, there is increasing evidence that suboptimal biotin status may

be relatively common, despite the fact that the vitamin is widely distributed

in many foods, is synthesized by intestinal flora, and there is an efficient

mechanism for conserving biotin after the catabolism of biotin-containing

enzymes.

Metabolically, biotin is of central importance in lipogenesis, gluconeogen-

esis, and the catabolismof branched-chain (and other) amino acids. There are

two well-characterized biotin-responsive inborn errors of metabolism, which

are fatal if untreated: holocarboxylase synthetase deficiency and biotinidase

deficiency. In addition, biotin induces a number of enzymes, including glu-

cokinase and other key enzymes of glycolysis. Biotinylation of histones may

be important in regulation of the cell cycle.

11.1 METABOLISM OF BIOTIN

As shown in Figure 11.1, biotin is a bicyclic compound with fused ureido (im-

idazolidone) and thiophene rings, and an aliphatic carboxylate side chain. It

is bound covalently to enzymes by the formation of a peptide bond between

the carboxyl group of the side chain and the ε-amino group of a lysine residue

forming biocytin (biotinyl-lysine).

324
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Figure 11.1. Metabolism of biotin. Holocarboxylase synthetase (biotin protein ligase),
EC 6.3.4.10; andbiotinidase (biotinamide amidohydrolase), EC 3.5.1.12. Relativemolec-
ular mass (Mr): biotin, 244.3; and biocytin, 372.5.

Most biotin in foods is present as biocytin, incorporated into enzymes,

which is released on proteolysis, then hydrolyzed by biotinidase in the pan-

creatic juice and intestinal mucosal secretions to yield free biotin. Biocytin is

not absorbed to any significant extent.

Biotin uptake into enterocytes is by a sodium-dependent carrier, which

also transports pantothenic acid (Section 12.2) and lipoic acid, but is inhibited

by biocytin and dethiobiotin. The carrier is found in both the small intestine

and the colon, so both biotin and pantothenic acid synthesized by intestinal

bacteriacanbeabsorbed(Chatterjeeetal., 1999;Ramaswamy,1999;Said,1999;

Prasad and Ganapathy, 2000). Even at relatively high intakes (up to 80 µmol),

biotin is more-or-less completely absorbed (Zempleni andMock, 1999b).

Most biotin circulates in the bloodstream bound to a serum glycoprotein,

biotinidase (Section11.2.3),whichnotonly acts as a transport protein, but also

catalyzes the hydrolysis of biocytin, and the transfer of biotin from biocytin
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Figure 11.2. Biotin metabolites. Relative molecular masses (Mr): biotin, 244.3; biotin
sulfoxide, 260.3; biotin sulfone, 276.3; bisnorbiotin, 212.3; tetranorbiotin, 180.3; and
bisnorbiotin sulfoxide, 228.3.

onto sulfhydryl groups of histones and other proteins (Section 11.2.5). Some

biotin is also nonspecifically bound to albumin and α- and β-globulins.

Dietary biotin bound to avidin (Section 11.6) is unavailable, but intrave-

nously administered avidin–biotin is biologically active. Cells in culture are

not inhibited by the addition of avidin to the culturemedium, and can take up

the avidin–biotin complex by pinocytosis followed by lysosomal hydrolysis,

releasing free biotin. Unlike other B vitamins, for which concentrative uptake

into tissues is achievedby facilitateddiffusion, followedbymetabolic trapping,

the incorporationofbiotin intoenzymes is slowandcannotbeconsideredpart

of the uptake process.

As discussed in Section 11.2.2, biotin is incorporated covalently into biotin-

dependent enzymes as the ε-amino-lysine peptide, biocytin. On catabolism
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of the enzymes, biocytin is hydrolyzed by biotinidase, permitting reutilization

of the biotin.

As shown in Figure 11.2, the side chain of biotin can undergo mitochon-

drial or peroxisomal β-oxidation to yield bisnorbiotin and tetranorbiotin. In

themicrosomes, both biotin and bisnorbiotin undergo S-oxidation to the sul-

foxides, and biotin sulfoxide can undergo further oxidation to the sulfone. At

physiological levels of intake, about 30% of biotin is excreted unchanged, and

50% to 60% as bisnorbiotin and bisnorbiotin methyl ketone; sulfoxides and

biotin sulfone make up the remainder (Zempleni andMock, 1999a).

The brush border of the kidney cortex has a sodium–biotin cotransport

systemsimilar to that in the intestinalmucosa, thusproviding for reabsorption

of freebiotinfiltered into theurine. It is onlywhen thismechanism is saturated

(it has a relatively low Km) that there will be a significant excretion of biotin.

Asa result of this resorptionand theproteinbindingofplasmabiotin,which

reducesfiltrationat theglomerulus, renal clearanceofbiotin isonly40%of that

of creatinine. This efficient conservation of biotin, together with the recycling

of biocytin released from the catabolism of biotin-containing enzymes, may

be as important as intestinal bacterial synthesis of the vitamin in explaining

the rarity of deficiency.

11.1.1 Bacterial Synthesis of Biotin
Biotin is synthesized inmicroorganisms frompimelate by the pathway shown

in Figure 11.3 (Marquet et al., 2001; Schneider and Lindqvist, 2001). The first

committed step is the condensationof pimeloyl CoAwith alanine,with release

of the carboxyl group of alanine, catalyzed by keto-aminopelargonic acid syn-

thase. It is a pyridoxal phosphate-dependent reaction, similar to the conden-

sation of succinyl CoA and glycine to form δ-aminolevulinic acid in porphyrin

synthesis.There is aconsiderabledegreeof structuralhomologybetweenketo-

aminopelargonic acid and δ-aminolevulinic acid synthases.

The second nitrogen of biotin is incorporated by transamination of keto-

aminopelargonic acid, with S-adenosylmethionine – an apparently unique

metabolic role for this amino acid derivative that is normally a methyl donor.

The immediate product of the deamination of S-adenosylmethionine, S-

adenosyl-2-oxo-4-methylthiobutyric acid, is unstable and decomposes non-

enzymically to 2-oxo-3-butenoic acid and 5′-methyl thioadenosine.

Completion of the ureido ring of biotin, yielding dethiobiotin, is by a car-

boxylation reaction using CO2 and ATP. The reaction proceeds by the forma-

tion of a monocarbamate by reaction between diaminopelargonic acid and

CO2, followed by formation of a substituted carbamyl phosphate, which then
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Figure 11.3. Biosynthesis of biotin. Keto-aminopelargonic acid synthase, EC 2.3.1.47;
diaminopelargonic acid synthase (aminotransferase), EC 2.6.1.62; dethiobiotin syn-
thase, EC 6.3.3.3; and biotin synthase, EC 2.8.1.6.

cyclizes by elimination of the phosphate group. The two amide bonds are thus

formed using a single mole of ATP→ ADP+ Pi.

Thefinal reaction,catalyzedbybiotinsynthase, involves the insertionofsul-

furbetweentheunreactivemethylandmethylenecarbonsofdethiobiotin.The

enzymehas an iron–sulfur box, and requiresNADPHanda ferredoxin or flavo-

doxin reducing system. S-Adenosylmethionine is also required, and is cleaved

to yield methionine and a 5′-deoxyadenosyl radical during the reaction. Bi-
otin synthase is a member of the radical SAM family of enzymes, in which

the catalytic 5′-deoxyadenosyl radical is formed from S-adenosylmethionine,
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rather than from adenosylcobalamin as in methylmalonyl CoA mutase and

similar vitamin B12-dependent enzymes (Section 10.8.2). Two moles of S-

adenosylmethionine are required: one 5′-deoxyadenosyl radical abstracts hy-
drogen from the methyl group of dethiobiotin and the other from the methy-

lene group.

It is possibly incorrect to consider biotin synthase an enzyme in the true

sense of theword; it has a turnover number of 1. It only catalyzes the synthesis

of a singlemolecule of biotin from dethiobiotin before being inactivated. This

is because the iron–sulfur cluster of the protein is the source of the sulfur that

is incorporated into biotin. There is some evidence that the enzyme can be

reactivated by incorporation of sulfur from cysteine, but in vitro addition of

the enzymes believed to catalyze this reaction has no effect on the turnover

number of the enzyme (Frey, 2001; Marquet et al., 2001).

11.1.1.1 The Importance of Intestinal Bacterial Synthesis of Biotin It

wasnotedinSection11.1thatbiotin isabsorbedthroughouttheintestinal tract,

includingthecolon,andsynthesisby intestinalbacteriamaymakeasignificant

contribution tobiotinnutrition. Inbalance studies, the total outputofbiotin in

urine plus feces is three to six times greater than the intake;most of this excess

is in the feces, reflecting bacterial synthesis. In experimental animals main-

tained on biotin- and cellulose-free diets, the addition of cellulose or sorbitol

as a substrate for bacterial fermentation can alleviate the vitamin deficiency.

11.2 THE METABOLIC FUNCTIONS OF BIOTIN

Biotin is the coenzyme in a small number of carboxylation reactions in mam-

malian metabolism and some decarboxylation and transcarboxylation reac-

tions in bacteria. Although the biotin-dependent enzymes are cytosolic and

mitochondrial, about 25% of tissue biotin is found in the nucleus, much of

it bound as thioesters to histones. Biotin has two noncoenzyme functions:

induction of enzyme synthesis and regulation of the cell cycle.

The biotin-dependent decarboxylases of anerobic microorganisms are

transmembrane proteins. In addition to their roles in the metabolism of ox-

aloacetate, methylmalonyl CoA, and glutaconyl CoA, they serve as energy

transducers. They transport 2 mol of sodium out of the cell for each mole of

substrate decarboxylated. The resultant sodium gradient is then used for ac-

tive transport of substrates by sodium cotransport systems, or may be used to

drive ATP synthesis in a similar manner to the proton gradient inmammalian

mitochondria (Buckel, 2001).
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11.2.1 The Role of Biotin in Carboxylation Reactions
The reactive intermediate is 1-N-carboxy-biotin (see Figure 11.1) bound to a

lysine residue of the enzymeas biocytin,which is formed fromenzyme-bound

biocytin by reaction with bicarbonate.

The biotin-dependent carboxylases catalyze a two-step reaction:

1. enzyme-biotin+ ATP+HCO3
− → enzyme-biotin-COOH+ ADP+ Pi

2. enzyme-biotin-COOH+acceptor→enzyme-biotin+acceptor-COOH.

In the bacterial biotin-dependent decarboxylases, reaction 2 proceeds from

right to left, followed by decomposition of the carboxy-biotin to biotin and

CO2.

The role of ATP in the carboxylation of biotin is unclear. It is possible that

biotin is O-phosphorylated during the carboxylation reaction. However, evi-

dence suggests that the immediate reactive species that carboxylates biotin is

carboxyphosphate, as in the (biotin-independent) reaction of carbamyl phos-

phate synthetase in urea and pyrimidine synthesis.

Steady-state kinetic analysis shows that biotin-dependent reactions pro-

ceed by way of a two-site ping-pong mechanism; the two-part reactions are

catalyzed at distinct sites in the enzyme. These sites may be on the same or

different polypeptide chains in different biotin-dependent enzymes. The ε-

amino linkage of lysine to the side chain of biotin in biocytin allows consid-

erable movement of the coenzyme – the distance from C-2 of lysine to C-5 of

biotin is 14Å, thus allowing movement of biotin between the carboxylation

and carboxyltransfer sites.

In mammals and birds, there are four biotin-dependent carboxylases:

acetyl CoA carboxylase, pyruvate carboxylase, propionyl CoA carboxylase, and

methylcrotonyl CoA carboxylase. Congenital deficiency of three of the four

human biotin-dependent carboxylases has been reported.

11.2.1.1 Acetyl CoA Carboxylase Acetyl CoA carboxylase catalyzes the

first and rate-limiting step of fatty acid synthesis: carboxylation of acetyl CoA

to malonyl CoA. The mammalian enzyme is activated allosterically by citrate

and isocitrate, and inhibited by long-chain fatty acyl CoA derivatives. It is also

activated in response to insulin and inactivated in response to glucagon.

Tissues that oxidize fatty acids, but donot synthesize them, such asmuscle,

alsohave acetyl CoAcarboxylase and formmalonylCoA to regulate the activity

of carnitine palmitoyltransferase, and thus control the uptake of fatty acids

into the mitochondria for β-oxidation.
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There are no unequivocal reports of acetyl CoA carboxylase deficiency; pre-

sumably impairment of this key enzyme in lipogenesis would not be compat-

ible with intrauterine development.

11.2.1.2 Pyruvate Carboxylase Pyruvate carboxylase catalyzes the car-

boxylation of pyruvate to oxaloacetate – both the first committed step of

gluconeogenesis from pyruvate and also an important anaplerotic reaction,

permitting repletion of tricarboxylic acid cycle intermediates and hence fatty

acid synthesis. The mammalian enzyme is activated allosterically by acetyl

CoA, which accumulates when there is a need for increased activity of pyru-

vate carboxylase to synthesize oxaloacetate to permit increased citric acid cy-

cle activity or for gluconeogenesis (Attwood, 1995; Jitrapakdee and Wallace,

1999).

Pyruvate carboxylase is also important in lipogenesis. Citrate is transported

out of mitochondria and cleaved in the cytosol to provide acetyl CoA for fatty

acid synthesis; the resultant oxaloacetate is reduced to malate, which under-

goes oxidative decarboxylation to pyruvate, a reaction that provides at least

half of the NADPH required for fatty acid synthesis. Pyruvate reenters the mi-

tochondria and is carboxylated to oxaloacetate to maintain the process.

Mammalian pyruvate carboxylase has four identical subunits, and the iso-

latedmonomer will catalyze the complete reaction. By contrast, three distinct

subunits can be isolated from acetyl CoA carboxylase of Escherichia coli and

spinach chloroplasts: a biotinyl carrier protein, biotin carboxylase, and car-

boxyl transferase.

Genetic deficiency of pyruvate carboxylase does not cause the expected

hypoglycemia. Rather, it seems that depletion of tissue pools of oxaloacetate

results in impaired activity of citrate synthase, and a slowing of citric acid cycle

activity, leading to accumulation of lactate, pyruvate, and alanine, and also

increased accumulation of acetyl CoA, resulting in ketosis. Affected infants

have serious neurological problems and rarely survive. A less severe variant of

the disease is associated with low residual activity of pyruvate carboxylase.

11.2.1.3 Propionyl CoA Carboxylase Propionyl CoA carboxylase cat-

alyzes the carboxylation of propionyl CoA to methylmalonyl CoA, which un-

dergoes a vitamin B12-dependent isomerization to succinyl CoA (see Figure

10.13). This reaction provides a pathway for the oxidation, through the tricar-

boxylic acid cycle, of propionyl CoA arising from the catabolism of isoleucine,

valine, odd-carbon fatty acids, and the side chain of cholesterol.
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Propionic acidemiacausedbypropionylCoAcarboxylasedeficiencycauses

severeketosisandacidosis, resulting in failure to thriveandmental retardation,

and is generally fatal in infancy. Some reports of ketotic hyperglycinemiamay

also, with hindsight, be attributed to propionyl CoA carboxylase deficiency.

11.2.1.4 Methylcrotonyl CoA Carboxylase Methylcrotonyl CoA carbox-

ylase catalyzes the conversion of methylcrotonyl CoA, arising from the cata-

bolism of leucine, to methylglutaconyl CoA. This in turn undergoes hydroxy-

lation catalyzed by crotonase, yielding hydroxymethyl-glutaryl CoA, which is

cleaved to acetyl CoA and acetoacetate.

Methylcrotonyl CoA carboxylase deficiency is the least severe of the car-

boxylase deficiencies. Maintenance on a low-protein diet, to minimize the

burden of leucine that must be catabolized, prevents the development of

metabolic acidosis. At higher intakes of protein, the affected infants become

hypoglycemic and comatose.

11.2.2 Holocarboxylase Synthetase
Biotin isboundcovalently toenzymesbyapeptide link to the ε-aminogroupof

a lysine residue, forming biotinyl-ε-amino-lysine or biocytin (see Figure 11.1).

This postsynthetic modification is catalyzed by holocarboxylase synthetase

with the intermediate formation of biotinyl-5′-AMP. In bacteria, this interme-

diate also acts as a potent repressor of all four enzymes of biotin synthesis.

A single holocarboxylase synthetase (biotin protein ligase, EC 6.3.4.10)

acts on the apoenzymes of acetyl CoA, pyruvate, propionyl CoA, and meth-

ylcrotonyl CoA carboxylases. Acetyl CoA carboxylase is a cytosolic enzyme,

whereas the other three enzymes are mitochondrial. Although holocarbox-

ylase synthetase is found in both the cytosol and mitochondria, it is not clear

whether biotin is incorporated into themitochondrial enzymes before or after

they are translocated into the mitochondria.

Holocarboxylase synthetase from a wide variety of species will act on all

four apocarboxylases from other species and on a variety of bacterial biotin-

dependent apoenzymes. In all the biotin-dependent enzymes investigated to

date, the reactive lysine residue is flanked by methionine residues on both

sides, and there is ahighdegreeof conservationof the amino sequence around

this Met-Lys-Met sequence (Chapman-Smith and Cronan, 1999a, 1999b).

11.2.2.1 Holocarboxylase Synthetase Deficiency Genetic deficiency of

holocarboxylase synthetase leads to theneonatal formofmultiple carboxylase
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Table 11.1 Abnormal Urinary Organic Acids in Biotin Deficiency and
Multiple Carboxylase Deficiency from Lack of Holocarboxylase
Synthetase or Biotinidase

Arising from impaired activity of acetyl CoA carboxylase
2-Ethyl-3-hydroxyhexanoic acid
2-Ethylhexanedioic acid

Arising from impaired activity of pyruvate carboxylase
Lactate
Pyruvate
Alanine

Arising from impaired activity of propionyl CoA carboxylase
Propionic acid
3-Hydroxypropionic acid
Propionylglycine
Methylcitric acid
Tiglic acid (from leucine catabolism)
Tiglylglycine
2-Methyl-3-hydroxybutyric acid
Lactate

Arising from impaired activity of methylcrotonyl CoA carboxylase
3-Methylcrotonic acid
3-Hydroxy-isovaleric acid (hydration products of 3-methylcrotonic acid)
3-Methylcrotonyl glycine

CoA, coenzyme A.

deficiency; most infants present within the first 6 weeks of life, although some

may not present until 15 months of age. They have a scaly dermatitis and

alopecia, as seen in biotin deficiency (Section 11.3), and develop potentially

life-threatening keto-acidosis and sometimes also hyperammonemia, with

mental retardation, delayed development, and acute neurological problems.

They also have high blood and urine concentrations of a number of sub-

strates of biotin-dependent enzymes, and themetabolic precursors and alter-

native metabolites of these substrates, as shown in Table 11.1 (Baumgartner

and Suormala, 1997, 1999).

The affected infants have a normal plasma concentration of biotin and ex-

cretenormalamountsofbiotin intheurine.Skinfibroblastshaveextremely low

activities of all four biotin-dependent carboxylases when they are cultured in

media containing approximately physiological concentrations of biotin. But,

culture with considerably higher concentrations of biotin results in normal

activity of all four carboxylases. The defect is in the affinity of holocarboxylase

synthetase for biotin (its Km is 20- to 70-fold higher than normal).
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The condition is a biotin-responsive genetic disease, and patients can be

maintained in good health with supplements of high doses of biotin. Doses of

biotin of the order of 1 mg per day prevent clinical signs in most patients, but

10 mg per day or more is required to correct the organic aciduria.

Holocarboxylase synthetase deficiency can be diagnosed prenatally by as-

sessing the response of carboxylase activity in cultured amniocytes (obtained

by amniocentesis) to the addition of biotin, or by the detection ofmethylcitric

and hydroxyisovaleric acids in the amniotic fluid. Prenatal therapy, by giving

the mother 10 mg of biotin per day, results in sufficiently elevated fetal blood

concentrations of biotin to prevent the development of organic acidemia at

birth.

11.2.3 Biotinidase
Proteolysis of biotin-containing enzymes releases biocytin, either as free

biotinyl-lysine or as a variety of small biocytin-containing peptides; the ε-

amino lysine link of biocytin is not a substrate for peptidases.

Biocytin is hydrolyzed by biotinidase, which acts on free or peptide-

incorporated biocytin to release biotin, but has no general peptidase or es-

terase activity. Biotinidase is most active toward free biocytin, but it will also

release biotin frombiocytin-containing peptides. The activity decreases as the

size of the peptide increases, so it is likely that in vivo the catabolism of biotin-

containing enzymes is by proteolysis, followed by biotinidase action, rather

than the release of biotin, leaving the apoenzyme as a substrate for prote-

olysis. Biotinidase is found in all tissues, including the pancreatic juice and

intestinal mucosa.

Biotinidase functions both to release free biotin frombiocytin in foods, and

to recycle and conserve biotin after turnover of biotin-containing enzymes. As

discussed in Section 11.2.3.1, rare congenital deficiency of biotinidase results

in severe functional biotin deficiency.

Biotinidase is also the major plasma binding protein for biotin. The pH

optimum of the enzyme is 4.5 to 5.5, and its Km is in the micromolar range,

compared with the nanomolar concentrations of biocytin, so it will have little

enzymicactivity inplasma.Rather, it functionsasa transportprotein forbiotin,

preventing its urinary excretion; children with biotinidase deficiency (Section

11.2.3.1) excrete large amounts of both biocytin and free biotin. Biotin is co-

valently bound to biotinidase in plasma, as a thioester to a cysteine residue

in the active site of the enzyme (see Figure 11.1). This thioester is formed

only frombiocytin, not free biotin, and is presumably the (normally transient)
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intermediate in the hydrolysis of biocytin. Free biotin can be released frombi-

otinidase at low pH, and the enzyme can also catalyze a biotinoyl transferase

reaction, biotinoylating histones, and other nucleophilic acceptors (Hymes

andWolf, 1996, 1999).

11.2.3.1 Biotinidase Deficiency Genetic lack of biotinidase results in

the late-onset variant of multiple carboxylase deficiency. Patients generally

present later in life than those with holocarboxylase synthetase deficiency

(Section 11.2.2.1) andhave a lower thannormal blood concentration of biotin.

Culture of fibroblasts inmedia containing low concentrations of biotin results

in normal activities of carboxylases, and holocarboxylase synthetase activity

is normal.

The problem is a functional deficiency of biotin, due both to inability to re-

lease freebiotin fromdietarybiocytinandalso to failureof thenormal recovery

of free biotin by biotinidase action on the biocytin released by proteolysis of

biotin-containing enzymes. Normal intakes of biotin are inadequate to meet

the requirements of these patients; the provision of pharmacological doses of

free biotin provides an adequate amount to meet requirements without the

need for reutilization. The delayed development of clinical and biochemical

abnormalities is a result of the accumulation of biotin by the fetus, so that at

birth the infant has adequate stores of the vitamin.

Biotinidase-deficient patients have higher than normal amounts of bio-

cytin in plasma and urine, and excrete larger than normal amounts of biotin,

reflecting the importance of protein binding of biotin to prevent urinary loss.

Therapywith 10mgof biotin per day prevents the development ofmost symp-

toms, although some patients develop neurosensory hearing loss and optic

atrophy despite therapy with biotin. This reflects the role of biotinidase in tis-

sue uptake of biotin (Section 11.1; Wolf and Feldman, 1982; Wolf and Heard,

1991; Baumgartner and Suormala, 1997, 1999).

11.2.4 Enzyme Induction by Biotin
Biotin acts to induce glucokinase, phosphofructokinase, and pyruvate kinase

(key enzymes of glycolysis), phosphoenolpyruvate carboxykinase (a key en-

zyme of gluconeogenesis), and holocarboxylase synthetase, acting via a cell-

surface receptor linked to formation of cGMP and increased activity of RNA

polymerase. The activity of holocarboxylase synthetase (Section 11.2.2) falls

in experimental biotin deficiency and increases with a parallel increase in
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mRNA during repletion (Chauhan and Dakshinamurti, 1991; Borboni et al.,

1996; Rodriguez-Melendez et al., 2001).

Glucokinase is the high-Km isoenzyme of hexokinase found in liver and

pancreatic β-islet cells. In the liver, its function is to permit rapid uptake and

metabolism of glucose when the concentration of glucose in the portal blood

is high after a meal. In the pancreas, the increased uptake and metabolism of

glucose caused by glucokinase acts as the signal for insulin release. Children

with a genetic lack of glucokinase suffer fromwhat has been termedmaturity-

onset diabetes of the young (MODY); although they can synthesize and se-

crete normal basal amounts of insulin, they are unable to secrete additional

insulin in response to glucose (Froguel et al., 1993). Presumably as a result

of increased activity of glucokinase, high doses of biotin have a hypoglycemic

effect in insulin-dependentdiabeticpatients. Innon-insulin-dependent spon-

taneously diabetic mice, the administration of 2 mg of biotin per kg of body

weight (considerably in excess of vitamin requirements) lowers blood glucose

and improves both oral glucose tolerance and the blood glucose response to

insulin (Reddi et al., 1988).

Hyperammonemiaoccurs inbiotindeficiencyandthefunctionaldeficiency

associated with lack of holocarboxylase synthetase (Section 11.2.2.1) and bio-

tinidase (Section 11.2.3.1). In deficient rats, the activity of ornithine carbamyl-

transferase is two-thirdsof that incontrol animals, asa resultofdecreasedgene

expression, although the activities of other urea cycle enzymes are unaffected

(Maeda et al., 1996).

In addition to induction of specific proteins, the administration of bi-

otin to deficient rats results in an overall two-fold stimulation of the incor-

poration of amino acids into proteins. The synthesis of serum albumin in

liver is increased two-fold, but at least 10 other proteins show increases in

amino incorporation of about five-fold, and some showan eight-fold increase,

whereas others showno change (Dakshinamurti and Litvak, 1970; Boeckx and

Dakshinamurti, 1974).

11.2.5 Biotin in Regulation of the Cell Cycle
Biotin is essential for cell proliferation.Peripheralbloodmononuclear cells ap-

pear to take up biotin by a system that is distinct from the sodium-dependent

multivitamin transporter that is responsible for intestinal and renal uptake of

biotin (Section 11.1). In response to mitogenic stimuli the uptake of biotin in-

creases several-fold, with no change in the activity of the sodium-dependent

transporter. At the same time, there is an increase in the rate of expression

of methylcrotonyl CoA, propionyl CoA carboxylases, and holocarboxylase
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synthetase, suggesting that much of the increased biotin is used for increased

carboxylation reactions. However, there is also an increase in the biotinylation

of histones compared with quiescent cells, suggesting that biotin has a role in

regulation of the cell cycle (Zempleni and Mock, 2000b, 2001; Stanley et al.,

2001; Zempleni et al., 2001).

11.3 BIOTIN DEFICIENCY

The few early reports of human biotin deficiency all concerned people who

consumed large amounts of uncooked eggs and therefore had a high intake of

avidin, which binds biotin and renders it unavailable (Section 11.6). Provision

of biotin supplements of between 200 to 1000µgper day cured the skin lesions

despite continuing the abnormal diet providing large amounts of avidin. Un-

fortunately, there seems to have been no studies of provision of modest doses

of biotin to such patients, and none in which their high intake of uncooked

eggs was either not replaced by an equivalent intake of cooked eggs (in which

avidin has been denatured by heat and the yolks of which are a good source

of biotin) or continued unchanged. Thus, there is no information from these

case reports on the amounts of biotin that are required for normal health.

More recently, similar signs of biotin deficiency have been observed in pa-

tients receiving total parenteral nutrition for prolonged periods, after major

resection of the gut. The signs resolve after the provision of biotin, but again

there have been no studies of the amounts of biotin required; intakes have

ranged between 60 to 200 µg per day (Mock et al., 1985).

Biotindeficiency,andthe functionaldeficiencyassociatedwith lackofholo-

carboxylase synthetase (Section 11.2.2.1), or biotinidase (Section 11.2.3.1),

causes alopecia (hair loss) and a scaly erythematous dermatitis, especially

around the body orifices. The dermatitis is similar to that seen in zinc and

essential fatty acid deficiency, and is commonly associated withCandidaalbi-

cans infection.Histologyof the skin showsanabsenceof sebaceousglandsand

atrophy of the hair follicles. The dermatitis is because of impairedmetabolism

of polyunsaturated fatty acids as a result of low activity of acetyl CoA carboxy-

lase (Section 11.2.1.1). In biotin-deficient experimental animals, provision of

supplements of long-chainω6 polyunsaturated fatty acids prevents the devel-

opment of skin lesions (Mock et al., 1988a, 1988b; Mock, 1991).

In biotin-deficient rats, the total fatty acid content of the skin is about one-

third of normal, and contains a lower than normal proportion of C16 and C18

saturated and unsaturated fatty acids, and a higher than normal proportion

of very long-chain fatty acids (especially C24:1 and C26:1). There are also in-

creased amounts of odd-chain fatty acids (C15:0 to C29:0), reflecting impaired



338 Biotin (Vitamin H)

activity of propionyl CoA carboxylase (Section 11.2.1.3) and incorporation of

propionyl CoA into fatty acids in competition with acetyl CoA (Proud et al.,

1990).

11.3.1 Metabolic Consequences of Biotin Deficiency
The activities of biotin-dependent carboxylases fall in deficiency, resulting in

impaired gluconeogenesis, with accumulation of lactate, pyruvate, and ala-

nine, and impaired lipogenesis, with accumulation of acetyl CoA, resulting

in ketosis. There are also changes in the fatty acid composition of membrane

lipids.Avarietyof abnormalorganicacidsareexcretedbybothbiotin-deficient

patients and experimental animals (as shown in Table 11.1).

There is accumulation of the apoenzymes of biotin-dependent carboxy-

lases in deficiency. Response to repletion is rapid, as a result of activation

of the apoenzymes; activation of biotin-dependent apoenzymes in vitro may

provide an index of status (Section 11.4).

11.3.1.1 Glucose Homeostasis in Biotin Deficiency The impairment of

pyruvate carboxylase in biotin deficiency results in impaired gluconeogenesis.

Additionally, biotin deficiency results in a lowering of the NADH:NAD ratio

and further reductionof gluconeogenesis by impairmentof glyceraldehyde- 3-

phosphate dehydrogenase activity. This impairment of gluconeogenesis may

result in fatal hypoglycemia inmarginally biotin-deficient chicks subjected to

a relatively minor metabolic stress (Section 11.3.2).

Rather than the expected hypoglycemia, biotin deficiency may sometimes

be associated with hyperglycemia, because of reduced activity of glucokinase.

As discussed in Section 11.2.4, this results in both decreased clearance of glu-

cose by the liver and also decreased secretion of insulin in response to hy-

perglycemia. In streptozotocin diabetic animals, the administration of biotin

improves glucose tolerance as a result of the induction of glucokinase (Zhang

et al., 1997).

11.3.1.2 Fatty Liver and Kidney Syndrome in Biotin-Deficient Chicks
Birds are especially sensitive to biotin deficiency, at least partly because their

intestinal floramake little or no contribution to biotin intake. This is of consid-

erable commercial importance with intensively reared poultry. In adult birds,

biotin deficiency does not affect egg production, but does reduce the amount

of biotin in the eggs, thus impairing embryonic development. In severe defi-

ciency, the hatchability of the eggs can fall to near zero.
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In young chicks, biotin deficiency is associated with the fatal fatty liver and

kidneysyndrome.Apparentlyhealthychicks3 to5weeksoldbecome lethargic,

then sinkonto the sternumandbecomemotionless, dyingwithin 6 to 10hours

of the onset of the condition. Postmortem examination shows enlarged liver

and kidneys, with extensive fatty infiltration, but none of the classical skin and

feather signs of biotin deficiency. The syndrome can be induced with only a

moderate degree of biotin deficiency if the birds are maintained on a high-

carbohydrate, low-fat and low-protein diet; a mild stress, such as short-term

fasting,will then induce thesyndromeinupto20%of thebirds.Supplementing

the diet with biotin prevents the problem.

Gluconeogenesis is severely impaired in birds suffering from the fatty liver

and kidney syndrome; the administration of biotin rapidly restores gluconeo-

genesis to normal, by activating apopyruvate carboxylase. The affected an-

imals also have impaired glucose 6-phosphatase and phosphoenolpyruvate

carboxykinase activity, but increased hepatic activity of acetyl CoA carboxy-

lase and malate dehydrogenase, with increased desaturation of long-chain

fatty acids.

Theproblem is thus obviously not simply one of biotin deficiency, although

supplementary biotin will alleviate the condition.

Birds fed the high-carbohydrate, low-fat, low-protein diet show more

marked hypoglycemia on fasting than do controls, andmodest hyperglycemia

on refeeding. The cause of death in response tomodest stress is believed to be

acute hypoglycemia because of the impairment of hepatic gluconeogenesis;

birds fed the same diet that do not succumb are believed to have a compen-

satory increase in renal gluconeogenesis, and hence are more resistant to the

effects of food deprivation (Bannister, 1976a, 1976b; Whitehead et al., 1976).

11.3.1.3 Cot Death Cot death, or Sudden Infant Death Syndrome, when

an apparently healthy child dies suddenly, and from no apparent cause, has

some similarities with the fatty liver and kidney syndrome in birds. It has been

suggested that it may result from marginal biotin deficiency, together with a

precipitating metabolic stress.

There is circumstantial evidence to support this suggestion, because the

liver content of biotin is lower in infants who have died from cot death than in

infants who have died from known causes. By parallel with the fatty liver and

kidney syndrome, it has been suggested that a modest metabolic stress, such

as a mild fever, causes a higher requirement for gluconeogenesis than can be

met, resulting in acute hypoglycemia. There are rapid postmortem changes in
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blood and tissue glucose, so it is unlikely that there can be any direct evidence

to support this suggestion (Johnson et al., 1980; Heard et al., 1983).

11.3.2 Biotin Deficiency In Pregnancy
Biotin deficiency in experimental animals is teratogenic, and a number of the

resultant birth defects resemble human birth defects. Up to half of pregnant

women have elevated excretion of 3-hydroxy-isovaleric acid (Section 11.4),

which responds to supplements of biotin, in the first trimester, suggesting that

marginal statusmay be common in early pregnancy andmay be a factor in the

etiology of some birth defects. This may be the result of increased catabolism

of biotin as a result of steroid induction of biotin catabolic enzymes; there is

increased excretion of bisnorbiotin and biotin sulfoxide (Zempleni andMock,

2000a; Mock et al., 2002).

11.4 ASSESSMENT OF BIOTIN NUTRITIONAL STATUS

The plasma concentration of the biotin does not provide a sensitive index

of status, at least partly because there is increased renal reabsorption of the

vitamin as intake falls. Urinary excretion of biotin and its metabolites is more

sensitive, but may be confounded by changes in biotin excretion caused by

glucocorticoid hormones (McMahon, 2002). There are three sensitivemarkers

of status (Mock, 1999):

1. The activity of propionyl CoA carboxylase in lymphocytes falls, and the

activation of the apoenzyme on incubation with biotin rises, in patients

receiving total parenteral nutrition before there is any change in the

plasma concentration of biotin (Velazquez et al., 1990). In experimen-

tal animals, the activity of lymphocyte propionyl CoA carboxylase falls

early during biotin depletion, at the same time as the activity of the

hepatic enzyme. There is not the expected increase in urinary excretion

of hydroxypropionic acid, presumably because propionyl CoA carboxy-

lase is not rate-limiting for propionate metabolism (Mock and Mock,

2002).

2. Reduced activity of methylcrotonyl CoA carboxylase (Section 11.2.1.4)

results in the formationandexcretionof 3-hydroxy-isovaleric acid; in ex-

perimentalbiotindepletion, significantamountsof3-hydroxy-isovaleric

acid are excreted at the same time as the excretion of biotin and bisnor-

biotin falls, before there is any change in the plasma concentration of

biotin (Mock et al., 1997).
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3. As a result of impaired activity of acetyl CoA and propionyl CoA car-

boxylases, there are changes in the fatty acid composition of lipids in

the lymphocytes of biotin-deficient rats. There is an increase in the pro-

portion of long-chain fatty acids (C22:0 to C30:0) and odd-carbon fatty

acids (C15:0 to C29:0), with a decrease in the proportion of unsaturated

fatty acids and the ratio of cis-vaccenic acid (C18:1ω9): palmitoleic acid

(C16:1ω6), which is indicative of impaired elongation and desaturation

of fatty acids (Liu et al., 1994).

11.5 BIOTIN REQUIREMENTS

It is apparent from thediscussion in Section 11.3 that there is little information

concerninghumanbiotin requirements andnoevidenceonwhich tobase rec-

ommendations. Average intakes of biotin range between 15 to 70 µg per day.

Such intakes are obviously adequate to prevent deficiency, and the safe and

adequate range of biotin intakes is set at 10 to 200 µg per day (Department of

Health, 1991; Scientific Committee for Food, 1993). The U.S./Canadian ade-

quate intake for adults is 30 µg per day (Institute of Medicine, 1998).

On the basis of studies in patients who developed deficiency during total

parenteral nutrition, and who are therefore presumably wholly reliant on an

exogenous source of the vitamin – with no significant contribution from in-

testinal bacterial synthesis – the provision of 60 µg of biotin per day for adults

receiving total parenteral nutrition is generally recommended (Bitsch et al.,

1985).

11.6 AVIDIN

The original interest in avidin was because of the egg white injury that was

subsequently shown to be avidin-induced biotin deficiency. Thereafter, avidin

was used because of its high affinity for biotin (a dissociation constant of

10−15 mol per L), not only to induce experimental biotin deficiency, but also to

bind to biotin in isolated enzymes and thus, by irreversible inhibition, demon-

strate the coenzyme role of biotin. Because of the stability of the avidin–biotin

complex, it has not been possible to use immobilized avidin as a means of

purifying biotin enzymes – there seems to be noway in which the enzyme can

be released from avidin binding. Because of its high affinity for biotin, avidin

is used to provide an extremely sensitive system for linking reportermolecules

in a variety of analytical systems.

Avidin has been found in the eggs and oviducts of many species of birds

and in the egg jelly of frogs, but not in other tissues and not in themammalian
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oviduct. It accounts for 0.05% of the total proteins of egg white. Avidin is syn-

thesized in the goblet cells of the epithelium of the oviduct, whereas the other

egg white proteins are synthesized in the underlying tubular gland cells. Its

synthesis is induced by progesterone.

Avidin is a strongly basic glycoprotein; 10% of the molecular weight is car-

bohydrate – mannose and N-acetyl glucosamine linked to asparagine, with a

high degree of heterogeneity in the sequence of the carbohydrate residues.

These carbohydrate residues are not essential for biotin binding. Commer-

cially available avidin consists of amixture of glycosylated and unglycosylated

forms that canbeseparatedelectrophoreticallyoronconcanavalinAcolumns,

but that cannot be distinguished on the basis of their biotin binding.

A closely similar protein, streptavidin, has been isolated from culture fil-

trates of several species of Streptomyces. Unlike avidin, streptavidin is not gly-

cosylated and has an acidic isoelectric point. It binds biotin with a similarly

high affinity.

Avidin is a tetrameric protein and binds 4 mol of biotin per tetramer; it

also bindsN-carboxybiotin with a somewhat lower affinity. The unit of avidin

activity is that amountwhichwill bind1µg (4.09nmol) of biotin; commercially

available avidin has an activity of 10 to 15 units per mg of protein.

The carboxyl group of the side chain of biotin is not essential for binding,

and enzyme-bound biocytin will also bind to avidin. Binding is by hydrogen

bonding to a hydrophobic pocket formed by two tryptophan residues at posi-

tions 70 and110 in thepeptide sequence. Adjacent to eachof these tryptophan

residues is a lysine that is also essential for biotin binding; there are similar

conserved tryptophan-lysine sequences in streptavidin (Gitlin et al., 1988a,

1988b).

The physiological role of avidin in egg white is unknown. It is unlikely to

act as a storage form of biotin, because most of the biotin of eggs is in the

yolk, not the white, and most avidin occurs as the free glycoprotein, without

biotin. Furthermore, biotin bound to avidin in eggwhite is not available to the

developing chick embryo. Egg white contains 3 to 10 times more avidin than

would be required to complex all the biotin in the yolk; feeding experimental

animals ondiets basedonwhole dried egg results in the development of biotin

deficiency signs, despite thehighbiotin content of the yolk (White et al., 1992).

InStreptomyces, it is assumed that streptavidinhasanantibiotic role; it is se-

creted together with a lowmolecular weight inhibitor of biotin synthesis, stra-

vidin. It has been suggested that avidin in eggs has a similar role, to protect the

developing embryo from (biotin-requiring) bacteria that penetrate the shell.

Alternatively, because cells in culture can take up and utilize avidin–biotin,
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it has been suggested that the physiological role of avidin may be to facili-

tate the uptake of biotin by the developing embryo (Board and Fuller, 1974;

Dakshinamurti et al., 1985; Bush andWhite, 1989).

Both avidin and the avidin–biotin complex are very stable to heat. To re-

lease biotin fromavidin binding, autoclaving above 130◦C is required, and free
avidin is stable up to about 85◦C. Avidin is also resistant to proteolysis and, as
isobvious fromtheuseof raweggwhitediets to inducebiotindeficiency,biotin

cannotbe released fromavidinbinding in thegastrointestinal tract. Lysosomal

hydrolases do release biotin from avidin binding, and intravenously adminis-

tered avidin–biotin can be a source of biotin.

Because the side chain carboxyl group of biotin is not required for avidin

binding, avidin will recognize and bind biotin esterified to proteins and other

molecules. This is the basis of a variety of highly sensitive analytical systems

(Airenne et al., 1999). Biotin can be attached to antibodies and other ligand

bindingproteins, group-specific reagents topermitdetectionofaminoacids in

proteins, carbohydrates, or functional groups in DNA and RNA. This creates

a biotinylated probe, with each biotin residue binding to avidin. The avidin

can be labeled with a colored, fluorescent, chemiluminescent, or electron-

dense group, thus permitting ready detection, or the avidin may be linked

to an enzyme as a reporter molecule, thus permitting further amplification.

An alternative approach is to react the avidin–biotinylated probe complex

with a biotinylated reported molecule that binds to the free sites of the avidin

tetramer. Such assay systems have sensitivity equal to, or better than, conven-

tional radioligand binding assays. The carbohydrate groups of avidin result

in some nonspecific binding, thus giving an undesirably high background in

some systems. The high isoelectric point of avidin also causes problems with

some systems. Both of the problems are overcome if bacterial streptavidin is

used rather than egg white avidin, and a number of genetically modified vari-

antsof streptavidin thathavebeendesigned for specific functionsareavailable

(Sano et al., 1998; Stayton et al., 1999).
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Pantothenic Acid

Pantothenic acid has a central role in energy-yieldingmetabolism as the func-

tional moiety of coenzyme A (CoA), in the biosynthesis of fatty acids as the

prosthetic group of acyl carrier protein, and through its role in CoA in the mi-

tochondrial elongation of fatty acids; the biosynthesis of steroids, porphyrins,

and acetylcholine; and other acyl transfer reactions, including postsynthetic

acylationofproteins. Perhaps4%of all knownenzymesutilizeCoAderivatives.

CoA is also bound by disulfide links to protein cysteine residues in sporulating

bacteria, where it may be involved with heat resistance of the spores, and in

mitochondrial proteins,where it seems tobe involved in theassemblyof active

cytochrome c oxidase and ATP synthetase complexes.

Pantothenic acid is widely distributed in all foodstuffs. The name is derived

from the Greek for from everywhere, as opposed to other vitamins that were

originally isolated from individual rich sources.

Deficiency is well documented in chickens, which develop a pantothenic

acid-responsive dermatitis. Other experimental animals show a variety of ab-

normalities from pantothenic acid deficiency. In human beings dietary de-

ficiency has not been reliably documented, although it has been implicated

in the burning foot syndrome (nutritional melalgia). Subjects maintained on

pantothenic acid-deficient diets or given the antagonist ω-methyl pantothen-

ate develop relatively unspecific symptoms that respond to repletion with the

vitamin.

12.1 PANTOTHENIC ACID VITAMERS

The only naturally occurring vitamer of pantothenic acid is the d-isomer (as

shown in Figure 12.1). It is the peptide of pantoic acid and β-alanine.

Free pantothenic acid and its sodium salt are chemically unstable, and

therefore the usual pharmacological preparation is the calcium salt (calcium

345
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Figure 12.1. Pantothenic acid and related compounds andcoenzymeA.Relativemolec-
ularmasses (M r): pantothenic acid, 219.2 (calciumdipantothenate, 476.5); pantothenol,
214.2; ω-methyl pantothenic acid, 213.6; homopantothenic acid, 233.2; and coenzyme
A, 767.6. CoASH, free coenzyme A; GABA, γ -aminobutyric acid.

dipantothenate). The alcohol, pantothenol, is a synthetic compound that has

biological activity because it is oxidized to pantothenic acid in vivo.

ω-Methyl pantothenic acid is a potent antagonist of the vitamin that has

been used in studies of pantothenic acid deficiency, and the γ -aminobutyric

acid (GABA) peptide of pantoic acid, pantoyl GABA or homopantothenic acid,

has pharmacological actions in cholinergic neurotransmission and has been

used in the treatment of Alzheimer’s disease.

12.2 METABOLISM OF PANTOTHENIC ACID

About 85% of dietary pantothenic acid is as CoA or phosphopantetheine. In

the intestinal lumen, these undergo hydrolysis to phosphopantetheine, then

pantetheine (see Figure 12.2). Intestinal mucosal cells have a high panteth-

einase activity and rapidly hydrolyze pantetheine to yield free pantothenic

acid.

The intestinal absorption of pantothenic acid is by use of the same sodium-

dependent carrier as biotin and lipoic acid (Section 11.1). The carrier is found

throughout the intestinal tract, and therefore pantothenic acid synthesized by

intestinal bacteria (Section 12.2.4) will, like biotin, be available for absorption

(Said et al., 1998; Chatterjee et al., 1999; Ramaswamy, 1999; Said, 1999; Prasad
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and Ganapathy, 2000). Other tissues take up pantothenic acid from the cir-

culation by the same mechanism. The transport mechanism is not normally

saturated, so pantothenate uptake into tissues will increase with plasma con-

centration.

The first step in pantothenic acid utilization is phosphorylation (see Figure

12.2). Pantothenate kinase is rate-limiting, so that, unlike many vitamins that

are accumulatedbymetabolic trapping, there canbe significant accumulation

of free pantothenic acid in tissues. Intracellular concentrationsmay be as high

as 200 to 500 µmol per L.

Redbloodcells containpantothenicacid, 4′-phosphopantothenicacid, and
pantetheine.These seemtoenterbydiffusion, and their function isnot known;

unsurprisingly, because they contain no mitochondria, erythrocytes do not

contain CoA (Annous and Song, 1995). The permeability of erythrocytes to

pantothenate is normally relatively low, but in red cells infected with malaria

parasites, the permeability is increased considerably; the vitamin is taken up

and utilized by the parasites, which require CoA (Saliba et al., 1998).

Pantothenic acid is well conserved; over a week after the administration

of tracer doses of [14C]pantothenic acid to rats, less than 40% of the dose is

recovered in the urine, all as the free vitamin. Pantothenic acid filtered by the

kidneys is largely resorbed by a sodium-dependent system in the renal tubule

brush border membrane (Barbarat and Podevin, 1986).

Pantothenic acid is largely excreted unchanged by mammals. Some phos-

phopantetheine may also be excreted in the urine; after administration of

[14C]pantothenic acid, some of the label may be recovered in exhaled CO2.

This is probably the result of intestinal bacterial metabolism, because many

bacteria have pantothenase, a specific amidase that cleaves pantothenic acid

to β-alanine and pantoic acid. Pseudomonas species are capable of using pan-

tothenic acid as their sole carbon source.

12.2.1 The Formation of CoA from Pantothenic Acid
CoA functions as the carrier of fatty acids, as thioesters, in mitochondrial β-

oxidation. The resultant two-carbon fragments, as acetyl CoA, then undergo

oxidation in the citric acid cycle. CoA also functions as a carrier in the transfer

of fatty acyl groups in a variety of biosynthetic and catabolic reactions, includ-

ing steroidogenesis; long-chain fatty acid synthesis from palmitate in mito-

chondria and endoplasmic reticulum; monounsaturation of palmitoyl CoA to

palmitoleyl CoA (C16:1 ω9) and stearyl CoA to oleyl CoA (C18:1 ω9); elonga-

tionof polyunsaturated fatty acids; acylationof serine, threonine, and cysteine

residues on proteolipids and acetylation to formN-acetyl neuraminic acid.
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All tissues are capable of forming CoA from pantothenic acid, by the path-

way shown in Figure 12.2 (Tahiliani and Beinlich, 1991; Begley et al., 2001).

The first three enzymes catalyzing the formation of phosphopantetheine from

pantothenic acid are found only in the cytosol. Although phosphopanteth-

eine crosses the mitochondrial inner membrane, CoA does not, but must be

synthesized in situ.

The first step is phosphorylation to 4′-phosphopantothenic acid; the ac-
tivity of pantothenate kinase is rate-limiting for CoA synthesis. There are two

human genes for pantothenate kinase; genetic lack of the more recently dis-

covered gene leads to an autosomal recessive neurodegenerative disease – the

Hallevorden–Spatz syndrome. It is not clear how lack of pantothenate kinase

leads to the accumulation of iron in the basal ganglia that is the underlying

cause of the pathology (Zhou et al., 2001).

Pantothenol, the alcohol of pantothenic acid (see Figure 12.1), is frequently

used in pharmaceutical preparations. Although it is a substrate for pan-

tothenate kinase in vitro, it is more likely that it first undergoes oxidation to

pantothenic acid, catalyzed by liver alcohol dehydrogenase, rather than phos-

phorylation to phosphopantothenol followed by oxidation.

Phosphopantothenic acid reacts with cysteine, forming 4′-phosphopant-
othenyl cysteine, which is decarboxylated to 4′-phosphopantetheine in a

flavin-dependent reaction. In most bacteria, phosphopantetheinyl cysteine

synthase and decarboxylase occur as a single bifunctional enzyme, but the

human enzymes occur as two separate proteins (Daugherty et al., 2002).

Phosphopantetheine undergoes adenylyl transfer from ATP to yield de-

phospho-CoA, which is then phosphorylated at the 3′ position of the ribose

moiety to yield CoA. Phosphopantetheine adenylyltransferase and dephos-

pho-CoAkinaseactivitiesoccur inasinglebifunctionalenzyme,which is found

in both cytosol and mitochondria. However, in addition to the bifunctional

protein, human tissues also contain a separate dephospho-CoAkinase (Begley

et al., 2001; Zhyvoloup et al., 2002).

12.2.1.1 Metabolic Control of CoA Synthesis Pantothenate kinase is

rate-limiting for the synthesis of CoA, and both regulation of the activity of the

existing enzymeprotein and changes in its synthesis are important in the con-

trol of intracellular concentrations of CoA (Rock et al., 2000). The enzymehas a

low Km compared with the normal intracellular concentration of pantothenic

acid and is thus insensitive to the availability of substrate, even in deficiency.

Short-chain fatty acyl CoA derivatives are inhibitors of pantothenate ki-

nase; in perfused rat hearts, the addition of any of the major energy-yielding
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substrates (glucose, pyruvate, free fatty acids, or 3-hydroxybutyrate) to theper-

fusionmediumresults in inhibitionofpantothenatekinaseand thusa reduced

rate of CoA synthesis (Robishaw et al., 1982).

Expression of the pantothenate kinase gene is induced by glucagon (which

is secreted under conditions when there is an increased need for CoA for fatty

acid oxidation) and repressed by insulin (Kirschbaum et al., 1990; Yun et al.,

2000).

12.2.2 Catabolism of CoA
CoAundergoes dephosphorylation, catalyzed by lysosomal acid phosphatase,

to dephospho-CoA, followed by pyrophosphatase action to release 4′-
phosphopantetheine and 5′-AMP – the reverse of the final stages of CoA syn-

thesis shown in Figure 12.2. CoA is also a substrate for direct pyrophosphatase

action, at about 10% of the rate of action on dephospho-CoA. The pyrophos-

phatase seems to be a general nucleotide pyrophosphatase of plasma mem-

brane rather than an enzyme specific for the degradation of CoA.

Phosphopantetheine, arising fromeither the catabolismofCoAor the inac-

tivation of holo-acyl carrier protein (ACP), can be reutilized for CoA synthesis.

Phosphopantetheine is a potent inhibitor of pantothenic acid kinase, the first

step of de novo CoA synthesis.

Alternatively, phosphopantetheine is dephosphorylated, again by a rela-

tively unspecific phosphatase. The resultant pantetheine is cleaved by pante-

theinase,aspecificamidase, topantothenicacidandcysteamine.Theresultant

cysteamine may be an important precursor of taurine (Section 14.5.1). Pan-

tetheinase is found inboth the liver andkidneys.Thekidney isoenzymeactson

both pantetheine and (at a lower rate) on phosphopantetheine, whereas the

liver enzymeacts only onpantetheine (Dupre et al., 1973;Wittwer et al., 1983).

12.2.3 The Formation and Turnover of ACP
Although fatty acid β-oxidation is catalyzed by a series of intramitochon-

drial enzymes, and the fatty acyl chain is carried by CoA, fatty acid synthe-

sis is catalyzedbya cytosolic–multienzymecomplex inwhich thegrowing fatty

acyl chain is bound by thioester linkage to an enzyme-bound 4′-phospho-
pantetheine residue. This component of the fatty acid synthetase complex

is ACP.

Apo-ACP is activatedbya transferase, holo-ACP synthetase,which transfers

4′-phosphopantetheine from CoA to the hydroxyl group of a serine residue in

the apoprotein, releasing ADP. ACP is inactivated by a hydrolase that releases

4′-phosphopantetheine, which can be reutilized for CoA synthesis.
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Figure 12.3. Biosynthesisofpantothenicacid.Oxo-pantoatehydroxymethyltransferase,
EC 2.1.2.11; dehydropantoate reductase, EC 1.1.1.169; and aspartate β-decarboxylase,
EC 4.1.1.12.

There is a rapid turnover of phosphopantetheine between ACP and CoA,

in response to the metabolic state, and the need for fatty acid synthesis (and

thus ACP in the fed state) or fatty acid β-oxidation (and thus CoA in the fasting

state). Apo-ACP has a half-life of 6 to 7 days, whereas the prosthetic group

turns over with a half-life of a few hours (Tweto and Larrabee, 1972; Volpe and

Vagelos, 1973).

12.2.4 Biosynthesis of Pantothenic Acid
Plantsandmicroorganismsarecapableof thedenovosynthesisofpantothenic

acid from oxo-isovalerate and aspartate, by the pathway shown in Figure 12.3;

animals are reliant on a preformed source of pantothenic acid.

Oxo-isovalerate may be formed by the transamination of valine; it is also

the immediate precursor of valine biosynthesis and an intermediate in the

synthesis of leucine (both are essential amino acids in mammals). Oxo-iso-

valerate undergoes a hydroxymethyl transfer reaction, in which the donor is
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methylene-tetrahydrofolate, yielding oxo-pantoic acid. The hydroxymethyl-

transferase is subject to feedback inhibition by pantoic acid, pantothenic acid,

and CoA. Oxo-pantoate is then reduced in an NADPH-dependent reaction to

pantoic acid. The reductase is reversible, but the equilibrium lies greatly in

favor of pantoic acid formation.

Aspartate undergoes β-decarboxylation to β-alanine; unlike most amino

acid decarboxylases, aspartate decarboxylase is not pyridoxal phosphate-

dependent,buthasacatalyticpyruvate residue,derivedbypostsyntheticmod-

ification of a serine residue (Section 9.8.1). Pantothenic acid results from the

formation of a peptide bond between β-alanine and pantoic acid.

12.3 METABOLIC FUNCTIONS OF PANTOTHENIC ACID

The major functions of pantothenic acid are in CoA (Section 12.2.1) and

as the prosthetic group for ACP in fatty acid synthesis (Section 12.2.3). In

addition to its role in fatty acid oxidation, CoA is the major carrier of acyl

groups for a wide variety of acyl transfer reactions. It is noteworthy that a wide

variety of metabolic diseases in which there is defective metabolism of an

acyl CoA derivative (e.g., the biotin-dependent carboxylase deficiencies; Sec-

tions 11.2.2.1 and 11.2.3.1), CoA is spared by formation and excretion of acyl

carnitine derivatives, possibly to such an extent that the capacity to synthe-

size carnitine is exceeded, resulting in functional carnitine deficiency (Section

14.1.2).

A variety of proteins are acylated by formation of thioesters to cysteine

and esters to serine and threonine. Acylation may serve either to anchor the

proteins in membranes (e.g., rhodopsin; Section 2.3.1) and the mannosidase

of the Golgi, or to increase lipophilicity and thus enhance the solubilization

of lipids being transported (e.g., the plasma apolipoproteins andmilk globule

proteins). Proteolipids with fatty acids esterified to threonine residues occur

in the myelin sheath in nerves.

Several of the proteins of the Golgi transport system are N-acetylated at

either the amino terminal or the ε-amino group of a lysine residue. Acylation

may be either cotranslational or posttranslational. Amino terminal acylation

protects the proteins from degradation, and various acylations are required

for the assembly of multisubunit membrane proteins and transport of glyco-

proteins through the Golgi.

Acetyl CoA is the donor for the 7- and 9-O-acetylation of sialic acids in

the Golgi membrane. Neither free acetate nor acetyl CoA crosses the Golgi

membrane, and the reaction appears to be a transmembrane process, with

intermediate acetylation of a membrane component that then accumulates
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intravesicularly. The intermediate can transfer acetyl groups onto N-

acetylneuraminic acid, but not other potential acetyl acceptors.

Acetyl CoA acetyltransferase, a key enzyme of ketogenesis, and 3-oxo-acyl

CoA thiolase, involved in β-oxidation, bind CoA by formation of a disulfide

bond to cysteine, a reaction that can be reversed by glutathione and other

sulfhydryl reagents. The physiological significance of this reaction with CoA,

which inactivates the enzymes, is not clear (Quandt and Huth, 1984, 1985;

Schwerdt and Huth, 1993).

12.4 PANTOTHENIC ACID DEFICIENCY

Pantothenic acid is widely distributed in foods, and because it is absorbed

throughout the small intestine, it is likely that intestinal bacterial synthesis

also makes a contribution to pantothenic acid nutrition. As a result, defi-

ciencyhasnotbeenunequivocally reported inhumanbeingsexcept in specific

depletion studies, which have also frequently used the antagonist ω-methyl

pantothenic acid.

12.4.1 Pantothenic Acid Deficiency in Experimental Animals
Pantothenic acid deficiency in black and brown rats leads to a loss of fur

color – at one time, pantothenic acid was known as the antigray hair fac-

tor. There is no evidence that the normal graying of hair with age is related to

pantothenic acid nutrition, nor that pantothenic acid supplements have any

effect on hair color.

In pantothenic acid-deficient rats, tissue CoA is depleted, affecting mainly

the peroxisomal oxidation of fatty acids, which is mainly concerned with

detoxication;mitochondrialβ-oxidation,which is anessential energy-yielding

pathway, is spared to a great extent (Youssef et al., 1997). However, relatively

moderate deficiency in animals results in increasedplasma triacylglycerol and

nonesterified fatty acids, suggesting some impairment of lipid metabolism

(Wittwer et al., 1990).

Rats on a pantothenic acid-free diet show rapid depletion of adrenal corti-

costeroids, and reduced production of the steroids in isolated adrenal glands

in response to stimulation with adrenocorticotrophic hormone (ACTH). This

presumably reflects the role of acetyl CoA in the synthesis of steroids; defi-

ciency also results in atrophy of the seminiferous tubules of male rats and

delayed sexual maturation in females. As deficiency progresses, there is en-

largement, then congestion, and finally hemorrhage, of the adrenal cortex.

In young animals, but not in adults, pantothenic acid deprivation eventually

leads to necrosis of the adrenal cortex.
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Deficient animals have an impaired ability to respond to metabolic and

physical stress as a result of this decreased adrenocortical hormone synthesis,

although this may be accompanied by enhanced sensitivity of target tissues

to hormone action. Some strains of rat are susceptible to the development of

duodenal ulcers in pantothenic acid deficiency. Ulceration can be prevented

by adrenalectomy and is exacerbated by administration of glucocorticoid

hormones.

Dogs develop severe and potentially fatal hypoglycemia in pantothenic

acid deficiency – this responds to the administration of glucocorticoid hor-

mones, suggesting that it is secondary to impairment of adrenal cortical

function.

Deficientanimalsarealsomoresusceptible to infection thanareadequately

nourished control animals, with impaired antibody responses. This seems to

be due to a defect in the transport of proteins destined for export from the cell

as a result of the impairment of acylation of Golgi proteins.

12.4.2 Human Pantothenic Acid Deficiency – The Burning
Foot Syndrome
In the 1940s, prisoners of war in the Far East who were severely malnourished

showed, among other signs and symptoms of vitamin deficiency diseases,

a new condition of paresthesia and severe pain in the feet and toes, which

was called the burning foot syndrome or nutritional melalgia. Although it was

tentatively attributed to pantothenic acid deficiency, no specific trials of pan-

tothenic acidwere conducted; rather the subjects were given yeast extract and

other rich sources of all vitamins as part of an urgent program of nutritional

rehabilitation. There seemtobeno reports ofneurological damage indeficient

animals which may explain the burning foot syndrome.

Experimental pantothenic acid depletion, sometimes togetherwith the ad-

ministration of ω-methyl pantothenic acid, results in the following signs and

symptoms after 2 to 3 weeks:

1. Neuromotor disorders, including paresthesia of the hands and feet, hy-

peractive deep tendon reflexes and muscle weakness. These can be ex-

plained by the role of acetyl CoA in the synthesis of the neurotransmit-

ter acetylcholine and the impaired formation of threonine acyl esters

in myelin. Dysmyelination may explain the persistence and recurrence

of neurological problems many years after nutritional rehabilitation in

people who had suffered from burning foot syndrome.
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2. Mental depression, which again may be related to either acetylcholine

deficit or impaired myelin synthesis.

3. Gastrointestinal complaints, including severe vomiting and pain, with

depressed gastric acid secretion in response to insulin and gastrin. As

with the development of ulcers in deficient animals, this may reflect

hypersensitivity to glucocorticoid stimulation.

4. Increased insulin sensitivity and a flattened glucose tolerance curve,

which may reflect decreased antagonism by glucocorticoids.

5. Decreased serum cholesterol and decreased urinary excretion of 17-

ketosteroids, reflecting the impairment of steroidogenesis.

6. Decreased acetylationofp-aminobenzoic acid, sulfonamides, andother

drugs, thus reflecting reduced availability of acetyl CoA for these reac-

tions.

7. Increased susceptibility to upper respiratory tract infections, which pre-

sumably reflects the impairment of immune responses.

12.5 ASSESSMENT OF PANTOTHENIC ACID NUTRITIONAL STATUS

Urinary excretion of pantothenic acid mirrors intake, albeit with wide range

of individual variation, and may provide a means of assessing status. Urinary

excretion of less than 1 mg (4.5 µmol) of pantothenic acid per 24 hours is

considered to be abnormally low (Sauberlich et al., 1974).

Sauberlich(1974)suggestedthatawholebloodtotalpantothenicacidbelow

4.5µmol per L was indicative of inadequate intake. However, few studies have

reported mean blood concentrations of pantothenic acid as high as 4.5 µmol

per L in normal subjects. Eissenstat and coworkers (1986) showed that serum

or plasma free pantothenic acid was not a good index of nutritional status.

There are no functional tests of pantothenic acid nutritional status that

are generally applicable. Deficiency of pantothenic acid impairs the ability to

acetylate a variety of drugs, such as p-aminobenzoic acid, but this has not

been developed as an index of vitamin status. The capacity to acetylate drugs

is genetically determined; neither experimental pantothenate deficiency nor

the administration of supplements affects the determination of fast or slow

acetylator status (Pietrzik et al., 1975; Vas et al., 1990).

12.6 PANTOTHENIC ACID REQUIREMENTS

Fromthe limitedstudies thathavebeenperformedit isnotpossible toestablish

requirements for pantothenic acid. Average intakes are between 2 to 7mg per

day. This is obviously adequate, because, as discussed previously, deficiency
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is unknown under normal conditions. TheU.S./Canadian adequate intake for

adults is 5 mg per day (Institute of Medicine, 1998).

12.7 PHARMACOLOGICAL USES OF PANTOTHENIC ACID

Fibroblasts in culture undergo faster proliferation and migration when the

concentration of pantothenic acid is high, and this has led to the topical use

of pantothenol in skin disorders andwound healing. There is no evidence that

oral supplements have any effect onwoundhealing (Vaxmanet al., 1995, 1996;

Egger et al., 1999; Weimann and Hermann, 1999; Ebner et al., 2002).

Some of the side effects of valproate administration to young children to

control seizures (ketosis and liver damage) are associated with sequestration

of CoA as valproyl CoA, which is poorly metabolized, and the administration

of pantothenate supplements (generally together with carnitine; Section 14.1)

prevents depletion of CoA and reduces the risk of liver damage (Thurston

andHauhart, 1992). In the sameway, pantothenate supplements protectmice

against neural tube defects caused by valproate (Sato et al., 1995).

Homopantothenic acid (pantoyl-GABA or hopanthate; see Figure 12.1) has

been reported to enhance cholinergic function in the central nervous system.

It seems to act by binding to GABA receptors and stimulating the release of

acetylcholine in the cerebral cortex and hippocampus, rather than by any

direct effect on acetylcholine synthesis or cholinergic receptors. It appears to

have some beneficial effect in Alzheimer’s disease, reducing loss of memory

and cognitive impairment in some patients (Nakahiro et al., 1985).

Pantothenic acid seems to have very low toxicity. Intakes of up to 10 g of

calcium pantothenate per day (compared with a normal dietary intake of 2 to

7 mg per day) have been given for up to 6 weeks, with no apparent ill effects.
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THIRTEEN

Vitamin C (Ascorbic Acid)

VitaminC is a vitamin for only a limitednumber of vertebrate species: humans

and the other primates, the guinea pig, bats, the passeriform birds, and most

fishes.Most insectsand invertebratesarealso incapableofascorbatesynthesis.

Ascorbate is synthesized as an intermediate in the gulonolactone pathway

of glucose metabolism; in those vertebrate species for which ascorbate is a

vitamin, one enzyme of the pathway, gulonolactone oxidase, is absent.

The vitamin C deficiency disease, scurvy, has been known for many cen-

turies, andwasdescribed in theEberspapyrusof 1500B.C. andbyHippocrates.

The Crusaders are said to have lost moremen through scurvy than were killed

in battle; in some of the long voyages of exploration of the fourteenth and fif-

teenthcenturies, up to90%of thecrewdied fromscurvy.Cartier’s expedition to

Quebec in 1535was struck by scurvy; the local native Americans taught him to

use infusion of swamp spruce leaves to prevent or cure the condition. Recog-

nition that scurvy was the result of a dietary deficiency came relatively early.

JamesLinddemonstrated in1757 that orangeand lemon juicewereprotective,

and Cook maintained his crew in good health during his circumnavigation of

the globe (1772 to 1775) by stopping frequently to take on fresh fruit and veg-

etables. In 1804, the British Navy decreed a daily ration of lemon or lime juice

for all ratings, a requirement that was extended to themerchant navy in 1865.

Ascorbicacidwas isolated fromcabbage, lemonjuice,andadrenalglandsby

Szent-György in 1928, and identified as the antiscorbutic factor byWaugh and

King in 1932. Its structure was established by Haworth and coworkers in 1933,

and the same year Haworth, in Birmingham, and Reichstein, in Switzerland,

succeeded in synthesizing the vitamin.

Ascorbate is a reducing sugar; in addition to its specific role as cofactor for

a variety of redox reactions, it also functions as a relatively nonspecific reduc-

ing agent. Some of these nonspecific reactions are physiologically important;

357
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others have led to confusion in the literature because in vitro it will enhance

the activity of a number of enzymes for which it is not a cofactor.

Ascorbate is synthesized in large amounts in plants. It can reach 20 to

300 mmol per L in chloroplasts, where its function is mainly to remove

hydrogen peroxide formed during photosynthesis. Ascorbate-deficient mu-

tant plants are especially sensitive to ozone- and ultraviolet-induced stress

(Smirnoff, 2000).

13.1 VITAMIN C VITAMERS AND NOMENCLATURE

The physiologically important compound is l-ascorbic acid (Figure 13.1). It

can undergo oxidation to themonodehydroascorbate free radical and onward

to dehydroascorbate, both of which have vitamin activity because they can

be reduced to ascorbate. Further oxidation in the presence of oxygen, and

especially under alkaline conditions, or in the presence of transition metal

ions that undergo reduction, results in the formation of diketogulonic acid

(dioxogulonic acid; see Figure 13.2), which has no biological activity.

d-Iso-ascorbic acid (erythorbic acid; see Figure 13.1) also has vitamin ac-

tivity. In vivo and in cell culture, it has only about 5% of the biological activity

of ascorbate, but this seems to be from poor intestinal absorption and tissue

uptake. In vitro with purified enzymes, it has the same cofactor activity as

ascorbate. Although it is not a naturally occurring compound, erythorbic acid

is widely used interchangeably with ascorbic acid, in cured meats and as an

antioxidant in a variety of foods.

Figure 13.1. Vitamin C vitamers. Relative molecular masses (Mr): ascorbate and iso-
ascorbate, 176.1; monodehydroascorbate, 175.1; and dehydroascorbate, 174.1.
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Ascorbic acid 2-phosphate and triphosphate are more stable to atmos-

pheric oxidation than ascorbate and are used in food processing. They have

the same biological activity as ascorbic acid on amolar basis, because they are

substrates for intestinal phosphatases. Ascorbic acid 2-sulfate is a metabolite

of the vitamin in some species and has little or no biological activity.

Vitamin C is used in food processing as the free acid (E-300), the sodium

(E-301)andcalcium(E-302) salts, andasascorbylpalmitateor stearate (E-304),

a lipid-soluble antioxidant. The palmitate and stearate have low biological

activity. Although most of the ascorbate used as a flour improver in bread

making isdestroyed inbaking,aconsiderablenumberofotherprocessed foods

provide significant amounts of the vitamin because of its use as an antioxidant

and in meat curing.

13.1.1 Assay of Vitamin C
Because it is a potent reducing agent, vitamin C is commonly determined by

titrimetricorpotentiometric redoxmethods. Suchmethodsunderestimate the

amount of the vitaminpresent becausedehydroascorbate –whichhas vitamin

activity – is formedby atmospheric oxidation of ascorbate in the sample, espe-

cially under neutral conditions, and is not detected by redox assay methods.

Vitamin C can also be determined colorimetrically, after oxidation to de-

hydroascorbate, by reaction with dinitrophenylhydrazine. Under appropri-

ate conditions, neither ascorbic acid itself nor potentially interfering sugars

react with dinitrophenylhydrazine. However, diketogulonate, which has no

vitamin activity, also reacts with dinitrophenylhydrazine under the same con-

ditions. Unless diketogulonate is determined separately after reduction of de-

hydroascorbate to ascorbate, this method overestimates the vitamin.

These problems can be overcome by using more specific assay meth-

ods: either high-performance liquid chromatography or a fluorescence assay

(Brubacher et al., 1985).

13.2 METABOLISM OF VITAMIN C

As shown in Figure 13.2, ascorbate is an intermediate in the gulonolactone

pathway of glucuronic acid metabolism. In those species for which ascorbate

is not a vitamin, this is a major pathway of glucuronic acid catabolism, and

ascorbate is a metabolic intermediate whose rate of synthesis and turnover

bear no relation to physiological requirements for ascorbate per se. In these

species, rates of ascorbate synthesis and turnover range between 5 mg per

kg of body weight per day (cats and dogs) and 30 to 40 mg per kg per day

(goats, rats, andmice). Metabolic stress and the administration of xenobiotics
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Figure 13.2. Biosynthesis of ascorbate. Glucuronate reductase, EC 1.1.1.19; glucono-
lactone 3-lactonase, EC 3.1.1.17; gulonolactone oxidase, EC 1.1.3.8; NADPH-dependent
dehydroascorbate reductase, EC 1.6.5.4; and glutathione-dependent dehydroascorbate
reductase, EC 1.8.5.1.

(Section 13.3.8) can increase the rate of ascorbate turnover several-fold in

species for which it is not a vitamin.

Species for which ascorbate is a vitamin lack gulonolactone oxidase, and

metabolize gulonic acid by reduction anddecarboxylation directly to xylulose.

The loss of gulonolactone oxidase seems to be the result of nonexpression of

the gene rather than a gene deletion (Sato and Udenfriend, 1978).

An autosomal recessive mutant strain of rat, which lacks gulonolactone

oxidase and hence is unable to synthesize ascorbic acid, has been described

(Mizushima et al., 1984). The animals have an osteogenic disorder akin

to scurvy in human infants, and homozygotes are sterile. The addition of



13.2 Metabolism of Vitamin C 361

ascorbate to their diet restores normal growth and fertility, but because, like

all species for which it is not normally a vitamin, they lack the intestinal active

transport carrier for the ascorbate (Section 13.2.1), and they require relatively

large amounts of the vitamin.

13.2.1 Intestinal Absorption and Secretion of Vitamin C
In rats and hamsters (for which ascorbate is not a vitamin), intestinal absorp-

tion is passive, whereas in guinea pigs and human beings there is sodium-

dependent active transport of the vitamin at the brush border membrane,

with sodium independent transport at the basolateralmembrane, throughout

the intestinal tract. Isolated guinea pig intestine can concentrate ascorbate up

to five-fold, compared with the incubation medium, representing a consid-

erable electrochemical gradient. Intestinal absorption of dehydroascorbate is

carrier-mediated, linked to intracellular reduction to ascorbate before trans-

port across the basolateral membrane (Malo and Wilson, 2000). Ascorbate is

secreted in gastric juice, and the ratio of plasma:gastric juice ascorbate is 4 to

5:1 (Mowat andMcColl, 2001).

Some 80% to 95% of dietary ascorbate is absorbed at intakes up to about

100 mg per day; the absorption of larger amounts of the vitamin is lower,

falling from 50% of a 1.5-g dose to 25% of a 6-g dose, and 16% of a 12 g-dose

(Rivers, 1987).Unabsorbed ascorbate fromhighdoses is a substrate for intesti-

nal bacterial metabolism.

13.2.2 Tissue Uptake of Vitamin C
Ascorbate and dehydroascorbate are taken up into tissues by separatemecha-

nisms,andthere is littleornocompetitionbetweenthem(Welchetal., 1995):

1. Ascorbate enters cells by way of sodium-dependent transporters.

2. Dehydroascorbateenterscellsbywayof the(insulin-dependent)glucose

transporters (GLUT), and is reduced to ascorbate intracellularly.

The relative importance of uptake of dehydroascorbate and dehydroascor-

bate by tissues is unclear. It has been suggested that normal physiological

concentrations of glucosewill inhibit uptakeof dehydroascorbate (Liang et al.,

2001). Functional signs of deficiency may develop in poorly controlled dia-

betes mellitus, despite an adequate intake and adequate plasma concentra-

tions, suggesting that hyperglycemia and insulin insensitivity – and thus up-

take of dehydroascorbate in competition with glucose – are important. Some

of the adverse effects of poor glycemic control in diabetes mellitus (especially

the development of cataract) may be related to this impairment of vitamin C
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uptake, and supplements of vitaminCmaybebeneficial (Cunningham, 1998a,

1998b).

With cells in culture, high concentrations of flavonoids (Section 14.7.2) in-

hibit the uptake of both ascorbate and dehydroascorbate, although it is not

clear whether inhibitory concentrations of flavonoids occur in vivo (Park and

Levine, 2000).

About 70% of blood ascorbate is in plasma and erythrocytes (which do

not concentrate the vitamin from plasma). The remainder is in white cells,

which have a marked ability to concentrate ascorbate: mononuclear leuko-

cytes achieve 80-fold, platelets 40-fold, and granulocytes 25-fold concentra-

tion, comparedwith plasma concentration. In adequately nourished subjects,

and those receivingsupplements, theascorbateconcentration inerythrocytes,

platelets, and granulocytes, but not in mononuclear leukocytes, is correlated

with plasma concentration. Mononuclear leukocytes concentrate ascorbate

independently of plasma concentration (Evans et al., 1982). In deficiency, as

plasma concentrations of ascorbate fall,mononuclear leukocyte, granulocyte,

and platelet concentrations of ascorbate are protected to a considerable ex-

tent. As discussed in Section 13.5.2, the leukocyte content of ascorbate is used

as an index of vitamin C nutritional status, but in view of the differing capacity

of different cell types to accumulate the vitamin, differential white cell counts

are essential to interpret the results.

There is no specific storage organ for ascorbate; apart from leukocytes

(whichaccount foronly 10%of total bloodascorbate), theonly tissues showing

a significant concentration of the vitamin are the adrenal and pituitary glands.

Although the concentration of ascorbate in muscle is relatively low, skeletal

muscle contains much of the body pool of 5 to 8.5 mmol (900 to 1,500 mg) of

ascorbate.

13.2.3 Oxidation and Reduction of Ascorbate
As shown in Figure 13.3, oxidation of ascorbic acid, for example, by the reduc-

tion of superoxide to hydrogen peroxide or Fe3+ to Fe2+, and similar reduction

of other transition metal ions, proceeds by a one-electron process, forming

themonodehydroascorbate radical. The radical rapidlydisproportionates into

ascorbate and dehydroascorbate. Most tissues also have both nicotinamide

adenine dinucleotide phosphate (NADPH) and glutathione-dependent mon-

odehydroascorbate reductases, which reduce the radical back to ascorbate.

Ascorbate is thus an effective quencher of singlet oxygen and other radicals.

Dehydroascorbate isunstable insolution,undergoinghydrolytic ringopen-

ing to yield diketogulonic acid. However, in vivo, it is normally reduced to
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Figure 13.3. Redox reactions of ascorbate. Monodehydroascorbate reductase, EC
1.8.5.3; NADPH-dependent dehydroascorbate reductase, EC 1.6.5.4; and glutathione-
dependent dehydroascorbate reductase, EC 1.8.5.1.

ascorbate by either NADPH or glutathione-dependent reductases. Dehy-

droascorbate may also be reduced by reaction with homocysteine, forming

homocysteic acid; this may be an important source of homocysteic acid for

the synthesis of phosphoadenosine phosphosulfate (PAPS) for sulfation reac-

tions (McCully, 1971).

In plants, ascorbate oxidase reduces oxygen to water, in a series of four

single-electron steps, formingmonodehydroascorbate. This enzyme, and on-

ward nonenzymic oxidation to diketogulonic acid, is responsible for the ox-

idative loss ofmuchof the vitaminC in vegetables after harvesting. In animals,

where the role of ascorbate seems to bemainly as a reducing agent, there is no

specific ascorbate oxidase.

13.2.4 Metabolism and Excretion of Ascorbate
Themajor fate of ascorbic acid in humanmetabolism is excretion in the urine,

either unchanged or as dehydroascorbate and diketogulonate. Both ascorbate
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and dehydroascorbate are filtered at the glomerulus, then reabsorbed, by a

sodium-independent process. Reabsorbed dehydroascorbate is reduced to

ascorbate in the kidneys. At plasmaconcentrations aboveabout 85µmolper L,

therenal transport systemissaturated,andascorbate isexcretedquantitatively

with increasing intake.

Ascorbate catabolism is increased in subjects with iron overload, probably

as a result of nonenzymic reactions with iron that is not protein-bound. The

transferrin polymorphisms that are associatedwith susceptibility to iron over-

load result in higher vitamin C requirements for those subjects with high iron

status (Kasvosve et al., 2002).

As shown in Figure 13.3, dehydroascorbate can undergo hydration to dike-

togulonate, followed by decarboxylation to xylose, thus providing a route for

entry intocentralcarbohydratemetabolicpathwaysvia thepentosephosphate

pathway.This is themajormetabolic fateofascorbate inthosespecies forwhich

it is not vitamin and also in the guinea pig. However, oxidation to carbon diox-

ide is only aminor fate of ascorbate in humans. At intakes up to about 100mg

per day, less than 1% of the radioactivity from [14C]ascorbate is recovered as

carbon dioxide. Although more 14CO2 is recovered from subjects receiving

high intakes of the vitamin, this may be the result of bacterial metabolism

of unabsorbed vitamin in the intestinal lumen (Kallner et al., 1985).

Although anumber of studies have suggested that high intakes of ascorbate

lead to synthesis and excretion of oxalate (Section 13.6.5.1), this seems to be

the resultofnonenzymic formationofoxalate inurinesamplesafter collection.

There is no known pathway for oxalate synthesis from ascorbate.

Some species (but not primates) excrete ascorbate 2-sulfate, and in vitro

ascorbic acid is a substrate for catechol O-methyltransferase, forming 2-

methyl ascorbate.

13.3 METABOLIC FUNCTIONS OF VITAMIN C

Ascorbic acid has specific and well-defined roles in two classes of enzymes:

the copper-containing hydroxylases (such as dopamine β-hydroxylase and

peptidyl glycine hydroxylase) and the 2-oxoglutarate–linked iron-containing

hydroxylases, of which the best studied are the proline and lysine hydroxyl-

ases involved in maturation of connective tissue (and other) proteins.

In addition to its coenzyme role in postsynthetic modification of colla-

gen and other connective tissue proteins, there is evidence that vitamin C

is involved in the regulation of connective tissue protein gene expression

(Mahmoodian and Peterkofsky, 1999). The expression of a number of other

genes has also been reported to be modulated by vitamin C, including
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Figure 13.4. Synthesis of the catecholamines. Tyrosine hydroxylase, EC 1.14.16.2 (see
also Figure 10.10); aromatic amino acid decarboxylase, EC 4.1.1.26; and dopamine
β-hydroxylase, EC 1.14.17.1.

cytochromes P450, and ubiquitin (Mizutani et al., 1997;Mori et al., 1997; Catani

et al., 2001). Themechanismbywhich ascorbate affects gene expression is not

clear, but may involve changes in the intracellular redox state (Lopez-Lluch

et al., 2001).

Ascorbate also increases the activity of a number of other enzymes in

vitro, although this is a nonspecific reducing action rather than reflecting any

metabolic function of the vitamin. In addition, it has a number of relatively

unspecific actions as a reducing agent and oxygen radical quencher. It is a

potentially important antioxidant nutrient acting to recycle oxidized vitamin

E. It also enhances absorption of inorganic iron and inhibits the formation of

nitrosamines in the stomach.

13.3.1 Dopamine �-Hydroxylase
Dopamine β-hydroxylase is a copper-containing enzyme involved in the syn-

thesis of the catecholamines noradrenaline and adrenaline from tyrosine in

the adrenal medulla and central nervous system (see Figure 13.4). 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.

In intact adrenal medullary chromaffin cells in culture, the amount of

noradrenaline formed is considerably greater than the amount of ascorbate

present,andthere is littleornodetectable lossofascorbatewithenzymeaction.

However, in isolated chromaffin granules, there is stoichiometric oxidation of



366 Vitamin C (Ascorbic Acid)

Figure 13.5. Reactions of peptidyl glycine hydroxylase (EC 1.14.17.3) and peptidyl hy-
droxyglycine α-amidating lyase (EC 4.3.2.5).

ascorbate and hydroxylation of dopamine. The small pool of ascorbate in the

granules is maintained by a transmembrane electron transport system (prob-

ably involving cytochrome b561), at the expense of the considerably larger cy-

tosolic pool of ascorbate. In turn, cytosolicmonodehydroascorbate is reduced

by monodehydroascorbate reductase in the outer mitochondrial membrane.

This is an NADH-dependent enzyme; therefore, overall, the tissue shows sto-

ichiometric oxidation of NADH with dopamine hydroxylation, although it is

ascorbate that is the immediate electron donor (Diliberto et al., 1982; Menniti

et al., 1986).

13.3.2 Peptidyl Glycine Hydroxylase (Peptide �-Amidase)
Morethanhalfof thepeptidehormonesundergopostsyntheticmodificationto

form a carboxy terminal amide, which is essential for biological activity. One

function of this amidation is to render the peptides more hydrophobic and

enhance receptor binding. The amide group is derived from a glycine residue

that is to the carboxyl side of the amino acid which will become the amidated

terminal of the mature peptide.

The initial reaction is proteolysis of a precursor peptide to leave a carboxy

terminal glycine. This is hydroxylated on the α-carbon by peptidyl glycine

hydroxylase, a copper-containing enzyme that has considerable sequence ho-

mology with dopamine β-hydroxylase, and also uses ascorbate as the reduc-

tant. A second enzyme, peptidyl hydroxyglycine α-amidating lyase, catalyzes

cleavage of the hydroxyglycine to glyoxylate and the amide of the carboxy ter-

minal amino acid, as shown in Figure 13.5. In animals, the two activities occur

in a single bifunctional enzyme, although in invertebrates there are separate

hydroxylase and lyase proteins (Prigge et al., 2000).
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Table 13.1 Vitamin C-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

13.3.3 2-Oxoglutarate–Linked Iron-Containing Hydroxylases
As shown in Table 13.1, a number of iron-containing hydroxylases share an

unusual reactionmechanism inwhich hydroxylation of the substrate is linked

to decarboxylation of 2-oxoglutarate. Proline and lysine hydroxylases are re-

quired for the postsyntheticmodification of collagen, and proline hydroxylase

also for the postsyntheticmodification of osteocalcin (Section 5.3.3) and other

proteins. Aspartate β-hydroxylase is required for the postsynthetic modifica-

tion of protein C, the vitamin K-dependent protease that hydrolyzes activated

Factor V in the blood clotting cascade (Section 5.3.2). Trimethyllysine and γ -

butyrobetaine hydroxylases are required for the synthesis of carnitine (Section

14.1.1).

Procollagen proline 4-hydroxylase is the best studied of this class of en-

zymes; it is assumed that the others have essentially the same mechanism,

although proline and lysine hydroxylases show very little sequence homol-

ogy (Kivirikko and Pihlajaniemi, 1998). Although 3-hydroxyproline is found

only in collagen, 4-hydroxyproline and hydroxylysine are found in a variety

of other proteins, including the C1q component of complement, osteocalcin,

macrophage receptor proteins, and a variety of transmembrane and inter-

cellular proteins and proteins of the cytoskeleton, as well as some enzymes.

4-Hydroxyproline, but not hydroxylysine, also occurs in elastin.

In collagen, hydroxyproline stabilizes the triple helix structure by forming

hydrogen bonds via water between adjacent chains or regions of the same

chain. Hydroxylysine provides sites for glycosylation of proteins, and is essen-

tial for stabilization of intermolecular cross-links formed by reaction between

lysine or hydroxylysine aldehyde and the ε-amino group of lysine or hydrox-

ylysine.
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Figure 13.6. Reaction sequence of prolyl hydroxylase (EC 1.14.11.2). Enz, enzyme.

Proline and lysine hydroxylases are found in the lumen of rough endoplas-

mic reticulum. Hydroxylation of the peptide substrate occurs both cotransla-

tionally and later as a postsynthetic modification. The enzymes act only on

peptides and not on free amino acids.

As shown in Figure 13.6, the first step is binding of oxygen to the enzyme-

bound iron, followed by attack on the 2-oxoglutarate substrate, resulting in

decarboxylation to succinate, leaving a ferryl radical at the active site of the

enzyme. This catalyzes the hydroxylation 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 5 to 10 seconds (about 15 to 30 cycles of enzyme action), the rate of

reaction begins to fall. The loss of activity is from a side reaction of the highly

reactive ferryl radical inwhich the iron is oxidized toFe3+,which is catalytically
inactive – so-called uncoupled decarboxylation of 2-oxoglutarate. Activity is

only restored by ascorbate, which reduces the iron back to Fe2+ (Kivirikko and
Pihlajaniemi, 1998).
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13.3.4 Stimulation of Enzyme Activity by Ascorbate In Vitro
Over the years, a number of enzymes have been assumed to be ascorbate-

dependent,because their activity is stimulated invitroby theadditionofascor-

bate to the incubationmedium. In general, these reactions are not ascorbate-

dependent; ascorbate is one of a variety of reducing reagents that enhance the

reaction.

Ascorbate is also frequently added to the incubation medium to remove

hydrogen peroxide formed during a variety of reactions. Again, a number of

reducing agents have the same action, and in vivo this role would presumably

be performed by catalase.

In vitro, ascorbate and Fe2+ ions are frequently used as a source of superox-
ide for such enzymes as indoleamine dioxygenase. Although ascorbate does

have prooxidant and superoxide generating activity (Section 13.3.7), there is

no evidence that it is the physiological source of this radical for superoxide-

utilizing enzymes.

There is a long-standing myth that ascorbate is required for the hydroxy-

lation of tyrosine to dihydroxyphenylalanine (see Figure 13.4) and the similar

reactions of phenylalanine and tryptophan hydroxylases. This belief arose as

a result of early studies of a nonenzymic reaction to synthesize the hydroxy-

lated amino acids for further study. It became established that ascorbate was

required for these hydroxylations, and it is still common to include it in the

incubation buffer. So far from requiring ascorbate, the addition of relatively

low concentrations of ascorbate to preparations of tyrosine hydroxylase that

has been activated by cAMP-dependent protein kinase results in irreversible

loss of activity, although the unactivated form of the enzyme is unaffected by

ascorbate (Wilgus and Roskoski, 1988). As discussed in Section 10.4.1, these

enzymes are biopterin-dependent, and require dihydrobiopterin reductase

and NADPH for activity. There is, however, evidence that, in some nerve cell

lines in culture, tyrosine hydroxylasemay be induced by ascorbate (Seitz et al.,

1998).

13.3.5 The Role of Ascorbate in Iron Absorption and Metabolism
Nonheme iron is absorbed as Fe2+, and not as Fe3+; ascorbic acid in the in-

testinal lumenwill bothmaintain iron in the reduced state and also chelate it,

thus increasing absorption. A dose of 25 mg of vitamin C taken together with

a semisyntheticmeal increases the absorption of iron 65%,whereas a 1-g dose

gives a nine-fold increase (Hallberg, 1982).

This is an effect of ascorbic acid present together with the test meal; nei-

ther intravenous administration of vitamin C nor supplements several hours
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before the test meal has any significant effect on iron absorption, although

the ascorbate secreted in gastric juice should be effective (Mowat andMcColl,

2001). A variety of other reducing agents, including alcohol and fructose, also

enhance the absorption of inorganic iron.

Ascorbate is also active in the reduction of Fe3+ in the plasma transport

protein, transferrin, to Fe2+ for storage in ferritin in the liver or for heme syn-

thesis. It is not clear towhat extent this represents specificactionsof ascorbate,

because other reducing reagents, including glutathione, also enhance heme

synthesis, and the NADH-dependent flavoprotein ferriductase is the major

factor controlling the transfer of iron between transferrin and ferritin.

13.3.6 Inhibition of Nitrosamine Formation by Ascorbate
In addition to dietary sources, a significant amount of nitrate is formed en-

dogenously by the metabolism of nitric oxide – 1 mg per kg of body weight

per day (about the same as the average dietary intake), increasing 20-fold in

response to inflammation and immune stimulation. There is considerable se-

cretion of nitrate in saliva, and up to 20% of this may be reduced to nitrite

by oral bacteria. Under the acidic conditions of the stomach, nitrite can react

with amines in foods to form carcinogenic N-nitrosamines, although it is not

known to what extent this occurs in vivo.

Ascorbate reacts with nitrite forming NO, NO2, and N2, thus preventing

the formation of nitrosamines. In addition to ascorbate in foods, there is con-

siderable secretion of ascorbate in the gastric juice, and inhibition of gastric

secretion for treatmentofgastriculcers, aswell as reducingvitaminB12 absorp-

tion (Section 10.9.7), also inhibits this presumably protective gastric secretion

of ascorbate (Mowat andMcColl, 2001). As a result of secretion in gastric juice,

the ratio of ascorbate in gastric juice to that in plasma is normally 4 to 5:1,

but infectionwithHelicobacter pylori reduces this to 1:1. Loss of the protective

effect against nitrosamine formationmay be part of themechanism by which

H. pylori causes gastric cancer (Banerjee et al., 1994).

Although ascorbate can deplete nitrosating compounds under anaerobic

conditions, the situation may be reversed in the presence of oxygen. Nitric

oxide reacts with oxygen to form N2O3 and N2O4, both of which are nitrosat-

ing reagents, and can also react with ascorbate to form NO and monodehy-

droascorbate. It is thus possible for ascorbate to be depleted, with no signif-

icant effect on the total concentration of nitrosating species (Tannenbaum

and Wishnok, 1987). There is, however, some evidence of a protective effect

of vitamin C supplements against the development of gastric cancer (Feiz and

Mobarhan, 2002).
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13.3.7 Pro- and Antioxidant Roles of Ascorbate
Ascorbate can act as a radical-trapping antioxidant, reacting with superoxide

and a proton to yield hydrogen peroxide, or with the hydroxy radical to yield

water. In each case, the product is monodehydroascorbate.

The antioxidant activity of ascorbate is variable. From consideration of the

chemistry involved, itwouldbeexpectedthat,overall,2molesofperoxylradical

would be trapped per mole of ascorbate, because of the reaction of 2 moles of

monodehydroascorbate to regenerate ascorbate and yield dehydroascorbate

(see Figure 13.3). However, as the concentration of ascorbate increases, so the

molar ratio decreases, and it is only at very low concentrations of ascorbate

that it tends toward the theoretical 2:1.

As well as its antioxidant role, ascorbate can be a source of hydroxyl and

superoxide radicals. At high concentrations, it can reduce molecular oxygen

to superoxide, being oxidized tomonodehydroascorbate. At lower concentra-

tions of ascorbate, both Fe3+ and Cu2+ ions are reduced by ascorbate, yielding
monodehydroascorbate. Fe2+ and Cu+ are readily reoxidized by reaction with
hydrogen peroxide to yield hydroxide ions and hydroxyl radicals. Cu+ also

reacts with molecular oxygen to yield superoxide.

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

concentrations of ascorbate are unlikely to rise to a sufficient extent to lead to

radical formation (Halliwell, 1996; Carr and Frei, 1999a).

13.3.7.1 Reduction of the Vitamin E Radical by Ascorbate Asdiscussed

in Section 4.3.1, one of themajor roles of vitamin E is as a radical-trapping an-

tioxidant in membranes and lipoproteins. α-Tocopherol reacts with lipid per-

oxides forming the α-tocopheroxyl radical, which reacts with ascorbate in the

aqueous phase, regenerating α-tocopherol, and formingmonodehydroascor-

bate. Vitamin C may have a vitamin E-sparing antioxidant action, coupling

lipophilic and hydrophilic reactions.

13.3.8 Ascorbic Acid in Xenobiotic and Cholesterol Metabolism
A number of xenobiotics – such as polychlorinated biphenyls, DDT, and

aminopyrine – increase the urinary excretion and tissue concentrations of

ascorbate in rats, and increase the incorporation of label from [14C]glucose

into ascorbate. The rate of ascorbate turnover can increase 5- to 10-fold under
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these conditions. Although this might be interpreted as suggesting a role for

ascorbate in the metabolism of these compounds, it is more likely that it is a

response to increased requirement for uridine diphosphate (UDP)-glucuronic

acid for conjugation. The effect of the xenobiotics is to increase the activity of

hepaticUDP-glucosedehydrogenaseactivity,withnochangeingulonolactone

oxidase. The same compounds also increase UDP-glucose dehydrogenase ac-

tivity in the guinea pig. The increased formation of ascorbate is thus a result

of increased availability of glucuronic acid; in rats, this excess glucuronic acid

can then be catabolized by way of ascorbate, as shown in Figure 13.2 (Horio

and Yoshida, 1982).

There is impairmentofdrugmetabolisminascorbate-deficientguineapigs,

which is normalized on repletion (Zannoni et al., 1972), possibly reflecting the

effects of ascorbate on expression of cytochrome P450 (Mori et al., 1997). This

may also account for the hypercholesterolemia and impaired synthesis of bile

acids that is seen invitaminC-deficientguineapigs.Cholesterol7-hydroxylase,

the first enzyme of bile acid synthesis, is cytochrome P450-dependent, and its

activity is reduced in deficiency.

13.4 VITAMIN C DEFICIENCY -- SCURVY

Although there is no specific site of vitamin C storage in the body, signs of

deficiencydonotdevelopuntil previously adequatelynourished subjects have

beendeprivedof thevitaminfor4 to6months,bywhichtimeplasmaandtissue

concentrations have fallen considerably.

The term scurvy is derived from the Italian scorbutico, meaning an irrita-

ble, neurotic, discontented, whining, and cranky person. The deficiency dis-

ease is certainly associated with listlessness and general malaise, and some-

times changes in personality and psychomotor performance and a lowering

of the general level of arousal. The behavioral effects can presumably be at-

tributed to impaired synthesis of catecholamines as a result of reduced activity

of dopamine β-hydroxylase (Section 13.3.1).

Most of the other clinical signs of scurvy can be accounted for by effects

of deficiency on collagen synthesis as a result of impaired proline and lysine

hydroxylase activity (Section 13.3.3).

In general, the effects on collagen synthesis are more marked and more

important than those of decreased formation of carnitine (as a result of im-

paired activity of trimethyllysine and γ -butyrobetaine hydroxylases; Section

14.1.1), impaired xenobiotic metabolism, or hypercholesterolemia (Section

13.3.8). However, depletion of muscle carnitine may account for the lassitude

and fatigue that precede clinical signs of scurvy.
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The earliest signs of scurvy in volunteers maintained on a vitamin C-free

diet are skin changes, beginning with plugging of hair follicles by horny ma-

terial, followed by enlargement of the hyperkeratotic follicles and petechial

hemorrhage, with significant extravasation of red cells – presumably the re-

sult of increased fragility of blood capillaries from impaired collagen synthesis

(Chatterjee, 1978).

Vascular fragility may also result from reduced sulfation of proteoglycans

in connective tissue, as may also occur in hyperhomocysteinemia (Section

10.3.4.2). Dehydroascorbate catalyzes the oxidation of homocysteine to ho-

mocysteic acid, which is the precursor of PAPS, the sulfate donor for sulfation

reactions (McCully, 1971).

At a later stage in deficiency, there is also hemorrhage of the gums, begin-

ning in the interdental papillae, and progressing to generalized sponginess

and bleeding of the gums. This is frequently accompanied by secondary bac-

terial infection and considerable withdrawal of the gum from the necks of the

teeth. As the condition progresses, there is loss of dental cement, and the teeth

become loose in the alveolar bone, and may be lost.

Wounds show only superficial healing in scurvy, with little or no formation

of (collagen-rich) scar tissue, so thathealing is delayedandwounds can readily

be reopened. The scorbutic scar tissue has only about half the tensile strength

of that normally formed.

Advanced scurvy is accompanied by intense pain in the bones, which can

be attributed to changes in bone mineralization and demineralization as a

result of abnormal collagen synthesis. Bone formation ceases and the existing

bone becomes rarefied, so that the bones fracture with minimal trauma.

Some scorbutic patients develop chest pains, and acute cardiac emergency

in response to exercise has been reported in some studies. Postmortem ex-

amination of patients and experimental animals shows thickening of the peri-

cardium and accumulation of fluid in the pericardial cavity. Thrombosis may

also occur, presumably because of hyperhomocysteinemia (Section 10.3.4.2),

and hypercholesterolemia (Section 13.4.8) may also be a factor.

13.4.1 Anemia in Scurvy
Anemia is frequently associated with scurvy, and may be either macrocytic,

indicative of folate deficiency, or hypochromic, indicative of iron deficiency.

Folate deficiency may be epiphenomenal, because the major dietary

sources of folate are the same as those of ascorbate. However, some patients

with clear megaloblastic anemia respond to the administration of vitamin C

alone, suggesting that there may be a role of ascorbate in the maintenance of
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normal pools of reduced folates. There is no evidence that any of the reactions

of folate is ascorbate-dependent.

Iron deficiency in scurvy may well be secondary to reduced absorption

of inorganic iron and impaired mobilization of tissue iron reserves (Section

3.4.5). At the same time, the hemorrhages of advanced scurvy can cause a

considerable loss of blood.

There is also evidence that erythrocytes have a shorter half-life thannormal

in scurvy, possibly as a result of peroxidative damage tomembrane lipids from

impairment of the reduction of tocopheroxyl radical by ascorbate (Section

13.3.7.1).

13.5 ASSESSMENT OF VITAMIN C STATUS

Vitamin C status is generally assessed by estimating the saturation of body

reserves or measuring plasma and leukocyte concentrations of the vitamin.

Urinary excretion of hydroxyproline-containing peptides is reduced in people

with inadequatevitaminCstatus,butanumberofother factors thataffectbone

and connective tissue turnover confound interpretation of the results (Bates,

1977). The ratio of deoxypyridinoline:pyridinoline compounds derived from

collagen cross-links provides a more useful index, but is potentially affected

by copper status (Tsuchiya and Bates, 1997).

13.5.1 Urinary Excretion of Vitamin C and Saturation Testing
Urinary excretion of ascorbate falls to undetectably low levels in deficiency;

therefore, very low excretion will indicate deficiency. However, no guidelines

for the interpretation of urinary ascorbate have been established, and basal

urinary excretionof ascorbate is rarelyused in theassessmentof status.During

depletion/repletion studies, urinary excretion increases before tissue satura-

tion has been achieved (Sauberlich, 1975).

It is relatively easy to assess the state of body reserves of vitamin C bymea-

suring the excretion after a test dose. A subject whose reserves are saturated

will excrete thewhole of a test dose of 500mgof ascorbate over 6 hours. Amore

precisemethod involves repeating the loading test daily until complete excre-

tion is achieved, thus giving an indication of how depleted the body stores

were.

13.5.2 Plasma and Leukocyte Concentrations of Ascorbate
Theplasmaconcentrationof vitaminC falls relatively rapidly duringdepletion

studies, to undetectably low levels within 4 weeks of initiating a vitamin C-

free diet, although clinical signs of scurvy may not develop for a further 3 to
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Table 13.2 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
�g/106 cells <0.2 0.2–0.5 >0.5

4 months and tissue concentrations of the vitamin may be as high as 50% of

saturation. In field studies and surveys, subjects with plasma ascorbate below

11µmolper L are considered to be at risk of developing scurvy (seeTable 13.2),

whereas anyone with a plasma concentration below 6 µmol per L would be

expected to show clinical signs. At intakes above about 100 mg per day, the

plasma concentration of ascorbate reaches a plateau around 70 to 80 µmol

per L, because of quantitative excretion of the vitamin as the renal threshold

is exceeded (Section 13.2.4).

The concentration of ascorbate in leukocytes is well correlated with the

concentrations in other tissues and falls more slowly than plasma concentra-

tion in depletion studies. The reference range of leukocyte ascorbate is 1.1 to

2.8 pmol per 106 cells; a significant loss of leukocyte ascorbate coincides with

the development of clear clinical signs of scurvy. Predictably, at high levels

of ascorbate intake, although the plasma concentration continues to increase

with intake, the leukocytecontentdoesnot,because thecells, likeother tissues,

are saturated.

There is a problem in the interpretation of leukocyte concentrations of

ascorbate as an index of vitamin C nutritional status. As discussed in Section

13.2.2, the different types of leukocytes have different capacities to accumu-

late ascorbate. This means that a change in the proportion of granulocytes,

platelets, andmononuclear leukocytes will result in a change in the total con-

centration of ascorbate per 106 cells, although theremay well be no change in

vitamin nutritional status. Stress, myocardial infarction, infection, burns, and

surgical traumaall result in changes in leukocytedistribution,with an increase

in the proportion of granulocytes that achieve saturation at a lower concen-

tration of ascorbate than other leukocytes, and thus an apparent change in

leukocyte ascorbate. This has been misinterpreted to indicate an increased

requirement for vitamin C in these conditions (Schorah et al., 1986). Without
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a differential white cell count, leukocyte ascorbate concentration cannot be

considered to give a meaningful reflection of vitamin C status.

13.5.3 Markers of DNA Oxidative Damage
There is increased formation of 8-hydroxyguanine (a marker of oxidative rad-

ical damage) in DNA during (short-term) vitamin C depletion (Fraga et al.,

1991). In addition, the rate of removal of 8-hydroxyguanine fromDNAby exci-

sion repair, and thus the urinary excretion of 8-hydroxyguanine, is affected by

vitamin C status (Cooke et al., 1998). These results suggest that measurement

of 8-hydroxyguanine in DNA, or its urinary excretion, may provide a way of

estimating requirements to meet a biomarker of optimum status.

13.6 VITAMIN C REQUIREMENTS AND REFERENCE INTAKES

There have been two major studies of ascorbate requirements in deple-

tion/repletion studies, one in Sheffield during the 1940s (Medical Research

Council, 1948) and the other in Iowa during the 1960s (Baker et al., 1969, 1971;

Hodges et al., 1969, 1971). In addition, Kallner andcoworkers (1979, 1981) have

determined the body pool of ascorbate and the fractional rate of turnover un-

der various conditions. Levine and coworkers (1995, 1996, 1999) have mea-

sured plasma and leukocyte ascorbate in studies of subjects maintained on

more thanminimally adequate amounts of vitamin C for relatively prolonged

periods of time to determine optimum, rather than minimum, requirements.

Although the minimum requirement for vitamin C is firmly established,

there are considerable discrepancies between the reference intakes published

bydifferentnational and international authorities (seeTable 13.3),withfigures

ranging between 30 to 90 mg per day. This is the result of the use of different

criteria of adequacy and reflects differences of opinion as to what represents

anadequate intakeof vitaminC. It is possible toproducearguments to support

reference intakes of between 30 to 100 mg per day.

Carr and Frei (1999b) reviewed studies of vitamin C intake associated with

reduced risks of cancer and cardiovascular disease and suggested that, by this

criterion, the average requirementwas 90 to 100mgper day, giving a reference

intake of 120 mg per day.

13.6.1 The Minimum Requirement for Vitamin C
Theminimumrequirement forvitaminCwasestablished in theSheffieldstudy

(Medical Research Council, 1948), which showed that an intake of marginally

less than 10 mg per day was adequate to prevent the development of scurvy

or to cure the clinical signs. Results from the Iowa study (Baker et al., 1969,
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Table 13.3 Reference Intakes of Vitamin C (mg/day)

U.K. EU U.S./Canada FAO
Age 1991 1993 2000 2001

0–3 m 25 — 40 25
4–6 m 25 — 40 25
7–9 m 25 20 50 30
10–12 m 25 20 50 30
1–3 y 30 25 15 30
4–6 y 30 25 25 30
7–8 y 30 30 25 35

Males
9–10 y 30 30 45 40
11–13 y 35 35 45 40
14–15 y 40 35 75 40
16–18 y 40 40 75 40
19–30 y 40 45 90 45
31–50 y 40 45 90 45
51–70 y 40 45 90 45
>70 y 40 45 90 45

Females
9–10 y 30 30 45 40
11–13 y 35 35 45 40
14–15 y 40 35 65 40
16–18 y 40 40 75 40
19–30 y 40 45 75 45
31–50 y 40 45 75 45
51–70 y 40 45 75 45
>70 y 40 45 75 45
Pregnant 50 55 85 55
Lactating 70 70 120 70

EU, European Union; FAO, Food and Agriculture Organization; WHO,
World Health Organization.
Sources: Department of Health, 1991; Scientific Committee for Food,
1993; Institute of Medicine, 2000; FAO/WHO, 2001.

1971; Hodges et al., 1969, 1971) suggested that as little as 6.5 mg per day were

adequate, and studies in India show that intakes as low as 10 mg per day are

compatible with health.

However, at this level of intake, the subjects in the Sheffield study had im-

paired wound healing, as assessed by the tensile strength of scar tissue. Op-

timum wound healing required a mean intake of 20 mg per day. Allowing for

individual variation, this gives a reference intake of 30 mg per day, which was

the British reference intake until 1991 and the World Health Organization ref-

erence intake until 2001.
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13.6.2 Requirements Estimated from the Plasma and Leukocyte
Concentrations of Ascorbate
The plasma concentration of ascorbate shows a sigmoidal relationship with

intake. Below about 30mg per day, the plasma concentration is extremely low

and does not reflect increasing intake to any significant extent. As the intake

rises above 30 mg per day, so the plasma concentration begins to increase

sharply, reaching a plateau of 70 to 85 µmol per L, at intakes between 70 to

100mg per day, when the renal threshold is reached and the vitamin is excret-

ed quantitatively with increasing intake.

Themidpoint of the steep region of the curve,where the plasma concentra-

tion increases linearlywith increasing intake, represents a state inwhich tissue

reserves are adequate and plasma ascorbate is available for transfer between

tissues. This corresponds to an intake of 40 mg per day, and is the basis of the

U.K., European Union, and Food and Agriculture Organization/World Health

Organization figures shown in Table 13.3. At this level of intake, the total body

pool is about 900 mg (5.1 mmol).

Levine and coworkers (1995, 1999) have argued that setting requirements

and reference intakes on the basis of the steep part of a sigmoidal curve is

undesirable. They suggested that a more appropriate point would be where

the plasma concentration reaches a plateau, at an intake of around 100 to

200 mg per day.

The U.S./Canadian reference intakes of 75 mg for women and 90 mg for

men are based on studies of leukocyte saturation (Levine et al., 1996; Institute

of Medicine, 2000).

13.6.3 Requirements Estimated from Maintenance of the Body
Pool of Ascorbate
A priori, the best means of determining vitamin C requirement would seem

to be determination of the total body pool and its fractional rate of loss or

catabolism. An appropriate intake would then be that to replace losses and

maintain the body pool. Clinical signs of scurvy are seen when the total body

pool of ascorbate is below 1.7 mmol (300 mg). The pool increases with intake,

reachingamaximumofabout8.5mmol (1,500mg) inadults–114µmol (20mg)

per kg of body weight. The fractional turnover rate of ascorbate is 3% to 4%

daily, suggesting a need for 45 to 60 mg per day for replacement. The basis

for the 1989 U.S. Recommended Daily Allowance (RDA) of 60 mg (National

Research Council, 1989) was the observed mean fractional turnover rate of

3.2% of a body pool of 20 mg per kg of body weight per day, with allowances

for incomplete absorption of dietary ascorbate and individual variation.
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Olson and Hodges (1987) suggested that a total body pool of 900 mg

(5.1mmol) is adequate; it is three-foldhigher than theminimumpool required

to prevent scurvy. There was no evidence of health benefits from a body pool

greater than 600 mg. They noted that the figure of 1,500 mg – which was the

basis of the U.S. and other reference intakes – was found in subjects consum-

ing a self-selected diet, with a relatively high intake of vitaminC, and therefore

could not be considered to represent any index of requirement. On the basis of

a mean catabolic rate of 2.7 per day, and allowing for efficiency of absorption

and individual variation, they proposed an RDA of 40 mg.

Because the mean fractional turnover rate of 3.2% per day was observed

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% per day before

depletion.Onthisbasis,andallowingfor incompleteabsorptionandindividual

variation, various national authorities arrive at a reference intake of 80mg per

day.

The rate of ascorbate catabolism is not constant. If it were, more or less

complete depletion of the body pool would be expected within 25 to 33 days;

yet, in the Sheffield study, in which the subjects were initially maintained

on 70 mg of ascorbate per day, they received a diet essentially free from the

vitamin; no changes were apparent for 17 weeks (Medical Research Council,

1948). In the Iowa study, the subjects were not initially saturated with vita-

min C; the first skin lesions did not develop for 5 to 6 weeks after the depletion

period (Baker et al., 1969, 1971; Hodges et al., 1969, 1971). Kallner and cowork-

ers (1979) showed that the turnover time of body ascorbate varied between

56 days at low intake (about 15 mg per day) and 14 days (at intakes of 80 mg

per day). It is thus apparent that the rate of ascorbate catabolism is affected

markedly by the intake, and the requirement tomaintain thebodypool 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.

13.6.4 Higher Recommendations
There is a schoolof thought thathumanrequirements for vitaminCareconsid-

erably higher than the reference intakes discussed previously. Pauling (1970)

measured the vitamin C intake of gorillas in captivity, assumed that this was

the same as their intake in thewild (where they eat considerably less fruit than

under zoo conditions), and then assumed that because they had this intake,

it was their requirement – an unjustified assumption. Scaling this to humans,

he suggested a requirement of 1 to 2 g per day. He also quoted the rate of
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endogenous synthesis of ascorbate in the rat (26 mg per day) and assumed

that this represented a physiological requirement. This would lead to an ap-

parent requirement for a 70 kg human being of 2 g per day. Again, it is unjus-

tified to extrapolate from the rate of synthesis of ascorbate in the rat, where

it is an intermediate in carbohydrate metabolism (Section 13.2) to metabolic

requirements for animals that are not capable of de novo synthesis.

At intakes in excess of about 100 mg per day, there is quantitative urinary

excretion of unmetabolized vitamin C with increasing intake, indicating that

tissue reserves are saturated and the renal threshold has been exceeded. It is

difficult to justify a requirement in excess of tissue storage capacity.

13.6.4.1 The Effect of Smoking on Vitamin C Requirements There is ev-

idencethatsmokershaveahigherrequirement forvitaminCthannonsmokers.

A number of studies have shown lower plasma and leukocyte concentrations

of vitamin C in smokers, but many also report lower intake of the vitamin by

smokers. The rate of catabolism of ascorbate is up to 40% greater in smokers

than nonsmokers (Kallner et al., 1981), and therefore their vitamin C require-

ment may be almost twice that of nonsmokers.

13.6.5 Safety and Upper Levels of Intake of Vitamin C
Regardless of whether or not high intakes of ascorbate have any beneficial

effects, large numbers of people habitually take between 1 to 5 g per day of

vitaminCsupplements, and some take considerablymore. TheU.S./Canadian

tolerable upper level of intake is 2 g per day (Institute of Medicine, 2000).

There is little evidence of any significant toxicity from these high intakes,

although there are a number of potential problems (Rivers, 1987; Johnston,

1999). Because ascorbate is largely absorbed by active transport, absorption

is saturable, and a decreasing proportion of high doses is absorbed. Similarly,

once the plasma concentration has reached the renal threshold, the vitamin

is excreted quantitatively with increasing intake (Section 13.2.1).

Unabsorbedascorbate in the intestinal lumenisasubstrate forbacterial fer-

mentation,whichmayexplain thediarrhea and intestinal discomfort reported

in some studies with high doses of the vitamin.

13.6.5.1 Renal Stones Up to 5% of the population are at risk from the de-

velopment of renal oxalate stones, as a result of both ingested oxalate and that

formed endogenously. The process of stone formation is not well understood,
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and the presence of compounds in urine that retard crystallization, rather

than concentration of oxalate, is the main factor. People who form renal ox-

alate stones may well have a lower urine concentration of oxalate than those

who do not.

A number of reports have suggested that high intakes of vitamin C are

associated with increased excretion of oxalate; however, much of the oxalate

may be the result of nonenzymic formation from ascorbate under alkaline

conditions, occurring either in the bladder or after collection, and thus not

a risk factor for renal stone formation (Chalmers et al., 1986). Gerster (1997)

suggested that people who are recurrent oxalate stone formers should, as a

matter of prudence, restrict their intake of vitamin C to 100 mg per day, but

noted that the risk of stone formation in the population at large is inversely

related to vitamin C intake.

Ascorbate may also increase the urinary excretion of uric acid, and be pos-

sibly protective against the development of gout, but may raise the urinary

concentration above the low solubility threshold, thus increasing the likeli-

hood of developing urate renal stones.

13.6.5.2 False Results in Urine Glucose Testing High concentrations of

ascorbate in the urine inhibit the development of color using glucose oxidase

test strips, because ascorbate will reduce the hydrogen peroxide formed by

glucose oxidase before it reacts with the dye and will also reduce the dye back

to its colorless form. This presents a potential problem for themanagement of

diabetes, with false-negative results in people taking high-dose supplements

of ascorbate (Mayson et al., 1973).

By contrast, ascorbate gives a positive result when urine is testedwith alka-

line copper reagents for reducing compounds, and a result that can falsely be

interpreted as indicating glucosuria.

13.6.5.3 Rebound Scurvy It was noted in Section 13.6.3 that the rate of

ascorbate catabolism increases with increasing intake. This has led to the sug-

gestion that abrupt cessation of high intakes of ascorbate may result in re-

bound scurvy, because of metabolic conditioning and a greatly increased rate

of catabolism, so that lower intakes are now inadequate. Although there have

been a number of anecdotal reports, there is no evidence that this occurs to

any significant extent; the effect of increased ascorbate catabolism in accel-

erating the development of deficiency is minimal, at least partly because as

intake falls, so does catabolism (Johnston, 1999).
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13.6.5.4 Ascorbate and Iron Overload A common polymorphism of the

transferrin gene puts 10% of the population (and significantly more in some

ethnicgroups)at riskof ironoverloadand thedevelopmentofhemochromato-

sis. Patients with iron overload suffer from scurvy (Section 13.4), as a result of

greatly increased ascorbate oxidation caused by reaction with the Fe3+ met-

alloproteins that accumulate in this condition. Although there is a school of

thought that high vitamin C intakes should be encouraged to improve iron

nutrition, this would have an adverse effect on those genetically at risk of iron

overload, both increasing their absorption of iron (Section 13.3.1) and also

increasing nonenzymic formation of oxygen radicals by nonenzymic reaction

between ascorbate and iron (Gerster, 1999; Kasvosve et al., 2002).

13.7 PHARMACOLOGICAL USES OF VITAMIN C

As discussed in Section 13.3.5, ascorbate enhances the intestinal absorption

of inorganic iron, and therefore it is frequently prescribed together with iron

supplements. It is also used when it is desired to acidify the urine (e.g., in con-

junction with some antibiotics). Supplements of vitamin C (often of the order

of grams per day) are widely consumed to protect against cancer, cardiovas-

cular disease, and viral infections, although (as discussed below) the evidence

of efficacy is poor.

13.7.1 Vitamin C in Cancer Prevention and Therapy
Epidemiological evidence shows that diets that are rich in vitamin C are as-

sociated with lower incidence of cancer and cardiovascular disease. However,

such diets are rich in fruits and vegetables, and thus awide variety of other po-

tentially protective factors; studies of 8-hydroxyguanine excretion as amarker

of oxidative damage to DNA do not provide evidence of a protective effect of

vitamin C per se, except in people whose intake is low (Halliwell, 2001).

As discussed in Section 13.3.6, ascorbatemay act to inhibit the formation of

carcinogenic nitrosamines from nitrite and dietary amines, and thus reduce

the risk of cancer. There is some evidence that vitamin C supplements are

protective against the development of gastric cancer.

A number of studies have reported low ascorbate status in patients with

advanced cancer – perhaps an unsurprising finding in seriously ill patients.

However, there is also someevidence that anumber of tumors can accumulate

ascorbate at the expense of the host. Cameron and Pauling (1974a, 1974b)

published a lengthy review of the supposed roles of ascorbate in enhancing

host resistance to cancer, and suggested, on the basis of an uncontrolled open

trial in terminally ill patients, that 10-g daily doses of vitamin C resulted in
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increased survival. In a controlled study, patients matched for age, sex, site,

and stage of primary tumors andmetastases (and for previous chemotherapy;

Creaganet al. (1979)wereunable todemonstrate anybeneficial effects of high-

dose ascorbic acid in the treatment of advanced cancer.

13.7.2 Vitamin C in Cardiovascular Disease
Vitamin C deficiency is associated with an increased risk of atherosclerosis,

but there is little evidence of protective effects at intakes greater than needed

to meet requirements (Jacob, 1998). A systematic review (Ness et al., 1996)

found 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.

Scorbutic guinea pigs develop hypercholesterolemia, which may lead to

the development of cholesterol-rich gallstones. This is largely the result of im-

paired activity of cholesterol 7-hydroxylase, which is an ascorbate-dependent

enzyme (Section 13.3.8), resulting in reduced oxidation of cholesterol to bile

acids. There is no evidence that increased intakes of vitamin C above require-

ments result in increased cholesterol catabolism.

13.7.3 Vitamin C and the Common Cold
High doses of vitamin C are popularly recommended for the prevention and

treatment of the common cold. Evidence from controlled trials is unconvinc-

ing. Chalmers (1975) reviewed 15 reports and considered that only 8 reports

met the basic criteria of well-conducted scientific research. Assessment of

these 8 reports gave no evidence of any beneficial effects. Similarly, Dykes and

Meier (1975), reviewing only those reports that had been published in peer-

reviewed journals, concluded that there was no evidence of any significant

benefit.

Hemila (1992) reviewedanumberof studies andagain concluded that there

was no evidence of a protective effect against the incidence of colds. He did,

however, note that there is consistent evidence of a beneficial effect in reduc-

ing the severity and duration of symptoms (a notoriously difficult subject to

research). He suggested that this might be because of the antioxidant actions

of ascorbate against the oxidizing agents produced by, and released from, ac-

tivated phagocytes – thus a decreased inflammatory response. A systematic

review (Douglas et al., 2000) similarly concluded that there was no benefi-

cial effect in terms of preventing infection, but a modest benefit in terms of

reducing the duration of symptoms.
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FOURTEEN

Marginal Compounds and Phytonutrients

In addition to the established vitamins, a number of organic compounds have

clearmetabolic functions; theycanbesynthesized in thebody,but it ispossible

that under some circumstances (as in premature infants and patients main-

tained on long-term total parenteral nutrition) endogenous synthesismaynot

be adequate tomeet requirements. These compounds include biopterin (Sec-

tion 10.4), carnitine (Section 14.1), choline (Section 14.2), creatine (Section

14.3), inositol (Section 14.4), molybdopterin (Section 10.5), taurine (Section

14.5), and ubiquinone (Section 14.6).

A number of compounds found in foods of plant origin have potentially

protective effects, although they cannot be considered to bedietary essentials;

they are variously known as phytonutrients, phytoceuticals, or nutraceuticals.

Such compounds include allyl sulfur compounds, flavonoids, glucosinolates,

and phytoestrogens.

14.1 CARNITINE

Carnitine (3-hydroxy,4-N-trimethylaminobutyric acid)has a central role in the

transport of fatty acids across themitochondrialmembrane forβ-oxidation.At

the outer face of the outermitochondrialmembrane, carnitine acyltransferase

I catalyzes the reaction shown in Figure 14.1, the transfer of fatty acids from

coenzyme A (CoA) to form acyl carnitine esters that cross into the mitochon-

drialmatrix. At the inner face of the innermitochondrialmembrane, carnitine

acyltransferase II catalyzes the reverse reaction.

Acyl carnitinecancrossonly the innermitochondrialmembraneonacoun-

tertransport system that takes in acyl carnitine in exchange for free carnitine

being returned to the intermembrane space. Once inside the mitochondrial

inner membrane, acyl carnitine transfers the acyl group onto CoA ready to

undergo β-oxidation. This countertransport systemprovides regulation of the

385
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Figure 14.1. Reaction of carnitine acyltransferase (carnitine palmitoyltransferase, EC
2.3.1.21).

uptake of fatty acids into the mitochondrion for oxidation. As long as there is

free CoA available in themitochondrialmatrix, fatty acids can be taken up and

the carnitine returned to the outer membrane for uptake of more fatty acids.

However, if most of the CoA in themitochondrion is acylated, then there is no

need for further fatty uptake immediately, and it is not possible.

Carnitineacyltransferase I is strongly inhibitedbymalonylCoA, andmuscle

has both acetyl CoA carboxylase, which formsmalonyl CoA, andmalonyl CoA

decarboxylase, which acts to remove malonyl CoA and relieve the inhibition

of carnitine acyl transferase. The two enzymes are regulated in opposite direc-

tions in response to insulin, which stimulates fatty acid synthesis and reduces

β-oxidation, and glucagon that reduces fatty acid synthesis and increases β-

oxidation (Kerner and Hoppel, 2000; Louet et al., 2001; Eaton, 2002).

Fatty acids are the major fuel for red muscle fibers, which are the main

type involved in moderate exercise. Children who lack one or the other of

the enzymes required for carnitine synthesis, and are therefore reliant on a

dietary intake, have poor exercise tolerance, because they have an impaired

ability to transport fatty acids into themitochondria forβ-oxidation. Provision

of supplements of carnitine to the affected children overcomes the problem.

Extrapolation from this rare clinical condition has led to the use of carnitine

as a so-called ergogenic aid to improve athletic performance.

14.1.1 Biosynthesis and Metabolism of Carnitine
Carnitine is synthesized from lysine andmethionine by the pathway shown in

Figure 14.2 (Vaz and Wanders, 2002). The synthesis of carnitine involves the

stepwise methylation of a protein-incorporated lysine residue at the expense

of methionine to yield a trimethyllysine residue. Free trimethyllysine is then

released by proteolysis. It is not clear whether there is a specific precursor

protein for carnitine synthesis, because trimethyllysine occurs in a number of

proteins, including actin, calmodulin, cytochrome c, histones, and myosin.
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Figure 14.2. Biosynthesis of carnitine. Trimethyllysine hydroxylase, EC 1.14.11.8; al-
dolase, EC 4.1.2.“x”; aldehyde dehydrogenase, EC 1.2.1.47; γ -butyrobetaine hydroxy-
lase, EC 1.14.11.1. Relative molecular mass (Mr): carnitine, 161.2.

Both hydroxylation reactions in the synthesis of carnitine from trimethyl-

lysine are ascorbic acid-dependent, 2-oxoglutarate–linked, reactions (Section

13.3.3), and impaired synthesis of carnitine probably accounts for the muscle

fatigue associated with vitamin C deficiency.

The total body content of carnitine is about 100 mmol, and about 5% of

this turns over daily. Plasma total carnitine is between 36 to 83 µmol per L in

men and 28 to 75 µmol per L in women, mainly as free carnitine. Although

both free carnitine and acyl carnitine esters are excreted in the urine, much is

oxidized to trimethylamine and trimethylamineoxide. It is not knownwhether

the formation of trimethylamine and trimethylamine oxide is caused by en-

dogenous enzymes or intestinal bacterial metabolism of carnitine.

Total urinary excretion of carnitine is between 300 to 530 µmol (men) or

200 to 320 µmol (women); 30% to 50% of this is free carnitine; the remainder

is a variety of acyl carnitine esters. Acyl carnitine esters are readily cleared in
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the kidney,whereas free carnitine andacetyl carnitine are reabsorbeduntil the

plasma concentration exceeds the renal threshold.

Urinary excretion of acyl carnitine esters increases considerably in a vari-

ety of conditions involving organic aciduria; carnitine acts to spare CoA and

pantothenic acid (Section 12.2), by releasing the coenzyme from otherwise

nonmetabolizable esters that would trap the coenzyme and cause functional

pantothenic acid deficiency.

14.1.2 The Possible Essentiality of Carnitine
Meat and fish contain relatively large amounts of carnitine, and average di-

etary intakes by omnivores are 100 to 300mg (2 to 12µmol) per day, compared

with endogenous synthesis of about 1.2 µmol per day. There are few plant

sources, and strict vegetarians have lower plasma concentrations of carnitine

and are reliant on endogenous synthesis. Even in strict vegetarians, tissue car-

nitinedepletionisonlyseentogetherwithgeneralprotein-energymalnutrition

(and hence deficiency of methionine and lysine).

Although endogenous synthesis of carnitine can meet normal metabolic

demands, administration of the anticonvulsant valproic acid, which is ex-

creted as the carnitine ester, ormetabolic organic acidemias that result in con-

siderable excretion of acyl carnitine esters, can lead to carnitine depletion.

This results in impaired β-oxidation of fatty acids and ketogenesis in the liver,

and thus nonketotic hypoglycemia, with elevated plasma nonesterified fatty

acids and triacylglycerol. Because hepatocytes rely on fatty acid oxidation for

their own energy-yielding metabolism in fasting, there may also be signs of

liver dysfunction, with hyperammonemia and encephalopathy. The admin-

istration of carnitine supplements in these conditions has a beneficial effect

(Arrigoni-Martelli and Caso, 2001).

Although carnitine is not generally nutritionally important, it may be re-

quired for premature infants, because they have a limited capacity to syn-

thesize it. However, there is inadequate evidence to support routine carnitine

supplementation of parenterally fed premature infants (Cairns and Stalker,

2000). Carnitine depletion occurs in patients undergoing hemodialysis, but

there is little evidence that supplements are effective in treating the associated

dyslipidemia (Raskind and El-Chaar, 2000; Hurot et al., 2002).

14.1.3 Carnitine as an Ergogenic Aid
By extrapolation from the muscle weakness and fatigue seen in children

with genetic defects of carnitine biosynthesis or metabolism, it has been
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assumed that supplementarycarnitinemayhaveaperformance-enhancingor

ergogenic action, and supplements are commonly takenby athletes andbody-

builders. There is little evidence that supplements have any effect on muscle

work output. Although supplements increase plasma carnitine, they do not

significantly increase the muscle content (Brass, 2000).

14.2 CHOLINE

Choline is an essential component of phospholipids – phosphatidylcholine

(lecithin) is the major phospholipid in cell membranes and sphingomyelin is

important in the nervous system. Acetylcholine is a transmitter in the central

and parasympathetic nervous systems and at neuromuscular junctions, and

has a role in the regulation of differentiation and development of the nervous

system(Biagioni et al., 2000).Acetylcholine is also synthesized inmononuclear

lymphocytes,where it has anautocrineorparacrine role in regulating immune

function (Fujii and Kawashima, 2001).

In addition to being used as a trivial name for phosphatidylcholine, the

name lecithin is used for phospholipid fractions relatively rich in phospha-

tidylcholine,which arewidely used as emulsifying agents in foodmanufacture

(E-322). Such preparations typically contain some 40% to 80% phosphatidyl-

choline, together with a variety of other phospholipids.

14.2.1 Biosynthesis and Metabolism of Choline
Phosphatidylcholine can be synthesized by the pathway shown in Figure

14.3. Decarboxylation of phosphatidylserine to phosphatidylethanolamine

(cephalin) is followed by methylation in which S-adenosylmethionine is the

methyl donor to yield successively the relatively rare mono- and dimethyl

derivatives, then phosphatidylcholine.

Sequential removal of the fatty acids by phospholipase action results in

the formation of lysolecithin (glycerophosphorylcholine), then hydrolysis to

release choline. Acetylcholine is synthesized in neurons using acetyl CoA.

About 30% of dietary phosphatidylcholine is absorbed intact into the lym-

phatic system; the remainder is hydrolyzed to lysolecithin in the intestinal

mucosa and to free choline in the liver. Free choline in the diet is largely me-

tabolized by intestinal bacteria, forming trimethylamine, which is absorbed

and excreted in the urine. Only about 30% of free choline is absorbed intact.

Choline can be used for synthesis of phosphatidylcholine by reaction be-

tween CDP-choline and diacylglycerol. Under normal conditions, the ma-

jor pathway of phosphatidylcholine synthesis is by the incorporation of
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Figure 14.3. Biosynthesis of choline, andacetylcholine. Relativemolecularmasses (Mr):
choline, 104.2 (chloride, 139.6); and acetylcholine, 146.3 (chloride, 181.7). CoASH, free
coenzyme A.

preformed choline rather than methylation of phosphatidylethanolamine.

The activities of the two pathways are coordinately regulated, so that in-

creased choline availability reduces the methylation of phosphatidyletha-

nolamine, whereas decreased availability of preformed choline results in in-

creased de novo synthesis (Lykidis and Jackowski, 2001).

As shown in Figure 14.4, choline catabolism involves two oxidation reac-

tions to form betaine (trimethylglycine), followed by three successive deme-

thylations. As discussed in Section 10.9.3, the remethylation of homocys-

teine to methionine catalyzed by the betaine-dependent methyltransferase
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Figure 14.4. Catabolism of choline. Choline dehydrogenase, EC 1.1.99.1; betaine alde-
hyde dehydrogenase, EC 1.2.1.8; and homocysteine methyltransferase, EC 2.1.1.5. Rel-
ative molecular masses (Mr): choline, 104.2; betaine, 117.2; dimethylglycine, 102.2;
methylglycine, 88.2; and glycine, 74.2. THF, tetrahydrofolate.

can maintain adequate concentrations of methionine in tissues other than

the central nervous system when the activity of methionine synthetase is im-

paired because of vitamin B12 deficiency.

14.2.2 The Possible Essentiality of Choline
Inmany animals, dietary deprivation of choline leads to liver dysfunction and

growth retardation, and some patients maintained on choline-free total par-

enteral nutrition develop liver damage that resolves when choline is provided,

suggesting that endogenous synthesis may be inadequate to meet require-

ments (Zeisel, 2000). There is inadequate information to permit the setting

of reference intakes, but the Acceptable Intake for adults is 550 mg (for men)

or 425 mg (for women) per day (Institute of Medicine, 1998). In experimental

animals choline deficiency is exacerbated by deficiency of methionine, folic

acid, or vitamin B12, which impairs the capacity for de novo synthesis.

There is some evidence that the availability of choline may be limiting for

the synthesis of acetylcholine in the central nervous system under some con-

ditions, and supplements of phosphatidylcholine increase the rate of acetyl-

choline turnover. One systematic review concludes that phosphatidylcholine

supplements result in some improvement in cognitive function in patients

with dementia, especially when this is secondary to cerebrovascular disor-

der (Fioravanti and Yanagi, 2000), but another concludes that there is no ev-

idence to support its use in the treatment of dementia (Higgins and Flicker,

2000). Althoughphosphatidylcholine has beenused to treat tardive dyskinesia
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associated with neuroleptic medication, there is little evidence to support its

use (McGrath and Soares, 2000).

14.3 CREATINE

Creatine functions as a phosphagen in muscle. Neither the small amount of

ATP in muscle nor the speed with which metabolic activity can be increased,

and hence ADP be rephosphorylated, matches the demand for ATP for rapid

or sustained muscle contraction. Muscle contains a relatively large amount

Figure 14.5. Synthesis of creatine.Glycineguanidotransferase (amidinotransferase), EC
2.1.4.1; guanidinoacetate methyltransferase, EC 2.1.1.2; and creatine kinase, EC 2.7.3.2.
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ofcreatinephosphate (about four-foldhigher thanATP).Thisactsasareservoir

or buffer to maintain a supply of ATP for muscle contraction until metabolic

activity increases.

Creatine is not a dietary essential; as shown in Figure 14.5, it is synthesized

from the amino acids glycine, arginine, and methionine. However, a single

serving of meat will provide about 1 g of preformed creatine, whereas the

average daily rate of de novo synthesis is 1 to 2 g, and endogenous synthesis is

inhibited by a dietary intake.

Both creatine and creatine phosphate undergo a nonenzymic reaction to

yield creatinine,which ismetabolically useless and is excreted in theurine. Be-

cause the formation of creatinine is a nonenzymic reaction, the rate at which

it is formed, and the amount excreted each day, depends mainly on muscle

mass, and is therefore relatively constant from day to day in any one indi-

vidual. This is commonly exploited in clinical chemistry; urinary metabolites

arecommonlyexpressedpermoleofcreatinine,andtheexcretionofcreatinine

is measured to assess the completeness of a 24-hour urine collection. There

is normally little or no excretion of creatine in urine; significant amounts are

only excreted when there is breakdown of muscle tissue.

Creatine supplements are often used as a so-called ergogenic aid to en-

hance athletic performance. Supplements of 3 to 20 g of creatine per day

increase muscle creatine and creatine phosphate by 10% to 15% in people

whosemuscle creatine is initially relatively low, and have some effect onmus-

cle work output and athletic performance, with little evidence of adverse ef-

fects (Casey andGreenhaff, 2000; Poortmans andFrancaux, 2000;Hespel et al.,

2001).

14.4 INOSITOL

Inositol is a hexahydric sugar alcohol. Its main function is in phospholipids;

phosphatidylinositol constitutes some5% to10%of the totalmembranephos-

pholipids. Inadditionto its structural role inmembranes,phosphatidylinositol

has a major function in the intracellular responses to peptide hormones

and neurotransmitters, yielding two intracellular second messengers: inosi-

tol trisphosphate and diacylglycerol.

Plant foods contain relatively large amounts of inositol phosphates, in-

cluding the hexaphosphate, phytic acid. Phytate chelates minerals, such as

calcium, zinc, and magnesium, forming insoluble complexes that are not ab-

sorbed. However, both intestinal phosphatases and endogenous phospha-

tases (phytase) in many foods dephosphorylate a significant proportion of

dietary phytate. The inositol released can be absorbed and utilized for phos-

phatidylinositol synthesis.
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Inositol can also be synthesized endogenously; inositol 1-phosphate is

formed by isomerization of glucose 6-phosphate, catalyzed by an NAD-

dependent enzyme, although overall there is no change in redox state. Phos-

phatidylinositol is formed by a reaction between CDP-inositol and diacylglyc-

erol. Most inositol is catabolized by oxidation to glucuronic acid.

14.4.1 Phosphatidylinositol in Transmembrane Signaling
As shown in Figure 14.6, a proportion of the phosphatidylinositol in mem-

branesundergoes twosuccessivephosphorylations toyieldphosphatidylinos-

itol bisphosphate. This is a substrate for hormone-sensitive phospholipase C,

which is activated by the G-protein–GTP complex released into the cell mem-

brane by a hormone receptor following binding of the hormone at the outer

surface of the membrane. Phospholipase C hydrolyzes phosphatidylinositol

bisphosphate to release diacylglycerol and inositol trisphosphate.

Inositol trisphosphate opens a calcium transport channel in themembrane

of the endoplasmic reticulum. This leads to an influx of calcium from storage

in the endoplasmic reticulum and a 10-fold increase in the cytosolic concen-

tration of calcium ions. Calmodulin is a small calcium binding protein found

in all cells. Its affinity for calcium is such that, at the resting concentration of

calcium in the cytosol (of the order of 0.1 µmol per L), little or none is bound

to calmodulin. When the cytosolic concentration of calcium rises to about

1 µmol per L, as occurs in response to opening of the endoplasmic reticulum

calcium transport channel, calmodulin binds 4mol of calciumpermol of pro-

tein. When this occurs, calmodulin undergoes a conformational change, and

calcium-calmodulin binds to, and activates, cytosolic protein kinases, which

in turn phosphorylate target enzymes.

The diacylglycerol released by phospholipase C action remains in the

membrane, where it activates a membrane-bound protein kinase. It may also

diffuse into cytosol, where it enhances the binding of calcium-calmodulin to

cytosolic protein kinase.

Inositol trisphosphate is inactivated by further phosphorylation to inositol

tetrakisphosphate, and diacylglycerol is inactivated by hydrolysis to glycerol

and fatty acids.

14.4.2 The Possible Essentiality of Inositol
There isnoevidence that inositol is adietaryessential, because it is synthesized

by all eukaryotic cells. Infants may have a higher requirement than can be

met by endogenous synthesis, and dietary inositol is a growth factor for the

newbornmouse. In femalegerbils, inositol is adietaryessential, anddeficiency
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Figure 14.6. Formation of inositol trisphosphate and diacylglycerol. Phosphatidylinos-
itol kinase, EC 2.7.1.67; and hormone-sensitive phospholipase, EC 3.1.4.3.
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leads to lipodystrophy, mainly as a result of impaired synthesis and secretion

of plasma lipoproteins.

People with untreated diabetes have high plasma concentrations of free

inositol, and high urinary excretion of inositol, associated with relatively low

intracellular concentrations of inositol, suggesting that elevated plasma glu-

cose may inhibit the uptake of inositol. There is some evidence that impaired

nerve conduction velocity in diabetic neuropathy is associated with low in-

tracellular concentrations of inositol and that inositol supplements improve

nerve conduction velocity. However, high intracellular concentrations of in-

ositol also impair nerve conduction velocity, and supplements may have a

deleterious effect.

14.5 TAURINE

Taurine was discovered in 1827 in ox bile, where it is conjugated with the bile

acids. It was later shown to be a major excretory product of the sulfur amino

acids methionine and cysteine. Until about 1976, it was assumed that it was

a metabolic end-product whose only function was the conjugation of bile

acids. In the rat, taurine synthesis accounts for 70% to 85% of total cysteine

catabolism.

Kittens fed on diets with little preformed taurine develop retinal degener-

ation and blindness, which is prevented by taurine supplements. In the early

stages, electroretinography shows changes similar to those seen in human re-

tinitis pigmentosa. However, there is no evidence that retinitis pigmentosa

is associated with taurine deficiency, and patients have normal plasma con-

centrations of the amino acid. Electron microscopy of the retinae of deficient

kittens shows early disorientation of the cone photoreceptor outer segments,

followed by extensive degeneration of both rod and cone outer segments.

Children maintained on long-term total parenteral nutrition without added

taurine show changes in the electrical activity of the retina, suggesting that

endogenous synthesismaybe inadequate tomeet requirements. The function

of taurine in the retina (and possibly other tissues) seems to be mainly as an

osmolyte, maintaining normal intracellular osmolarity.

14.5.1 Biosynthesis of Taurine
As shown in Figure 14.7, taurine is a β-amino sulfonic acid (2-aminoethane

sulfonic acid) and can be synthesized from cysteine by three pathways:

1. Oxidation to cysteine sulfinic acid, followedbydecarboxylation tohypo-

taurineandoxidation to taurine. Inmost tissues, it is thedecarboxylation
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Figure 14.7. Pathways for the synthesis of taurine from cysteine. Cysteine sulfinate de-
carboxylase, EC 4.1.1.29; cysteic acid decarboxylase, EC 4.1.1.29 (glutamate decarboxy-
lase, EC 4.1.1.15); cysteine oxidase, EC 1.13.11.20; cysteamine oxygenase, EC 1.13.11.19;
and hypotaurine oxidase, EC 1.8.1.3. Relative molecular masses (Mr): cysteine, 121.2;
cysteamine, 77.2; cysteine sulfinic acid, 153.2; cysteic acid, 169.2; hypotaurine, 109.1;
and taurine, 125.1.

of cysteine sulfinic acid that is rate-limiting for taurine synthesis, not the

oxidation of cysteine.

2. Oxidation to cysteic acid, followedbydecarboxylation to taurine.Cysteic

acid and cysteine sulfinic acid decarboxylase activities occur in constant

ratio in various tissues, and it is likely thatboth substrates aredecarboxy-

lated by the same enzyme. In general, cysteine sulfinic acid is the pre-

ferred substrate, and there is little formation of taurine by way of cysteic

acid.

3. S-Oxidation of cysteamine released by the catabolism of pantothenic

acid (Section 12.2.2) or formed by the decarboxylation of cysteine.

In the liver and brain, the main pathway is by way of cysteine sulfinic acid,

whereas in tissues with low cysteine sulfinic acid decarboxylase activity the

main precursor of taurine is cysteamine.
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The central nervous system has at least three enzymes capable of decar-

boxylating cysteine sulfonic acid, one of which is glutamate decarboxylase.

Glutamate and cysteine sulfinic acid are mutually competitive. In some brain

regions, more than half the total cysteine sulfinic acid decarboxylase activity

may be from glutamate decarboxylase.

In addition to taurocholic acid in the bile, free taurine is excreted in the

urine. At times of low intake or when synthesis is impaired, for example by

vitaminB6 deficiency, the renal tubular resorption of taurine is increased, thus

reducing urinary losses.

Feeding experimental animals on high taurine diets results in increased

urinary excretion, but has little or no effect on endogenous synthesis.

14.5.2 Metabolic Functions of Taurine
14.5.2.1 Taurine Conjugation of Bile Acids The bile acids are conju-

gated with either taurine or glycine to increase their polarity. Increased avail-

ability of taurine results in decreased glycine conjugation and an increase in

biliary taurocholic acid. Conversely, glycine overload results in an increase

in the plasma concentration of taurine, apparently as a result of increased

glycocholic acid formation and reduced utilization of taurine for bile acid

conjugation.

Although supplements of taurine alter the ratio of taurocholic:glycocholic

acids, theyhaveno effect on the total output of bile salts or on fat absorption in

normal subjects. There is some evidence that patients with cystic fibrosis have

improved fat absorption if given taurine supplements. This may be because

taurine-conjugated bile acids are generally reabsorbed lower down the small

intestine than glycine conjugates; in patients whose intestinal absorption is

compromised, this may give a beneficial increase in the total length of intest-

inal tract available for fat absorption.

In addition to bile acid conjugation, a variety of other compoundsmay also

be excreted as taurine conjugates, including retinoic acid (Section 2.2.1.3) and

a number of xenobiotics.

14.5.2.2 Taurine in the Central Nervous System There is a relatively

high concentration of taurine in the central nervous system – higher than

would be expected for a neurotransmitter and without a specific anatomical

localization.As in theretina, themain functionof taurine in thecentralnervous

system seems to be as an osmolyte (Hussy et al., 2000; Saransaari and Oja,

2000).
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The concentration of taurine in the developing brain is three- to four-fold

higher than in theadultbrain,and falls rapidlybetweenbirthandweaning.Un-

like other amino acids, taurine is transported within axons to a greater extent

in young animals than in adults. The highest concentrations of taurine in the

brainandthegreatestratesofaxonal transportoccurbeforeandduringthepro-

cessof synapticdevelopment, suggesting that itmayhavea role in thedevelop-

ment of the central nervous systemand thepostnatal development of synaptic

connections (Lima et al., 2001).

14.5.2.3 Taurine and Heart Muscle Cardiomyopathy is a major prob-

lem in taurine-deficient cats, and after prolonged deficiency, there is a failure

of contractility, leading to heart failure. Heart muscle concentrates taurine

from the bloodstream, and the heart can synthesize taurine by oxidation of

cysteamine, although not by the cysteine sulfinic acid decarboxylase path-

way. Pharmacologically, taurine affects drug-induced cardiac arrhythmias by

depressing the hyperirritability caused by loss of potassium – a digitalis-like

action that suggests an effect on membrane permeability and ion flux, and

perhaps especially on the maintenance of stable intracellular concentrations

of calcium (Nittynen et al., 1999; Militante et al., 2000).

14.5.3 The Possible Essentiality of Taurine
Taurine is a dietary essential in the cat, which is an obligate carnivore with

a limited capacity for taurine synthesis from cysteine. On a taurine-free diet,

neither supplementarymethionine nor cysteine will maintain normal plasma

concentrations of taurine, because cats have an alternative pathway of cys-

teine metabolism: reaction with mevalonic acid to yield felinine (3-hydroxy-

1,1-dimethylpropyl-cysteine), which is excreted in the urine. The activity of

cysteine sulfinic acid decarboxylase in cat liver is very low.

It is not known to what extent taurinemay be a dietary essential for human

beings. There is little cysteine sulfinic aciddecarboxylase activity in thehuman

liver and, like the cat, loading doses of methionine and cysteine do not result

in any significant increase in plasma taurine. This may be because cysteine

sulfinic acid can also undergo transamination to β-sulfhydryl pyruvate, which

then loses sulfur dioxide nonenzymically to formpyruvate, thus regulating the

amount of taurine that is formed from cysteine. There is no evidence of the

development of any taurine deficiency disease under normal conditions.

There are very few plant sources of taurine, and strict vegetarians have a

very low intake of preformed taurine. Nevertheless, the plasma concentration
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of taurine in strict vegetarians is generally between 40 to 50 µmol per L, com-

pared with concentrations between 55 to 70 µmol per L in omnivores.

Inchildrenundergoing long-termtotalparenteralnutritionwithout taurine

supplements, there are changes in the electroretinogram similar to those seen

in the taurine-deficient cat, suggesting that there is a requirement for some

preformed taurine and that endogenous synthesis may be inadequate.

It has been suggested that preterm infants may require a dietary source of

preformed taurine; breast milk initially contains a high concentration (about

300 µmol per L), and breast-fed infants maintain a higher plasma concen-

tration of taurine than those fed on formula without added taurine (Chesney

et al., 1998). Although milk from vegan mothers has a low concentration of

taurine, and their infants have lower plasma concentrations and urinary ex-

cretion of taurine than the infants of omnivore mothers, there is no evidence

that (full-term) infants of veganmothers showany signs of taurinedeficiency.

14.6 UBIQUINONE (COENZYME Q)

Ubiquinone functions as a carrier in the mitochondrial electron transport

chain; it is responsible for the proton pumping associated with complex I

(Brandt, 1999) and is directly reducedby the citric acid cycle enzyme succinate

dehydrogenase (Lancaster, 2002). As shown in Figure 14.8, it undergoes two

single-electron reduction reactions to form the relatively stable semiquinone

radical, then the fully reduced quinol. In addition to its role in the electron

transport chain, it has been implicated as a coantioxidant in membranes and

plasma lipoproteins, acting together with vitamin E (Section 4.3.1; Thomas

et al., 1995, 1999).

There is no evidence that ubiquinone is a dietary essential, because it is

synthesized in the body from mevalonate; indeed, dietary ubiquinone is rel-

atively poorly absorbed (Dallner and Sindelar, 2000). However, because of its

potential antioxidant action, supplements havebeenused,with little evidence

Figure 14.8. Ubiquinone. Relative molecular mass (Mr): 863.3.
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of efficacy, in the hope of preventing cancer and cardiovascular and neurode-

generative diseases (Beal, 1999; Hodges et al., 1999; Langsjoen and Langsjoen,

1999; Overvad et al., 1999; Thomas et al., 1999).

14.7 PHYTONUTRIENTS: POTENTIALLY PROTECTIVE COMPOUNDS

IN PLANT FOODS

There is overwhelming epidemiological evidence that diets rich in fruit and

vegetables are associated with a lower incidence of cancer, cardiovascular,

and other degenerative diseases. To some extent, this may be because such

diets provide less fat, and especially saturated fat, than diets that are richer

in meat. The relatively high content of vitamins C and E and carotenoids in

plant foods may also be important. In addition, fruits and vegetables contain

a wide variety of compounds that have (potential) protective actions. These

compounds are not strictly nutrients, in that they are not dietary essentials

and have no physiological function.

Many fruits contain salicylates, which inhibit the synthesis of thrombox-

ane A2, and have an anticoagulant action, in amounts that provide the same

intake as the low dose of aspirin used as prophylaxis against thrombosis.

Plant sterols inhibit the intestinal absorption of cholesterol and so have a

useful hypocholesterolemic action. They also inhibit endogenous synthesis of

cholesterol, by inhibiting and repressing the regulatory enzyme of cholesterol

synthesis, hydroxymethylglutaryl (HMG)-CoA reductase. Other compounds

synthesized from mevalonate also inhibit and repress HMG-CoA reductase

and have a hypocholesterolemic action, including squalene (found in relati-

vely largeamounts inoliveoil), ubiquinone (Section14.6), and the tocotrienols

(Section 4.1).

A number of the terpenes in aromatic oils of citrus peel, herbs, and spices

inhibit the isoprenylation of the P21-ras oncogene product. Isoprenylation is

essential for the biological action of the ras protein, which is associated with

pancreatic cancer.

14.7.1 Allyl Sulfur Compounds
Members of the allium family (onions, garlic, and leeks) contain cysteine

sulfoxide derivatives (allyl sulfur compounds), such as allicin and alliin (see

Figure 14.9). When the plant cells are damaged, the enzyme alliinase is re-

leased from vacuoles and catalyzes the formation of thiosulfinates and thiols,

including the lachrymator thiopropanal S-oxide. Their function in the plant is

presumably to provide protection against attack by pests.
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Figure 14.9. Allyl sulfur compounds allicin and alliin. Relative molecular masses (Mr):
allicin, 162.3; and alliin, 177.2.

The allyl sulfur compounds have two actions that may protect against the

development of cancer:

1. They reduce theactivationofmanyprocarcinogens to theactivecarcino-

gen by lowering the activity of microsomal cytochrome P450 enzymes.

They achieve this by acting as partial substrates of the enzyme, lead-

ing tomechanism-dependent inhibition; antagonizing the induction of

cytochrome P450 by ethanol and various other compounds; and by de-

creasing the translation of mRNA, with no effect on transcription.

2. They increase themetabolic clearanceofpotential carcinogensand their

metabolites, by induction of glutathione S-transferases.

The allyl sulfur compounds of garlic also have an anticoagulant action (by

inhibiting platelet coagulability) and inhibit cholesterol synthesis by inacti-

vating HMG-CoA reductase.

14.7.2 Flavonoids and Polyphenols
A wide variety of compounds collectively known as flavonoids (or sometimes

as bioflavonoids) occur in plants as glycosides; some function to defend the

plants against attack, others arepigments inflowersand fruits.Manyof thegly-

cosides are hydrolyzed by intestinal bacterial glycosidases, and the aglycones

are absorbed. Figure 14.10 shows the six main types of flavonoid aglycone.

In the 1940s, the flavonoids were known as vitamin P (for permeability),

because they were shown to have effects on the permeability of blood capil-

laries. They were not shown to be dietary essentials. By the 1970s, they were

regarded as hazardousmutagens and potential carcinogens, because they can

undergo redox cycling reactions and generate oxygen radicals. By the 1990s,

they were regarded as potentially protective compounds with three types of

action:

1. Although they can undergo redox cycling, they can also act as radical-

trapping antioxidants.

2. They reduce the activation of many procarcinogens to the active proxi-

mate carcinogenby lowering the activity ofmicrosomal cytochromeP450
enzymes.
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Figure 14.10. Major classes of flavonoids.

3. They increase the metabolic clearance of potential carcinogens and

their metabolites by inducing the enzymes involved in conjugation for

excretion.

Some of the flavonoids also have estrogenic and antiestrogenic actions

(Section 14.7.4).

14.7.3 Glucosinolates
Glucosinolates are glucosides of sulfur-containing amino acid derivatives

found mainly in brassicas; the enzyme myrosinase in the plant and similar

intestinal bacterial enzymes catalyze cleavage of the glycoside to form a vari-

ety of isothiocyanates, thiocyanates, and the aglycone. Figure 14.11 shows the

general structure of glucosinolates.

The glucosinolates have two actions that may protect against the develop-

ment of cancer:

1. They reduce the activation of many procarcinogens to the active prox-

imate carcinogen by both inhibiting and reducing the synthesis of mi-

crosomal cytochrome P450 enzymes.
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Figure 14.11. Glucosinolates.

2. They increase themetabolic clearanceofpotential carcinogensand their

metabolites, by the induction of glutathione S-transferases andquinone

reductases.

Myrosinase action on the glucosinolate progoitrin yields goitrin (see Figure

14.11), which inhibits the synthesis of thyroid hormones by inhibition of the

iodination of monoiodotyrosine to diiodotyrosine and thus has a goitrogenic

action. In addition, the thiocyanate released by myrosinase competes with

iodide for uptake into the thyroid and may be goitrogenic when iodine status

is marginal. There is no evidence that normal consumption of vegetables has

any effect on thyroid hormone status, although goiter is a problemwhen cattle

are fed on large amounts of brassicas.

14.7.4 Phytoestrogens
A number of compounds shown in Figure 14.12 that occur in plant foods as

glycosides and other conjugates haveweak estrogenic/antiestrogenic actions,

and are collectively known as phytoestrogens. They all have two hydroxyl

groups that are the same distance apart as the hydroxyl groups of estradiol

and can bind to estrogen receptors. The amounts of phytoestrogens produced

increase in response to microbial and insect attack, suggesting that they have

antibacterial or antifungal actions in the plant. They produce typical estro-

gen responses in animals, with a biological activity 1/500 to 1/1,000 of that of

estradiol.



14.7 Phytonutrients 405

Figure 14.12. Estradiol and the major phytoestrogens.

High consumption of legumes, especially soya beans, which are rich sour-

ces of phytoestrogens, is associatedwith lower incidence of breast and uterine

cancer, as well as a lower incidence of osteoporosis. The estrogenic action

is probably responsible for the effects on the development of osteoporosis,

whereas three factors may be involved in the effect on hormone-dependent

cancer:

1. The isoflavones are mainly antiestrogenic, because they compete with

estradiol for receptor binding, but the phytoestrogen–receptor complex

does not undergo normal activation, thus it has only a weak effect on

hormone response elements on DNA. Even those phytoestrogens that

have a mainly estrogenic action will reduce responsiveness to estradiol

because they compete for receptor binding but have lower biological

activity.

2. The phytoestrogens increase the synthesis of sex hormone binding

globulin in the liver by stabilizing mRNA, leading to a lower circulating

concentration of free estradiol.
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3. Some of the phytoestrogens inhibit aromatase and therefore reduce the

endogenous synthesis of estradiol, especially the unregulated synthesis

that occurs in adipose tissue.
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iron, 369
niacin, 203
pantothenic acid, 346
phosphate, 93
riboflavin, 175–6
thiamin, 150–1
vitamin A, 35–6
vitamin B6, 234
vitamin B12, 300–1, 314
vitamin C, 361
vitamin D, 83
vitamin E, 113
vitamin K, 133–4

accessory food factors, 1
Accutane®, 72
acetomenaphthone, 132f
acetyl choline, 165, 221, 390f
acetyl CoA carboxylase, 330, 333t
acetylator status, 355
N-acetylglutamate, 306
activation coefficient, glutathione reductase,

197
transaminases, 251–2
transketolase, 168–9

acute phase proteins, 64
acyl carnitine excretion, 306
acyl carrier protein, 350
acyl CoA dehydrogenase, 185, 191–2
acyl CoA:retinol acyltransferase, 36
acylation, proteins 352
S-adenosyl methionine, 284, 289, 290f
decarboxylase, 267

adenosylhomocysteine, 290f
adequacy, criteria, 10–2
adequate intake (see also reference intakes), 21,

23
adipic acid oxidation, 191–2
adipocytes, vitamin D, 97
adipose tissue, carotene, 72
retinol, 37
vitamin D, 106

cADP-ribose, 219–21
ADP-ribose cyclase, 219, 220f
ADP-ribosyltransferase, 204f, 206, 215–7
adrenal gland, lycopene, 71
adriamycin, 194, 195f
advanced glycation endproducts, 264
aglycone, 402
agmatine, 240t
AI (adequate intake, see also reference intakes),

21, 23
β-alanine, 266
alanine, transamination, 242t
alanine-glyoxylate transaminase, 20t
alcohol, 62, 151
dehydrogenase, vitamin A, 38

aldehyde dehydrogenase, 235
aldehyde oxidase, 41f, 188, 207
alfacalcidiol, 107
alkaline phosphatase, 96, 103, 104t, 235
allicin, 402f
alliin, 402f
allinase, 401
allithiamin, 149f, 150
alloxan, 219, 229–30
all-R-tocopherol, 112
allyl sulfur compounds, 401–2
alopecia, 97, 101, 337
Alzheimer’s disease, 130, 169–70, 346, 356
amadorins, 264
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amide groups, peptide hormones, 366
amine oxidases, 186, 189
amino acid, decarboxylation, 237t, 239, 240t
metabolism, vitamin B6, 237–45
oxidases, 186
racemization, 237t, 241
side-chain reactions, 244

p-aminobenzoic acid, 277f, 355
p-aminobenzoylglutamate, 276
γ -aminobutyric acid (GABA), 156–7, 165, 240t,

247
shunt, 156–7, 164

aminocarboxymuconic acid semialdehyde,
209f

aminolevulinic acid synthetase, 250t
aminomethyltransferase, 281
aminotransferases, 237t, 241–4
amitriptyline, 195f
cAMP-dependent protein kinases, 59
amygdalin, 5
androgens, 102
anemia, hemolytic, 125
megaloblastic, 152, 308
pernicious, 308
riboflavin deficiency, 193–4
sideroblastic, 250t
vitamin B6 deficiency, 246–7
vitamin C deficiency, 373
vitamin E deficiency, 125

angular stomatitis, 191
anhydroretinol, 32f, 33, 55–6
anthocyanins, 7
anthycyanidins, 403
antibiotics, vitamin K requirements, 145
antibodies, intrinsic factor, 309
anticoagulants, dietary, 401, 402
vitamin E, 128
vitamin K, 141, 145–6

anticonvulsants, folate, 312, 319
vitamin D, 86

antidepressant,s 194–6
antiestrogens, 404–6
antioxidant, carotene, 43, 72–4
riboflavin, 187
status, 126–7
vitamin C, 371
vitamin E, 116–8
synthetic, 123t

apo-carotenals, 39, 43–5
apo-carotenoic acids, 73, 74
apo-lipoproteins, 263, 352
apoptosis, poly(ADP-ribose)polymerase, 218
retinoids, 61, 71
vitamin D, 96–7
vitamin K, 142

ARAT (acyl CoA:retinol acyltransferase), 36
arecoline, 165
arginine, decarboxylase, 240t
hydroxylation, 296–7
transamination, 242t

ariboflavinosis see riboflavin deficiency
aromatic amino acid decarboxylase, 209f, 240t,

243–4, 264, 365f
hydroxylases, 294–6

arrestin, 53
arthritis, diabetic, 263
ascorbic acid (see also vitamin C), 358f
phosphate, 359
sulfate, 359

ascorbyl palmitate, 359
aspartate transaminase, 242t, 247–8

β-decarboxylase, 266, 351–52
β-hydroxylase, 367

ataxia, 125
atherocalcin, 136, 142
atherogenesis, homocysteine, 293t
vitamin E, 121

atherosclerosis, 263
Gla protein, 136, 142
vitamin D, 97

ATP synthase, 90t
atrophic gastritis, 300
availability, 8–10
biotin, 326
carotene, 40–1
niacin, 203
vitamin B6, 234

AVED (ataxia with vitamin E deficiency), 125
avidin, 326, 341–3, 337

bacterial toxins, 215–7
barbiturates, rickets and osteomalacia, 86,

99–100
vitamin A, 40
vitamin D, 86, 99–100

bathorhodopsin, 50–1
Benserazide, 225
beriberi, 148, 161–3
acute infantile, 163
acute pernicious, 162
cardiac failure, 162
dry, 161–2
fish, fermented, 166
fulminating, 163
shoshin, 162
wet, 162

betaine, 283, 291, 309, 391f
bile, folate, 274
retinoyl glucuronide, 39
taurine, 398
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vitamin A, 39
vitamin B12, 302
vitamin D, 86
vitamin K, 134

biocytin, 325
bioflavonoids, 7, 362, 402–3
biological activity, carotenes, 35
retinoids, 35

biological availability see availability
biopterin synthesis, 277f, 278
biotin, 325f
absorption, 325, 329
availability, 326
biosynthesis, 327–9
catabolism, 326f, 327
cell surface receptors, 335
deficiency, 337–40
alopecia, 337
chicks, 338
cot death, 339
dermatitis, 337
fatty acid synthesis, 338
fatty liver and kidney syndrome, 338
glucokinase, 338
gluconeogenesis, 338
glucose homeostasis, 338, 339
holocarboxylase synthetase, 335
hyperammonemia, 336
hyperglycemia, 338
hypoglycemia, 338
odd-carbon fatty acids, 341
organic aciduria, 333t
polyunsaturated fatty acids, 337, 341
pregnancy, 340
pyruvate carboxylase, 338
sudden infant death, 339

hypoglycemic action, 336
intestinal bacterial synthesis, 329
metabolic functions, 329–37
acetyl CoA carboxylase, 330
biotinidase, 334–5
carboxylases, 330–2
cell cycle, 336
cell proliferation, 336
enzyme induction, 335
gluconeogenesis, 335
glycolysis, 335
histones, 337
holocarboxylase synthetase, 332–4
methylcrotonyl CoA carboxylase,
332

propionyl CoA carboxylase, 330
protein synthesis, 335–6
pyruvate carboxylase, 331
RNA polymerase, 335

metabolism, 324–7
metabolites, 326f
plasma concentration, 340
plasma protein binding, 325, 334
protein ligase, 332–4
receptors, 335
requirements, 341
status, 340–1
synthase, 328–9
unavailable, 326

biotinidase, 325, 334–5
biotinylation, histones, 337
bisphosphonates, 102
Bitot’s spot, 63
bleaching, rhodopsin, 50
blind staggers, 166
blood clotting, vitamin K, 139–41, 142, 144
bone, aging, 101–3
healing, vitamin K, 146
matrix Gla protein, 136, 141–2
metabolism, vitamin D, 94–6
mineral, 95, 141
mineralization, vitamin D, 98–101
pain, vitamin C deficiency, 373
peak mass, 102
resorption, 95–6, 136
vitamin A, 55, 68
vitamin C, 367–8, 373
vitamin D, 94–6, 98–101
vitamin K, 136, 141–2, 146

bow legs, 99
bracken fern, thiaminase, 166
branched chain oxo-acid decarboxylase, 158–9
brushite, 141
burning foot syndrome, 354–5
γ -butyrobetaine hydroxylase, 387f, 367

cachexin, 90t
cyclic ADP-ribose, 60
calbindin D, 90t, 93–4, 98
calcidiol (see also vitamin D), 84f
1-hydroxylase, 84f, 85, 101
24-hydroxylase, 84f, 85–6
hydroxylases, 90t, 87–9
pharmacological use, 100, 101
plasma concentration, 80, 103, 104t
receptor, 56–7

calciferol glucuronides, 82
calcinosis, 82,195–6
calciol (see also cholecalciferol; vitamin D), 78f,

79t
25-hydroxylase, 84f

calcipotriol, 107
calcitetrol, 79t, 84f
calcitonin, 88–9, 96
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calcitriol (see also vitamin D), 79t, 84f, 85
gene expression, 90t
pharmacological use, 100
plasma concentration, 80, 103
receptor, 90–1, 101
vitamin Dmetabolism, 88

calcitroic acid, 84f, 86
calcium, absorption, 93
balance, osteoporosis, 102
binding proteins, 135–9
body content, 89
hypertension, 264–5
intake, osteoporosis, 102
intracellular, 394
plasma concentration, 104t
reabsorption renal, 94, 142
regulation, cADP-ribose and NAADP, 220–1
transport, vitamin D, 92
vitamin Dmetabolism, 89

calmodulin, 394
calnexin, 45
cancer, carotene, 72–4
folate antagonists, 288–9
deficiency, 311–2
supplements, 321

hormone dependent, 405
lycopene, 72
neopterin excretion, 278
retinoids, 71–2
vitamin C, 370, 382
vitamin D, 97, 107
vitamin E, 129

candidiasis, 337
canthaxanthin, 34f, 43
carbamazepine, 313
Carbidopa, 225
γ -carboxyglutamate, 135–9
excretion, 144–5

carboxylase, vitamin K dependent, 136–9
carboxylation, biotin-dependent, 330–2
carcinoid syndrome, 224
cardiac failure, thiamin, 162
cardiomyopathy, taurine, 399
cardiovascular disease, homocysteine, 292–4
vitamin C, 383
vitamin E, 129

carnitine, 385–9
acyltransferase, 385–6
biosynthesis, 386–7, 372
deficiency, 396
ergogenic aid, 387
excretion, 306, 387
intake, 388
metabolic functions, 385–6
palmitoyltransferase, 192, 385–6

possible essentiality, 388
premature infants, 387
valproic acid, 387
vitamin C, 372, 387

carotene, 34f
absorption, 35, 40–2
adipose tissue, 72
antioxidant, 72–4
asymmetric cleavage, 43–5, 74
availability, 40, 41
average intakes, 72
cancer, 72–4
chylomicrons, 42
diabetes mellitus, 43
dioxygenase, 41–5, 74
antioxidants, 43
dietary protein, 43
hepatic, 42
non-intestinal, 42
reaction specificity, 43–5
vitamin A deficiency, 43

excentric cleavage, 43–5, 74
pharmacological uses, 72–4
plasma, 64, 65t
requirements, 67–8
retinol equivalents, 35, 41–5

carotenoids, 33–5
cataract, 72
toxicity, 70

cascade, blood clotting, 139–41
cassava, cyanide intoxication, 300
cataract, carotenoids, 72
diabetic, 263
vitamin E, 129

catechins, 403
cats, carotene dioxygenase, 42
niacin requirement, 210

CD-38, 219
γ -CEHC, 116
cell cycle, tocotrienols, 116
biotin, 336

cell differentiation, vitamin D, 96–7
cell proliferation, biotin, 336
vitamin D, 90, 92, 96–7

cell signaling, vitamin E, 121–2
vitamin K, 136, 142

central nervous system, vitamin A toxicity, 68
cephalin, 389
ceroid pigments, 124
Chastek paralysis, 166
cheilosis, 191
chick ovalbumin upstream promoter (COUP)

receptor, 56–7
chloride channel, thiamin triphosphate, 160
p-chlorophenylalanine, 224
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chlorpromazine, 195f
cholecalciferol, (see also vitamin D), 78f, 79t
absorption, 83
25-hydroxylation, 83–4
plasma concentrations, 80
synthesis, 81

cholecystokinin, 221
cholera toxin, 217
cholestatic hepatobiliary disease, 125
cholesterol, 7-hydroxylase, 372
pantothenic acid, 354
plant sterols, 401
tocotrienols, 113, 115–6

choline, 389–92
biosynthesis, 389–90
catabolism, 390–1
deficiency, 391
dehydrogenase, 391f
metabolism, 283
possible essentiality, 391

chondrocytes, vitamin D, 92–3
chromanol ring, 110
chylomicrons, carotene, 42
vitamin D, 83
vitamin E, 113
vitamin K, 133

circadian clock, 190
9-cis-retinoic acid, 55–8
13-cis-retinoic acid, 70, 72
13-cis-retinol, 35
citric acid cycle, thiamin, 156–7
CoA see coenzyme A
cobalamins, 298
cobalophilin, 301
coenzyme A, 346f
biosynthesis, 347f, 348–50
catabolism, 350

coenzyme Q, 400–1
coenzymes I and II, 214
cold, vitamin C, 383
collagen, 90t, 263
vitamin A, 55
vitamin C, 367, 372

collagenase, 121–2
color vision, 63
common cold, vitamin C, 383
complement, 367
cones (eye), 50
conjugase, 273, 312
conjuctival xerosis, 62, 63
impression cytology, 66

conjunctivitis, riboflavin deficiency, 191–2
connective tissue, homocysteine, 293t
connexin-43, 73
convulsions, vitamin B6, 246–9

corrinoid (see also vitamin B12), 298
corticosteroids, pantothenic acid deficiency,

353–54
cot death, 339
coumarin anticoagulants, 132, 142
coumestans, 405f
COUP (chick ovalbumin upstream promoter)

receptor, 56–7
CRABP (cellular retinoic acid binding protein),

47–9, 54–5
CRBP (cellular retinol binding protein), 36, 38,

47–9, 54–5
creatine, 392–3
kinase, 392f
supplements, 393

creatinine, 392f, 393
criteria of adequacy, 10–2
cryptochromes, 190
cryptoxanthine, 34f
crystallin, 263
cubulin, 302
cyanide metabolism, 300
cyanocobalamin (see also vitamin B12), 299
cyclic ADP-ribose, 60, 219–21
cyclic GMP, vision, 50–3
cystathionase, 244, 250t, 255f, 266, 290f
vitamin B6 deficiency, 247–48

cystathionine, 250t, 251t
synthetase, 244, 250t, 255f, 266, 290f

cystathioninuriaa, 250t
cysteamine oxidase, 397f
cysteic acid decarboxylase, 397f
cysteine lyase, 244
oxidase, 397f
sulfinate decarboxylase, 247–9, 397f
oxidase, 397f

sulfoxide derivatives, 401–2
transamination, 242t

cystic fibrosis, vitamin E, 125
cytochrome b, 90t
oxidase, 90t
P450, 185, 402, 403
retinoic acid, 39, 60
vitamin D, 83–6

cytokines, tryptophanmetabolism, 208
vitamin B12 deficiency, 310

cytology, conjuctival impression, 66

daily reference values (see also reference
intakes), 21

dark adaptation, 54, 62, 64
deficiency, biochemical, 11
biotin, 337–40
covert, 11
disease, 10
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deficiency (cont.)
folate, 307–13
iatrogenic, 313
folate, 312–3
niacin, 225
riboflavin, 194–6
vitamin A, 40
vitamin B6, 249
vitamin B12, 313
vitamin D, 99–100

niacin, 221–25
pantothenic acid, 352–5
riboflavin, 191–6
thiamin, 161–6
vitamin A, 61–4
vitamin B6, 246–9
vitamin B12, 307–13
vitamin C, 372–4
vitamin D, 98–101
vitamin E, 122–5
vitamin K, 142–3

dehydroascorbate, 358, 359, 362–3
reductase, 360f
tissue uptake, 361

7-dehydrocholesterol, 80–1
dehydroretinol, 66
dementia, phosphatidylcholine, 391
vitamin B12 deficiency, 307

demyelination, vitamin B12, 309
deoxyhemoglobin, folate, 314
deoxypyridoxine, 245
depletion/repletion studies, 18
depression, folate deficiency, 307
pantothenic acid deficiency, 354–5
pellagra, 222
vitamin B6, 264

dermatitis, biotin, 337
pellagra, 221–2
photosensitive, 221–2
riboflavin, 190
vitamin C, 373

dermatology, retinoids, 72
desamido NAD, 204f, 205
dethiobiotin, 327–9
DHA (docosahexaenoic acid), 52
diabetes, biotin, 336
carotene dioxygenase, 43
complications, 263–4
experimental, 219
gestational, 262
inositol, 296
nicotinamide, 230
poly(ADP-ribose) polymerase,

219
vitamin B6, 263–4
vitamin C, 361
vitamin D, 106–7

diacylglycerol, 394
diaminopelargonic acid, 328f
diarrhea, pellagra, 222
dicoumarol, 132f
dienoic acids, riboflavin deficiency, 191–2
dietary folate equivalents, 271–3
differentiation, vitamin A, 54, 55
vitamin D, 92, 96–7
vitamin K, 142

dihydrobiopterin, 365f
reductase, 295–6

dihydrofolate, monoglutamate, 277f
reductase, 278–9
inhibitors, 288–9, 312

dihydrolipoyl dehydrogenase, 281
dihydroneopterin triphosphate, 277f
dihydropteridine, 277f
dihydropteroic acid, 277f, 288
dihydroxyretinol, 32f, 55
diketogulonate, 359, 363
dimethylglycine, 391f
dehydrogenase, 184, 185, 186

diphenylhydantoin, 86, 312
diphosphopyridine nucleotide, 214
diphtheria toxin, 217
disaccharide permeability, 63
disulfide oxidoreductases, 185–6
DNA, hypomethylation, 69–70
ligase, 218
methylation, 312
repair, 190, 218–9
replication, 218
synthesis, 308
uracil incorporation, 314
vitamin C, 376

dococalciferol, 107
docosahexaenoic acid, 52
dopa (dihydroxyphenylalanine), 365f
decarboxylase, 243–44

dopamine, 240t, 365f
β-hydroxylase, 365, 372

Down’s syndrome, 130
DPN (diphosphopyridine nucleotide), 214
drug metabolism, pantothenic acid, 354, 355–6
vitamin C, 372

DRV (see also reference intakes), 21
dUMP suppression test, 289, 292, 317

E. coli enterotoxin LT, 217
edema, thiamin deficiency, 162
egg white injury, 341
egg, uncooked, 337
EGRAC (erythrocyte glutathione reductase

activation coefficient), 197
elastin, 367
electron transfer flavoprotein, 184–5
transport chain, 400
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embryogenesis, retinoids, 55
encephalopathy, Wernicke’s, 163–4
endothelium-derived relaxation factor,

296
enrichment, folate, 320–1
overage, 8
thiamin, 164

enterohepatic circulation, folate, 274
vitamin B12, 302

epidermal growth factor, 309
epilepsy, folate, 312, 319
epithelia, ciliated, 54
vitamin A deficiency, 63

epoxy-retinoic acid, 40
equivalents, folate, 271–3
niacin, 202–3, 208
retinol, 35

ercalcidiol, 79t
ercalciol, 78f, 79t
ercalcitetrol, 79t
ercalcitriol, 79t
ergocalciferol, 78f, 79t
absorption, 83
food enrichment, 79

ergogenic aids, 387, 393
ergosterol, 78
erythorbic acid, 358
erythrocyte, folate, 275
fragility, riboflavin, 192–3
vitamin E, 126

glutathione reductase, 197
transaminase, 251t, 252
transketolase, 168–9

estradiol, 405f, 221
estrogens, dietary, 404–6
glucose tolerance, 263
kynurenine hydroxylase, 213
osteoporosis, 102
riboflavin metabolism, 177–8
tryptophan load test, 254–5

ethane exhalation, 126–7
etretinate, 70, 72
exudative diathesis, 123

Factor XII, 139–40
FAD (flavin adenine dinucleotide), 173f, 174,

183–9
fat malabsorption, 9, 125
fatty acids, binding protein, 90t
branched chain, 310
desaturation, 116
elongation, 116
metabolism, muscle, 386
odd-carbon, 306, 310, 341
oxidation, 191, 353
synthesis, biotin, 59, 306, 331, 338
transport, carnitine, 385–6

fatty liver and kidney syndrome, 338
fenretinamide, 71
ferredoxin, 90t
fertility, vitamin A, 61
vitamin E, 122

fetal resorption, 61, 122
warfarin syndrome, 141, 142

fibrin, 139
fibrinogen, 139
fibroblasts, vitamin E, 122
fibronectin, 90t
FIGLU (formimino glutamate), 282f, 283, 316
fish, beriberi, 166
thiaminases, 166

flavanones, 403
flavin adenine dinucleotide (FAD), 173f, 174,

183–9
coenzymes, 172–5, 176t, 183–9
mononucleotide, 173f, 174, 176t
oxidases, 186–7
radical, 183

flavodoxine, 184–5
flavokinase, 176, 177, 178, 194
flavones, 403
flavonoids, 402–3
carotene dioxygenase, 43
vitamin C, 362

flavonols, 403
flavoprotein, electron transfer, 184
reductases, dithiol linked, 138
single electron transferring, 184
two electron transferring, 184–5

fluorouracil, 288
flushing, nicotinic acid, 228
FMN (flavin mononucleotide), 173f, 174, 176t,

183–9
folate, absorption, 273–4
antagonists, 288–9
anticonvulsants, 319
bile, 274
biosynthesis, 276
catabolism, 312
deficiency, 307–13
anemia, 308
cancer, 311–2
depression, 307
iatrogenic, 312–3
megaloblastic anemia, 308
neural tube defect, 310–1
prevalence, 307

dietary equivalents, 271–3
digestion, 273–4
enterohepatic circulation, 274
epilepsy, 312, 319
equivalents, 271–3
excretion, 276
food enrichment, 320–1
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folate (cont.)
hemoglobin binding, 314
intake vitamin B12 deficiency, 308
intestinal metabolism, 274
metabolic functions, 279–94
serine hydroxymethyltransferase, 279–81,
281f

metabolism, 273–6
catabolism, 276
dihydrofolate reductase, 287–9
homocysteine, 292–4
interconversion of one-carbon folates,
283–6

methionine, 289–94
methyl folate trap, 291–2
methylene tetrahydrofolate reductase,
284–6

poly-γ -glutamylation, 275–6
sources of one-carbon folates, 279–83
thymidylate synthetase, 287–8
tissue uptake, 274–6
utilization of one-carbon folates,
286–94

one-carbon substituted, 280f
pharmacological uses, 321
polyglutamate synthetase, 275–6, 313
red blood cells, 275
reference intakes, 318–20
requirements, 318–20
status, 313–8, 315t
dUMP suppression test, 317
erythrocyte concentrations, 314
FIGLU, 283, 316
histidine load, 283, 316
plasma concentrations, 314

supplements, 321
neural tube defect, 311
pregnancy, 311
vitamin B12 deficiency, 320

tissue polyglutamates, 276
tissue uptake, 274–6
upper levels of intake, 319
vitamers, 271, 272f, 280f

folic acid (see also folate), 271, 272f
folinic acid, 271
food labeling, reference intakes, 27
foot drop, 162
formate metabolism, 283
formimino tetrahydrofolate, 280f, 281f
formyl tetrahydrofolate, 280f, 281f
dehydrogenase, 292
erythrocytes, 314
synthetase, 283

formylglutamate, 283
formylkynurenine formamidase, 209f, 248f

fortification, folate, 320–1
thiamin, 164

GABA (γ -aminobutyric acid), 156–7, 165, 240t,
247

shunt, 156–7, 164
galactoflavin, 175
garlic, anticoagulant, 402
Gas6 (growth arrest specific protein), 136,

142
gastric ulcer, vitamin B12, 313
gastritis, atrophic, 300, 315
Gc-globulin, 87
gene expression, retinoids, 55–8
vitamin B6, 245

genomic instability, 311
Gerovital, 5
Gla (γ -carboxyglutamate), 135–9
excretion, 144–5

glucagon, tryptophan dioxygenase, 212
glucocorticoids, osteoporosis, 102–3
pyruvate dehydrogenase, 155–6
tryptophan dioxygenase, 211–2
tryptophan load test, 253–4

glucokinase, 335, 336
biotin, 338
pancreas, 336
retinoic acid, 54

gluconeogenesis, biotin, 338, 339
pyruvate carboxylase, 331
serine hydroxymethyltransferase, 279–81
vitamin A deficiency, 63–4

glucose, biotin, 338, 339
6-phosphatase deficiency, 197
tolerance, pantothenic acid, 354
vitamin B6, 263

glucosinolates 7, 403–4
glucuronic acid, 372, 359, 360f
glucuronidase, retinoyl glucuronide, 40
glucuronides, vitamin D, 82
glutamate, decarboxylase, 240t, 247–8, 265, 398
dehydrogenase, 156–7
receptor, 164, 311
transaminase, 242t, 247

glutamic semialdehyde, 242t
glutamine, transamination, 242t
glutaryl CoA dehydrogenase, 185
glutathione peroxidase, 117–8, 120
reductase, 185, 186f, 193
activation coefficient, 197
riboflavin status, 196

S-transferase, 402, 403
glycation, nonenzymic, 263–4
glyceraldehyde 3-phosphate dehydrogenase,

90t
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glycine, cleavage system, 281, 313
decarboxylase, 281
guanidotransferase, 392f
N-methyltransferase, 69–70
overload, 398
transamination, 242t

glycocholic acid, 398
glycogen phosphorylase, 236, 244–5
storage disease, 236

glycoprotein synthesis, 58
glyoxylate, 242t, 247
cGMP, vision, 50–3
goblet cells, 63
goitre, 404
goitrin, 404
goitrogens, 404
G-proteins, ADP-ribosyltransferase, 217
vision, 50–3

gray hair, pantothenic acid, 353–4
group specific component, 87
growth arrest specific gene (Gas6), 136, 142
growth spurt, adolescent, 99
GTP cyclohydrolase, 181–182f, 277f, 278
guanidoacetic acid, 392f
gulonolactone oxidase, 194, 359, 360f
gums, vitamin C, 373
gyrate atrophy, 250t

hair follicles, vitamin D, 97
haptocorin, 302
Hartnup disease, 224
heart failure, thiamin, 162
heme saturation, tryptophan dioxygenase, 211
hemochromatosis, vitamin C, 364, 382
hemoglobin A1C, 263
binding, folate, 314

hemolysis, menadione, 145
vitamin E, 123–4, 125

hemorrhagic disease, newborn, 143
herbivores, carotene dioxygenase, 42
heterodimers, retinoid receptors, 55–8
hip fracture, osteoporosis, 101
histamine, 240t
adenine dinucleotide, 219
receptor antagonists, vitamin B12, 313

histidase, 282f
histidine, catabolism, 281–2
decarboxylase, 240t, 266
load, 316
metabolism, 316
transamination, 242t

histones, 90t, 218
biotinylation, 337

HMG CoA reductase, 113, 115–6, 401
holocarboxylase synthetase, 325f, 332–4, 335

homocysteine, 255f, 256, 290f
cardiovascular disease, 292–4
cystathionine synthetase polymorphism, 244
folate, 284–5, 292–4, 321
metabolism, 304
methylene tetrahydrofolate reductase, 284–5
methyltransferase, 290f, 291, 309, 391f
nicotinic acid, 229
riboflavin, 286
toxicity, 311
vitamin B6, 261–2

homocystine, 290f
homocystinuria, 250t, 261, 292
homodimers, retinoid receptors, 55–8
homopantothenic acid, 356
hopanthate, 346f, 356
hormone replacement therapy, 254
hydrogen peroxide, 187t, 190t
3-hydroxyanthranilic acid, 209f
hydroxyapatite, 95, 141
24-hydroxycalcidiol, 84f, 86
biological activity, 90–1
plasma concentrations, 80

hydroxycalcidiol, 79t, 83
1α-hydroxycholecalciferol, 83
25-hydroxycholecalciferol, 83–4
pharmacological use, 100, 101

hydroxyercalcidiol, 79t
hydroxyethylriboflavin, 181
hydroxykynurenine, 248f
hydroxykynureninuria, 224
hydroxylases, mixed function oxidases, 189–190
hydroxylysine, 367
hydroxymethylglutaryl CoA (HMG CoA)

reductase, 113, 115–6, 401
hydroxymethylriboflavin, 181
hydroxyphenylpyruvate, 242t
hydroxylase, 367

hydroxyproline, 367
hydroxypyruvate, 242t
hydroxyretinoic acid, 39, 59–60
hydroxyretroretinol, 55, 56
transmembrane signaling, 60–1

hydroxysteroid dehydrogenase, 38
5-hydroxytryptamine, 208, 209f, 224, 240t, 264,

265
thiamin deficiency, 165

hydroxytryptophan decarboxylase, 209f
hyperammonemia, vitamin B12, 306
biotin, 336

hyperbaric oxygen, vitamin E, 125
hyperbilirubinemia, menadione, 145
neonatal, 196
phototherapy, 175

hypercalcemia, 82, 99, 105
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hyperglycemia, biotin, 338
vitamin C, 361

hyperglycinemia, 313
hyperhomocysteinemia see homocysteine
hyperoxaluria, 247, 250t
hypertension, homocysteine, 293t
vitamin B6, 264–65
vitamin D toxicity, 105

hypervitaminosis D, 82
hypocholesterolemic action, nicotinic acid, 229
hypoglycemia, biotin, 338, 339
pantothenic acid, 353–54

hypoglycemic action, biotin, 336
hypolipidemic action, nicotinic acid, 228, 229
hypomethylation, DNA, 69–70
hypoparathyroidism, 100
hypophosphatasia, 235
hypotaurine oxidase, 397f
hypotension, nicotinic acid, 228
hypothyroidism, riboflavin, 178–9

iatrogenic deficiency, folate, 312–3
niacin, 225
osteomalacia, 99–100
riboflavin, 194–6
rickets, 99–100
vitamin A, 40
vitamin B6, 249
vitamin B12, 313
vitamin D, 99–100

imidazolepyruvate, 242t
imidazolone propionic acid, 282f
imipramine, 195f
immune system, vitamin D, 98
vitamin A, 61–2
vitamin E, 122

indoleamine dioxygenase, 208, 253–4
indolepyruvate, 242t
infants, vitamin B6, 259
vitamin K, 143

infection, oxidative stress, 187
pantothenic acid, 354
vitamin A, 61, 62

inositol, 393–6
biosynthesis, 394, 395f
cell signaling, 394
diabetes, 296
hexaphosphate, 393
possible essentiality, 394
trisphosphate, 60–1, 394, 395f

insulin, pyruvate dehydrogenase, 156
resistance, 97
secretion, cADP-ribose and NAADP, 221
retinoic acid, 54
vitamin D 97, 98

sensitivity, pantothenic acid, 354–55

integrin, 90t
interferon, 90t, 208
interleukins, 90t
vitamin D, 98
vitamin E, 121

international units, 7
vitamin A, 35
vitamin D, 79
vitamin E, 111

intestinal goblet cells, vitamin A deficiency, 63
mucosal cell proliferation, 285

intrinsic factor, 300, 309
iodide uptake, thyroid, 93
iodopsin, 50
IP3 (inositol trisphosphate), 60–1, 394, 395f
iron, absorption, 369
metabolism, 193–4, 369
overload, 364, 382
pellagra, 222

ischemic heart disease, 127–8
isoascorbic acid, 358
isobutyryl CoA, 307
isoflavones, 403, 405f
isoleucine metabolism, thiamin, 158, 242–3
isoniazid, 100, 225, 249
isoprostanes, 126
isothiocyanates, 403
isotretinoin, 72
isovaleryl CoA, 307
iu (international units), 7
vitamin A, 35
vitamin D, 79
vitamin E, 111

jowar, 223

kallikrein, 139–40
keratin, 58
keratinization, 61–2
keratinocytes, 96
keto-acids, 241f, 242t
oxidative decarboxylation, 154–9

ketoglutarate, 242t
dehydrogenase, 156–7
thiamin deficiency, 164

hydroxylases, 367–8
ketosis, valproic acid, 356
kinases, mitogen-activated, 92
kittens, taurine, 396
knock knees, 99
knock-out mice, retinoid receptors, 57–8
Korsakoff’s psychosis, 163–6
kynurenic acid, 248f, 251t, 253
thiamin deficiency, 164

kynureninase, 209f, 213–4, 248f, 250t, 252–3
vitamin B6 deficiency, 247–8



Index 473

kynurenine, 248f
aminotransferase, 209f
hydroxylase, 209f, 213, 248f
transaminase, 209f, 248f, 252

labeling, reference intakes, 27
lactic acidosis, 333t
thiamin deficiency, 163, 164–5, 169

β-lactoglobulin, 45–6
laetrile, 5
lecithin:retinol acyltransferase, 36, 39
β-leucine, 306
leucine, aminomutase, 306
metabolism, 158, 306
pellagra, 223–4
transamination, 242t

leucovorin, 271, 288
leukemia, menadione, 146
lignans, 405f
lipid metabolism, riboflavin, 191
peroxidation, vitamin E, 118–9, 124

lipoamide, 154f, 186, 281
lipofuscin, 124
lipogenesis, NADPH, 159
lipopigments, 124
lipoprotein lipase, 114
liver, nicotinic acid, 228
vitamin A, storage, 36–8
toxicity, 68

loading tests, metabolic, 17
histidine, 282–3, 316
methionine, 251t, 255–6
tryptophan, 248f, 252–4
valine, 316

long-chain pufa, 116
LRAT (lecithin:retinol acyltransferase), 36, 48
LTQ (lysyl tyrosylquinone), 266–7
lumichrome, 175, 180f
lumiflavin, 175, 180f
lumirhodopsin, 51f
lutein, 34f, 72
lycopene, 34f, 44, 72
lymphocyte CD-38 antigen, 219
lymphocytes, retinoids, 60–1
vitamin D, 98

lysine hydroxylase, 367
transamination, 242t

lysolecithin, 389
lysophosphatidylcholine, 123
lysyl oxidase, 293t
tyrosylquinone (LTQ), 266–7

macrophages, vitamin E, 121
macular degeneration, 72, 128
magenta tongue, 191
malaria, 192–3, 348
malondialdehyde, 124

mannosidase acylation, 352
MAP kinases, 92
maple syrup urine disease, 158–9
marginal compounds, 6
McArdle’s disease, 236
megalin, 302
megaloblastic anemia, 152, 308
membrane lysis, vitamin A, 46, 69
vitamin E, 124

menadiol, 132f
menadione, 143
toxicity, 145

menaquinone see vitamin K
menopause, osteoporosis, 101–3
mercaptopyruvate, 242t
metabolic rate, riboflavin, 191
syndrome, 97

metalloproteinase, 121–2
metallothionein, 90t
metarhodopsin, 50–1, 52
methemoglobin, 193
methemoglobinemia, 145, 198
methenyl tetrahydrofolate, 280f, 281f
methional, 175
methionine, load test, 251t, 255–6
metabolism, 289–91, 288f
synthetase, 255f, 266, 290f, 291, 304–5, 309
polymorphism, 304

transamination, 242t
methotrexate, 272f, 288, 312
methoxypyrimidine, 166
methyl aminopterin, 272f
N1-methyl nicotinamide, 206–8, 226, 227t
ω-methyl pantothenic acid, 346f
methyl pyridone carboxamide, 206–7, 226, 227t
methyl tetrahydrofolate, 274, 280f, 281f
methyl transfer reactions, 290f
methylation, DNA, 312
methylcrotonic acid, 333t
methylcrotonyl CoA, 332, 340
N-methyl-d-aspartate receptor, 164, 311
methylene tetrahydrofolate, 185, 280f, 281f
cyclohydrolase, 283
dehydrogenase, 283
reductase, 284–6, 313
polymorphism, 284–5
riboflavin, 198, 286
thermolabile, 199, 284–5

methylfolate trap, 291–2, 308
methylglycine, 391f
methylmalonic acid, 305f, 309
methylmalonic aciduria, 306, 316
methylmalonyl CoA carboxylase, 333t
mutase, 305–6, 316

methyl-thiol-oxopropionate, 242t
metronidazole, 166
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microbiological assay, vitamins, 7
milk, sunlight flavor, 175
mitochondrial calcium binding protein, 136
electron transport chain, 400

mixed function oxidases, 189–90
MODY (maturity onset diabetes of the young),

336
molybdenum, flavoprotein hydroxylases, 188–9
molybdopterin, 188–9, 272f, 297–8
monocytes, vitamin E, 121
monodehydroascorbate, 117, 358f, 362–3
morphogenesis, 54, 55
multiple sclerosis, 106
muscular dystrophy, nutritional, 123
myc-oncogene, 71
myopathy, 123
myrosinase, 403, 404

N balance, riboflavin, 195–6
NAADP (nicotinic acid adenine dinucleotide),

60
NAADP, 219–21
NAD (nicotinamide adenine dinucleotide), 202f
catabolism, 205–6
erythrocytes, 226, 227t
glycohydrolase, 204f, 205, 219, 220f
intracellular concentration, 218
pyrophosphatase, 205
redox functions, 214–5
synthesis, 203–5
kynureninase, 212–4
kynurenine hydroxylase, 212–4
picolinate carboxylase, 210–1
tryptophan, 208–14

tryptophan dioxygenase, 212
NADase, 205–6
NADH dehydrogenase, 90t
NADP (nicotinamide adenine dinucleotide

phosphate), 202f
catabolism, 205–6
erythrocytes, 226, 227t
redox functions, 214–5
synthesis, 203–5
kynureninase, 212–4
kynurenine hydroxylase, 212–4
picolinate carboxylase, 210–1
tryptophan, 208–14

lipogenesis, 159
oxidase, 187–8
tryptophan dioxygenase, 212

neopterin, 278
nephrocalcin, 136, 142
nephropathy, diabetic, 263
nerve conduction, thiamin, 159–61
damage, vitamin B6, 259–60
growth factor, 90t

neural tube defect, 310–1, 313, 321
neuritis, peripheral, 161–2
neurodegenerative diseases, 129–30
neuromotor disorders, 354
neuronal ceroid lipofuschinosis, 124
neuropathy, thiamin, 161–3
vitamin B6, 259–60
vitamin B12, 308, 309

neutrophils, hypersegmented, 308
newborn, hemorrhagic disease, 143
niacin, absorption, 203
antidiabetogenic action, 229–30
cereals, 203
equivalents, 202–3, 208
excretion, 206–8
hypolipidemic action, 228, 229
metabolic functions (see alsoNAD; NADP),

214–21
ADP-ribosyltransferases, 215–7
cADP-ribose, 219–21
calcium regulation, 220–1
nicotinic acid adenine dinucleotide
phosphate, 219–21

poly(ADP-ribose)polymerase, 216f, 217–9
redox reactions, 214–5

metabolism, 203–8
metabolite excretion, 226, 227t
pharmacological uses, 229–30
reference intakes, 227–8
requirement, 227–8
cats, 210

status, 225–7
toxicity, 228–9
unavailable, 203
upper levels, 228–9
vitamers, 201–2

niacinamide, 202
niacytin, 203
nicotinamide (see also niacin), 202f
adenine dinucleotide seeNAD; nicotinamide

nucleotides
adenine dinucleotide phosphate seeNADP;

nicotinamide nucleotides
antidiabetogenic action, 219, 229–30
deamidase, 204f, 205, 207f
diabetes, 229–30
excretion, 206–8
metabolism, aldehyde oxidase, 207
nucleotides, 202f
catabolism, 205–6
erythrocytes, 226, 227t
kynureninase, 212–4
kynurenine hydroxylase, 212–4
picolinate carboxylase, 210–1
redox functions, 214–5
synthesis, 203–5, 208–14
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tryptophan, 208–14
tryptophan dioxygenase, 211, 212

N-oxide, 207
phosphoribosyltransferase, 204f,

205
schizophrenia, 230

nicotinic acid (see also niacin), 202f
adenine dinucleotide phosphate (NAADP),

60, 219–21
excretion, 206–8
hypolipidaemic action, 228, 229
mononucleotide, 204f, 205
phosphoribosyltransferase, 204f, 205

nicotinoyl glycine, 207–8
nicotinuric acid, 207–8
night blindness, 63
nitric oxide, 221
synthase, 296–7

nitrite, vitamin C, 370
nitrogen balance, riboflavin, 195–6
nitrosamine, vitamin C, 370
nitrous oxide, 291, 313
methionine synthetase, 304–5

NMDA (N-methyl-d-aspartate) receptors, 164,
311

no adverse effect level (NOAEL), 24, 26
noradrenaline, 365
19-nor-calcidiol, 107
nori, 303
nutraceuticals, 385, 401–6
nutritional encephalomacia, 123
melalgia, 354
status, antioxidant, 126–7
biotin, 340–1
folate, 313–8, 315t
niacin, 225–7
pantothenic acid, 354–5
riboflavin, 195–7
thiamin, 167–9
vitamin A, 64–6
vitamin B6, 250–6
vitamin B12, 313–8, 315t
vitamin C, 374–6
vitamin D, 103–4
vitamin E, 125–7
vitamin K, 143–5

nystagmus, 163

OlestraTM, 9
oncogenes, vitamin D, 90t
opal terminator codon, 120
opsin, 49–54
optimum status, 11
oral contraceptives, 254–5
organic aciduria, biotin, 240, 333t
riboflavin, 185, 191, 198–9

ornithine carbamyltransferase, 336
decarboxylase, 240t
transaminase, 242t, 250t

ornithinuria, 250t
osteoblasts, 94–6, 141
osteocalcin, 90, 95, 103, 136, 141–2, 367
undercarboxylated, 142, 144, 145

osteoclasts, 94–6, 136
osteodystrophy, renal, 100
osteogenic disorder, rats, 360
osteomalacia, 98–101
barbiturates, 86
drug-induced, 99–100
genetic factors, 99
hypoparathyroidism, 100
iatrogenic, 99–100
renal failure, 100
tumor-induced, 100

osteopontin, 90t
osteoporosis, 101–3
glucocorticoid induced, 102–3
phytoestrogens, 405
vitamin D, 102
vitamin K, 146

22-oxacalcitriol, 107
oxalate, vitamin B6, 247–8
vitamin C, 364, 380

oxaloacetate, 242t
oxidase, respiratory burst, 187–8
oxidative decarboxylation, oxo-acids,

154–9
oxidative stress, infection, 187–8
oxo-acids, 241f, 242t
decarboxylation, 154–9

oxoglutamate, 242t
oxoglutarate, 242t
dehydrogenase, 156–7
thiamin deficiency, 164

hydroxylases, 367–8
oxoguanodiacetate, 242t
oxohydroxybutyrate, 242t
oxoisocaproate, 242t
oxoisovalerate, 242t
oxomethylvalerate, 242t
oxoretinaldehyde, 55
4-oxoretinoic acid, 32f, 33, 39, 55
4-oxoretinol, 32f, 55, 56
oxygen radicals, carotene, 43, 72–4
riboflavin, 187–9
vitamin C, 371

oxyhemoglobin, folate, 314
oxythiamin, 149f, 150, 167

PABA (p-aminobenzoic acid), 277f
palmitate, oxidation, 191–2
vision, 52
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pancreatic atrophy, 121
insufficiency, 301

pangamic acid, 5
pantetheine, 350
pantothenate kinase, 348, 349
pantothenic acid, 346f
absorption, 346
antagonists, 346
biosynthesis, 351–2
blood, 355
coenzyme A, 351–2
deficiency, 353–5
adrenal corticosteroids, 353–4
carnitine, 387
duodenal ulcers, 354
fatty acid oxidation, 353
human, 354
hypoglycemia, 354
stress responses, 353–4

erythrocytes, 348
metabolic functions, 352–3
metabolism, 346–50
pharmacological uses, 356
renal reabsorption, 348–9
requirements, 355–56
status, 355
tissue uptake, 348
toxicity, 356
valproic acid, 356
vitamers, 345

pantothenol, 346f, 349
wound healing, 356

pantoyl GABA, 346f, 356
paralysis, Chastek, 166
parathyroid hormone, vitamin D, 91, 88, 100
Parkinson’s disease, 129–30, 225
pellagra, 221–25
carcinoid syndrome, 224
drug-induced, 225
fungal toxins, 223
gender difference, 254–5
iatrogenic, 225
iron deficiency, 222
leucine excess, 223–4
riboflavin deficiency, 193–4, 222
secondary, 222–4
tryptophanmetabolic defects, 224
vitamin B6 deficiency, 222, 249–50

penicillamine, 249–50
pentane exhalation, 126–7
pentose phosphate pathway, 152, 159, 160f
peptide α-amidase, 366
peptidylglycine hydroxylase, 366
perhydroxyl radical, 187t, 190t
pernicious anemia, 308

peroxisome proliferation-activated receptor
(PPAR), 56–7, 155

peroxynitrite, 119
pertussis toxin, 217
pharmacological uses, carotene, 72–4
folate, 321
niacin, 229–30
pantothenic acid, 355
riboflavin, 198–9
thiamin, 169–70
vitamin A, 71
vitamin B6, 261–5
vitamin B12, 321
vitamin C, 382–3
vitamin D, 106–7
vitamin E, 128–9
vitamin K, 146

phenobarbital, 312
phenothiazines, 194–6
phenylalanine decarboxylase, 240t
hydroxylase, 294–6
transaminase, 242t, 266
phenylethylamine, 240t

phenylketonuria, 295–6
phenylpyruvate, 242t
phenytoin, 312
PHEX gene, 100
phosphate, absorption, 93
excretion, 100
plasma concentration, 104t
vitamin Dmetabolism, 89

phosphatidylcholine, 389–90, 391
phosphatidylethanolamine, 240t, 389, 390f
phosphatidylinositol, 394, 395f
phosphatidylserine, 389, 390f
decarboxylase, 240t, 266

phosphatonin, 100–1
phosphocreatine, 392f
phosphodiesterase, 53
phosphoenolpyruvate carboxykinase, 64, 335
phosphofructokinase, 335
phospholipase, 14, 97, 389, 390f, 394
phosphopantetheine, 350–51
phosphopantetheinoyl cysteine decarboxylase,

266
phosphosphingolipid synthesis, 136
photolysis, 7-dehydrocholesterol, 81
riboflavin, 175, 195

photorhodopsin, 51f
photosensitive dermatitis, 221–2
photosynthesis, vitamin D, 80–2
phototherapy, hyperbilirubinemia, 194–6
phylloquinone see vitamin K
phytate, 393
phytic acid, 393
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phytoceuticals, 385, 401–6
phytoestrogens, 7, 404–6
phytonutrients, 385, 401–6
picolinate carboxylase, 209f, 210–1, 224
pimeloyl CoA, 328f
PIP2 (phosphatidylinositol bisphosphate), 394,

395f
PIVKA, 138
platelet aggregation, vitamin E, 121
homocysteine, 293t

poly(ADP-ribose) polymerase, 204f, 206, 216f,
217–9

retinoid receptors, 219
polychlorinated biphenyls, 45
polymorphism, cystathionine synthetase, 244
methylene tetrahydrofolate reductase,

284–5
transferrin, 382
transketolase, 164
vitamin D receptor, 102

polyphenols, 7, 402–3
polyterpenes, 7
polyunsaturated fatty acids, biotin, 337, 341
vitamin E absorption, 113

Population Reference Intakes EU (see also
reference intakes), 14, 20–1

population studies, vitamin requirements, 17
Porphyra tenera, 303
PPAR (peroxisome proliferation-activated

receptor), 56–7, 155
PQQ (pyrroloquinoline quinone), 266–7
precalciferol, 81
pregnancy, biotin, 340
glucose tolerance, 262
riboflavin metabolism, 177–8
tryptophan niacin equivalence, 208

premature infants, carnitine, 387
taurine, 400
vitamin E, 125

preprothrombin, 138–9, 143
antibodies, 144

previtamin D, 81
PRI (see also reference intakes), 14, 2–21
primidone, 86, 312
procollagen, lysine hydroxylase, 367
proline hydroxylase, 367

proconvertin, 139–40
progoitrin, 404
proline, hydroxylase, 367
reductase, 266
transamination, 242t

prooxidant, vitamin C, 371
vitamin E, 118–9

prophylaxis, vitamin K, 145–6
propionic acid, 333t

propionyl CoA, 305
carboxylase, 305f, 330, 333t, 340

N-propionylglutamate, 306
protein, intolerance, 306
kinase, 90t, 92, 97, 121
inhibitor, 90t
retinoylation, 59

retinoylation, 58–60
synthesis, biotin, 335–6
vitamin B6 requirements, 257

protein-energy malnutrition, 46, 62, 64
prothrombin, 138, 139–41
time, 142, 144
undercarboxylated, 138–9

proton pump inhibitors, 313
Pseudomonas aeruginosa exotoxin, 217
psoriasis, 72, 96, 107
psychosis, Korsakoff’s, 163–6
pellagra, 222

pterin biosynthesis, 276
excretion, 276

pteroyl monoglutamate (folic acid), 271, 272f
putrescine, 240t
pyridorin, 264
pyridoxal (see also vitamin B6), 233f
pyridoxamine (see also vitamin B6), 233f
diabetic complications, 264
phosphate, 241f

pyridoxic acid, 233f, 235
excretion, 251–2

pyridoxine (see also vitamin B6), 233f
glucosides, 233–4
oxidase, 194, 197, 234

pyridoxol, 233
pyridoxyllysine, 234, 247
pyrimethamine, 312
pyrimidine deoxynucleotide dioxygenase, 367
pyrithiamin, 149f, 150, 165, 167
pyrroloquinoline quinone (PQQ), 266–7
pyruvate, 242t
carboxylase, 331, 333t
biotin, 338

dehydrogenase, 154f, 154–6
deficiency, 156
kinase, 155–6
phosphatase, 155–6
regulation, 155–6

enzyme active site, 266–7
pyruvoyl enzymes, 266–7

quinacrine, 195f
quinolinic acid, 209f, 210–1, 263
phosphoribosyltransferase, 204f, 205

quinone reductase, 137–9, 142
quinoproteins, 266–7
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racemization, amino acids, 237t
RAR (retinoic acid receptor), 55–8
ras oncogene, 60, 401
RBP (retinol binding protein), 36–8, 45–7, 64,

65t
extrahepatic, 38
renal loss, 62
vitamin A deficiency, 62

RDA (see also reference intakes), 20–1
USA/Canada, 15

RDI (see also reference intakes), 20–1
RDR (relative dose response), 65t, 66
reactive oxygen species, riboflavin, 187–9
receptor, calcidiol, 56–7, 90–1
mediated uptake, vitamin E, 114
retinoic acid, 55–8
retinoid, 55–8
retinol binding protein, 46
thyroid hormone, 56–7
vitamin D, 56–7, 90–1

Recommended Daily Allowances USA/Canada
(see also reference intakes), 15

Recommended Nutrient Intakes FAO/WHO
(see also reference intakes), 16

reference intakes, 10–23
children, 23
definition, 19–23
EU, 14
FAO/WHO, 16
folate, 318–20
food labeling, 27
infants, 23, 259
niacin, 227–8
riboflavin, 197
thiamin, 169–70
UK, 13
USA/Canada, 15
vitamin A, 67–8
vitamin B6, 256–9
vitamin B12, 318–20
vitamin C, 376–80
vitamin D, 104–5
vitamin E, 127–8
vitamin K, 145–6

Reference Nutrient Intakes, UK (see also
reference intakes), 13

relative dose response, 46, 65t, 66
renal failure, osteomalacia, 100
renal osteodystrophy, 100
stones, oxalate, 247
vitamin C, 380

requirements, 10–23
biotin, 341
carotene, 67–8
depletion/repletion studies, 18

distribution, 20
folate, 318–20
infants, 23, 104–5, 125, 143, 259,

387
niacin, 227–8
pantothenic acid, 355–6
population studies, 17
riboflavin, 197
thiamin, 169–70
vitamin A, 66–8
vitamin B6, 256–9
vitamin B12, 318–20
vitamin C, 376–80
vitamin D, 104–5
vitamin E, 127–8
vitamin K, 145–6

resorcylic acid lactones, 405f
resorption, fetal, 55
respiratory burst, 121, 187–8
epithelium, vitamin A, 63

response element, retinoid, 58
vitamin D, 91

retina, taurine, 396
retinal G-protein-coupled receptor, 52
retinaldehyde (see also vitamin A), 32f
isomerase, 38–9
oxidation, 48
synthesis, 38, 41f

retinitis pigmentosa, 396
retinoic acid (see also vitamin A), 32f
cADP-ribose, 221
gene expression, 55–8
genomic actions, 54
hydroxylase, 39
insulin secretion, 54
metabolism, 38–40
morphogenesis, 54, 55
non-genomic actions, 58–61
oxidation, 48
plasma, 65–6
protein retinoylation, 58–60
receptor (RAR), 55–8
synthesis, 41f
taurine conjugate, 398
thermogenin, 54
transmembrane signaling, 60–1
uncoupling protein, 54

retinoids (see also vitamin A), 31
binding proteins, cellular, 47–9
plasma, 36–8, 45–7, 64, 65t
interphotoreceptor, 49, 52

cancer prevention, 71–2
dermatology, 72
gene expression, 55–8
intracellular trafficking, 47
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metabolism, cellular retinoid binding
proteins, 48

receptors, 55–8
knock-out mice, 57–8
poly(ADP-ribose)polymerase, 219
vitamin D, 91

response elements, 58
transmembrane signaling, 60–1
X receptor (RXR), 55–8

retinol (see also vitamin A), 32f
activity equivalent, 35
adipose tissue, 37
binding protein (RBP), 36–8, 45–7, 64, 65t
extrahepatic, 38
renal loss, 62
vitamin A deficiency, 62

carotene, 41–5
dehydrogenase, 38, 41f
equivalents, 35
esterification, 48
isomerization, 49
liver content, 37
membrane lysis, 46
plasma, 64, 65t
release from liver, 37–8
synthesis from carotene, 41f
testis, 55
tissue concentrations, 37
uterus, 55

retinopathy, diabetic, 263
vitamin E, 125

retinoyl CoA, 58–9
glucuronide, 39–40, 59
taurine, 39

retinoylation, proteins, 58–60
retinyl esters, absorption, 35
hydrolysis, 48
liver, 36

retinyl phosphate, 58
retrolental fibroplasia, 125
retroretinoids, transmembrane signaling, 60–1
retro-retinol, 32f
rexinoids, 31
RGR (retinal G-protein-coupled receptor), 52
rhodopsin, 49–54
acylation, 352
kinase, 52, 53

riboflavin (see also FAD), 173f
absorption, 175–6
antagonists, 175
binding protein, 177–8
biosynthesis, 181–182f
catabolism, 179–81
cell signaling, 176
coenzymes, 172–5, 176t, 183–9

conservation, 178
covalent binding, proteins, 173f, 174
cyclic phosphate, 177
deficiency, 191–6
anemia, 193
dermatitis, 191
erythrocyte fragility, 193
fatty acid oxidation, 192
iatrogenic, 194–6
iron metabolism, 193
lipid metabolism, 191
malaria, 192–3
organic aciduria, 185, 192
pellagra, 194, 222
phototherapy, 194–6
secondary deficiencies, 193–4
tryptophanmetabolism, 194
vitamin B6, 193–4, 234
vitamin C synthesis, 193–4

DNA damage, 195–6
excretion, 179–81, 196
fluorimetric assay, 178
food color, 198
homeostasis, 178
hydroperoxide, 187t, 190t
hypothyroidism, 178–9
intestinal bacteria, 176
losses in deficiency, 178
metabolic functions, 183–90
circadian clock, 190
cryptochromes, 190
disulfide oxidoreductases, 185–6
electron transferring flavoproteins,
184–5

flavin oxidases, 186–7
hydroxylases, 188–9
mixed function oxidases, 188–9
molybdenum enzymes, 188–9
radical trapping, 187

metabolism, 175–81
estrogens, 177–8
pregnancy, 177–8

methemoglobinemia, 198
methylene tetrahydrofolate reductase, 286
organic aciduria, 192, 198
oxygen radical formation, 187–9
pharmacological uses, 198–9
phosphate, 173f, 174, 176t, 183–9
photolysis, 175, 181, 194–5
plasma protein binding, 176
production by fermentation, 181
radical, 183
redox reactions, 184f
reference intakes, 197–8
requirements, 197
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riboflavin (cont.)
status, 196–7
glutathione reductase, 197
pyridoxine oxidase, 197

thermolabile methylene tetrahydrofolate
reductase, 199

thyroid hormones, 178–9
thyroxine deiodination, 179
tissue uptake, 177
toxicity, 187, 198–9
unavailable, 176

rickets, 98–101
biochemical, 103
drug-induced, 99–100
eradication, 99
genetic factors, 99
hypophosphatemic, 100
iatrogenic, 99–100
radiological, 103
strontium-induced, 100
vitamin D, 100–1
resistant, 92, 97

RNA polymerase, 218
RNI (see also reference intakes), 20–1
rods (eye), 50
ROS (reactive oxygen species), 187–8
R-proteins, 301
RXR (retinoid X receptor), 55–8
poly(ADP-ribose)polymerase, 219

safe levels of intake, 21
salicylates, 401
sarcosine dehydrogenase, 185
saturation test, vitamin C, 374
scavenger receptor, 121–2
Schiff base, 50, 239
Schilling test, 314
schizophrenia, 230
scurvy, 357, 372–4
rebound, 381

selenium, 120–1, 123t, 244–5
selenocysteine, 120–1
lyase, 244–5

selenoproteins, 120–1
semidehydroascorbate, 358f, 362–3
sepiapterin reductase, 277f
serine, catabolism, 279–81
dehydratase, 244
hydroxymethyltransferase, 243–4, 279–81,

281f
palmitoyltransferase, 136
transamination, 242t

serotonin, 208, 209f, 224, 240t, 264, 265
thiamin deficiency, 165

shoshin beriberi, 162
sialic acids, 352

sickle cell trait, 193
sideroblastic anemia, 250t
sleep, thiamin deficiency, 165
smell, vitamin A deficiency, 63
smoking, vitamin C, 380
snake venom protease, 144
spermatogenesis, vitamin A, 55
spina bifida, 310–1, 313
spinal cord degeneration, vitamin B12, 308,

309
squalene, 7
status, antioxidant, 126–7
assessment, 12, 17
biotin, 340–1
folate, 313–8, 315t
niacin, 225–7
optimum, 11
pantothenic acid, 354–5
riboflavin, 194–7
thiamin, 167–9
vitamin B6, 250–6
vitamin B12, 313–8, 315t
vitamin C, 374–6
vitamin D, 103–4
vitamin E, 125–7
vitamin K, 143–5

steroid hormones, vitamin B6, 245–6, 265
sterols, plant, 401
streptavidin, 342
streptozotocin, 219, 229–30
stress, pantothenic acid, 353–54
tryptophan load test, 253–4

strontium, calcidiol 1-hydroxylase, 85
rickets, 100

succinate dehydrogenase, 185
succinic semialdehyde, 156–7
sudden infant death, 339
sulfite, oxidase, 297
thiamin cleavage, 149f, 150, 166

sulfitocobalamin, 299
sulfonylriboflavin, 181
sunlight, vitamin D synthesis, 80–2
flavor, milk, 175

superoxide, 187t, 190t
vitamin C, 369

supplements, folate, 311
upper levels, 26
vitamin B6, 247

sweat, thiamin, 153
syndrome X, 97

tachysterol, 81
tardive dyskinesia, 391
taste, vitamin A deficiency, 63
taurine, 350, 396–400
biosynthesis, 396–7
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breast milk, 400
cardiomyopathy, 399
central nervous system, 398–9
glutamate decarboxylase, 398
kittens, 396
metabolic functions, 398–9
bile acid conjugation, 398
central nervous system, 398–9
heart muscle, 399

osmolyte, 398–9
possible essentiality, 399
retinoic acid, 39
vegetarians, 399

taurocholic acid, 398
tazarotene, 72
TBARS (thiobarbituric acid reacting

substances), 126
teratogenicity, retinoids, 70–1
terpenes, 401
testicular atrophy, 123
testis, lycopene, 72
testosterone synthesis, 55
tetrahydrobiopterin, 272f, 277f, 294–7,

365f
aromatic amino acid hydroxylases, 294–6
nitric oxide synthase, 296–7

tetrahydrofolate (see also folate), 272f
one-carbon substituted, 280f, 281f

thermogenin, 54
thiamin, 149f
absorption, 150–1
antagonists, 166–7
biosynthesis, 153
blood concentrations, 167–8
cleavage, 149f, 150, 166
deficiency, 161–6
acetyl choline, 165
beriberi, 161–3
carbohydrate metabolism, 164–5
cardiac failure, 162
citric acid cycle, 156–7
edema, 162
encephalopathy, 161, 163–4
GABA shunt, 156–7, 164
heart failure, 162
5-hydroxytryptamine, 165
lactic acidosis, 164–5
neurotransmitters, 165
nystagmus, 163
oxoglutarate dehydrogenase, 164
psychosis, 161, 163–4
serotonin, 165
sleep, 165
Wernicke-Korsakoff syndrome, 148, 161,
163–4

dependency diseases, 156, 158–9

diphosphate, 149f
excretion, 152, 167–8
flour enrichment, 164
lipid soluble analogs, 150
metabolic functions, 153–61
branched chain amino acids, 156–7
GABA shunt, 156–7
oxoglutarate dehydrogenase, 156–7
pentose phosphate pathway, 159,
160f

pyruvate dehydrogenase, 155–6
triphosphate, 159–61
transketolase, 159, 160f

metabolism, 150–3
monophosphate, 149f
oxidative cleavage, 150
pharmacological uses, 169–70
phosphorylation, 151
pyrophosphokinase, 167
requirements, 169–70
status, 167–9
sulfite cleavage, 149f, 150
sweat losses, 153
thiol, 149f
toxicity, 169
triphosphatase, 152
triphosphate, 149f, 152, 159–61
vitamers, 148–50

thiaminase, 149f, 166–7
thiaminolysis, 149f, 166–7
thiazole, 149f
thiobarbituric acid reacting substances

(TBARS), 126
thiochrome, 149f, 152, 167–8
thiocyanate, 403, 404
thiopropanal S-oxide, 401
thioredoxin reductase, 185–6
threonine transamination, 242t
thrombin, 139–41
thromboplastin, 140f, 144
thymidine dioxygenase, 367
thymidylate synthetase, 287–8, 308
thymine dioxygenase, 367
thyroid hormone, receptor, 56–7
riboflavin, 178–9
vitamin D, 93

thyroxine deiodinase, 120–1
riboflavin, 179

tiglic acid, 333t
TMP synthesis, 317
γ -tocopherol, metabolism, 116
tocopherols (see also vitamin E), 110f
plasma concentration, 125–6
quinone, 114f, 116
radical, 114f
transfer protein, 113–4, 125
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tocopheroxyl radical, 114f
tocotrienols (see also vitamin E), 110f
cell cycle arrest, 116
cholesterol, 113, 115–6

toe drop, 162
topaquinone (TPQ), 266–7
toxicity, carotenoids, 70
niacin, 228–9
pantothenic acid, 356
riboflavin, 187, 198–9
thiamin, 169
vitamin A, 46, 68–71
vitamin B6, 235, 259–60
vitamin C, 380–2
vitamin D, 82, 99, 105–6
vitamin E, 128
vitamin K, 145

toxins, ADP-ribosyltransferase, 215–7
pellagra, 223

TPN (triphosphopyridine nucleotide), 214
TPQ (topaquinone), 266–67
transaminases, 237t, 241–4
activation coefficient, 251t, 252

transamination, enzyme inactivation, 243
products of amino acids, 242t

transcalciferin, 87
transcobalamins, 301, 302
transcorrin, 302
transducin, 49, 51f, 53
transferrin, 370
polymorphism, 382
receptor, 90t

transketolase, 152, 159, 160f
activation, 168–9
polymorphism, 164

trans-retinoic acid, 55–8
transthyretin, 45, 64
Tretinoin®, 72
triglycerides, vitamin E absorption, 113
trigonelline, 207–8
trimethoprim, 289, 312
trimethyllysine hydroxylase, 367, 387f
triphosphopyridine nucleotide, 214
trisomy 21, 130
Trolox, 110
tryptamine, 240t
tryptophan decarboxylase, 240t
dioxygenase, 209f, 211–3, 248f, 253, 253–4
glucocorticoids, 211–2
heme, 211
induction, 211–2

hydroxylase, 209f, 224, 294–6
load test, 248f, 252–4
artifacts, 253–4
estrogens, 254–55

metabolism, 264
cytokines, 208
pellagra, 224
riboflavin deficiency, 193–4

niacin equivalence, 208
oxygenase see tryptophan dioxygenase
pyrrolase see tryptophan dioxygenase
transamination, 242t
transport, 224
nicotinamide nucleotide synthesis,

208–14
tryptophanuria, 224
tryptophanyl tryptophylquinone (TTQ),

266–7
tubulin, 90t
tumor necrosis factor, 90t, 121, 309
tyramine, 240t
tyrosine decarboxylase, 240t
hydroxylase, 294–6, 365f
vitamin C, 369

transamination, 242t

ubiquinone, 7, 185, 400–1
vitamin E, 118

UGA codon, 120
UL see upper level
ulcer, pantothenic acid, 354
vitamin B12, 313

ultraviolet, vitamin D synthesis, 80–2
uncoupling protein, retinoic acid, 54
upper level (UL), 21, 24
folate, 319
niacin, 228–9
vitamin A, 69t
vitamin B6, 260–1
vitamin D, 106
vitamin E, 128

uracil, incorporation in DNA, 314
urea synthesis, 336
urine glucose testing, 381
urocanic acid, 282f
US-RDA (see also reference intakes), 21
uv, vitamin D synthesis, 80–2

valine, load, 316
metabolism, 158
transamination, 242t

valproic acid, 313
carnitine, 387
pantothenic acid, 355–56

vascular fragility, vitamin C, 373
vascular smooth muscle, vitamin E, 121
vertebral crush fracture osteoporosis, 101
vision, dim light, 54
vitamin A, 49–54



Index 483

visual purple, 51f
vitamers, definition, 2
folate, 271, 272f, 280f
niacin, 201–2
pantothenic acid, 345
thiamin, 148–50
vitamin A, 31–5
vitamin B6, 233–4
vitamin C, 358–9
vitamin D, 78, 79t
vitamin E, 109–10, 111t, 113–4
vitamin K, 132–3, 136

vitamin A (see also retinaldehyde; retinoic acid;
retinol), 32f

absorption, 35–6
bone, 55
deficiency, 61–4
alcohol, 62
barbiturates, 40, 62
carotene dioxygenase, 43
cellular immunity, 61
dark adaptation, 62
epithelia, 63
fertility, 61
fetal resorption, 61
iatrogenic, 40
infection, 61, 62
keratinization, 61
polychlorinated biphenyls, 45
prevalence, 61
protein-energy malnutrition, 46, 62
retinol binding protein, 62
zinc, 62

depletion/repletion studies, 66–7
excretion, 39–40
fractional catabolic rate, 67
in foods, 31
international units, 35
liver, secretion, 37–8, 45
storage, 36–8

metabolic functions, 49–61
gene expression, 54–58
non-genomic actions, 58–61
retinoylation of proteins, 58–60
transmembrane signaling, 60–1
vision, 49–54

pharmacological uses, 71
pregnancy, 70
relative dose response, 46
requirements, 66–8
status, 64–6
conjunctival impression cytology, 66
plasma concentrations, 65t
relative dose response, 65t, 66
retinol binding protein, 65–6

toxicity, 46, 68–71
alcohol, 62
glycineN-methyltransferase, 69–70
teratogenicity, 70–1

turnover, 67
upper levels of intake, 69t
vision, 49–54
vitamers, 31–5

vitamin B1 see thiamin
vitamin B2 see riboflavin
vitamin B3, 5, 202
vitamin B4, 5
vitamin B5, 5
vitamin B6, 233f
absorption, 234
antimetabolites, 166
availability, 234
biosynthesis, 236
body pool, 256–7
deficiency, 246–50
anemia, 246
apparent, 253–4
drug induced, 249–50
enzyme responses, 247–9
iatrogenic, 249
kynureninase, 213–4
oxalate, 247
pellagra, 222

dependency syndromes, 250
excretion, 251–2
glucosides, 233–4
homocysteine, 293
metabolic functions, 236–46
amino acid metabolism, 237–45
decarboxylation, 239, 240t
gene expression, 245–6
glycogen phosphorylase, 244–5
racemization, 241
steroid hormone action, 245–6
transamination, 237t, 241–4

metabolism, 233f, 234–6
aldehyde dehydrogenase, 235
alkaline phosphatase, 235
hypophosphatasia, 235
muscle, 236
pyridoxine phosphate oxidase, 234
riboflavin deficiency, 193–4, 234

muscle, 236
pharmacological uses, 261–5
depression, 264
diabetic complications, 263–4
glucose tolerance, 262–3
hyperhomocysteinemia, 261–2
hypertension, 264–5
premenstrual syndrome, 262
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vitamin B6 (cont.)
pyridoxyllysine, 234, 247
reference intakes, 256–9, 258t
requirements, 256–9
depletion/repletion studies, 257
infants, 259
metabolic turnover, 256
protein intake, 257–8

status, 250–6
methionine load test, 255–6
plasma concentrations, 251
4-pyridoxic acid excretion, 251–2
transaminase activation, 251t, 252
tryptophan load test, 248f, 252–4

supplements, hyperoxaluria, 247
tissue uptake, 234–5
toxicity, 235, 259–60
turnover, 256
upper levels, 260–1
vitamers, 233–4

vitamin B7, 5
vitamin B8, 5
vitamin B9, 5
vitamin B10, 5
vitamin B11, 5
vitamin B12, 299f
absorption, 300–1
Schilling test, 314

algae, 303
bile, 302
binding proteins, 301–3
biosynthesis, 303
deficiency, 307–13
CoA synthesis, 306
dementia, 307
demyelination, 309
fatty acid synthesis, 306

FIGLU, 317
folate, 308, 320
hyperammonemia, 306
iatrogenic, 313
methyl folate trap, 291–2
methylmalonic aciduria, 306
neuropathy, 308, 309
pernicious anemia, 308
protein intolerance, 306
serum folate, 15
spinal cord degeneration, 308, 309
dUMP suppression test, 317

enterohepatic circulation, 302
gene expression, 310
histamine receptor antagonists, 313
homocysteine, 293
leucine aminomutase, 306–7
metabolic functions, 303–7

leucine aminomutase, 306–7
methylmalonyl CoAmutase, 305–6
methionine synthetase, 304–5

metabolism, 300–3
methionine synthetase, 304–5
methylmalonyl CoAmutase, 305–6
microbiological assay, 298
pharmacological uses, 321
radioligand assay, 314
reference intakes, 318–20
requirements, 318–20
status, 313–8, 315t
dUMP suppression test, 317
erythrocyte concentrations, 314
methylmalonic aciduria, 316
plasma concentrations, 314
Schilling test, 314

tissue uptake, 301–3
vitamin B13, 5
vitamin B14, 5
vitamin B15, 5
vitamin B16, 5
vitamin B17, 5
vitamin Bc, 5
vitamin Bp, 5
vitamin BT, 5
vitamin Bw, 5
vitamin Bx, 5
vitamin C, 358f
absorption, 361
assay, 359
ascorbic acid, 358f
phosphate, 359
sulfate, 359

ascorbyl palmitate, 359
blood, 362
body pool, 378–9
cancer, 382
cardiovascular disease, 383
common cold, 383
deficiency (scurvy), 357, 372–4
anemia, 373
carnitine, 387
muscle fatigue, 387
mutant rats, 360
rebound scurvy, 381

excretion, 363–4
food processing, 359
gastric secretion, 261
leukocytes, 362, 374–5
metabolic functions, 362–72
antioxidant, 371
cholesterol metabolism, 371
collagen synthesis, 367
dopamine β-hydroxylase, 365
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enzyme stimulation, 369
iron metabolism, 369
nitrosamine formation, 370
oxoglutarate-linked hydroxylases, 367–8
peptide α-amidase, 366
peptidylglycine hydroxylase, 366
tyrosine hydroxylase, 369
vitamin E, 371
xenobiotic metabolism, 371

metabolic turnover, 378–9
metabolism, 359–64
iron overload, 364
oxalate, 364

osteocalcin synthesis, 141
oxidation, 362–3
oxygen radical formation, 371
palmitate, 359
pharmacological uses, 382–3
pro-oxidant, 371
reaction with nitrite, 370
reference intakes, 376–80
renal reabsorption, 364
requirements, 376–80
minimum, 376
high figures, 379
metabolic turnover, 378–9
smoking, 380

saturation test, 374
status, 374–6
diabetes, 361
DNA damage, 376
leukocyte concentration, 374–5, 378
plasma concentration, 374–5, 378
saturation test, 374
urinary excretion, 374

superoxide formation, 369
synthesis, riboflavin, 193–4
tissue reserves, 362
uptake, 361–2

toxicity, 380–2
hemochromatosis, 382
iron overload, 382
oxalate, 380
renal stones, 380

urine glucose testing, 381
vitamers, 358–9
vitamin E, 117
wound healing, 377

vitamin C2, 5
vitamin D, 78f
absorption, 83
adipocytes, 97
adipose tissue, 106
alopecia, 97
apoptosis, 96–7

atherosclerosis, 97
binding protein, 81
bone, metabolism, 94–6
mineralization, 98–101

calbindin-D, 93–4
calcidiol, 84f
1-hydroxylase, 84f, 85, 101
24-hydroxylase, 84f, 85–6
hydroxylases, 90t, 87–9
pharmacological use, 100, 101
plasma concentration, 80, 103, 104t

calcitriol, 79t, 84f, 85
gene expression, 90t
pharmacological use, 100
plasma concentration, 80, 103
receptor, 56–7, 90–1, 101
regulation of vitamin Dmetabolism, 88

calcitroic acid, 84f, 86
calcitonin, 88–9
calcium absorption, 93
cancer, 97, 107
cell proliferation, 96–7
surface receptors, 92–3

cholecalciferol, 78f, 79t
absorption, 83
25-hydroxylation, 83–4
plasma concentrations, 80
synthesis, 81

deficiency, 98–101
barbiturates, 86
biochemical, 103
drug-induced, 99–100
elderly, 81
eradication, 99
genetic factors, 99
hypoparathyroidism, 100
hypophosphatemic, 100
iatrogenic, 99–100
radiological rickets, 103
renal failure, 100
rickets, 98–101
strontium-induced, 100
tumor-induced, 100
vitamin D resistant, 92, 97
osteomalacia, 98–101

diabetes, 106–7
dietary sources, 82
differentiation, 96–7
ergocalciferol, 78f, 79t
absorption, 83
food enrichment, 79

excretion, 86
food enrichment, 79
gene expression, 90t
glucuronides, 82
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vitamin D (cont.)
hair follicles, 97
1-hydroxylase, 84f, 85, 101
24-hydroxylase, 84f, 85–6
25-hydroxylase, 83–4
hydroxylases, 90t, 87–9
immune system, 98
infants, 104–5
insulin secretion, 97, 98
interleukins, 98
international units, 79
keratinocytes, 96
metabolic functions, 89–98
apoptosis, 96–7
bone metabolism, 94–6
calbindin-D, 93–4
calcium reabsorption, 94
cell proliferation, 96–7
differentiation, 96–7
endocrine glands, 98
gene expression, 90–2
immune system, 98
non-genomic actions, 92–3
nuclear receptors, 91
osteoblasts, 95
osteoclasts, 96
response element, 91

metabolism, 79–89
anticonvulsants, 86
barbiturates, 86
hydroxylases, 90t, 87–9
1-hydroxylase, 84f, 85, 101
24-hydroxylase, 84f, 85–6
25-hydroxylase, 83–4
regulation, 87–9

multiple sclerosis, 106
nomenclature, 79t
non-genomic actions, 92–3
osteocalcin synthesis, 141
osteomalacia, 98–101
osteoporosis, 102
parathyroid hormone, 88
pharmacological uses, 106–7
phosphate absorption, 93
phospholipase, 97
plasma, binding protein, 87
concentrations, 80

protein kinase C, 92–3, 97
psoriasis, 96, 107
receptor, 91–2
deficit, 101
lymphocytes, 98
polymorphism, 102
vitamin A, 56–7

reference intakes, 104–5

requirements, 104–5
resistance, 92, 100–1
response element, 91
rickets, 98–101
seasonal variation, 80
status, 103–4
synthesis, 80–2
tissue storage, 80
toxicity, 82, 99, 105–6
upper, level of intake, 106
vitamers, 78, 79t

vitamin dependency syndromes,
250

vitamin E, 110f
absorption, 113
anticoagulants, 128
antioxidant, 116–8
atherogenesis, 121
binding protein, 113–4, 125
cancer, 129
cardiovascular disease, 129
cataract, 129
cell membrane, 115
signaling, 121–2

collagenase, 121–2
deficiency, 122–5
fetal resorption, 122
human, 125
premature infants, 125
selenium, 123t
synthetic antioxidants, 123t

equivalents, 111–2
excretion, 115
fibroblasts, 122
gene transcription, 121–2
immune system, 122
interleukins, 121
international units, 111
ischemic heart disease, 127–8
lipid peroxides, 114f, 118–9
macrophages, 121
metabolic functions, 115–22
antioxidant, 116–8
cell cycle arrest, 116
cell signaling, 121–2
gene transcription, 121–2
hypocholesterolemic action, 115–6

metabolism, 113–5
monocytes, 121
neurodegenerative diseases, 129–30
peroxynitrite reactions, 119
pharmacological uses, 128–9
plasma concentration, 125–6
plasma half-life, 114
plasma lipoproteins, 113–4
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platelet aggregation, 121
prooxidant actions, 18–9
protein kinase C, 121
quinone, 116
radical, 114f, 117f
glutathione peroxidase, 117–8
reduction, 117–8
vitamin C, 117

receptor-mediated uptake, 114
requirements, 127–8
respiratory burst oxidase, 121
scavenger LDL receptor, 121–2
selenium, 120–1
status, 125–7
stereochemistry, 112
synthesis, 113
tissue uptake, 114
tocopherol, plasma, 125–6
quinone, 114f, 116
radical, 114f
transfer protein, 113–4, 125

tocopheroxyl radical, 114f
tocotrienols, 110f
cell cycle arrest, 116
cholesterol, 113, 115–6

toxicity, 128
tumor necrosis factor, 121
ubiquinone, 118
upper levels of intake, 128
vitamers, 109–10
protein binding, 113–4
relative potency, 111t
tissue retention, 114

vitamin C, 117, 371
vitamin K, 128
water soluble, 110

vitamin F, 5
vitamin G, 5
vitamin H3, 5
vitamin I, 5
vitamin J, 5
vitamin K, 132f
absorption, 133–4
antibiotics, 145
apoptosis, 142
bacteria, biosynthesis, 135
contribution to intake, 134

blood clotting, 139–41, 142
blood levels, 144
body pool, 145
bone, healing, 146
resorption, 136

carboxylase, 136–9
deficiency, 142–3
infants, 143

epoxidase, 136–7
reductase, 137–8, 142

excretion, 134–5
hydroquinone, 137–9
menadiol, 132f
menadione, 132f, 143, 145
menaquinones, 132–3, 135
metabolic functions, 135–42
atherocalcin, 136
blood clotting, 139–41
bone matrix Gla protein, 136, 141–2
carboxylase, 136–9
cell signaling, 142
Gas-6, 136, 142
nephrocalcin, 136
nuclear binding protein, 136
osteocalcin, 136, 141–2

metabolism, 133–5
nuclear binding protein, 136
osteoclasts, 136
osteoporosis, 146
pharmacological uses, 146
phosphosphingolipid synthesis, 136
phylloquinone, 132f
prophylaxis, 143, 145–6
quinone reductase, 137–9, 142
requirements, 145–6
serine palmitoyltransferase, 136
status, 143–5
tissue differentiation, 142
toxicity, 145
turnover, 145
vitamers, 132–3, 136
vitamin E, 128
water soluble, 133, 145–6

vitamin L, 5
vitamin M, 5
vitamin N, 5
vitamin P, 402
vitamin P, 5
vitamin PP, 5
vitamin Q (see also ubiquinone), 5, 7
vitamin R, 5
vitamin S, 5
vitamin T, 5
vitamin U, 5
vitamin V, 5
vitamin W, 5
vitamin X, 5
vitamin Y, 5
vitamins, absorption, 9
analysis, 6–8
availability, 8–10
definition, 1, 2
discovery, 1
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vitamins, absorption (cont.)
food composition tables, 8
list, 3–4t
nomenclature, 2–6
toxicity (see also toxicity; upper level), 24–6
unavailable, 9

warfarin, 137–9, 141, 142–3
Wernicke’s encephalopathy, 148, 161, 163–4
wound healing, vitamin C, 373, 377
wrist drop, 152

xanthine, dehydrogenase, 188–9, 297–8
oxidase, 188–9, 297–8
oxidoreductase, 189, 297–8

xanthurenic acid, 248f, 251t, 253
glucose tolerance, 263

xanthurenic aciduria, 224, 250t
xenobiotics, metabolism, 402, 403
taurine, 398
vitamin C, 371

xerophthalmia, 61–4, 63
xerosis, conjuctival, 62, 63

zeaxanthin, 34f
carotene dioxygenase, 43
cataract, 72
intakes, 72
macular degeneration, 72

zinc, retinol binding protein,
47, 62

vitamin A, 47, 62
folate digestion, 273
status, 274




