


Editors

Lester Packer
Department of Molecular Pharmacology 

and Toxicology
University of Southern California

Los Angeles, California

Maret G. Traber
Linus Pauling Institute

Oregon State University
Corvallis, Oregon

Klaus Kraemer
BASF Aktiengesellschaft
Ludwigshafen, Germany

Balz Frei
Linus Pauling Institute

Oregon State University
Corvallis, Oregon

Champaign, Illinois

The Antioxidant Vitamins C and E

Copyright © 2002 AOCS Press



AOCS Mission Statement
To be a forum for the exchange of ideas, information, and experience among those 
with a professional interest in the science and technology of fats, oils, and related sub-
stances in ways that promote personal excellence and provide high standards of quality.

AOCS Books and Special Publications Committee
G. Nelson, chairperson
R. Adlof, USDA, ARS, NCAUR, Peoria, Illinois
J. Endres, The Endres Group, Fort Wayne, Indiana
K. Fitzpatrick, Saskatchewan Nutraceutical Network, Saskatoon,
Saskatchewan, Canada
T. Foglia, USDA, ARS, ERRC, Wyndmoor, Pennsylvania
L. Johnson, Iowa State University, Ames, Iowa
H. Knapp, Deaconess Billings Clinic, Billings, Montana
M. Mossoba, U.S. Food and Drug Administration, Washington, D.C.
A. Sinclair, RMIT University, Melbourne, Victoria, Australia
P. White, Iowa State University, Ames, Iowa
R. Wilson, USDA, REE, ARS, NPS, CPPVS, Beltsville, Maryland

Copyright © 2002 by AOCS Press. All rights reserved. No part of this book may be repro-
duced or transmitted in any form or by any means without written permission of the pub-
lisher.

The paper used in this book is acid-free and falls within the guidelines established to ensure
permanence and durability.

Library of Congress Cataloging-in-Publication Data

The antioxidant vitamins C and E / editors, Lester Packer ... [et al.].
p. cm.

Proceedings of a symposium on vitamins C and E, held March 6-9, 2002 at
the 2002 World Congress of the Oxygen Club of California, Santa Barbara,
California.
Includes index.

ISBN 1-893997-29-4 (hardcover : alk. paper)
1. Vitamin C--Congresses. 2. Vitamin E--Congresses. 3.

Antioxidants--Congresses. I. Packer, Lester.

QP772.A8 A586 2002
613.2'86--dc21

2002152005

Printed in the United States of America with vegetable oil-based inks.

06 05 04 03 02  5 4 3 2 1

Copyright © 2002 AOCS Press



Acknowledgment

The Oxygen Club of California (OCC) symposium on the antioxidant vitamins C and
E and this book were made possible through support from BASF Aktiengesellschaft.

Preface

Early in the last century, vitamins C and E were identified as essential micronutrients
for humans. Subsequent studies established the important roles of these vitamins as the
body’s major dietary antioxidants. Vitamin C (ascorbic acid) and the various forms of
vitamin E react with many different free radicals and reactive oxygen and nitrogen
species. When scavenging free radicals, vitamin E in cell membranes and lipoproteins
and vitamin C in aqueous intra- and extracellular fluids form one- and two-electron oxi-
dation products. Initially, demonstrations in chemical systems and later in biochemical
systems showed that vitamin E radicals formed by oxidant or free radical exposure
were reduced by ascorbic acid, resulting in regeneration of vitamin E. Vitamin E, which
is usually present only in relatively low concentrations in the body, may thus be spared
by this vitamin C action. Both vitamins appear to interact in a network of redox-active
antioxidants including thiols, NADH- and NADPH-dependent enzymes, and
bioflavonoids.

In addition to their antioxidant functions as electron or hydrogen donors in free
radical reactions, vitamins C and E exhibit many other activities in biological systems.
Ascorbic acid is a coenzyme (or more accurately, a cosubstrate) in hydroxylation reac-
tions during collagen biosynthesis and also functions in various metabolic reactions.
Most studies with the various members of the vitamin E family of molecules have
focused on α-tocopherol, which is maintained in the circulation and tissues by the α-
tocopherol transfer protein(s). Interestingly, other vitamin E forms, such as γ-toco-
pherol and α-tocotrienol, exhibit unique properties in various cell and in vitro systems
and are the subject of emerging interest.

Both vitamins C and E by virtue of regulating oxidative processes through their
antioxidant actions have important effects on regulating cell signaling and gene expres-
sion. Although oxidants and oxidative stress conditions affect many of the essential
pathways involved in gene transcription and protein synthesis, these antioxidants may
themselves be involved in redox regulation of cell signaling. Hence, vitamins C and E
affect cell growth and proliferation and also participate in some of the cell death path-
ways involving apoptosis or necrosis. Importantly, α-tocopherol specifically inhibits
certain cell signaling pathways dependent upon protein kinase C and interacts with a
number of binding proteins.
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Clearly, the areas of greatest interest for both the public and the scientific commu-
nity are the roles of vitamins C and E in disease prevention, in retarding the progres-
sion of age-related chronic and degenerative disorders, and in promoting healthy aging.
The introductory chapters (1 and 9) in this book provide a concise historical back-
ground of vitamins C and E and summarize many important discoveries concerning
their biological functions and their roles in prevention of dietary deficiency, chronic dis-
ease and oxidative stress. Other chapters detail current research on the biological
actions of vitamins C and E in biochemical, cell and physiological systems, and their
roles in “oxidative stress-related” diseases and disorders. These latter chapters highlight
the importance of vitamins C and E in metabolic and inflammatory disorders, in age-
related diseases and in healthy aging.

Many areas of future study are apparent from the findings on vitamins C and E
reported in this volume. The findings raise questions concerning the relative importance
of free radical scavenging as opposed to other cellular regulatory mechanisms. In addi-
tion, determination of the optimal amounts of vitamins C and E required during aging
for health through food sources as opposed to vitamin supplements, which are highly
popular, warrants further clinical and epidemiologic investigations.

We thank the OCC (Oxygen Club of California) 2002 World congress co-sponsored
by the Linus Pauling Institute for hosting a workshop on “The Antioxidant Vitamins C
and E.” The workshop, which was sponsored by BASF, was the basis for the invitations
to contribute to this volume. We are especially grateful to all of the authors, who are lead-
ing scholars in vitamins C and E research, for their excellent articles.

Lester Packer
Maret G. Traber
Klaus Kraemer

Balz Frei
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Chapter 1

Vitamin C: An Introduction

Jane V. Higdon and Balz Frei

Linus Pauling Institute, Oregon State University, Corvallis, OR 97331

Structure and Chemistry of Vitamin C (L-Ascorbic Acid)

The chemical name for L-ascorbic acid is 2,3-didehydro-L-threo-hexano-1,4-lactone.
Carbon 5 of ascorbic acid (Fig. 1.1) is asymmetric, making two enantiomeric forms
possible; L-ascorbic acid is the naturally occurring and biologically active form. 
L-Ascorbic acid is a water-soluble 6-carbon α-ketolactone with two enolic hydrogen
atoms (pKa1 at carbon 3 = 4.17 and pKa2 at carbon 2 = 11.57; Fig. 1.1) (1,2). At physi-
ologic pH, >99% of L-ascorbic acid is ionized to L-ascorbate, which can donate a
hydrogen atom (H+ + e−) to produce the resonance-stabilized ascorbyl radical (Fig.
1.1). The ascorbyl radical can donate a second electron to form the 2-electron oxida-
tion product of ascorbate, dehydroascorbic acid (DHA), or dismutate to form ascor-
bate and DHA (Fig. 1.1). Alternatively, the ascorbyl radical may be enzymatically
reduced back to ascorbate by NADH-dependent semidehydroascorbate reductase or
the NADPH-dependent selenoenzyme, thioredoxin reductase. DHA can be reduced
back to ascorbate by the glutathione-dependent enzyme, glutaredoxin, or thioredoxin
reductase (3). If not recycled to ascorbate, DHA is irreversibly hydrolyzed to 2,3-
diketo-L-gulonic acid (DKG), which does not function as an antioxidant. Further
degradation of DKG results in the formation of oxalic acid and L-threonic acid. Other
catabolites include, among many others, L-xylonic acid, L-lyxonic acid, and L-xylose
(4). The term vitamin C is generally used to describe all compounds that qualitatively
exhibit the biological activity of ascorbate, including ascorbate and DHA (2).

Fig. 1.1. Oxidation of ascorbate (AscH−) by two successive one-electron oxidation steps
to give the ascorbyl radical (Asc•−) and dehydroascorbic acid (DHA), respectively.
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Biological Activities of Vitamin C

Electron Donor for Enzymes

The physiologic functions of vitamin C are related to its efficacy as a reducing
agent or electron donor. Vitamin C is known to be a specific electron donor for
eight human enzymes (1). Three of those enzymes (proline hydroxylase, lysine
hydroxylase, and procollagen-proline 2-oxoglutarate 3-dioxygenase) participate in
the post-translational hydroxylation of collagen, which is essential for the forma-
tion of stable collagen helices (5). Many of the manifestations of the vitamin
C–deficiency disease, scurvy, are related to defective collagen synthesis, including
blood vessel fragility (petechiae, ecchymoses, and inflamed bleeding gums), tooth
loss, bone and connective tissue disorders, and impaired wound healing. Vitamin C
is also necessary for the maximal activity of two dioxygenase enzymes (γ-butyro-
betaine 2-oxoglutarate 4-dioxygenase and trimethyllysine 2-oxoglutarate dioxyge-
nase) required for L-carnitine biosynthesis. L-Carnitine is required for the transport
of activated fatty acids across the inner mitochondrial membrane and plays critical
roles in modulating energy metabolism (6). Fatigue and lethargy, which are early
signs of scurvy, likely are related to carnitine deficiency. Vitamin C is also a
cosubstrate for dopamine-β-monooxygenase, the enzyme that catalyzes the conver-
sion of the neurotransmitter dopamine to norepinephrine. Neuropsychiatric
changes associated with scurvy, including depression, mood swings, and
hypochondria, could be related to deficient dopamine hydroxylation (3). Two other
enzymes are known to require vitamin C as a cosubstrate, although their connec-
tion to the pathology of scurvy has not been established. Peptidyl glycine α-ami-
dating monooxygenase is required for peptide amidation and 4-hydroxyl-
aphenylpyruvate dioxygenase is required for tyrosine metabolism (5).

Vitamin C may also play a role in the metabolism of cholesterol to bile acids and
in steroid metabolism as a cosubstrate of the enzyme 7α-monooxygenase (7). The
hydroxylation of xenobiotics and carcinogens by the cytochrome P450 family of
enzymes is also enhanced by reducing agents, such as vitamin C (8). Vitamin C has
been found to enhance the activity of endothelial nitric oxide synthase (eNOS) by
maintaining its cofactor tetrahydrobiopterin in the reduced, and thus active, form (9).
Synthesis of nitric oxide (NO) by eNOS plays a critical role in maintaining normal
endothelial function (10). The finding that vitamin C enhances eNOS activity through
its activity as a reducing agent supports the idea that sufficient vitamin C may con-
tribute to the prevention of cardiovascular diseases (see below).

Recent research suggests that a family of oxygen-dependent prolyl hydroxylase
enzymes plays an important role in the ability of cells to recognize and respond to
hypoxia (11). Under normoxic conditions, hydroxylation of a conserved proline
residue on the hypoxia-inducible transcription factor α-subunit (HIF-1α) results in
rapid proteasome-mediated degradation. Hypoxia inhibits prolyl hydroxylation, allow-
ing HIF-1α to accumulate and migrate to the nucleus where it activates hypoxia-
responsive genes (12). Although ascorbate is known to increase the activity of these

Copyright © 2002 AOCS Press



oxygen-dependent prolyl hydroxylase enzymes in vitro (11,13), its significance to this
“oxygen sensing” pathway in vivo remains to be determined.

Antioxidant Activity

An antioxidant has been defined as “a substance that, when present at low concen-
trations compared with those of an oxidizable substrate, significantly delays or pre-
vents oxidation of that substrate” (14). Several properties make vitamin C an ideal
antioxidant in biological systems. First, the low one-electron reduction potentials
of ascorbate and the ascorbyl radical enable these compounds to react with and
reduce virtually all physiologically relevant reactive oxygen species (ROS) and
reactive nitrogen species (RNS), including superoxide, hydroperoxyl radicals,
aqueous peroxyl radicals, singlet oxygen, ozone, nitrogen dioxide, nitroxide radi-
cals, and hypochlorous acid (15). Hydroxyl radicals also react rapidly, although not
preferentially, with vitamin C; hydroxyl radicals are so reactive that they combine
indiscriminately with any substrate at a diffusion-limited rate. Vitamin C also acts
as a co-antioxidant by regenerating α-tocopherol from the α-tocopheroxyl radical.
This may be an important function because in vitro experiments have found that α-
tocopherol can act as a prooxidant in the absence of co-antioxidants such as vita-
min C (16). Another property that makes vitamin C an ideal antioxidant is the low
reactivity of the ascorbyl radical formed when ascorbate scavenges ROS or RNS.
The ascorbyl radical is neither strongly oxidizing nor strongly reducing and it
reacts poorly with oxygen. Thus, when a reactive radical interacts with ascorbate, a
much less reactive radical is formed. The ascorbyl radical scavenges another radi-
cal or rapidly dismutates to form ascorbate and DHA. Alternatively, the ascorbyl
radical and DHA can be reduced enzymatically or recycled back to ascorbate (see
above).

Dietary Iron Absorption

The ability of ascorbate to maintain metals ions in a reduced state is critical to the
function of the mono- and dioxygenases discussed above (7,8). Concomitant con-
sumption of vitamin C from food or supplements enhances nonheme iron absorption
from a single meal in a dose-dependent manner (17), probably because the reduction
of iron by ascorbate makes it less likely to form insoluble complexes with phytate and
other ligands (1). Iron deficiency is the most common nutrient deficiency in the world
and is associated with a number of adverse health effects (18). Consequently, the
potential for increased vitamin C intake to improve iron nutritional status by increas-
ing the bioavailability of dietary nonheme iron has received considerable attention.
Despite consistent findings of enhanced iron absorption from a single meal in the
presence of vitamin C, several intervention studies were not able to demonstrate that
increasing vitamin C intake improved iron nutritional status (19,20). More recent
research indicates that the enhancing effect of vitamin C on iron absorption from a
complete diet, rather than a single meal, may be offset partially by dietary inhibitors of
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iron absorption (21). Further research is required to determine whether increasing vit-
amin C intake is an effective strategy for improving iron nutritional status.

Uptake, Distribution, and Metabolism of Vitamin C

Intracellular Transport

Ascorbate is actively transported into cells via Sodium-dependent Vitamin C
Transporters known as SVCT1 and SVCT2 (22). SVCT1 is expressed mainly on the
epithelial surfaces of the intestine and kidney, and in the liver, whereas SVCT2
expression has been found in a number of tissues, including neurons, endocrine tissue,
and bone. This distribution suggests that SVCT1 is involved with bulk transport of
ascorbate, whereas SVCT2 is involved in tissue-specific ascorbate uptake (23). DHA
can be transported into cells by facilitated diffusion via the glucose transporters,
GLUT1, GLUT3 and to some extent, GLUT4. Intracellularly, DHA is immediately
reduced to ascorbate through chemical reduction by glutathione or enzymatic reduc-
tion (4).

Intestinal Absorption

Intestinal absorption of ascorbate appears to occur mainly through active transport via
sodium-dependent ascorbate transporters on the apical side of enterocytes, whereas
the transport mechanism responsible for basolateral efflux of ascorbate from entero-
cytes is not yet known (23). Intestinal absorption of DHA has not been well character-
ized in humans (4,5). Although DHA has antiscorbutic effects when administered to
humans, at least one study suggests that the absorption of DHA is less than that of
ascorbate (24). Glucose has been found to inhibit ascorbate and DHA uptake by
human small intestinal brush border membrane vesicles (25) and by human neu-
trophils (26).

Bioavailability is defined in pharmacokinetic terms as the difference between the
increase in plasma levels of a substance after a dose given intravenously and that after
the same dose given orally. The only study examining the true bioavailability of
ascorbate calculated that the bioavailability of a liquid solution of ascorbate given to
fasting men at steady state was >80% for doses ≤100 mg, 78% for a 200-mg dose,
75% for a 500-mg dose, and 62% for a 1250-mg dose (27).

Plasma Concentrations

Plasma ascorbate concentrations in people without scurvy generally range from 11 to
90 µmol/L, whereas DHA is not generally detectable in plasma (<2% of total ascor-
bate). Plasma ascorbate concentrations <11 µmol/L indicate vitamin C deficiency, and
concentrations between 11 and 28 µmol/L represent marginal vitamin C status (2).
Data on plasma ascorbate levels collected from 1988 to 1994 during the third National
Health and Nutrition Examination Survey (NHANES III) indicated that the preva-
lence of vitamin C deficiency in the United States ranges from 9% in women to 13%
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in men and the prevalence of marginal vitamin C status ranges from 17% in women to
24% in men (28).

In two pharmacokinetic studies conducted in healthy young men and women,
steady-state plasma ascorbate concentrations increased rapidly at vitamin C doses
between 30 and 100 mg/d, suggesting that varying vitamin C intake within that range
may result in significant differences in the availability of ascorbate to tissues (29,30).
At doses of 200 mg/d, the rate of increase in steady-state plasma ascorbate concentra-
tions decreased, and plasma ascorbate levels increased very little at doses >400 mg/d.

Tissue concentrations

Tissue ascorbate concentrations vary greatly depending on the tissue type, with the
highest concentrations found in adrenal and pituitary glands and slightly lower con-
centrations found in liver, spleen, lens, pancreas, kidney, and brain (4). Intracellular
ascorbate concentrations in lymphocytes, neutrophils, and monocytes obtained from
healthy young men and women were saturated at vitamin C doses of 100 mg/d and
reached concentrations of 1–4 mmol/L, i.e., at least one order of magnitude higher
than plasma concentrations (29,30).

Excretion

Urine is the primary route of excretion for ascorbate and its metabolites in humans. In
the kidney, ascorbate is filtered by the glomerulus and actively reabsorbed by sodium-
dependent ascorbate transporters in the proximal tubules (4,23). Active reabsorption
of ascorbate is saturable, and human plasma ascorbate concentrations appear limited
by the capacity for renal reabsorption. In healthy men and women at steady-state con-
ditions, the threshold for urinary ascorbate excretion was observed at vitamin C
intakes between 60 and 100 mg/d, and most of the ascorbate from intakes ≥500 mg/d
was excreted in the urine within 24 h (29,30). Because DHA cannot be detected in
plasma, no information is available regarding renal excretion or reabsorption of DHA
(4). Limited research in healthy men indicates that high doses of supplemental vitamin
C ranging from 1000 to 10,000 mg/d increases urinary oxalate excretion, but not
above normal reference ranges of 20–60 mg/d (28).

Sources and Intake Recommendations

Recommended Intake of Vitamin C

Unlike most mammals, humans and other primates obtain vitamin C exclusively from
their diets because they lost the ability to synthesize vitamin C from glucose during
the course of evolution. This defect is due to mutations in the gene encoding the final
enzyme of the vitamin C biosynthetic pathway, L-gulonolactone oxidase (1). To pre-
vent scurvy, an adult must consume ~10 mg/d of vitamin C, an amount easily
obtained from as little as one serving/d of most fruits and vegetables. Although the
amount of vitamin C required for the prevention of scurvy in humans has been well
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established, the optimal intake of vitamin C is likely to be considerably higher and to
vary with life stage, gender, and disease state.

The current recommended dietary allowance (RDA) for vitamin C is 90 mg/d
for men and 75 mg/d for women (31). The recommended intake for smokers is 35
mg/d higher than for nonsmokers, because ascorbate turnover is ~35 mg/d greater
in smokers, presumably due to increased oxidative stress and other metabolic dif-
ferences. The previous RDA of 60 mg/d for men and women was based in part on
the prevention of scurvy with a 4-wk margin of safety (1). The current RDA is
based on the vitamin C intake required for 80% neutrophil saturation with little uri-
nary loss in healthy men. At the time the recommendation was made, similar data
were not available for women, and the RDA was extrapolated on the basis of body
weight. Recently, the results of a similar study in women were published along
with a recommendation that the RDA for vitamin C be raised to 90 mg/d for
women as well (30).

Although the current RDA is no longer based solely on the prevention of
scurvy, it continues to be based primarily on the prevention of deficiency, rather
than the prevention of chronic disease and the promotion of optimal health.
Pharmacokinetic studies in healthy young men and women found that leukocytes
generally became saturated at vitamin C intakes between 100 and 200 mg/d, and
these intake levels have been associated epidemiologically with decreased risk of
chronic disease, particularly cancer, heart disease, and stroke. Thus, for healthy
individuals, a vitamin C intake of at least 200 mg/d should be considered on the
basis of preventing chronic disease and promoting optimal health. The amounts of
vitamin C required to maintain optimal body levels in special populations, such as
children, pregnant women, and older adults, have not been established. Similarly,
the amounts of vitamin C required to derive therapeutic benefits in individuals
affected by chronic diseases are not known and most probably are higher than cur-
rent recommendations for healthy individuals.

Dietary Sources of Vitamin C

A daily vitamin C intake of at least 200 mg is easily obtained by consuming 5 serv-
ings of fruits and vegetables. Increased fruit and vegetable intakes have been con-
sistently associated with decreased risk of chronic diseases (32–34), and indeed
most of the epidemiologic evidence associating increased vitamin C intake with
decreased chronic disease risk is based on vitamin C consumption from fruits and
vegetables. Therefore, fruits and vegetables should be considered the preferred
vehicle for increasing one’s vitamin C intake. Fresh vegetables, fruits, and juices
are the richest sources of vitamin C. The vitamin C content in foods may be
decreased by prolonged storage and some cooking practices. Boiling vegetables
has been found to result in vitamin C losses from 50 to 80%. Steaming vegetables
in minimal amounts of water or cooking them in a microwave oven substantially
decreases the loss of vitamin C from cooking (35,36).
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Supplements

Vitamin C supplements are a significant source of vitamin C intake in the United
States. Data from NHANES III indicate that ~40% of the U.S. population surveyed
had taken at least one nutritional supplement in the past month (37). The most com-
mon ingredient in those supplements was vitamin C, which was present in 45% of the
supplements. In general, studies comparing the bioavailability of vitamin C from
foods with that from supplements have found little difference (38). Studies comparing
the bioavailability of vitamin C from different types of vitamin C supplements (ascor-
bic acid, mineral ascorbates, ascorbate plus vitamin C metabolites, and ascorbate with
flavonoids) have not generally found differences (39). One exception is a study that
found plasma ascorbate levels and 24-h urinary ascorbate excretion to be increased by
35% when ascorbate was taken with a citrus extract containing bioflavonoids (40).
The significance of these results is unclear given recent findings that flavonoids may
inhibit cellular uptake of ascorbate (41,42).

Milestones in Vitamin C Research

Recognition of the Biological Importance of Vitamin C in the Prevention
of Scurvy and Associated Symptoms

Diseases likely to be scurvy have been reported throughout written history. Known as
the “calamity of sailors,” scurvy has also been recorded during famines, sieges,
imprisonment, and long expeditions over land. James Lind reported the benefits of cit-
rus fruits in treating scurvy in his “Treatise on Scurvy” in 1753, but it was not until
1795 that the British admiralty mandated a daily dose of citrus juice for British sea-
men, the origin of the term, “limey” (43). Although it was acknowledged that citrus
fruits could prevent and cure scurvy, the concept that the disease was caused by the
lack of an essential nutrient in the diet was not generally accepted at the beginning of
the 20th century. Reports by Axel Holst and Theodor Frölich in 1907 that scurvy
could be produced experimentally in guinea pigs by feeding a diet lacking fresh fruits
or vegetables, and the proposal by Casmir Funk in 1912 that scurvy, pellagra, rickets,
and beriberi were due to dietary deficiencies of factors he called “vitamines” led to 20
years of intensive efforts toward isolating the antiscorbutic factor (44). The comple-
mentary findings of two research groups, that of Charles King at the University of
Pittsburgh in the United States and that of Albert Szent-Györgyi at the University of
Szeged in Hungary, led to the discovery of vitamin C as the antiscorbutic factor in
1932 (45,46). In 1933, E.L. Hirst and W.N. Hayworth elucidated the structure of vita-
min C, using material isolated by Szent-Györgyi, and vitamin C was first synthesized
the same year (47). Szent-Györgyi was awarded the 1937 Nobel Prize for Physiology
or Medicine, in part, for his work in isolating vitamin C as the antiscorbutic factor,
and Hayworth was awarded the Nobel Prize for Chemistry the same year. The isola-
tion, identification, and synthesis of ascorbic acid laid the foundation for research into
the role of vitamin C in health and disease that continues today.
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Recognition of the Role of Vitamin C as an Important Biological
Antioxidant

In the 1950s, the free radical theory of aging hypothesized that free radicals arising
from enzymatic and nonenzymatic reactions inside and outside cells contributed to the
aging process (48). However, the presence of free radicals in biological systems was
not generally considered likely until the discovery of superoxide dismutase in 1969
(49). Currently, there is a great deal of evidence that ROS and RNS play significant
roles in aging and a number of chronic diseases. Ascorbate and the ascorbyl radical
readily scavenge virtually all physiologically relevant ROS and RNS (see above).
Ascorbate has also been found to be the most effective endogenous aqueous-phase
antioxidant in human plasma under many different oxidizing conditions (50,51).
Although other endogenous antioxidants are able to decrease the rate of detectable
lipid peroxidation, only ascorbate is reactive enough to intercept oxidants before they
can cause detectable oxidative damage to lipids. These experimental data are in agree-
ment with a thermodynamic hierarchy or “pecking order,” indicating that vitamin C is
the terminal small molecule antioxidant (15).

Stimulation of Interest in the Use of Vitamin C to Prevent and Treat
Diseases Other than Scurvy

During the late 1960s, Linus Pauling, the only person ever to receive two unshared
Nobel Prizes (Chemistry in 1954 and Peace in 1962), became fascinated with the role
of vitamin C in maintaining health. In 1970, he wrote the book, Vitamin C and the
Common Cold, which generated a great deal of public interest as well as scientific
controversy over the potential health benefits of supplemental vitamin C. Later, Dr.
Pauling became increasingly interested in potential roles of vitamin C and other
micronutrients to prevent and treat certain chronic and hereditary—as opposed to defi-
ciency—diseases, a scientific discipline he termed “orthomolecular medicine.” To that
end, he published several more books and established the Linus Pauling Institute of
Science and Medicine (52). After Linus Pauling’s death in 1994, the Linus Pauling
Institute moved to the campus of Oregon State University, his undergraduate alma
mater, where scientists continue to conduct research into the roles of vitamins,
micronutrients, and phytochemicals in disease prevention and treatment.

On the basis of cross-species comparisons, evolutionary arguments, and the
amount of vitamin C likely consumed in a raw plant food diet, Dr. Pauling reasoned in
1970 that the optimum daily vitamin C intake would be at least 2300 mg/d for an adult
with an energy requirement of 2500 kcal/d (53). Scientific evidence accumulated
since then from epidemiologic, biochemical and clinical studies, many of which are
reviewed in this book, has established that much more moderate vitamin C intakes of
between 100 and 200 mg/d are associated with tissue saturation in healthy adults and
reduced risk from chronic disease (1–3). Although several of Dr. Pauling’s views on
vitamin C and health have been proved incorrect, his pioneering efforts in stimulating
scientific, medical, and popular interest in the roles of micronutrients, and vitamin C
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in particular, in promoting optimal health and preventing chronic disease have had a
lasting effect, for better or for worse, and cannot be ignored.

Beneficial Effects of Dietary Vitamin C in Chronic Disease Prevention

Cardiovascular diseases. Numerous large epidemiologic studies have found a sig-
nificant inverse relationship between vitamin C intake and cardiovascular or cer-
brovascular disease risk (3). Those studies that did not find a relationship between vit-
amin C intake and cardiovascular disease risk often compared individuals who were
already consuming close to 100 mg/d of vitamin C with those consuming higher
amounts. Because human leukocytes in healthy young men and women are saturated
at vitamin C doses of ~100 mg/d (29,30), it is possible that once tissue saturation has
been achieved, additional protective effects of vitamin C against cardiovascular dis-
eases are small and, therefore, difficult to detect. Consistent with this notion, numer-
ous prospective studies have found low plasma ascorbate levels at baseline to be asso-
ciated with a subsequent increase in the risk of heart disease or stroke (3,54,55).

Endothelium-derived NO is a critical molecule for maintaining healthy endothe-
lial function (56). In addition to inducing vasodilation by stimulating vascular smooth
muscle relaxation, NO inhibits other potentially atherogenic processes, such as
smooth muscle proliferation, platelet aggregation, and leukocyte-endothelial cell inter-
actions. Endothelium-dependent vasodilation of the brachial artery can be measured
noninvasively in humans. Treatment with vitamin C has consistently resulted in
improved endothelium-dependent vasodilation in individuals with coronary artery dis-
ease, angina pectoris, hypercholesterolemia, hypertension, or diabetes (3). One study
found endothelium-dependent vasodilation in patients with coronary artery disease to
improve by 40% after oral supplementation with 500 mg/d of vitamin C for 4 wk (57).
As previously noted, ascorbate has been found to increase NO synthesis in endothelial
cells by maintaining the NOS cofactor, tetrahydrobiopterin, in the reduced form,
thereby enhancing eNOS activity (9).

Hypertension significantly increases the risk of cardiovascular and cerebrovascu-
lar diseases. Plasma ascorbate levels were inversely correlated with systolic and dias-
tolic blood pressure in a cross-sectional study of >500 men and women in the U.K.
(58). In healthy people who were fed a vitamin C–deficient diet for 30 d and a vitamin
C–sufficient diet for another 30 d, plasma ascorbate levels were also inversely corre-
lated with diastolic blood pressure (59). At least two intervention studies in patients
with mild-to-moderate hypertension have found that 4 wk of oral supplementation
with 500 mg/d of vitamin C resulted in significant decreases in systolic or diastolic
blood pressure (60,61).

Diabetes mellitus. A number of observational studies have found that people with
diabetes mellitus have plasma or serum ascorbate levels at least 30% lower than those
without the disease (62). Plasma ascorbate levels were also significantly and inversely
correlated with glycosylated hemoglobin (HbA1c) levels in a cross-sectional study of
>6000 British men and women (63). However, it is not yet clear whether lower plasma
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ascorbate concentrations observed in diabetics are related to an increased requirement
for vitamin C or other factors, such as diet and lifestyle. A large population-based
study found that differences in serum ascorbate concentrations among >200 individu-
als with newly diagnosed diabetes and 1800 individuals without diabetes disappeared
after adjustment for vitamin C consumption and cigarette smoking (64). Diabetes rep-
resents a condition of increased oxidative stress (65,66), which may be related to the
fact that diabetic individuals are at more than twice the risk of death from cardiovascu-
lar and cerebrovascular diseases (67). Vitamin C supplementation has also been found
to improve endothelium-dependent vasodilation (see above), which is commonly
impaired in diabetic individuals. Thus, ensuring sufficient vitamin C intake may be
beneficial in preventing some of the complications of diabetes mellitus.

Cancer. A number of well-designed epidemiologic studies have suggested a protec-
tive role for dietary vitamin C, especially with respect to cancers of the lung and
digestive tract. For the most part, dietary vitamin C intake, mainly from fruits and
vegetables, rather than supplements, appeared to be the source of the protective effect
(3,34). Such studies are the basis for dietary guidelines endorsed by the U.S.
Department of Agriculture and the National Cancer Institute, which recommend at
least five servings of fruits and vegetables per day. In general, prospective studies in
which the lowest intake group consumed >86 mg/d of vitamin C did not observe sig-
nificant differences in cancer risk, whereas those studies that observed significant can-
cer risk reductions found them in people consuming at least 80–110 mg/d of vitamin
C (3). One prospective study that followed 870 men for 25 y found that those who
consumed >83 mg/d of vitamin C had a striking 64% reduction in lung cancer com-
pared with those who consumed <63 mg/d (68).

A number of observational studies have found increased dietary vitamin C intake
to be associated with decreased risk of stomach cancer, and laboratory experiments
have shown that vitamin C inhibits the formation of carcinogenic N-nitroso com-
pounds in the stomach (69). Infection with the bacteria, Helicobacter pylori, is known
to increase the risk of stomach cancer and also appears to lower the vitamin C content
of stomach secretions (70). Although two intervention studies did not find a decrease
in the occurrence of stomach cancer with vitamin C supplementation (31), more
recent research suggests that vitamin C supplementation may be a useful addition to
standard H. pylori eradication therapy in reducing the risk of gastric cancer (71).

Cataracts. Cataracts are a leading cause of blindness in the United States, occurring
more frequently and becoming more severe with age. Some, but not all, studies have
observed increased dietary vitamin C intake (72,73) and increased blood levels of vit-
amin C (74) to be associated with a decreased risk of cataracts. Two intervention trials
examined the effect of vitamin C supplementation in combination with other nutrients
on cataract risk. Supplementation of >2000 men and women in Linxian, China with
120 mg/d of vitamin C and 30 µg/d of molybdenum for 5 y resulted in a nonsignifi-
cant 23% reduction in cataract risk, whereas in a separate but similar trial, multivita-
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min and mineral supplementation resulted in a significant 36% risk reduction (75).
More recently, a 7-y intervention trial of a daily antioxidant supplement containing
500 mg of vitamin C, 400 IU of vitamin E and 15 mg of β-carotene in >4000 men and
women found no difference between the antioxidant combination and a placebo on the
development and progression of age-related cataracts (76). Consequently, the relation-
ship between vitamin C intake and cataract risk requires further clarification before
specific recommendations can be made.

Recognition of a Vitamin C Deficiency Disease Other than Scurvy

The creation of mice deficient in the ortholog (Slc23a1) of the sodium-dependent
ascorbic acid transporter, SVCT2, has recently led to the observation of a vitamin C
deficiency syndrome other than scurvy. Despite maternal vitamin C supplementation,
ascorbate was undetectable or markedly reduced in the tissues of newborn Slc23a1-/-

mice, indicating that the Slc23a1 is required for ascorbate transport across the placenta
and into many fetal tissues (77). Slc23a1 deficient mice died within minutes of birth
due to respiratory failure and intraparenchymal brain hemorrhage. Newborn Slc23a1-/-

mice did not exhibit the generalized vascular fragility that is characteristic of scurvy,
and normal skin 4-hydroxyproline levels indicated that the post-translational process-
ing of collagen was not affected, also suggesting they were not suffering from scurvy.
The lethal effects of this ascorbate transporter deficiency in newborn mice provide
evidence of previously unrecognized roles for vitamin C in perinatal development.

Conclusion

The consequences of insufficient vitamin C intake have been recorded throughout his-
tory, yet ascorbic acid was not isolated and recognized as the antiscorbutic factor until
1932. Although the need for small amounts of vitamin C to prevent scurvy is now
widely recognized, optimal intakes of vitamin C for health promotion and chronic dis-
ease prevention and treatment remain controversial. Determining the optimal vitamin
C intakes and understanding underlying biochemical mechanisms will require a
plethora of scientific approaches, including biochemical, pharmacokinetic, toxicolog-
ic, epidemiologic, and intervention studies, some of which are detailed in the chapters
that follow this introduction.
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Introduction

Recommended Dietary Allowances (RDA) for vitamin C were increased in 2000 by
the Food and Nutrition Board of the U.S. National Academy of Sciences as part of
new Dietary Reference Intake guidelines (1,2). Independent of these guidelines, rec-
ommended vitamin C intake was also increased in many countries (3–5). These
increases were based in part on new pharmacokinetics data in healthy subjects. Here
we describe why these pharmacokinetics studies were undertaken and what they
showed.

Before 2000, the RDA for vitamin C were based on prevention of deficiency
with a margin of safety (6,7). Recommendations were not based on biochemical func-
tion. We recognized that preventing deficiency might not be equivalent to ideal nutri-
ent intake (8). Therefore, we proposed in 1986 and 1987 that the RDA for vitamin C
and other water-soluble vitamins should be based on vitamin function in relation to
concentration (8,9). Several data sets must be obtained to achieve this goal (10,11). It
is necessary to know vitamin C concentrations in humans in relation to dose across a
wide dose range. Once relevant concentrations in humans have been measured, sever-
al functional outcomes must be characterized in relation to these concentrations.
Functional outcomes must be determined in cells and tissues rather than simply for
isolated vitamin C–dependent reactions in vitro. Findings must then be extended to
humans, with targeted biochemical and clinical outcomes measures. Such data repre-
sent specific concentration-function relationships, the foundation of recommendations
for ideal nutrient intake.

A key part of this proposal is the relationship between ingested vitamin and the
resulting concentrations achieved in plasma and tissues. Information was available
about vitamin C concentrations in humans (12–22). However, it was difficult to inter-
pret the overall data because of flaws in study design, execution, or analyses. The
flaws included the following: use of vitamin C assays that were not specific or sensi-
tive at low concentrations; narrow dose range of administered vitamin C; use of a diet
deficient in other vitamins and minerals; use of radiolabeled vitamin C without verifi-
cation of radiolabel metabolism in vivo; lack of verification of steady state for vitamin
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C dose; and outpatient or uncertain dietary control of vitamin C ingestion. To obtain
information about a variety of doses, it became necessary to combine data from differ-
ent studies in which there was variability in analytical techniques and dietary control,
making comparisons unwieldy. Only limited and incomplete data were available from
studies in which there was dietary control of vitamin C ingestion in inpatients (14).
The problems in data interpretation using such comparisons are evident in a recent
meta-analysis (22). Thus, the goal of consistent dose-concentration data for vitamin C
in humans was elusive.

Therefore, in 1991, we enrolled men in an inpatient study to determine vitamin C
plasma and tissue concentrations as a function of doses over a wide dose range.
Vitamin C was measured using a sensitive high-performance liquid chromatography
(HPLC) coulometric electrochemical detection assay that was validated using human
blood samples under clinical sampling conditions (23,24). Healthy men (n = 7) com-
pleted this study (25), with hospitalization of each subject for ~5 mo. In 1995, the
study was extended to women. Women (n = 15) completed the study (26), with hospi-
talization of each subject for ~6 mo. The results of these studies are described here.

Subjects and Methods

The study was approved by the Institutional Review Board, National Institute of
Diabetes and Digestive and Kidney Diseases, National Institutes of Health. Written
informed consent was obtained from all enrolled subjects. Men (n = 7) ages 20–26 y
and women (n = 15) ages 19–27 y enrolled and completed the study. Complete study
details are described elsewhere (25–28).

Subjects were initially screened by written questionnaire and telephone interview
by physicians. Potentially acceptable subjects were then screened in person. Subjects
underwent complete history, full physical examination, laboratory testing, psychologi-
cal testing, and interviews by several staff members. Selected subjects were in good
health, were nonsmokers, used no medications or supplements, and did not use alco-
hol or illicit drugs.

Subjects were hospitalized on an endocrinology-metabolism ward to control
nutrient intake. Men were hospitalized 146 ± 23 d and women were hospitalized 186
± 28 d. For the entire hospitalization, subjects consumed a vitamin C–deficient diet
that contained <5 mg of vitamin C daily and utilized a computerized 14-d cycle selec-
tive menu design with >300 menu choices. The diet was sufficient in energy, protein,
fat, and saturated fat. Other vitamin and mineral deficiencies were prevented by sup-
plement administration so that only vitamin C intake was restricted (27). Pure vitamin
C, when administered, was given twice daily in water (pH adjusted to 6.5) to subjects
who had fasted for at least 2 h before breakfast and dinner.

Upon hospital admission, subjects began the depletion phase of the study.
Consumption of the study diet caused vitamin C depletion. When plasma concentra-
tions declined to 7–8 µmol/L, subjects were depleted without clinical scurvy.
Neutrophils were isolated to measure vitamin C content, 36-h bioavailability sampling
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for vitamin C (15 mg) was performed, and 24-h urine samples were collected to mea-
sure excreted vitamin C, creatinine, and other metabolites.

Subjects then entered the repletion phase of the study. Vitamin C (15 mg) twice
daily was administered until subjects achieved steady state for this dose (30 mg daily).
Bioavailability sampling (36-h) for the daily dose was performed, and subjects under-
went apheresis (cell separation) to obtain monocytes, lymphocytes, and platelets for
analyses of vitamin C content. After 24-h urine samples were collected and neu-
trophils were isolated, the vitamin C dose was increased and the sequence repeated at
the new dose. Using this study design, subjects received in succession, daily vitamin
C doses of 30, 60, 100, 200, 400, 1000, and 2500 mg, with bioavailability sampling
for vitamin C doses of 15, 30, 50, 100, 200, 500, and 1250 mg. All measurements for
vitamin C were analyzed by HPLC with coulometric electrochemical detection. All
vitamin C samples were analyzed in triplicate with SD < 5% of the mean. No vitamin
C degradation occurred under processing and storage conditions. Dehydroascorbic
acid was <2% of plasma vitamin C and could not be distinguished from 0. Plasma
data are predose values from morning samples from subjects who were fasting.

All experimental results are displayed as mean ± SD. When not displayed, the SD
was less than symbol size. Data were not available for all subjects at all doses for the
following reasons: inability of some subjects to remain hospitalized for the entire
study; intravenous access limitations; and inadvertent nursing errors or sample loss.
Numbers of subjects for whom data were available are indicated in figure legends.

Results

Fasting plasma vitamin C concentrations as a function of vitamin C dose and study
day are shown in Figure 2.1A and B for men and women, respectively. Plasma vita-
min C concentrations are shown at all doses. Vitamin C plasma concentrations were
determined at least 2–3 times/wk in all subjects. Subjects required different amounts
of time to achieve steady state at doses <100 mg/d. Because some subjects remained
at doses longer than others, gaps are displayed between doses.

Steady state was attained when plasma vitamin C concentrations reached equilibri-
um for a given dose. Steady-state plasma concentration was defined as the mean of at
least 5 plasma samples over at least 7 d with <10% SD, and the first sample included in
the steady-state calculation was ≥90% of the mean. The steady-state value for the high-
est dose in one male subject was based on four samples. For men, 86% of steady-state
values were based on ≥6 samples. For women, all steady-state values were based on ≥6
samples, with 85% of steady-state values based on ≥7 samples. Each subject achieved
steady state for a dose before the next dose was given. Steady state was evident from
visual inspection of data and was always confirmed using the calculations described.
An example of steady state at the 60-mg dose is shown in Figure 2.2.

Steady-state plasma values were calculated for every subject at every dose and
displayed as a function of dose (Fig. 2.3A and B for men and women, respectively).
There was a sigmoid relationship between dose and steady-state plasma concentra-
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Fig. 2.1. Vitamin C plasma concentration as a function of days at dose. Doses are indi-
cated at the top of each panel. Each symbol represents a different subject. There is a 1-d
gap between all doses for bioavailability sampling. See text for details. (A) Plasma con-
centration as a function of days at dose in men. Doses through 400 mg/d were received
by 7 subjects, through 1000 mg/d by 6 subjects, and through 2500 mg/d by 3 subjects.
Source: Ref. 25. (B) Plasma concentration as a function of days at dose in women. Doses
through 200 mg/d were received by 15 subjects, through 1000 mg/d by 13 subjects, and
through 2500 mg/d by 10 subjects. Source: Ref. 26.
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tion at doses <400 mg/d for both men and women. However, the curve for women
was shifted to the left compared with that for men (Fig. 2.3C). By repeated-measures
analysis of variance, plasma concentrations for women at doses of 30–100 mg daily
were higher than for men (P2 = 0.01), but differences disappeared at doses >100
mg/d. The first dose beyond the steep (linear) portion of the sigmoid curve for both
sexes was 200 mg/d. This dose produced a plasma concentration of ~70 µmol/L,
similar to the concentration at which the sodium vitamin C transporter (SVCT)2
approaches Vmax (29,30). Several factors could be responsible for the sigmoid shape
of the relationship between dose and plasma concentration, i.e., vitamin C uptake,
absorption, and excretion. These were investigated in turn as described below.

Tissue uptake of vitamin C was determined by measuring vitamin C concentra-
tions in cells that could be obtained without harming subjects. Circulating cells and
platelets found in blood were ideal indicators of vitamin C distribution in tissues.
Vitamin C concentrations were determined at steady state over the dose range in neu-
trophils, monocytes, and lymphocytes for both sexes, and additionally in platelets of
women (Fig. 2.4A, B). Most cells saturated at doses of 100–200 mg/d.

Bioavailability, or the fraction of the dose absorbed, was determined from oral
and intravenous vitamin C administration when steady state for a dose was reached.
Data have been calculated for men, and analysis is ongoing for data from women.

Fig. 2.2. Determination of steady-state plasma vitamin C concentration at 60 mg/d for
one female subject. Source: Ref. 26. See Ref. 25 for male subject data.
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Fig. 2.3. Steady-state plasma vitamin C concentrations as a function of dose for all doses
for all men (A) and for all women (B), and comparison of values for men (A) and women
(B) at doses of 0–200 mg/d (C). See Figure 2.1 and text for details. Sources: Ref. 25,26.
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Fig. 2.4. Intracellular vitamin C concentrations (mmol/L) in circulating cells as a function
of dose. Cells were isolated when steady state was achieved for each dose. (A) Cells
from male subjects. Numbers in parentheses at each dose indicate the number of men
from whom neutrophils were obtained. Numbers in brackets at each dose indicate the
number of men from whom lymphocytes and monocytes were obtained. See Ref. 25 for
details. (B) Cells and platelets from female subjects. For neutrophils, samples were avail-
able from 13 women at doses of 0–200 mg/d; from 11 women at doses of 400 and 100
mg/d; and from 10 women at 2500 mg/d. For lymphocytes, monocytes, and platelets,
samples were available from 13 women at 30 mg/d; from 12 women at 60 mg/d; from 6
women at 100 mg/d; from 2 women at 400 and 1000 mg/d; from 9 women at 2500
mg/d. See Ref. 26 for details.
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Examples of data obtained for bioavailability determinations are shown in Figure 2.5.
As a first approach, area under curve (AUC) calculations (linear trapezoidal analyses)
were used to calculate bioavailability at doses of 200, 500, and 1250 mg  (Table 2.1).
At each of these three doses, bioavailability was calculated as the ratio of the area
under the oral dose divided by the area under the intravenous dose. By simple visual
inspection, it can be seen that the AUC was similar at the 200-mg dose orally and
intravenously, but was much less for the oral dose compared with the intravenous

Fig. 2.5. Vitamin C bioavailability in plasma. Upper panel: bioavailability in one male
subject for 200 mg. Lower panel: bioavailability in one male subject for 1250 mg. For
each dose, vitamin C was administered at 8:00 AM orally; sample values (��) are shown
for the times indicated. Baseline is indicated by the dashed line with larger spaces. After
24 h, the same dose was given intravenously and samples were taken for the times indi-
cated (�). Baseline is indicated by the dashed line with smaller spaces. For oral doses,
samples before zero time and between 13 and 24 h are not shown for clarity.
Bioavailability was calculated using the linear trapezoidal method. Bioavailability was
the ratio of the area of the oral dose divided by the area of the intravenous dose. The
area after the curve returned to baseline was assumed to equal zero. See Ref. 25 for
details.
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dose at 1250 mg (Fig. 2.5). AUC calculations are based on pharmacokinetics assump-
tions that volume of distribution and clearance are constant. However, these assump-
tions are not valid at vitamin C doses <200 mg. A more sophisticated pharmacokinet-
ics model was developed and is the first to include the three parameters of nonlinear
absorption, nonlinear elimination, and nonlinear tissue distribution (28). This model
was used to calculate bioavailability based on plasma values when vitamin C was
administered orally and intravenously for all doses at steady state (Table 2.2). Data
analyzed using the model indicated that as vitamin C dose increased, bioavailability
(absorption) decreased.

Plasma was nearly saturated with vitamin C at an oral dose of 200 mg/d (Fig.
2.3). However, bioavailability did not decrease proportionally at higher doses (Table
2.1). One potential explanation was urinary excretion of absorbed vitamin C. During
bioavailability sampling when vitamin C was administered orally and intravenously,
urine was collected from men and women and vitamin C excretion was measured
(Fig. 2.6A, B, and insets). The threshold dose for urinary excretion of vitamin C was
between 60 and 100 mg for both sexes. With intravenous administration of 500 and
1250 mg, nearly the entire dose was excreted in urine for both sexes. With oral admin-
istration of these doses, urine excretion was less than that of intravenous administra-
tion, likely because bioavailability was less at higher doses compared with lower ones
(Table 2.1) (25). Considered together, the data show that at doses ≥500 mg/d, when
plasma is saturated, most of absorbed vitamin C is excreted in urine.

TABLE 2.1
Vitamin C Bioavailability in Men at Doses of 200, 500, and 1250 mg Determined by the
Linear Trapezoidal Method (Area Under the Curve)a

Dose (mg) Bioavailability (% ± SD)

200 112 ± 25
500 73 ± 27

1250 49 ± 25
aSource: Ref. 25.

TABLE 2.2
Vitamin C Bioavailability in Men at All Doses Calculated Using a Pharmacokinetics
Model with Nonlinear Absorption, Elimination, and Tissue Distributiona

Dose (mg) Bioavailability (% ± SD)

15 85 ± 20
30 85 ± 20
50 84 ± 20

100 82 ± 20
200 78 ± 22
500 75 ± 24

1250 62 ± 34
aSource: Ref. 28.
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Fig. 2.6. Urinary vitamin C excretion as function of single vitamin C doses at steady state
in men (A) and women (B). Urine was collected during determination of vitamin C
bioavailability for each dose. Vitamin C excretion was determined after administration of
vitamin C given either orally (��) or intravenously (�). (A) Urine was collected from oral
sampling for 24 h, and then from intravenous sampling for 9–10 h. Data from oral and
intravenous administration were available from 7 subjects at doses of 15, 30, 50, and 100
mg; from 6 subjects at 200 mg; from 6 subjects at 500 mg; from 3 subjects at 1250 mg.
See Ref. 25 for details. (B) Urine was collected from oral and intravenous sampling for 24
h. Data from oral and intravenous administration were available from 11 subjects at
doses of 15, 30, 50, and 200 mg; from 10 subjects at 100 mg; from 8 subjects at 500 mg;
and from 9 subjects at 1250 mg. See Ref. 26 for details. For both panels: Inset A shows
vitamin C excretion for single oral (��) or intravenous (�) doses of 15–100 mg. The x-axis
indicates dose and the y-axis indicates amount (mg) excreted in urine. Inset B shows the
fractional excretion (the fraction of the dose excreted) after intravenous administration of
single doses of vitamin C. The x-axis indicates dose and the y-axis indicates fractional
excretion (vitamin C excreted in urine in milligrams divided by the vitamin C dose in mil-
ligrams). The minimum amount of ascorbate excreted was <0.4 mg.
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Discussion

The data presented here describe vitamin C pharmacokinetics in healthy young men
and women, and define the range of physiologic vitamin C concentrations at which
functional outcomes are possible. In both sexes, there was a steep sigmoid relationship
between dose and steady-state plasma concentration at doses between 30 and 100
mg/d. By 400 mg/d, plasma at steady state was saturated, with little effect of higher
doses. Cells saturated at lower doses. Plasma saturation was due to several factors,
including cell and tissue saturation at daily doses >100–200 mg, decreased bioavail-
ability at doses >200 mg, and increased renal excretion at doses >100–200 mg (28).
Some of these findings have already provided a new basis for recommended dietary
allowances of vitamin C (2–5).

Several aspects of the data were surprising. One striking finding was the observed
tight control of plasma and tissue concentrations as a function of dose. Healthy
humans apparently strive to reach plasma concentrations of 70–80 µmol/L; once this
concentration range is achieved, it is not exceeded despite large increases in oral
ingestion. Ascorbate doses at ≥400 mg/d had virtually no effect on increasing steady-
state plasma and tissue concentrations, and 200 mg/d of vitamin C resulted in nearly
complete saturation of plasma and tissues.

Why is there such tight control of vitamin C concentrations, particularly in plas-
ma? There are two general explanations, i.e., either tight control is necessary to avoid
harm or it is beneficial directly or indirectly. For the first possibility, tight control of
plasma concentrations may be to avoid harm arising perhaps via potential prooxidant
toxicity. Theoretically, ascorbic acid could act as a prooxidant under certain condi-
tions especially at higher concentrations. For the second possibility, tight control of
extracellular concentrations may allow higher local concentrations to occur under cer-
tain conditions, for example, by release of ascorbate from cells into tissue. These con-
centrations might act in a paracrine or autocrine fashion, perhaps participating in sig-
nal transduction. Such local ascorbate release has been described in cell systems and
animals with respect to the adrenal gland (31,32) and brain (33). If there were strong
advantages to tight control for these or other reasons, it would be predicted that vita-
min C transporters would have less genetic variation than normally predicted, for
example, as determined by single nucleotide polymorphisms in the known vitamin C
transporters SVCT1 and SVCT2. Such genomic analyses are underway.

Another surprising finding was that tight control of vitamin C concentrations
could be bypassed for several hours when vitamin C was given intravenously.
Obviously, intravenous administration is not relevant physiologically, but may have
unexpected implications pharmacologically (34,35). Vitamin C given intravenously
results in vasodilatation, although differences between oral physiologic and intra-
venous pharmacologic administration have sometimes been misunderstood (36,37).
Nevertheless, independent of recommendations for physiological benefit, vitamin C
given pharmacologically achieves far higher concentrations, and these perhaps might
have therapeutic importance. By analogy, oral penicillin may be ineffective in treat-
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ment of life-threatening meningitis, whereas intravenous penicillin is effective
because far higher concentrations are achieved. There are theoretical possibilities for
therapeutic use of vitamin C intravenously, and these possibilities should be explored
rigorously.

An additional surprising finding was that vitamin C dose-concentration relation-
ships in plasma were shifted to the left for women compared with men. In hindsight,
these differences might be due to differences in muscle mass. Muscle mass is greater
in men than women. Although mRNA for vitamin C transporters have not been
reported in muscle, muscle contains higher ascorbic acid concentrations than plasma.
Although ascorbate concentrations in muscle are lower than in many other tissues,
muscle mass contributes significantly to total body weight, and therefore muscle is
predicted to contain a substantial total amount of ascorbate. Because women have less
muscle mass than men, women should achieve ascorbate saturation in muscles at
lower doses than men. This in turn would permit ascorbate plasma concentrations in
women to rise higher compared with men at low doses, which was what was
observed. In future studies, lean body mass will be measured to verify these possibili-
ties.

There are limitations to these pharmacokinetics data. Prolonged hospitalization
was necessary; thus, large numbers of subjects could not be studied. The subjects
were healthy adult nonsmokers <28 y old. Pharmacokinetics are not known in older
subjects, smokers, diabetics, patients with cardiovascular disease, patients with end-
stage kidney disease on dialysis, and patients with other conditions. Prolonged hospi-
talization is not practical or possible for many of these relevant populations. It is pos-
sible that under some conditions or in some patients, vitamin C pharmacokinetics
curves are shifted to the right, or that saturation values differ from healthy subjects.
Methods should be developed to study at least some of the relevant patient popula-
tions, for example by decreasing hospitalization time.

Another limitation of the pharmacokinetics data is that pure ascorbic acid was
used to determine steady-state plasma concentrations and bioavailability. However,
recommended dietary allowances provide guidelines for ingesting vitamin C in the
diet from foods. It is possible that other substances in foods rich in vitamin C could
decrease absorption. For example, vitamin C is found in high amounts in many fruits
and vegetables. These foods also contain many other compounds, with flavonoids as
one example. Recent evidence shows that flavonoids inhibit the intestinal vitamin C
transporter SVCT1 (38). Flavonoid inhibition occurred when this transporter was
expressed in expression systems, when cells were transfected to overexpress the trans-
porter, and when bioavailability was determined in animals given vitamin C and
flavonoids. It is unknown whether flavonoids or other compounds in foods inhibit vit-
amin C absorption in humans. If such inhibition of absorption occurred, vitamin C
dose concentration curves would be shifted to the right.

There is substantial evidence that fruits and vegetables are beneficial to human
health. Five or more servings of fruits and vegetables daily may be protective in heart
disease, stroke, cancer, cataract development, and longevity (39,40). Five or more
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daily servings of fruits and vegetables will provide 210–300 mg of vitamin C. This
amount of vitamin C should produce near-saturation of cells and plasma, even if
flavonoids decreased absorption, without causing harm. In certain circumstances,
fruits and vegetables may be ill-advised or contraindicated, for example, in patients
with end-stage renal disease on dialysis or patients with inflammatory bowel disease.
Otherwise, for most adults, the best advice is to eat five varied servings of fresh fruits
and vegetables daily to maximize health and to obtain vitamin C from these foods.
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Chapter 3

Biochemical and Physiological Interactions of Vitamin C
and Iron: Pro- or Antioxidant?

Ben-Zhan Zhu and Balz Frei

Linus Pauling Institute, Oregon State University, Corvallis, Oregon 97331

Vitamin C

Vitamin C is an essential micronutrient for humans, who have lost the ability to syn-
thesize ascorbic acid due to a mutation in the gene coding for L-gulono-γ-lactone oxi-
dase (1). A lack of vitamin C in the human diet causes the deficiency disease scurvy.
The current Recommended Dietary Allowance (RDA) for vitamin C is 75 mg/d for
women and 90 mg/d for men (2). The RDA for men is based on near-maximal neu-
trophil concentration and minimal urinary excretion of vitamin C at daily doses of
between 60 and 100 mg (2,3); that for women is by extrapolation from the RDA for
men on the basis of relative body mass (2).

The molecular mechanisms underlying the antiscorbutic effects of vitamin C are
largely understood. For example, vitamin C is a co-substrate for enzymes involved in
procollagen, carnitine, and catecholamine synthesis (1,4). Prolyl and lysyl hydroxy-
lases, two enzymes involved in procollagen synthesis, require vitamin C for maximal
activity (1). A deficiency of vitamin C results in a weakening of the collagenous triple
helix structure with tooth loss, joint pains, and poor wound healing, all characteristic
signs of scurvy (4). Two dioxygenases in the biosynthesis of carnitine also require vit-
amin C for maximal activity (1,4). Carnitine is essential for the transport of long-
chain fatty acids into mitochondria for β-oxidation; not surprisingly, fatigue and
lethargy are early symptoms of scurvy (3,4). Vitamin C also acts as a co-substrate for
dopamine β-hydroxylase, which converts dopamine to norepinephrine (1,4).

The role of vitamin C as a co-substrate in the above enzyme reactions is to main-
tain the active center metal ions in the reduced, enzymatically active form (1). This
same electron-donating activity of ascorbate also makes it a powerful antioxidant, i.e.,
vitamin C readily scavenges reactive oxygen species (ROS) (5–8) such as superoxide
(O2

•−), hydroperoxyl radicals, aqueous peroxyl radicals, singlet oxygen, hypochlorous
acid and ozone, reactive nitrogen species (RNS) (9–11) such as nitrogen dioxide and
dinitrogen tetroxide, and antioxidant-derived radicals (5,12) such as thiyl and urate
radicals (Table 3.1), thereby protecting biological macromolecules such as proteins,
lipids, and DNA from oxidative damage (13–16). Vitamin C also acts as a co-antioxi-
dant by regenerating α-tocopherol (vitamin E) from the α-tocopheroxyl radical in
lipoproteins and membranes (15–17). This is a potentially important function because
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TABLE 3.1
Reactive Oxygen Species and Reactive Nitrogen Species Scavenged by Ascorbate: Second-Order Rate Constants and One-Electron
Reduction Potentials 

Rate constanta Eo’b ∆Eo’c

Chemical species scavenged by ascorbate (mol/L)−1·s−1 Ref. Redox couple (mV) (mV)

Reactive oxygen species
Hydroxyl radical (•OH) 1.1 × 1010 (5) •OH, H+/H2O 2310 2028
Aliphatic alkoxyl radical (RO•) 1.6 × 109 (5) RO•, H+/ROH 1600 1318
Alkylperoxyl radical (ROO•) 1–2 × 106 (5) ROO•, H+/ROOH 1000 718
Superoxide anion/Hydroperoxyl radical (O2

•−/HO2
•) 1 × 105 (5) O2

•−, 2H+/H2O2 940 658
Hypochlorous acid (HOCl) 6 × 106 (6)
Ozone (O3) 6 × 107 (7)
Singlet oxygen (1O2) 8.3 × 106 (8)

Reactive nitrogen species
Nitrogen dioxide (•NO2) (9)
Dinitrogen trioxide/Dinitrogen tetroxide (N2O3/N2O4) 1.2 × 109 (10)
Peroxynitrite/Peroxynitrous acid (ONOO−/ONOOH) 235 (11)

Antioxidant-derived radicalsd

Thiyl/Sulphenyl radical (RS•/RSO•) 6 × 108 (5) RS•, H+/RSH (cysteine) 920 638
Urate radical (UH•−) 1 × 106 (5) UH•−, H+/ UH2

− 590 308
α-Tocopheroxyl radical (α-TO•) 2 × 105 (5) α-TO•, H+/α-TOH 500 218
β-Carotene radical cation (β-C•+) (12)

aThe approximate rate constant for the reaction with ascorbate at pH 7.4 is given, if known.
bThe one-electron reduction potential at pH 7.0 is given, if known (from Ref. 15).
cThe difference in one-electron reduction potentials for the reaction with ascorbate is shown (the one-electron reduction potential for the ascorbyl radical/ascorbate monoanion
couple is 282 mV); if (Eo’ is positive, the reaction is “thermodynamically feasible,” assuming equimolar concentrations of the reactants.
dA number of other small molecule antioxidants can be regenerated from their respective radical species by ascorbate.
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in vitro experiments have shown that α-tocopherol in low-density lipoprotein (LDL)
can act as a prooxidant in the absence of vitamin C (17–19), and evidence for a proox-
idant effect of α-tocopherol in vivo is mounting (19).

There are several properties that make ascorbate such a strong physiologic
antioxidant, including the low one-electron reduction (or redox) potentials of ascor-
bate (282 mV) and its one-electron oxidation product, the ascorbyl radical (−174 mV)
(15). These low reduction potentials enable ascorbate and its radical to spontaneously
react with and reduce most physiologically relevant radicals and oxidants, i.e., these
reactions are energetically or thermodynamically feasible (Table 3.1). Indeed, it has
been stated that vitamin C acts “as the terminal water-soluble small molecule antioxi-
dant” in biological systems (15). Second, the second-order rate constants for the reac-
tions of ascorbate and most physiologically relevant ROS and RNS are greater than
105 (mol/L)−1·s−1 (Table 3.1), which makes these reactions highly competitive with
those of the same ROS and RNS with biological macromolecules. Third, the ascorbyl
radical formed from ascorbate upon one-electron oxidation is quite stable and unreac-
tive, due to resonance stabilization of the unpaired electron (15). Importantly, the
ascorbyl radical does not react with molecular oxygen (O2) to form a more reactive
peroxyl radical. Instead, the ascorbyl radical readily dismutates to ascorbate and dehy-
droascorbic acid (DHA). DHA is reduced back to ascorbate in biological systems,
e.g., by glutathione, glutaredoxin, or thioredoxin reductase, or is rapidly and irre-
versibly hydrolyzed (1,20) (Scheme 3.1). Thus, a fourth reason that ascorbate is an
effective physiologic antioxidant is that it can be regenerated from its oxidized forms,
either by spontaneous chemical reactions or enzymatically.

Iron

Iron is the most abundant transition metal in biological systems. The total amount of
iron in a normal adult human has been estimated to be ~4.5 g (21), most of it in hemo-
globin. Iron is also one of the most abundant elements in the earth’s crust; however,
the large amount of iron in all living cells cannot be explained by this fact alone. The
preference of iron as a biologically relevant metal is related to its unique physico-
chemical properties, allowing it to vary its oxidation state, redox potential, and elec-

Scheme 3.1

Copyright © 2002 AOCS Press



tronic spin configuration in response to different coordinating environments. These
properties enable iron, in contrast to many other metals, to play an essential role in a
plethora of biological reactions. Iron exerts its functions either in the form of heme
proteins or nonheme-containing proteins, such as iron-sulfur clusters. Iron-containing
proteins catalyze many key reactions in energy metabolism, including respiration, O2
delivery to tissues, DNA synthesis, and regulation of the citric acid cycle. Several
other biological reactions, such as those with O2 (monooxygenases and dioxygenases,
see above) and peroxides (peroxidases, catalase and ferrioxidase), are also catalyzed
by iron-containing enzymes (21).

In biological systems, iron is commonly found in three oxidation states, i.e.,
Fe(II), Fe(III), and in some cases Fe(IV). At physiologic pH, Fe(II) is water soluble,
whereas Fe(III) precipitates as oxyhydroxide polymers. On the other hand, Fe(II) is
unstable in aqueous solutions and tends to react with O2 to form Fe(III). Thus, to use
iron effectively as a cofactor in enzymatic systems, coordinating ligands such as O, N,
S, or other metalloid atoms are used to shield iron from O2 and the surrounding media
(22,23). When O2 is bound to iron in the active site of an enzyme, reactions of the
bound O2 and reduced oxygen intermediates become less energetically favorable. In
addition, steric factors are well controlled in proteins, thus preventing the occurrence
of undesirable side reactions between bound reactive intermediates and nonsubstrate
molecules. The redox potential of iron is highly dependent on its coordination, and
many enzymes “use” this property of iron as a fundamental means of controlling oxi-
dation and reduction reactions of biomolecules.

Just as for O2, which can be converted to ROS, the widespread use of iron in liv-
ing organisms also gave rise to a paradox. On the one hand, by serving its multifunc-
tional roles in biological systems, iron represents a great advantage for the complex
chemical reactions of life; on the other hand, if not appropriately shielded, iron can
readily participate in one-electron transfer reactions that can produce toxic free radi-
cals. To overcome these problems, single-cell organisms first evolved molecules
known as siderophores, which are secreted into the extracellular medium where they
complex Fe(III) and are then assimilated by the cells via a receptor-mediated mecha-
nism. In turn, multicellular organisms developed iron-binding proteins known as
transferrins, which complex iron, transport it in the circulation (serum transferrin) or
in other media (ovotransferrin, lactoferrin), and are taken up by peripheral cells, usual-
ly by a receptor-mediated mechanism.

Once transferrin is taken up and iron is released inside the cell, numerous mecha-
nisms are in place whereby iron can be utilized in a form that is soluble under physio-
logical conditions, bioavailable and nontoxic. “Nontoxic” means that iron is not able
to elicit the well-known Fenton reaction, which gives rise to hydroxyl radicals (•OH)
from hydrogen peroxide (H2O2) and Fe(II) (see below, Reaction 3.1b). Thus, the com-
plexation of iron within a cell necessitates that the iron storage protein, ferritin, must
guard its iron in a form that will be assimilated into the many other proteins and mole-
cules whose function depends on iron, but cannot be released indiscriminately to elicit
oxidative damage and, thus, potentially pathological consequences.
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Many studies have shown that iron can be released from iron-containing proteins
under specific conditions. The release of iron from ferritin, the most concentrated
source of iron [up to 4500 Fe(III) atoms per molecule], has been studied extensively
(24). Any compound capable of reducing Fe(III) within the iron core of ferritin in the
presence of a suitable chelator is capable of releasing iron from ferritin, particularly
O2

•−, nitric oxide (•NO), and the “redox-cycling” class of xenobiotics. Ascorbate-
mediated release of iron from ferritin seems to be due mainly to O2

•− generated during
oxidation of ascorbate catalyzed by iron bound to ferritin (25,26). In addition to this
reductive release from ferritin, iron can also be released in an oxidative manner from
heme-proteins or heme (27). It is thus conceivable that “free” iron is immediately con-
veyed into an intermediate, labile iron pool, and that this pool represents a steady-state
exchangeable and readily chelatable iron compartment.

Studies of Biochemical Interactions Between Vitamin C 
and Iron

Autoxidation of Ascorbate and Other Biomolecules

It is widely believed that many biomolecules undergo autoxidation. Even though the
reaction of O2 with a biomolecule may be thermodynamically favorable, it does not
occur at an appreciable rate because of a kinetic spin restriction of O2 (23). For O2 to
react with a biomolecule, it must be activated either enzymatically or photochemical-
ly, or by sequential one-electron reductions to partially reduced oxygen species (i.e.,
ROS), including O2

•−, H2O2, and •OH. Transition metals, such as the reduced form of
iron, are able to activate O2. The sequential reduction of O2 by iron is best exemplified
by the iron-mediated Haber-Weiss reaction (28).

Coordination of iron to biomolecules almost always involves the d orbitals of the
metal. Because O2 can also bind to iron through the d orbitals of the metal (23),  iron
may simultaneously bind to biomolecules and O2, effectively serving as a “bridge”
between the two. It has been postulated that ascorbate, iron, and O2 can form such a
ternary complex (23). Ascorbate is both an iron chelator and an iron reductant; there-
fore, it can bind Fe(III) and subsequently reduce it to Fe(II). The Fe(II) can then
reduce O2 to O2

•−, with regeneration of Fe(III). Thus, it appears as if ascorbate autoxi-
dizes, when in fact the reaction is catalyzed by iron. Accordingly, the “autoxidation”
of ascorbate and numerous biogenic amines, such as epinephrine, is completely inhib-
ited by strong metal chelating agents (29). Therefore, it has been suggested that bio-
molecules do not “autoxidize” but that the oxidation of biomolecules is mediated by
trace amounts of transition metals, such as iron. In fact, it has been demonstrated (30)
that the rate of ascorbate “autoxidation” in a given solution is proportional to the con-
centration of (contaminating) metal ions. To distinguish between Fe and Cu contami-
nation, EDTA can be added to the assay solution, because Fe-EDTA is an excellent
catalyst of ascorbate oxidation, whereas Cu-EDTA is a very poor catalyst. Measuring
ascorbate oxidation spectrophotometrically at 265 nm, the iron levels in phosphate
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buffer can be estimated to a lower limit of ~100 nmol/L (30). Using electron spin res-
onance (ESR) spectroscopy, the detection limit can be further lowered to ~5 nmol/L
(31). For this method, EDTA is added to the solution, which converts iron into a cat-
alytic form, followed by the addition of ascorbate and measurement of the steady-state
concentration of the ascorbyl radical by ESR. This method is useful not only because
of its high sensitivity, but also if the solution to be assayed is colored or turbid and
thus not suitable for standard colorimetric analysis of iron, or if only “loosely bound”
iron is to be estimated (31).

The Ascorbate-Driven, Iron-Catalyzed Oxidation of Biological
Macromolecules

In light of its important role as an antioxidant, it seems paradoxical that under certain
conditions ascorbate can promote the generation of the very same ROS it is known to
scavenge. This represents just another “paradox” of redox chemistry, which applies to
any good reductant or antioxidant. Recognition of this property of ascorbate was an
outgrowth of the pioneering studies of Udenfriend et al. (32) on the conversion of
tyramine to hydroxytyramine by adrenal medullary homogenates. This work eventual-
ly led to the discovery that a nonenzymatic system comprised of ascorbate, O2, ferrous
iron, and EDTA catalyzes the hydroxylation of a number of aromatic and heterocyclic
compounds with the formation of products that are similar to those generated in ani-
mals in vivo.

It is now generally agreed that the prooxidant activity of ascorbate is due to its
capacity to reduce transition metal ions, such as iron or copper (Reaction 3.1a)
(1,14,15,33). The reduced metal ions may react with H2O2 to form highly damaging
•OH, a process known as Fenton chemistry (3.1b). Lipid hydroperoxides may also
react with reduced metal ions to form lipid alkoxyl radicals (3.1c), which can initiate
and propagate the chain reactions of lipid peroxidation (14,15).

AH− + Fe(III) → A•− + Fe(II) + H+ (3.1a)
H2O2 + Fe(II) → •OH + −OH + Fe(III) (3.1b)
LOOH + Fe(II) → LO• + −OH + Fe(III) (3.1c)

The “classical” prooxidant mixture (also called “Udenfriend system”) of ascorbate,
redox-active iron, and H2O2 (or lipid hydroperoxides, e.g., preexisting in membrane
preparations) has been, and continues to be used to induce oxidative stress in vitro
(1,14,15,33). The same or similar systems are also employed to induce oxidation in
cell culture systems, whereby the redox-active metal ions often are supplied by the
culture media. For example, Ham’s F-10 medium contains trace amounts of transition
metal ions, which are required for cell-mediated LDL oxidation by vascular cells (34).
The ascorbate-driven, metal-catalyzed oxidation (MCO) system, because of its sim-
plicity and because it mimics in every important aspect the properties of enzyme
mixed function oxidation systems (35), has been used extensively to study oxidation
of biological macromolecules, such as lipids, nucleic acids, and proteins.
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Lipid peroxidation. The study of lipid oxidation, generally referred to as lipid per-
oxidation (because lipid peroxides are intermediates in the process), has been a topic
of much research. Many investigators have proposed that iron is involved in the initia-
tion of lipid peroxidation, although considerable controversy exists concerning its role
in biological systems. One commonly proposed mechanism is that iron is responsible
for catalyzing the generation of •OH via Fenton chemistry and the Haber-Weiss reac-
tion.

The key step in the initiation of lipid peroxidation is the abstraction of a hydrogen
atom from the bis-allylic site of a polyunsaturated fatty acid. The •OH is possibly the
most powerful oxidant that can be formed in biological systems. As such, it can easily
abstract a hydrogen atom from polyunsaturated fatty acids. It is, therefore, not surpris-
ing that •OH has received so much consideration as the initiating species, although it
is known that many other ROS and RNS can also initiate lipid peroxidation, e.g.,
hydroperoxyl radicals, peroxynitrite (ONOO−), and nitrogen dioxide. From a theoreti-
cal point of view, the ability of •OH to initiate lipid peroxidation is unquestionable.
However, it is imperative to realize that the indiscriminate, diffusion-limited reactivity
of •OH toward sugars, nucleotides, proteins, and any other biomolecules is a limitation
to the idea that lipid peroxidation is initiated by •OH. Some investigators have
addressed this problem by proposing that •OH is formed directly at the site of attack
(36).

Another possible mechanism by which iron could be involved in initiating lipid
peroxidation involves the formation of an Fe(III):Fe(II) complex. This mechanism has
been proposed by Aust’s group (37), and recently other researchers have arrived at
similar conclusions (38,39). Interest in the initiation of lipid peroxidation by an iron
complex started with the observation (37) that ADP:Fe(II) promoted the peroxidation
of phospholipid liposomes only after a lag phase. Catalase, superoxide dismutase, and
“•OH scavengers” did not extend the lag phase or inhibit the subsequent rate of lipid
peroxidation, indicating that the reaction was not initiated by ROS. Interestingly, the
lag phase was eliminated by the addition of ADP:Fe(III), which led to the proposal
that the necessary species being generated during the lag phase was Fe(III).
Furthermore, another study (40) showed that maximal rates of lipid peroxidation
occurred when ~50% of the Fe(II) was oxidized, i.e., the Fe(II):Fe(III) ratio was ~1:1.

Consistent with the requirement for both Fe(II) and Fe(III), ascorbate, by reduc-
ing Fe(III) to Fe(II), stimulated iron-catalyzed lipid peroxidation; however, when the
ascorbate concentration was high enough to reduce all of the Fe(III) to Fe(II), ascor-
bate inhibited lipid peroxidation (33). Exogenously added H2O2 also either stimulated
or inhibited ascorbate-dependent, iron-catalyzed lipid peroxidation, apparently by
altering the ratio of Fe(II):Fe(III). Thus, it appears that the prooxidant effect of ascor-
bate is related to its ability to promote the formation of the proposed Fe(II):Fe(III)
complex and not due to ROS production, whereas the antioxidant effect of ascorbate
may be due to complete reduction of Fe(III) to Fe(II) (33).

DNA oxidation. It has been suggested that the genotoxicity of many chemicals is
enhanced by their ability to decompartmentalize cellular iron (41). Iron has been
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implicated as a causative agent in numerous cancers (28). One mechanism by which
iron could be involved in the initiation or promotion of cancer is through the oxidation
of DNA, causing mutations. DNA can be modified by free radicals resulting in single-
and double-strand breaks, depurination, and depyrimidation, or chemical modification
of the bases or phosphate-sugar backbone (42). Several ROS have been shown to
oxidatively modify DNA, including •OH, singlet oxygen, and ONOO− (43). In con-
trast, O2

•− and H2O2 are not capable of oxidizing DNA in the absence of adventitious
metals (42), suggesting that the role of O2

•− in DNA oxidation is simply as a con-
stituent of the metal-driven Haber-Weiss reaction to produce •OH. In addition, it has
been demonstrated that the addition of any chemical that will act as an alternate reac-
tant for •OH, such as organic-based buffers or “•OH traps,” inhibits the oxidation of
DNA (38). Conversely, the presence of chemicals that increase the iron-mediated pro-
duction of •OH will promote DNA oxidation (38).

Some researchers have postulated that the iron-mediated oxidation of DNA is a
site-specific process (41,42). They propose that iron or an iron chelate binds to the
DNA, either at phosphate on the backbone or to the purine or pyrimidine bases, where
the iron can serve as a center for recurring formation of •OH, resulting in modification
of the DNA (42,44,45). Experiments using purified DNA or isolated nuclei (46–48)
confirm that in the presence of added metal ions, ascorbate acts as a prooxidant in
vitro. In the absence of added metal ions, however, vitamin C inhibits oxidative DNA
damage in purified DNA and cells (47,49–53), although there are a few exceptions
(54–56). The latter are likely explained by “contaminating” metal ions in the cell cul-
ture media used.

The bleomycin-iron complex was the first well-studied system to damage DNA
site specifically in a metal-dependent manner (44,45). Bleomycin-iron cleaves DNA
to release N-propenal–substituted derivatives of thymine, cytosine, adenine, and gua-
nine, which are believed to be responsible for some of the cytotoxic effects of
bleomycin (45). The bleomycin-mediated cleavage of DNA is proposed to occur via a
ternary bleomycin-DNA-iron complex. It is not known whether bleomycin binds to
DNA first and then Fe(II) binds to the bleomycin-DNA complex, or whether a
bleomycin-Fe(II) complex forms and then binds to DNA. Either way, oxidation of the
complexed Fe(II) results in site-specific oxidation of DNA, presumably via •OH pro-
duction (57). In the presence of reducing agents such as ascorbate, Fe(III) is reduced
back to Fe(II), thus continuing the oxidation of the DNA.

Protein oxidation. Studies of the metal-mediated denaturation of proteins were an
outgrowth of investigations into the regulation of protein turnover in bacteria (35).
These studies led to the discovery that degradation occurs when the protein has been
oxidized (35). Similar to DNA, iron-mediated oxidation of protein may be a site-spe-
cific process. This notion is supported by the findings that the oxidation of proteins by
MCO systems involves modification of only a few amino acid residues, in particular
proline, histidine, arginine, lysine, and cysteine, whereas reactions of proteins with
ROS generated by ionizing radiation are more or less random events, leading to the
modification of many or all amino acid residues. Furthermore, metal ion-catalyzed
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oxidation reactions in proteins are not sensitive to inhibition by ROS scavengers (35).
The site-specific nature of metal ion-catalyzed reactions is consistent with the fact that
enzymes that require divalent metals for activity, and therefore must possess metal-
binding sites, are particularly sensitive to inactivation by MCO systems. The concept
of site specificity is also supported by the studies of Stadtman (35) showing that the
ascorbate-mediated modification of glutamine synthetase involves the conversion of a
single histidyl residue to an asparaginyl residue, and an arginyl residue to a glu-
tamylsemialdehyde residue; furthermore, both of these amino acid residues are situat-
ed at the metal-binding site of the enzyme.

Oxidation of the amino acid side chain can lead to the conversion of some amino
acids to carbonyl derivatives, loss of catalytic activity, and increased susceptibility of
the protein to proteolytic degradation (35). Although it is very probable, it remains
uncertain whether •OH is the species responsible for the oxidation of proteins by
MCO. Because the metal ion-catalyzed reactions lead to the conversion of some
amino acid side chains (viz., prolyl, arginyl, and lysyl) to carbonyl derivatives, the
concentration of protein carbonyl groups can be used as a measure of the extent of
oxidative damage. Interestingly, protein carbonyl content increases with age and is
associated with a number of pathological states (58).

The Crossover Effect for Ascorbate as an Anti- or Prooxidant

In general, low concentrations of ascorbate are required for prooxidant activity,
whereas high concentrations are required for antioxidant activity. Thus, there is a
“crossover effect,” i.e., at a certain concentration, ascorbate “switches” from pro- to
antioxidant activity. In the literature, a wide range of concentrations has been reported
at which this switch occurs (5). The crossover effect can be rationalized as follows: In
the presence of ascorbate, catalytic metals will initiate radical chain reactions.
However, due to the hydrogen-donating activity of ascorbate, the chain length of these
radical processes will be short as long as the ascorbate concentration is relatively high,
resulting in little oxidative damage. As the ascorbate concentration decreases, the ini-
tiation processes are slowed somewhat, but more importantly, the antioxidant reac-
tions of ascorbate are slowed as well. Thus, the chain length of these radical processes
becomes longer and more oxidative damage will occur. It has been proposed (5) that
the variability observed in the literature for the crossover effect is a result of the vari-
ability in the concentration and form of the catalytic metals present. Thus, at very low
levels of catalytic metals, ascorbate will nearly always serve as antioxidant. However,
if the levels of available metals should increase, then ascorbate may exert deleterious
effects.

Studies on the Interaction of Vitamin C and Iron Under
Physiologically Relevant Conditions

Vitamin C is known to increase the gastrointestinal absorption of nonheme iron by
reducing it to a form that is more readily absorbed (59). It appears, however, that even
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at high intakes of vitamin C, iron uptake is tightly regulated in healthy people (59).
Nevertheless, low dietary levels of vitamin C may be advantageous in cases of iron
overload, such as homozygous hemochromatosis and β-thalassemia, because the
excess iron can cause tissue damage (60,61). Individuals with iron overload generally
have low plasma levels of vitamin C, possibly due to interaction with the elevated lev-
els of “catalytic” iron in these individuals (60,61). Therefore, vitamin C administration
has been claimed to be harmful in these patients (14,62). Iron overload has also been
implicated in the sequelae of atherosclerosis, although the data are conflicting and
inconsistent, and individuals with iron overload generally do not suffer from prema-
ture atherosclerosis (63,64). In addition, several vitamin C and iron cosupplementation
studies, in both animals and humans, have shown that vitamin C inhibits, rather than
promotes iron-dependent oxidative damage (summarized in Table 3.2).

Studies Using Plasma and Cultured Cells

In vitro experiments have shown that human serum and interstitial fluid strongly
inhibit metal ion–dependent lipoprotein oxidation (65). These findings were attributed

TABLE 3.2
Role of Vitamin C in Iron-Mediated Oxidative Damagea

Study system Challenge Effects of vitamin C Ref.

In vitro
Human plasma Iron ↓LOOH (66)
Human plasma, lymph, None ↔Hydroxyl radicals (68)

synovial fluid Iron-EDTA/H2O2 ↑Hydroxyl radicals
Human plasma Iron/H2O2 ↔Hydroxyl radicals (69)

Iron-EDTA ↑Hydroxyl radicals
Iron/H2O2 ↓LOOH _b

3T3 fibroblasts Iron ↔MDA (84)

In vivo (animals)
Guinea pig liver Iron + ↓MDA (73)

Ex vivo autoxidation
Guinea pig plasma, liver Iron ↓F2α-isoprostanes (74)
Guinea pig serum Iron ↑TBARS (78)

In vivo (humans)
Leukocytes Iron (12 wk) ↓8-Oxoguanine, 8-oxoadenine, (79)

5-hydroxyuracil, 5-chlorouracil
↑Thymine glycol, 5-hydroxycytosine

White blood cells Iron (6 wk) ↔Total DNA damage (80)
↓5-Hydroxymethyl uracil
↑5-Hydroxymethyl hydantoin,
5-hydroxy cytosine

Preterm infant plasma (BDI), none ↔F2α-isoprostanes, protein carbonyls (66)
aAbbreviations: ↑, increased damage; ↓, decreased damage; ↔, no change; BDI, bleomycin-detectable iron;
LOOH, lipid hydroperoxides; MDA, malondialdehyde; TBARS, thiobarbituric acid-reactive substances.
bJ. Suh, B.-Z. Zhu, and B. Frei, unpublished observations.
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to the presence of metal binding proteins in these fluids, rather than vitamin C,
because enzymatic removal of endogenous vitamin C did not alter the results.
However, when sufficient exogenous iron (as ferrous ammonium sulfate) is added to
plasma to saturate transferrin, resulting in the appearance of non-protein bound,
bleomycin-detectable iron, endogenous and exogenous vitamin C strongly inhibits,
rather than promotes lipid peroxidation (66) (Table 3.2). This finding is supported by
an earlier study in which vitamin C acted as an antioxidant in serum to which excess
copper had been added (67). Two other studies carried out with plasma, lymph, and
synovial fluid showed that vitamin C can catalyze the formation of •OH, but only
when the catalytically active form of iron, iron-EDTA, was added (68,69), not ferrous
ammonium sulfate (69). Recently, we found that even when H2O2 is added to plasma,
in addition to ascorbate and excess metal ions to constitute the complete Udenfriend
system, ascorbate protects against iron- or copper-induced lipid peroxidation (J. Suh,
B.-Z. Zhu, and B. Frei, unpublished observations). Ascorbate also did not enhance
metal-dependent oxidation of plasma proteins under these conditions, as measured by
protein carbonyl formation. These results demonstrate that even in the presence of
high concentrations of transition metal ions and H2O2, ascorbate acts as an antioxidant
that inhibits, and does not promote lipid and protein oxidation in biological fluids such
as plasma.

Reports about the effects of ascorbate in cultured cells are conflicting, with some
showing inhibition of cell death or apoptosis by ascorbate, and others suggesting that
ascorbate is cytotoxic and induces apoptosis (70). Using three different cell types and
two different culture media (Dulbecco’s modified Eagle’s medium and RPMI 1640),
Clement et al. (71) found that the toxicity of ascorbate is due to ascorbate-mediated
production of H2O2, to an extent that varies with the cell culture medium used. For
example, in Dulbecco’s modified Eagle’s medium, 1 mmol/L ascorbate (a highly
unphysiological, extracellular concentration) generated 161 ± 39 µmol/L H2O2 and
induced apoptosis in 50% of HL60 cells, whereas in RPMI 1640 medium, only 83 ±
17 µmol/L H2O2 was produced and no apoptosis was observed. Apoptosis was pre-
vented by catalase, and direct addition of H2O2 at the above concentrations to the cells
mimicked the effects of ascorbate. These studies show that ascorbate itself is not toxic
to cultured cells, and caution that the effects of ascorbate observed in cultured cells in
vitro are of little or no relevance in vivo. The ability of ascorbate to interact with dif-
ferent cell culture media components, most probably contaminating metal ions, to pro-
duce H2O2 at different rates could account for most, if not all of the conflicting results
reported (71,72).

Animal Supplementation Studies

Two animal studies have reported an antioxidant role for vitamin C in guinea pigs
cosupplemented with vitamin C and iron (Table 3.2): (i) ex vivo autoxidation of liver
microsomes obtained from iron-supplemented guinea pigs resulted in increased accu-
mulation of malondialdehyde compared with microsomes obtained from control ani-
mals or animals cosupplemented with iron and vitamin C (73); and (ii) plasma and
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liver F2α-isoprostanes, markers of in vivo lipid peroxidation, were increased in vitamin
C–deficient guinea pigs loaded with iron, but reduced by vitamin C supplementation
(74). In the latter study, hepatic vitamin C levels, in contrast to iron levels, were
inversely associated with hepatic F2α-isoprostane levels (74). Another recent study
using rats showed an antioxidant effect of vitamin C when given before a paraquat
challenge, but a prooxidant effect when given after the challenge, as determined by
expiratory ethane (75). The prooxidant effect was attributed to the paraquat-mediated
release of metal ions from damaged cells. That study (75), therefore, suggests that vit-
amin C may have different effects depending on when it is added to the system under
study, as has been observed previously with copper-dependent lipid peroxidation in
LDL (76,77). Another recent study (78) found that large doses of intravenous ascor-
bate increased the levels of loosely bound iron and in vitro oxidation of serum
obtained from iron-loaded guinea pigs, but not control animals (Table 3.2).
Susceptibility of LDL to ex vivo oxidation increased after vitamin C injection in the
control group, but there was no further increase in the iron-loaded group.

Human Supplementation Studies

A study carried out in humans to assess the effects of simultaneous iron and vitamin C
supplementation yielded mixed results with respect to formation of various types of
oxidized DNA bases in leukocytes (Table 3.2). Reanalysis of the data from that study
(79) shows an inverse association between the plasma concentration of vitamin C and
total DNA base damage. In addition, there was a positive correlation between the con-
centration of plasma vitamin C and the percentage of transferrin saturation, possibly
due to a vitamin C–dependent increase in iron bioavailability (59), but no correlation
was observed between the percentage of transferrin saturation and total base damage.
These correlations are analogous to those observed in the above study using guinea
pigs and suggest that vitamin C acts as an antioxidant, rather than a prooxidant, in vivo
in the presence of iron.

Decreased levels of serum vitamin C and increased levels of lipid and protein
oxidation products have been detected in hemochromatosis and β-thalassemia
patients (60,61), which was attributed to the iron overload condition. However, these
conclusions are not supported by a study in preterm infants, who often have excess
iron in their plasma (66). In that study, plasma levels of F2α-isoprostanes and protein
carbonyls were not correlated with levels of bleomycin-detectable iron, even in the
presence of high concentrations of vitamin C (Table 3.2). It was found recently (80)
that supplementation of either vitamin C or vitamin C plus iron did not cause a rise in
total oxidative DNA damage measured by gas chromatography-mass spectrometry.
However, a significant decrease was observed in the levels of the purine base oxida-
tion product, 8-oxoguanine, after ascorbate supplementation. 5-Hydroxymethyl
uracil levels were also decreased by either ascorbate or ascorbate plus iron supple-
mentation, relative to the presupplemental levels, but not relative to the placebo
group. In addition, levels of 5-hydroxymethyl hydantoin and 5-hydroxy cytosine
increased significantly by ascorbate plus iron supplementation relative to the presup-
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plementation period (Table 3.2). However, no consistent or compelling evidence for
a prooxidant effect of vitamin C supplementation, with or without iron cosupplemen-
tation, on DNA base damage was observed (80). In another study by the same group
(81), iron supplementation failed to affect any of the iron status variables measured,
including serum ferritin, transferrin-bound iron, and the percentage of saturation of
transferrin, and there were no detrimental effects on oxidative damage to DNA in
healthy individuals with high plasma ascorbate levels. Finally, a recent study investi-
gated the effect of a daily combined iron (100 mg/d as fumarate) and vitamin C (500
mg/d as ascorbate) supplement on plasma lipid peroxidation in pregnant women dur-
ing the third trimester (82). In the supplemented group, plasma iron levels were high-
er than in the control group and plasma levels of thiobarbituric-acid reactive sub-
stances (TBARS) were significantly enhanced, suggesting that pharmacologic doses
of iron, associated with high vitamin C intakes, may result in oxidative damage in
vivo. However, TBARS are a poor measure of lipid peroxidation in biological fluids
because there are many interfering substances and the basal levels reported in human
plasma vary widely (83).

Conclusions

It is evident that ascorbate can exhibit both antioxidant and prooxidant activities.
Although its role as an antioxidant is well documented, there is little, if any evidence
that it serves as a prooxidant under physiological conditions. A majority of the studies
that specifically addressed the interaction of vitamin C with iron in physiological flu-
ids or in vivo (Table 3.2) found either no effect of vitamin C or decreased oxidative
damage. Vitamin C played a prooxidant role in biological fluids only if iron-EDTA
was added in vitro (68,69).

It should be noted that the levels of ascorbate vary substantially from tissue to tis-
sue, ranging from 30 to 120 µmol/L in the plasma of normal individuals to millimolar
intracellular concentrations in eye lens, brain, lung, and adrenals. These concentra-
tions are certainly sufficient to provoke radical generation. The limiting factor is most
likely the availability of metal ions, which are absolutely required for the prooxidant
activity of ascorbate to occur. Although the total iron concentration of most tissues is
quite high, iron exists almost entirely tightly sequestered in protein complexes (viz.,
transferrin, lactoferrin, hemoglobin, and ferritin) and is, therefore, not readily avail-
able for ROS generation (85,86). Conditions that facilitate the release of iron from
these complexes most likely also promote ascorbate-mediated radical damage. Thus,
the release of iron, which is often associated with tissue damage, would be expected to
(secondarily) provoke ROS generation via the ascorbate-iron system.

On the basis of the studies on the biochemical interactions between ascorbate and
iron, it is likely that the ratio of the concentration of iron and ascorbate will determine
the ability of ascorbate to express prooxidant or antioxidant activity. At very low lev-
els of catalytic iron under normal physiological conditions, ascorbate will act mainly
as an antioxidant; however, if the levels of available iron increase significantly under
certain pathologic conditions, ascorbate may exert prooxidant activity.
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Introduction

The role of vitamin C in treating and preventing cancer remains very controversial
in spite of a number of studies that have been conducted over the last 25 years. In
1974, Cameron and Pauling (1) suggested that vitamin C might play a role in the
supportive care of cancer patients. A study conducted by Cameron and Campbell
(2) on 50 terminal cancer patients appeared to support this concept. They showed
that large doses of vitamin C given orally, intravenously, or by a combination of
both routes could significantly improve survival in advanced cancer patients. In a
subsequent report by these authors, 10 of the original patients with unusual cancers
were replaced with 10 new ones randomly selected from the records of vitamin
C–treated patients from the same area. Furthermore, almost 50% of the 1000 con-
trol subjects were replaced because data on some of the initial control population
were considered to be unreliable (3). The second study appeared to show an even
greater benefit of vitamin C treatment. Because of the potential for bias in these
nonrandomized studies, a group of researchers at the Mayo Clinic performed a ran-
domized study to evaluate the efficacy of vitamin C in patients with advanced can-
cer (4). A second community-based study was reported at the American Society of
Clinical Oncologists in 1983 (5). Finally, a third placebo-controlled study was con-
ducted in cancer patients at the Mayo Clinic and reported in 1986 (6). Similar
results were obtained in all three studies, i.e., there was no significant effect of vita-
min C therapy on patient comfort or survival.

Vitamin C is an efficient water-soluble one-electron reducing agent that would
be predicted to have efficacy in preventing oxidative DNA damage. A number of
studies have in fact shown a reduction in oxidative damage to DNA, although many
of these studies used methodology that was flawed (7). In contrast, cancer chemopre-
vention studies have consistently shown that there is no benefit from vitamin C sup-
plementation in terms of cancer outcome (8,9). This contrasts with studies that con-
sistently show a reduction in disease risk with diets that are rich in antioxidants such
as vitamin C (10).

It is thought that lipid peroxidation of polyunsaturated fatty acids (PUFA) plays
an important role in the degenerative diseases of aging such as cancer (11,12). The
formation of lipid hydroperoxides from PUFA by free radical processes is a complex
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process, which leads to a number of different regioisomers and stereoisomers (13). It
would be predicted that vitamin C would inhibit this pathway. However, lipoxyge-
nase (LOX)-mediated oxidation of PUFA results in the formation of lipid hydroper-
oxides (14), and vitamin C would not be predicted to inhibit this pathway. Lipid
hydroperoxides undergo homolytic decomposition to bifunctional electrophiles (15)
that can react with DNA (12). Therefore, we were interested in determining whether
vitamin C could mediate lipid hydroperoxide–mediated DNA damage.

In previous studies, we examined the homolytic decomposition of 13-[S-(Z,E)]-
9,11-hydroperoxyoctadecadienoic acid (13-HPODE; a prototypic n-6 PUFA lipid
hydroperoxide) in the presence of the DNA bases 2′-deoxyadenosine (dAdo) and 2′-
deoxyguanosine (dGuo). From structures of the resulting DNA-adducts, we proposed
that the major covalent modifications arose through generation of 4-oxo-2-nonenal
from 13-HPODE. The same adducts were formed when DNA bases were treated with
synthetic 4-oxo-2-nonenal (16,17). Subsequently, 4-oxo-2-nonenal was confirmed as
a major breakdown product of homolytic lipid hydroperoxide decomposition (18), a
finding that was recently confirmed by Spiteller et al. (19). Surprisingly, 4-hydroper-
oxy-2-nonenal was also characterized as a product of 13-HPODE decomposition by
our laboratory and by Schneider et al. (18,20). 4-Hydroperoxy-2-nonenal was subse-
quently shown to be a precursor in the formation of 4-oxo-2-nonenal and 4-hydroxy-
2-nonenal (21). The other major bifunctional electrophile identified in homolytic 13-
HPODE decomposition was 4,5-epoxy-2(E)-decenal (21), a recently identified prod-
uct from the autoxidation of arachidonic acid (22).

An environmental contaminant in water and food [see Ref. (23) for discussion],
trans,trans-2,4-decadienal is also a product of lipid peroxidation through α-cleavage
of the alkoxy radicals derived from 9-hydroperoxy-(E,E)-10,12-octadecadienoic acid
or 11-hydroperoxy-(Z,Z,E,E)-eicosa-5,8,12,14-tetraenoic acid (19,22). Recent studies
have shown that the reaction of peroxide-treated trans,trans-2,4-decadienal with dAdo
or dGuo results in the formation of 1,N6-etheno-dAdo (23) and 1,N2-etheno-dGuo
(24), respectively. We reasoned that 4,5-epoxy-2(E)-decenal could have been formed
when trans,trans-2,4-decadienal was treated with peroxides (22,25) and that this
bifunctional electrophile was in fact the precursor to the formation of etheno-adducts
from lipid hydroperoxides.

Formation of Lipid Hydroperoxides

Lipid hydroperoxides are formed nonenzymatically by reactive oxygen species (ROS)
such as superoxide (O2

•−), peroxide (O2
2−), and hydroxyl radical (HO•). The endoge-

nous pathways for ROS generation include normal mitochondrial aerobic respiration,
phagocytosis of bacteria or virus-containing cells, peroxisomal-mediated degradation
of fatty acids, and cytochrome P450-mediated metabolism of xenobiotics DNA (26).
Mixtures of vitamin C and transition metal ions (27), and the conversion of catechols
to quinones (28) can also cause ROS formation from molecular oxygen. Antioxidant
defense systems in vivo that can detoxify ROS include the following: superoxide dis-
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mutase, catalase, and reduced glutathione (GSH)-dependent peroxidases (26). Also,
endogenous processes such as the sequestration of hydrogen peroxide–generating
enzymes or the chelation of free transition metal ions by transferrin, ferritin, and ceru-
loplasmin can protect against ROS-mediated damage. However, it is always possible
that cellular macromolecules and lipids can be damaged by the ROS that escape from
these defense systems. It has been suggested that ROS generation is a major contribu-
tor to the degenerative diseases of aging, including cardiovascular disease, cancer,
immune-system decline, and brain dysfunction (26). ROS-mediated formation of lipid
hydroperoxides is a complex process, which involves initiation by the abstraction of a
bis-allylic methylene hydrogen atom of PUFA followed by addition of molecular oxy-
gen (13). This results in the formation of 9- and 13-hydroperoxyoctadecadienoic acid
(HPODE) isomers from linoleic acid, the major n-6 PUFA present in plasma lipids.
Lipid hydroperoxides can also be formed enzymatically from LOX (14) and
cyclooxygenases (COX) (29) with much greater stereoselectivity than is observed in
the free radical mechanism (Fig. 4.1). Human 15-LOX convert linoleic acid mainly to
13-HPODE (30). COX-1 and COX-2 produce mainly 9-[R-(E,Z)]-10,12-hydroperoxy-
octadecadienoic acid (9-HPODE) and 13-HPODE (31). The other C18 PUFA includ-
ing linolenic acid (n-3) and dihomo-γ-linolenic acid (n-6) and all C20 PUFA undergo
15-LOX–mediated conversion to hydroperoxides. The products that arise from 5-
LOX and COX-derived metabolism of C20 PUFA are prostaglandins, thromboxanes,
and leukotrienes rather than lipid hydroperoxides.

Transition Metal Ion-Mediated Decomposition of Lipid
Hydroperoxides

Lipid hydroperoxides undergo transition metal ion–induced decomposition to the α,β-
unsaturated aldehyde genotoxins that can react with DNA (12). We determined previ-
ously that 4-oxo-2-nonenal was a major product from homolytic decomposition of 13-
HPODE (18), which was confirmed by Spiteller et al. (19). 4-Hydroperoxy-2-nonenal
was also characterized as a product of 13-HPODE decomposition (18,20). We recent-
ly developed a liquid chromatography (LC)/atmospheric pressure chemical ionization
(APCI)/mass spectrometry (MS) methodology to identify the α,β-unsaturated aldehy-

Fig. 4.1. Enzymatic formation of lipid hydroperoxide. Abbreviations: 13(S)-Z,E-HPODE,
13-[S-(Z,E)]-9,11-hydroperoxyoctadecadienoic acid; LOX, lipoxygenase; COX, cyclo-
oxygenase.
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dic bifunctional electrophiles that could potentially be formed during homolytic lipid
hydroperoxide decomposition (21). Using this methodology, the aldehydes resulting
from FeII-mediated (50 or 500 µmol/L) decomposition of 13-HPODE (400 µmol/L)
were analyzed. Four major products were observed in the ultraviolet (UV; 226 nm)
chromatogram at 10.6, 11.0, 12.3, and 17.1 min, respectively (Fig. 4.2A-e). The
LC/MS characteristics of the earliest eluting aldehyde with a protonated molecular ion
(MH+) at m/z 169 were identical to authentic trans-4,5-epoxy-2(E)-decenal. cis-4,5-
Epoxy-2(E)-decenal was also observed in the ion chromatogram for m/z 169 with a
retention time of 11.7 min (Fig. 4.2A-a). The aldehyde with a retention time of 11.0
min and MH+ at m/z 155 was identified as 4-oxo-2-nonenal (Fig. 4.2A-b). The
LC/MS characteristics of the most abundant aldehyde with [MH−OH]+ at m/z 156
were identical to authentic 4-hydroperoxy-2-nonenal (Fig. 4.2A-c). The last eluting
product with MH+ at m/z 157 was identified as 4-hydroxy-2-nonenal (Fig. 4.2A-d). At
a higher concentration of FeII (500 µmol/L), the major products were trans-4,5-epoxy-
2(E)-decenal, 4-oxo-2-nonenal, and 4-hydroxy-2-nonenal (Fig. 4.2B). Under these
conditions, the 4-hydroperoxy-2-nonenal was undetectable by MS or UV (Fig. 4.2B-
c,e).

The initial formation of 4-hydroperoxy-2-nonenal at lower FeII concentrations
and subsequent decline at higher concentrations suggested that it was a precursor to
the formation of 4-oxo-2-nonenal and 4-hydroxy-2-nonenal. To test this possibility,
authentic 4-hydroperoxy-2-nonenal was treated with increasing concentrations of FeII.
As the concentration of FeII increased, there was a gradual decline in the amount of 

Fig. 4.2. Decomposition of 13-[S-(Z,E)]-9,11-hydroperoxyoctadecadienoic acid (13-
HPODE) with transition metal ions. Abbreviations: 4,5-EDE, 4,5-epoxy-2(E)-decenal; 4-
ONE, 4-oxo-2-nonenal; 4-HPNE, 4-hydroperoxy-2-nonenal; 4-HNE, 4-hydroxy-2-none-
nal; UV, ultraviolet.
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4-hydroperoxy-2-nonenal and a concomitant increase in the formation of 4-oxo-2-
nonenal and 4-hydroxy-2-nonenal. Stoichiometric amounts of 4-oxo-2-nonenal and 4-
hydroxy-2-nonenal were formed in a ratio that was identical to that from the reaction
of 13-HPODE with FeII. These findings confirmed that one of major products in
homolytic 13-HPODE decomposition was 4,5-epoxy-2(E)-decenal, which was recent-
ly identified as a product from the autoxidation of arachidonic acid (22). We have also
shown that 4-hydroperoxy-2-nonenal was an important precursor to the formation of
4-oxo-2-nonenal and 4-hydroxy-2-nonenal.

Transition Metal Ions, Vitamin C, and ROS

Transition metal ion–mediated Haber Weiss reactions are known to produce ROS,
which then cause oxidative damage to the DNA. Vitamin C is used as an antioxidant
because it can prevent such damage (32). When vitamin C reacts with hydrogen per-
oxide, the vitamin C radical anion and a hydroxyl radical are produced. The reactive
hydroxyl radical is then detoxified by reaction with vitamin C radical anion or vitamin
C itself to give a water molecule. If the vitamin C radical anion reacts with the
hydroxyl radical, dehydro-vitamin C is also formed. However, biological buffers con-
tain substantial amounts of transition metal ions and it is paradoxical that ROS forma-
tion is enhanced in the presence of vitamin C (27). We have assessed the transition
metal ion contamination in typical aqueous buffers by monitoring the decline in
absorbance of vitamin C solutions at 265 nm as suggested by Buettner and Jurkiewicz
(27). As can be seen in Figure 4.3A, normal 3-(N-morpholino)propanesulfonic acid
(MOPS) buffer solutions cause a substantial decline in absorbance at 265 nm over 2 h
resulting from oxidation of vitamin C to its dehydro form. Vitamin C proved to be
quite stable in Chelex-treated MOPS buffer solutions (Fig. 4.3A). However, when vit-
amin C was dissolved in Chelex-treated MOPS buffer and 500 nmol/L CuII was
added, the same decline in absorbance was observed as in non-Chelex–treated buffer.
This indicated that normal buffers contained the equivalent of 500 nmol/L CuII in
transition metal ion contamination. Chelex-treated MOPS buffer containing vitamin C
showed no decline in absorbance at 265 nm unless it contained ≥50 nmol/L of added
CuII (Fig. 4.3B). This suggested that the maximum amount of CuII in Chelex-treated
MOPS buffer was <50 nmol/L. Concentrations of Cu and Fe in the buffer were deter-
mined subsequently by graphite furnace atomic absorption spectrophotometry and
inductively coupled plasma/MS, respectively. Chelex treatment of the MOPS buffer
reduced the Cu from 234 to 16 nmol/L and Fe from 250 to <36 nmol/L. No other tran-
sition metal ions were detected.

Vitamin C–Induced Decomposition of Lipid Hydroperoxides

When vitamin C reacts with a lipid hydroperoxide, an alkoxy radical is formed by a
mechanism analogous to the formation of hydroxyl radicals from hydrogen peroxide
(Fig. 4.4). The alkoxy radical could then be detoxified by the vitamin C radical anion
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or vitamin C itself to give a nontoxic hydroxy acid. This is similar to the formation of
water from hydroxyl radicals. Alternatively, it could rearrange in a manner analogous
to alkoxy radicals formed from transition metal ions. Therefore, the same bifunctional
electrophiles produced by transition metal ion–mediated decomposition of lipid
hydroperoxides could potentially be formed by vitamin C. To test this possibility, 13-
HPODE was treated with vitamin C in the transition metal ion–free MOPS buffer at
37°C. The same bifunctional electrophiles as those formed by transition metal
ion–mediated decomposition of lipid hydroperoxides were produced by vitamin C
(21). Although the MOPS buffer contained <50 nmol/L of transition metal ions, we
determined whether Cu or Fe had an additive effect on the vitamin C–mediated
decomposition of 13-HPODE. When 1 µmol/L of either CuII or FeII was added to the
reaction mixture, there was no increased formation of bifunctional electrophiles from
13-HPODE. This confirmed that trace amounts of these transition metal ions did not
substantially affect the reaction between vitamin C and 13-HPODE. In separate exper-
iments, we established that synergistic effects between vitamin C and transition metal
ions occurred only at concentrations that were two orders of magnitude greater than
the two present in the Chelex-treated MOPS buffer (10–20 µmol/L).

Fig. 4.3. Vitamin C and transition metal ions.
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The lipid hydroperoxide–derived α,β-unsaturated aldehydes were formed by two
quite different pathways (Fig. 4.5). The first pathway is based on that described previ-
ously by Pryor and Porter (33) and is initiated by alkoxy radical formation. Complex
rearrangements of the alkoxy radical, together with the addition of molecular oxygen
results in the formation of 4-oxo-2-nonenal, 4-hydroxy-2-nonenal, and 4,5-epoxy-
2(E)-decenal. The formation of 4-hydroperoxy-2-nonenal cannot be rationalized by
any previously proposed mechanism. However, we have now established that 4-
hydroperoxy-2-nonenal undergoes both transition metal ion− and vitamin C−mediated
breakdown to 4-oxo-2-nonenal and 4-hydroxy-2-nonenal, which provides an addition-
al route to these genotoxins.

DNA-Adducts from Lipid Hydroperoxides

The compound trans,trans-2,4-decadienal is an α,β-unsaturated aldehydic decomposi-
tion product from 9-hydroperoxy-(E,E)-10,12-octadecadienoic acid or 11-hydroper-
oxy-(Z,Z,E,E)-eicosa-5,8,12,14-tetraenoic acid (19,22). Recent studies have shown
that the reaction of peroxide-treated trans,trans-2,4-decadienal with dAdo or dGuo
results in the formation of 1,N6-etheno-dAdo (23) and 1,N2-etheno-dGuo (24), respec-
tively. We reasoned that trans-4,5-epoxy-2(E)-decenal could have been formed when
trans,trans-2,4-decadienal was treated with peroxides (22,25) and that this bifunction-
al electrophile was in fact the precursor to the formation of etheno-adducts from lipid

Fig. 4.4. Potential formation of DNA-reactive bifunctional electrophiles by vitamin C-
mediated decomposition of 13-[S-(Z,E)]-9,11-hydroperoxyoctadecadienoic acid (13-
HPODE).
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hydroperoxides. The reaction of dAdo and dGuo with trans-4,5-epoxy-2(E)-decenal
formed unsubstituted etheno-adducts (34). The structure of 1,N6-etheno-dAdo was
confirmed by LC/MS analysis (Fig. 4.6A) and by multiple tandem mass spectrometry
(MSn) analyses (Fig. 4.6B). The structure of 1,N2-etheno-dGuo was established by
hydrolysis to the corresponding guanine (Gua)-adduct and comparison with authentic
etheno-Gua isomers. N2,3-etheno-Gua and 1,N2-etheno-Gua eluted with retention
times of 8.0 min and 8.7 min, respectively (Fig. 4.7A). The APCI/MS spectra of 1,N2-
etheno-Gua and N2,3-etheno-Gua were identical (data not shown). MS2 analysis of
1,N2-etheno-Gua (m/z 176→) gave rise to product ions at m/z 148 [MH+−CO] and m/z
121 [MH+−CO−CNH]. For N2,3-etheno-Gua, no product ions were observed when

Fig. 4.5. Formation of 4-oxo-2-nonenal (4-ONE), 4-hydroperoxy-2-nonenal (4-HPNE), 4-
hydroxy-2-nonenal (4-HNE), and 4,5-epoxy-2(E)-decenal (4,5-EDE) from 13-[S-(Z,E)]-
9,11-hydroperoxyoctadecadienoic acid (13-HPODE).

Fig. 4.6. Analysis of 1,N6-etheno-dAdo from the reaction of trans-4,5-epoxy-2(E)-dece-
nal with dAdo. (A) Liquid chromatography/mass spectrometry chromatograms showing
the total ion current chromatogram (total ion current; upper), the ion chromatogram for
MH+ (m /z 276; middle), and selected reaction monitoring chromatogram for MH+ (m /z
276) → BH2

+ (m /z 160; lower). (B) Product ion spectrum of MH+ (m /z 276).
Abbreviation: TIC, total ion current.
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MS2 analysis of m/z 176 was conducted. The dGuo adduct from the reaction with
trans-4,5-epoxy-2(E)-decenal was isolated by preparative high-performance liquid
chromatography and subjected to acid hydrolysis (1N HCl, 100°C, 1 h). After depuri-
nation, the retention time of the adduct was 8.7 min (Fig. 4.7B) and the MS spectrum
exhibited an intense MH+ ion at m/z 176 (Fig. 4.7C). The MS2 spectrum showed two
major product ions at m/z 148 [MH+–CO] and m/z 121 [MH+–CO–CHN] (Fig. 4.7D).
This confirmed that the adduct was 1,N2-etheno-dGuo rather than the isomeric N2,3-
etheno-dGuo.

Transition metal ion–free buffers were used in the reactions of dAdo and dGuo
with trans-4,5-epoxy-2(E)-decenal and the pH was maintained at 7.4. Under these
conditions, trans-4,5-epoxy-2(E)-decenal was quite stable; thus, the unsubstituted
etheno-adducts could not have been formed from further breakdown products of the
epoxide. 2,3-Epoxyoctanal, used in the synthesis of trans-4,5-epoxy-2(E)-decenal, is
much more efficient at converting both dAdo and dGuo to unsubstituted etheno-
adducts (data not shown). Therefore, we considered the possibility that the trans-4,5-

Fig. 4.7. Liquid chromatography/mass spectrometry (LC/MS) analysis of 1,N2-etheno-
Gua and N2,3-etheno-Gua. (A) Authentic standards showing the total ion current (TIC;
upper), ion chromatograms for MH+ (m/z 176; middle) and TIC for MS/MS analysis of
MH+ (m/z 176 →; lower). (B) Etheno-Gua from the reaction of trans-4,5-epoxy-2(E)-
decenal with dGuo showing the TIC (upper), the ion chromatogram for MH+ (m/z 176;
middle), and TIC for MS/MS analysis of MH+ (m/z 176 →; lower). (C) MS spectrum for
etheno-Gua from reaction of trans-4,5-epoxy-2(E)-decenal with dGuo. (D) Product ion
spectrum of MH+ (m/z 176) for etheno-Gua from reaction of trans-4,5-epoxy-2(E)-dece-
nal with dGuo.
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epoxy-2(E)-decenal was contaminated with 2,3-epoxyoctanal. A normal phase
LC/MS assay was developed that would detect trace amounts of 2,3-epoxyoctanal.
LC/APCI/selected ion monitoring (SIM)/MS analysis of the two epoxides employed
MH+ for 2,3-epoxyoctanal and trans-4,5-epoxy-2(E)-decenal at m/z 143 and m/z 169,
respectively. Under these conditions, there was a clear separation of the two epoxides
with no interfering signals at the retention times of either analyte. A calibration curve
was obtained by analyzing standard solutions containing known amounts of 2,3-
epoxyoctanal and trans-4,5-epoxy-2(E)-decenal (20 µg). A typical regression line was
y = 6.0 × 106 + 194385, r2 = 0.9995 (Fig. 4.8). The amount of 2,3-epoxyoctanal in the
authentic trans-4,5-epoxy-2(E)-decenal (20.0 µg, 2 µg on column) was then deter-
mined. The 2,3-epoxyoctanal was below the detection limit of the assay (<2 ng on
column, <0.1%). At this level of contamination, there would have been no significant
contribution from 2,3-epoxyoctanal to the formation of unsubstituted etheno-adducts.
Furthermore, trans-4,5-epoxy-2(E)-decenal was incubated in Chelex-treated MOPS
buffer (pH 7.4) for 24, 48, or 72 h at 37°C. We confirmed that the LC/MS response
for trans-4,5-epoxy-2(E)-decenal at each time point was identical to that observed
before the sample was placed in the incubator, and 2,3-epoxyoctanal was not formed
during prolonged incubations of trans-4,5-epoxy-2(E)-decenal.

In a recent series of experiments, we explored the potential for unsubstituted
etheno-dAdo and etheno-dGuo formation to occur in intact DNA. Calf thymus DNA
(1.5 mg, 5.03 µmol) in 100 mmol/L MOPS containing 150 mmol/L NaCl (pH 7.4,
500 µL) was treated with trans-4,5-epoxy-2(E)-decenal (10 mg, 60.0 µmol). The reac-
tion mixture was incubated at 37°C for 24 h after sonication for 15 min. Samples were
placed in ice for 30 min, the DNA was precipitated by adding ice-cold ethanol, and
the DNA pellet was removed. It was then hydrolyzed enzymatically under very mild
conditions using methodology that we developed previously (17). The hydrolysate
was applied directly to a solid-phase extraction cartridge and the etheno-adducts were

Fig. 4.8. Standard curve for 2,3-epoxyoctanal in ether obtained by normal phase liquid
chromatography/atmospheric pressure chemical ionization/selected ion monitoring/mass
spectrometry (m /z 143).
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eluted with methanol/water. The eluates were evaporated to dryness under nitrogen
and dissolved in water. Using both LC/MS and LC/selected reaction monitoring
(SRM)/MS, it was possible to detect 1,N2-etheno-dGuo (Fig. 4.9A) and 1,N6-etheno-
dAdo (Fig. 4.9B) in the DNA hydrolysate. The MS2 spectrum of etheno-adducts from
trans-4,5-epoxy-2(E)-decenal–modified calf thymus DNA showed exclusive product
ion at m/z 176 (retention time of 15.2 min, BH2

+ for 1,N2-etheno-dGuo, Fig. 4.9C)
and at m/z 160 (retention time of 18.0 min, BH2

+ for 1,N6-etheno-dAdo, Fig. 4.9D).
These were identical to the LC/MS characteristics of authentic 1,N2-etheno-dGuo and
1,N6-etheno-dAdo. Based on the signal of authentic standards, the signal for 1,N2-
etheno-dGuo corresponded to 1.3 adducts/105 normal bases and the signal for 1,N6-
etheno-dAdo corresponded to 3.7 adducts/105 normal bases.

Summary

1,N6-Etheno-dAdo has been detected in human tissues (35) as well as in the liver of
vinyl chloride–treated rats (36). 1,N6-Etheno-dAdo is highly mutagenic in mammalian
cells and much more mutagenic than lesions that arise from oxidative damage such as
7,8-dihydro-8-oxo-dGuo (37). This most likely stems from the ability of atypical

Fig. 4.9. Liquid chromatography/mass spectrometry (LC/MS) and LC/selected reaction
monitoring (SRM)/MS analysis of the DNA hydrolysate after the treatment of calf thymus
DNA with trans-4,5-epoxy-2(E)-decenal for 24 h at 37°C. (A) The ion chromatogram for
MH+ of 1,N2-etheno-dGuo (m/z 292; upper), and SRM chromatogram for MH+ (m/z
292) → BH2

+ (m/z 176; lower). (B) The ion chromatogram for MH+ of 1,N6-etheno-
dAdo (m/z 276; upper), and SRM chromatogram for MH+ (m/z 276) → BH2

+ (m/z 160;
lower). (C) Product ion spectrum for MH+ (m/z 292) of 1,N2-etheno-dGuo. (D) Product
ion spectrum for MH+ (m/z 276) of 1,N6-etheno-dAdo.
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mammalian DNA-polymerases to perform translesional synthesis, which results in A
to T transversions (38). N2,3-Etheno-Gua was also found in the liver DNA of rats
treated with vinyl chloride (39). 1,N2-Etheno-Gua was identified in chloroacetalde-
hyde-treated DNA (40) and both N2,3-etheno-Gua and 1,N2-etheno-Gua were isolated
from 2-halooxirane-treated DNA (41). 1,N2-Etheno-dGuo was shown to be mutagenic
in mammalian cells (42), although the mutation profile was much more complex than
for 1,N6-etheno-dAdo (37). In vitro studies with DNA bases have demonstrated that
peroxide-treatment of 4-hydroxy-2-nonenal and trans,trans-2,4-decadienal results in
the formation of etheno DNA-adducts (23,24,43). However, it is not clear that such
reactions could occur in vivo because of the competition between detoxication by glu-
tathione-S-transferases and aldo-keto reductases (44) and activation by peroxidation.
We have now shown that the reaction of dAdo and dGuo with trans-4,5-epxoy-2(E)-
decenal results in the formation of unsubstituted etheno-adducts (Fig. 4.10), which
provides an important link between a primary product of lipid peroxidation and a
mutagenic DNA-lesion (37,42) that was detected in human tissue DNA (35).

We have shown that lipid hydroperoxide-derived 4-oxo-2-nonenal reacts with
dGuo and dAdo to give substituted etheno-adducts (45,46). The mechanism for the
formation of the etheno-dGuo adducts involves highly regioselective nucleophilic
addition of N2 of the dGuo to the C-1 aldehyde of 4-oxo-2-nonenal followed by reac-
tion of N1 at C2 of the resulting α,β-unsaturated ketone. The intermediate ethano-

Fig. 4.10. Formation of etheno-adducts from lipid hydroperoxide–derived 4-oxo-2-none-
nal and trans-4,5-epoxy-2(E)-decenal. Abbreviations: PUFA, polyunsaturated fatty acids;
13-HPODE, 13-[S-(Z,E)]-9,11-hydroperoxyoctadecadienoic acid; 15-HPETE, 15S-hydro-
peroxy-5,8,11,13(Z,Z,Z,E)-eicosatetraenoic acid.

Copyright © 2002 AOCS Press



adducts then dehydrate to a single substituted etheno-adduct (Fig. 4.10) (16).
Similarly, initial nucleophilic addition of N6 of dAdo to the C-1 aldehyde of 4-oxo-2-
nonenal is followed by reaction of N1 at C2 of the resulting α,β-unsaturated ketone to
generate a mixture of two ethano-adducts that interconvert. The ethano-adducts subse-
quently dehydrate to give a single heptanone etheno-dAdo adduct (Fig. 4.10) (17,47).
The reaction of 4-oxo-2-nonenal with calf thymus DNA was also shown to result in
the formation of heptanone-etheno-dGuo and dAdo adducts (17). There was almost
three times as much of the dGuo adduct as the dAdo adduct at all time points up to 12
h after the addition of the 4-oxo-2-nonenal.

Reactions between dGuo and the α,β-unsaturated aldehydes, 4-hydroxy-2-none-
nal and malondialdehyde (MDA, another breakdown product of lipid peroxidation)
result in the formation of exocyclic propano adducts (48). In contrast to 4-oxo-2-none-
nal, Michael addition occurs initially at the β-carbon, which is followed by nucle-
ophilic addition of dGuo at the aldehyde carbon. When the α,β-unsaturated aldehyde
has a substituent at the β-carbon such as in 4-hydroxy-2-nonenal, the steric hindrance
inhibits nucleophilic attack from N1. Kinetic control of the reaction favors the regio-
isomer in which N2 is attached to the β-carbon atom and N1 is attached to the aldehyde
carbon. This results in the formation of two pairs of diastereomeric hexanol-1,N2-
propano-dGuo adducts from 4-hydroxy-2-nonenal and pyrimido[1,2-α]purin-10(3H)-
one from MDA. When MDA reacts with dAdo, an acyclic N6-oxopropenyl adduct is
generated (49,50). This adduct is thought to be a consequence of initial 1,4-addition to
the β-hydroxyacrolein form of MDA followed by dehydration. 4-Hydroxy-2-nonenal
does not appear to react very efficiently with dAdo. However, the epoxide derivative,
2,3-epoxy-4-hydroxynonanal, has been shown to form substituted and unsubstituted
etheno-adducts with dAdo through the same mechanism by which heptanone-etheno-
dAdo adducts are formed from 4-oxo-2-nonenal (43,51,52). 1,N2-Etheno-dGuo, a sub-
stituted 1,N2-etheno-adduct, and a tetracyclic adduct containing two 5-membered
fused rings at N1 and N2 atoms of guanine are also formed from the reaction between
2,3-epoxy-4-hydroxynonanal and dGuo (51,53). DNA-adducts have not yet been
identified from the reaction of DNA bases with the potential genotoxic bifunctional
electrophile 4-hydroperoxy-2-nonenal.

This study provides a mechanism for vitamin C–mediated decomposition of lipid
hydroperoxides to genotoxic bifunctional electrophiles without the need for free tran-
sition metal ions. Future studies will focus on determining whether vitamin C can
induce such genotoxin formation in vivo.
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Introduction

Endothelium-derived nitric oxide (NO) was originally discovered as a vasodilator prod-
uct and is now known as a central regulator of vascular homeostasis and a principal fac-
tor involved in the antiatherosclerotic properties of endothelial cells (1–4). Experimental
studies have shown that NO interferes with key events of atherosclerosis such as mono-
cyte and leukocyte adhesion to the endothelium, platelet-endothelium interactions,
smooth muscle cell proliferation, and increased endothelial permeability. In agreement
with these findings, a dysfunction of the endothelium with a decreased generation of
NO caused accelerated atherosclerosis in experimental models (5). Moreover, a reduced
NO-dependent vasodilation was detectable in patients with atherosclerosis or with a car-
diovascular risk profile even when the coronary vessels were angiographically still nor-
mal (6,7). All major risk factors for atherosclerosis including hypercholesterolemia,
hypertension, hyperhomocysteinemia, and cigarette smoking have been associated with
impaired vascular NO synthesis (8–11). Because these conditions are also correlated
with increased oxidative stress (12), particularly increased production of superoxide rad-
icals and elevated levels of oxidized lipoproteins, which can directly inactivate NO
(13,14), antioxidants have been thought to improve endothelial dysfunction.
Accordingly, epidemiologic studies demonstrated that a diet high in antioxidant vita-
mins is associated with lower cardiovascular morbidity and mortality (15).

With regard to ascorbic acid, it has been shown that plasma or leukocyte ascor-
bate levels are reduced in patients with an unstable coronary syndrome or angiograph-
ically documented coronary artery disease, respectively (16,17). Moreover, a number
of clinical studies have demonstrated that ascorbic acid can reverse NO-dependent
endothelial dysfunction present in coronary or peripheral arteries of patients with ath-
erosclerosis and several conditions that predispose patients to atherosclerosis (18–37).
Protective ascorbic acid effects have been seen with different stimuli of NO-depen-
dent vasodilation such as acetylcholine or metacholine (18, 20,22–27,33,35–37), flow
(19,21,22,28–30,32) or arginine infusion (31), and with both ascorbate infusion
(18,20–28,31–37) and oral ascorbate supplements (19,26,29,30). Concerning the
underlying mechanisms, several possibilities have been discussed (38–40). Ascorbic
acid could interfere with the oxidation of low density lipoprotein (LDL) (41,42) or
protect endothelial NO synthesis from the effects of oxidized LDL (14,43–47).
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Ascorbate could also enhance endothelial-dependent vasodilation by sparing intracel-
lular thiols (48), which in turn may stabilize NO through the formation of biologically
active S-nitrosothiols (49). The latter likely serve as a reservoir of NO in plasma
(50,51) and, interestingly, ascorbate has been shown to release NO from S-nitrosoth-
iols and to improve the delivery of NO to the vasculature (52–54). Given the impor-
tance of the superoxide anion as a mechanism of endothelial dysfunction (40), several
investigators have also assumed that ascorbic acid exerts its beneficial effect by scav-
enging superoxide anion and protecting NO from inactivation. A recent report, how-
ever, showed that ascorbate concentrations ≥10 mmol/L would be required to compete
efficiently with the reaction of NO and superoxide (55). These concentrations are
potentially achievable in plasma by ascorbate infusion and may account for the bene-
ficial effects of ascorbic acid seen in the respective studies (18,20–28,31–37). Plasma
ascorbate levels after oral supplementation are in the range of 100 µmol/L (26,30),
however, and are unlikely to prevent NO inactivation by superoxide. Thus, if superox-
ide scavenging is involved in the beneficial effect of physiologic doses of ascorbic
acid, it should possibly occur in the intracellular milieu where ascorbate concentra-
tions are likely in the low millimolar range (42,56).

Little is known about the effects of antioxidants and especially of ascorbic acid
on the synthesis of NO in endothelial cells. NO is generated from the conversion of L-
arginine to L-citrulline by the enzymatic action of an NADPH-dependent NO synthase
(NOS) that requires Ca2+/calmodulin, FAD, FMN, and tetrahydrobiopterin as cofac-
tors (57–60). The endothelial NOS isoform (eNOS) is constitutively expressed and
activated upon cell stimulation with calcium-mobilizing agonists and fluid shear stress
(60). Optimal NO formation has been shown to be dependent on the availability of
intracellular cofactors (61–63) and the membrane localization of the enzyme (64).
eNOS activity is regulated at the transcriptional level and by a variety of modifica-
tions such as acylation, which enables membrane targeting, and phosphorylation,
which is involved in shear stress–dependent enzyme activation. Moreover, protein-
protein interactions support either activation or inactivation of eNOS (65). Within
plasmalemmal caveolae, eNOS is quantitatively associated with caveolin, the structur-
al coat component of these microdomains (64). This complex formation has been
shown to inhibit enzyme activity, and the inhibitory effect was reversed upon binding
of Ca2+/calmodulin. The activation of eNOS is also facilitated by interactions of the
enzyme with heat shock protein 90 and with dynamin. On the other hand, eNOS bind-
ing to the bradykinin B2 receptor participates in its inactivation (65).

Generally, changes in the intracellular redox state could affect NO generation at
different levels. Oxidized LDL, for example, which is likely to induce oxidative stress
in the cells, has been shown to inhibit the NO-dependent vasorelaxation (66), and the
underlying mechanisms are thought to involve a decrease in eNOS expression (43), an
uncoupling of Gi protein-dependent signal transduction (44), a limited availability of
L-arginine (45), and changes in the subcellular eNOS localization (46,47). An alter-
ation of the intracellular redox state might also affect the availability of reduced cofac-
tors for eNOS. In particular, tetrahydrobiopterin seems to be a cofactor that can limit
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NO synthesis (67–70). Tetrahydrobiopterin acts as a redox-active cofactor (71–74)
and additionally has profound effects on the structure of eNOS, including the ability
to shift the heme iron to its high spin state, the promotion of arginine binding and the
stabilization of the active dimeric form of the enzyme (58,59). A number of experi-
mental (75–78) and clinical studies (79–83) have shown that low tetrahydrobiopterin
levels were associated with decreased NO formation and impaired endothelium-
dependent relaxation and, conversely, that tetrahydrobiopterin supplementation was
capable of restoring NO production and endothelium-dependent vasodilation.

The present study was designed to examine whether ascorbic acid affects NO
synthesis in human endothelial cells and to investigate possible underlying mecha-
nisms. We show that saturated ascorbic acid levels in endothelial cells are necessary
to protect the eNOS cofactor tetrahydrobiopterin from inactivation and to provide
optimal conditions for cellular NO synthesis. A detailed description of the methods
and results presented here was published earlier (84,85).

Materials and Methods

Materials. Medium 199 (M199), human serum (HS), fetal calf serum (FCS), and col-
lagenase were from BioWhittaker Europe (Verviers, Belgium). L-[2,3,4,5-3H]Arginine
monohydrochloride (61 Ci/mmol), L-[U-14C]arginine monohydrochloride (303
mCi/mmol), L-[carboxyl-14C]ascorbic acid (16 mCi/mmol), and [3H]cGMP Biotrak
radioimmunoassay systems were purchased from Amersham Pharmacia Biotech
(Freiburg, Germany). Tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) were
from Pharma Biotechnology (Hannover, Germany). NADPH, tetrahydrobiopterin,
sepiapterin, and L-nitroarginine methylester (L-NAME) were obtained from Alexis
Corporation (Läufelfingen, Switzerland). All other biochemical reagents were pur-
chased from Sigma Chemical (Deisenhofen, Germany). Endotoxin contamination of
ascorbic acid solutions was measured with the coagulation Limulus amebocyte lysate
assay and was proved to be below the detection limit of the kit (0.05 U/mL).

Cell cultures. Human umbilical cord vein endothelial cells (HUVEC) were prepared
with 0.05% collagenase and cultured in M199 containing 15% FCS, 5% HS, and 7.5
µg/mL endothelial cell growth supplement. Experiments were carried out with mono-
layers of the first to second passage. Preincubation of cells with L-ascorbic acid, L-
gulonolactone, dehydroascorbic acid, sepiapterin, 2,4-diamino-6-hydroxypyrimidine
(DAHP), or the combination of TNF-α, IFN-γ, and lipopolysaccharide (LPS) was per-
formed in culture medium. Cell stimulation with ionomycin (2 µmol/L, 15 min) or
thrombin (1 U/mL, 15 min) was carried out in Hepes buffer (10 mmol/L Hepes, 145
mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgSO4, 10 mmol/L glucose, 1.5 mmol/L
CaCl2, pH 7.4) in the absence of ascorbic acid, sepiapterin, DAHP, or cytokines.

Measurement of citrulline and cGMP formation. Endothelial cells were stimu-
lated with ionomycin or thrombin in Hepes buffer (pH 7.4) containing 10 µmol/L
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L-[3H]arginine (0.33 Ci/mmol) for the measurement of citrulline formation or 0.5
mmol/L isobutylmethylxanthine for cGMP determinations. The [3H]citrulline gen-
erated was separated from [3H]arginine by cation exchange chromatography
[Dowex AG50WX-8 (Na+ form)] and quantified by liquid scintillation counting
(84,85). The cGMP accumulated was measured in cellular extracts by radioim-
munoassay following the instructions of the manufacturer.

[14C]Ascorbic acid uptake in endothelial cells. Endothelial cells were incubated
in culture medium containing 100 µmol/L [14C]ascorbic acid (16 mCi/mmol).
After various times, cells were washed with cold Hepes buffer (pH 7.4) containing
100 µmol/L phloretin and lysed with 100 mmol/L NaOH, 2% Na2CO3, and 1%
sodium dodecylsulfate. The radioactivity of cell lysates was measured by liquid
scintillation counting.

Determination of eNOS activity. Experiments were performed with tetrahydro-
biopterin-free eNOS that was expressed in yeast Pichia pastoris and purified as
described (86). The assay solution (100 µL) contained 50 mmol/L Tris-HCl buffer
(pH 7.4), 0.3 µg eNOS, 100 µmol/L L-[3H]arginine (100,000 cpm), 0.5 mmol/L
CaCl2, 0.2 mmol/L NADPH, 5 µmol/L FAD, 5 µmol/L FMN, 10 µg/mL calmodulin,
10 nmol/L–100 µmol/L tetrahydrobiopterin, and 0.2 mmol/L CHAPS. The [3H]cit-
rulline generated was separated from [3H]arginine by ion exchange columns and
quantified as described above.

Measurement of biopterin derivatives. Culture medium was collected and
endothelial monolayers were detached with trypsin/EDTA (0.05%/0.02%, vol/vol).
Aliquots of 5 × 106 cells and 1-mL aliquots of medium were oxidized with 0.02
mol/L KI/I2 in 0.1 mol/L HCl or in 0.1 mol/L NaOH for 1 h in the dark. The precip-
itates were removed by centrifugation and excess iodine was destroyed by the addi-
tion of 0.02 mol/L ascorbic acid. Quantification of biopterin in supernatants was
performed by high-performance liquid chromatography (HPLC) as described (87).
The amount of 5,6,7,8-tetrahydrobiopterin was calculated from the difference in
biopterin concentrations measured after oxidation in acid (total biopterins) and base
(7,8-dihydrobiopterin + biopterin). Additionally, nonoxidized supernatants were
used to determine biopterin.

Determination of GTP cyclohydrolase I (GTP-CH I) expression and activity.
Extraction of total RNA from endothelial cells, electrophoresis on 1% agarose/6%
formaldehyde gels, Northern blotting, and hybridization of the blots with 106

cpm/mL [32P]dCTP-labeled probe for human GTP cyclohydrolase I, obtained by
polymerase chain reaction using consensus primers to GTP cyclohydrolase I from
Escherichia coli, mouse and human, were performed according to standard proto-
cols. GTP-CH I activity in cytosolic fractions from endothelial cells was measured
as described (87).

Copyright © 2002 AOCS Press



Statistical analysis. All data are given as means ± SEM, n = 3–5 independent experi-
ments. To determine the statistical significance of the described results, analysis of
variance with Bonferroni’s correction for multiple comparisons or Student’s t-test for
paired data was performed. A P value of < 0.05 was accepted as significant.

Results and Discussion

Ascorbic Acid Potentiates NO Synthesis in Endothelial Cells

NO synthesis in our study was measured as the formation of citrulline, which is
produced stoichiometrically with NO, and as an accumulation of intracellular
cGMP, which is generated when NO activates the soluble guanylate cyclase of the
cells. Both parameters are increased after cell stimulation with calcium-mobilizing
agonists or shear stress, and this increase can be prevented by eNOS inhibition. To
investigate whether ascorbic acid in concentrations corresponding to physiological-
ly achievable plasma levels (26,30,88) affects agonist-induced NO synthesis, we
preincubated endothelial cells for 24 h with 0.1–100 µmol/L ascorbate before cell
stimulation with ionomycin or thrombin. Figure 5.1 shows that both agonist-
induced citrulline and cGMP formation were increased in a dose-dependent fash-
ion by pretreatment of cells with the compound, thus indicating a potentiation of
endothelial NO synthesis by ascorbic acid. These results were obtained not only in
HUVEC but also in coronary artery endothelial cells (data not shown, see Ref. 84).
Our data are also in good agreement with findings reported by Huang et al. (89)
who measured a potentiation of A23187-induced cGMP accumulation in ascor-
bate-pretreated porcine aortic endothelial cells, whereas ascorbic acid did not affect
the eNOS-independent cGMP formation.

Because cell stimulation was performed in the absence of extracellular ascor-
bate, the effect on endothelial NO synthesis was most likely due to an increase of
intracellular ascorbic acid concentrations. Indeed, under normal culture conditions,
cells are unlikely to be saturated with ascorbic acid because its concentration in
culture media is generally low. Using 100 µmol/L [14C]-labeled ascorbate, we
found an uptake of the compound into endothelial cells that was time dependent
and saturated between 12 and 24 h (Fig. 5.2A). Assuming that ascorbate in nonsup-
plemented cells was negligible, the maximal intracellular ascorbate concentration
was 21.5 ± 3.7 nmol/mg protein as calculated from the specific radioactivity of the
added compound. Thus, these data confirm that endothelial cells can accumulate
ascorbic acid in the low millimolar range at a medium concentration related to the
normal plasma concentration of the antioxidant (42,56). A saturation of intracellu-
lar ascorbate levels at an extracellular concentration of 100 µmol/L might also
explain the lack of further NO synthesis potentiation with higher ascorbic acid sup-
plements in our study. No differences in ionomycin-induced citrulline production
were seen between a 24-h pretreatment of endothelial cells with 100 µmol/L or 1
mmol/L ascorbate (561 ± 40 or 574 ± 40 fmol [3H]citrulline/mg cell protein,
respectively, n = 3). The ascorbic acid uptake is most probably mediated by sodi-
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um-dependent transporters, which have recently been cloned from rat and human
cDNA libraries (90,91). Although these transporters have not yet been character-
ized in endothelial cells, the involvement of an active transport mechanism for
ascorbic acid in these cells has already been demonstrated (56). Interestingly, the
time dependence of the ascorbate effect on endothelial NO synthesis followed a
kinetics similar to the ascorbate uptake (Fig. 5.2B), thus emphasizing the impor-
tance of intracellular ascorbate accumulation for the observed effects of ascorbic
acid on NO synthesis. Moreover, our data suggest that the reductive capacity of the
compound may be essential for the potentiation of NO formation by ascorbate. The
molecular structure of L-ascorbic acid consists of an unsaturated γ-lactone ring
with an enediol configuration conjugated with a carbonyl group (Fig. 5.3). L-
Gulonolactone, an ascorbic acid precursor molecule, is lacking the redox-active
enediol configuration and cannot be transformed into ascorbic acid in human cells

Fig. 5.1. Influence of ascorbic acid on ionomycin- or thrombin-induced citrulline (left
panel) and cGMP (right panel) formation. Endothelial cells from human umbilical
veins were preincubated for 24 h with 0.1–100 µmol/L ascorbic acid in culture medi-
um. Subsequently, cells were stimulated with ionomycin (2 µmol/L, 15 min) or throm-
bin (1 U/mL, 15 min) in Hepes buffer (pH 7.4) containing 10 µmol/L L-[3H]arginine
(0.33 Ci/mmol) for the measurement of citrulline formation or 0.5 mmol/L isobutyl-
methylxanthine for cGMP determinations. The [3H]citrulline generated was separated
from [3H]arginine by cation exchange chromatography and quantified by liquid scin-
tillation counting. The accumulated cGMP was measured in cellular extracts by
radioimmunoassay. Data are shown as agonist-induced increases in [3H]citrulline for-
mation or cGMP production calculated from the differences between stimulated and
unstimulated cells (means ± SEM, n = 4); cells with and without ascorbate pretreat-
ment were compared, *P ≤ 0.05.
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due to the absence of the enzyme gulonolactone oxidase. Accordingly, it did not
affect ionomycin-induced citrulline or cGMP synthesis when incubated with
endothelial cells. On the other hand, dehydroascorbic acid, which is partially con-
verted back to ascorbate by glutathione-dependent reactions (92), exerted a partial
stimulatory effect (Fig. 5.3).

Fig. 5.2. Time-dependence of the uptake of [14C]ascorbic acid and the effect of ascor-
bate on ionomycin-induced citrulline and cGMP formation. Endothelial cells were
preincubated with 100 µmol/L [14C]ascorbic acid (16 mCi/mmol) (A) or 100 µmol/L
unlabeled ascorbate (B) for the indicated times. Then, cells were washed, solubilized,
and analyzed for the cell-associated radioactivity (A). Alternatively, cells were stimulat-
ed with ionomycin (2 µmol/L, 15 min) and either citrulline or cGMP formation was
measured (B). Data are shown as cpm incorporated [14C]ascorbic acid/mg cell protein
(means ± SEM, n = 3) (A) or as ionomycin-induced increases in [3H]citrulline or cGMP
production calculated from the differences between stimulated and unstimulated cells
(means ± SEM, n = 4) (B). *P < 0.05 vs. untreated control cells. Reprinted with permis-
sion from Ref. 84.
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Ascorbic Acid Enhances the Availability of the NOS Cofactor
Tetrahydrobiopterin

The data reported above demonstrated that ascorbic acid potentiates agonist-
induced NO formation in cultured endothelial cells in a dose- and time-dependent
fashion. The effect was saturated within physiologically relevant concentrations,
related to an intracellular ascorbate accumulation and dependent on the redox-
active enediol group of ascorbic acid. We next performed experiments to investi-
gate mechanisms responsible for the observed effects. In agreement with other
studies (89,93), preincubation of endothelial cells with ascorbate neither induced
the expression of eNOS nor affected its subcellular distribution between membrane
and cytosolic fractions (data not shown, details in Ref. 84). Similarly, an increased
availability of the eNOS substrate L-arginine did not account for the potentiation of
NO synthesis because ascorbic acid did not improve the cellular uptake of this
amino acid (data not shown, details in Ref. 84). However, we found that the effect
of ascorbate on agonist-stimulated citrulline and cGMP production was mimicked
by pretreatment of the cells with increasing concentrations of sepiapterin
(0.001–10 µmol/L, 24 h) (Fig. 5.4). This compound is readily taken up by cells and
converted into tetrahydrobiopterin via a salvage pathway (94). Its potentiating

Fig. 5.3. Comparison of the effects of ascorbic acid, dehydroascorbic acid, and gulono-
lactone on ionomycin-induced citrulline and cGMP formation. Endothelial cells from
umbilical veins were preincubated for 24 h with 100 µmol/L of the respective com-
pounds, stimulated for 15 min with 2 µmol/L ionomycin, and processed for either cit-
rulline or cGMP measurement. Data are shown as agonist-induced increases in [3H]cit-
rulline formation or cGMP production calculated from the differences between stimulat-
ed and unstimulated cells (means ± SEM, n = 4), *P < 0.05 vs. untreated control cells.
The right panel shows the molecular structures of the compounds tested.
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effect on endothelial NO formation indicates that eNOS is not saturated with its
cofactor tetrahydrobiopterin thus confirming previous studies from cultured
endothelial cells (68,70). Interestingly, sepiapterin abolished the potentiating effect
of ascorbic acid on NO production in a concentration-dependent manner (Fig. 5.4),
suggesting that ascorbate exerts its effect on NO synthesis only under suboptimal
intracellular tetrahydrobiopterin concentrations. Accordingly, we hypothesized that
ascorbic acid may either enhance the availability of tetrahydrobiopterin in endothe-
lial cells or increase its affinity for eNOS.

To test the latter possibility, we performed experiments with tetrahydro-
biopterin-free eNOS expressed in and purified from Pichia pastoris as described
recently (86). The enzyme was inactive in the absence of exogenous tetrahydro-
biopterin. The addition of the pteridine (1 nmol/L–100 µmol/L) stimulated the for-
mation of citrulline in a concentration-dependent manner with a 50% effective
concentration (EC50) of 0.31 ± 0.036 µmol/L and a maximal effect at ~100 µmol/L
(Fig. 5.5). The presence of 100 µmol/L ascorbic acid in the assay solution resulted
only in a slight decrease of the EC50 to 0.16 ± 0.014 µmol/L without significant
increase in maximal enzyme activity. From these data, we concluded that ascorbate

Fig. 5.4. Influence of sepiapterin on ascorbic acid–induced potentiation of citrulline and
cGMP formation. Endothelial cells were preincubated for 24 h with 0.001–10 µmol/L
sepiapterin in culture medium in the absence or presence of 100 µmol/L ascorbic acid.
Subsequently, cells were stimulated in Hepes buffer (pH 7.4) for 15 min with 2 µmol/L
ionomycin and either citrulline or cGMP formation was measured. Data are shown as
agonist-induced [3H]citrulline formation or cGMP production calculated from the differ-
ences between stimulated and unstimulated cells (means ± SEM, n = 4); cells with and
without ascorbate pretreatment were compared, *P < 0.05. Reprinted with permission
from Ref. 85.
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does not substantially modify the pterin affinity of the enzyme. Interestingly,
ascorbate did not activate eNOS in the absence of exogenous tetrahydrobiopterin,
indicating that it does not act as a cofactor for eNOS itself.

We next investigated the influence of ascorbic acid on intracellular tetrahydro-
biopterin concentrations. We found that the preincubation of endothelial cells with
ascorbic acid (100 µmol/L, 24 h) increased intracellular tetrahydrobiopterin levels
from 0.38 ± 0.04 to 1.14 ± 0.09 pmol/mg protein (n = 20). The effect of ascorbic
acid on endothelial tetrahydrobiopterin levels was concentration dependent and
saturable at 100 µmol/L (Fig. 5.6). Thus, there is a close relationship between
intracellular ascorbic acid accumulation, the potentiation of agonist-induced cit-
rulline and cGMP synthesis, and the increase of tetrahydrobiopterin levels induced
by ascorbate, suggesting that intracellular tetrahydrobiopterin concentration and,
consequently, NO formation are critically dependent on the tissue levels of ascor-
bate. From the data presented in our study, we can speculate that intracellular
ascorbate levels of ~2 mmol/L and tetrahydrobiopterin levels in the range of 200
nmol/L provide optimal reaction conditions for NO formation in endothelial cells.

Fig. 5.5. Influence of ascorbic acid on tetrahydrobiopterin dependence of the activity of
the endothelial NOS isoform (eNOS). Enzyme assays were performed in the absence or
presence of 100 µmol/L ascorbate with tetrahydrobiopterin-free recombinant eNOS
purified from the yeast Pichia pastoris. The assay solution contained 50 mmol/L Tris-HCl
buffer (pH 7.4), 0.3 µg/100 µL eNOS, 100 µmol/L L-[3H]arginine (100,000 cpm), 0.5
mmol/L CaCl2, 0.2 mmol/L NADPH, 5 µmol/L FAD, 5 µmol/L FMN, 10 µg/mL calmod-
ulin, 10 nmol/L–100 µmol/L tetrahydrobiopterin and 0.2 mmol/L CHAPS. After 10 min
at 37˚C, the mixture was subjected to cation exchange chromatography and [3H]cit-
rulline was quantified by liquid scintillation counting (means ± SEM, n = 3). Reprinted
with permission from Ref. 85.
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Our results are in agreement with two recent reports showing that an enhanced
eNOS activity after ascorbic acid pretreatment was associated with an increase of
intracellular tetrahydrobiopterin levels in porcine aortic endothelial cells and
HUVEC (89,93). Moreover, conditions that are thought to be associated with
tetrahydrobiopterin deficiency (i.e., coronary artery disease or smoking) have been
characterized by low ascorbic acid levels in plasma or leukocytes (16,17,95,96)
and are known to be associated with an impaired NO-dependent vasodilation.
Taken together, these data led us to the suggestion that increased availability of
tetrahydrobiopterin could be a common mechanism underlying the improvement of
endothelial dysfunction in patients with chronic oral ascorbic acid administration.

Ascorbic Acid Protects Tetrahydrobiopterin from Oxidation

The findings presented so far have related the potentiating effect of ascorbic acid on
endothelial NO synthesis to an increase in intracellular tetrahydrobiopterin levels. We
next attempted to understand whether the improved availability of tetrahydrobiopterin
was due to an enhanced synthesis or to a decreased degradation of the compound.
Tetrahydrobiopterin is synthesized de novo from GTP by the sequential action of three
enzymes, GTP cyclohydrolase I, 6-pyruvoyl-tetrahydropterin synthase, and sepi-

Fig. 5.6. Effect of ascorbic acid on intracellular tetrahydrobiopterin levels. Endothelial
cells from human umbilical veins were preincubated for 24 h with 1 µmol/L–1 mmol/L
ascorbic acid in culture medium. Aliquots of 5 × 106 cells were oxidized with 0.02
mol/L KI/I2 in 0.1 mol/L HCl or 0.1 mol/L NaOH and the resulting biopterin was quanti-
fied by reversed-phase high-performance liquid chromatography. Tetrahydrobiopterin
was calculated from the difference in biopterin concentration after oxidation in acid and
base. Data are shown as means ± SEM from 5 experiments. *P < 0.05 vs. untreated con-
trol cells. Reprinted with permission from Ref. 85.
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apterin reductase (Fig. 5.7). GTP cyclohydrolase I has been shown to be the rate-limit-
ing enzyme of the de novo pathway and to be regulated by cytokines such as TNF-α,
IFN-γ, and interleukin-1β in a number of cell types including endothelial cells
(68,70,97,98). We first investigated whether ascorbic acid affects the expression and
activity of GTP cyclohydrolase I. Because the expression of this enzyme in endothe-
lial cells is generally low, experiments were carried out with cells pretreated without
and with cytokines (250 U/mL TNF-α, 250 U/ml IFN-γ and 1 µg/mL LPS, 24 h) to
induce enzyme expression. Figure 5.8A shows that the mRNA expression of GTP
cyclohydrolase I was upregulated by cytokines but no differences were seen between
ascorbate-treated cells and their respective controls. Similarly, ascorbic acid did not
affect GTP cyclohydrolase I activity when added to cytosolic fractions of cytokine-
treated cells, suggesting that the compound does not act as a direct cofactor of the
enzyme (Fig. 5.8B). These results suggest that the effect of ascorbic acid on intracellu-
lar tetrahydrobiopterin level is not due to an increased synthesis of the compound.
Accordingly, inhibition of tetrahydrobiopterin formation by DAHP, an inhibitor of
GTP cyclohydrolase I (99), did not prevent the ascorbate-mediated increase of the
pteridine although it substantially decreased tetrahydrobiopterin levels in both control
and ascorbic acid-treated endothelial cells (Fig. 5.9). In parallel, ionomycin-stimulated
formation of citrulline and cGMP was decreased upon pretreatment of the cells with

Fig. 5.7. Biosynthetic pathways and oxidative degradation of 5,6,7,8-tetrahydro-
biopterin.
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DAHP in controls and in the presence of ascorbic acid, but the potentiating effect of
ascorbate was maintained (Fig. 5.9).

Because ascorbic acid did not affect tetrahydrobiopterin synthesis, we speculated
that it might act by preventing the degradation of the compound. 5,6,7,8-
Tetrahydrobiopterin is oxidized intracellularly to the quinonoid 6,7[8H]-dihydro-
biopterin, which spontaneously rearranges to 7,8-dihydrobiopterin (100). The latter is
further degraded to biopterin (Fig. 5.7). To investigate whether ascorbic acid prevents
degradation of tetrahydrobiopterin, the levels of tetrahydrobiopterin, 7,8-dihydro-
biopterin, and biopterin in cells and cell supernatants were measured and balanced on
the basis of pmol pteridines/dish. The experiments were performed in cells coincubat-
ed with ascorbate (1–100 µmol/L ascorbic acid, 24 h) and cytokines (250 U/mL TNF-
α, 250 U/mL IFN-γ and 1 µg/mL LPS, 24 h) to increase pteridine production. Fig.
5.10 shows that the sum of all biopterin derivatives in cells and media was not influ-
enced by ascorbate, confirming the lack of an effect on pterin biosynthesis. However,
the ascorbic acid–induced increase of intracellular tetrahydrobiopterin was paralleled
by a decrease of 7,8-dihydrobiopterin + biopterin in cells and cell supernatants.
Interestingly, ~90% of the dihydrobiopterin + biopterin formed in endothelial cells

Fig. 5.8. Effect of ascorbic acid on GTP cyclohydrolase mRNA expression and activity.
(A) Total RNA was extracted from endothelial cells preincubated for 24 h with 100
µmol/L ascorbic acid in the absence or presence of a mixture of cytokines (250 U/mL
tumor necrosis factor-α, 250 U/mL interferon-γ) and lipopolysaccharide (1 µg/mL). After
electrophoresis on 1% agarose/6% formaldehyde gels (20 µg/lane) the RNA was blotted
on nylon membranes and hybridized overnight with [32P]dCTP-labeled probes for
human GTP cyclohydrolase I (GTP-CH I) and human glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). One typical experiment out of three is shown. (B) GTP-CH I activi-
ty was measured in cytosolic fractions from cytokine-treated endothelial cells in the
absence or presence of 100 µmol/L ascorbate. Data are expressed as pmol
neopterin/(mg cytosolic protein·min) (means ± SEM, n = 3). Panel (A) was reprinted with
permission from Ref. 85.
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was released into the medium in control cells, whereas tetrahydrobiopterin was not
detectable in supernatants of both control and ascorbate-treated cells. Our data suggest
that a chemical stabilization of the fully reduced pterin by ascorbate is the underlying
mechanism for the increased intracellular tetrahydrobiopterin concentration. The sta-
bilizing function of ascorbate is most likely due to a chemical reduction of the
quinonoid 6,7[8H]-dihydrobiopterin to tetrahydrobiopterin, which had already been
demonstrated for other reducing compounds such as dithioerythritol and NADPH.
Moreover, Toth and co-workers (101) confirmed in a recent study that ascorbate
mediated the reductive reversal of the autoxidation process of tetrahydrobiopterin.
Another possible mechanism is the regeneration of tetrahydrobiopterin from its trihy-
drobiopterin radical by ascorbate, which has been shown in in vitro experiments
(102). This action could possibly also support eNOS activation because the trihydro-
biopterin radical is formed in the catalytic mechanism of NOS. However, the protec-
tive effect of ascorbate in our study was prominent in intact cells and only minimal
with the purified eNOS, although this was possibly due to the presence of reducing

Fig. 5.9. Influence of 2,4-diamino-6-hydroxypyrimidine (DAHP) on ascorbic acid–medi-
ated increase of tetrahydrobiopterin levels and potentiation of citrulline and cGMP for-
mation. Endothelial cells were preincubated for 24 h with 0.5–1.0 mmol/L DAHP in cul-
ture medium in the absence or presence of 100 µmol/L ascorbic acid. Subsequently,
cells were stimulated for 15 min in Hepes buffer (pH 7.4) with 2 µmol/L ionomycin and
processed for either citrulline or cGMP measurement. Additionally, biopterin levels
were measured by reversed-phase high-performance liquid chromatography after oxida-
tion of cells with 0.02 mol/L KI/I2 in 0.1 mol/L HCl or 0.1 mol/L NaOH; tetrahydro-
biopterin was calculated from the difference. Data are shown as means ± SEM (n = 4).
Controls and DAHP-treated cells (+) and cells with and without ascorbate pretreatment
(*) were compared, +*P < 0.05. Reprinted with permission from Ref. 85.
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agents in the enzyme assay. On the other hand, a stimulating ascorbate effect has been
seen in lysates from HUVEC and in bovine eNOS preparations with higher ascorbate
concentrations and under different assay conditions (89,93). It is not yet known which
agents cause an increased tetrahydrobiopterin oxidation in vivo. In vitro studies have
shown that tetrahydrobiopterin is a primary target for peroxynitrite-catalyzed oxida-
tion but does not significantly react with hydrogen peroxide (103). Interestingly, a cell
membrane-permeable superoxide dismutase mimetic was not able to increase tetrahy-
drobiopterin levels in endothelial cells, although a significant effect of ascorbic acid
was observed in that study (93). Thus, superoxide anion might not be involved in
tetrahydrobiopterin oxidation in endothelial cells and moreover, the stabilizing effect

Fig. 5.10. Effect of ascorbic acid on tetrahydrobiopterin stability in intact cells.
Endothelial cells were preincubated for 24 h with 250 U/mL tumor necrosis factor-α,
250 U/mL interferon-γ and 1 µg/mL lipopolysaccharide in the absence or presence of
1–100 µmol/L ascorbic acid. Aliquots of 2 × 106 cells and 1-mL aliquots of cell super-
natants were oxidized with 0.02 mol/L KI/I2 in 0.1 mol/L HCl or 0.1 mol/L NaOH and
the resulting biopterin was quantified by reversed-phase high-performance liquid chro-
matography. Biopterin levels after oxidation in base indicate the amount of dihydro-
biopterin + biopterin, whereas tetrahydrobiopterin was calculated from the difference in
biopterin concentration after oxidation in acid and base. To balance biopterin deriva-
tives in cells and medium, pteridine levels were calculated in pmol/dish. Data are
shown as means ± SEM from 3 experiments. *P < 0.05 vs. levels of biopterin derivatives
in untreated control cells. Reprinted with permission from Ref. 85.
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of ascorbate on tetrahydrobiopterin may not involve superoxide scavenging. Finally,
in this context, it is worth noting that the increased availability of tetrahydrobiopterin
in endothelial cells saturated with ascorbic acid will not only potentiate NO formation
but also decrease superoxide formation by eNOS by preventing uncoupling of oxygen
reduction and arginine oxidation (86,104,105), thereby further decreasing oxidative
stress in endothelial cells.

Summary

There is strong indication that a decreased bioavailability of endothelium-derived
NO predisposes to atherosclerosis and related disease states. Among other factors,
oxidative stress might be responsible for the development of endothelial dysfunc-
tion, implying that atherogenesis and progression of atherosclerosis can be inhibit-
ed by antioxidants. This concept is supported by the consistent finding that ascor-
bic acid can facilitate endothelium-dependent vasodilation. The data presented and
discussed in this paper provide evidence that one of the possible mechanisms by
which ascorbate might prevent or ameliorate endothelial dysfunction is its potenti-
ating effect on endothelial NO synthesis. This is due to the ability of ascorbic acid
to protect tetrahydrobiopterin, an essential cofactor of eNOS, from oxidation and
requires saturated intracellular ascorbate levels as well as the reductive capacity of
the compound. The role of ascorbic acid in increasing eNOS activity and possibly
preventing endothelial dysfunction could provide a rationale for optimizing its
dietary intake or for oral ascorbate supplementation and must be confirmed in clin-
ical long-term studies. In this context, it seems to be important that not only plasma
levels but also tissue concentrations (in leukocytes for example) of ascorbic acid
will be measured to evaluate the body status of ascorbate and its relationship to NO
synthesis and bioavailability.
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Chapter 6

Serum Ascorbic Acid and Disease Prevalence in U.S.
Adults: The Third National Health and Nutrition
Examination Survey (NHANES III)

Joel A. Simon

University of California, San Francisco and the San Francisco VA Medical Center, San Francisco,
CA

Introduction

Ascorbic acid is an essential nutrient required for multiple biologic functions. During
the course of evolution, humans along with other primates lost the ability for the
hepatic biosynthesis of ascorbic acid due to a mutation in L-gulonolactone oxidase,
the enzyme that controls the conversion of glucose to ascorbic acid (1,2). This inborn
error of carbohydrate metabolism for our species has resulted in the dependence of
humans on dietary consumption to achieve blood and tissue levels sufficient for the
maintenance of health (1). The clinical features of scurvy, resulting from severe ascor-
bic acid deficiency, are well described (3). In addition to preventing scurvy, ascorbic
acid functions as a water-soluble antioxidant (4) and has other important biologic
actions that may be unrelated to its antioxidant properties.

To examine the relation of ascorbic acid to a number of health conditions, we
undertook an examination of data collected in the Third National Health and Nutrition
Examination Survey (NHANES III), a cross-sectional survey based on a probability
sample of the U.S. population conducted between 1988 and 1994 by the National
Center for Health Statistics (5). Although NHANES III collected dietary intake infor-
mation using a 24-h recall and a food-frequency questionnaire, it importantly also
measured serum ascorbic acid levels using modern high-performance liquid chro-
matography (HPLC) (6), an improvement over the previous colorimetric assay
employed in NHANES II (7). Having serum levels of ascorbic acid, which reflect
dietary and supplement intake, permitted a more precise and accurate estimation of
the relation between ascorbic acid and health conditions than might typically be avail-
able using dietary intake estimations only. This chapter will review and summarize
the findings of our research efforts using the NHANES III data set and will present
some new findings relating to the association between ascorbic acid and nontradition-
al cardiovascular disease (CVD) risk factors.
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Serum Ascorbic Acid and Cardiovascular Disease

Ascorbic acid may reduce the risk of CVD through several mechanisms. First, ascorbic
acid is a highly effective water-soluble antioxidant (4) capable of inhibiting lipid perox-
idation (8–12), which has been hypothesized to be an important factor in atherogenesis
(13,14). Some studies have reported that ascorbic acid may increase concentrations of
high density lipoprotein cholesterol and decrease concentrations of total cholesterol, at
least under certain conditions (15–18). Ascorbic acid also promotes endothelial prosta-
cyclin (19–21) [a prostaglandin that decreases vascular tone and inhibits platelet aggre-
gation (22)] and nitric oxide production, thereby resulting in vasodilatation (23, 24).

An association between ascorbic acid status and CVD, however, has been reported
inconsistently (15,25). James Lind’s (3) descriptions of sudden cardiac death among
sailors with scurvy in 1757 provide the earliest intriguing evidence that ascorbic acid
status may influence coronary heart disease (CHD) events. Recently published longitu-
dinal data from the NHANES II Mortality Study, in fact, suggest that low to marginally
low serum levels of ascorbic acid may indeed be a risk factor for CHD mortality (25).

In our examination of data from the earlier NHANES II, conducted between 1976
and 1980, we reported that serum ascorbic acid levels were independently associated
with a decreased prevalence of self-reported CHD (defined as angina and myocardial
infarction) and stroke; a 0.5 mg/dL increase in serum ascorbic acid level was associated
with an 11% reduction in CHD and stroke prevalence (26). In NHANES III, we detect-
ed an interaction between serum ascorbic acid concentration and alcohol intake; thus,
we performed analyses stratified by drinking status (27). Among participants who
reported no alcohol consumption, serum ascorbic acid concentrations were not associ-
ated with CVD prevalence. However, among participants who consumed alcohol,
serum ascorbic acid concentrations consistent with tissue saturation (1.0–3.0 mg/dL)
were associated with a decreased prevalence of angina [multivariate odds ratio (OR) =
0.48; 95% confidence interval (CI) 0.23–1.03; P for trend = 0.06], but were not signifi-
cantly associated with myocardial infarction or stroke prevalence. Because the metabo-
lism of alcohol may be linked to ascorbic acid status, a biologic interaction is indeed
plausible (28). Blood ascorbic acid concentrations have been reported to be strongly
correlated with the activity of hepatic alcohol dehydrogenase, the principal enzyme in
alcohol metabolism (29), and both alcohol and ascorbic acid are known to have
vasodilatory properties (19,30). It is conceivable, therefore, that alcohol and ascorbic
acid may interact synergistically to affect angina, as we found in NHANES III.

Serum Ascorbic Acid and Gallbladder Disease

Gallbladder disease is highly prevalent among adult Americans, and as many as 20
million Americans are estimated to have gallstones (31). Most gallstones are com-
posed either partially or entirely of cholesterol (31–33) and form when bile that is
supersaturated with cholesterol becomes destabilized (34). In the guinea pig, an ani-
mal that like humans lacks the ability to biosynthesize ascorbic acid (35), ascorbic
acid affects the activity of cholesterol 7α-hydroxylase, the enzyme regulating the rate-
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limiting step in the catabolism of cholesterol to bile acids (36–39). Ascorbic acid sup-
plementation increases cholesterol 7α-hydroxylase activity by as much as 15-fold
compared with ascorbic acid–deficient guinea pigs (39), which typically develop cho-
lesterol gallstones (40–43). Because of the animal evidence and the observation that
gallbladder disease risk factors in humans are frequently associated with ascorbic acid
status, I hypothesized in 1993 that ascorbic acid status might also be a risk factor for
human gallbladder disease (44).

To ascertain whether ascorbic acid status is associated with gallbladder disease in
humans, and particularly with the presence of asymptomatic gallstones, we analyzed
data collected in NHANES III that included serum ascorbic acid levels and informa-
tion on gallbladder disease among >13,000 American adults. A total of 11% of
women and 4% of men had a history of clinical gallbladder disease (i.e., either symp-
tomatic gallstones or a cholecystectomy). Of the NHANES III participants without a
history of clinical gallbladder disease (or abdominal pain consistent with gallbladder
disease), 8% of women and 6% of men had asymptomatic gallstones. Among women,
serum ascorbic acid level was inversely related to the prevalence of clinical and
asymptomatic gallbladder disease independent of other gallbladder disease risk fac-
tors, such as age, race, diet, and body mass index. Each 0.5 mg/dL increase in serum
ascorbic acid levels was associated with an ~13% lower prevalence of both clinical
gallbladder disease (P = 0.006) and asymptomatic gallstones (P < 0.05) (45). We
found no significant relation between serum ascorbic acid level and gallbladder dis-
ease among men although the OR estimates were consistent with a small protective
effect (0.97 for clinical gallbladder disease and 0.91 for asymptomatic gallstones).
The findings among men may reflect the lower prevalence of gallbladder disease
among men and, as a consequence, the associated reduced statistical power to detect
such an association.

The data on asymptomatic gallstones are particularly important. From the
NHANES III cross-sectional data, we cannot exclude the possibility that participants
changed their diets after being told they had gallbladder disease. Although it seems
unlikely that women would consume less ascorbic acid–containing foods and supple-
ments as a consequence of learning of gallbladder disease (thereby producing our
findings), this possibility cannot be excluded. However, because NHANES III also
collected abdominal ultrasound data on its participants, our findings relating to the
presence of asymptomatic gallstones strengthen the hypothesis that ascorbic acid sta-
tus may indeed be an important risk factor for gallstone formation, at least among
women. Furthermore, the magnitude of the association between serum ascorbic acid
levels and gallbladder disease prevalence was the same for both clinical and asympto-
matic gallbladder disease among women, providing additional circumstantial evidence
that the observed association reflects a true biological relationship. These NHANES
III findings are the fourth study to report an association between ascorbic acid intake
or blood levels and prevalence of gallbladder disease in women (45–48). It is the only
one to have data on the presence of asymptomatic gallstones.

Copyright © 2002 AOCS Press



Serum Ascorbic Acid, Bone Mineral Density, and Fractures

Osteoporosis, affecting both women and men, is highly prevalent among older
Americans, and is an important risk factor for clinical fractures (49). Ascorbic acid
deficiency has been associated with decreased collagen synthesis and bone mineral
density (BMD) in a few experimental animal studies (50,51). In animals, such defi-
ciency affects vitamin D metabolism and binding and, in turn, the risk of osteoporosis
(52). Ascorbic acid has also been reported to affect markers of osteoblast activity (53).
In humans, some observational studies (54–61), but not all (62) have reported an asso-
ciation between ascorbic acid intake or blood levels and BMD. Although marked
abnormalities in bone metabolism and growth have been described among children
with scurvy (63), the relation of ascorbic acid to BMD over a wide range of intakes
and blood levels has not been reported previously among a representative sample of
the U.S. population. On the basis of the observation that ascorbic acid is a nutrient
essential for collagen formation and normal bone development (63), we hypothesized
that ascorbic acid status would be associated with BMD.

We analyzed data collected in NHANES III to examine whether dietary ascorbic
acid intake and serum ascorbic acid levels were associated with BMD (measured at
the proximal femur) and the prevalence of self-reported fractures of the hip, wrist, and
spine (64). Because other investigators have described possible interactions between
ascorbic acid and calcium intake (60), smoking (61), and postmenopausal estrogen
therapy (59) on BMD or fracture, we also were interested in exploring whether these
factors modified the association between ascorbic acid, BMD, and self-reported frac-
tures. We identified three-way interactions between smoking, history of estrogen use,
and dietary and serum ascorbic acid among postmenopausal women and therefore,
analyzed the data for postmenopausal women stratified by smoking and estrogen use.
We found that dietary ascorbic acid intake was independently associated with greater
BMD among premenopausal women (P = 0.002). Among men, serum ascorbic acid
was associated in a nonlinear fashion with BMD (P < 0.05), and dietary ascorbic acid
intake was associated in a nonlinear fashion with self-reported fracture (P = 0.05) (see
Fig. 6.1). Among postmenopausal women without a history of smoking or estrogen
use, serum ascorbic acid was unexpectedly associated with lower BMD (P = 0.01).
However, among postmenopausal women with a history of both smoking and estro-
gen use, serum ascorbic acid was associated with a 49% decrease in fracture preva-
lence (P = 0.001).

Ascorbic acid deficiency has been associated with osteoporosis in Black South
African men in several older studies (54–56). More recent studies have examined
dietary and supplement intake of ascorbic acid as a correlate of BMD (58–60, 65–68)
or hip fracture (61). With the exception of the Honolulu Heart Study, which included
men of Japanese ancestry (65), these other studies included only women
(58–61,66–68) and none examined the relation of blood ascorbic acid levels to BMD
or fracture. Our findings suggest that the relation between ascorbic acid, BMD, and
prevalence of fractures differs between men and women and may be modified among
postmenopausal women by use of tobacco and postmenopausal hormones.
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Fig. 6.1. Serum ascorbic acid and hip bone mineral density (A) and dietary ascorbic acid
and self-reported fracture (B) among men. The relation of predicted hip bone mineral
density (BMD) (gm/cm2) among men enrolled in the Third National Health and
Nutrition Examination Survey (NHANES III), 1988–1994 is expressed as a function of
serum ascorbic acid (mg/dL) (A) and that of self-reported fracture as a function of dietary
ascorbic acid intake (B). The figures are based on a multivariate model that adjusted for
age, race, level of education, physical activity, body mass index, use of thiazide diuret-
ics, dietary intake of calories, fat, protein, calcium, caffeine, and alcohol; history of
smoking (never/past/current), history of diabetes, and serum levels of thyroid stimulating
hormone, vitamin D, and vitamin E. Multivariate analyses revealed significant linear and
quadratic terms for serum ascorbic acid and dietary ascorbic acid intake (both P < 0.05).
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Serum Ascorbic Acid and Lead Poisoning

Lead pollution is an important public health problem (69). Because millions of
American children are believed to have elevated blood lead levels, screening pro-
grams for childhood lead exposure have been established by the Centers for Disease
Control (69). In 1984, as many as 3–4 million children were estimated to have blood
lead levels >15 µg/dL (70) and even lower levels of lead exposure among children
have been associated with adverse neuropsychological development (71). Work-relat-
ed lead exposure has also been targeted as an area of concern by the Occupational
Safety and Health Administration (69).

Calcium EDTA and other chelators are standard treatments for lead poisoning.
Several animal studies, have examined the effect of ascorbic acid on lead toxicity. In
rats fed a lead-containing diet, combined dietary supplementation with iron and ascor-
bic acid prevented growth depression and anemia, and lowered detectable lead levels
in liver, kidney, and bone (72). These beneficial effects, however, were transient (73).
Comparing the chelating effects of oral ascorbic acid and parenterally administered
EDTA in lead-poisoned rats, Goyer and Cherian (74) reported that ascorbic acid and
EDTA had equivalent chelating properties. The few published older studies among
humans have yielded inconsistent results. Two case series reported significant clinical
improvement among 337 workers with occupational lead exposure after daily admin-
istration of 100 mg of ascorbic acid (75,76). In an uncontrolled trial, the combined
administration of zinc and ascorbic acid was reported to have reduced blood lead lev-
els among 1000 psychiatric outpatients (77). In another study of 85 subjects who vol-
unteered to consume a lead-containing drink, ascorbic acid supplementation produced
small reductions in lead retention (78). Two other small clinical trials, however, con-
cluded that ascorbic supplementation did not lower blood lead levels (79,80). In one
of two these studies, 52 subjects were assigned to receive either ascorbic acid supple-
mentation or placebo (79). Although reported to have no effect, 8 wk of ascorbic acid
supplementation resulted in (nonsignificant) improvement. Compared with the place-
bo group, subjects treated with ascorbic acid were more likely to have a decrease of
>5 µg/dL in blood lead level (relative risk = 0.64; 95% CI, 0.36–1.11; P = 0.10). In
the second study of 45 men (80), 3 mo of ascorbic acid treatment resulted in (non-
significant) 11–23% lower blood lead levels compared with levels in the placebo-
treated group. It is possible that these two studies might have yielded significant
results had larger numbers of participants been enrolled. Most importantly, a recent
small randomized trial by Dawson and colleagues that studied 75 male smokers
revealed that participants randomized to receive 1000 mg of ascorbic acid daily had
an 81% decrease in their blood lead levels after 4 wk of treatment (P < 0.001) (81).
Because there was no difference in urinary lead levels, the authors concluded that
ascorbic acid supplementation likely decreased the absorption of lead from the gas-
trointestinal tract.

To ascertain whether ascorbic acid status was associated with blood lead levels
and particularly with prevalence of elevated blood lead levels, we analyzed data col-
lected in NHANES III that included serum ascorbic acid levels and blood lead levels
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for >19,000 Americans. To our knowledge, there have been no previous reports
examining the relation between ascorbic acid and lead toxicity among a population-
based sample of American adults and youth.

We found that a total of 57 adults (0.4%) and 22 youth (0.5%) (6–17 y old) had
elevated lead levels (≥20 µg/dL for adults and ≥15 µg/dL for youth). Blood lead levels
ranged from 0.5 to 56 µg/dL among adults and from 0.5 to 48.9 µg/dL among youth
(82). Among youth, unadjusted, age-adjusted, and multivariate models revealed that
serum ascorbic acid levels were inversely associated with prevalence of elevated
blood lead levels. Youth in the highest serum ascorbic acid tertile were 89% less like-
ly (95% CI, 65–96) to have elevated blood lead levels compared with youth in the
lowest serum ascorbic acid tertile (multivariate P for trend < 0.002). Among adults,
serum ascorbic acid level was also associated with prevalence of elevated blood lead
levels; all models revealed that serum ascorbic acid levels were inversely associated
with the prevalence of elevated blood lead levels. Compared with adults in the lowest
serum ascorbic acid tertile, adults in the upper two tertiles were ~65–68% less likely
to have elevated blood lead levels (multivariate P for trend = 0.03); ~4% of youth and
2% of adults with the lowest serum ascorbic acid levels had elevated blood lead levels
(see Fig. 6.2).

In the context of the recent report by Dawson and colleagues (81) and the previ-
ous, albeit inconsistent, older reports regarding the effect of ascorbic acid on blood lead
levels, we believe that the relation that we observed in NHANES III is likely real and
not the result of residual confounding or bias. The increased consumption of ascorbic
acid–containing foods and supplements represents a low-risk and potentially highly
efficacious public health intervention with the potential to lower blood lead levels of
the American population, including those segments of the population most at risk.

Serum Ascorbic Acid and Nontraditional CVD Risk Factors

The antioxidant theory of atherosclerosis hypothesizes, in part, that the oxidative mod-
ification of low density lipoprotein cholesterol over time results in vascular damage
and ultimately, atherosclerosis (13,83). If this theory is correct, low blood levels of
antioxidants, such as ascorbic acid, may be important modifiable risk factors for vas-
cular disease (84). Traditional CVD risk factors, such as high blood cholesterol,
hypertension, diabetes, and smoking, only partially account for CVD incidence, and
additional risk factors continue to be identified. Some of these nontraditional CVD
risk factors include markers of inflammation, such as C-reactive protein, plasma fib-
rinogen, and leukocyte count (85). The mechanisms linking some other factors, such
as serum uric acid, homocysteine, creatinine, and albumin, to CVD have yet to be
fully explained.

Because antioxidant status may be correlated with inflammation (86–88), and
additionally, because several studies have indicated that ascorbic acid may have a uri-
cosuric effect (89–91), we were interested in examining the relation of ascorbic acid to
several nontraditional CVD risk factors. We postulated that if significant associations
were identified, then controlling for differences in ascorbic acid status might be
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Fig. 6.2. The relation between serum ascorbic acid concentration in mg/dL and preva-
lence of elevated blood lead levels among (A) 4213 youth ages 6–16 y and (B) 15,365
adults age ≥ 17 y enrolled in the Third National Health and Nutrition Examination
Survey (NHANES III), 1988–1994 based on a multivariate model.
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important when considering whether these nontraditional risk factors were indepen-
dent predictors of CVD. To ascertain whether serum ascorbic acid levels are associat-
ed with nontraditional CVD risk factors, we again analyzed data collected from
NHANES III.

A total of 7345 women and 6390 men, aged 20–90 y enrolled in NHANES III
with complete data were available for these analyses. Analyses of the relation of
serum ascorbic acid levels to nontraditional CVD risk factors are presented in Table
6.1 for women and Table 6.2 for men. Among both women and men, serum ascorbic
acid levels were inversely associated with serum levels of creatinine (P for trend <
0.001) and homocysteine (both P for trend ≤ 0.02) after adjustment for potential con-
founders. Among women, serum ascorbic acid levels were also inversely associated
with plasma levels of fibrinogen (P for trend < 0.01), whereas among men, serum
ascorbic acid levels were directly associated with higher levels of serum albumin (P
for trend = 0.02). We found no association, however, between serum ascorbic acid
levels and levels of serum uric acid or white blood cell count.

Most participants in NHANES III had nondetectable C-reactive protein levels.
Using multivariable logistic regression models, we examined whether serum ascorbic
acid levels were associated with detectable levels of C-reactive protein. Compared
with women in the lowest serum ascorbic acid quartile, women in the highest quartile
had a (nonsignificant) decreased odds of having detectable levels of C-reactive protein
(OR = 0.81; 95% CI, 0.64–1.02; P = 0.08). Using multivariable linear regression
models, serum ascorbic acid was inversely associated with C-reactive protein levels

TABLE 6.1
Relation of Serum Ascorbic Acid to Nontraditional Cardiovascular Disease Risk Factors
Among 7345 Women Enrolled in the Third National Health and Nutrition Survey
(NHANES III) 1988(1994

Quartile of serum ascorbic acid

(n = 1894) (n = 1835) (n = 1791) (n = 1825) P for trend

Median (mg/dL) 0.24 0.68 0.97 1.30
(Range) (0.0–0.47) (0.48–0.83) (0.84–1.11) (1.12–2.95)

Adjusted mean levelsa

Log serum albumin (g/dL) 1.48 1.48 1.49 1.49 0.16
Log serum creatinine (mg/dL)b −0.028 −0.034 −0.054 −0.060 <0.001
Plasma fibrinogen (mg/dL)b 302.7 298.2 293.5 286.5 <0.01
Log serum homocysteine (µmol/L)b 2.12 2.06 2.01 1.98 <0.001
Log serum uric acid (mg/dL) 1.73 1.74 1.74 1.71 0.11
Log leukocyte count (× 109/L) 1.82 1.82 1.81 1.81 0.30
aAdjusted for age, race, body mass index, level of physical activity, current tobacco use, level of education, histo-
ry of hypertension, history of diabetes, alcohol consumption, and aspirin use in the prior month. Uric acid analy-
ses are additionally adjusted for diuretic use; homocysteine analyses are additionally adjusted for red blood cell
folate, dietary intake of vitamin B6, and serum vitamin B12 levels.
bThe number of women participants with complete data available for these analyses was 7329 for serum creati-
nine, 4085 for plasma fibrinogen, and 3605 for serum homocysteine.
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among women with measurable levels (P < 0.001). Men in the highest serum ascorbic
acid quartile had a significant decrease in the odds of having detectable levels of C-
reactive protein compared with men in the lowest serum ascorbic acid quartile (OR =
0.67; 95% CI, 0.49–0.91; P = 0.01). Similar to the findings among women, serum
ascorbic acid levels were independently and inversely associated with C-reactive pro-
tein levels among men with measurable levels (P < 0.01).

Serum Ascorbic and Helicobacter pylori

Chronic infection with Helicobacter pylori is an important risk factor for peptic ulcer
disease (92) and possibly gastric cancer (93,94). Some epidemiologic studies have
also linked lower dietary ascorbic acid consumption with an increased risk for gastric
cancer (95,96). In one animal study, increased consumption of ascorbic acid inhibited
the growth of Helicobacter pylori (97). To ascertain whether serum ascorbic acid is
associated with serologic evidence of infection with Helicobacter pylori and particu-
larly with strains expressing the cagA virulence factor, we recently analyzed data col-
lected from NHANES III that included serum ascorbic acid levels and Helicobacter
pylori serology for >6000 American adults (unpublished results).

Conclusions

Although ascorbic acid functions as an important water-soluble antioxidant, it has
effects separate and apart from its antioxidant properties. We used the NHANES III

TABLE 6.2
Relation of Serum Ascorbic Acid to Nontraditional Cardiovascular Disease Risk Factors
Among 6390 Men Enrolled in the Third National Health and Nutrition Survey (NHANES
III) 1988–1994

Quartile of serum ascorbic acid

(n = 1638) (n = 1587) (n = 1614) (n = 1551) P for trend

Median (mg/dL) 0.16 0.52 0.81 1.12
(Range) (0.0–0.32) (0.33–0.67) (0.68–0.95) (0.96–2.87)

Adjusted mean levelsa

Log serum albumin (g/dL) 1.52 1.53 1.53 1.54 0.02
Log serum creatinine (mg/dL)b 0.231 0.229 0.214 0.198 <0.001
Plasma fibrinogen (mg/dL)b 287.9 286.5 287.4 286.8 0.90
Log serum homocysteine (µmol/L)b 2.38 2.37 2.31 2.30 0.02
Log serum uric acid (mg/dL) 1.95 1.98 1.97 1.94 0.29
Log leukocyte count (× 109/L) 1.82 1.79 1.80 1.79 0.10
aAdjusted for age, race, body mass index, level of physical activity, current tobacco use, level of education, histo-
ry of hypertension, history of diabetes, alcohol consumption, and aspirin use in the prior month. Uric acid analy-
ses are additionally adjusted for diuretic use; homocysteine analyses are additionally adjusted for red blood cell
folate, dietary intake of vitamin B6, and serum vitamin B12 levels.
bThe number of men participants with complete data available for these analyses was 6371 for serum creatinine,
3738 for plasma fibrinogen, and 2721 for serum homocysteine.
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data set to examine the relation of ascorbic acid to CVD and nontraditional CVD risk
factors, gallbladder disease, lead toxicity, bone mineral density, and serologic evi-
dence of infection with Helicobacter pylori.

These analyses have a number of strengths and limitations. First, NHANES III
data are available for analysis to the general public for analysis, with the caveat that
special statistical software and programming expertise are required. Because
NHANES III surveyed a large probability sample of Americans using standardized
questionnaire and laboratory protocols, findings derived from NHANES III should be
generalizable to the U.S. population. Quantitative dietary information was limited by a
single 24-h dietary recall. However, NHANES III measured serum ascorbic acid lev-
els using modern HPLC on a very large sample of the U.S. population, thereby per-
mitting a more reliable assessment of ascorbic acid status as a correlate of disease.
However, as with other observational epidemiologic studies, we cannot exclude the
possibility of residual confounding. Finally, the cross-sectional nature of survey data
mandates that inferences regarding causality be made cautiously.

Data generated from analyses of observational epidemiologic studies, such as
those from NHANES III, have to be integrated with evidence from bench research
and animal studies. In the final analysis, hypotheses generated from such analyses will
still require (when ethical and feasible) to be confirmed in humans using modern clini-
cal trial methodology.
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Chapter 7

Vitamin C Status and Cardiovascular Disease: A Review
of Prospective Studies

Catherine M. Loria

Division of Epidemiology and Clinical Applications, National Heart Lung and Blood Institute,
Bethesda, MD 20892–7934

Introduction

Vitamin C is an essential nutrient for humans and its deficiency has long been known
to cause scurvy (1). Less well understood is the role vitamin C plays in preventing
cardiovascular disease (CVD), the leading cause of mortality in the United States for
over 50 years (2). As an antioxidant, vitamin C may protect lipids, particularly low
density lipoproteins (LDL), from oxidation. Oxidized LDL may contribute to the
development of atherosclerotic lesions through several mechanisms (3,4). The recruit-
ment of monocytes to the vascular intima is increased by oxidized LDL and mono-
cytes can develop into macrophages. Oxidized LDL are more readily taken up by
macrophages than nonoxidized LDL, a process in which macrophages can be convert-
ed to foam cells with later progression to fatty streaks and plaques. Oxidized LDL
inhibit macrophage motility, preventing macrophages from leaving the intima and
facilitating continued uptake of oxidized LDL. Oxidized LDL are also cytotoxic,
leading to cell death, endothelial loss and denudation of the artery. Some antioxidants
can neutralize oxygen-derived free radicals through hydrogen donation, preventing
the chain reaction in which LDL are oxidized (4,5). Vitamin C is the only antioxidant
that has been shown to prevent the initiation of the oxidation chain reaction in lipids
(6), trapping free radicals in the aqueous phase before they can diffuse into lipids such
as LDL.

Vitamin C can also regenerate oxidized vitamin E by reducing it back to its
active form (7); vitamin E has been shown to slow the rate of LDL oxidation (4,6).
Additionally, vitamin C may protect against both the initiation and progression of
coronary heart disease (CHD) through other potential mechanisms. Because vita-
min C is required for collagen synthesis (1), it may be important in maintaining vas-
cular integrity (8). Vitamin C may also have antithrombotic and antiplatelet effects
through its involvement in the synthesis of prostacyclin by the vascular wall
endothelium (8). Vitamin C may affect serum cholesterol concentrations, possibly
through its role in the production of enzymes involved in the biosynthesis or
hydroxylation of cholesterol (9).

However, findings from epidemiologic studies examining the relationship
between vitamin C and CVD have been inconsistent; consequently, the role that vita-
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min C plays in the etiology of CVD remains controversial. Previous prospective
cohort studies have varied in methods for measuring vitamin C status, definitions used
to classify morbidity and mortality, range of intake and serum levels within the study
population, length of follow-up, cohort size and composition (age, gender, exclu-
sions), and ability to control for potential confounders. Such variability may account
for the inconsistent findings regarding vitamin C status and cardiovascular disease.
The purpose of this chapter is to review the evidence from prospective cohort studies
examining the relationship between vitamin C status and CVD mortality, taking into
account the variability in study design.

Materials and Methods

We limited our review to prospective cohort studies that measured vitamin C status
before ascertainment of morbidity and mortality and that used appropriate statistical
techniques to estimate relative risk (RR). We also limited studies to those that exclud-
ed prevalent cases at study entry to avoid potential biases resulting from their inclu-
sion; prevalent cases may be more likely to change their dietary habits as a result of
their disease or their disease may affect blood ascorbate levels. Restriction of the
cohort to those free of disease at baseline also allows examination of the benefits of
vitamin C in primary prevention of CVD. We included studies assessing vitamin C
status measured by both blood assay or dietary intake (including or excluding supple-
ment use). We reviewed studies examining various end points, and studies are
reviewed in descending order of inclusiveness of CVD end points. We also address
whether adjustment was made for potentially confounding variables, particularly
smoking, and how these may affect interpretation of findings.

Studies Using Blood Ascorbate Concentrations

Three studies have examined the relation of blood ascorbate levels to CVD, with two
finding significant associations (Table 7.1). Using the broadest definition of CVD [9th
revision of the International Classification of Disease (ICD-9), codes 390–459],
Simon et al. (10) found that 30- to 75-y-old participants in the second National Health
and Nutrition Examination Survey (NHANES II) with saturated (≥1.1 mg/dL) or nor-
mal (0.5–1.0 mg/dL) compared with marginal (<0.4 mg/dL) serum ascorbate levels
had a 34 and 33% reduced risk, respectively, of dying from CVD over 12–16 y. In a
cohort of roughly the same age but more than twice as large, Khaw et al. (11) found a
significant association between plasma ascorbate quintile and CVD mortality (exclud-
ing rheumatic heart disease and diseases of arterioles and veins from previous defini-
tion) after adjustment for age during 4 y of follow-up. Levels identified as most pro-
tective were consistent with saturation but multivariate-adjusted RR for quintiles were
not presented. However, the multivariate-adjusted RR was 0.64 (0.51–0.78) in men
and 0.81 (0.62–1.06) in women per increase of 0.35 mg/dL serum ascorbate. In the
same NHANES II cohort used in the study by Simon et al. (10), Loria et al. (12) did
not find an association between serum ascorbate quartile and a narrower definition of
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CVD, including end points likely to be affected by antioxidant mechanisms (e.g.,
ischemic heart disease, cerebrovascular disease, sudden death, and diseases of arteri-
oles). Adjustment for potential confounders in multivariate analyses from all three
studies were generally comparable; however, the first two studies used smoking status
(i.e., current, past, never) whereas the last study used average number of cigarettes
smoked per day.

Two of four studies found a significant relation between blood ascorbate and
CHD mortality defined using ICD-9 codes 410–414 (Table 7.1). Plasma ascorbate
quintiles were associated with CHD mortality during 4 y of follow-up; however, these
data were adjusted only for age; multivariate-adjusted RR in men was 0.63
(0.42–0.94) and women 0.56 (0.36–0.87) per increase of 0.35 mg/dL serum ascorbate
(11). In a smaller study of free-living men and women ≥60 y old, Sahyoun et al. (13)
found that participants with plasma ascorbate 1.0–1.5 mg/dL vs. 0.9 mg/dL had a
decreased risk of heart disease mortality; participants with levels ≥1.6 mg/dL also had
an increased risk although it was not significant. Although this study adjusted for a
number of confounders, adjustment was not made for smoking. Two other studies
examining CHD mortality in middle-aged men (14) and elderly men and women (15)
found no significant association with plasma ascorbate. Another study examining the
relation of plasma ascorbate with nonfatal and fatal CHD in middle-aged men failed
to find a significant association (16). Only one study examined the relation between
plasma ascorbate and stroke; elderly men and women in the highest (>0.49 mg/dL)
compared with the lowest (≤0.21 mg/dL) tertile had a 30% decreased risk of dying
from stroke although the RR risk was borderline significant and was adjusted only for
age and sex (15).

Studies Using Vitamin C Intake

Two studies examined the relation between vitamin C intake and broad definitions of
CVD in representative samples of U.S. adults (Table 7.2). The first study, using data
from NHANES I with 13–16 y of follow-up, found that vitamin C intakes >50 mg/d
in combination with vitamin C supplement use had a standardized mortality ratio
(SMR) of 0.7 (17). However, SMR, unlike RR estimates, are estimated using an exter-
nal comparison group and do not permit adjustment for potential confounding factors.
In NHANES II, vitamin C intakes of 32–73 mg/d among men were associated with an
increased (60%) risk of CVD mortality after adjustment for CVD risk factors, supple-
ment use, and total energy intake, but there was no increased risk in the middle two
dietary intake quartiles (Loria, unpublished data). There was no association between
vitamin C intake and CVD mortality among women in NHANES II. This study also
used a narrower definition of CVD than the NHANES I study, excluding rheumatic,
hypertensive and pulmonary heart disease, and diseases of veins.

Four studies examined the relation between vitamin C intake and fatal and nonfa-
tal CHD; however, none yielded significant associations. In a study of U.S. male
health professionals who were 40–75 y of age and followed for 4 y, total vitamin C
intakes (diet and supplements) were not associated with the risk of CHD after adjust-
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TABLE 7.1
Prospective Cohort Studies Examining Serum or Plasma Ascorbate Concentrations and Cardiovascular Disease (CVD)a

Endpoints Exposure
Reference Cohort Gender Age range (y) Cohort size Follow-up (y) (ICD-9) (mg/dL) RR 95% CI

CVD
(10) U.S. Both 30–75 6035 12–16 390–459 <0.4 1.0

0.5–1 0.67 0.5–0.9
1.1–2.7 0.66 0.4–0.99

(11) UK Men 45–79 8860 2–6 400–438 0.4 1.0
0.7 0.9 0.6–1.5
0.8 0.67 0.4–1.2
1.0 0.29 0.2–0.6
1.3 0.29 0.2–0.6

Women 10,636 0.5 1.0
0.9 0.41 0.2–0.9
1.0 0.36 0.2–0.9
1.2 0.6 0.3–1.3
1.5 0.41 0.2–1.0

(12) U.S. Men 30–75 3347 12–16 410–414,427.5, <0.5 1.4 0.9–2.3
428.9,429.2, 0.5–0.9 1.00 0.6–1.5

430–438, 0.9–1.3 1.30 0.9–2.0
440–444 >1.3 1.0

Women 3724 (same) <0.7 0.9 0.6–1.5
0.7–1.2 0.9 0.6–1.4
1.2–1.5 0.9 0.6–1.4

>1.5 1
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CHD
(11) UK Men 45–79 8860 2–6 410–414 0.4 1

0.7 1.18 0.7–2.1
0.8 0.92 0.5–1.7
1.0 0.35 0.2–0.8
1.3 0.32 0.2–0.8

Women 10,636 (same) 0.5 1
0.9 0.23 0.7–0.9
1.0 0.39 0.2–1.2
1.2 0.32 0.1–1.0
1.5 0.07 0.1–0.7

(14) Basel Men Middle-age 2974 12 410–414 <0.4 1.25 NS
(15) Britain Both 65+ 730 20 410–414 <0.21 1

0.21-0.49 0.9 0.6–1.3
>0.49 0.9 0.6–1.3

(13) Boston Both 60+ 725 12 Heart disease 0.9 1
mortality 1.0–1.5 0.51 0.3–0.9

1.6 0.53 0.3–1.1
Fatal or nonfatal MI
(16) Eastern Men 42–60 1605 3–8 Fatal or <0.20 2.08 0.8–5.3

Finland nonfatal MI 0.2–0.58 0.87 0.4–1.9
0.59-0.88 0.62 0.3–1.5
0.89–1.14 0.92 0.4–2.1

>1.14 1.0
Cerebrovascular diseases
(15) Britain Both 65+ 730 20 433–438 <0.21 1

0.21–0.49 1.1 0.7–1.7
>0.49 0.7 0.4–1.1

aAbbreviations: ICD-9, International Classification of Diseases, 9th Revision; RR, relative risk; CI, confidence interval; CHD, coronary heart disease; NS, nonsignificant; MI,
myocardial infarction.
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TABLE 7.2
Prospective Cohort Studies Examining Vitamin C Intake and Cardiovascular Disease (CVD)a

Age Cohort Follow- Endpoints Exposure
Reference Cohort Gender range (y) size up (y) (ICD-9) (mg/d) RR 95% CI

CVD mortality
(17) U.S. Men 25–74 4479 13–16 390–459 <50 mg/d 1.00 0.9-1.1

50 + nosup 1.00 0.9–1.1
50 + sup 0.70 0.5–0.8

Women 6869 (same) <50 mg/d 1.00 0.9–1.1
50 + nosup 1.00 0.9–1.1
50 + sup 0.80 0.6–0.96

Unpublishedb U.S. Men 30–75 3347 12–16 410–414,427.5, <32 1.30 0.8–2.2
428.9,429.2, 32–73 1.60 1.0–2.6

430–438, 74–139 1.20 0.7–2.11
440–444 140+ 1.00

Women 3724 (same) <29 0.80 0.5–1.4
29–73 0.80 0.5–1.2
74–134 0.90 0.6–1.4
135+ 1.00

Fatal and nonfatal CHD
(18) U.S. Men 40–75 39,910 4 Fatal CHD, 92 1.0

nonfatal MI, 149 1.0 0.8–1.3
CABG, 218 1.2 0.9–1.5

angioplasty, 392 1.0 0.8–1.3
stroke 1162 0.9 0.7–1.2

(19) U.S. Women 30–55 87,245 8 CHD Q1 1.0
Q5 0.8 NS

(20) Wales Men 45–59 2423 5 410–414, <34.7 1.50 NS
MI, angina 34.8–43.5 1.30

43.6–52.3 1.40
52.4–66.4 1.30

≥66.5 1.00
(21) Rotterdam Both 55–95 4802 4 I21–I24 <87 1.00

(ICD-10) 87–126 0.94 0.58–1.37
>126 0.88 0.56–1.38
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CHD mortality
(22) Finland Men 30–69 2748 12–16 410–414 ≤60 1.00

(ICD-8) 61–85 0.90 0.6–1.2
>85 1.00 0.7–1.4

Women 2385 ≤61 1.00
62–91 0.50 0.3–0.99
>91 0.50 0.2–0.98

(23) Chicago Men 40–55 5397 24 410–412 21–82 1.00
83–112 1.03
113–393 0.75

100 0.63 0.45–1.02
(15) Britain Both 65+ 730 20 410–414 <28 1.00

28–44.9 0.90 0.7–1.4
≥45 0.80 0.6–1.2

(13) Boston Both 60+ 725 12 Heart 90 1.00
disease 91–387 0.50 0.3–0.9

mortality 388 0.50 0.3–1.1
(24) Iowa Women 55–69 34,486 8 410,412, <112.3 1.00

429.2 112.4–161.3 1.08 0.69–1.69
161.4–226.7 0.85 0.53–1.37
226.8–391.2 0.99 0.61–1.59

>391.3 1.49 0.96–2.30
Cerebrovascular disease
(15) Britain Both 65+ 730 20 433–438 <28 1.00

28–44.9 0.80 0.5–1.2
≥45 0.40 0.2–0.6

(25) Chicago Men 40–55 1843 30 430–434 22–74
436–438 75–97 0.87 0.60–1.26

98–122 0.87 0.60–12.6
123–393 0.71 0.47–1.05

(26) Iowa Women 55–69 34,492 11 430–438 82.4 1.00
138.3 0.69 0.43–1.10
190.6 0.77 0.48–1.21
280.9 0.70 0.42–1.13
678.7 1.24 0.81–1.89

aAbbreviations: ICD-9, International Classification of Diseases, 9th revision; RR, relative risk; CI, confidence interval; sup, supplement use; CHD, coronary heart disease; MI,
myocardial infarction; CABG, coronary artery bypass grafting; Q, quintile; NS, nonsignificant.
bData from Loria, unpublished.Copyright © 2002 AOCS Press



ment for CHD risk factors and intakes of vitamin E and carotene (18). Among 30- to
55-y-old female nurses in the United States followed for 8 y, the risk of CHD was
lower for women in the highest compared with the lowest quintile of total intake
although this association was not significant (19). A study of middle-aged men living
in Wales failed to find significant associations (20). Another study examining morbid-
ity and mortality from acute MI did not yield significant associations in Dutch adults
followed for 4 y (21).

Five studies examined the relation between vitamin C intake and fatal CHD; only
one found a significant association although another tended to be significant. Dietary
vitamin C intake was significantly associated with CHD mortality (ICD-8, codes
410–414) among Finnish women but not Finnish men (22). Women in the middle
(≤61 mg/d) and highest (61–85 mg/d) tertile had a 50% lower risk of CHD mortality
than women in the lowest tertile (<60-61 mg/d) (22). Middle-aged men in Chicago
followed for 24 y who had intakes between 113 and 393 mg/d compared with 21–82
mg/d had a decreased risk of dying from acute MI (ICD-9, codes 410–412) although it
only was borderline significant (23). The RR was significant, however, in nonsmokers
when analyses were stratified (23). Another study examining CHD mortality failed to
find a significant association in elderly adults (15). In a smaller study of free-living
men and women (60 y old, Sahyoun et al. (13) did not find a significant relation
between total vitamin C intake and heart disease mortality, presumably CHD. Another
study examining mortality from acute MI failed to find a significant association in
Iowa women followed for 6 y (24).

One of three studies that examined the relation between vitamin C intake and
stroke found a significant association, whereas another reported only a borderline sig-
nificant finding. Adults ≥65 y old followed for 20 y who consumed >45 mg vitamin
C/d had a 60% reduced risk of dying from stroke compared with those consuming
<28 mg/d (15). However, RR estimates were adjusted for age and sex only and did
not account for other potential confounders. Middle-aged men in Chicago followed
for 30 y who had intakes between 123 and 393 mg/d compared with 22–74 mg/d had
a decreased risk of stroke although it only was borderline significant (25). In a study
of Iowa women 55–69 y of age, there was no increased risk of dying from stroke after
11 y (26).

Discussion

The evidence regarding vitamin C status and CVD from prospective cohort studies
was reviewed, taking into account the variability in study design. Findings were more
likely to be positive when serum ascorbate concentration vs. intake was used to assess
vitamin C status. This observation is not surprising given that these indicators may
measure quite different aspects of vitamin C status, i.e., estimated body ascorbic acid
pool vs. vitamin C intake from foods and supplements. The relationship between vita-
min C intakes and serum ascorbate level is complex because serum levels are sat-
urable (1,27), absorption is dose dependent (1), and may be modified by other factors,
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such as cigarette smoking, disease state, and medications (1,4,28–30). On the basis of
this review of prospective studies, available stores may be the more important aspect
of vitamin C status with respect to CVD than intake level, although the potential for
misclassification associated with dietary assessment methods may also account for
greater inconsistency in studies examining intake levels.

Findings also tended to be positive when a wider definition of CVD was used;
this pattern was observed in studies using both serum concentrations and intake data.
Studies that examined CHD, either fatal or nonfatal, as an end point yielded inconsis-
tent findings, although those using serum ascorbate concentrations tended to be posi-
tive compared with those using vitamin C intake. The evidence for a relationship
between stroke and vitamin C status was also weak. No studies examined the associa-
tion of vitamin C on morbidity alone; it is possible that vitamin C may affect morbidi-
ty differently than mortality. A tendency to positive associations with wider defini-
tions including end points both likely and less likely to be affected by antioxidant
mechanisms suggests that vitamin C may be protective of CVD through multiple
mechanisms, including but not limited to oxidation.

Most of the studies reviewed controlled for important potential confounders;
however, some analyses were adjusted only minimally for age and sex and these
results should be interpreted with caution, especially those that did not adjust for cig-
arette smoking. In one of the two most recent studies examining serum ascorbate in a
large cohort, Khaw et al. (11) adjusted only for age and sex in analyses by ascorbate
quintile but presented multivariate-adjusted models for continuous ascorbate level. In
two different analyses of the other recently published large cohort, NHANES II, one
study controlled for smoking status (i.e., current, past, never) and found a significant
association (10), whereas the other adjusted for number of cigarettes smoked and
failed to find a significant association (12). This discrepancy raises the question of
possible residual confounding by smoking although these studies also used differing
end points, vitamin C status classification, inclusion criteria, and classification of
other adjustment variables, all of which may have contributed to the discrepant find-
ings. More research is required on appropriate adjustment for cigarette smoking in
statistical models, given the important association of smoking with serum ascorbate
levels. Cigarette smoking decreases serum ascorbate levels (28,31) and increases
CVD risk possibly by generating oxygen-derived free radicals (1,32). Further consid-
eration of whether smoking should be treated as a potential confounder, effect modi-
fier, part of the causal mechanism, or some combination of these is warranted.

Summary

Findings from prospective cohort studies regarding vitamin C status and CVD were
slightly more consistent when stratifying by vitamin C assessment method and CVD
end points. On the other hand, data from such studies remain inconclusive possibly
because of limitations of cohort studies, including limited ability to adjust adequately
for potential confounders or effect modifiers.
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Chapter 8

Potential Adverse Effects of Vitamins C and E

Carol S. Johnston

Department of Nutrition, Arizona State University East, Mesa, AZ 85212

Introduction

Vitamins C and E are effective free radical scavengers. Water-soluble vitamin C is
an excellent antioxidant in plasma, whereas lipid-soluble vitamin E protects cell
membranes from peroxidation. One third of U.S. adults ingest a vitamin and/or
mineral supplement daily. A majority of supplement users (65%) consume broad-
spectrum multivitamin/mineral products. However, 4 and 8% of U.S. adults specifi-
cally ingest vitamin E and vitamin C supplements, respectively, on a daily basis (1).
These two vitamins are the most commonly supplemented micronutrients in the
United States (2). Of all supplement users, the average vitamin C intake in the form
of supplements is ~135 mg; but 10% of supplement users (3% of U.S. adults) con-
sume >1000 mg of vitamin C daily (1,3). This level of intake is 10-fold greater than
the recommended dietary allowance (RDA) for vitamin C, 75–90 mg/d. The aver-
age intake of vitamin E among supplement users is 10 mg daily1 and 10% of sup-
plement users consume ~140 mg vitamin E daily (3), nearly 1000% of the RDA, 15
mg/d. The safety of such doses has been questioned, yet there is little evidence
directly indicating that these levels of intake are harmful for healthy individuals in
the general population. Rather, high dietary intakes of vitamin C have been associ-
ated with reduced risk of degenerative diseases, and high-dose vitamin E decreases
platelet adhesion, inhibits oxidation of low density lipoproteins (LDL), and is pro-
moted for the prevention and treatment of coronary artery disease.

1Vitamin E is defined herein as the natural α-tocopherol as presented by the Food and Nutrition
Board of the Institute of Medicine in the year 2000 to establish the Dietary Reference Intakes
for vitamin E. Thus, vitamin E derived from supplements was assumed to be all rac-α-toco-
pherol (RRR-, RSR-, RRS-, and RSS-α-tocopherol) and a factor of 0.50 was applied to convert
mg of this synthetic form of vitamin E to mg natural α-tocopherol. To convert IU to mg natural
α-tocopherol, a factor of 0.45 was applied to the 2R-stereoisomers of tocopherol and a factor of
0.67 was applied to the natural RRR-α-tocopherol.
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Supplementation and Mortality

Vitamin C Supplement Use 

All-cause mortality in a sample of the U.S. population [National Health and
Nutrition Examination Survey (NHANES) I participants, n = 10,550; 749 deaths]
was inversely related to vitamin C intake [standardized mortality ratio as a function
of the dietary vitamin C index, 0.58; 95% confidence interval (CI), 0.36–0.80] (4).
The vitamin C index ranged from persons consuming <50 mg vitamin C daily to
those consuming ≥50 mg vitamin C daily from diet alone and those consuming ≥50
mg vitamin C daily from diet plus an average of ~800 mg daily from supplementa-
tion. After adjustment for age, sex, and 10 potentially confounding variables (race,
history of serious disease, education, cigarette smoking, recreational exercise, alco-
hol consumption, energy consumed, fat, serum cholesterol, and dietary vitamin A),
the inverse relationship of vitamin C intake to mortality remained strong (standard-
ized mortality ratio, 0.62; 95% CI, 0.36–0.88). This inverse relation of total mortal-
ity to vitamin C intake was stronger and more consistent in this population than the
relation of total mortality to serum cholesterol and dietary fat intake (4). In a sepa-
rate population, there were no differences in mortality between individuals con-
suming above and below 250 mg vitamin C/d; however, those consuming >750 mg
vitamin C/d experienced only 40% of the total cohort death rate during the 10-y
study period (3).

In the NHANES II Mortality Study (n = 8453; 1327 total deaths), all-cause mor-
tality was reduced 29% (P < 0.001) in individuals with high serum ascorbate (serum
values ≥1.1 mg/dL) after multivariate adjustment for potential confounding variables,
but vitamin C supplement use was not significantly associated with mortality (P =
0.19) (5). The risk of cardiovascular disease death was reduced 25% (P = 0.09) in
individuals with high serum ascorbate, but this risk reduction was not related to the
use of vitamin C supplements (5). However, the risk of cancer death in men specifi-
cally using vitamin C supplements was reduced 65% (P = 0.046) compared with a
31% reduction in men with high serum ascorbate. Fatal cancer risk was not associated
with vitamin C supplement use in women. In an American Cancer Society cohort (n =
711,891; 4404 deaths from colorectal cancer), long-term vitamin C supplementation
(≥10 y) lowered risk of rectal cancer mortality (−60%) but did not affect risk of colon
cancer mortality (6).

Losconzy et al. (7) reported no significant effect of vitamin C supplementation
on all-cause mortality, coronary disease mortality, or cancer mortality, yet vitamin
supplement use may have been underreported because subjects completed ques-
tionnaires for nonprescription medications only, not vitamin supplementation
specifically. Two other large, prospective population studies did not specifically
address vitamin C supplementation use, yet men in the highest stratum for vitamin
C status, also representing the greatest number of vitamin C supplement users, had
significantly reduced risk of all-cause mortality, cardiovascular disease mortality,
and cancer mortality (8,9). Women in the highest stratum for vitamin C status had
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reduced risk of all-cause mortality and cardiovascular disease in one of these stud-
ies (8) but not the other (9). These data indicate the general safety of vitamin C in
that mortality end points for the major causes of death in the United States are
either unaltered or perhaps favorably affected by high-dose vitamin C ingestion.

Vitamin E Supplement Use

In an elderly cohort (n = 11,178), vitamin E supplementation alone reduced all-cause
mortality risk 20% independently of other factors (7), and risk for coronary disease
mortality and cancer mortality were reduced 36 and 28%, respectively, in vitamin E
users (7). In the American Cancer Society cohort, short- or long-term vitamin E sup-
plement use was not associated with reduced risk of colorectal cancer; however, long-
term vitamin E use was associated with decreased risk of colorectal cancer mortality
in participants who were current cigarette smokers (−40%) (6). Two large, prospective
populations studies showed a reduced risk for all-cause mortality in men ingesting
≥113 mg vitamin E daily (−28%, P = 0.06) (10) and trends toward a reduction in the
risk of all-cause mortality (−13%) and cardiovascular mortality (−42%) in women
ingesting >45 mg vitamin E/d (11).

The prospective, randomized, placebo-controlled Alpha-Tocopherol, Beta
Carotene Cancer Prevention Study (n = 29,133; 876 new lung cancer diagnosis and
1415 other cancer diagnoses) showed no effect of vitamin E supplementation (25
mg/d) on the incidence of lung cancer in male smokers (12). However, in this trial,
there was a beneficial effect of vitamin E use against prostate cancer (34% lower inci-
dence) and colorectal cancer (17% lower incidence). Importantly, a potential adverse
effect of vitamin E use was observed in these male smokers, i.e., a 5% increased inci-
dence of hemorrhagic stroke (12). In this same cohort, there was a nonsignificant
increased risk of fatal coronary heart disease in smokers ingesting vitamin E supple-
ments (+33%) (13). In the Heart Outcomes Prevention Evaluation Study (n = 9541;
1511 primary cardiovascular events), a high dosage of vitamin E (180 mg/d for 5 y)
had no effect on risk of cardiovascular mortality or all-cause mortality in high-risk
patients (14). There was a nonsignificant increased risk of stroke mortality among the
vitamin E users (+17%, P = 0.13), but there was no increase in hemorrhagic stroke
among the vitamin E users.

In 196 hemodialysis patients with preexisting cardiovascular disease who were
randomized to receive 360 mg vitamin E daily or placebo, risk of cardiovascular
disease mortality was not significantly reduced, but the difference in the survival
curves for cardiovascular disease mortality by treatment tended to be significant (P
= 0.06) (15). Despite a slight reduction in cardiovascular disease mortality risk,
risk for all-cause mortality did not differ by treatment due to a nonsignificant
increase in noncardiac mortality in patients ingesting vitamin E, including two
cases of death associated with hemorrhage (15). Ascherio et al. (16) specifically
examined the effect of regular vitamin E supplement ingestion (113 mg) on risk of
ischemic and hemorrhagic strokes in mostly nonsmoking men (n = 43,738) partici-
pating in the Health Professionals Follow-up Study. After multivariate adjust-

Copyright © 2002 AOCS Press



ments, there was a slight but nonsignificant risk of hemorrhagic stroke (+3%) and
ischemic stroke (+16%) in users of vitamin E.

Hence, intervention trials to date do not support a regimen of high-dose vitamin E
ingestion for reducing risk of cardiovascular and/or cancer death in high-risk popula-
tions. Furthermore, there is some evidence indicating a potential adverse effect on risk
for hemorrhagic stroke in users of vitamin E supplements. Hemorrhagic stroke is clas-
sified as subarachnoid hemorrhage or intracerebral hemorrhage, and the risk profiles
of these two subtypes are distinct. Subarachnoid hemorrhage is typically caused by
rupture of an arterial aneurysm and has been related to a smoking-induced elastase/α-
antitrypsin imbalance (17), whereas intracerebral hemorrhage may be related more to
hypertension and necrosis of small arterioles (18). The number of cigarettes smoked
increased the risk of subarachnoid hemorrhage but not intracerebral hemorrhage (18).
In smokers, vitamin E supplementation raised the risk of fatal subarachnoid hemor-
rhage (+181%, P = 0.005) but did not alter risk of fatal intracerebral hemorrhage (19);
furthermore, a high serum vitamin E concentration was related to a 53% lower inci-
dence of intracerebral hemorrhage in smokers (18). Thus, the antiplatelet and anticlot-
ting actions of vitamin E may, to some degree, exacerbate an arterial rupture, particu-
larly in smokers, but these actions, as well as the antioxidant action of vitamin E,
might lesson the development of fibrinoid necrosis (18). The antiplatelet and anticlot-
ting actions of vitamin E are discussed in a later section.

Adverse Reactions to Supplemental Vitamin C

In the general population, the data overwhelmingly indicate that regular ingestion of
vitamin C supplements is unlikely to have major adverse effects. The low toxicity of
supplemental vitamin C can probably be attributed to decreased bioavailability and
increased urinary excretion as the dose is increased. In one study, ~70% of a 500-mg
dose was absorbed and >50% of the absorbed dose was excreted in urine unmetabo-
lized. At the 1250-mg dosage level, only 50% of the dose was absorbed and nearly all
of the absorbed dose was excreted (20). Furthermore, the oxidized form of vitamin C,
dehydroascorbic acid, is not highly reactive and is effectively cleared from fluids and
rapidly reduced to ascorbic acid (21,22). Nonetheless, concerns have been raised
regarding adverse effects of high doses of vitamin C.

Systemic Conditioning (Rebound Scurvy)

There is some evidence that systemic conditioning (the accelerated metabolism or dis-
posal of ascorbic acid) may occur after prolonged supplementation of high doses of
vitamin C. The physiologic relevance of accelerated vitamin C metabolism in other-
wise healthy individuals, however, has not been addressed adequately. In human sub-
jects consuming a vitamin C–deficient diet (5 mg/d) in a live-in metabolic unit, abrupt
withdraw of vitamin C supplementation (600 mg/d for 3 wk) was associated with a
significant reduction in the mean leukocyte vitamin C concentration (16.8 ± 4.37 and
9.4 ± 5.33 µg vitamin C/108 cells, presupplementation and at 4 wk after withdrawal of
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supplementation, respectively) (23). Both of these leukocyte vitamin C concentrations
were indicative of vitamin C depletion. Yet simply removing vitamin C–rich fruits
and vegetables from the diets of healthy free-living adults can lower mean plasma vit-
amin C concentrations into the depleted or deficient range within 1–3 wk (24). Thus,
even in adults not supplementing their diets with vitamin C, removal of vitamin C
from the diet (in the form of supplements or foods), results in rapid vitamin C deple-
tion, reflecting how poorly vitamin C status is maintained in the absence of a dietary
source.

Well-nourished subjects receiving vitamin C supplements may also display accel-
erated vitamin C metabolism; however, because indices of vitamin C nutrition remain
within normal ranges, the term “rebound scurvy” is misleading. In guinea pigs con-
suming a standard guinea pig diet containing 0.1% vitamin C (w/w), chronic vitamin
C administration [1 g/(kg body.d) intraperitoneally for 4 wk] appeared to be associat-
ed with an increased rate of vitamin C turnover. Mean plasma vitamin C concentra-
tions fell significantly below control values at wk 2 and 5 after the abrupt withdrawal
of the administered vitamin C (25); however, all mean plasma vitamin C concentra-
tions measured postwithdrawal were well within normal ranges. In human subjects
consuming normal diets, the mean plasma vitamin C concentration did not fall signifi-
cantly below the presupplement value at 7 or 23 d after the abrupt withdrawal of vita-
min C supplements (2 g/d for 9 d) (26).

Kidney Stone Formation

Almost 75% of kidney stones are calcium oxalate, and a lesser number are uric acid
(5%). High doses of vitamin C may moderately increase urinary oxalic acid and uri-
nary uric acid levels; yet, an association between high intakes of vitamin C and the
actual formation of kidney stones has never been demonstrated.

In human subjects with hyperuricemia, an acute dose of vitamin C, 0.5 or 2.0 g,
did not significantly alter urinary clearance of uric acid. However, a single 4.0-g dose
of vitamin C significantly increased mean uric acid clearance by 71% in these subjects
(27); it was unclear, however, whether this rise in uric acid clearance was associated
with urinary uric acid concentrations above the normal range (1.5–4.4 mmol/d). In
three subjects ingesting 8 g of vitamin C daily for up to 7 d, urinary uric acid was ele-
vated over the normal range in one subject (27). In subjects with and without gout, vit-
amin C infusion (2.5-10 mg/min to achieve plasma levels from 3 to 12 mg/100 mL)
raised urinary urate clearance only moderately (28), and there were no differences in
response between subjects with and without gout. In a carefully controlled inpatient
trial, mean urinary uric acid was not elevated in seven young men after chronic daily
ingestion of 200 or 400 mg vitamin C (20). Chronic daily ingestion of 1000 mg of vit-
amin C did significantly raise mean urinary uric acid to a concentration outside the
normal range (~5.5 mmol/d).

Vitamin C intake has been related to urinary oxalate (r = 0.33, P < 0.001) (29).
Mean urinary oxalate was not significantly altered in seven men consuming 200 or
400 mg vitamin C daily for 4–5 wk (20); although chronic daily ingestion of 1000 mg
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vitamin C raised urinary oxalate nearly 50% (P < 0.05), urinary oxalate values
remained within the normal range (228–684 µmol/d). In six healthy subjects, vitamin
C supplementation, 10 g/d, did not alter urinary oxalate in five of the subjects, and the
elevated level noted in the remaining subject was within the normal range (30).

These data indicate that high doses of vitamin C alter urinary excretion of uric
and oxalate acid; however, diets high in purines, organ meats and fish, or chronic low-
dose aspirin, can cause hyperuricosuria, and foods rich in oxalates (e.g., tea, coffee,
nuts, beans, chocolates) can increase oxalate concentrations in urine to levels above
the normal range (31). Hence vitamin C is one of many diet constituents associated
with alterations in urinary constituents of renal stones. Furthermore, diets high in ani-
mal protein or low in fluids, bacterial products, and heavy physical exertion have also
been implicated in renal stone disease. Because uric acid can precipitate in the absence
of hyperuricosuria, and urinary saturation with calcium oxalate is common in the gen-
eral population, factors other than urinary levels of uric acid and oxalic acid are cru-
cial for stone formation, including renal epithelial cell responses, acid urine, and pro-
teins of renal tubular origin (31).

In the Harvard Prospective Health Professional Follow-Up Study (45,251 men;
751 incident cases of kidney stones after 6 y), the relative risk of developing kidney
stones in users of vitamin C supplements (≥1500 mg vitamin C daily vs. <250 mg
daily) was 0.89 after multivariate adjustment (32). Using data from NHANES II,
Simon and Hudes (33) found no associations between serum vitamin C and preva-
lence of kidney stones in women or men. In the Nurses’ Health Study cohort (85,557
women; 1078 incident cases after 14 y), supplemental vitamin C was not associated
with risk of kidney stones (multivariate relative risk, 1.06) (34). Nonetheless, high
doses of vitamin C could invalidate urinary measures of uric acid and oxalic acid, and
probably should not be taken by individuals predisposed to renal calculi or with renal
failure (35).

Prooxidant Activity

Ascorbic acid nonenzymatically detoxifies a variety of reactive radicals and oxygen
species, including hydroxyl, superoxide, peroxyl and nitrogen dioxide radicals, and in
the interstitial fluids, plasma, or the cytosol, ascorbic acid acts as a primary antioxi-
dant to scavenge free radicals that are generated by biological interactions or by cellu-
lar metabolism. In the scavenging process, ascorbic acid loses a single electron to
form the ascorbate free radical, which is only weakly reactive and which may be
quickly reduced back to ascorbic acid, or, with the loss of a second electron, is con-
verted to dehydroascorbic acid. In vivo, dehydroascorbic acid may be recycled back to
ascorbic acid in erythrocytes or numerous other cell types, or may incur irreversible
ring opening to form 2,3-diketo-1-gulonic acid, a nonreactive metabolite. Given these
metabolic pathways, vitamin C is an efficient protective antioxidant and unlikely to
demonstrate prooxidant activity in vivo (36).

In vitro, however, vitamin C reduces unbound transition metals, which then par-
ticipate in free radical generation, most notably the reduction of ferric iron to the fer-
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rous form, which is active in the Fenton reaction and the decomposition of hydrogen
peroxide to form hydroxyl radicals (37). The extremely reactive hydroxyl radical
quickly reacts with most molecules including DNA, and is implicated in mutagenesis
and the initiation of cancer. In vivo, most transition metals are bound to protein, thus
preventing metal-dependent free radical reactions. Experiments in iron-overloaded
plasma demonstrated that iron, even in excess of the amount bound by transferrin, was
unable to participate in a Fenton reaction in the presence of ascorbic acid (38). The
complexity of plasma, including the presence of catalase or ferroxidase activity, may
provide an environment inhibiting a Fenton reaction when transition metals are
unbound (38). In a separate study, when excess iron was added to adult plasma,
endogenous and exogenous ascorbic acid delayed the onset of iron-induced lipid per-
oxidation in a dose-dependent manner (39). Furthermore, LDL incubated in buffer
were protected from metal ion–dependent oxidative modification by dehydroascorbic
acid and from metal ion–independent oxidative modification by ascorbic acid (40).
Thus, in biological systems, ascorbic acid acts as an antioxidant, even in the presence
of iron overload.

In iron-loaded guinea pigs, significantly less oxidative damage, as indicated by
reduced levels of liver or plasma F2-isoprostanes, was recorded in animals fed high-
dose vitamin C vs. animals fed low-dose vitamin C (41). In humans, vitamin C sup-
plementation (260 mg/d for 6 wk) was associated with significant reductions in sever-
al DNA adducts that are markers of oxidized DNA base damage, i.e., 8-oxo-guanine
and 5-OH methyl uracil (42). Total base damage (compiled data for 12 different DNA
adducts), however, was unaffected by vitamin C supplementation. Vitamin C supple-
mentation (260 mg/d) with iron (14 mg/d) was associated with a significant reduction
in the 5-OH methyl uracil DNA adduct but with significant increases in 5-OH methyl
hydantoin and 5-OH cytosine. However, total base damage was unaltered by the vita-
min C plus iron supplementation regimen.

In a controversial report, prooxidant effects of supplemental vitamin C were
reported in healthy volunteers consuming 500 mg of vitamin C/d for 6 wk (43).
Lymphocytes extracted from these individuals displayed an increase in oxidative
damage to DNA as indicated by a significant rise in mean levels of 8-oxo-adenine
during the supplementation period. Yet, the same report clearly depicted a significant,
50% decrease in levels of 8-oxo-guanine over the same time period. This is notewor-
thy because the oxidation of guanine has been highly correlated with mortality from
heart disease (r = 0.95), colorectal cancer (r = 0.91), pancreatic cancer (r = 0.82), and
lung cancer (r = 0.32) (44). Furthermore, hydroxyl radicals and singlet oxygen direct-
ly target guanine residues, and the resulting G→T transversion mutations have been
observed in ras protooncogenes and p53 tumor-suppresser genes, cancer-related genes
that are implicated in 40–50% of human cancers (45,46). There are few or no data in
the literature implicating 8-oxo-adenine in mutations of cancer-related genes. Other
reports have also demonstrated that vitamin C supplementation (250 or 500 mg/d for
28 d) significantly reduced oxidative damage to DNA in vivo as indicated by reduced
tissue levels of 8-oxo-guanine (47,48).
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Recently, Lee et al. (49) demonstrated that ascorbic acid in the absence of transi-
tional metals reduced lipid peroxides in vitro, producing the genotoxin 4,5-epoxy-
2(E)-decenal which reacts with DNA bases to form etheno-DNA adducts. In vivo,
etheno-adducts in white blood cell DNA were inversely correlated with vegetable or
vitamin E consumption (50) and positively associated with linoleic acid intake (51).
Furthermore, citrus fruits, berries, or vitamin C intake were reportedly inversely relat-
ed to hprt mutation frequency in peripheral blood lymphocytes, a marker of genotoxic
effects due to lipid peroxidation (52).

Iron Overload and Iron Toxicity

Vitamin C promotes the absorption of dietary nonheme iron and contributes to the
prevention of iron deficiency anemia (53,54). Mealtime vitamin C in the range of
50–100 mg has the most marked effect on iron absorption, and supplemental vita-
min C beyond these levels had minimal additional effects on iron status in healthy
individuals (55). Whether vitamin C supplementation might enhance the uptake
and storage of nonheme iron in individuals with iron-overload pathologies (e.g.,
hereditary hemochromatosis and thalassemia major) is unclear. Moreover, these
patients have measurable nontransferrin-bound iron in serum, which is associated
with oxidative stress and products of lipid peroxidation (56,57). Theoretically, vit-
amin C could act as a prooxidant in the presence of unbound iron and fuel the pro-
duction of lipid peroxides.

A recent case report of a 36-y-old woman with hereditary hemochromatosis
resulting in end-stage cardiomyopathy, suggests that high-dose vitamin C supplement
use (>1000 mg/d) may have predisposed her to a more fulminant disease course (58).
In fact, vitamin C deficiency may have a protective role in some patients with severe
iron overload (59). Vitamin E supplementation (300–600 mg/d), however, improved
measures of oxidative stress in β-thalassemia patients, significantly reducing levels of
LDL-conjugated dienes and red blood cell malondialdehyde, and increasing the resis-
tance of red blood cells to osmotic lysis (60,61). In a rat model of hemochromatosis,
vitamin E supplementation reduced lipid peroxidation in iron-loaded livers by 50%
(62). This therapeutic dichotomy between vitamin C and vitamin E supplementation is
noteworthy.

Gastrointestinal Effects

Gastrointestinal symptoms such as nausea, abdominal cramps, and diarrhea may occur
in ~10% of subjects when vitamin C doses exceed 2 or 3 g/d. These symptoms have
no long-term consequences, and buffered ascorbate salts consumed with a meal would
alleviate these effects. However, osmotic diarrhea and gastrointestinal disturbances
were the only selected critical end points for the establishment of a Tolerable Upper
Intake Level (UL) for vitamin C, 2000 mg/d (63). That is, the only adverse effect of
high-dose vitamin C considered by the Food and Nutrition Board in the formulation of
the UL for vitamin C was osmotic diarrhea.
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Other Adverse Effects

Several other commonly cited adverse effects of high-dose vitamin C, hemolysis relat-
ed to glucose-6-phosphate dehydrogenase deficiency (64) and destruction of vitamin
B12 (65), have never been demonstrated under controlled, experimental conditions.
Conversely, serum vitamin B12 and serum vitamin C were directly related (33,65);
each 57 pmol/L rise in vitamin C was associated with a 27 pmol/L increase in vitamin
B12 (P < 0.001) (33).

Adverse Reactions to Supplemental Vitamin E

Meydani et al. (66) demonstrated the safety of vitamin E supplementation (27–360
mg/d for 4 mo) using numerous toxicity indices including nutrient status, liver
enzyme function, serum autoantibodies, plasma lipoprotein concentrations, bleeding
time, and neutrophil cytotoxicity. Other large intervention trials reported no signifi-
cant adverse events related to vitamin E supplementation (180–360 mg/d) compared
with placebo, providing reassurance for the conduct of large, long-term trials to
address the efficacy of vitamin E supplementation (14,15). It is clear, however, that
there are a few populations in which caution should be employed regarding vitamin E
supplementation, mainly populations at risk of clinically important bleeding (67).
Regular cigarette smoking has been associated with aneurysm formation and hemor-
rhage (17,68), possibly due to reduced levels of serum α1-antitrypsin with increased
arterial collagen catabolism, a situation exacerbated by reduced platelet activity
(68,69). Because there was a slight increased risk of fatal subarachnoid hemorrhage in
smokers supplementing with vitamin E (see above), vitamin E supplementation
should be carefully considered for these individuals.

Antiplatelet Effects

Vitamin E supplementation in adults (150 mg/d for 8 wk) increased platelet vita-
min E content 70% and decreased platelet aggregation induced by ADP or arachi-
donic acid (70). Using increasing dosages of vitamin E (50–268 mg/d), Mabile et
al. (71) reported that the inhibition of platelet aggregation occurred at the 50 mg
dosage and was not further affected by the higher dosages. Thus low-dose vitamin
E is sufficient to reduce platelet activity. Vitamin E also reduced platelet adhesion
to human endothelial cells in vitro (72). The antiplatelet effects of vitamin E may
be associated with decreased cyclooxygenase activation due to the antioxidant
properties of vitamin E, or vitamin E may function to inhibit protein kinase C inde-
pendent of antioxidant properties (73,74). Although this inhibition of platelet acti-
vation may potentially benefit patients at risk of developing thrombotic complica-
tions (75), supplementary vitamin E is not currently recommended for either pri-
mary or secondary prevention of myocardial infarction (76). Anecdotal reports
indicate that the likelihood of postoperative hemorrhage may increase after the pre-
operative use of vitamin E (67,77). Moreover, patients receiving antithrombotic
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therapy (e.g., warfarin or aspirin) should be carefully monitored if using vitamin E
supplements.

In a study of male smokers, vitamin E use (25 mg/d), alone or in combination
with aspirin use (>100 mg/d), increased the risk of clinically important bleeding (78).
The extent of bleeding was greater in smokers supplementing with vitamin E than in
those who took neither vitamin E nor aspirin (27.1 and 25.8%, respectively, P = 0.05).
Bleeding tendency was similar in users of aspirin and nonusers of vitamin E or
aspirin. The extent of bleeding was greatest in the smokers using both vitamin E and
aspirin (33.4%). Bleeding times, however, were not prolonged by vitamin E supple-
mentation (360 mg/d for 1–4 mo) in healthy adults (66,79).

Prooxidant Activity

When protecting against the propagation of fatty acid peroxidation, vitamin E is oxi-
dized to the α-tocopherol radical. In vivo, vitamin C and ubiquinol (coenzyme Q)
reduce the α-tocopherol radical and regenerate vitamin E (80,81). Dihydrolipoic acid
also plays a prominent role in vitamin E recycling; however, its role is indirect in that
dihydrolipoic acid reduces dehydroascorbic acid, oxidized vitamin C, and maintains
high levels of ascorbic acid to provide for effective recycling of vitamin E (80).
Vitamin C levels in plasma are variable and dependent on dietary intake, and dietary
vitamin C depletion has been associated with reduced vitamin E concentrations in vivo
(82,83). About 30% of Americans have marginal vitamin C status, reflecting a diet
low in fruits and vegetables or conditions of high oxidative stress, such as smoking or
diabetes (84,85). Vitamin E supplementation under these conditions may lead to a
redox imbalance by further depleting vitamin C causing prooxidative effects (85,86).

Brown et al. (85) examined the effect of a wide range of supplemental vitamin E
(0, 70, 140, 560, or 1050 mg/d for 20 wk) on lipid peroxidation in male smokers and
in men who had never smoked. Red blood cell vitamin E concentrations were signifi-
cantly elevated in all groups ingesting vitamin E. The susceptibility of red blood cells
to hydrogen peroxide–induced lipid peroxidation in vitro was reduced substantially 
(−63 to −73%, P < 0.05) in smokers ingesting 70–1050 mg vitamin E. In the non-
smokers, lipid peroxidation was decreased in those ingesting 70, 140, or 560 mg vita-
min E; however, lipid peroxidation was significantly elevated (+36%) in nonsmokers
consuming the highest dosage of vitamin E, 1050 mg/d. Moreover, the erythrocyte
vitamin E:plasma vitamin C ratio was highest in this group, indicating the highest
degree of antioxidant imbalance of all groups. Thus, the increased susceptibility to red
blood cell peroxidation in this group may reflect a decrease in vitamin C regeneration
of tocopherol and, hence, a prooxidative effect of vitamin E (85). A redox imbalance
was also cited as contributing to a 44% increase in platelet-leukocyte coaggregates ex
vivo in type 2 diabetics ingesting 536 mg vitamin E daily for 6 mo (86).

It seems likely that individuals consuming high-fat diets and who have higher
blood lipid concentrations are more likely to respond to vitamin E supplementation
because vitamin E absorption and transport would be optimized under these circum-
stances (87). Thus, a prooxidant effect of vitamin E (or perhaps more appropriately
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termed, a redox imbalance) might occur only when certain conditions overlap, i.e.,
inadequate vitamin C nutrition, high blood lipids, and high dietary fat (85).

Necrotizing Enterocolitis

Newborn infants, especially premature infants, often have low plasma vitamin E con-
centrations and were once considered to suffer from a vitamin E deficiency manifest-
ing as hemolytic anemia, the retinopathy of prematurity, and/or bronchopulmonary
dysplasia. Prophylactic use of high-dose vitamin E in these populations, however, did
not prevent anemia (88) or retinopathy (89). Furthermore, vitamin E use by neonates
has been associated with an increased incidence of necrotizing enterocolitis as well as
hemorrhagic complications of prematurity (89,90). The adequate level of vitamin E in
infant formulas is set at 0.5 mg/100 kcal and an upper limit has been proposed at 10
mg/100 kcal (63,91).

Supplementation and Drug Interactions

The anticoagulants aspirin and warfarin (Coumadin) are commonly prescribed to
patients at risk of heart attacks or stroke. High-dose vitamin E can magnify the anti-
clotting effects of these drugs and increase the possibility of clinically significant
bleeding (78). Bleeding with anticoagulant drug use occurs more frequently in older
patients and in patients at risk of vitamin K deficiency due to antibiotic therapy or fat
malabsorption syndromes (92). Thus, high-dose vitamin E therapy might be contra-
dicted in these patient populations.

β-Hydroxyl-β-methyl glutarate-CoA reductase inhibitors (statins) in combination
with niacin are often the initial therapy prescribed for dyslipidemia to reduce LDL
cholesterol and raise high density lipoprotein (HDL) cholesterol. A recent clinical trial
examining the efficacy of different lipid-altering and/or antioxidant strategies on coro-
nary artery disease indices demonstrated that when statin/niacin therapy was com-
bined with antioxidant use (β-carotene, 12.5 mg; vitamin C, 500 mg; vitamin E, 268
mg) the beneficial response of HDL to the statin/niacin therapy was markedly attenu-
ated (P = 0.057) (93). Although these results must be verified, they demonstrate the
importance of investigating interactive effects of popular drug therapies and high-dose
vitamin supplementation.

Concern has been expressed regarding high-dose vitamin C use by cancer
patients because high intracellular concentrations of vitamin C may enhance the
tumor’s ability to resist the oxidative stress associated with radiation therapy and/or
chemotherapy (94). However, clinical trials have not addressed this theoretical con-
cern. In fact, vitamin C has been shown to contribute to the antitumor effects of mito-
mycin C in cultured leukemia cells (HL 60) by acting as an electron donor to mito-
mycin C (95). Finally, it has been documented that high urinary vitamin C can inter-
fere with routine urinalysis for hemoglobin or glucose if dipstick tests rely on redox
indicator systems (96) or with the measurement of oxalate in urine and plasma (97).
Protocols to avoid vitamin C interference in these measurements should be followed.
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Introduction

Eighty years ago vitamin E was discovered to be an essential micronutrient by Evans
and Bishop (1). With the later recognition that this vitamin is not only necessary for
successful reproduction but also the major lipophilic antioxidant in the human body,
and subsequently, the causative role of oxidative stress in the pathogenesis of age-
related and common chronic diseases, intense research has been conducted to evaluate
the possible protective and curative potential of vitamin E. In the meantime, several
other specific biological functions of vitamin E have been revealed apart from its
antioxidant function including modulation of cell signaling [e.g., protein kinase C
(PKC) inhibition], gene expression, and cell proliferation. Nonetheless, there are still
many gaps in understanding the physiologic role of vitamin E in humans. Except in
the case of nutrient deficiency, not much is clearly proven about the functional impor-
tance of vitamin E for human health and disease prevention. The following introduc-
tion provides a brief overview of the known biological functions of vitamin E, focus-
ing on α-tocopherol as the major form of vitamin E in the human body, and highlights
some milestones in the past eight decades of vitamin E research.

Molecular Structure of Vitamin E

Vitamin E is the generic name for a group of eight plant-derived, lipid-soluble sub-
stances (“tocols”) including four tocopherols and four tocotrienols (Fig. 9.1). The
molecular structure of vitamin E is comprised of a chromanol ring with a side chain
located at the C2 position. Tocopherols have a saturated phytyl side chain and
tocotrienols have an unsaturated isoprenoid side chain. The number and position of
methyl groups located around the chromanol ring vary among the different toco-
pherols and tocotrienols, and account for the designation as α-, β-, γ-, or δ-forms. The
α-forms of tocopherol and tocotrienol contain three methyl groups, whereas the β-
and γ-forms have two, and the δ-forms have one methyl group. Natural and natural-
source tocopherols occur in RRR-configuration only (formerly designated as d-α-
tocopherol). In contrast, synthetic α-tocopherol consists of an equal racemic mixture
of eight stereoisomers (RRR, RSR, RRS, RSS, SRR, SSR, SRS, SSS) arising from the
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three chiral centers of the molecule at positions C2, C4′ and C8′ and designated as all-
rac-α-tocopherol (or dl-α-tocopherol) (2).

Biological Activity of Vitamin E

The various forms of vitamin E differ in their biological activities. α-Tocopherol is
the most common form of vitamin E occurring in human blood and tissues, and it has
the highest biological activity among all tocopherols and tocotrienols. Moreover, the
human body preferentially accumulates the RRR- or 2R-forms of vitamin E (3–5).
Thus natural RRR-α-tocopherol has a higher bioavailability and “biological activity”
than synthetic all-rac-α-tocopherol. This was considered in the new guidelines on vit-
amin E intake as published in 2000 by the Food and Nutrition Board (FNB), U.S.
National Academy of Sciences (6). According to the FNB, only RRR-α-tocopherol
itself, or the RRR- and 2R-stereoisomers of all-rac-α-tocopherol meet the vitamin E
requirements in humans, resulting in a twofold higher potency of natural vs. synthetic
α-tocopherol sources. This value has been challenged by Hoppe and Krennrich (7).

Fig. 9.1. The molecular structure of vitamin E. Tocopherols and tocotrienols exist in four
different isoforms (α-, β-, γ-, and δ-forms). Tocopherol is shown in its naturally occurring
RRR-configuration. Source: Adapted from Food and Nutrition Board, 2000 (Ref. 6).
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The biological activity of vitamin E in dietary supplements is usually expressed
as international units (IU). As published in the United States Pharmacopeia (USP), 1 IU
is defined as the biological activity of 1 mg all-rac-α-tocopheryl acetate. Other bio-
logical activities of vitamin E are 1 mg all-rac-α-tocopherol = 1.1 IU; 1 mg RRR-α-
tocopherol = 1.49 IU; 1 mg γ-tocopherol = 0.15 IU (8). Formerly, the biological activi-
ties of different vitamin E forms were often reported as α-tocopherol equivalents (α-
TE). One α-TE was defined, for example, as 1 mg α-tocopherol, or 2 mg β-toco-
pherol, or 10 mg γ-tocopherol, or 3.3 mg α-tocotrienol (9).

Dietary Sources, Supplements, and Recommended Intake of Vitamin E

Vegetable oils and lipid-rich plant products (e.g. nuts, seeds, grains) are the main
dietary sources of vitamin E (10,11). In Western diets, vitamin E intake derives main-
ly from fats and oils contained in margarine, mayonnaise, salad dressing, and desserts,
and increasingly also from fortified food (e.g., breakfast cereals, milk, fruit juices)
(12–14). It is noteworthy that the U.S. diet contains large amounts of γ-tocopherol
compared with populations in other Western countries, which is a result of the high
consumption of soybean and corn oils containing more γ- than α-tocopherol (15).
Vitamin E used for food fortification or dietary supplements consists mainly of α-
tocopherol, derived either from natural sources (i.e., methylated γ-tocopherol from
vegetable oil) or from synthetic production; it is usually esterified to increase stability.

The most recent data available on vitamin E intake in the United States were
reported in 1999 from the Third National Health and Nutrition Examination Survey
(NHANES III, 1988–1994) among >16,000 U.S. adults showing a mean vitamin E
intake of 10.4 α-TE in men and 8.0 α-TE in women (16). With the new definition of
vitamin E activity from the FNB (6) distinguishing among α-tocopherol stereoiso-
mers, these intake values of vitamin E are likely not as high. New studies are required
to update these data on vitamin E intake because dietary patterns have changed during
recent years and the consumption of fortified food and vitamin E supplements has
increased.

The FNB indicates a recommended daily allowance (RDA) for adults of 15 mg
vitamin E including food, fortified food, and supplements (6). This RDA refers to α-
tocopherol because it is the only form of vitamin E that has been shown to reverse
deficiency symptoms in humans. The recommendations are based largely on in vitro
studies of M. Horwitt dating back to 1960; these studies are still considered to offer
the most adequate data for defining the physiologic status and health benefits of vita-
min E in humans. In these studies, prevention of H2O2-induced erythrocyte hemolysis
was used as test system (17). However, except when vitamin E is clearly deficient the
erythrocyte hemolysis test is not a useful indicator of vitamin E functional status.
Thus, the guidelines of the FNB were discussed critically in the literature and it was
strongly agreed that other assays and new biomarkers were required in the future to
define the physiologic role and beneficial potential of vitamin E in humans (18,19).

The recommended daily intake of 15 mg vitamin E is considered rather unlikely
to be achieved by North Americans and other Western countries through diet alone.
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Although universal dietary supplementation has not been not recommended, a dose of
200 mg/d vitamin E (RRR-α-tocopherol) has been suggested to saturate plasma levels
and elevate tissue levels; this may have possible health effects in the long term (20). In
the future, subpopulations at risk for vitamin E deficiency in well-nourished popula-
tions such as the United States and other Western countries have to be defined. These
specific groups, e.g., the elderly or individuals suffering from chronic diseases, may
benefit in particular from regular intake of vitamin E supplements.

As an upper limit for supplemental vitamin E intake, the FNB published a dose
for adults of 1 g/d α-tocopherol (i.e., 1500 IU RRR- or 1100 IU all-rac-α-tocopherol);
this dose is considered safe, showing no apparent side effects (6). In human interven-
tion studies, various doses of vitamin E up to 3600 IU/d have been used (21).
Nevertheless, conclusive evidence from long-term studies regarding biological effects
and safety of chronic intake of pharmacologic doses of vitamin E are lacking. In the
Alpha-Tocopherol, Beta Carotene (ATBC) Cancer Prevention Study (22) with
Finnish smokers consuming 50 IU/d vitamin E for 6 y, an increase in mortality from
hemorrhagic stroke was observed; however, other intervention studies did not report
such an adverse effect (23,24). It was suggested that pharmacologic doses of vitamin
E are contraindicated in persons with blood coagulation disorders because vitamin E
might exacerbate defects in the blood coagulation system due to its inhibitory effects
on platelet aggregation (19,25).

Uptake, Distribution and Metabolism of Vitamin E

Together with dietary fat, α-tocopherol and all other forms of vitamin E are absorbed
in the digestive tract, incorporated into chylomicrons and transported in the lymphatic
system. Part of the absorbed stereoisomers is taken up into extrahepatic tissues by the
action of lipoprotein lipase, and the remainder is delivered in chylomicron remnants to
the liver (26). The distribution of vitamin E into the circulation is regulated by a
cytosolic α-tocopherol transfer protein (α-TTP) in the liver, which is selective for α-
tocopherol in its RRR- or 2R-forms (27). Other tocopherols and tocotrienols exert
much less affinity for α-TTP as assessed by ligand specificity, e.g., 38% for β-toco-
pherol, 9% for γ-tocopherol, 2% for δ-tocopherol, and 12% for α-tocotrienol (28). 
α-TTP plays an important role in maintaining plasma levels of vitamin E (29). The
function of α-TTP and the mechanism of α-tocopherol regulation were reviewed
recently (30,31).

In the liver, vitamin E is incorporated into very low density lipoproteins (VLDL)
and released to the systemic blood circulation. Excess amounts of α-tocopherol along
with the other absorbed forms of tocopherols and tocotrienols are metabolized or elimi-
nated by the biliary tract. VLDL are converted into low density lipoproteins (LDL),
and excess surface components including α-tocopherol are transferred to high density
lipoproteins (HDL). Delivery of α-tocopherol to peripheral tissues takes place via bind-
ing of LDL to LDL receptors and subsequent cellular uptake. Vitamin E tends to accu-
mulate in adipose tissues. The metabolism and kinetics of vitamin E as well as the
function of vitamin E regulatory proteins have been reviewed (32,33). Cytosolic toco-
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pherol-associated proteins (TAP) have been reported, showing α-tocopherol–specific
binding characteristics and also nuclear translocation and transcriptional activation in
various mammalian cell types and organs (34,35). TAP seems to play an important role
in vitamin E–induced gene expression (36); however, its biological functions are not
widely known. A further cytosolic vitamin E regulatory protein, i.e., tocopherol-bind-
ing protein (TBP) has been reported with yet unknown functions (37,38).

Data on serum levels of vitamin E from population-based studies are scarce.
Analysis of the data obtained from the NHANES III study shows mean serum levels
of α-tocopherol of 26.8 (0.65–232.18) µmol/L and a mean α-tocopherol:cholesterol
ratio of 5.1 (16). Although no differences in gender have been reported, significant
differences were found among races, with the highest serum levels in Caucasians and
the lowest in African-Americans. Approximately one third of the NHANES III study
population had low vitamin E concentrations (<20 µmol/L). A recent study in five
European countries among 350 healthy adults showed mean α-tocopherol serum lev-
els of 26.4 (13.23–46.40) µmol/L and a mean α-tocopherol:cholesterol ratio of 6.5
µmol/mmol (39). The lowest acceptable vitamin E level in plasma has been deter-
mined to be 11.6 µmol/L (0.5 mg/dL) and a ratio of vitamin E:cholesterol of 2.25
µmol/mmol (40).

It should be mentioned that serum levels of vitamin E correlate with cholesterol
levels, and hence do not necessarily correlate with vitamin E intake (16). However,
except for non- or poorly responding subjects, serum levels of vitamin E can usually
be increased up to threefold by intake of dietary supplements reaching a saturation
level (20).

Milestones in Vitamin E Research

Four milestones of vitamin E research have been recognized, namely, (i) its biological
importance in reproduction and essentiality as a micronutrient; (ii) its unique role as
lipophilic antioxidant in lipoproteins and cell membranes; (iii) its effects on cell sig-
naling and gene expression; and (iv) the identification of vitamin E deficiency dis-
eases and the recognition of beneficial effects of vitamin E in human health and dis-
ease prevention.

Milestone I: Biological importance of vitamin E in reproduction and essentiality.
Initially, vitamin E was recognized as a nutritional factor required to ensure normal
reproduction in rats (1) and was named according to a consecutive alphabetical order
preceded by the discovery of vitamins A–D (41). Later, vitamin E was called α-toco-
pherol from the Greek term “tokos” (childbirth), “phero” (to bear), and –ol, indicating
an alcohol (42).

Rats fed a diet low in vitamin E had reduced fertility and a high rate of fetal
resorption. However, when animals were fed a lipophilic fraction from lettuce or, as
later shown, wheat germ oil, their fertility was retained and a successful implantation
of the embryo was observed (42,43).

The biological activity of vitamin E is based on this rat resorption-gestation
assay. The family of natural vitamin E molecules as well as the stereoisomers of all-
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rac-α-tocopherol all exhibit vitamin E activity to varying degrees in this bioassay.
Unfortunately, this assay of reproductive activity in pregnant rats may have limited
relevance to human health.

Milestone II: Unique role of vitamin E as a lipophilic antioxidant in lipoproteins
and cell membranes. In the 1950s, it was recognized under the leadership of A.L.
Tappel’s group that vitamin E is the body’s major lipid-soluble antioxidant protecting
the lipoproteins and membranes in which it resides against free radical–mediated lipid
peroxidation which, if not prevented or interrupted by vitamin E, causes widespread
oxidative molecular damage and pathology (44,45). All natural isoforms and synthetic
stereoisomers of vitamin E exhibit to varying degrees the ability to inhibit lipid perox-
idation as a “chain-breaking” antioxidant (46–48).

Vitamin E destroys primarily peroxyl radicals and thus protects polyunsaturated
fatty acids (PUFA) from oxidation (49). Additionally, vitamin E scavenges a variety
of oxygen-derived free radicals including alkoxyl radicals, superoxide, and other reac-
tive oxygen species (ROS) such as singlet oxygen and ozone, and it reacts with nitro-
gen species (50). The antioxidant action of vitamin E has been documented in numer-
ous human and animal studies, including protection of lipids (51–55) and DNA
(56–58). Only one study investigated in an animal model of diabetic pregnancy the
effect of vitamin E on the formation of oxidatively modified proteins showing reduc-
tion of protein carbonyls by combined treatment with vitamins E and C (59).

Vitamin E participates in an antioxidant network (a concept advanced by L.
Packer’s group); thus, vitamin E radicals can be recycled or regenerated back to their
native form, e.g., by vitamin C (60–62). When vitamin C radicals form as a result,
they may be regenerated by thiol or polyphenol antioxidants in the body. These inter-
actions between redox antioxidant substances and enzymes form the basis for the
body’s underlying antioxidant defense system (Fig. 9.2). All naturally occurring
analogs and synthetic stereoisomers of vitamin E exhibit redox cycling activity to
varying degrees in the system of antioxidant defense against oxidative stress (63–66).

When vitamin E interacts with lipid peroxyl and other lipid radicals in cell mem-
branes or lipoproteins, a tocopheroxyl or tocotrienoxyl radical is formed (67,68).
However, like other natural antioxidants such as vitamin C or polyphenols, vitamin E
radicals are not as dangerous a species as the ones they have destroyed because the
free electron is delocalized around their chemical ring structure. This is the unique
feature of such biological antioxidants.

“Oxidative stress” is the term particularly designated by H. Sies to call attention
to the imbalance that arises when exposure to oxidants changes the normal redox sta-
tus of tissue antioxidants (69,70). Oxidative stress occurs from an increased formation
of ROS and/or from a diminished ability to inactivate these species. So-called “free
radicals” or reactive oxygen and nitrogen species are continuously generated under
physiologic conditions from metabolism or arise from strenuous and traumatic exer-
cise, and from exposure to environmental stress (e.g., ultraviolet light, cigarette
smoke, pollution, and chemicals), infectious microorganisms, viruses, parasites, and
during the aging process. These highly reactive species continuously interact in bio-
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logical systems, and there is evidence that both oxidants and antioxidant defense must
be kept in balance to minimize molecular, cellular, and tissue damage (71,72).

Direct cellular defenses against oxidative stress are comprised of antioxidant
enzymes such as superoxide dismutase, catalase, glutathione (GSH), and thioredoxin
reductase/peroxidase on the one hand, and of antioxidants on the other hand.
Secondary defenses include proteolytic and repair processes that degrade and elimi-
nate damaged molecules and thus reduce damage. If antioxidant defenses are over-
whelmed due to a huge amount of oxidative stress, or if defense systems are impaired
due to direct damage, age-dependent degradation processes, or lack of micronutrient
supply, accumulation of oxidative damage occurs. All of the major aqueous low-mol-
ecular-weight antioxidants such as GSH (or its oxidation product glutathione disul-
phide, GSSG), vitamin C (ascorbate or its 1- or 2-electron oxidized form, the ascor-
bate radical or dehydroascorbate), protein thiols such as thioredoxin and glutaredoxin,
and the lipophilic antioxidants ubiquinol (and its 1-electron oxidation product, the
ubiquinone semiquinone radical, or 2-electron oxidation product, ubiquinone), and
vitamin E as tocopherols or tocotrienols (and their 1-electron oxidation product, toco-
pheroxyl, or tocotrienoxyl radicals or 2-electron oxidation product, toco-
pherylquinones) are in a redox balance equilibrium, which can be shifted to also
reflect “oxidative stress.” Recovery of the oxidative imbalance seen in oxidative stress

Fig. 9.2. The antioxidant network concept.
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requires NADPH- and NADH-dependent reactions of reducing metabolism. Indeed,
all of the redox-based antioxidants appear to interact with one another through an
antioxidant network of nonenzymatic and enzymatic reactions.

Mild oxidative stress affects cell signaling pathways and gene expression and is
involved in the regulation of cellular functions (73). However, if an excess of oxida-
tive stress occurs and the rate of oxidation exceeds the rate of repair, the strength of
the entire antioxidant system will be weakened and concentrations of antioxidants will
decrease (74). It is hypothesized that people with low amounts of antioxidants may be
more prone to oxidative tissue damage, and thus to disease. The concept of oxidative
stress has been implicated in many diseases including infectious diseases, age-related
degenerative diseases, and chronic diseases (75–78).

Oxidative stress is recognized as an important factor in aging and age-related dis-
eases. The free radical theory of aging, first postulated by Harman in 1956 (79), sug-
gests that degeneration processes occur due to the accumulation of oxidative damage
over a life span. This damage results physiologically from oxidant by-products of nor-
mal metabolism and may be increased by environmental factors resulting in accelerat-
ed aging processes and disease. Molecular markers of tissue damage to lipids (e.g.,
isoprostanes, age pigment, or lipofuscin), protein (carbonyl and nitrotyrosine deriva-
tives of protein) and DNA (products of DNA fragmentation and oxidized bases, e.g.,
8-hydroxy-2-deoxyguanosine) accumulate during aging, and tissues of aged individu-
als are more susceptible to oxidative damage (75). This can result from an impaired
antioxidant defense system because antioxidant enzymes are less active in aging per-
sons and dietary antioxidants are often insufficient.

Milestone III: Effects of vitamin E on cell signaling and gene expression. In the
early 1990s, inhibition of PKC activity by vitamin E was suggested by Azzi’s group
as the crucial factor for inhibition of cell proliferation in smooth muscle cells (80–83).
PKC plays a major role in cell signaling and modulates gene expression during cell
growth, proliferation, and differentiation. Thus, PKC activity is an important factor
contributing to disorders such as vascular disease, cancer, diabetes, and other age-
related degenerative diseases (84–87).

Vitamin E was found to inhibit PKC activity in many cell types including smooth
muscle cells, monocytes, macrophages, neutrophils, fibroblasts, and mesangial cells,
and the effects were confirmed repeatedly in animal studies (88–90). Inhibition of
PKC activity by vitamin E occurs indirectly via activation of a phosphatase that
cleaves the active, phosphorylated form of PKC, or by modulating diacylglycerol
kinase activity (91,92). What is novel is that inhibition of PKC is apparently indepen-
dent of the antioxidant activity of vitamin E (93). Hence, the biological role of vitamin
E goes beyond its antioxidant function.

Several other mechanisms have been proposed suggesting that vitamin E modu-
lates cell signaling. Recent advances in molecular biology and the availability of
microarray techniques for studying effects of vitamin E on gene expression have
revealed novel vitamin E–sensitive genes and signal transduction pathways as recently
reviewed by Rimbach and co-workers (94).
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Vitamin E regulates at the transcriptional level the expression of several genes
including collagen α1 and α-TTP in liver (95,96), collagenase in skin (97), adhesion
molecules and chemokines such as vascular cell adhesion molecule 1 (VCAM-1) and
monocyte chemoattractant protein 1 (MCP-1) in endothelial cells (98), different inte-
grins in erythroleukemia cells (99), α-tropomyosin in smooth muscle cells (100), and
scavenger receptors class A (SR-A) and CD 36 in macrophages and smooth muscle
cells (101,102). At the post-translational level, vitamin E regulates the expression of
cyclooxygenase in monocytes leading to a decrease in prostaglandin E2 levels (103).
Because this latter effect was also observed using other vitamin E homologues compat-
ible with antioxidant activity, this function of vitamin E may involve redox-signaling.

These newly discovered actions of vitamin E may help to explain the observed
beneficial effects of vitamin E in the chronic and degenerative diseases of aging.
Future experimental studies are required to achieve the following: (i) to clarify the role
of PKC inhibition in the described activities of vitamin E, and the effects of TAP on
gene expression and biological activity; (ii) to determine to what extent antioxidant
function, i.e., proton and/or electron transfer, plays a role in the effects of vitamin E on
cell signaling and gene expression; and (iii) to investigate potentially different effects
on cell signaling and biological activities among isoforms of vitamin E as well as
stereoisomers of synthetic α-tocopherol.

Milestone IV: Recognition of vitamin E deficiency diseases and the beneficial
effects of vitamin E supplements in human health and disease prevention. Clinically
manifest vitamin E deficiency is rare. Clear indications of vitamin E deficiency have
been found in premature infants and in children suffering from an abnormal ability to
absorb vitamin E as in abetalipoproteinemia, chronic cholestatic liver disease, cystic
fibrosis, and short-bowel syndrome (104,105).

A mutation in the α-TTP gene as found in “familial isolated vitamin E deficien-
cy” results in a failure to deliver α-tocopherol to the systemic circulation (106,107). In
these cases, clinical vitamin E deficiency is recognized in infants showing symptoms
of retrolental fiblasia and intraventricular hemorrhage, and in children suffering from
muscular dystrophy, ataxia, and other disorders (108,109). High-dose vitamin E sup-
plementation can reduce or eliminate clinical symptoms in these patients (110); how-
ever, to achieve amelioration of neurological symptoms, early diagnosis and early
start of treatment are crucial.

More frequently, a chronic suboptimal supply of vitamin E (i.e., theoretically an
intake below RDA levels) occurs population wide and in all age groups (16,111). This
may cause impaired defense against oxidative stress and increased susceptibility to
oxidative injury and adverse health effects. In most diseases that have been examined
with any degree of scrutiny, evidence for “oxidative stress” and oxidative damage has
been observed in some stage of disease initiation or progression. Therefore it seems
obvious that vitamin E, like other antioxidants, may prevent or delay disease progres-
sion. However, can vitamin E at dietary levels or as supplements given during a short
period of our life span effectively prevent chronic diseases and delay age-related
degenerative disorders? Indeed, much evidence from observational, clinical, and
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TABLE 9.1
Ongoing Clinical Trials Involving Vitamin E (July 2002)a

Expected
Studyb Institution End Points Participants Phase Type and design Treatment Follow-up completion

Vitamin E to treat National Eye Cystoid macular 80 I Treatment, 1600 IU/d vitamin E, mo 4 and 5 N/A
uveitis-associated Institute (NEI), edema; uveitis randomized, double-blind or placebo, for 4 mo
macular edema1 Bethesda, MD

Donepezil and vitamin Multicenter Small cell lung 104 III Supportive care Vitamin E twice daily; Every 6 mo 2004
E to prevent CD after cancer; randomized, double-blind, and donepezil once
cranial radiation therapy2 depression; two-arm daily, or placebo, for

delirium at least 1 mo

Memory impairment Multicenter MCI 720 III Prevention, 2000 IU/d vitamin E mo 3 and 6, then 2002
study3 ≥ 55 y old treatment, randomized, or  donepezil, or placebo every 6 mo

double-blind, three-arm for 3 y

SELECT4 Multicenter Prostate cancer 32,400 men, III Prevention, 400 IU/d vitamin E and/ Every 6 mo 2012
≥ 55 y old randomized, double- or 200 µg/d selenium, for 7 y

blind, four-arm or placebo

Lymphedema study5 Royal Marsden Lymphedema 100 women II Supportive care; Vitamin E and At 6 mo and 1 y N/A
Hospital, randomized, double-blind, pentoxifylline, or
London, UK two-arm placebo twice a day

for 6 mo

Lung cancer study6 Multicenter Lung cancer 60 II Supportive care; Vitamin E and/or Annually for 2 y N/A
former prevention, randomized, isotretinoin
smokers double-blind, three-arm

Vitamin E as add-on The Children’s Epilepsy 50 IV Treatment, randomized, Vitamin E or placebo 6 mo N/A
therapy for children Hospital, 1–18 y old double-blind, two-arm
with epilepsy7 Denver, CO

Carotid atherosclerosis University Cardiovascular 120 II Treatment, randomized, 1200 IU/d vitamin E, Every 6 mo N/A
trial8 of Texas, double-blind or placebo, for 2 y for 2 y

Dallas, TX
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Diet and PSA levels Memorial Sloan- Prostate cancer 154 III Prevention, treatment, “Intensive nutritional mo 1 and 3, N/A
in patients with prostate Kettering Cancer randomized, double- intervention or then every 3 mo
cancer9 Center, New blind, two-arm general nutritional 

York, NY instruction” for 18 mo

Laser and medical NEI, Diabetes 60 I Treatment,randomized 1600 IU vitamin E, or N/A N/A
treatment of diabetic Bethesda, MD mellitus; placebo, pre- and
macular edema10 macular edema postphotocoagulation

AREDS11 Multicenter Cataracts; age- 4757 III Treatment, randomized, Antioxidants (500 mg 
related macular ≥ 55 y old double-blind, four-arm vitamin C, 400 IU Every 6 mo for 2005
degeneration vitamin E, 15 mg at least 5 y

β-carotene) and/or
80 mg zinc daily,
or placebo

WHS12 Multicenter Cardiovascular; 39,876 women, III Prevention, 600 IU vitamin E and At least 5 y 2004
cancer ≥ 45 y old randomized, double- /or aspirin on alternate

blind, 2 × 2 factorial days, or  placebo

PHS II13 Multicenter Cardiovascular; 15,000 male III Prevention, 400 IU vitamin E and/or Annually for at 2002 
cancer; physicians, randomized,double- 50 mg β-carotene on least 5 y (extended 
eye disease ≥ 55 y old blind, 2 × 2 × 2 × 2 alternate days,and/or until 2007)

factorial 500 mg/d vitamin C and/
or multivitamin daily,
or placebo

WACS14 Multicenter Cardiovascular 8000 women, III Prevention, 600 IU vitamin E and/or Annually for at 2002 
≥ 40 y old randomized, double 50 mg β-carotene on least 5 y (extended

blind, 2 × 2 × 2 factorial alternate days, and/or until 2006)
500 mg/d vitamin C,
or placebo 

SUVIMAX15 Multicenter Cardiovascular 13,000 III Prevention, 30 mg/d vitamin E, 120 Annually for 8 y 2003
women randomized, double- mg/d vitamin C, 6 mg
≥ 35 y old, blind β-carotene, 100 µg/d
men ≥ 45 y old selenium and 20 mg/d

zinc, or placebo

(continued)

Copyright © 2002 AOCS Press



TABLE 9.1 (continued)
Ongoing Clinical Trials Involving Vitamin E (July 2002)a

Expected
Studyb Institution End Points Participants Phase Type and design Treatment Follow-up completion

WAVE16 Multicenter Cardiovascular 420 women, III Prevention, 800 IU/d vitamin E and 3 y 2002
≥ 38 y old treatment, 1000 mg/d vitamin C, or 

randomized, double- placebo, and/or hormone
blind, 2 × 2 factorial replacement therapy

CLIPS17 Multicenter Leg ischemia; 350 III Prevention, treatment, Antioxidants (600 Up to 4 y 2001
cardiovascular randomized, double- mg/d vitamin E,

blind, 2 × 2 factorial 250 mg/d vitamin C,
20 mg/d β-carotene) and/
or aspirin, or placebo

aData for studies 1−12, 14, and16 were obtained from www.clinicaltrials.gov;  for study 13, from Ref. 112); for study 15, www.suvimax.org; and for study 17, from www.vas-int.org.
bThe official titles of the studies are as follows:

1Randomized Masked Study to Evaluate the Use of Vitamin E in the Treatment of Uveitis-Associated Macular Edema.
2Phase III Randomized Study of Donepezil and Vitamin E in the Prevention of Cognitive Dysfunction Following Cancer Treatment That Included Prophylactic Cranial Irradiation
in Patients with Small Cell Lung Cancer.
3A Randomized, Double-Blind, Placebo-Controlled Trial to Evaluate the Safety and Efficacy of Vitamin E and Donepezil HCl (Aricept) to Delay Clinical Progression from Mild
Cognitive Impairment (MCI) to Alzheimer’s Disease (AD).
4Phase III Randomized Study of Selenium and Vitamin E for the Prevention of Prostate Cancer.
5Phase II Randomized Study of Vitamin E and Pentoxifylline in Women with Lymphedema After Radiotherapy for Breast Cancer.
6Phase II Randomized Study of Isotretinoin with or Without Vitamin E for the Chemoprevention of Lung Cancer.
7Double-Blind, Placebo-Controlled Trial of Vitamin E as Add-On Therapy for Children with Epilepsy. 
8Effect of High Dose Vitamin E on Carotid Atherosclerosis. 
9Phase III Randomized Study of the Effect of a Diet Low in Fat and High in Soy, Fruits, Vegetables, Green Tea, Vitamin E, and Fiber on PSA [prostate-specific antigen] Levels in
Patients with Prostate Cancer.
10Preliminary Assessment of Laser and Medical Treatment of Diabetic Macular Edema. 
11Age-Related Eye Disease Study.
12Women’s Health Study—Trial of Aspirin and Vitamin E in Women.
13Physicians’ Health Study.
14Women’s Antioxidant and Cardiovascular Study.
15Suplementation en Vitamines et Minéraux Antioxidants.
16Women’s Angiographic Vitamin and Estrogen Trial (completed but the results have not yet been published).
17Critical Leg Ischemia Prevention Study (completed but the results have not yet been published).
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experimental studies documents a beneficial role of vitamin E, and several small clini-
cal trials and some large human intervention studies are ongoing (Table 9.1). The fol-
lowing chapters on vitamin E in this book highlight recent findings and discuss bio-
logical functions, health benefits, and the potential therapeutic role of vitamin E in
humans.
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Chapter 10

Bioavailability and Biopotency of Vitamin E in Humans:
An Ongoing Controversy
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Introduction

Vitamin E (α-tocopherol) occurs in nature as a single compound in which carbon
atoms 2, 4′ and 8′ are in the R position and the phytyl side chain is straight (RRR, Fig.
10.1). Synthetic vitamin E (all-rac-α-tocopherol) is a mixture of eight stereoisomers
including RRR. Half of the material is in the 2R-conformation, half in the 2S. It is
believed that biopotency depends largely on the 2R-position; this is evident from the
relative potencies in Fig. 10.1 (in brackets) as determined in the rat gestation-resorp-
tion test (1).

The bioavailability and biopotency of natural (RRR) and synthetic (all-rac) α-
tocopherol have been discussed controversially for decades. Studies in humans that
tried to assess potency of vitamin E are rare and the methods used do not appear to be
sensitive enough to allow measurement of graded dose responses. Therefore bioavail-
ability studies have been used in lieu of potency studies. The terms bioavailability and
biopotency have often been used interchangeably, resulting in potentially misleading
and invalid conclusions. The confusion in terminology is widespread in the literature
and has hampered progress in determining potency. The aim of this presentation is a
critical review of the studies on potency and bioavailability.

Definitions of Bioavailability and Potency

Bioavailability is defined as the rate and extent of a drug’s appearance in blood. The
purpose of conducting bioavailability studies comparing two drugs is to determine
whether they are bioequivalent. Bioequivalence has been defined as follows: “Two
medicinal products are bioequivalent if they are pharmaceutical equivalents (contain-
ing the same amount of the same active substance in the same form) or pharmaceuti-
cal alternatives (containing the same active moiety but in a different chemical form,
e.g., salt or ester) and if their bioavailabilities following the same molar dose are simi-
lar to such a degree that their effects, with respect to efficacy and safety, will be
essentially the same” (2). Essentially the same has been defined as follows: “The 90%
confidence interval for the ratio of means [e.g., Cmax, area under the curve (AUC) or
steady-state concentration] should lie within an acceptance interval of 0.80 to 1.25”
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(2). The acceptance range was established to allow for the variation in response
between subjects and because the clinical effects from dosages within the range can-
not be distinguished. Consequently, comparative bioavailability studies are accepted
as a surrogate method for potency studies, provided that the compounds to be com-
pared are pharmaceutical equivalents or alternatives. It is obvious, that this proviso
does not apply to the comparison of RRR and all-rac, because RRR as a single com-
pound and all-rac as a mixture of eight compounds are neither pharmaceutical equiva-
lents nor alternatives.

Potency is a measure of the effects of a compound. Typical vitamin E effects are
the prevention of fetal resorption (death) in the rat, the prevention or cure of myopathy
in laboratory animals, and the prevention of erythrocyte hemolysis. The relative
potencies of RRR vs. all-rac that are presently accepted for humans were derived from
the gestation-resorption test in rats. They are as follows: (i) 1 mg all-rac-α-tocopheryl
acetate = 1 USP unit; and (ii) 1 mg RRR-α-tocopheryl acetate = 1.36 USP units (3).

Novel Definition of Vitamin E Activity by Food and Nutrition Board

Recently, in establishing Dietary Reference Intakes, the Food and Nutrition Board
(FNB) suggested a redefinition of vitamin E activity (4). It was suggested that the vit-

Fig. 10.1. The eight stereoisomers of all-rac-α-tocopherol. Given in brackets are the poten-
cies relative to RRR α-tocopherol as determined by the rat-gestation test. Source: Ref. 1.
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amin E activity of α-tocopherol is limited to the natural RRR-form and the three other
2R-stereoisomeric forms in synthetic α-tocopherol, excluding the four 2S-stereoiso-
mers. This would result in a theoretical potency ratio (RRR vs. all-rac) of 2:1. The nat-
ural (RRR) β-, γ- and δ- homologues and the respective tocotrienols were not consid-
ered to have vitamin E activity in humans. This contrasts with activities of 25–40,
1–11, 1, 28 and 5% reported for β-, γ- and δ- tocopherols, and α- and β-tocotrienols,
respectively, relative to α-tocopherol determined in the rat gestation-resorption test
(5). The redefinition is a marked change from the present definition of vitamin E that
includes all tocopherols and tocotrienols that exhibit qualitatively the biological activi-
ty of α-tocopherol (5). The FNB argued that hepatic α-tocopherol transfer protein (α-
TTP) has a preference for RRR compared with the other forms, resulting in preferen-
tial secretion into and “maintenance in blood,” whereas the stereoisomers with 2S-
configuration and the non-α-tocopherol homologues are “not maintained” in plasma
and tissues. Note that the term “maintenance” is not defined unlike appropriate
bioavailability terminology such as mean residence time or half-life. It is a vague term
because γ-tocopherol and SRR-α-tocopherol (one of the stereoisomers that is consid-
ered by FNB as not having vitamin E activity) are also absorbed into blood (6) and are
present in blood, albeit with an apparent shorter half-life than RRR (7). γ-Tocopherol
constitutes as much as 30–50% of total vitamin E in human skin, muscle, vein, and
adipose tissue (8). As recently reviewed, it is a more effective trap for lipophilic elec-
trophiles than α-tocopherol, and as its urinary metabolite, γ-carboxy-ethyl-hydroxy-
chroman (γ-CEHC) also has natriuretic and anti-inflammatory activities. Thus, it may
be more important to human health than previously appreciated (9).

The Challenge to Determine Vitamin E Potency in Humans

Designing a true potency study for humans is a challenge for several reasons. Overt vit-
amin E deficiency is virtually nonexistent, and healthy subjects with normal plasma α-
tocopherol (~25 µmol/L) cannot be used. Vitamin E depletion would require >1 y and
would be unethical. Myopathy that can be monitored by plasma creatine kinase does
not normally occur in human vitamin E deficiency. Finally, vitamin E deficiency pre-
sents as subtle neurological symptoms (peripheral neuropathy) that are not useful for
establishing a graded dose-response relationship, unlike myopathy in animals. At pre-
sent there are no clinical end points that appear suitable to assay potency in humans.

Biochemical end points reflecting antioxidant potency such as breath pentane
(10) and peroxide-induced hemolysis ex vivo in vitamin E–depleted subjects have
been used (11). Data obtained by the latter method were taken by FNB to draw a line
between vitamin E deficiency and adequacy at 12 µmol/L to determine the require-
ment (4). α-Tocopherol in plasma low density lipoprotein (LDL; a bioavailability
measure) and the rate and lag time of conjugated diene formation, thiobarbituric acid-
reactive substances, and macrophage degradation of LDL (measures of potency) after
copper-oxidation in vitro were measured in a study comparing RRR and all-rac at sup-
plement doses of 1600 mg/d for 8 wk (12). α-Tocopherol in LDL increased and the
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susceptibility to oxidation decreased at similar rates for both groups, indicating that
either form of α-tocopherol provided equal antioxidant protection at this high dose.
However, the sensitivity of this method to detect minor differences in potency is not
sufficient for a precise assessment of the ratio.

Bioavailability Studies

Comparing RRR and all-rac in Parallel Groups

A total of nine studies were published that compared RRR and all-rac in parallel
groups of subjects, three using a single dose and six using repetitive dosing ranging
from 10 to 56 d [for a review, see (13)]. The doses ranged from 100 to 1600 mg/d.
Plasma concentration at 24 h postdosing, Cmax, the AUC for plasma or red blood cells,
the plasma steady-state concentration, and the concentration in LDL were variously
used as parameters of bioavailability. An overview of the ratios found for RRR:all-rac
in these studies is shown in Figure 10.2. The majority of the ratios are clustered
around the line indicating the presently accepted potency ratio, 1.36, and within the
range of acceptance. A single value outside the range (2.62) was reported by Horwitt
(14) based on the percentage increase at 24 h, a one-time point measurement. If the
AUC6–48h is calculated from the author’s data, a ratio of 1.56 is obtained. Figure 10.2
is in striking contrast to the assumption that all-rac should be allotted half the potency
of RRR (14). Despite the fact that, as outlined above, the bioavailability factor does
not reflect the biopotency factor, it is interesting to note that the ratio is consistently
below 2:1. This indicates that, contrary to the opinion of the FNB (4), more than one
half of all-rac may be retained in plasma. In tissues, the ratio tends to be even lower
than in plasma (8).

Intraindividual Biokinetic Comparisons of d3-RRR and d6-all-rac

In these studies, differentially deuterated forms (d3-RRR and d6-all-rac) were dosed
simultaneously at a 1:1 ratio by weight (15). The technique was developed to obtain a
deeper insight into the kinetics of absorption, plasma transport, and tissue distribution
(15) and to elucidate the sites of biodiscrimination between vitamin E homologues
and stereoisomers. Using this approach, intraindividual comparisons were made of
plasma and tissue kinetics (8,16) including plasma kinetics in smokers and nonsmok-
ers (17), hepatic VLDL secretion (6), metabolic breakdown to α-CEHC (18), mater-
nal-fetal transfer (19), and of biodiscrimination between vitamin E homologues and
stereoisomers (20). Studies measuring the plasma response to differentially labeled
RRR-α-tocopherol, SRR-α-tocopherol (one of the eight stereoisomers of all-rac), and
γ-tocopherol have led to the hypothesis that absorption takes place with roughly equal
efficiencies indicating little or no discrimination among isomers in the digestive tract
(6). In contrast, biodiscrimination occurs in the liver, resulting in preferential resecre-
tion of RRR via nascent very low density lipoproteins (VLDL) into blood (6), and this
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has been attributed to a higher affinity of α-TTP for RRR (21). It is not known
whether discrimination by α-TTP also occurs after high (supplemental) doses. The
main sites and potential events leading to discrimination are given in Table 10.1.

From these studies, the ratios (d3-RRR:d6-all-rac) of concentrations in plasma
and various tissues (“bioavailability ratios”) were also reported. The ratios obtained in
all published studies are shown in Figure 10.3, as reviewed recently (13). Included in
Figure 10.3 are data reported by the authors and data calculated from the authors’
data. Not included is the ratio of 3.42 found for umbilical cord plasma (19). Figure
10.3 indicates that roughly one half of the data fall into the range of acceptance as
defined above, whereas the remainder lies between the upper limit of the range and
the value of 2. This is at variance with the statements of the authors who reported
ratios of ~2 (17,19,21). Traber et al. (17) claimed that the ratio was roughly 2, while
specifying in the same sentence, that the average value for all subjects and time points
was 1.7 ± 0.2. It appears that reiteration of this claim that was originally raised by
Horwitt (14), one of the leading vitamin E researchers of his time, has superceded
subsequent attempts at estimating the ratio precisely.

In total, the ratios obtained with the competitive uptake method are somewhat
higher than those derived from the parallel group studies with unlabeled material. This

Fig. 10.2. Ratios of RRR:all-rac-α-tocopherol in blood and plasma low density lipopro-
teins reported from parallel-group studies with unlabeled materials. Points, from left to
right, are from single-dose studies based on plasma concentration at 24 h (��) reported
by Horwitt (14) and on the area under the curve (AUC)6–48h (�) calculated from Horwitt
(14); on plasma Cmax and AUC (�), Yoshikawa et al. (25); on AUC and Cmax in plasma,
and on AUC and Cmax in red blood cells (��), Ferslew et al. (26); and from repetitive-
dose studies based on plasma steady state (�), Baker et al. (27); plasma steady state and
protection from LDL oxidation (��), Devaraj et al. (28) ; α-tocopherol in low density
lipoprotein (LDL) (�), Reaven and Witztum (12); plasma steady state (��),Winklhofer-
Roob et al. (29); and plasma steady state (*) Chopra and Bhagavan (30). The solid and
hatched lines denote the presently accepted biopotency factor of 1.36 and the upper
and lower limits of acceptance, respectively.
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may accrue from experimental bias. Cohn (22) pointed out that, because the total dose
contains 50% d3-2R-stereoisomers, 25% d6-2R-stereoisomers, and 25% d6-2S-
stereoisomers, 75% 2R-forms compete with 25% 2S-forms. Because of the threefold
higher abundance of the 2-R-form and because of the preference of α-TTP for 2R-
stereoisomers, an overestimation of RRR and discrimination against all-rac result.

How to explain the differences between the ratios shown in Figure 10.3 and the
purported ratio of 2? One explanation is that some authors reported maximum ratios
(8,18,23). These were found at time points during the elimination phase rather than at
established time points such as Cmax or during steady state. Because elimination rates
of RRR and all-rac are different, the ratio of concentrations is not stable but becomes
wider with increasing distance from the last dose (13). This results in variable ratios
depending on the time point. Furthermore, as shown by kinetic modeling (13), the
ratio also depends on the dose, with supplement doses resulting in lower discrimina-
tion than dietary doses. Thus, because the bioavailability ratio is affected by the time
point and the dose, it is arbitrary and not a true reflection of the ratio of potency.

There is one example of a comparative bioavailability study using differentially
labeled vitamin E forms that truly reflects their relative potencies (24). In that study,
the free phenolic form and the acetate ester of natural-source vitamin E were given

TABLE 10.1
Sites and Potential Events of Discrimination Between RRR- and all-rac-α-Tocopherola

Site Event Discrimination Reference

Pancreas Carboxylester hydrolase ?
Small intestinal chyme Release from matrix No

Tocopherylester hydrolysis No
Entry into mixed micelles No
Micelle diffusion No

Enterocyte Intracellular transport No (32)
Incorporation into chylomicrons No
Secretion of chylomicrons No

Plasma chylomicrons Endothelial lipoprotein lipase No
Formation of chylomicron remnants No
Kinetics No (6)

Plasma Biokinetics Yes (6,8,16, 20)
Liver Binding to remnant receptor No

Binding to α-TTP Dietary doses: Yes (21)
Supplements (≥ 50mg): ? (33)

VLDL secretion Yes (6)
Biliary secretion ?
α-CEHC formation ?

Kidneys α-CEHC excretion Yes (18)
Other tissues Rates of uptake, release and metabolism Yes (e.g., CNS) (8)

No (e.g., liver, muscle) (8)
Placenta Maternal/fetal transfer Yes (19)
aAbbreviations: α-TTP, α-tocopherol transfer protein; VLDL, very low density lipoprotein; α-CEHC, α-carboxy-
ethyl-hydroxychroman; CNS, central nervous system.
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jointly as d3-α-RRR-tocopherol and d6-RRR-α-tocopheryl acetate, respectively, at the
same molar dose. The mean ratio d3/d6 for plasma and the AUC was 1.0 and the ratio
was constant at all time points. Because in this case the compounds were pharmaco-
logic alternatives containing the same active moiety, RRR-α-tocopherol, the bioavail-
ability ratio truly reflects the potency ratio.

Conclusions

Rat studies have shown that RRR has 1.36-fold the potency of all-rac. In humans, a
lack of sensitive clinical end points or biomarkers has precluded biopotency compar-
isons. Bioavailability studies were conducted in lieu of potency studies and these have
resulted in estimates of the ratio of bioavailability of up to 2. This has resulted in the
inference, literally or indirectly, that this ratio reflects the ratio of potency. This infer-
ence is challenged on the basis of the differences between RRR and all-rac in stereo-
chemistry and hence, kinetics. Because of these differences, potency studies that mea-
sure functional end points must be conducted. At present there is clearly a lack of ade-
quate methods to conduct such studies in humans. Until sensitive and specific clinical
end points or biomarkers have been developed, the discussion about the potency of
all-rac relative to RRR will be ongoing.
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Chapter 11

Vitamin E: Evidence for the 2:1 Preference for RRR-
Compared with all-rac-α-Tocopherols

Maret G. Traber and David Blatt

Linus Pauling Institute, Oregon State University, Corvallis, OR 97331

Vitamin E Structures vs. Activities

Almost since the discovery of vitamin E in 1922 (1), there have been disagreements
concerning the biologic activities of the various tocopherols and tocotrienols. α-
Tocopherol is found in highest concentrations in animal plasma and tissues.
Currently, only α-tocopherol has been demonstrated to reverse human vitamin E defi-
ciency symptoms; it is the only form of vitamin E that meets the year 2000 vitamin E
recommended dietary allowance (RDA) (2). However, in the plant kingdom, a variety
of compounds that have vitamin E antioxidant activity have been described. The latest
of these was described in plankton and cold water fishes that consume plankton (3).

Vitamin E was originally defined as a required nutrient because it is essential for
maintaining the fetus during pregnancy (1). Thus, tests to evaluate biologic activities
of the naturally occurring vitamin E forms were based on amounts required to protect
the fetus (4). Unfortunately, most of the studies (5,6) were conducted long before
modern methods of chromatography along with sensitive detection methods were
available. It is therefore impossible to assess how much contaminating α-tocopherol
might have been in the preparations used to test the biologic activity of other vitamin
E forms. The presence of contaminating α-tocopherol is important because the α-
tocopherol transfer protein (TTP) is expressed during pregnancy in the uterus and pla-
centa (7). This protein selectively transfers α-tocopherol compared with other toco-
pherols and tocotrienols (8) and may be critical for maintaining the maternal/fetal unit
α-tocopherol concentrations.

The rationale for possible differences in biologic activities between various natu-
rally occurring vitamin E forms has been based on slight differences in antioxidant
activities. However, antioxidant activities cannot be the explanation for differences in
the biologic activities between naturally occurring and synthetic α-tocopherol. When
α-tocopherol is chemically synthesized, eight stereoisomers are formed arising from
the three chiral centers in the tail, which can be R or S. The naturally occurring α-
tocopherol is in the RRR-form, whereas the synthetic contains equimolar concentra-
tions of RRR, RSR, RRS, RSS, SRR, SSR, SRS, and SSS. These forms have identical
chromanol rings and thus identical antioxidant activities.
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Lack of Bioequivalence of RRR- and all-rac-αα-Tocopherols

Bioequivalence implies comparable bioavailability and biopotency (9). Different for-
mulations are bioequivalent if the rate and extent of absorption of the active ingredi-
ents are not significantly different when administered under similar conditions, or
result in the same concentration vs. time curves, or if all of their effects are identical
(10). RRR- and all-rac-α-tocopherols have not been proven to meet any of these crite-
ria for bioequivalence; thus, they must be presumed to be different compounds, not
different formulations of the same compound. Because the active moieties (stereoiso-
mers) differ in RRR- and all-rac-α-tocopherols, and have different or unknown poten-
cies for each physiologic effect, bioavailability and biopotency ratios cannot be
assumed to be equal.

Determination of Biological Activities Using Deuterium-
Labeled Vitamin E

Bioavailability of α-Tocopherol

Plasma concentrations of α-tocopherols reflect the sum of the four primary pharmaco-
kinetic processes: absorption, distribution, metabolism, and excretion. An individual
molecule goes through these processes sequentially, but all four processes occur
simultaneously. Clearance from plasma occurs by both distribution and elimination.
Distribution and elimination (metabolism and excretion) begin as soon as the first
molecule is absorbed. Slower absorption allows more distribution and elimination to
occur before absorption is complete. Thus, the area under the curve (AUC) of plasma
concentrations vs. time is related to the rate and extent of absorption and distribution
and to the rate of elimination (9).

Bioavailability is a measure of an individual’s total exposure to a substance. The
ratio of steady-state plasma concentrations of a substance after oral compared with
intravenous administration is proportional to its fractional absorption. Bioavailability
is the rate and extent to which the active moiety is absorbed, enters the systemic circu-
lation, and is available at the site of action (9,10).

Calculation of deuterated α-tocopherol (AUC) may be the best method for deter-
mining vitamin bioavailability E. When healthy adults ingested 15, 75, or 150 mg
deuterated RRR-α-tocopheryl acetate (11), the AUC calculated from plasma d3-RRR-
α-tocopherol concentrations increased linearly with dose (i.e., a 10-fold increase in
dose resulted in a 10-fold increase in AUC). Linear increases in the AUC with dose
reflect linear increases in the sum of absorption, distribution, metabolism, and excre-
tion; this suggests that these processes were not saturated.

However, there was little change in plasma total (labeled plus unlabeled) α-toco-
pherol concentrations, which were 12 µmol/L at baseline and averaged 13.3, 15.4, and
16.7 over 96 h after the 15, 75, and 150 mg doses, respectively. Thus, the newly
absorbed labeled vitamin E was preferentially used to replace the “old” circulating vit-
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amin E. This observation also makes it clear that interpretation of vitamin E bioavail-
ability cannot be carried out using unlabeled vitamin E. Thus, studies comparing the
efficacy of supplements containing either natural or synthetic vitamin E are invalid
because the amount of newly absorbed vitamin E from the supplement cannot be
assessed.

Mechanisms of Transport and Discrimination in Humans

The use of stable isotope–labeled vitamin E has been instrumental in describing how
differences in the absorption and plasma transport of vitamin E forms lead to differ-
ences in their biological activities. Because these topics have been reviewed exten-
sively elsewhere (12,13), they will be discussed only briefly here. Studies using RRR-
and SRR-α-tocopherols and RRR-γ-tocopherol labeled with different amounts of deu-
terium demonstrated that all of these forms were equally absorbed and secreted in
chylomicrons into the plasma (14,15). Subsequently, there was a preferential secretion
of RRR-α-tocopherol from the liver into the plasma in very low density lipoproteins
(VLDL). This preference for α-tocopherol is dependent upon the function of TTP (16)
because patients with a genetic defect in TTP become spontaneously vitamin E defi-
cient when consuming diets adequate in vitamin E (17).

Studies in Mice Lacking the αα-Tocopherol Transfer Protein

Although studies in humans with defects in the TTP gene have suggested that TTP
was required for maintenance of plasma α-tocopherol concentrations (17), only limit-
ed information is available on these vitamin E–deficient subjects’ tissue α-tocopherol
concentrations (18). Mice in which the gene for TTP was deleted have extraordinarily
low vitamin E plasma and tissue concentrations (19–21) and express vitamin E defi-
ciency symptoms (7,19). To determine whether TTP knockout mice were unable to
discriminate between natural and synthetic vitamin E (21), adult TTP knockout (Ttpa−/−,
n = 5), heterozygous (Ttpa+/−, n = 7), and control (Ttpa+/+,  n = 3) mice consumed
equimolar d6 RRR- and d3 all-rac-α-tocopheryl acetates (30 mg each/kg diet) for 3
mo; labeled and unlabeled α-tocopherols in plasma and 17 tissues were then measured
by liquid chromatography/mass spectrometry (LC/MS) (21). Although deuterium-
labeled α-tocopherols represented >85% of the plasma α-tocopherol in all groups,
Ttpa−/− mice had plasma total α-tocopherol concentrations that were only 5.4% of
Ttpa+/+ and 7.7% of Ttpa+/− mice. Ttpa−/− tissue (except liver) total α-tocopherol con-
centrations were 2–20% of those in Ttpa+/+ mice. These data are consistent with the
concept that vitamin E is absorbed and transported to the liver, and only if TTP is
expressed is α-tocopherol exported from the liver into the plasma for tissue delivery.
Clearly, TTP is required not only to maintain plasma α-tocopherol, but also tissue 
α-tocopherol.

The other proposed function of TTP is the preferential secretion of RRR-α-
tocopherol from the liver into the plasma. In mice fed 1:1 d6 RRR- and d3 all-rac-
α-tocopheryl acetates for 3 mo, the d6:d3 ratios in plasma and 16 tissues from
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Ttpa+/+ and Ttpa+/− mice were double those of Ttpa−/− mice (Fig. 11.1) (21). In
TTP-expressing mice, tissue enrichment of natural over synthetic α-tocopherol
appears to be due to nonspecific uptake of α-tocopherol from the plasma, which
contained 2:1 d6:d3 α-tocopherols. Ttpa+/− mice that expressed half the amount of
hepatic TTP (20) also had d6:d3 ratios of nearly 2. These data suggest that plasma
α-tocopherol concentrations are highly dependent upon the function of TTP and
that this protein preferentially selects only the 2R-α-tocopherol forms from all-rac-
α-tocopherol for secretion into plasma. Importantly, patients who were α-TTP het-
erozygotes (expressing two different mutations) were also able to discriminate
between RRR- and SRR-α-tocopherols (17,22). These 2:1 ratios are also consistent
with findings in normal humans administered labeled RRR- and all-rac-α-toco-
pheryl acetates (23–25).

Fig. 11.1. α-Tocopherol transfer protein (TTP)-knockout mice do not discriminate
between natural and synthetic vitamin E. Shown are the d6:d3 α-tocopherol ratios in
adult α-TTP knockout (Ttpa−/−, n = 5), heterozygous (Ttpa+/−, n = 7), and wild-type
(Ttpa+/+, n = 3) mice that consumed a 1:1 d6-RRR- and d3-all-rac-α-tocopheryl
acetate–containing diet (30 mg each/kg diet) for 3 mo. Labeled and unlabeled α-toco-
pherols in plasma and 17 tissues were measured. The d6:d3 α-tocopherol ratios in plas-
ma and 16 tissues (excluding liver) from Ttpa+/+, Ttpa+/− and Ttpa−/− mice were 1.8 ±
0.2, 1.9 ± 0.2, and 1.1 ± 0.1, respectively (P < 0.0001,Ttpa−/− vs. Ttpa+/+ or Ttpa+/−).
Source: Adapted from (21).
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Vitamin E Kinetics in Pigs

Vitamin E supplements are often provided to farm animals; therefore, the relative
bioavailabilities of RRR- and all-rac-α-tocopherols were evaluated in swine (26).
Deuterium-labeled vitamin E (150 mg each of d3-RRR- and d6-all rac-α-tocopheryl
acetates) was administered orally to female pigs (n = 3) with the morning feed. Blood
samples were obtained at 0, 3, 6, 9, 12, 24, 36, 48, and 72 h. The maximum observed
plasma concentration of d3-RRR-α-tocopherol was achieved at 12 h (1.12 µmol/L),
whereas d6-α-tocopherol peaked earlier (at 9 h) at a lower concentration (0.66
µmol/L, P < 0.05, Fig. 11.2). The d3/d6 ratios were 1.35 ± 0.73 at 3 h and increased to
2.00 ± 0.14 at 72 h (P < 0.03). The d3-α- and d6-α-tocopherol disappearance rates
were similar for both tocopherols and estimated to be 0.029 µmol/L per hour. The
AUC for d3-α- and d6-α-tocopherol were 38.2 and 18.5, respectively. These studies
suggest that pigs rapidly discriminate between forms of vitamin E and selectively
retain 2R-forms in the plasma.

Fig. 11.2. Discrimination between natural and synthetic vitamin E in swine. The plasma
d3- and d6-α-tocopherol concentrations after deuterium-labeled vitamin E (150 mg each
d3-RRR- and d6-all-rac-α-tocopheryl acetates) was administered orally to adult female
pigs (n = 3) with the morning feed are shown. The ratio of d3-/d6-α-tocopherols
increased from 1.35 ± 0.73 at h 3 to 2.0 ± 0.14 at h 72 (P < 0.03). Source: Adapted from
(26).
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Vitamin E Kinetics During Pregnancy and Lactation in Sows

The biological activities of RRR- and all-rac-α-tocopherols were also evaluated dur-
ing pregnancy and lactation, using pigs as a model system (27). Vitamin E delivery to
fetuses and to suckling piglets was monitored by feeding 150 mg each of d3-RRR-α-
and d6-all-rac-α-tocopheryl acetates daily to 3 pregnant sows from 7 d before to 7 d
after birth. Blood from fasting sows was obtained in the morning of d −7, −4, 1, and 4
(during supplementation, d 1 was delivery day) and on d 7, 14, 21. Sow’s milk, as
well as piglet (n = 9) plasma and tissues were obtained at birth, 7 and 21 d. Labeled
and unlabeled vitamin E concentrations were measured by LC/MS.

At birth, despite markedly elevated sow plasma deuterated α-tocopherol concen-
trations, no labeled α-tocopherol was detected in piglet plasma or tissues. After initia-
tion of suckling by the piglets, a dramatic increase in plasma and tissue α-tocopherol
concentrations was observed. These data emphasize the limited placental vitamin E
transfer and the importance of milk as a delivery system for enhancing the vitamin E
status of the newborn. At d 7 compared with birth, total α-tocopherol concentrations
in most piglet tissues had increased 10-fold. The highest deuterated vitamin E concen-
trations in piglet tissues were found in liver, followed by lung, heart, kidney, muscle,
intestine, and brain. Plasma d3-α-tocopherol concentrations were approximately dou-
ble those of d6-α-tocopherol in both sows and piglets.

Biologic Activity of the Tocotrienols: Importance 
of Metabolism

Because tocotrienols have both antioxidant activities and reportedly decrease serum
cholesterol synthesis, the serum cholesterol response and LDL oxidation after α-, γ-,
or δ-tocotrienyl acetate supplementation was studied in hypercholesterolemic subjects
(28). The subjects consumed a low-fat diet for 4 wk, then were randomly assigned to
placebo (n = 13), α- (n = 13), γ- (n = 12), or δ- (n = 13) tocotrienyl acetate supple-
ments (250 mg/d). Supplements were eaten with dinner for 8 wk while subjects con-
tinued to consume the low-fat diet.

No differences were observed in plasma cholesterol levels, LDL cholesterol lev-
els, or LDL apolipoprotein B concentrations, suggesting that the tocotrienols were
ineffective in modulating cholesterol synthesis. Importantly, tocotrienyl supplements
did not affect plasma α- or γ-tocopherol concentrations. Twelve hours after the last
dose of supplemental tocotrienyl acetates, fasting plasma concentrations of α-, γ-, and
δ-tocotrienols were ~1, 0.5, and 0.1 µmol/L, respectively. Apparently, tocotrienyl
acetate supplements are hydrolyzed and absorbed, but plasma tocotrienol concentra-
tions remain barely detectable. The reason for these relatively low concentrations
compared with the ~20 µmol/L α-tocopherol concentration is the very fast clearance
of the plasma tocotrienols, as demonstrated by Yap et al. (29).

The mode of tocotrienol elimination from the body is not known. Hypothetically,
the rapid disappearance of the tocotrienols could be a result of metabolism.
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Carboxyethyl-hydroxychromans (α- and γ-CEHC) are human urinary metabolites of
α- and γ-tocopherols, respectively (30). Lodge et al. (31) demonstrated that α- or γ-
tocotrienols are metabolized to the same carboxyethyl-hydroxychromans (α- and γ-
CEHC) as are α- and γ-tocopherols, respectively, and that these CEHC are detectable
in urine. The subjects (n = 5 men, 1 woman) were healthy, nonsmokers, who did not
take antioxidant supplements. A single supplement was consumed with breakfast each
week for 4 wk in the following order: 125 mg γ-tocotrienyl acetate, 500 mg γ-
tocotrienyl acetate, 125 mg α-tocotrienyl acetate, then 500 mg α-tocotrienyl acetate.
Complete urine collections were obtained 24 h before, as well as on the day of supple-
mentation, and on the subsequent 2 d. The fraction of the dose excreted as CEHC, as
shown in Figure 11.3, was ~1 and 5% for α- and γ-tocotrienols, respectively. These
relatively low percentages suggest that tocotrienols (and perhaps other vitamin E
forms) that are rapidly cleared from plasma are eliminated apparently by a mechanism
other than metabolism, or the metabolites are excreted by other routes.

Conclusions

The use of stable isotope–labeled vitamin E has allowed the estimation of vitamin E
pharmacokinetic parameters. However, unlike drugs that are generally absorbed,

Fig. 11.3. Humans metabolize tocotrienols to carboxyethyl-hydroxychromans (CEHC)
and excrete them in the urine. Complete urine collections (24 h) were obtained for 1 d
before (baseline), the day of, and 2 d after human subjects (n = 6) ingested tocotrienol
supplements. The subjects consumed 125 mg γ-tocotrienyl acetate in wk 1and 500 mg
in wk 2; then 125 mg α-tocotrienyl acetate was administered in wk 3 and 500 mg in wk
4. The percentage of the administered dose recovered as the respective urinary CEHC
metabolites is shown for each dose. Source: Adapted from (31).
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transported, and excreted by nonspecific mechanisms, the use of labeled vitamin E
forms has demonstrated how differences in the plasma transport of vitamin E forms
lead to differences in their biologic activities. It is quite apparent that TTP activity
determines that only 2R-α-tocopherols are specifically maintained in the plasma.
This leads to the question concerning what function α-tocopherol plays specifically
and why α-tocopherol if other tocopherols and tocotrienols have potent antioxidant
activities.
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Chapter 12

Mechanisms of Vitamin E Metabolism

Regina Brigelius-Flohé, Dirk Kluth, Nico Landes, Paul Pfluger, and Marc Birringer

German Institute of Human Nutrition, Potsdam-Rehbrücke, Germany

Introduction

Vitamin E is a term that includes 4 tocopherols (α, β, γ, δ) and 4 tocotrienols (α, β, γ,
δ) (1). Naturally occurring tocopherols have an RRR stereochemistry, whereas the
synthetic all-rac-tocopherols comprise all 8 possible stereoisomers. Tocotrienols have
an unsaturated side chain and thus contain only one chiral center, which in the natural
form has the R configuration. RRR-α-tocopherol is preferentially retained in the
human body indicating that it may have functions that cannot be exerted by other
forms of vitamin E. The special aspects of handling α-tocopherol include sorting,
degradation, and possibly also absorption.

Absorption

The human diet contains the range of vitamin E types, with γ-tocopherol as the
most abundant form in the typical American diet (2). Despite the higher γ-toco-
pherol intake, its concentration in human plasma is 5–10 times less than that of α-
tocopherol. Administration of 250 mg α-, γ-, or δ-tocotrienol/d for 8 wk did not
lead to plasma levels >1 µmol/L (3). It is generally believed that all forms of vita-
min E are equally absorbed in the intestine [for review see (4)] and that the prefer-
ential treatment of α-tocopherol occurs in the liver by means of the α-tocopherol
transfer protein (α-TTP; see below). Studies with children with cholestatic liver
disease (5) and with patients suffering from cystic fibrosis (6) demonstrated that
uptake of vitamin E into intestinal mucosa cells requires bile acids and pancreatic
enzymes. Absorption is believed to be a passive process facilitated by fat intake.
Release of vitamin E into the circulation occurs via chylomicrons. The mechanism
of chylomicron formation and lipid loading is relatively well known (7), whereas it
remains unclear how chylomicrons are loaded with different forms of vitamin E. In
cultured hepatocytes, fibroblasts, and macrophages, an α-TTP–dependent but
lipoprotein assembly–independent process was reported (8). Similar to the choles-
terol reverse transport, it appears to be mediated by the ABCA1 transporter (9).
Whether such a pathway is also functioning in the intestine requires investigation.
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Sorting

In the liver, α-TTP selects the α-tocopherols with R-configuration at C-atom 2 and
delivers them to very low density lipoproteins by a mechanism that is not yet known.
The affinities of α-TTP for β-, γ-, δ-tocopherols and α-tocotrienol are 38, 9, 2, and
11% of that for α-tocopherol, respectively (10), explaining the high levels of α-toco-
pherol in plasma. The vital function of α-TTP is evident from patients with mutations
in the gene for α-TTP. These patients have extremely low α-tocopherol plasma levels
and suffer from neurological symptoms typical of vitamin E deficiency, e.g., cerebel-
lar ataxia (11,12). α-TTP is expressed in Bergmann glia cells surrounding and ali-
menting Purkinje cells (13), which are involved in the coordination of intentional
movements. α-TTP is obviously needed in the Purkinje layer to regulate the transfer
of α-tocopherol, a role that other tocopherols cannot perform.

In 1922, Evans and Bishop (14) reported on the indispensability of vitamin E for
the reproduction of female rats. The detection of α-TTP in the mouse uterus links α-
TTP to α-tocopherol–dependent reproduction (15). In α-TTP knockout mice, the
embryos die between d 9.5 and 10.5 of gestation and are resorbed (15). Circumstantial
evidence suggests that α-TTP is also operative in the human placenta. Pregnant
women were given equal amounts of d3-RRR-α- and d6-all-rac-α-tocopheryl acetate 5
d before delivery (16). The ratio of d3/d6 was found to be 1.86 in the mothers’ plasma
and 3.42 in the cord blood. This means that α-tocopherol has been sorted twice, first
in the mothers’ liver and obviously again at the maternal-fetal interface.

Degradation

Tocopherols and tocotrienols are metabolized by side-chain degradation. The final
products, carboxyethyl hydroxychromans (CEHC), are conjugated with glucuronic
acid or sulfate and excreted in the urine (17–21). Irrespective of the dosage, only
1–3% of the ingested RRR-α-tocopherol appears in the urine as α-CEHC (22). In con-
trast, at least 50% of γ-tocopherol is degraded and eliminated this way (23). Up to 2
and 6% of α- and γ-tocotrienol administered orally have been found as urinary α- and
γ-CEHC, respectively (21). Thus, different forms of vitamin E are metabolized at dif-
ferent metabolic rates. Pertinent degradation pathways were therefore studied in cul-
tured HepG2 cells.

ββ-Oxidation

The structures of the final degradation products, CEHC, suggest that side-chain degra-
dation must have occurred via a β-oxidation pathway (Scheme 12.1). The identifica-
tion of immediate precursors of α- and γ-CEHC, α- and γ-carboxymethylbutyl
hydroxychroman (CMBHC) in human urine (22,24–26) and of α-carboxymethyl-
hexyl hydroxychroman (α-CMHHC) in HepG2 cells (27) established this mechanism.
For γ-tocopherol, all theoretical intermediates of the β-oxidation pathway were con-
firmed recently (28).
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Although the β-oxidation scheme is straightforward for the tocopherols, auxiliary
enzymes are required for the degradation of tocotrienols because of their unsaturated
side chain (Scheme 12.2). Formation of the α,β-unsaturated fatty acid in the second and
fourth round in the β-oxidation of tocotrienols leads to compounds with two conjugated

SCHEME 12.1. Mechanism of α-tocopherol side-chain degradation. Shown are the
metabolites identified to date with respective references. For references of identified
metabolites from other tocopherols, see text. Putative intermediates, currently identified
only for γ-tocopherol (28), are set in brackets.
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SCHEME 12.2. Mechanism of γ-tocotrienol side-chain degradation. β-Oxidation interme-
diates of γ-tocotrienol, γ-carboxymethylbutyl hydroxychroman (γ-CMBHC), the γ-car-
boxymethylhexyl hydroxychroman (CMHHC) precursor γ-carboxymethylhexenyl
hydroxychroman [γ-CMH(en)HC], and γ-carboxydimethyloctenyl [γ-CDMO(en)HC] as
well as the final product γ-carboxyethyl hydroxychroman (γ-CEHC) were identified in the
culture medium of HepG2 cells. The cells were incubated with 50 µmol/L γ-tocotrienol
for 2 d. Then, medium was extracted, metabolites separated by high-performance liquid
chromatography (HPLC) with electrochemical detection and identified by gas chro-
matography (GC)/mass spectrometry (MS) (27). All MS spectra showed an m/z typical of
the fragmented chroman structure, which is 223 in case of γ-substitution, and an m/z of
73 characteristic for the cleaved trimethylsilyl group. Molecular ion m/z was 408, 450,
476, and 518 indicating γ-CEHC, γ-CMBHC, γ-CMH(en)HC, and γ-CDMO(en)HC.
Compounds (a) and (b) are hypothetical intermediates produced by 2,4-dienoyl-CoA
reductase and 3,2-enoyl-CoA isomerase, respectively.

Copyright © 2002 AOCS Press



double bonds that are not accepted by enoyl-CoA hydratase that usually forms the β-
hydroxyacyl-CoA. In linoleic acid metabolism, this impasse is resolved by the action of
two auxiliary enzymes, 2,4-dienoyl-CoA reductase and 3,2-enoyl-CoA isomerase (see
biochemistry texts). The identification of  γ-carboxydimethyloctenyl hydroxychroman
[γ-CDMO(en)HC] and γ-CMBHC lacking the double bond originally present in the
tocotrienol (Scheme 12.2) confirms that the unsaturated side chain of tocotrienols is
indeed metabolized like unsaturated fatty acids. Production of the CMBHC precursor, γ-
carboxymethylhexenyl hydroxychroman [γ-CMH(en)HC], does not require auxiliary
steps and has been found to be released as such from HepG2 cells incubated with α- or
γ-tocotrienol. In principle, the enzymatic steps implicated are possible in peroxisomes
and in mitochondria. At present, however, it is not clear where the side-chain degrada-
tion of tocopherols and tocotrienols is performed. The release of CEHC precursors by
HepG2 cells indicates that the formation of the final product CEHC might involve rate-
limiting steps. Whether precursors accumulate to relevant concentrations also in vivo
and to which compartment they are released remains to be investigated.

ωω-Oxidation

β-Oxidation of tocopherol and tocotrienol depends on initial ω-hydroxylation and
subsequent oxidation of the hydroxyl group to an aldehyde and carboxylic acid func-
tion. The involvement of cytochrome P450 (CYP) enzymes appears plausible and has
been deduced from inhibition and induction studies. Ketoconazole and sesamin, then
believed to affect CYP3A-type enzymes specifically, have been shown to inhibit the
release of γ- and δ-CEHC and γ- and δ-CMBHC from HepG2 cells (29). Rifampicin,
known as a CYP3A inducer, stimulated the release of α-CEHC from HepG2 cells
when treated with all-rac-α-tocopherol but not when treated with RRR-α-tocopherol
(27). Recently, however, microsomes from insect cells transfected with human
CYP4F2 have been shown to be most active in oxidizing the ω-methyl group of RRR-
α- and γ-tocopherol, whereas a variety of other cytochromes including CYP3A4 were
inactive (28). In this system, CYP4F2 preferentially degraded γ-tocopherol, whereas
α-tocopherol was bound slightly better but metabolized more slowly. This was inter-
preted to explain the comparatively slow turnover of RRR-α-tocopherol in general.
Difficulties in detecting α-CEHC release from HepG2 cells might, however, equally
result from other reasons. We have shown that RRR-α-tocopherol degrades only after
a long incubation time or in cells already adapted to all-rac-α-tocopherol (27). The
inability of rifampicin to up-regulate RRR-α-tocopherol degradation could point to the
involvement of a different CYP in the metabolism of this stereoisomer. In addition,
the experimental results shown in Figure 12.1 may be interpreted along these lines
The yield of degradation products from HepG2 cells was substantially higher with γ-
tocopherol and could not be further increased by rifampicin treatment, whereas
rifampicin stimulated all-rac-α-tocopherol–derived α-CEHC and α-CMBHC release.
If not due to different CYP, the differential rates and inducibilities of the tocopherol
metabolism may result from the following: (i) highly different affinities or metaboliz-
ing rates of the hydroxylation system for α- and γ-tocopherol as suggested (28); (ii)
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Fig. 12.1. Rifampicin stimulates the release of metabolites from all-rac-α-tocopherol but
not from γ-tocopherol from HepG2 cells into the culture medium. Tocopherol-adapted
HepG2 cells (27) were deprived of α-tocopherol by incubation in tocopherol-free medi-
um for 4 d (wash-out). After that, no metabolites were detectable in the cell culture
medium. During the last 2 d of the wash-out period, 50 µmol/L rifampicin was added to
the culture medium. Control cells did not receive rifampicin. After the complete wash-
out phase, 100 µmol/L all-rac-α- or γ-tocopherol was added. Afer 72 h, the medium was
collected and 1-naphtol added as internal standard (final concentration 0.033 µmol/L).
Thereafter, the medium was acidified to pH 4.5 and extracted 3 times with 10 mL t-
butylmethylether. Solvent was removed by evaporation; the resulting residue was dis-
solved in high-performance liquid chromatography (HPLC) solvent and analyzed by
HPLC-electrochemical detection as described (27). To obtain faster elution, acetonitrile
was mixed with the solvent from min 32 to reach 40% acetonitrile after 52 min.
Because an authentic standard was not available for γ-carboxymethylbutyl hydroxychro-
man (γ-CMBHC), data are expressed as 1-naphtol equivalents (NE). Response factors
were 1.46 and 1.48 for α- and γ-carboxyethyl hydroxychromans (CEHC), respectively,
and 2.44 for α-CMBHC. Actual concentrations (pmol/mg protein) were: 29.6 ± 16.2 for
α-CEHC (control); 91.3 ± 42.5 for α-CEHC (rifampicin); 602 ± 176 for α-CMBHC (con-
trol); 1471.5 ± 397.5 for α-CMBHC (rifampicin). The concentrations of γ-CEHC
(nmol/mg protein) were: 3.89 ± 0.71 (control) and 4.08 ± 1.32 (rifampicin). Thus, con-
centrations of α-CMBHC are somewhat underestimated in the figure and probably also
those of γ-CMBHC. Values are means ± SD (n = 3). For better clarity, the α-CEHC is
shown again in the insert on a different scale.
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effective binding of α-tocopherol to α-TTP or to one of the tocopherol-associated pro-
teins (TAP) (30,31), thereby preventing degradation; or (iii) upregulation of the
metabolizing system by γ-tocopherol itself. Which of the possibilities finally turns out
to be true remains to be determined.

Relevance of Side-Chain Degradation In Vivo

Although only 1–3% of the administered dose of RRR-α-tocopherol is found as α-
CEHC in human urine, the percentage of all-rac-α-tocopherol–derived CEHC is 3–4
times higher (32). In rats administered a single dose of equal amounts of radioactively
labeled SRR- and RRR-α-[5-methyl-14C] tocopherol, 87.6 and 83% of the respective
radioactivity was recovered in feces after 96 h (33). Of the administered dose, 7.8%
was observed in the urine as α-CEHC from SRR- and 1.3% from RRR-α-tocopherol.
This means that <10% of RRR-α-tocopherol that was not excreted via the feces was
eliminated in the urine, whereas this fraction was up to 60% for SRR-α-tocopherol.
This corresponds to the calculation made by Swanson et al. (23) who reported that
50% of the γ-tocopherol consumed may be converted to CEHC. Both studies demon-
strated that urinary excretion of CEHC appears to be more relevant for tocopherols
distinct from RRR-α-tocopherol. A detailed study of tocotrienol degradation has not
yet been undertaken. First results show a higher CEHC excretion from γ- than from α-
tocotrienol (21). However, accumulated precursors as observed in HepG2 cells and
probably excreted via the bile in vivo should be considered for balancing. In addition,
fecal elimination may be important.

Taken together, our knowledge of the mechanism of vitamin E metabolism has
increased tremendously during the last few years. These studies further demonstrate
the unique and preferential role played by α-tocopherol. Different metabolic rates
certainly will influence biopotency and bioequivalence of individual forms of vita-
min E. The possibility that CYP, i.e., drug or xenobiotic metabolizing enzymes, are
involved in the degradation of vitamin E opens the possibility of an interference of
vitamin E with the drug metabolism that should be investigated thoroughly in view
of the large dosages of vitamin E taken for self-supplementation.
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Chapter 13

γγ-Tocopherol Metabolism and Its Relationship 
with αα-Tocopherol in Humans

Rosalind Lee, Francesco Galli, and Frank J. Kelly

School of Health & Life Sciences, Kings College London, London, UK

Introduction

Vitamin E is widely associated with lipids in nature, especially monounsaturated and
polyunsaturated fatty acids. In this context, it plays an important role in minimizing
and, in some cases, preventing the oxidation of susceptible lipid molecules. Although
this antioxidant function has been considered to be the primary role of vitamin E for
several decades, it is becoming increasingly clear that this antioxidant vitamin also
has a range of other important functions in cell biology. This multiplicity of function
is due, in part, to the range of molecules that comprise the vitamin E family, namely,
α, β, δ, and γ-tocopherols and α, β, δ, and γ-tocotrienols. These eight isoforms and
some of their respective metabolites perform a wide range of roles within the body.

Humans have lost the ability to make vitamin E; as a consequence, they must
acquire it from their diet. In contrast to other antioxidant vitamins such as vitamin C
and β-carotene that are abundant in fruit and vegetables, members of the vitamin E
family are more prevalent in plant seeds and oils. Even though α-tocopherol is by far
the most prevalent form of vitamin E in humans, this is not the case in the plant king-
dom. In many instances such as with soybean, corn, and sesame oil, γ-tocopherol is
the predominant form of vitamin E (1). Indeed, γ-tocopherol predominates so much in
our natural food chain that it represents ~70% of all vitamin E consumed in the typi-
cal American diet. Equivalent information is not available for Europe but there also,
γ-tocopherol is likely to dominate vitamin E intake in most countries.

Given the large intakes of γ-tocopherol by humans, it is somewhat surprising
that blood contains a relatively small proportion in comparison to α-tocopherol.
Typically, the ratio is ~10:1 in favor of α-tocopherol (2). This intriguing observa-
tion was eventually explained by a series of interesting studies by Traber and col-
leagues (3–5). They showed that intestinal cells take up all forms of vitamin E
equally and then release them into the circulation with chylomicrons. The isoforms
then reach the liver in association with chylomicron remnants, although there is
some opportunity for direct transfer to tissues during this transfer process. This
may explain why certain tissues such as muscle and adipose tissue have higher
than expected concentrations of γ-tocopherol. On reaching the liver, the chylomi-
cron remnants are taken up and a specific protein, the α-tocopherol transfer protein
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(α-TTP), preferentially selects α-tocopherol from other incoming tocopherols for
incorporation into very low density lipoproteins (6). Non-α-tocopherol forms are
much less well retained; as a consequence, they are metabolized and either excret-
ed via the bile or transported via the circulation to the kidney for subsequent elimi-
nation in urine (7,8).

γγ-Tocopherol and Disease

A low γ-tocopherol concentration and a high α- to γ-tocopherol ratio have been
reported in patients with coronary heart disease (CHD) compared with controls
(9,10) and in a population with a high incidence of CHD (11). These observations
suggest that a serum tocopherol profile with low γ-tocopherol levels and a high α-
to γ-tocopherol ratio may be an indicator of an increased risk for CHD. In support
of such a conclusion, Kushi et al. (12) reported that intake of dietary-derived vita-
min E (i.e., mainly γ-tocopherol), but not supplemental vitamin E (α-tocopherol)
was beneficial in reducing cardiovascular disease. Moreover, the same group
recently arrived at a similar conclusion for postmenopausal women and death from
stroke (13).

In response to these and other positive observations about γ-tocopherol, there is
renewed interest in approaches to improve γ-tocopherol status by dietary change. For
example, it has been suggested that rapeseed oil–rich diets help to increase the levels
of γ-tocopherol in the body. In the Lyons Diet Heart Study it was found that a
Mediterranean diet rich in α-linolenic acid (high in rapeseed oil) was beneficial in sec-
ondary prevention of CHD (14). Similarly, Lemcke-Norojarvi et al. (15) reported that
substitution of corn and sesame oils in the diet (which contain substantial quantities of
γ-tocopherol) leads to an increase in serum γ-tocopherol in healthy women without
affecting the serum α-tocopherol concentrations. Similar conclusions were reached by
Clooney and colleagues (16) who demonstrated that the source of dietary γ-tocopherol
is an important determinant of its subsequent plasma concentrations. They found that
the consumption of γ-tocopherol in the form of sesame seeds is the most efficient way
of increasing blood γ-tocopherol concentrations. For example, consumption or 5 mg
of γ-tocopherol/d for 3 d in the form of sesame seeds, but not walnut or soybean oil
significantly elevated serum γ-tocopherol levels (19%) while decreasing β-tocopherol
concentrations (34%).

Specific Beneficial Effects of γγ-Tocopherol

Recently, Saldeen and colleagues (17) examined the differential effects of α- and
γ-tocopherol on thrombogenesis. In a rat model, they found that γ-tocopherol was
significantly more potent than α-tocopherol in inhibiting platelet aggregation and
thrombogenesis. Moreover, they also report that γ-tocopherol reduced superoxide
anion generation, lipid peroxidation, and low density lipoprotein oxidation and
increased superoxide dismutase activity to a much greater extent than α-toco-
pherol.
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γγ-Tocopherol Metabolism

A number of studies have demonstrated that α-2,7,8-trimethyl-2-(β-carboxyethyl)-6-
hydroxychroman (α-CEHC) is the main metabolite of the α-tocopherol in both plas-
ma (18,19) and urine (20,21). Swanson et al. (22) suggested that the formation of γ-
CEHC and its consequent excretion in urine represent a primary route of elimination
of γ-tocopherol in humans. They also identified a putative metabolite analog to γ-
CEHC, namely, γ-CMBHC (γ-carboxymethylbutyl hydroxychroman), which is
excreted in urine as a minor form (1–4% of the concentration of γ-CEHC) and secret-
ed in vitro by hepatoma cells (23). In the same study, the authors described in one
subject, the time course of γ-CEHC and γ-CMBHC excretion after RRR-γ-tocopherol
supplementation (150 mg/d for 2 d). The increase in the urinary concentration of γ-
CEHC and γ-CMBHC 14 h after supplementation was approximately eight- and
threefold, respectively. In general, studies undertaken in North America record high
baseline levels of urinary γ-CEHC excretion (2.5–31.5 µmol/L), reflecting the higher
intake of γ-tocopherol in the U.S. diet compared with that of Europe.

Interestingly, γ-CEHC was first identified by Wechter and colleagues in 1996
(24) when they were searching for molecules that elicit natriuretic activity. γ-CEHC,
or LLU-α as it was named by Wechter, was shown to inhibit the 7O pS ATP-sensitive
K+ channel in the thick ascending limb cells of the rat kidney (24). In this respect, γ-
CEHC activity may be unique in its ability to regulate extracellular fluid volume.
Recently, however, Hatton and colleagues (25), reported that administration of either
γ-tocopherol or γ-tocotrienol to male rats gave rise to increased plasma concentrations
of γ-CEHC. Moreover, γ-tocotrienol supplementation in humans has been reported to
increase urinary γ-CEHC concentrations (26). These findings weaken the case for a
single class of nutrients being the immediate precursor of an important regulatory fac-
tor. Tocotrienols have a structure similar to that of tocopherol except that they have an
unsaturated side chain. Previously, tocotrienols have been reported to lead to choles-
terol suppression (27), tumor suppression (28), and a blockage of increased blood
pressure (29). But studies using purified tocotrienols in hypercholesterolemic subjects
did not confirm these findings (30).

Use of Deuterated γγ-Tocopherol to Examine Its Biokinetics 
in Normal Subjects

Given the potentially unique qualities of γ-tocopherol and its metabolites and the fact
that supplementation with α-tocopherol has a profound influence on body γ-toco-
pherol levels (31), we thought it worthwhile to examine further the bioavailability and
metabolism in human subjects.

The objective of the study was to establish the biokinetics of γ-tocopherol within
the body. We approached this problem by supplementing healthy subjects with deu-
terium-labeled γ-tocopherol and followed its appearance in the plasma pool and subse-
quent urinary excretion (32). Twenty-one subjects were recruited, (11 men/10
women) between 22 and 47 y of age (mean 32.6 ± 8.3 y). Subject characteristics are
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provided in Table 13.1. All were healthy nonsmoking individuals who were not taking
any medication or vitamin supplements for the duration of this study or 4 wk before
the start. The study was approved by the St. Thomas’ Hospital Research Ethics
Committee.

Protocol

Subjects were asked to make five visits to the laboratory when early morning urine
and blood samples were collected. On the first visit when baseline samples were col-
lected, subjects were given a capsule containing 100 mg of RRR d2-γ-tocopherol
acetate. This was taken with a supplied breakfast (a cake or chocolate bar containing a
similar amount of fat). Subsequent visits were made on d 1, 3, 7, and 10 when early
morning urine and blood samples were also collected. In addition to this, two subjects
provided samples 6, 9 and 12 h postsupplementation. Plasma was obtained by cen-
trifugation (13,000 × g, 15 min at 4°C) and immediately stored at −80°C until process-
ing. Urine samples were stored at −20°C.

TABLE 13.1
Subject Characteristics

Subject Sex Age (y) Body mass index (kg/m2)

1 F 47 20.2
2 M 28 19.6
3 M 45 23.9
4 F 27 22.9
7 F 26 22.7
8 F 25 19.1
9 M 26 23.1

10 M 50 35.7
11 F 22 26.0
13 F 34 22.8
14 F 30 19.9
15 M 35 22.3
16 F 27 21.2
17 F 34 21.6
18 F 43 23.7
19 M 44 24.0
20 M 31 21.8
21 M 29 22.4
22 M 29 24.5
23 M 29 20.7
24 M 24 21.8

Mean 32.6 22.9
SD 8.3 3.4
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HPLC Analysis of Plasma αα- and γγ-Tocopherol

The plasma concentration of α- and γ-tocopherol were measured by high-performance
liquid chromatography (HPLC) as described previously (33). Briefly, an internal stan-
dard of α-tocopherol acetate (Sigma, Dorset, UK) was added to 200 µL of plasma and
vortexed. This was then mixed with cold hexane (500 µL) and vortexed again. The
hexane layer was removed and evaporated to dryness under nitrogen. The dry extract
was resuspended in methanol (400 µL) for analysis on a Gilson HPLC system
(Anachem, Beds, UK) using reverse-phase HPLC. The extracted sample (100 µL)
was then injected onto an Apex II Octadecyl 5-µm 10-cm column preceded by an
Apex Bio300 Guard column 4.6-mm i.d. cartridge (Jones Chromatography,
Glamorgan, UK). The separation was achieved using a mobile phase of 98%
methanol/2% water set at a flow rate of 1 mL/min. The α-tocopherol, γ-tocopherol,
and tocopherol acetate were measured using ultraviolet light detection at 292 nm.
External standards of α-tocopherol (Sigma) and γ-tocopherol (Roche, Herts, UK)
were also prepared. The final α- and γ-tocopherol plasma concentrations were correct-
ed for cholesterol. Plasma cholesterol levels were determined by enzymatic colorimet-
ric test using CHOD/PAP methods and Unimate 5 Chol kits, (Roche Diagnostic).
Analysis was carried out by the Chemical Pathology Department, St. Thomas’
Hospital).

Gas Chromatography-Mass Spectrometry (GC-MS) Analysis 
of Urinary Metabolites QL and CEHC

Internal standards d3 quinone lactone (QL), d2 CEHC and d9 CEHC (4 nmol in 25 µL
of acetonitrile or ethanol) were added to an aliquot of urine (4 mL). Enzymatic hydrol-
ysis of the glucuronide conjugate of the metabolites was carried out using Escherichia
coli β-glucuronidase (Sigma, EC: 3.2.1.31) 650 U in 200 µL of 0.25 mol/L sodium
acetate buffer (pH 6.2). The samples were flushed with nitrogen and incubated at
30°C in the dark for 14 h. The resulting solution was acidified to pH 1.5 and extracted
with hex-ane/tert-butyl methyl ether (10 mL, 99:1). After centrifugation (13,000 × g at
4°C for 15 min), the organic layer was removed and evaporated under nitrogen. The
residue was dissolved in anhydrous pyridine (100 µL) and silylated at 65°C for 1 h
with 50 µL N,O-bis (trimethylsilyl) trifluoroacetamide containing 1% trimethyl-
chlorosilane (Pierce Chemical, Rockford, IL), after flushing the tube head space with
nitrogen. The solvents were evaporated under nitrogen and the residue dissolved in
hexane for GC-MS analysis.

The disilyl ester of CEHC metabolites and unsilylated QL metabolite were quan-
tified by GC-MS using a Hewlett-Packard 6990 GC (Agilent Technologies,
Stockport, UK) coupled to a Hewlett-Packard 5973 Mass Selective Detector. The car-
rier gas was helium. The separation of the compounds was achieved using a HP-1
cross-linked methylsioxane column (25 m × 0.2-mm i.d. and film thickness 0.33 µm).
The oven temperature was set to 50°C for 2 min followed by ramp of 50°C/min to
240°C; this was held for 4 min before a further increase of 25°C/min to 285°C, which
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was maintained for 6 min. The injection volume was 1 µL injected in splitless mode.
The transfer line temperature was 290°C and the MS source temperature was 230°C.

In selected ion mode, the following ions corresponding to the molecular ion of
the metabolites were monitored: m/z 276 (d0 QL), 279 (d3 QL), 285 (d9 QL), 408 (d0

γ-CEHC), 410 (d2 γ-CEHC), 422 (d0 α-CEHC), 425 (d3 α-CEHC), and 431 (d9 α-
CEHC). Concentrations of d0 QL, γ- and α-CEHC were calculated from the peak area
relative to the corresponding internal standard (d3 QL, d2 CEHC and d9 CEHC,
respectively). The concentration of the d0 γ-CEHC was calculated using a response
factor and the d9 α-CEHC as internal standard (Fig. 13.1).

Fig. 13.1. Gas chromatography-mass spectrometry trace of a typical urine sample. Ion
276 represents d0 α-QL and the corresponding internal standard ion 279 d3 α-QL; ion
408 represents d0 γ-2,7,8-trimethyl-2-(β-carboxyethyl)-6-hydroxychroman (γ-CEHC) and
the corresponding internal standard ion 410 d2 γ-CEHC; and ion 422 represents d0 α-
CEHC and the corresponding internal standard ion 431 d9 α-CEHC.
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The final urinary CEHC and QL concentrations were adjusted for creatinine con-
centrations. The concentration of creatinine was determined spectrophotometrically
using a Sigma Diagnostics creatinine kit and following manufacturer’s instructions
(555A, Sigma Chemical, St. Louis, MO). Regression analysis was carried out with
robust standard errors. The nonparametric data were log transformed to allow for
parametric analysis.

Results

Plasma responses. Baseline α-tocopherol, γ-tocopherol, cholesterol, and cholesterol-
corrected tocopherol data are shown in Table 13.2. As expected, γ-tocopherol at base-
line was <10% of the α-tocopherol concentration. Moreover, considerable interindi-
vidual differences in both α- and γ-tocopherol existed among the subjects (Fig. 13.2; 
d 0 data). Ingestion of 100 mg of RRR γ-tocopherol acetate increased plasma γ-toco-
pherol concentrations 2.6-fold on d 1 compared with d 0 (0.37 ± 0.15 to 0.98 ± 0.42
µmol/mmol cholesterol, P < 0.0001). However, this response disappeared by d 3

TABLE 13.2
Plasma Tocopherol (Toc) Concentrations, Cholesterol (Chol), and
Tocopherol/Cholesterol Concentrations at Baseline

α-Toc γ-Toc Chol α-Toc/Chol γ-Toc/Chol
Subject (µmol) (µmol) (mmol) (µmol/mmol) (µmol/mmol)

1 28.38 2.54 6.71 4.23 0.38
2 29.89 2.46 4.25 7.03 0.58
3 26.25 1.06 4.36 6.02 0.24
4 28.80 2.08 4.87 5.91 0.43
7 35.65 1.28 5.51 6.47 0.23
8 24.79 1.98 4.86 5.10 0.41
9 19.84 1.44 4.19 4.74 0.34

10 39.91 3.33 5.22 7.65 0.64
11 19.82 1.50 3.68 5.39 0.41
13 33.12 2.16 5.82 5.69 0.37
14 25.58 1.48 3.95 6.48 0.38
15 33.83 1.83 6.72 5.03 0.27
16 22.97 0.97 4.88 4.71 0.20
17 22.99 1.27 4.84 4.75 0.26
18 42.59 2.42 6.53 6.52 0.37
19 34.16 3.59 5.29 6.46 0.68
20 20.29 1.53 3.83 5.30 0.40
21 25.87 1.27 4.92 5.26 0.26
22 29.90 1.60 4.89 6.12 0.33
23 29.65 1.10 5.04 5.88 0.22
24 25.99 2.86 3.98 6.53 0.72

Mean 28.6 1.89 4.97 5.77 0.39
SD 6.27 0.74 0.90 0.87 0.15
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when plasma γ-tocopherol concentrations had returned to baseline (Fig. 13.2).
Ingestion of 100 mg of RRR γ-tocopherol acetate did not alter the plasma α-toco-
pherol concentration (Fig. 13.2).

Urinary metabolite responses. After γ-tocopherol supplementation, urinary d2 γ-
CEHC increased markedly, rising to 2.24 ± 1.96 µmol/g creatinine on d 1 (Fig. 13.3).
As seen with the plasma γ-tocopherol response, d2 γ-CEHC concentrations returned to

Fig. 13.2. Plasma α- and γ-tocopherol concentrations after ingestion of 100 mg d2-γ-
tocopherol at d 0. Data are provided both as medians and interquartile ranges as indi-
vidual data points.
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baseline by d 3. In contrast, the urinary d0 γ-CEHC concentrations changed only mar-
ginally, increasing from 0.80 ± 0.55 to 1.07 ± 0.68 µmol/g creatinine on d 1.
Similarly, the α-tocopherol metabolites in urine showed very little response to γ-toco-
pherol supplementation (Fig. 13.3). There was a small increase in α-CEHC on d 1
(2.21 ± 2.12 to 3.19 ± 2.78 µmol/g creatinine), whereas α-QL was unaffected or
slightly decreased after supplementation with γ-tocopherol.

Interindividual responses. A wide range in response to γ-tocopherol supplemen-
tation was seen in these healthy individuals (Fig. 13.4). Plasma responses over the 24-
h postsupplementation period ranged from no change to a threefold increase. Such dif-
ferences were even more marked in the urinary excretion of the d2 γ-CEHC metabo-

Fig. 13.3. Mean urinary metabolite concentrations given as µmol/g creatinine (the error
bars show SD) after a 100-mg dose of d2-γ-tocopherol at d 0. α-QL excretion rate did
not change significantly from baseline. In contrast, α-2,7,8-trimethyl-2-(β-carboxyethyl)-
6-hydroxychroman (α-CEHC) increased significantly (P < 0.05) at d 1 compared with
baseline but then returned to baseline concentrations by d 3. The same pattern of
increase was seen in the d0-γ-CEHC metabolite (P < 0.05) at d 1. The d2-γ-CEHC
metabolite increased significantly at d 1 (P < 0.0001) and remained significantly
increased at d 3 (P < 0.005) but then returned to baseline concentrations by the next
sampling point at d 5.
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lite with 40-fold differences in response apparent (Fig. 13.4). To examine these early
responses in more detail, two subjects were asked to provide blood and urine samples
6, 9, 12, 24, and 48 h postsupplementation with 100 mg d2-γ-tocopherol.

Early responses to γ-tocopherol supplementation. In the two subjects exam-
ined, the major plasma responses to γ-tocopherol supplementation occurred within
the first 24 h (Fig. 13.5). In both, peak plasma responses occurred at or before 6 h
postsupplementation; by 24 h, these levels had fallen to approximately the same as
the unlabeled, endogenous γ-tocopherol concentrations. Examination of the appear-
ance of γ-CEHC in plasma revealed that this also occurs, rapidly building to a peak

Fig. 13.4. Interindividual responses to supplementation with 100 mg of d2-γ-tocopherol
acetate. The plasma concentrations of γ-tocopherol and its urinary metabolite, γ-2,7,8-
trimethyl-2-(β-carboxyethyl)-6-hydroxychroman (γ-CEHC) are shown for 21 healthy vol-
unteers before and 24 h postsupplementation with 100 mg of d2-γ-tocopherol acetate.
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plasma level by 8 h postsupplementation. A similar pattern of γ-CEHC appearance
occurred in urine (Fig. 13.5).

Discussion

Supplementation with 100 mg of γ-tocopherol resulted in a transient increase in plas-
ma γ-tocopherol and urinary γ-CEHC concentrations. In most subjects, the plasma
response was rapid and complete within 72 h. The majority of the changes in the plas-
ma pool likely occurred within the first 24 hours. At the peak level, plasma γ-toco-

Fig. 13.5. The d0 and d2 plasma γ-tocopherol, γ-2,7,8-trimethyl-2-(β-carboxyethyl)-6-
hydroxychroman (γ-CEHC) and urinary γ-CEHC concentrations for 2 subjects during the
first 48 h postsupplementation with 100 mg d2-γ-tocopherol are shown.
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pherol concentration increased approximately threefold, whereas urinary γ-CEHC
concentrations increased >20-fold. Importantly, however, ingestion of this large bolus
of γ-tocopherol had no apparent effect on the plasma α-tocopherol concentration and
produced only a slight increase in urinary α-CEHC. Thus, supplementation with 
γ-tocopherol, even at this large dose, does not displace α-tocopherol from the circula-
tion. This is most likely due to the high specificity that α-TTP has for binding α-toco-
pherol over any other vitamin E homolog (34).

The considerably greater increase in urinary γ-metabolite excretion compared
with plasma γ-tocopherol increase suggests that the metabolic clearance of γ-toco-
pherol increased considerably after ingestion of the bolus dose. From the combined
excretion curves, it was possible to calculate that >90% of the γ-CEHC was eliminat-
ed in the first 72 h after d2-γ-tocopherol administration. From a more detailed exami-
nation of the early response in two subjects, it is likely that the majority of this
occurred in the first 24 h.

Considerable interindividual variability was observed in the response to γ-toco-
pherol loading (Fig. 13.4). For example, there was little difference in plasma γ-toco-
pherol values between 0 and 24 h in some subjects, whereas others showed marked
increase. This was not simply due to a difference in clearance rates among subjects
because those subjects with the greatest urinary excretion rates were not those with the
lowest plasma values at 24 h. Similarly, these sizable differences in γ-tocopherol
bioavailability were not due to dietary differences at the time of the study because the
fat content of the food taken with the supplement was the same for each subject.
Similar differences have been reported previously for α-tocopherol bioavailability
(35) and the response appears to be specific to the individual.

In the United States, the average daily intake of γ-tocopherol has been estimated
to be 18 mg (22). Based on this and a measure of γ-CEHC metabolite excretion,
Swanson and colleagues could account for ~50% of the dietary intake. In the present
study, ~38% was accounted for as this metabolite.

In conclusion, this stable isotope study illustrates the rapid metabolism and loss
of ingested γ-tocopherol in humans. Urinary γ-CEHC appears to represent a main, but
not exclusive route for excretion of γ-tocopherol metabolites. Furthermore, it is of
interest to note that the concentration and metabolism of α-tocopherol in plasma are
not influenced by γ-tocopherol supplementation.
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Chapter 14

Vitamin E in Cell Signaling

Angelo Azzi

Institute of Biochemistry and Molecular Biology, University of Bern, 3012 Bern, Switzerland

Protection by Vitamin E Against Disease

Mutations of the α-tocopherol transfer protein (α-TTP) gene lead to reduced α-toco-
pherol concentrations in plasma and tissues that ultimately lead to a severe syndrome
called ataxia with vitamin E deficiency (AVED) (1). Vitamin E therapy prevents pro-
gression of the syndrome and reverses some of the neurological symptoms (2,3).
Vitamin E supplementation is also useful in a number of disorders, especially athero-
sclerosis, ischemic heart disease, and some cancers (4–6). The simple antioxidant
function of vitamin E is not sufficient to explain all of the effects shown, and different
biological roles have to be considered.

Protection against human atherosclerosis has been observed in subjects taking
larger vitamin E quantities with the diet (7). A large prospective cohort study (Nurses’
Health Study) revealed that those who obtained vitamin E from supplements had a
relative risk of nonfatal myocardial infarction or death from coronary disease of 0.54
(8).

Arterial Imaging Studies

Ultrasound measurements of the arterial intima-media wall thickness (IMT) allow
early evaluation of subclinical stages of atherosclerosis (9,10). The Etude sur le
Vieillisement Arteriel (EVA) trial showed that higher red blood cell vitamin E was
correlated with less thickening of the arterial wall (11). A very significant inverse cor-
relation between the progression of carotid artery narrowing and vitamin E plasma
levels was found also in the Kuopio Ischemic Heart Disease Study (12). The
Antioxidant Supplementation in Atherosclerosis Prevention study (ASAP) (13)
showed that over 3 y, progression of carotid atherosclerosis measured by IMT was
reduced by 74% in men receiving vitamins E and C. No effect on the arterial wall
thickness was found in women.

Using data from the Cholesterol Lowering Atherosclerosis Study (CLAS) (14),
less carotid IMT progression was found for high supplementary vitamin E users com-
pared with low vitamin E users (15). However, in the Study to Evaluate Carotid
Ultrasound changes in patients treated with Ramipril and vitamin E (SECURE), no
vitamin E–induced differences in atherosclerosis progression (16) were observed. The
majority of these studies indicate that vitamin E protects against carotid thickening.
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Controlled Intervention Trials

The α-Tocopherol β Carotene (ATBC) trial, the Linxian China trial, the Cambridge
Heart Antioxidant Study (CHAOS), and Gruppo Italiano per lo Studio della
Sopravvivenza nell’ Infarto Miocardico (GISSI) have provided different results. The
CHAOS study (a secondary prevention trial on subjects with established heart dis-
ease) (17) showed a 77% reduction in the risk for nonfatal myocardial infarction by
vitamin E. However, the GISSI trial, which was among patients who had survived a
myocardial infarction, did not show a significant difference for the group given vita-
min E (18,19). A reevaluation of the data (20–22) suggested a more favorable inter-
pretation if partial end points were taken. The Linxian China Study (23) showed small
but significant reductions in total and cancer mortality in subjects receiving β-
carotene, vitamin E, and selenium.

The ATBC trial (24) indicated that in heavy smokers, vitamin E produced a 32%
lower risk of prostate cancer and a 41% lower mortality from prostate cancer (25).
SPACE, Secondary Prevention with Antioxidants of Cardiovascular Disease in
Endstage Renal Disease (26), showed a 46% reduction in myocardial infarction,
ischemic stroke, peripheral vascular disease, and unstable angina. The HPS [Medical
Research Council (MRC)/British Heart Foundation (BHF) Heart Protection Study]
demonstrated that statins can reduce the risk of heart attack or stroke by up to one
third, but vitamin C and/or Vitamin E were without benefit (Congress of the
American Heart Association Scientific Sessions, 2001, November 11–14, Anaheim,
California).

Of the most important intervention studies, CHAOS and SPACE are consistent
with each other and a careful analysis of the GISSI study reveals that α-tocopherol
supplementation resulted in significant effects. However the HOPE and the HPS
yielded decisively negative outcomes. It is likely that the type of population, the
amount of tocopherol, the ability to be absorbed, and the genotypic and nutritional
aspects of the population studied may be important in the understanding of these dis-
crepancies.

Tocopherol Binding Proteins in Tissues

α-TTP is expressed in the liver, in some parts of the brain, in the retina lymphocytes
and fibroblasts, as well as in the labyrinthine trophoblast region of the placenta
(27–30). It is still unclear how many other α-tocopherol binding proteins exist, and
which mechanism regulates α-tocopherol transfer and its concentration in peripheral
cells or subcellular compartments. Recently, a novel tocopherol binding protein was
identified, the 46-kDa tocopherol-associated protein (TAP) (31,32). Ubiquitously
expressed, TAP may be specifically involved in the intracellular transport of toco-
pherol, for example, between membrane compartments and the plasma membrane,
similarly to the yeast secretory protein (SEC14p).

Furthermore, cloning and expression of two novel genes that are highly similar to
the human tocopherol-associated protein (hTAP), were obtained recently in our labo-
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ratory. Immunoprecipitation of the three hTAP and extraction of bound ligands indi-
cates that they bind not only tocopherol, but also phosphatidylinositol, phosphatidyl-
choline, and phosphatidylglycerol. Ligand association analyses indicate competition
among ligands for hTAP binding. Recombinant hTAP have low GTPase. We propose
that hTAP represent a novel type of ligand-dependent regulatory protein, which is
modulated by tocopherol. These proteins may regulate a number of phosphatidylinosi-
tol- and phosphatidylcholine-requiring enzymes in a tocopherol-dependent fashion as
well as a number of cell-signaling pathways.

Molecular Properties of αα-Tocopherol: Antioxidant 
and Nonantioxidant Functions

It is commonly believed that phenolic compounds such as vitamin E play only a pro-
tective role against free radical damage and that vitamin E is the major hydrophobic
chain-breaking antioxidant that prevents the propagation of free radical reactions in
membranes and lipoproteins. The antioxidant properties of vitamin E are well known
(33), especially in connection with the prevention of low density lipoprotein (LDL)
oxidation (34), although the correlation between LDL oxidation and atherosclerosis is
not always evident (35,36). Alternative studies have suggested that α-tocopherol pro-
tection against LDL oxidation may be secondary to the inhibition of protein kinase C
(PKC). This enzyme is responsible for triggering the release of reactive oxygen
species with consequent lipid oxidation (37,38) (Table 14.1).

The nonantioxidant properties of tocopherol have been indicated by several
experiments in which the four tocopherol analogs had effects that could not be corre-
lated with their antioxidant capacity. Furthermore, the selective uptake and transport

TABLE 14.1
Effects of α-Tocopherol and Their Supposed Molecular Mechanismsa

Proposed 
Reaction Mechanism Reference

Inhibition of protein kinase C NA/A (39,40,47,48,77,84,87–95)
Inhibition of cell proliferation NA (76,77)
Inhibition of platelet adhesion and aggregation NA/ND/A (69,70,78,79)
Inhibition of monocyte-endothelial adhesion NA/ND/A (67,80–82)
Inhibition of ROS in monocytes and neutrophils A/NA (48,83–86)
Inhibition of α-tropomyosin expression NA (56)
Inhibition of liver collagen α1 (I) expression ND (96)
Inhibition of collagenase expression NA (58)
Modulation of α-TTP expression ND (59)
Inhibition of scavenger receptors class A (SR-A) NA (97)
Inhibition of scavenger receptors CD36 NA (98)
Inhibition of ICAM-1 and VCAM-1 expression ND (67)
aAbbreviations: NA, non-antioxidant; A, antioxidant; ND, not discussed; ROS, reactive oxygen species; α-TTP, α-
tocopherol transfer protein; SR, scavenger receptor; ICAM, intercellular adhesion molecule; VCAM, vascular cell
adhesion molecule.
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of α-tocopherol appears to represent the evolutionary selection of a molecule with
unique functions not shared by other antioxidants.

Effects of αα-Tocopherol at the Cellular Level

PKC inhibition was found to be at the basis of the vascular smooth muscle cell growth
arrest induced by α-tocopherol (39–41) (Fig. 14.1). It occurs at α-tocopherol concen-
trations close to those measured in healthy adults (42). β-Tocopherol, per se ineffec-
tive, prevents the inhibitory effect of α-tocopherol. The mechanism involved is not
related to the radical scavenging properties of these two molecules, which are essen-
tially equal (43). This phenomenon is present in a number of different cell types,
including monocytes, macrophages, neutrophils, fibroblasts, and mesangial cells
(44–51) (Table 14.2). α-Tocopherol, but not β-tocopherol, inhibits thrombin-induced
PKC activation and endothelin secretion in endothelial cells (52). It also inhibits PKC-
dependent phosphorylation and translocation of the cytosolic factor p47(phox) in
monocytes, with consequent impairment of the NADPH-oxidase assembly and of
superoxide production (38).

In vitro inhibition of recombinant PKC by α-tocopherol is not caused by a toco-
pherol-protein interaction nor does α-tocopherol inhibit PKC expression. Inhibition of
PKC activity by α-tocopherol occurs at a cellular level by causing dephosphorylation
of the enzyme, whereby α-tocopherol is much less potent (53). Dephosphorylation of

Fig. 14.1. Differential effects of α- and β-tocopherol on the proliferation of smooth mus-
cle cells. For details see Ref. 53.
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PKC occurs via the protein phosphatase (PP)2A, which was found to be activated by
treatment with α-tocopherol (53–55) (Fig. 14.2).

Transcriptional regulation by α-tocopherol. Upregulation of α-tropomyosin
expression by α-tocopherol, and not by β-tocopherol occurs via a nonantioxidant
mechanism (56,57). In human skin fibroblasts, age-dependent increases in collagenase
expression can be reduced by α-tocopherol (58). Liver α-TTP and its mRNA are
modulated by dietary vitamin E (59). Scavenger receptors are particularly important in
the formation of atherosclerotic foam cells (60) and disruption of CD36 protects
against atherosclerotic lesion. In smooth muscle cells and monocytes/macrophages,
the oxidized LDL scavenger receptors (SR)-A and CD36 are down-regulated at the
transcriptional level by α-tocopherol (Fig. 14.3) but not by β-tocopherol (61–63).

Inhibition of monocyte-endothelial adhesion. α-Tocopherol enrichment of mono-
cytes, as well as neutrophils, decreases adhesion to human endothelial cells both in
vivo and in vitro (64,65) and depends on the expression of adhesion molecules
(66–68).

Inhibition of platelet adhesion and aggregation. α-Tocopherol inhibits aggregation
of human platelets by a PKC-dependent mechanism both in vitro and in vivo (47,69)
and delays intra-arterial thrombus formation (70). The studies reported above are con-
sistent with the conclusions of Iuliano et al. (71) that circulating LDL accumulates in
human atherosclerotic plaques and that such accumulation by macrophages is prevent-
ed by α-tocopherol in vivo. The protection offered by α-tocopherol may not be due
only to the prevention of LDL oxidation, but also to the down-regulation of the scav-
enger receptor CD36 and to the inhibition of PKC activity (Fig. 14.4).

TABLE 14.2
α-Tocopherol Sensitivity of Different Cell Lines

Tissue of Origin Sensitive Insensitive

Rat aorta smooth muscle A10/A7r5
Primary rat aorta smooth muscle hAI/hAIII
Human Tenon’s fibroblasts hTF
Human skin fibroblasts CCD-SK
Mouse neuroblastoma NB2A
Human pigmented primary
Retinal epithelial cells hPRE
Human leukemia U-937
Human prostate tumor DU-145
Mouse fibroblast Balb/c-3T3
Glioma C6

HeLa
Chinese hamster lung LR73
Chinese hamster ovary CHO
Human osteosarcoma Saos-2
Mouse macrophage P388 Dl
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Fig. 14.3. Effect of α-tocopherol on the expression of CD36. For details see Ref. 98.

Fig. 14.2. Effect of α-tocopherol on protein phosphatase (PP)2A. For details see Ref. 53.
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Despite general agreement on the α-tocopherol inhibitory action at the PKC
level, the expression of several genes, such as CD36 (62), SR class A (72), collage-
nase (58), and intercellular adhesion molecule (ICAM)-1 (66), appears to be regulated
by α-tocopherol in a PKC-independent way. Furthermore, a number of observations,
such as PP2A (53) and diacylglycerol kinase (73) activation, 5-lipoxygenase (74) and
cyclooxygenase (75) inhibition, continue to lack a mechanistic explanation.

Conclusions

The studies reported above lead to the following conclusions: The effects of α-toco-
pherol, described at a molecular and animal level, are relevant to the protection
against atherosclerosis and some tumors. The basis for the unclear results achieved by
similar clinical trials on the effect of vitamin E in humans remains obscure. The trial
conditions should be possibly modified to select particular populations who have low
plasma vitamin E, moderate progression of atherosclerosis, and the ability to readily
absorb vitamin E; in addition, they should be followed for a longer period of time.
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Fig. 14.4. Role of α-tocopherol in prevention of foam cell formation. Oxidation of low
density lipoproteins (LDL) is inhibited by α-tocopherol through the inhibition (protein
kinase C–sensitive) of superoxide production as well as by the scavenging of radicals.
Further inhibition of CD36 expression prevents oxLDL uptake and foam cell formation.
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Introduction

Vitamin E, one of the most effective lipid-soluble, chain-breaking antioxidants, pro-
tects cell membranes from peroxidative damage (1–4). Furthermore, vitamin E has
been demonstrated to affect specific genes, in a manner partially independent of its
antioxidant/radical-scavenging ability (5). At the post-translational level, α-toco-
pherol is known to inhibit protein kinase C in smooth muscle cells (6) and 5-lipoxyge-
nase in activated human monocytes (7), whereas γ-tocopherol has been reported to
inhibit cyclooxygenase activity in macrophages and epithelial cells. Several genes,
including α-tocopherol transfer protein (8) and α-tropomyosin (9), are modulated by
α-tocopherol at the transcriptional level. It has been demonstrated in cultured cells
that vitamin E inhibits inflammation, cell adhesion, and platelet aggregation.
However, the exact molecular targets through which vitamin E mediates beneficial
effects have yet not been fully characterized.

Selenium (Se) is an essential trace element known to affect a wide range of phys-
iologic processes. The biological functions of selenium known to date in mammals
are mediated mainly by selenoproteins (10). Selenoprotein enzymes are glutathione
peroxidases (GPx) (11), iodothyronine deiodinases (12), thioredoxin reductase (13),
and selenophosphate synthetase (14). Cytosolic GPx catalyzes the two-electron reduc-
tion of hydrogen peroxide and organic hydroperoxides, thereby playing an important
role in eliminating reactive oxygen species (ROS). Overproduction of ROS can cause
oxidative damage to lipids, proteins and DNA and is widely believed to play a pivotal
role in aging and degenerative diseases. Furthermore, selenium-dependent peroxidas-
es [phospholipid hydroperoxide GPx (PhGPx), plasma GPx (pGPx), gastrointestinal
(GI)-GPx] and thioredoxin reductase are associated with the modulation of redox-sen-
sitive enzyme cascades, thereby regulating leucotriene synthesis, inflammatory
processes, cell proliferation, and apoptosis (15).

Methods for large-scale measurement of gene expression are becoming important
tools in the field of free radical research (16–18). Importantly, cDNA arrays can help
to discover redox-regulated genes and potential biomarkers of oxidative stress. To
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obtain a more comprehensive understanding of the molecular mechanisms involved in
the physiology of selenium and α-tocopherol and the pathophysiology of Se and vita-
min E deficiency, a global gene expression profile in the rat liver and primary human
endothelial cells was determined using cDNA microarrays.

Differential Gene Expression in Rat Liver

Four groups of male albino rats (n = 8; Wistar, Unilever, Harlan/Winkelmann) with an
initial mean live weight of 35 g were randomly assigned to semisynthetic diets based
on torula yeast (30%) and tocopherol-stripped corn oil (5%) for 7 wk. Control rats
(+vitamin E, +Se, group IV) received diets supplemented with vitamin E (75 mg/kg as
dl-α-tocopheryl acetate) and Se (200 µg/kg as sodium selenate). The −vitamin E, −Se
rats (group I) were fed the basal diets deficient in both nutrients. Two other groups
received the basal diets supplemented with either vitamin E (group II) or Se (group
III).

Of the 465 genes spotted on the applied Atlas rat toxicology cDNA array evaluat-
ed, 22 genes in the combined Se plus vitamin E deficiency and 9 genes in the Se-defi-
cient rats displayed a greater than twofold change in expression levels. Studies on the
reproducibility and variability of array results indicate that a twofold or greater differ-
ence in the expression of a particular gene could be considered a real difference in
transcript abundance (19). Interestingly, vitamin E deficiency alone did not induce any
significant changes in the expression profile among the genes evaluated compared
with the control rats. Possibly other genes not present on the cDNA membrane could
have been differentially regulated by vitamin E. Additionally, tissues other than liver
might be more susceptible to vitamin E–induced changes in gene expression.

In addition to a significant down-regulation of the cGPx gene, selenium deficien-
cy alone was accompanied by an increase in the expression of UDP-glucuronosyl-
transferase 1 gene and bilirubin UDP-glucuronosyltransferase isoenzyme 2 gene
(Table 15.1). These two genes encode for enzymes that have an important function in
the detoxification of xenobiotics in liver. Similarly, rat liver cytochrome P4504B1,
which is also involved in xenobiotic metabolism and inducible by glucocorticoids,
was induced 2.3-fold. The mRNA levels of arachidonate 12-lipoxygenase (ALOX 12)
were 2.4-fold higher in selenium-deficient rats than in controls. It has been shown that
ALOX 12 and PHGPx are opposing enzymes balancing the intracellular concentration
of hydroperoxy lipids; an inhibition of PHGPx activity increases the enzymatic cataly-
sis of ALOX 12 (20).

In combined selenium and vitamin E deficiency, 5% of all genes monitored were
differentially expressed. The double deficiency was characterized by a significant
down-regulation of genes that inhibit programmed cell death, including defender
against cell death 1 protein, inhibitor of apoptosis protein 1 and Bcl2-L1 (Table 15.2).
Furthermore, the expression level of early growth response protein 1, known as a sup-
pressor of growth and transformation and an inducer of apoptosis, was increased
twofold. Carbonic anhydrase III (CAIII), which was recently reported to play a role as
an antioxidant preventing H2O2-inducible apoptosis (21), was down-regulated
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TABLE 15.1
Se Deficiency–Related Changes in Gene Expression in Rat Liver

GenBank ∆ –Se
Accession (fold) Gene Function

X12367 ↓ 13.9 Cellular glutathione peroxidase I Peroxide detoxification
M13406 ↓ 2.1 Histone 2A Control of transcription
M29853 ↑ 2.3a Cytochrome P450 4B1 Xenobiotic metabolism
J02608 ↑ 12.3a DT-diaphorase Xenobiotic metabolism
M13506 ↑ 3.0 UDP-glucuronosyltransferase 1 Xenobiotic metabolism
U75903 ↑ 2.1 Bilirubin UDP-glucuronosyltransferase isozyme 2 Xenobiotic metabolism
L0604 ↑ 2.4 Arachidonate 12-lipoxygenase (ALOX12) Balance intracellular hydroperoxide concentration
U23407 ↑ 4.8a Cellular retinoic acid binding protein 2 Extracellular communication protein
L31883 ↑ 4.3a Tissue inhibitor of metalloproteinase 1 precursor (TIMP1) Protease inhibitor
aGene signal at background level in one array.
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TABLE 15.2
Selection of Se- and Vitamin E–Deficiency Related Changes in Gene Expression in Rat Livera

GenBank ∆ –Se –E Vitamin E
accession (fold) Gene Function Se prevention prevention

Apoptosis/cell cycle
Y13336 ↓ 2.0 Defender against cell death Protection against apoptosis Complete Complete

1 protein (DAD1)
AF081503 ↓ 2.6 Inhibitor of apoptosis protein 1 Protection against apoptosis 82% 77%
U72350 ↓ 3.2 Bcl2-L1 Protection against apoptosis Complete 74%
M22413 ↓ 2.0 Carbonic anhydrase III (CAIII) Antioxidant, protection against apoptosis Complete 81%
D90345 ↓ 2.2 T-complex protein 1 (CCT) α subunit Chaperone, folding of proteins 79% Complete
X82021 ↓ 2.2 HSC70-interacting protein (HIP) Stabilization of the chaperone HSC70 88% Complete
J03969 ↓ 2.9 Nucleophosmin (NPM) Stimulation of normal cell growth 67% 75%
D14014 ↓ 3.1 G1/S-specific cyclin D1 (CCND1) Initiation of cell cycle, oncogene 76% 90%
J04154 ↑ 2.1 Early growth response protein 1 Suppression of growth and induction of apoptosis 72% None
U77129 ↑ 2.0b SPS1/Ste20 homolog KHS1 Transducer of signals in mitogen-activated Complete Complete

protein kinase pathway
Antioxidant defense/stress response/inflammation
X12367 ↓ 18.8 Cellular glutathione peroxidase I Peroxide detoxification 87% None
J05181 ↓ 3.4 γ-Glutamylcysteine synthetase (γ-GCS) Glutathione synthesis 89% Complete
U22424 ↓ 2.2 11-β-Hydroxysteroid dehydrogenase 2 Conversion of corticosterone into Complete Complete

11-dehydrocorticosterone
L49379 ↓ 2.3 Multispecific organic anion Detoxification, export of leukotriene C4 Complete 89%

exporter (cMOAT)
J02608 ↑ 15.3b DT-diaphorase Xenobiotic metabolism Complete None
D00753 ↑ 2.1 SPI-3 serine protease inhibitor Acute phase protein None Complete
J00696 ↑ 2.3 α-1 Acid glycoprotein Acute phase protein None 81%
J00734 ↑ 2.3 Fibrinogen γ chain Acute phase protein Complete Complete
S65838 ↑ 3.6 Metallothionein 1 Acute phase protein, antioxidant 71% Complete
aThe extent to which Se and vitamin E prevented alterations in gene expression is denoted as either complete (> 90%), none, or partial (% effect indicated).
bGene signal at background level in one array.
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twofold. A stronger tendency toward negative cell cycle progression in livers of dou-
bly deficient rats was further suggested by the down-regulation of nucleophosmin and
G1/S-specific cyclin D1, which has been characterized as an important signal in anti-
apoptotic mechanisms. 

Combined selenium and vitamin E deficiency also resulted in an induction of
acute phase proteins (metallothionein, DT-diaphorase, α-1 acid glycoprotein) and
SPI-3 serine proteinase inhibitor. A further indication of proinflammatory response in
rats fed diets deficient in selenium plus vitamin E is that they exhibited higher expres-
sion of the fibrinogen γ chain, which has been shown to be significantly up-regulated
in the rat liver during inflammation. The induction of proinflammatory genes was
accompanied by a concerted depression of the anti-inflammatory enzyme 11-β-
hydroxysteroid dehydrogenase 2, which converts the glucocorticoid corticosterone to
its inactive 11-dehydro form in rats, thereby controlling glucocorticoid access to
receptors.

Overall in this in vivo study, vitamin E deficiency alone did not induce significant
changes in the expression profile among the genes evaluated, whereas Se deficiency
induced genes encoding for detoxifying proteins. If Se deficiency is combined with
vitamin E deficiency, much greater cellular consequences, including stress response
accompanied by a proinflammatory and proapoptotic metabolic situation, can be
expected. This provides experimental support for the postulated synergism between
Se and vitamin E in their molecular functions as part of the so-called antioxidant net-
work.

Differential Gene Expression in Human Endothelial Cells

Oxidation of LDL is a key event in endothelial injury and dysfunction associated with
“early-stage” atherogenesis. It has been proposed that the biological action of oxidized
LDL (oxLDL) may be attributed in part to its effect on gene expression in endothelial
cells. In vitro studies demonstrate that α-tocopherol has beneficial effects on cell func-
tions that are pivotal in atherogenesis (22). To examine the transcriptional response of
oxLDL and vitamin E we applied cDNA array technology (Atlas human cardiovascu-
lar array) to cultured human umbilical vein endothelial cells (HUVEC). Endothelial
cells were incubated with oxLDL for 6 h in the absence and presence of vitamin E (10
µmol/L dl-α-tocopherol for 24 h). Control cells were maintained in culture for the
same length of time without oxLDL. Using this criterion, 78 of 588 genes were differ-
entially expressed; 57 genes were up- and 21 genes were down-regulated in response
to oxLDL (cut-off point = 2). In the same experimental model, oxLDL was also found
to induce activation of DNA binding of both AP-1 and nuclear factor (NF)-κB tran-
scription factors. Oxidized LDL significantly altered the expression of genes encoding
for transcription factors (e.g., GATA-2, fos-realted antigen 2), cell receptors (e.g,
AGE-related receptor precursor, thromboxane A2 receptor), adhesion molecules (e.g.,
P-selectin precursor), extracellular matrix proteins (e.g., metalloproteinase 9), and
enzymes involved in cholesterol metabolism (e.g., farnesyltranferase β). This effect is
consistent with the proinflammatory environment associated with alterations in
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endothelial cell metabolism described in the early stages of atheroma formation.
Interestingly, in HUVEC, some of the genes, such as fos-related antigen 2, thrombox-
ane A2 receptor, P-selectin precursor, and metalloproteinase 9, which were up-regulat-
ed by oxidized LDL were down-regulated by vitamin E. The experimental strategy
identified several novel oxidized LDL and vitamin E–sensitive genes. Cardiovascular-
specific DNA arrays are an important platform for obtaining a global genetic portrait
and understanding the complex molecular events leading to atherosclerosis.
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Introduction

Aging is associated with dysregulation of immune and inflammatory responses,
which is believed to contribute to the higher morbidity and mortality from infection,
neoplastic, and inflammatory diseases as well as pathologic processes associated with
certain diseases in the aged. Studies indicate that a multitude of defects involving dif-
ferent immune cells are responsible for the dysregulation of immune and inflammato-
ry responses observed with aging (1,2) (Fig. 16.1).

Among the immune cells, T cells are the main cells to show age-related changes.
Aging is associated with reduced T-cell function, as demonstrated by decreased T-cell
proliferation and interleukin (IL)-2 production, and a shift toward greater proportions
of antigen (Ag)-experienced memory T cells with fewer T cells of naïve phenotype
(3). IL-2 receptor expression is also decreased in cells from elderly individuals (4). In
addition, functional disruption of the CD28 gene transcriptional initiator is observed
in senescent T cells (2) and an age-related decline in activation of c-Jun N-terminal
kinase (JNK) pathway by T-cell receptor (TCR)- and CD28-mediated signals has
been reported (5). Intrinsic changes in T cells and increased production of suppressive
factors such as prostaglandin (PG)E2 from old macrophages contribute to these age-
related declines in T-cell responses.

Macrophages play a key role in inflammatory responses by releasing a variety of
inflammatory mediators including prostaglandins and proinflammatory cytokines (6).
Prostaglandins are generated from arachidonic acid (released from the membrane
phospholipids by phospholipase A2) by the action of cyclooxygenase (COX). COX is
the rate-limiting enzyme in the biosynthesis of prostaglandins with bifunctional cat-
alytic properties, i.e., formation of PGG2 from arachidonic acid via its COX activity
and subsequent reduction of PGG2 to PGH2 via its peroxidase activity (7). The PGH2
formed is isomerized enzymatically to PGE2 or other COX products depending on the
cell types. The activity of COX requires the presence of oxidant hydroperoxide as an
activator (Fig. 16.2). Peroxynitrite, an inorganic hydroperoxide generated by the cou-
pling of nitric oxide (NO) to superoxide anion (O2

•−), can activate the COX activity
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Fig. 16.1. Effects of aging on immune cells. Abbreviations: IL, interleukin; PG
prostaglandin; NO, nitric oxide; TNF, tumor necrosis factor; CVD, cardiovascular dis-
ease.

Fig. 16.2. Biochemical pathway of cyclooxygenase-dependent prostaglandin synthesis.
NO, nitric oxide; O2

•−, superoxide; O = NOO, peroxynitrite; PG, prostaglandin.
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by serving as a substrate for the enzymes’ peroxidase activity (8). Our earlier studies
showed that there is an age-associated increase in PGE2 production, which is due to
increased COX-2 activity, resulting from increased COX-2 protein and mRNA
expression (9). PGE2 has a direct inhibitory effect on the early stages of T-cell activa-
tion (10) and can modulate Th1/Th2 cytokine secretion (11). Beharka et al. (12)
showed that increased production of PGE2 by macrophages from the aged contributes
to the age-associated decrease in T-cell function. In a co-culture study, the addition of
macrophages from old mice suppressed proliferation and IL-2 production by T cells
from young mice, and the addition of PGE2 at concentrations produced by old
macrophages decreased proliferation and IL-2 production by young but not old T
cells.

Vitamin E and Immune Functions in the Aged

The beneficial effects of supplemental vitamin E on immune functions of the aged
have been shown in animal studies and human clinical trials (13,14). Vitamin E sup-
plementation has been shown to increase delayed-type hypersensitivity response, in
vitro T-cell proliferation, and IL-2 production, and to decrease macrophage produc-
tion of the T cell–suppressive PGE2 (13–15). In addition, the immunostimulatory
effect of vitamin E is associated with increased resistance against infectious agents
(16). Vitamin E supplementation significantly decreased pulmonary influenza virus
titer and increased IL-2 and interferon (IFN)-γ production by splenocytes in the old
mice infected with influenza virus (16). Detailed reviews on effect of vitamin E on
immune response are available (17,18).

Mechanisms of Immunoenhancing Effect of Vitamin E

Several mechanisms have been proposed to explain the immunostimulatory effects of
vitamin E including its effect on membrane integrity, PGE2 production, and signal
transduction pathways that are particularly sensitive to oxidative stress such as nuclear
factor (NF)-κB and AP-1. Vitamin E can exert its effect either directly on T cells or
indirectly through reducing the production of suppressive factors from macrophages.

Several lines of evidence indicate that vitamin E exerts its immunostimulatory
effects partly by lowering macrophage PGE2 production (12,15). Preincubation of
macrophages from old mice with vitamin E in vitro increased proliferation of co-cul-
tures containing T cells from either young or old mice and increased IL-2 production
of co-cultures containing T cells from old mice accompanied by decreased production
of PGE2 (12). These data suggest that the immunoenhancing effect of vitamin E is
mediated in part through lowering PGE2 production of old macrophages. Vitamin E
supplementation of old mice eliminates the age-associated increase in PGE2 produc-
tion and suppresses the age-associated increase in COX-2 activity. The vitamin
E–induced suppression of COX activity was not due to a decrease in expression of
protein or mRNA for COX-1 or COX-2, indicating that regulation of COX activity by
vitamin E is at the post-translational level (15).
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To determine the mechanisms involved in the vitamin E–induced decrease in pro-
duction of PGE2 and COX-2 activity in macrophages from old mice, Beharka et al.
(19) investigated whether vitamin E–induced inhibition of COX activity was mediated
through a decrease in peroxynitrite formation. Peroxynitrite, a product of nitric oxide
(NO) and superoxide (O2

•−), was shown to increase the activity of COX without
affecting its expression levels (8). Macrophages from old mice had significantly high-
er PGE2 levels, COX activity, and NO levels compared with young mice, whose lev-
els were all significantly reduced by vitamin E supplementation in the old
macrophages. To demonstrate that vitamin E–induced inhibition of COX activity was
due to a decrease in peroxynitrite, old mice were fed diets containing 30 or 500 µg/g
dl-α-tocopheryl acetate. Peritoneal macrophages from mice fed 500 µg/g vitamin E
were separated and cultured in presence or absence of NO generators (S-nitroso-N-
acetyl-penicillamine, SNAP), O2

•− generators (xanthine/xanthine oxidase), or peroxy-
nitrite generators (SNAP + xanthine/xanthine oxidase or 3-morpholinosydonimine N-
ethylcarbamide, SIN-1). On the other hand, macrophages from mice fed 30 µg/g vita-
min E were cultured in the presence of NO inhibitors (N-monoethyl-L-arginine, L-
NMMA), O2

•− inhibitors [Mn (III) tetrakis (1-methyl-4-pyridyl) porphyrin,
MnTMPyP], or both. PGE2 production and COX activity and expression levels were
measured (19). When inhibitors of NO and O2

•− were added together, COX activity
was significantly reduced in the macrophages from old mice fed 30 µg/g vitamin E
diet (Table 16.1). However, adding NO or O2

•− inhibitors alone had no effect on
inhibiting COX activity. When peroxynitrite levels were increased using Sin-1, which
provides a continuous source of peroxynitrite by decomposing to generate NO and
O2

•−, or the combination of SNAP (NO generator) and xanthine/xanthine oxidase
(O2

•− generator), COX activity in macrophages from old mice fed 500 µg/g vitamin E
diet increased significantly, whereas there was no change in macrophages from old
mice fed 30 µg/g vitamin E diet (Table 16.2). These results strongly suggest that per-
oxynitrite plays an important role in the vitamin E–induced inhibition of COX activi-
ty. Thus, we propose that vitamin E reduces COX activity through reduction in peroxy-

TABLE 16.1
Effects of O2

•−, NO, and NO3
− Inhibitors on Cyclooxygenase (COX) Activitya,b

Dietary group

30 µg/g vitamin E 500 µg/g vitamin E
Inhibitors (% change)

MnTMPyP (O2
•− inhibitor) −13 −15

L-NMMA (NO inhibitor) −15 −15
MnTMPyP + L-NMMA −40c −24
aSource: Data adapted from Beharka et al. (19).
bMacrophages were cultured with 5 µg/mL of lipopolysacchride (LPS) in the presence or absence of MnTMPyP
(20 µmol/L), L-NMMA (300 µmol/L), or L-NMMA + MnTMPyP. The percentage of change in COX activity was
calculated as COX activity [pg PGE2/(µg protein·10 min)] in the presence of LPS plus treatment minus COX activi-
ty in the presence of LPS alone, divided by COX activity in the presence of LPS alone, and multiplied by 100.
cSignificant decrease in COX activity with inhibitor treatment, P < 0.05.
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nitrite formation, which is at least in part due to a decrease in NO production by vita-
min E.

In addition to its effect on reduction of PGE2 in macrophages, vitamin E might
have a direct effect on T-cell function. Previous studies from our laboratory (12) sug-
gested that the modulating effects of vitamin E on immune function in aged mice
might be mediated in part through its direct effect on T cells independently of its
effect on macrophage PGE2 production. We therefore investigated the effect of vita-
min E on purified T cells obtained from young and old mice (20). Purified T cells
were collected from the spleens of young and old C57BL/6 mice by negative
immunomagnetic selection to eliminate macrophages, the main producer of PGE2 in
spleen. Flow cytometric data demonstrated that >94% of the enriched cell population
expressed the CD3 Ag, which characterizes mature T cells. Cells staining positive for
macrophages, B cells, or natural killer (NK) cells represented <2% of the purified T-
cell population. Radioimmunoassays revealed no PGE2 production in the purified cell
culture media, thus eliminating the possible contribution of PGE2 from macrophages.
In addition, the use of a COX inhibitor, indomethacin, did not alter any of the T-cell
responses tested. These data indicate that in the absence of macrophages, PGE2 does
not contribute to age-associated T-cell functional defects.

To investigate the effects of vitamin E on proliferative responses and IL-2 produc-
tion in response to anti-CD3 and anti-CD28 ligation, we supplemented T cells with 46
µmol/L vitamin E by an in vitro method. In agreement with our previous studies, over a
48-h activation period, T cells from old mice proliferated less and produced less IL-2
than T cells from young mice. Vitamin E supplementation significantly increased both
proliferation and total IL-2 production by T cells from old mice, whereas there was no
significant effect on young T cells. These data support our hypothesis that vitamin E has
a direct, PGE2-independent, immunoenhancing effect on T-cell function in the aged.

TABLE 16.2
Effects of O2

•−, NO, and NO3
− Generators on Cyclooxygenase (COX) Activitya,b

Dietary group

30 µg/g vitamin E 500 µg/g vitamin E
Inhibitors (% change)

X/XO (O2
•− generator) −10 −2

SNAP (NO generator) 14 40
Sin-1 (O2

•− and NO generator) 25 78c

X/XO + SNAP (O2
•− and NO generator) 24 65c

aSource: Data adapted from Beharka et al. (19).
bMacrophages were cultured with 5 µg/mL of lipopolysacchride (LPS) in the presence or absence of NO genera-
tor (300 µmol/L SNAP), O2

•− generator (100 µmol/L xanthine/0.2 U/mL xanthine oxidase, X/XO), or NO3
− genera-

tor (350 µmol/L Sin-1 or X/XO + 150 µmol/L SNAP). The percentage of change in COX activity was calculated as
COX activity [(pg PGE2/(µg protein·10 min)] in the presence of LPS plus treatment minus COX activity in the pres-
ence of LPS alone, divided by COX activity in the presence of LPS alone, and multiplied by 100.
cSignificant increase in COX activity with generator treatment, P < 0.05.

Copyright © 2002 AOCS Press



It is well accepted that aging is accompanied by a phenotypic shift in the periph-
eral T-cell population, from mainly T cells that have not encountered antigen (naive)
to a much greater proportion of T cells that have (memory). This shift in T-cell pheno-
type is a major change that influences T cell–mediated immunity in the aged (3,21).
This shift results, in part, from decreased output of positively selected immature naïve
T cells from the aging thymus. Compared with memory T cells, naive T cells have
different response kinetics to an activating challenge, with Ag-experienced memory
cells responding faster and to a lower dose of Ag than naive T cells (22,23). In addi-
tion, the requirements for cell activation have been shown to differ between naïve and
memory T cells. Naive T cells are more profoundly dependent on co-stimulatory sig-
nals that are provided by antigen-presenting cells via B7-1/CD28 interaction (22).

The age-related functional decline has been reported for both the memory
(24–26) as well as the naive (1,27) T-cell subpopulations. One of the most important
roles IL-2 plays in the response of T cells to Ag challenge is its ability to up-regulate

Fig. 16.3. Effect of age and vitamin E on the progression of T cells through cell cycle
division. Purified T cells were preincubated with 46 µmol/L vitamin E for 4 h, labeled
with carboxyfluoroscein succinimidyl ester (CFSE), and activated with immobilized anti-
CD3 and soluble anti-CD28 mAb for 48 h. Cells were harvested, stained for CD44
expression, and analyzed on a flow cytometer. One representative histogram for each of
young control (A, B, and C), old control (D, E, and F), and old rats preincubated with vit-
amin E (G, H, and I) are shown. Cell cycle division patterns are shown for unactivated T
cells (A, D, and G), activated naive (CD44lo) T cells (B, E, and D), and activated memory
(CD44hi) T cells (C, F, and I). Peaks representing cell division cycles 0, 1, and 2 are also
indicated. Source: Reproduced from Adolfsson et al. (20) with permission.
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high-affinity IL-2 receptors by itself and by neighboring T cells, thereby inducing
responsiveness to secreted IL-2 (28). IL-2 is also essential for T cells to progress
through the cell cycle and for the differentiation of activated naive T cells into effector
T cells. Thus, diminished production of IL-2 by T cells from the aged is an important
contributing factor to the decline in cell-mediated immunity in this population.

To better determine the mechanism of vitamin E–induced enhancement of T-cell
function in the aged, T cells were stained with anti-CD44, a marker that identifies
naïve and memory T cells on the basis of the expression level (20). The age-related
defect in anti-CD3– and anti-CD28–induced IL-2 production and proliferation at 48 h
was observed mainly in naive T cells. This activation protocol is particularly effective
for stimulating naive T cells (22). We hypothesized that vitamin E increased the total
IL-2 production by old T cells by preserving the proliferation of naive T cells, or by
boosting memory T-cell function, or both.

Diminished production and secretion of IL-2 by naive T cells during the initial
encounter with antigen may indeed influence the generation of functional memory T
cells. This was demonstrated using responsive but IL-2–negative naive T cells that
have been shown to become unresponsive memory T cells (29). Using transgenic
mice with naive T cells specific for pigeon cytochrome c (PCC), Linton et al. (27)
reported that naive Ag-inexperienced transgene-positive T cells isolated from old
mice showed reduced IL-2 production and less proliferation compared with naive
transgene-positive T cells isolated from young mice. Furthermore, Garcia and Miller

Fig. 16.4. Effect of age and vitamin E on the expression patterns of CD44 at 1 and 2 cell
division cycles. Purified T cells (n = 3) were preincubated with 46 µmol/L vitamin E for
4 h, labeled with carboxyfluoroscein succinimidyl ester (CFSE), and activated with
immobilized anti-CD3 and soluble anti-CD28 mAb for 48 h. Cells were harvested,
stained for CD44 expression, and analyzed on a flow cytometer. Each 2-dimensional
dot plot-region representing 0, 1, and 2 cell division cycles was evaluated for low
(CD44lo) and high (CD44hi) expression patterns of the CD44 antigen. Panel A represents
naive (CD44lo) T cells and panel B represents memory (CD44hi) T cells. Bars with differ-
ent letters within each group are significantly different (P < 0.05) by an ANOVA fol-
lowed by Tukey’s Honestly Significant Difference post-hoc procedure. Source:
Reproduced from Adolfsson et al. (20) with permission.
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Fig. 16.5. Effect of age and vitamin E on intracellular interleukin (IL)-2 by naive and
memory T-cell subsets. Purified T cells (n = 5) were preincubated with 46 µmol/L vita-
min E for 4 h and activated with immobilized anti-CD3 and soluble anti-CD28 mAb for
48 h. Cells were treated with monensin, an inhibitor of IL-2 secretion, for the last 10 h of
activation. Harvested cells were stained with fluorochrome conjugated anti-CD44 mAb,
permeabilized, and stained with fluorochrome conjugated anti-IL-2. T cells were divid-
ed into naïve and memory phenotypes based on low or high expression of the CD44
antigen, respectively. Cell fluorescence was measured on a flow cytometer. Panel A
shows one representative histogram for naive (CD44lo; left) and memory (CD44hi; right)
T cells from each of the three groups: young control (top), old control (middle), and old
vitamin E supplemented rats (bottom). Panel B shows the relative proportion (mean ±
SEM) of IL-2+ T cells, and panel C represents the linearized mean fluorescence intensity
(MFI) of IL-2+ T cells. Bars with different letters within each phenotype are significantly
different (p < 0.05) by an ANOVA followed by Tukey’s Honestly Significant Difference
post-hoc procedure. Source: Reproduced from Adolfsson et al. (20) with permission.
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(1) reported that naive PCC-specific T cells from old mice had at least two age-related
functional defects in the early stages of T-cell activation. The cells were defective in
translocating signaling proteins to the cell membrane and in forming an immunologic
membrane synapse. Furthermore, T cells that did form a membrane synapse had
defective nuclear translocation of NF-AT, a transcription factor critical for IL-2
expression.

The ability of individual cells to divide can be monitored by staining the cells with
a nontoxic level of a fluorochrome that remains in the cytoplasm for several days and is
divided equally into each daughter cell during cell division. When young and old T
cells supplemented with vitamin E were examined for their ability to go through activa-
tion-induced cell division over a 48-h period, vitamin E significantly increased the abil-
ity of naive T cells from old mice to progress through one as well as two cell division
cycles (Figs. 16.3 and 16.4, pp. 222 and 223) (20). This enhancing effect of vitamin E
was not observed for memory T cells from old mice. Furthermore, by performing intra-
cellular staining of IL-2, vitamin E supplementation increased IL-2 production by naive
T cells from old mice, whereas there was no effect on IL-2 production by memory T
cells (Fig. 16.5). Both the number of naive IL-2+ T cells from old mice and the staining

Fig. 16.6. Supplemental vitamin E increases the function of T cells from the aged by at
least two different mechanisms. Vitamin E enhances T-cell function indirectly by reduc-
ing the age-related increase in the production of T-cell–suppressive prostaglandin (PG)E2
by macrophages by reducing peroxynitrite formation. Additionally, a direct PGE2-inde-
pendent effect of vitamin E on the function of naive T cells in the aged is also shown.
Source: Reproduced from Adolfsson et al. (20) with permission.
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intensity, indicating the amount of IL-2 produced per cell, were increased by vitamin E.
These results demonstrate that vitamin E can enhance the functions of T cells from old
mice directly with the preferential effect on naive but not memory T cells. The differ-
ential effect of vitamin E on naive and memory T cells may be due to an underlying
difference in the susceptibility of these cells to oxidative stress-induced damage (30).
These findings will have important implications for developing strategies to reverse
age-associated defects in T cell–mediated immune function.

Conclusion

Present evidence has demonstrated that vitamin E significantly increases T cell–medi-
ated function in the aged. This effect of vitamin E is mediated both indirectly via the
reduction of PGE2 production by macrophages and directly by increasing proliferation
and IL-2 production of T cells from old mice independent of its effect on PGE2 levels
(Fig. 16.6). The effects of vitamin E are mediated through increasing both the cell-
dividing and IL-2–producing capacities of the naive T-cell subpopulation. The vitamin
E–induced decrease in PGE2 production is mediated through its reduction of peroxy-
nitrite formation, which in turn results in a reduction of COX activity.
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Introduction

The role of lipoprotein oxidation, and particularly that of low density lipoprotein (LDL),
in atherogenesis has been the subject of intense investigation. Major reviews of LDL
oxidation have been published (see, e.g., Refs. 1–6). The aim of this article is to review
randomized controlled studies investigating the clinical use of vitamin E supplements to
prevent or treat coronary heart disease (CHD), and discuss the scientific basis for a role
of vitamin E in the inhibition of lipoprotein lipid oxidation in the vessel wall.

Data Suggesting Benefit of Vitamin E Supplementation

Absolute rates of CHD vary among countries with similar mean serum cholesterol
and may relate to factors such as consumption of saturated fat and antioxidants, and
nondietary factors such as cigarette smoking. Many investigators have found that pop-
ulations with low rates of CHD consume diets rich in antioxidants such as vitamin E
(7), and this agrees with studies measuring plasma levels of some antioxidants (8).
Gey and co-workers (7) found that the apparent clinical benefit was great despite only
small difference, in apparent plasma concentrations of α-tocopherol (biologically the
most active form of vitamin E) in high- and low-intake populations. Although differ-
ent dietary antioxidants, including flavonoids (9), have been reported to confer protec-
tion against vascular disease, overall, vitamin E has received the most attention.

Prospective cohort studies. Prospective cohort studies have correlated high self-report-
ed intakes of antioxidants with low rates of CHD. Although at first glance supportive of
a role for vitamin E in protecting against CHD, significant discrepancies exist in the data
of these studies. Perhaps most apparent is that the benefit attributable to small amounts
of vitamin E ingested from food (7) is far greater than the dose required for benefit from
supplemental vitamin E. There are also potentially important yet unexplained differ-
ences between studies in terms of dose and source of vitamin E (food vs. supplement).
The 87,000 population Nurse’s Health Study (10) and the 40,000 population male
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Health Professional Study (11) showed benefit with 100 IU/d supplemental vitamin E
but not with low dose supplemental or high dietary intake of vitamin E. Contrary to this,
a report from a population of 35,000 women (12) showed that a modest increase in
dietary vitamin E intake from <4.9 (lowest quartile) to 9.6 IU/d (highest quartile) to be
associated with a significant reduction in cardiovascular risk. However, in this study
there was no benefit attributable to vitamin E supplements (12).

Vitamin E and intima-to-media thickness (IMT). Carotid IMT is commonly used as
a surrogate marker of atherosclerotic disease. IMT correlates weakly with the preva-
lence and extent of coronary artery disease measured by arteriography (13), but is use-
ful for longitudinal evaluation of study populations. Results pertaining to vitamin E
and IMT appear to parallel those of observational studies of vitamin E intake, in
which benefits appear most marked in self-selected populations (14). The only two
randomized studies to date however suggest a null effect of vitamin E (see below).

Basic Research on Role of Vitamin E in Atherosclerosis

The scientific rationale for vitamin E supplements protecting against atherosclerosis
and its clinical complications is based primarily on the “LDL oxidation theory” of ath-
erosclerosis (1). Accordingly, α-tocopherol (the most active form of vitamin E) is the
most abundant radical scavenger of LDL (15) and may prevent a number of athero-
genic events. These include the adhesion of leukocytes to endothelial cells (16),
endothelial dysfunction (17), platelet aggregation (18), and the proliferation of vascu-
lar smooth muscle cells (19).

In vitro LDL oxidation. There is unequivocal evidence of lipid and protein oxidation
in atherosclerotic lesions. In vitro studies have indicated that vitamin E can inhibit the
oxidation of LDL lipid. However, depending on the experimental conditions used, vit-
amin E can also demonstrate prooxidant activity (20). Because the precise conditions
for in vivo LDL oxidation remain obscure, the overall effect of vitamin E on LDL oxi-
dation in vivo is not established. In vitro LDL oxidation studies remove LDL from its
natural environment, leaving their biological relevance open to question. The arterial
wall, where LDL oxidation is expected to take place, is difficult to replicate, and ath-
erosclerotic lesions contain large quantities of antioxidants including α-tocopherol and
vitamin C (21). In addition, diverse oxidative processes identified within atheroscle-
rotic plaque (22) are likely differentially responsive to vitamin E (23).

F2-isoprostanes and in vivo effects of vitamin E. F2-isoprostanes are prostaglandin
(PG)-like compounds produced during the free radical–catalyzed oxidation of arachi-
donate and are commonly used as noninvasive markers of in vivo lipid oxidation (24).
Urinary levels of 8-epi-PGF2α are elevated in people with hypercholesterolemia (25)
and diabetes (26), and in smokers (27), consistent with the occurrence of lipid oxida-
tion. Human (28) and mouse atherosclerotic blood vessels (29) contain elevated levels
of F2-isoprostanes compared with healthy vessels, and a pharmacologic dose of vita-

Copyright © 2002 AOCS Press



min E has been reported to significantly decrease F2-isoprostanes in the aortas of
apolipoprotein E gene–deficient (apoE-/-) mice (29). Supplementation with vitamin E
also significantly reduced urinary 8-epi-PGF2α in hypercholesterolemic (25) and dia-
betic subjects (26). In contrast, vitamin E supplements (or aspirin) did not decrease
urinary 8-epi-PGF2α in healthy adults (30) or in smokers (31,32) where vitamin C
supplements were effective (31).

However, most of the studies described here were uncontrolled, and the apparent
conflicting results may point to variations in assays of isoprostanes or population dif-
ferences. Whether the negative results with vitamin E relate to the lack of efficacy of
the supplement or to the complexity of factors affecting isoprostane production/meta-
bolism is unclear. It is also unclear to what extent plasma or urinary isoprostanes
reflect LDL oxidation.

RESULTS

Randomized Clinical Trials with Vitamin E 
in Cardiovascular Disease (CVD)

General issues and limitations. Variations in plasma concentrations of α-tocopherol
identified in nutritional studies as relevant to the incidence of CHD incidence are very
small, i.e., in the low micromolar range. They are exceeded greatly by most studies
using antioxidant supplements, including the α-tocopherol, β-carotene (ATBC) study
(see below) for which the 50-mg vitamin E/d dose used is often criticized for being
too low. Nevertheless, the possibility that higher doses matching those used in
prospective cohort studies may have provided protection cannot be excluded. It is also
important to note that results obtained from a follow-up of ~5 y (as is conventional for
pharmaceutical studies) used in the primary prevention studies, do not preclude bene-
fits that may derive from a lifetime of dietary intake of vitamin E. Furthermore, study
entry criteria have generally not included in vivo quantitative indices of oxidative
stress or antioxidant deficiency, so that individual responses to vitamin E are unpre-
dictable and not measured (30).

Primary prevention studies. In the Finnish ATBC study (33–35), there was no effect
of vitamin E on the incidence of fatal or nonfatal myocardial infarction (MI) (Table
17.1). An increased risk of hemorrhagic stroke and decreased risk of prostate cancer
were identified with vitamin E but are of uncertain importance, given their absence in
the Gruppo Italiano per lo Studio della Supravivenza nell’Infarto Miocardico (GISSI),
Cambridge Heart Antioxidant Study (CHAOS), or Heart Outcomes Prevention
Evaluation Study (HOPE). The Antioxidant Supplementation in Atherosclerosis
Prevention (ASAP) study (36) randomized 520 men and women to vitamin E (91
mg/d), 250 mg/d slow release vitamin C, or both for 3 y. The rate of progression of
IMT was unaffected by the consumption of any antioxidant(s) in women and by the
taking of either antioxidant alone in men (Table 17.1). In the collaborative Primary
Prevention Project (PPP), open-label, low-dose aspirin, and vitamin E treatments were
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investigated in general practice (37). Stopped prematurely because of the evidence of
favorable effects of aspirin shown in other studies, this study also confirmed that
aspirin prevented cardiovascular events, and showed that vitamin E had no effect.

Secondary prevention. In the CHAOS study, vitamin E reduced the risk of nonfatal
acute MI (AMI), but caused a nonsignificant increase in fatal AMI (38) (Table 17.2).
Vitamin E also achieved a major decrease in rates of AMI [relative risk (RR) 0.3, 95%
confidence interval (CI), 0.11–0.78], P = 0.016) in a small group of hemodialysis
patients [secondary prevention with antioxidants of CVD in endstage renal disease
(SPACE) study] (39) (Table 17.2). For both studies, the extent of this decrease is
remarkable and unexpected given the results of other studies and the very short duration
of follow-up. However, in the CHAOS study, some baseline characteristics were not
balanced, and the reduction in nonfatal AMI was at odds with the trend of effect on fatal
AMI, pointing at potential limitations. The result of the SPACE study may be attribut-
able to small patient numbers or special characteristics of the renal failure population,
raising the possibility that certain subjects, perhaps those with increased oxidative stress,
may benefit from supplemental vitamin E. This warrants further investigation.

In the large GISSI-Prevenzione study, n-3 polyunsaturated fatty acids (PUFA, 1
g/d) reduced the relative risk of the combined end point of cardiovascular death, nonfa-
tal MI, and stroke to 0.80 (95% CI, 0.68–0.95), whereas vitamin E showed a nonsignif-
icant trend (RR 0.88, 95% CI, 0.75–1.04) (40) (Table 17.2). Unfortunately, substantial
discontinuation rates, dietary changes, the lack of independent monitors, and the open-
label treatment confound the interpretation of the GISSI-P study. That n-3 PUFA
offered protection and that there was no evidence of interaction by combining vitamin
E and PUFA is not immediately consistent with the LDL oxidation theory of athero-
sclerosis. Thus, PUFA supplements would be expected to increase rather than decrease
LDL oxidation, and one might have expected vitamin E to protect PUFA from oxida-
tion. The difference in outcome between GISSI and CHAOS is unexplained.

In the HOPE study, patients with known CVD, or diabetes plus another risk fac-
tor were treated with vitamin E or ramipril or both. Treatment with vitamin E exerted
no benefit (41) (Table 17.2), whereas ramipril substantially reduced risk of the com-
bined primary endpoint (42). The negative result is compelling; compared with
CHAOS, HOPE combined a larger, multinational cohort of patients with longer (4 y)
follow-up, and used 400 IU/d vitamin E, which matches the dose administered in the
CHAOS study. However, the CHAOS and HOPE studies differed in baseline medica-
tion usage. In the study to evaluate carotid ultrasound changes in patients treated with
ramipril and vitamin E (SECURE) substudy of the HOPE study, 732 patients with
vascular disease or diabetes and at least one other risk factor for coronary disease were
investigated for IMT progression. Again, vitamin E had no effect, whereas ramipril
reduced IMT progression in a dose-dependent manner (43).

Vitamin E plus other antioxidants. In the ASAP study referred to above, the combina-
tion of vitamins E and C significantly decreased disease progression in men (36) (Table
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TABLE 17.1
Vitamin E and CVD: Primary Prevention Studiesa

Trial Design Subjects (× 103) History Years Vitamin E (IU/d) Outcome RR

ATBC DB, 2 × 2 29 Male smokers 6.1 50 IHD/stroke deaths 0.95
ASAP DB, 2 × 2 0.12 M/W, serum cholesterol ≥5 mmol/L 3.0 272 IMT progression 0.56/1.05b

PPP OL, 2 × 2 4.5 Risk factor 3.6 448 CVD deaths 1.07
aAbbreviations: ASAP, Antioxidant Supplementation in Atherosclerosis Prevention; ATBC, α-Tocopherol, β-Carotene; CVD, cardiovascular disease; DB, double-blind; IHD,
ischemic heart disease; IMT, intima-to-media thickness; M, men; OL, open label; PPP, Collaborative Primary Prevention Project; RR, relative risk; 2 × 2, 2 × 2 factorial design
comparing placebo, agent A, agent B, and combination of agent A and agent B; W, women.
bEffects of vitamin E supplements on relative risks for men/women were not significantly different from placebo (36).

TABLE 17.2
Vitamin E and CVD: Secondary Prevention Studiesa

Trial Design Subjects (× 103) History Years Vitamin E (IU/d) Outcome RR

CHAOS DB, 2 × 2 2 CAD patients 1.4 800/400 CVD deaths 1.18
Nonfatal MI 0.23b

ATBCsub DB, 2 × 2 1.8 Male smokers 5.3 50 Coronary events 0.97
GISSI OL, 2 × 2 11 Recent MI 3.5 448 CVD deaths and nonfatal MI 0.88
HOPE DB, 2 × 2 9.5 CVD+ 4.5 400 CVD deaths 1.05
SPACE DB 0.16 HD + CVD 1.4 800 CVD, MI 0.46b

SECURE DB, 3 × 2 0.7 CVD+ 4.5 400 IMT progression 1
aAbbreviations: See Table 17.1. CAD, coronary artery disease; CHAOS, Cambridge Heart Antioxidant Study; GISSI, Gruppo Italiano per lo Studio della Supravivenza
nell’Infarto Miocardico; HD, hemodialysis patients; HOPE, Heart Outcomes Prevention Evaluation Study; MI, myocardial infarction; SECURE, study to evaluate carotid ultra-
sound changes in patients treated with ramipril and vitamin E; SPACE, secondary prevention with antioxidants of cardiovascular disease in endstage renal disease.
bSignificant effect.
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17.3). The robustness of this effect appears limited, however, because it did not occur
in women, and the results of other studies with antioxidant combinations also do not
offer convincing benefit. In the HDL-Atherosclerosis Treatment Study (HATS) (44),
160 subjects with known coronary artery disease, low high density lipoprotein (HDL),
“normal” LDL, were randomized to simvastatin plus niacin, antioxidant supplements
(combination of 800 IU α-tocopherol, 1000 mg vitamin C, 25 mg β-carotene, and 100
µg selenium/d), both simvastatin-niacin and antioxidants, or neither. Supplemental
antioxidants decreased plasma HDL2 and had no significant effect on the incidence of
clinical endpoints and progression of coronary stenosis. In contrast, simvastatin-niacin
significantly reduced LDL and the rate of stenosis progression and clinical events, and
elevated total HDL and HDL2. Of concern, antioxidants inhibited the favorable effect
of simvastatin-niacin on lesion progression, clinical events, and HDL2.

The Medical Research Council (MRC)/British Heart Foundation (BHF) Heart
Protection Study (HPS) addressed the effect of antioxidant combinations in addition to
lipid-lowering therapy in subjects with known coronary disease. Over 20,000 subjects
were randomized to 40 mg simvastatin, antioxidant combination (600 mg vitamin E,
250 mg vitamin C, 20 mg β-carotene), both or neither for a mean of 5.5 y. Simvastatin
reduced all-cause mortality (P < 0.001) and cardiovascular events (P < 0.0001), whereas
antioxidants had no effect whether alone or when combined with simvastatin (Table
17.3). In this study, antioxidants did not overcome the favorable effects of simvastatin.

Role of Vitamin E in Lipid Oxidation in the Vessel Wall

For vitamin E supplements to prevent atherosclerosis and thereby provide clinical
benefit, one may expect α-tocopherol to become limited as disease progresses, vita-
min E to favorably affect a biological process, and that process to be causally linked to
atherogenesis. Concerning the “biological process” involved, by far most attention has
been placed on the inhibition of lipoprotein (LDL) oxidation.

Vitamin E concentration in atherosclerotic lesions. Previous studies employing fresh-
ly obtained carotid endarterectomy specimens, i.e., samples representing end-stage dis-
ease, indicate that the concentrations of lipid-adjusted α-tocopherol are essentially intact
(21,45). To confirm this and to rule out the possibility that α-tocopherol may decrease
during the early stages of atherogenesis, we determined the concentration of the vitamin
in human aortic tissue representing different stages of the disease. Tissue levels of α-
tocopherol remained remarkably constant as disease progressed, independent of whether
results were expressed per protein, cholesterol, or cholesteryl esters, and whether
homogenate of aortas or their lipoprotein fraction were analyzed (46,47).

In addition, we determined the oxidation products of α-tocopherol, using a gas
chromatography/mass spectrometry–based assay (48). As disease developed, the pro-
portion of the vitamin present as tocopherylquinone or tocopherylquinone epoxide
remained more or less unaltered, but accounted for only ~15% of the vitamin (46).
Therefore, available data indicate that α-tocopherol does not become depleted as ath-
erosclerosis develops.
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TABLE 17.3
Cardiovascular Disease (CVD) and Vitamin E Plus Other Antioxidantsa

ASAP HATS HPS

Design PP, DB, 2 × 2; 3 y SP, DB, 2 × 2; 3.5 y SP, DB, 2 × 2; 5.5 y
Population 113; men; serum cholesterol ≥ 5 mmol/L 160; Coronary disease 20,000; Coronary disease
Treatment 272 IU Vitamin E + 250 mg vitamin C 800 IU Vitamin E, 1 g vitamin C 600 mg Vitamin E, 250 mg

25 mg β-carotene, 100 µg selenium vitamin C, 20 mg β-carotene
Outcome Decrease in IMT progressionb Decrease in HDL2 No effect on AMI, CVD deaths and stroke
Comment No significant effect in women Antioxidants decreased the protection Simvastatin decreased AMI, CVD

conferred by simvastatin plus niacin deaths and stroke
aAbbreviations: See Tables 17.1 and 17.2. AMI, nonfatal acute myocardial infarction; HATS, HDL-Atherosclerosis Treatment Study; HDL, high density lipoprotein; HPS, Heart
Protection Study; PP, primary prevention; SP, secondary prevention.
bSignificant effect.
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Does vitamin E inhibit lipoprotein lipid oxidation in the vessel wall? Atheroscle-
rotic lesions are characterized by the presence of both apparently normal concentra-
tions of α-tocopherol and substantial amounts of oxidized, lipoprotein-derived lipids.
Such coexistence could be rationalized if lipoprotein lipid oxidation were to occur in
the presence of vitamin E, as is observed in vitro when lipoproteins are oxidized via
tocopherol-mediated peroxidation (20,49).

To address this question, we determined the distribution of regioisomers of cho-
lesteryl linoleate hydroxides that are derived from cholesteryl linoleate hydroperox-
ides, the single major, primary oxidation product produced in lipoproteins undergoing
oxidation. Free radical–induced lipid oxidation generates a complex, although not ran-
dom array of products, and configurational isomer specificity is influenced by the
presence of hydrogen donors, i.e., specifically, the presence of α-tocopherol in
lipoproteins selectively generates cis, trans-isomers of cholesteryl linoleate
hydro(pero)xides during in vitro lipid peroxidation (50,51).

We observed that free radical–mediated oxidation of LDL isolated from diseased
human aortic tissue by sequential ultracentrifugation, resulted in the initial formation
of cis, trans-cholesteryl linoleate hydro(pero)xides, as α-tocopherol was being con-
sumed (52). After depletion of the vitamin, the trans, trans-isomers formed predomi-
nantly, similar to the situation with isolated plasma lipoproteins (51). Further, esteri-
fied cis, trans-18:2-O(O)H were the primary products found in human lesions and in a
rabbit model of arterial injury, and there was no evidence for a significant contribution
of lipoxygenase to lipoprotein oxidation (52).

Together, these data suggest that in vivo lipoprotein lipid peroxidation in the ves-
sel wall occurs in the presence rather than the absence of α-tocopherol, indicating that
the vitamin does not effectively prevent LDL oxidation in diseased vessels.

Is there a causal relationship between lipoprotein lipid oxidation and atherogen-
esis? Despite the very large body of literature supporting a role for lipoprotein lipid
oxidation in atherogenesis, direct evidence for a causal relationship between these two
processes remains scarce. Arguably the strongest supportive evidence comes from a
study in apoE-/- mice in which atherogenesis was reported to result in an increase in
iPF2α-VI, an F2-isoprostane, in vascular tissue, and supplemental vitamin E to signifi-
cantly reduce aortic lesion areas and iPF2α-VI levels (29). We also observed inhibition
of both atherosclerosis and lipoprotein lipid (per)oxidation in the vessel wall in two
different mouse models of atherosclerosis, using co-antioxidants as supplements and
measuring tissue concentrations of cholesteryl linoleate hydro(pero)xides (53–55).
The results of these studies support although they do not prove a causal relationship
between aortic lipoprotein lipid oxidation and atherogenesis.

However, such association of the two processes is not observed consistently.
Thus, in LDL receptor–deficient rabbits, prevention of aortic accumulation of choles-
teryl linoleate hydro(pero)xides by a synthetic co-antioxidant had no effect on athero-
sclerosis (56). Also, in cholesterol-fed, balloon-injured rabbits, a large dose of supple-
mental vitamin E increased disease, assessed by the intima-to-media ratio, without
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significantly affecting aortic concentrations of esterified lipid hydroperoxides (57). In
addition, inhibition of atherosclerosis in the thoracic and abdominal aorta of apoE-/-
mice was not associated with a decrease in aortic cholesteryl linoleate hydroperoxides
(58). Perhaps most strikingly, probucol treatment of apoE-/- mice significantly
increased lesion size in the aortic root (58,59), yet this is associated with a decrease in
the parent lipid-standardized concentration of tissue 8-epi-PGF2α and cholesteryl
linoleate hydroperoxides (2001, unpublished data). Therefore, lipoprotein lipid oxida-
tion in the vessel wall can be dissociated from atherogenesis, thereby questioning their
causal relationship.

Accumulation of nonoxidized and oxidized lipoprotein lipids during athero-
genesis. Numerous previous studies reported the presence of certain lipid or protein oxi-
dation products in lesions, although a systematic investigation measuring several oxida-
tion parameters and the accumulation of nonoxidized lipids and antioxidants at various
stages of atherosclerosis has not been carried out in the same tissue. Using the intimal
lipoprotein-containing fraction of human aortic lesions, we observed that cholesterol
accumulated with lesion development and that this increase was already significant at
the fatty streak stage. By comparison, cholesteryl esters increased significantly only in
fibro-fatty and more complex lesions that also contained significantly increased amounts
of cholesteryl ester hydro(pero)xides, the major lipid oxidation product detected (52).
When standardized per parent lipid, the increase in tissue cholesteryl ester
hydro(pero)xides was significant only in the most advanced lesions (Stary Class V and
VI), and accounted for ≤2.3% of the cholesteryl esters (52), an amount below that
required to convert LDL into “high-uptake” LDL in vitro by exposure to Cu(II). Thus, in
human atherosclerosis, primary lipoprotein lipid (per)oxidation products do not signifi-
cantly accumulate until late in lesion development, a finding inconsistent with the LDL
oxidation theory, according to which oxidation of LDL is hypothesized to occur early in
the disease process and to precede foam cell accumulation and fatty streak formation.

Of the oxidized protein moieties measured, only o,o-dityrosine increased with
disease, although chloro-tyrosines were present at relatively high levels in all lesions
compared with healthy vessels (47). Consistent with a role of hypochlorite in early
atherogenesis, the concentration of α-tocopherylquinone was relatively high in fatty
streaks (46). Together, these findings raise the possibility that 2e-oxidants rather than
1e-oxidants (which give rise to lipoprotein lipid peroxidation) are more important in
early atherogenesis. If so, one would not expect vitamin E to provide efficient protec-
tion because α-tocopherol appears to be a relatively poor scavenger of 2e-oxidants, as
indicated by its lack of protection against hypochlorite-induced LDL oxidation (23).

DISCUSSION

Randomized Controlled Studies

The strength of the association between food antioxidant consumption and the preven-
tion of coronary events is strongest in observational studies, which are unfortunately

Copyright © 2002 AOCS Press



confounded by self-selection of patients and co-consumption of other nutrients in
whole foods. In IMT studies, vitamin E alone exerted no effect in most randomized
controlled studies, but an isolated observation suggests that administration of both vit-
amin E and vitamin C may be beneficial. The data of large and well-designed, ran-
domized, placebo-controlled studies powered to detect clinical events (ATBC, HOPE,
GISSI, PPP, HPS) overall indicate a null effect of vitamin E. Two secondary preven-
tion studies with relatively small numbers and short follow-up, CHAOS and SPACE,
suggest that certain subpopulations may benefit from vitamin E supplements.

Plasma concentration of antioxidants may serve as an indirect measure of antioxi-
dant intake as well as a marker of consumption of healthy whole foods. Confounding
nondietary lifestyle variables may also contribute to apparent favorable effects in non-
randomized studies. Also, there are many different antioxidants within single food
groups. Overall, the findings strengthen the recommendation that diets rich in antioxi-
dants, but not antioxidant supplements, be advocated (60). In support of this, The
Lyon Heart Study (61), found a clear reduction in recurrence of CHD after randomiz-
ing patients to an entire diet containing increased fiber intake, n-3 PUFA intake, as
well as fruit and vegetable consumption.

Revisiting Lipoprotein Lipid Oxidation and Atherogenesis

There is no doubt that lipoprotein oxidation is evident in the arterial wall, and that oxi-
dized lipids and proteins exert many potential biological effects. What is less clear is
whether these effects are causal for, rather than consequential to, atherosclerosis or for
any of its complications (47). Animal studies currently dissociating antiatherogenic
and antioxidant effects of pharmacologic agents (see above) may help resolve these
issues. Selected targeting of those processes for which oxidation is causal may permit
benefits of antioxidants to be revealed. This will also require identification of which
types of oxidants are responsible for the oxidative modification of important targets.

For vitamin E, there now is a sound scientific rationale to explain why α-toco-
pherol alone may not be effective in preventing lipoprotein lipid oxidation, at least
that inflicted by one-electron oxidants (i.e., radicals). Furthermore, vitamin E appears
to provide ineffective protection against 2e-oxidants, increasingly implicated in the
early stages of atherosclerosis (62). Therefore, a reevaluation of the relevant biological
consequences of oxidation, identification of the oxidative processes operative in the
arterial wall at different stages of atherogenesis, as well as evaluation of the conse-
quences of their inhibition in animal models are required.

Vitamin E Supplements Against CHD?

Several issues must be addressed before vitamin E or any other antioxidant supple-
ments can be recommended. First, criteria for the identification of patient subgroups
requiring or deficient in vitamin E/antioxidant(s) must be established. For example, it
would be helpful to identify the uniqueness of the SPACE study population. Similar
considerations may apply to a potential interaction of vitamin E with the nitric oxide
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synthase genotype in the CHAOS study (63). Second, the effects of antioxidant sup-
plementation should be monitored by in vivo response to antioxidant therapy, such as
the measurement of plasma F2-isoprostanes in specialized laboratories. Third, the
above criteria also apply to the potential use of multiple antioxidants that may allow
cooperative antioxidant activity. Given the evidence to date from HPS and HATS
(Table 17.3), it appears unlikely, however, that antioxidant combinations will substan-
tially alter the current conclusion of null effect derived from studies of single antioxi-
dants. We note the recent report that treatment of patients after cardiac transplantation
for 1 y with pravastatin plus vitamin E (800 IU/d) and vitamin C (1000 mg/d) signifi-
cantly decreased transplant-associated intimal thickening compared with subjects
receiving pravastatin alone (64). However, this double-blind prospective study
employed only small numbers of patients (n = 40) and the relevance of transplant-
associated arteriosclerosis to atherosclerosis-based CHD is unclear.

Summary

Although the absence of harm with recent large vitamin E studies is reassuring, rec-
ommendations to take vitamin E supplements for the prevention or treatment of CHD
require convincing proof of positive effect. However, current controlled data do not
provide this proof, and scientific evidence is now available that can explain why vita-
min E supplements may not protect against atherosclerosis.
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Prospective Vitamin E Clinical Trials
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Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in the
Western world. Several lines of evidence support a role for oxidative stress and
inflammation in the pathogenesis of atherosclerosis. Furthermore, epidemiologic stud-
ies appear to suggest that low levels of α-tocopherol (AT) are associated with
increased risk for CVD, and increased intakes appear to be protective (1,2). Studies in
vitro have shown that AT, in addition to functioning as an antioxidant, inhibits
smooth muscle cell proliferation, platelet adhesion and aggregation, and monocyte
endothelial adhesion (3,4). In addition, some studies in animal models have shown a
decrease in lesion progression with supplementation. Supplementation with AT in
humans has been shown by numerous groups to result in the following effects:
decreased lipid peroxidation [decreased low density lipoprotein (LDL) oxidative sus-
ceptibility and decreased F2-isoprostanes, a measure of in vivo lipid peroxidation],
decreased platelet adhesion and aggregation, and an anti-inflammatory effect
(decreased C-reactive protein, proinflammatory cytokines, and soluble cell adhesion
molecules) (1–4).

Clinical Trials

In this review, we will focus on the larger prospective clinical trials that have tested
the effect of AT supplementation on cardiovascular events in different populations.
The seven clinical trials that will be discussed are as follows: (i) the ATBC Study, (ii)
the CHAOS Study, (iii) the GISSI study, (iv) the HOPE Study, (v) the SPACE Study,
(vi) the ASAP Study, and (vii) the PPP study. Although the HATS study is not a true
vitamin E trial, it will be discussed because it has created much confusion.

The Alpha-Tocopherol Beta-Carotene (ATBC) Cancer Prevention Study

The ATBC Cancer Prevention Study (5) was designed to determine whether vitamin
E (synthetic, all-rac-α-tocopherol acetate, 50 mg/d, 50 IU/d) and β-carotene (20
mg/d), either alone or in combination, would decrease lung cancer incidence. A total
of 29,133 male smokers age 50–69 y from southwestern Finland were randomly
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assigned to one of the three regimens or placebo and followed for 5–8 y. At entry, the
mean age was 57.2 y; the men smoked 20.4 cigarettes/d and had smoked for 35.9 y.
Although AT supplementation had no effect on the primary end point (lung cancer),
an 18% increase in lung cancer incidence was observed in the β-carotene–supple-
mented group (P = 0.01).

Serum AT and β-carotene concentrations were measured before and after supple-
mentation. The median values of serum AT at baseline were 26.7 µmol/L and
increased to 40.2 µmol/L after 3 y of supplementation. A similar dose of 50 mg syn-
thetic α-tocopheryl acetate supplements was administered to nonsmoking men and
women (aged 21–31 y) by Princen et al. (6). They reported that plasma AT concentra-
tions were 24 ± 3.6 µmol/L at baseline and increased 4 µmol/L with supplementation
to 28.7 ± 5.1 µmol/L, in sharp contrast to the 14 µmol/L increase observed in the
ATBC study. It is likely that the greater increase in serum AT observed in the ATBC
study resulted from higher lipid levels in the older subjects because plasma vitamin E
is confined to the lipoprotein fraction (7). It is unknown how delivery of AT to tissues
is affected when plasma AT concentrations are elevated as a result of lipid levels com-
pared with elevations resulting from higher intakes of AT. Certainly, reporting mea-
surements of the plasma ratios of AT:cholesterol could aid in the interpretation of vit-
amin E status (8).

In this study in smokers without preexisting CVD, AT therapy had no significant
effect on the first major coronary event (fatal and nonfatal) (9). In a further analysis of
the ATBC study in male smokers with previous myocardial infarction (MI), although
there were no significant effects on the number of major coronary events or fatal coro-
nary artery disease, there was a significant reduction in the multivariate-adjusted rela-
tive risk (RR) for nonfatal coronary artery disease [0.62; confidence interval (CI),
0.41–0.96] in the AT group (10). In a subsequent report of the ATBC study, Rapola et
al. (11) also showed that AT supplementation was associated with a minor decrease in
the incidence of angina pectoris (RR, 0.91; CI, 0.83–0.99; P = 0.04).

The incidence and mortality from stroke in the ATBC trial have been examined
in detail (12,13). Because AT is carried in lipoproteins, its relationship with serum
lipids confounds interpretation. For example, the risk of cerebral infarction was
increased in those with serum total cholesterol concentrations >7.0 mmol/L. However,
pretrial high serum AT, which is dependent upon serum lipid levels, decreased the
risk of intracerebral hemorrhage by half and cerebral infarction by one third (10). AT
supplementation appeared to increase the risk of subarachnoid hemorrhage by 50%
(95% CI, –3 to 132%; P = 0.07), but decreased cerebral infarction 14% (95% CI, –25
to −1%; P = 0.03). The increase in mortality caused by subarachnoid hemorrhage with
AT supplements was 181% (95% CI, 37–479%; P = 0.01). The overall net effects of
supplementation on the incidence and mortality from total stroke were not significant.
The interpretation that AT supplements increase the incidence of hemorrhagic stroke
is not uniformly accepted because this adverse effect was not observed in the other
intervention trials with vitamin E (see below). In fact, Steiner et al. (14) showed in a
double-blind, randomized study of 100 patients with transient ischemic attacks (TIA),
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minor strokes, or residual neurologic deficits that the patients who received AT and
the antiplatelet agent, aspirin, (400 IU/d and 325 mg/d, respectively) had a significant
reduction in ischemic strokes and recurrent TIA compared with patients taking aspirin
alone. Moreover, no increase in hemorrhagic strokes was observed in a study that was
designed to evaluate neurological function in patients with Alzheimer’s disease con-
suming 2000 IU/d of supplemental all-rac-AT for 2 y (15). However, the number of
subjects and the trial length may be insufficient to detect an effect. Nevertheless,
because AT has antiplatelet effects (16) that may promote bleeding, the observation
that AT supplementation increases hemorrhagic stroke incidence in smokers should
be considered with caution.

The Cambridge Heart Antioxidant Study (CHAOS)

The CHAOS study was a prospective, randomized, placebo-controlled, double-blind
single-center trial in the East Anglian region of England that examined the effects of
AT therapy on coronary artery disease (CAD) (17). A total of 2002 subjects with
overt clinical and angiographic evidence of CAD were randomly assigned to receive
natural or RRR-AT (n = 1035) or placebo (n = 967). The first 546 subjects in the AT
group were given 800 IU/d for a median of 731 d (range: 3–981) and the remainder
were given 400 IU/d for 366 d (range: 8–961); however, the two groups were com-
bined for statistical analysis (the trial was not designed to determine dose-response
effects of AT on the primary end points). Participants requested 73.2% of all pre-
scribed AT or placebo as follow-up medications. Treatment with AT was well tolerat-
ed with only 11 of the 2002 patients (0.55%) discontinuing therapy due to diarrhea,
dyspepsia, or rash. There was no significant difference between the treatment groups
for these side effects. Both 400 and 800 IU/d of AT significantly increased serum AT
levels at least twofold over baseline as reported previously in the literature (18).
Importantly, in the placebo group, there was no significant increase in serum AT lev-
els during follow-up. The primary outcome variables were a combined end point of
cardiovascular death and nonfatal MI, and nonfatal MI alone (17). After a median fol-
low-up of 510 d (range: 3–981), those receiving AT experienced a significant 47%
reduction (95% CI, −66 to −17%; P = 0.005) in CAD death and nonfatal MI, which
was the primary trial end point (17). This effect was due to a significant 77% reduc-
tion (95% CI, −89 to −53%; P = 0.005) in the risk for nonfatal MI. There was a non-
significant effect on CAD death alone (P = 0.78) or total mortality (P = 0.31). The
nonsignificant increase in deaths due to CAD in this trial was subjected to a subse-
quent analysis (19). With regard to total mortality, there were now 120 deaths from all
causes, 68 in the AT group of 1035 and 52 in the placebo group of 967 patients (car-
diovascular deaths 53 vs. 44, P = 0.48). This further analysis of the deaths due to heart
disease revealed that the majority of deaths (78%) occurred in patients who were non-
compliant with AT therapy. This subsequent analysis lessens concern about possible
dangers of the use of AT in patients with established CAD.

The salient characteristics of the CHAOS trial are as follows: the effect was
examined in a homogenous and stable population with established CAD consuming
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an English diet; the CHAOS trial used a dose of natural AT (≥ 400 IU/d) that has been
shown to decrease LDL oxidizability and platelet aggregation; compliance was
assessed by both drug accountability and serum levels of AT that rose 2- to 2.5-fold in
the AT group but were essentially unchanged in the placebo group; despite the larger
dose used compared with the ATBC study, AT supplementation in CHAOS was not
associated with an increased risk for hemorrhagic stroke even though these patients
were also receiving antiplatelet therapy.

GISSI (Gruppo Italiano per lo Studio della Supravivenza nell’Infarto
Miocardico) Prevenzione Trial

The GISSI trial was conducted in Italy in 11,324 patients within 3 mo of a MI; it
investigated whether n-3 polyunsaturated fatty acids (PUFA) (1 g/d, n = 2836), all-rac-
AT (300 mg daily or 330 IU/d, n = 2830), a combination of n-3 PUFA and AT (n =
2830) or control (n = 2828) over 3.5 y had an effect on the primary combined efficacy
end point of death, MI, and stroke (20). This was a multicenter study with an open-
label design. The patients received, in addition to the supplements, the usual preventa-
tive measures including aspirin, β-blockers, and angiotensin-converting enzyme
(ACE) inhibitors. A major strength of this study, in contrast to the other clinical trials,
was that dietary information was detailed for fish, fruit, vegetable, and olive oil intake.
The primary combined efficacy end points were the cumulative rate of all-cause
death, nonfatal MI, and nonfatal stroke and the cumulative rate of cardiovascular
death, nonfatal MI, and nonfatal stroke.

In this study, n-3 PUFA resulted in a significant 10% decrease in the combined
primary end point of death, nonfatal MI, and nonfatal stroke in a two-way factorial
analysis (P = 0.048). However, the decrease in the risk of other combined end points
of cardiovascular death, nonfatal MI, and nonfatal stroke tended to be significant (P =
0.053). The four-way analysis, which compared the n-3 PUFA group with the unsup-
plemented control group, provided a clearer picture of the effects of n-3 PUFA with a
relative decrease in the risk of the combined end point of 15% (P = 0.023) and for car-
diovascular death, nonfatal MI and nonfatal stroke of 20% (P = 0.008). For the prima-
ry end points, patients receiving AT did not differ significantly from controls when
analyzed according to the two-way factorial analysis. In addition, the combination of
AT and n-3 PUFA did not confer greater benefit over n-3 PUFA alone. However,
when the more appropriate four-way analysis was conducted, there was a significant
20% reduction in cardiovascular death in the AT group compared with the unsupple-
mented control group (CI, 0.65–0.99) (21).

A weakness of this study was that it was an open-label trial with an ~25%
dropout at the end of the study. Additionally, no objective assessment of compliance
such as measurement of n-3 PUFA or AT was provided, even in a subgroup of partici-
pants. Furthermore, because these patients were consuming a healthy Mediterranean
diet, this could have also attenuated the benefits of AT. This is clearly a diet rich in
antioxidants. However, it should be emphasized that the GISSI Prevenzione trial
demonstrated a significant 20% reduction in cardiovascular death, i.e., RR for cardiac
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death = 0.77 (0.61–0.97), coronary death = 0.75 (0.59–0.96), and sudden death = 0.65
(0.48–0.89) after AT supplementation.

The Heart Outcomes Prevention Evaluation (HOPE) Study

In the HOPE Study, 2545 women and 6996 men ≥55 y of age who were at high risk
for cardiovascular events because they had CVD or diabetes in addition to one other
risk factor were enrolled (22). These patients were randomly assigned according to a 2
× 2 factorial design to receive either 400 IU of vitamin E daily from natural sources or
matching placebo and either an ACE inhibitor (ramipril) or matching placebo. They
were followed up for a period of 4–6 y (mean 4.5 y). The primary outcome was a
composite end point of MI, stroke, and death from CVD. Secondary outcomes includ-
ed unstable angina, congestive heart failure, revascularization or amputation, death
from any cause, complications of diabetes, and cancer.

There was no significant difference between the patients who received vitamin E
(n = 4761) and those receiving placebo (n = 4780) with respect to the primary end
point. In addition, there was no significant difference in number of deaths from car-
diovascular causes. Furthermore, there was no significant difference in incidence of
secondary cardiovascular outcomes or in death from any cause. Also, there was no
increase in hemorrhagic stroke associated with vitamin E use even though 77% of the
patients were receiving an antiplatelet agent. Finally, there were no significant adverse
effects from vitamin E supplementation in this study. The authors concluded in this
study that in patients at high risk for cardiovascular events, treatment with vitamin E
for a mean of 4.5 y had no apparent effect on cardiovascular outcomes. It should be
emphasized that because of the overwhelming positive findings for the ACE inhibitor,
ramipril, this study was stopped by the Data and Safety Monitoring Board before their
revised recommendation of a 3.5-y follow-up instead of the 5 y originally planned.

This is an important study that arrives at the negative conclusion that vitamin E is
without effect in patients at high risk for CVD. However, this study suffers from certain
deficiencies (23). Although the study was undertaken in many geographic areas (United
States, Canada, Western Europe, and South America) with clearly different dietary
intakes, data on the dietary intakes, especially antioxidants, were not reported. In addi-
tion, for no subgroup were plasma levels of vitamin E provided, as in the CHAOS
Study, to confirm supplementation. Furthermore, the HOPE investigators appear to have
used natural vitamin E, which is made up of tocopherols and tocotrienols. Because AT is
the most potent member of the vitamin E family, this could also have a bearing on the
findings due to the scanty information on the other forms of vitamin E. In addition, 400
IU/d of AT does not appear to have anti-inflammatory effects (24).

Secondary Prevention with Antioxidants of CVD in End-Stage Renal
Disease (SPACE)

The SPACE study was a double-blind, placebo-controlled, randomized, secondary
prevention trial performed at six hemodialysis units in Israel that examined the effect

Copyright © 2002 AOCS Press



of high-dose AT supplementation on CVD outcomes in hemodialysis patients with
preexisting CVD. Hemodialysis patients with preexisting CVD (n = 196) aged 40–75
y at baseline from six dialysis centers were enrolled and randomly assigned to receive
800 IU/d RRR-AT (n = 97) or matching placebo (n = 99). Patients were followed for a
median of 519 d. The primary end point was a composite variable consisting of MI
(fatal and nonfatal), ischemic stroke, peripheral vascular disease (excluding the arterio-
venous fistula), and unstable angina. Secondary outcomes included each of the com-
ponent outcomes, total mortality, and CVD mortality. Lipid-adjusted AT levels were
monitored; they rose from 22.0 ± 7.7 µmol/L in the AT group to 27.8 ± 9.3 µmol/L
on-treatment and were unchanged in the placebo group (23.3 ± 10.7 µmol/L at base-
line and 20.2 ± 6.9 µmol/L on-treatment). Treatment with AT significantly decreased
primary cardiovascular end points (54% reduction in primary end point risk in the AT
group; P = 0.014). There was a 39% nonsignificant reduction in CAD mortality (RR,
0.61; 95% CI, 0.28–1.3; P = 0.25). Also, AT supplementation was associated with a
70% reduction in total MI rate (P = 0.016). Furthermore, treatment with AT was asso-
ciated with a 62% reduction in peripheral vascular disease but was not significant
(RR, 0.38; 95% CI, 0.1–1.4; P = 0.13). There were no significant differences between
the number of side effects reported for the placebo and AT groups. Thus, like
CHAOS, the SPACE study also reported a significant reduction in composite CVD
end points and MI with AT supplementation in patients with preexisting CVD. In
addition, plasma AT levels were measured in this study. Thus, it appears that higher
doses of AT (800 IU/d) would be beneficial for secondary prevention of CAD because
this dose exerts both antioxidant and anti-inflammatory effects.

Collaborative Group for the Primary Prevention Project (PPP)

In the Primary Prevention Project (PPP), the investigators followed 4495 people
with hypertension, hypercholesterolemia, diabetes, obesity, family history of prema-
ture MI, or those who were elderly (25). The mean age of the patients was 64.4 y
and 58% were women. The patients were prescribed either aspirin (100 mg/d) or
all-rac-AT (300 mg/d). This was a 2 × 2 factorial design study with a mean follow-
up period of 3.6 y. The primary end point of this study was cardiovascular death,
nonfatal MI, and nonfatal stroke. In this study, aspirin lowered the frequency of all
end points, and was significant for cardiovascular death with a RR of 0.56
(0.31–0.99) and total cardiovascular events 0.77 (0.62–0.95). Also, severe bleeding
was more frequent in the aspirin group than in the nonaspirin group (1.1 vs. 0.3%; P
= 0.0008). However, AT supplementation had no benefit on the primary end point,
i.e., RR 1.07 (0.74–1.56), total cardiovascular events or disease 0.94 (0.77–1.16).
The investigators reported a benefit of AT therapy on peripheral artery disease, i.e.,
RR 0.54 (0.3–0.99). Thus, this study reported a 46% reduction in the incidence of
peripheral artery disease among patients taking vitamin E (P = 0.043). Like the
other clinical trials, this study suffers from certain weaknesses. There was no objec-
tive measure of compliance, i.e., measurement of plasma AT or biomarkers of
oxidative stress and inflammation. Second, as the authors themselves point out, the
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findings for vitamin E could be regarded as a false-negative result because of the
inadequate power of a prematurely interrupted trial. Thus, this trial, although yield-
ing a negative result on the primary end point, does yield a benefit of AT therapy
that was underemphasized by the investigators in their paper. Furthermore, the
authors used a synthetic form of AT that does not appear to yield a benefit for mark-
ers of inflammation in supplementation studies, although it decreased LDL oxida-
tion when supplemented (24).

Antioxidant Supplementation in Atherosclerosis Prevention Study 
(ASAP Study)

The ASAP study was a randomized trial of the effect of vitamin E and C on 3-y
progression of carotid atherosclerosis. This was a placebo-controlled, randomized,
2 × 2 factorial trial in hypercholesterolemic patients and consisted of an 8-wk
placebo lead-in phase, followed by a 3-y double-blind treatment period (26).
Subjects (n = 520) were randomly assigned to receive RRR-AT (136 IU twice a
day), slow release ascorbate (250 mg twice a day), or both RRR-AT and ascorbate
or placebo. Carotid atherosclerosis was assessed by quantitating common carotid
intima-media thickness (IMT) over semiannual assessments. Plasma levels of vita-
mins E and C were measured and were significantly increased in the groups ran-
domly assigned to the respective vitamins. The average increase in common
carotid arteries (CCA)-IMT was 0.02 mm/y in men randomly assigned to placebo,
0.018/y in men who received only vitamin E, 0.017 mm/y in men who received
only vitamin C, and 0.011 mm/y in men who received both vitamins E and C (P =
0.043 for heterogeneity). IMT progression was significantly reduced in men ran-
domly assigned to both vitamins compared with all other men (P = 0.009) or men
who received placebo (P = 0.008). No significant differences were observed in
women. Covariate-adjusted IMT increase in men was 45% less with both vitamins
compared with placebo (P = 0.049); the largest treatment effect was in smoking
men (64% less) vs. nonsmoking men (30% less).

The findings of the study suggest that antioxidant vitamin (vitamins E and C)
supplementation significantly retards carotid atherosclerosis progression in men, espe-
cially those who are at increased oxidative stress and have insufficient dietary antioxi-
dant status (smokers). Both supplements were safe, and the bioavailability of the sup-
plements was good. The authors suggested that the lack of beneficial effect in women
is due to the higher baseline levels of vitamin C in the population studied and insuffi-
cient statistical power in women, who had smaller baseline carotid wall thickness and
less atherosclerotic progression during the study.

In a study cohort, lipid peroxidation measurements were carried out in 100 con-
secutive men at entry and repeated at 12 mo. The plasma F2-isoprostane concentration
was lowered by 17.3% (95% CI, 3.9–30.8%) in the vitamin E group (P = 0.006 for the
change, compared with the placebo group). On the contrary, vitamin C had no signifi-
cant effect on plasma F2-isoprostanes compared with the placebo group. There was
also no interaction in the effect between these vitamins.
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The strengths of this study were that plasma levels of the vitamins were measured
and significantly increased after supplementation, and biomarkers of oxidative stress
were measured in a cohort. However, biomarkers of inflammation were not studied; it
is possible that this dose may not have been sufficient and that the duration of the
study was too short to observe significant effects on atherosclerosis.

HDL-Atherosclerosis Treatment Study (HATS)

In this 3-y, double blind study, 160 patients with CAD and low HDL-cholesterol
(women and men, values <40 and 35 mg/dL, respectively) were entered into the study
(27). Coronary artery disease was defined as previous MI, coronary interventions, or
confirmed angina and with at least 3 stenoses of at least 30% of the luminal diameter
or 1 stenosis of at least 50%. The four groups included a placebo group, a group that
received simvastatin and niacin, an antioxidant group, and a simvastatin, niacin, and
antioxidant group. The antioxidant supplement that was given twice daily resulted in
doses of 800 IU/d of RRR-AT, 1000 mg/d of vitamin C, 25 mg/d of β-carotene, and
100 µg/d of selenium. The patients were followed up for 3 y and the end point was
arteriographic evidence of a change in coronary stenosis and occurrence of a first car-
diovascular event (death, MI, stroke, and revascularization). The average age of the
patients was 53 y, and 13% were women. The antioxidant supplementation resulted in
significant increases in plasma levels of AT, ascorbate, and β-carotene, with the most
profound increase in the β-carotene levels of 380%. In addition, the antioxidant cock-
tail resulted in a significant 35% prolongation in the lag phase of LDL oxidation (P <
0.001). For the mean change in the percentage of stenosis, compared with placebo,
simvastatin and niacin, and the combination of simvastatin, niacin, and antioxidants
resulted in a significant decrease, i.e., placebo = 3.9% increase, simvastatin and niacin
= 0.4% decrease, simvastatin, niacin, and antioxidants = 0.7% increase. Also, com-
pared with placebo, the antioxidant cocktail resulted in ~50% reduction in the percent-
age of stenosis (1.9%); however, this was not significant, P = 0.16. It should be
emphasized that this study had a small number of patients in each of the four groups:
placebo, n = 34; antioxidants, n = 39; simvastatin and niacin, n = 33; simvastatin,
niacin, and antioxidants, n = 40. When the end point or mean change in minimal
lumen diameter was examined, there was a significant reduction with all therapies,
simvastatin and niacin, simvastatin, niacin, and antioxidants, and antioxidants alone.
This included the change in minimal luminal diameter of the nine proximal lesions or
all lesions.

Although this is an important study that clearly emphasizes the benefit in a low
HDL-cholesterol group with coronary artery disease of the combined therapy of
simvastatin and niacin, the antioxidant limb of the study suffers from a small sam-
ple size (n = 39). Also, it should be emphasized that in this study, an antioxidant
cocktail was given; thus, the benefit of a high-dose AT supplementation alone was
not tested. In addition, it is unclear whether the high dose of vitamin C that was
given to a population whose dietary intake of vitamin C (110 mg/d) exceeded the
RDA could have had beneficial or deleterious effects. In addition, in the antioxidant
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group, there was a significant increase in weight and triglycerides, which the
authors dismissed in the study. Although the authors ascribe the lesser benefit of the
simvastatin, niacin, and antioxidant group compared with the simvastatin and niacin
group to the lowering of HDL2-cholesterol, it should be emphasized in this study
that although the HDL2-cholesterol levels were reduced from 3.9 to 3.1 mg/dL in
the antioxidant group, there was a significant increase in apolipoprotein A-1, the
predominant apolipoprotein of HDL, from 110 to 116 mg/dL (P < 0.01). Finally,
one cannot extrapolate the results of the findings in this small study in patients with
coronary disease with low HDL-cholesterol to other populations including primary

TABLE 18.1
Summary of Prospective Vitamin E Clinical Trialsa,b

Primary Other Adverse
Study Dose end point end points effect

ATBC 50 IU/d ↔ ↑c ↓d

(Primary and all-rac-AT (Cancer)
secondary prevention)
CHAOS 400 and 800 IU/d ↑e ↔ ↔
(Secondary prevention) RRR-AT

GISSI 330 IU/d ↔ ↑f ↔
(Secondary prevention) all-rac-AT

HOPE 400 IU/d ↔ ↔ ↔
(Primary and Natural source
secondary prevention) vitamin E

SPACE 800 IU/d ↑g ↔ ↔
(Secondary prevention) RRR-AT

PPP 330 IU/d ↔ ↑h ↔
(Primary prevention) all-rac-AT

ASAP 272 IU/d ↔i ↔ ↔
(Primary prevention) RRR-AT
a↑ denotes positive finding; ↔ denotes no effect; ↓ denotes negative finding.
bAbbreviations: AT, α-tocopherol; ATBC, α-Tocopherol β-Carotene; CHAOS, Cambridge Heart Antioxidant
Study; GISSI, Gruppo Italiano per lo Studio della Supravivenza nell’Infarto Miocardico; HOPE, Heart Outcomes
Prevention Evaluation; SPACE, Secondary Prevention with Antioxidants of CVD in End-Stage Renal Disease; PPP,
Primary Prevention Project; ASAP, Antioxidant Supplementation in Atherosclerosis Prevention Study.
cDecrease in the incidence of angina, nonfatal coronary artery disease in patients with previous myocardial
infarction (MI) and reduction in cerebral infarction.
dIncrease in subarachnoid hemorrhage mortality.
eCardiovascular death and nonfatal MI.
fReduction in cardiovascular death.
gComposite cardiovascular disease end point and MI.
hPeripheral arterial disease.
iBenefit on carotid intima-media thickness seen with the combination of AT (272 IU/d) + vitamin C (500 mg/d) in
men.
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prevention; the benefit that other antioxidant therapies such as high-dose AT might
have in other patients with CVD and also in patients with diabetes, or smokers, for
example, has not been ruled out.

Conclusion

In this review, we have critically appraised the major prospective clinical trials investi-
gating the effect of AT supplementation on cardiovascular end points. Although two
studies (CHAOS and SPACE) clearly showed a reduction in both cardiovascular death
and nonfatal MI, the defined primary end point, as shown in Table 18.1, the GISSI,
ATBC, and PPP studies also demonstrated benefit on certain end points in spite of the
lack of significance for the primary end point. It should be emphasized that the primary
end point in the ATBC study was cancer and not CVD. The only study that was nega-
tive for all end points was the HOPE study. The increase in mortality from subarach-
noid hemorrhage in male smokers in the ATBC study does not concur with the other
studies, which in fact used higher doses, coupled with antiplatelet agents. This unex-
pected finding will be settled in ongoing trials (28). Thus, although the data from the
prospective clinical trials are not overwhelming to date, the majority of studies appear
to suggest a benefit of AT supplementation in patients with CAD.

Studies of this nature could be more informative if they included dietary intakes
of antioxidants, measurement of AT levels and antioxidant status, and measurement of
biomarkers of oxidative stress such as F2-isoprostanes, nitrotyrosine, or LDL oxidiz-
ability. It is quite possible that vitamin E–replete individuals might not gain additional
benefit from supplements. It should also be emphasized that the trials used different
doses of AT ranging from 50–400 IU/d on different study populations (primary and
secondary prevention). Also, the duration of the studies in patients without CVD must
be longer and populations with increased oxidative stress, e.g., end-stage renal dis-
ease, CAD, diabetes, or smoking, should be the focus of future studies. In spite of
these deficiencies, these studies concur with the general body of evidence (epidemio-
logic, in vitro, and animal models); the totality of evidence would support that AT
supplementation is beneficial in patients with preexisting CVD (28).
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Introduction

In numerous epidemiologic studies, it has been observed that a high intake of vitamin
E is associated with a lower risk of age-related and chronic diseases, and experimental
studies have suggested substantial health benefits from vitamin E in disease preven-
tion and therapy. Most large-scale human intervention trials on the prevention of car-
diovascular disease (CVD), the main cause of morbidity and mortality in the Western
world, however, have failed to show convincingly that (relatively short-term) supple-
mentation with vitamin E lowers the incidence of cardiovascular events or the rate of
mortality from heart disease or stroke. Interestingly, a plethora of small clinical trials
report a significant improvement of health status and/or retardation of disease pro-
gression by vitamin E supplementation in patients suffering from CVD or other
chronic and age-related diseases. This chapter will summarize the role of vitamin E in
the prevention and therapy of common chronic diseases, focusing on some newly
emerging areas in which α-tocopherol, the major form of vitamin E in the human
body, appears to have important health benefits; these include reproductive diseases
(preeclampsia), age-related eye diseases [cataract, age-related macular degeneration
(AMD)], metabolic disorders (diabetes mellitus), neurodegenerative disorders
(Alzheimer’s and Parkinson’s disease), skin aging (photoaging), and healthy aging. In
conclusion, future directions for research will be proposed.

Reproduction (Preeclampsia)

Preeclampsia is a disease with unknown etiology affecting pregnant women; world-
wide, it is one of the leading causes of infant and maternal death (1). Preeclampsia
manifests itself as gestational hypertension with proteinuria, edema, and activation of
the coagulation system due to endothelial and placental dysfunction. Oxidative stress
seems to play an important role in preeclampsia (2). Elevated levels of lipid peroxida-
tion products were found in plasma and placental tissue of preeclamptic women along
with low blood vitamin E levels (3–9). Although a few contradicting results exist, i.e.,
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normal or increased vitamin E levels in preeclamptic women (10–12) and no increase
in lipid peroxidation (13), the totality of evidence favors a role of vitamin E in
preeclampsia.

In two initial clinical trials, pregnant women with severe preeclampsia did not
benefit from supplementation with vitamin E (100–800 IU/d) alone or in combination
with vitamin C (1000 mg/d) (14,15). However, pregnant women at risk of preeclamp-
sia (i.e., abnormal uterine artery Doppler or previous history of the disease) had a sub-
stantial health benefit from prophylactic supplementation with vitamin E (400 IU/d)
and vitamin C (1000 mg/d) given during the second half of pregnancy, as demonstrat-
ed by a significant 61% lower incidence of preeclampsia and improved endothelial
and placental dysfunction (PAI-1/PAI-2 ratio) (16). A further trial in high-risk women
showed that the clinical benefit obtained from intervention with these antioxidants
was associated with an improvement of antioxidant status and protection against
oxidative stress (12). Plasma levels of 8-epi-prostaglandin F2α (8-epi-PGF2α, a marker
for lipid peroxidation), which were elevated in these high-risk women, could be low-
ered effectively with vitamin supplementation, reaching levels similar to those of
women at low risk of disease. In contrast, 8-epi-PGF2α levels of untreated women
(placebo group) remained elevated throughout the progression of pregnancy. The
decrease of lipid peroxidation in the treated group was particularly associated with an
increase of vitamin E levels in plasma but was not related to vitamin C levels. It has
been suggested that early supplementation with vitamin E may improve vascular
endothelial function and ameliorate, or even prevent preeclampsia. Other biological
functions of vitamin E on the vascular system apart from its antioxidant activity (e.g.,
regulation of vascular homeostasis, inhibition of platelet aggregation) have not yet
been investigated with respect to their relationship to the pathophysiology of
preeclampsia.

The few in vitro studies that have been conducted on the effects of vitamin E on
preeclampsia showed antioxidant activity of vitamin E in human placental mitochon-
dria (17), and an inhibition of nuclear factor (NF)-κB activation and intercellular
adhesion molecule-1 (ICAM-1) expression in endothelial cells cultured with plasma
from preeclamptic women (3). These findings led to the suggestion that vitamin E
might inhibit endothelial cell activation via inhibition of lipid peroxide formation, NF-
κB activation, and ICAM-1 expression. This may be the way in which vitamin E
exerts beneficial effects on endothelial dysfunction. Another experimental study
showed that vitamin E prevented magnesium-induced apoptosis in placental explants
(18), an important factor in preeclampsia. Animal data on effects of vitamin E on
preeclampsia are lacking.

To date, the only effective strategy for managing preeclampsia is considered elec-
tive delivery, and apparently no therapeutic regimen has proven adequate for preven-
tion or delay of the onset of this disease (19). Also, there is at present no accepted
marker for predicting preeclampsia. A prophylactic intake of vitamin E and C supple-
ments may prove useful for pregnant women with low vitamin E plasma levels and
particularly for those women at known risk of preeclampsia.
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Age-Related Eye Diseases (Cataract and AMD)

Cataract and AMD are common eye diseases and the leading causes of vision
impairment and blindness among older individuals worldwide. In the United
States, >1.6 million individuals have AMD (age > 60 y) and >20 million have
cataract (age > 65 y) (20). In less developed countries, the prevalence of cataract
and AMD is even higher and occurs earlier in life than in developed countries (21).
To date, no medical treatment against these eye diseases is available and although
cataract surgery has become a frequent and successful intervention in elderly peo-
ple, the only available treatment for AMD, i.e., laser photocoagulation, is not
applicable to most patients and is of limited benefit. As an antioxidant, vitamin E is
thought to protect eye tissues such as the lens and retina against oxidative damage
from sunlight, cigarette smoke, or by-products of metabolism, and thus to prevent
age-related eye diseases.

Cataract

Opacification of the ocular lens, or cataract, occurs when lens proteins (crystallins)
precipitate. This may result from an accumulation of modified (e.g., glycated) or
oxidatively damaged lens proteins. The whole lens contains high amounts of vitamin
E with a gradient found from the (outer) epithelium and cortex decreasing to lower
amounts in the (inner) nucleus (22). A protective effect of vitamin E on cataractogene-
sis was found in several animal studies in which vitamin E successfully delayed the
progression of chemically induced cataracts (23–26).

Numerous epidemiologic studies have examined the associations between dietary
vitamin E intake, supplement use, and blood vitamin E levels in relation to risk of dif-
ferent forms of cataract. As reviewed extensively by Taylor and Hobbs (27), most
recent studies, whether retrospective or prospective, found an inverse association
between vitamin E intake and risk of cataract, primarily on cortical rather than nuclear
cataract. A recently published retrospective trial, the Nutrition and Vision Project,
compared long-term nutrient intake and risk of early cataract among 478 participants
of the Nurses’ Health Study cohort (age 53–73 y). Intake and blood levels of vitamin
E and C were inversely correlated with nuclear cataract; however, only the inverse
correlation between blood vitamin E levels and risk of disease remained significant
after adjustment for other nutrients (28).

A prospective study, the Longitudinal Study of Cataract (n = 764 participants),
reported a 31% lower risk of newly diagnosed nuclear cataract by regular intake of
multivitamins, and an ~50% risk reduction with regular use of vitamin E supple-
ments or with higher blood vitamin E levels (29). In the prospective Beaver Dam
Eye Study cohort (n = 1354 participants), no association between vitamin E intake
and risk of cataract was observed, but blood vitamin E levels were inversely corre-
lated with nuclear cataract (30), and a lower risk of cataract among long-term users
of multivitamins or any dietary supplement containing vitamin C or E was
observed (31).
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Age-Related Macular Degeneration (AMD)

AMD is characterized by a progressive loss of photoreceptors and degradation of the
macula, leading to a progressive loss of central and sharp vision. As in most ocular tis-
sues, the retina and the macular area in particular are severely exposed to oxidative
stress due to the high consumption of oxygen and cumulative exposure to sunlight.
The presence of photosensitizers and a high content of polyunsaturated fatty acids
(PUFA) contribute to the susceptibility to photooxidative damage (32). The retina also
contains high amounts of vitamin E, protecting against retinal oxidative damage, and
vitamin E deficiency results in retinal degeneration, accumulation of lipofuscin in the
retinal pigment epithelium, and loss of PUFA (33). Early experimental studies demon-
strated protective (antioxidative) effects of vitamin E in eye tissues (34), leading to the
suggestion that vitamin E may counteract degenerative processes in the retina. Data
from animal studies, however, are lacking.

In epidemiologic studies, it was observed that AMD patients have significantly
lower blood vitamin E levels than control subjects; moreover, vitamin E levels are
inversely correlated with the severity of AMD (35). The Pathologies Oculaires Liées à
l’Age (POLA) survey, a prospective, population-based study on risk factors for AMD
and cataract (n = 2584 participants) reported an 82% risk reduction of AMD in the
highest vs. the lowest quintile of lipid-standardized blood vitamin E levels, and an
inverse association with early signs of AMD (36). In the Beaver Dam Eye Study, an
increased risk of AMD with low intake of vitamin E was observed (37) .

Clinical Trials

The role of vitamin E in the prevention of age-related eye diseases has yet to be inves-
tigated in clinical trials. A first large-scale intervention trial on the effects of vitamin E
supplementation (500 IU/d) on the risk of AMD or cataract, the Vitamin E and
Cataract Prevention Study (VECAT) with 1205 participants, has just been completed.
However, the results of the VECAT study have not yet been reported (38).

A few clinical trials have been published providing data on the effects of mix-
tures of antioxidants on age-related eye diseases. The Alpha-Tocopherol Beta
Carotene (ATBC) study with middle-aged male Finnish smokers reported that daily
supplementation with vitamin E (50 mg) and β-carotene (20 mg) for 5–8 y did not
affect incidences of cataract surgeries (39) or AMD (40). In contrast, two recently
completed clinical trials reported a benefit from antioxidant supplements on either
cataract or AMD. The Roche European American Cataract Trial (REACT) with 297
adults from the United States and the United Kingdom was a 3-y controlled trial on
the effects of antioxidant supplementation (600 IU vitamin E, 750 mg vitamin C, and
18 mg β-carotene per day) on cataract progression in patients with early cataract (41).
The results show a significantly reduced progression of cataract in participants from
the United States; however, in the UK cohort, the effect was not significant. The
AREDS study on antioxidant vitamins and AMD (trial part one) or cataract (trial part
two) is an ongoing multicenter trial (n = 4757 participants) with elderly AMD
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patients. Subjects are assigned to receive antioxidants (400 IU vitamin E, 500 mg vita-
min C, and 15 mg β-carotene per day), zinc (80 mg/d), antioxidants plus zinc, or
placebo. To date, after an average 6.3 y of treatment, antioxidant supplementation had
no apparent effect on the risk of development or progression of lens opacities or
vision loss (42). However, a significant reduction of AMD progression in subjects
supplemented with a mixture of antioxidants plus zinc was observed (43). This sug-
gests that even well-nourished people can benefit from the intake of high-dose antiox-
idant supplements. Long-term intake of antioxidants plus zinc was recommended for
elderly people at high risk for AMD, i.e., patients with early stage drusen or advanced
AMD, and without contraindications such as smoking. Further studies in patients with
a familial history of AMD or early development of drusen are required. In conclusion,
the data from epidemiologic and experimental studies clearly suggest a protective role
of vitamin E in age-related eye diseases. Results from clinical studies using vitamin E
supplements in patients with AMD or cataract are now warranted.

Metabolic Disorders (Diabetes Mellitus)

Diabetes comprises a group of metabolic disorders characterized by a defect in insulin
secretion and/or insulin insufficiency leading to a disturbed glucose homeostasis and
to hyperglycemia. The current classification of diabetes distinguishes among (i) type 1
diabetes, which is the result of β-cell destruction leading to absolute insulin deficiency
(formerly insulin-dependent diabetes); (ii) type 2 diabetes, characterized by insulin
resistance with relative insulin deficiency (formerly noninsulin-dependent diabetes);
(iii) gestational diabetes, which has its time of first recognition during pregnancy, and
(iv) other types of diabetes (44).

In subjects with undiagnosed or poorly controlled diabetes, chronic hyper-
glycemia causes micro- and macroangiopathies with subsequent dysfunction and mul-
tiple organ failure of primarily the visual, kidney, nerve, and cardiovascular systems.
A number of hypotheses exist on the origin of these complications apart from hyper-
glycemia, such as oxidative damage resulting from autoxidation of glucose, glycated
proteins, inflammatory processes, and impaired antioxidative defense (45), altered
lipoprotein metabolism (46,47), and increased protein kinase C (PKC) activity due to
glucose-induced diacylglycerol synthesis (48), all of which may be potential targets
for vitamin E action. Studies of experimentally induced diabetic animals demonstrate
that vitamin E prevents diabetic complications, thus providing support for the use of
vitamin E supplements in patients (49–52). A large number of small clinical trials,
mainly randomized and placebo-controlled, reported amelioration of disease parame-
ters and diabetic complications by short-term supplementation with vitamin E.

Diabetes Mellitus, Type 1

Low vitamin E status is regarded as a potential risk factor for the development of type
1 diabetes (53); this is likely because oxidative stress plays a role in the autoimmune
processes leading to destruction of the β cells in the pancreas (54). Vitamin E has
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proven beneficial for patients with type 1 diabetes, ameliorating several disease para-
meters. In diabetic children, supplementation with vitamin E (100 IU/d for 3 mo) sig-
nificantly lowered malondialdehyde (MDA) and increased glutathione (GSH) levels
in erythrocytes; the intervention also reduced hemoglobin A1c (HbA1c) levels in ery-
throcytes, which is a marker for protein glycation and severity of disease (55). In
another trial with type 1 diabetic patients, vitamin E (750 IU/d for 1 y) did not signifi-
cantly change antioxidant capacity and blood viscosity or lipid composition of ery-
throcytes; however, an improvement in the susceptibility of lipoproteins to oxidation
was observed (56).

Vitamin E supplements also improve vascular function in diabetic patients. This
was shown in individuals with a short disease duration (<10 y) who were given 1800
IU/d vitamin E for 4 mo resulting in an improvement in retinal blood flow to values
comparable to those of nondiabetic controls (57). In the same study, vitamin E had no
effect on blood HbA1c levels but it normalized renal hyperfiltration (elevated creati-
nine clearance levels). Another clinical trial with young type 1 diabetes patients
showed that vitamin E (1000 IU/d for 3 mo) improves endothelial vasodilator function,
which is an early sign of diabetic vascular disease (58). Endothelial-dependent vasodi-
lation is apparently directly related to the LDL vitamin E content and LDL particle
size (59). Long-term supplementation with vitamin E for type 1 diabetics may be
advisable and an early start with vitamin E intervention may be of particular impor-
tance to prevent diabetic complications.

Diabetes Mellitus, Type 2

Type 2 diabetes is increasingly common throughout the world with the highest inci-
dence in developed countries. In the United States, it is likely that ~10% of adults are
affected and ~50% of the people with the disease are undiagnosed (60). In several
small, clinical trials with type 2 diabetic patients, vitamin E supplementation
(600–1200 IU/d for 1–6 mo) improved conditions of oxidative stress via decreasing
parameters of lipid peroxidation in blood (61–64) or low density lipoprotein (LDL)
oxidizability (62,65–67). Supplementation with vitamin E (900 mg/d for 3 mo) also
protected against oxidative DNA damage as determined by the comet assay (68).
However, other studies using a lower dose of vitamin E (400 IU/d for 8 wk) did not find
improvement of oxidative susceptibility of LDL (69) or oxidative DNA damage (70).

In addition to its effects on parameters of oxidative stress, it was suggested that
vitamin E may lower peripheral insulin resistance in diabetic patients because high-
dose supplementation with vitamin E (800 IU/d for 1 mo) improved plasma lipid para-
meters, lowered fasting glucose and fructosamine levels, and increased plasma levels
of C-reactive protein (C-RP) and insulin (61).

Vitamin E may also have anti-inflammatory properties in diabetes. In patients
with or without macrovascular disease, a 3-mo supplementation with high-dose vita-
min E (1200 IU/d) decreased monocyte activity as determined by superoxide anion
release, monocyte adhesion, and release of interleukin (IL)-6, IL-1β, and tumor necro-
sis factor (TNF)-α (65). In the same study population, vitamin E therapy also signifi-
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cantly lowered levels of C-RP. A similar effect was reported from patients with well-
controlled type 2 diabetes receiving 800 IU/d vitamin E for 4 wk, which resulted in a
49% reduction of plasma C-RP levels [for comparison, tomato juice consumption
(500 mL/d) and vitamin C supplementation (500 mg/d) had no such effect] (66). An
earlier report on anti-inflammatory effects of vitamin E in diabetic patients using a
lower dose of vitamin E (600 IU/d for 4 wk) found no inhibition of cytokine produc-
tion and thus no anti-inflammatory properties (64). A dose-response study of vitamin
E supplementation in diabetic patients may be useful to determine the threshold level
of anti-inflammatory action of vitamin E.

Several other clinical trials have been conducted with type 2 diabetic patients,
indicating a benefit from vitamin E supplementation on diabetic complications. In
one study, vitamin E supplementation (500 IU/d for 10 wk) lowered plasminogen
activator inhibitor type 1 (PAI-1) levels, a marker for impaired fibrinolytic activity
and vascular dysfunction, but no improvement of glycometabolic parameters or
antioxidant defense (as determined by ferric reducing ability of plasma) was
observed (71). In another trial, vitamin E (800 IU/d for 6 mo) lowered platelet expres-
sion of adhesion molecules and fibrinogen; however, co-aggregation of platelets and
leukocytes increased (67). Chronic administration of vitamin E to type 2 diabetic
patients also improved brachial reactivity, an index of endothelial dysfunction and
early atherosclerosis, in a trial with patients receiving 600 mg/d vitamin E for 8 wk.
Although insulin resistance was not improved, the intracellular content of magne-
sium was increased by vitamin E, suggesting a beneficial role in smooth muscle cell
relaxation and thus vascular function (63).

Oxidative stress in diabetes is associated with an imbalance in the activity of the
cardiac autonomous nervous system (72) that is often responsible for sudden death
(73). Vitamin E (600 mg/d for 4 mo) improved plasma indices of oxidative stress,
plasma catecholamine levels, and cardiac sympathovagal balance in diabetic patients
with cardiac autonomic neuropathy (74). This is the only study reported in humans on
the effects of vitamin E on the autonomic nervous system.

Vitamin E supplements are also beneficial for diabetic patients with renal compli-
cations. Short-term supplementation with vitamin E (680 IU/d) plus vitamin C (1250
mg/d) for 1 mo improved the urinary excretion rate of albumin in diabetic patients
with persistent albuminuria (75). Elevated levels of urinary albumin excretion predict
a high risk for progression to end-stage renal disease, and its reduction is an important
treatment goal (76). In patients with end-stage renal disease undergoing hemodialysis,
particularly high levels of parameters of oxidative stress occur, resulting from bioin-
compatibility as well as “oversaturation” of transferrin induced by intravenous treat-
ment with hemoglobin. These patients exhibit altered antioxidative defenses and
altered levels of antioxidative vitamins, including vitamin E (77,78). Many patients
also have increased levels of atherogenic oxidized LDL (oxLDL); in that group of
patients, the incidence of atherosclerotic cardiac disease is extremely high (79,80). A
single oral dose of 1200 IU vitamin E taken 6 h before the hemodialysis session low-
ered lipid peroxidation [analysis by thiobarbituric acid-reactive substances (TBARS)]
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in plasma of patients given intravenous iron (81). Similar beneficial effects were also
achieved when vitamin E–coated cellulose was used in dialysis membranes (82,83). In
a clinical trial using vitamin E supplements, the Secondary Prevention with
Antioxidants of Cardiovascular Disease in Endstage Renal Disease (SPACE) study, a
long-term intake of vitamin E (800 IU/d for 2 y) lowered the risk of composite cardio-
vascular end points and myocardial infarction in hemodialysis patients with a history
of CVD (84). These data suggest that vitamin E may be a useful adjunct therapy for
the prevention of atherosclerosis in diabetic patients, or may even support established
treatment of persisting vascular complications (85).

To date, no large-scale human intervention study has been carried out on the
effects of vitamin E supplementation and risk of diabetes as a primary end point in
either healthy or high-risk (e.g., obese) individuals. Large-scale studies with patients
with type 1 or 2 diabetes are warranted to evaluate the effects of vitamin E in prevent-
ing diabetic complications. A subgroup analysis of the Heart Outcomes Prevention
Evaluation (HOPE) study on 3654 primarily type 2 diabetic patients showed no bene-
ficial effects of vitamin E (400 IU/d for 4.5 y) on the end points “diabetic microvascu-
lar complications” including nephropathy, dialysis, and laser therapy (86). Overall, a
plethora of small clinical trials have shown considerable improvement of disease para-
meters by vitamin E. At present, the amount of vitamin E required to prevent
increased oxidative stress and thus to prevent complications in these patients is
unclear. Obviously, the Recommended Dietary Allowance (RDA) for vitamin E of the
Food and Nutrition Board is for healthy individuals and, hence, the use of supple-
ments seems advisable.

The question remains whether dietary vitamin E intake is related to the risk of
diabetes in healthy individuals. Insulin resistance precedes the development of type 2
diabetes and it is associated with an increase in oxLDL and circulating lipid peroxida-
tion products in healthy, nondiabetic individuals at an early, preclinical stage as well
as in patients with glucose intolerance (87–89). In a clinical trial, insulin-mediated
glucose disposal was inversely related to self-reported dietary intake of vitamin E
(90). In another study with apparently healthy volunteers, blood vitamin E levels were
higher in insulin-sensitive subjects than in insulin-resistant subjects, and a significant
negative association between plasma vitamin E and lipid hydroperoxides was
observed (91). Thus, vitamin E likely plays a beneficial role in the prevention of type
2 diabetes. Furthermore, a beneficial role for vitamin E (alone or in combination with
other antioxidants) was suggested in the prevention of postprandial insults to endothe-
lial function, which may contribute to the development of CVD because in healthy
volunteers, co-administration of vitamins E (800 IU) and C (2 g) together with an oral
glucose load could significantly prevent the negative postprandial effects of hyper-
glycemia on arterial dilation (92).

Vitamin E and Pregnancy

Vitamin E may also be important in gestational diabetes. Pregnancies in women with
type 1 diabetes, despite glycemic control, are at risk for spontaneous abortions,
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preterm delivery, and/or birth defects such as fetal malformations and growth retarda-
tion, respiratory distress, and vascular complications (93–96). This teratogenicity
results from fetal hyperglycemia, hyperlipidemia, hyperinsulinemia, and chronic fetal
hypoxia due to reduced maternal blood flow. Oxidative stress during diabetic preg-
nancy is also reflected in fetuses and is an important determinant of fetal injury
(97,98). A study in mothers with gestational diabetes and their newborns (fetal age
34–39 wk) revealed increased lipid peroxidation and protein oxidative damage in ery-
throcytes of both mother and fetus compared with controls (99).

Animal studies have repeatedly demonstrated that embryonic damage can be
markedly decreased by antioxidants (100–104), strongly suggesting a rationale for
using vitamin E supplements for pregnant women with diabetes to protect the fetus
against damage. In diabetic pregnancies, mothers are also at increased risk for
preeclampsia and progression of microvascular disease (105–107). Supplementation
with vitamin E may be useful for diabetic women before and during pregnancy as part
of preconception care of individuals who are at high risk for gestational diabetes, thus
decreasing the risk of complications. Because human studies are lacking, clinical trials
with vitamin E and C supplementation in diabetic pregnancy are urgently required.

Neurodegenerative Disorders (Alzheimer’s 
and Parkinson’s Disease)

In the elderly, age-related brain dysfunction and progressive occurrence of dementia
are common causes of disability. Moreover, an increasing number of individuals are
affected by Alzheimer’s (AD) and Parkinson’s Disease (PD). In both diseases, the
underlying processes are a progressive pathologic degeneration of neurons, apoptotic
cell death, and a substantial neuronal loss. This leads to dementia with cognitive and
functional impairments and ultimately early death (108,109). Progressive formation of
protein aggregates such as senile plaques (amyloid β-peptide protein) and neurofibril-
lary tangles (τ protein) in AD patients and Lewy bodies (α-synuclein protein) in PD
patients is concomitant with severe oxidative stress associated with altered metabolic
pathways, inflammatory processes, and neurodegeneration (110,111).

The brain tissue of AD or PD patients shows increased oxidative damage to lipids
(112,113), proteins (114) and DNA (115,116), higher levels of advanced glycation
end products (117), and transition metals (118,119) compared with tissue from nonde-
mented elderly persons. In several animal studies using models of aging and neuro-
generation, vitamin E effectively prevented oxidative damage (120–122). Protective
effects of vitamin E have also been found in experiments using cell culture systems in
which vitamin E exerted anti-inflammatory properties through suppression of
microglial activation (123) or prevention of 24-hydroxycholesterol or amyloid β-pep-
tide neurotoxicity (124,125).

These data suggest that supplementation with antioxidants, and vitamin E in par-
ticular, might delay or even prevent development of these neuronal disorders in
humans. Although vitamin E cannot easily cross the blood-brain barrier, its concentra-
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tions in the brain can be increased 50–100% via dietary supplementation (126). Thus
antioxidant intervention may be a useful tool for the management of neurodegenera-
tive diseases (127,128).

A unique role of vitamin E in brain function is evident because inadequate tissue
concentrations lead to brain dysfunction and peripheral neuropathy in humans
(129–131). For example, patients with vitamin E deficiency manifest neurologic
symptoms such as dementia, hyporeflexia, and ataxia, and these conditions can be
improved considerably by administration of high-dose vitamin E (132–134). A newly
developed experimental model of vitamin E deficiency in mice lacking α-tocopherol
binding protein (α-TTP) showed, in comparison to wild-type mice, an increase in
oxidative brain damage and progressive neurodegeneration accompanying symptoms
of ataxia (135). In the same report, supplementation with vitamin E diminished oxida-
tive damage and prevented neurodegeneration.

Epidemiologic evidence from human observational studies supports a protective
role of vitamin E against AD. In a prospective study with 633 healthy older individu-
als (age > 65 y) who were users of vitamin E and/or C supplements, none of the sub-
jects was diagnosed with AD after 4 y of follow-up in contrast to nonusers, suggesting
that these antioxidant vitamins may lower the incidence of disease (136). Moreover, in
several studies, AD patients had lower vitamin E levels in blood or cerebrospinal fluid
compared with control subjects (137–141). The effects of vitamin E on PD are unclear
because this association was not found in PD patients (138, 142–146). However, The
Rotterdam Study, a cross-sectional study with 5342 individuals without dementia,
including 31 patients with PD, showed that high intake of vitamin E was associated
with lowered risk of PD (147).

Only a few clinical trials have investigated the effects of vitamin E supplementa-
tion in patients with AD or PD, and the results were diverse (148–151). In a small
clinical trial with patients with moderate AD, the effect of vitamin E alone (400 IU/d
for 1 mo) or in combination with vitamin C (1000 mg/d) on lipid peroxidation was
studied. Although supplementation with vitamin E alone was unable to decrease the
oxidizability of lipoproteins in plasma and cerebrospinal fluid in vitro, a combination
of vitamin E plus C decreased lipoprotein susceptibility, suggesting an antioxidant
function of both vitamins in human brain (148).

The Alzheimer’s Disease Cooperative Study, the first, large, randomized and
placebo-controlled clinical trial, found a beneficial effect of vitamin E in patients
with moderately severe AD. In this study, long-term supplementation with vitamin
E (2000 IU/d for 2 y) alone or in combination with selegiline (a monoamino oxidase
inhibitor, 10 mg/d) slowed the progression of disease as determined by delay in
institutionalization and the onset of severe dementia (149). An improvement of cog-
nitive test parameters was not observed, which may have been due to the advanced
stage of the disease in these patients. It has been questioned whether intervention
with vitamin E may regenerate neurons that are already irreversibly damaged as
found in advanced stages of AD. No such studies exist to date. Moreover, the effect
of vitamin E on cognitive function requires further study in patients suffering from
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milder forms of AD. It would also be of interest to establish whether early interven-
tion with vitamin E prevents or improves dementia in high-risk individuals with no
or minimal cognitive impairment.

The Deprenyl and Tocopherol Antioxidative Therapy of Parkinsonism
(DATATOP) study was initiated in 1987 to examine the benefits of vitamin E (2000
IU/d) and selegiline (10 mg/d) in slowing the progression of PD in 800 untreated
patients with PD. After 8 y of intervention, vitamin E had no benefits on the pro-
gression of PD as determined by the time to reach a stage of disease at which lev-
odopa therapy was required (150). Initial beneficial effects of deprenyl could not be
sustained after 8 y of follow-up either. A substudy of 18 patients in the DATATOP
cohort showed that the levels of vitamin E in cerebrospinal fluid were increased by
~76% after supplementation (151). Intervention at preclinical stages to slow down
disease progression seems important, but at present, no tests for preclinical diagno-
sis of PD are available. Clinical studies are lacking on the health benefits of vitamin
E in people at high risk of developing cognitive impairment such as adults with
signs of mild cognitive impairment, e.g., memory deficits, and in elderly persons.

Other Forms of Dementia

Dementia as a consequence of cerebrovascular disease, ischemia-reperfusion, and
stroke is another important disorder in elderly persons. Results from observational
studies showed that a low dietary intake of vitamin E was associated with an increased
risk of dementia (152–154), whereas other investigations found no association
(155,156). Vitamin E was strongly related to cognitive performance in the Euronut-
SENECA study of elderly Europeans from different countries (157). Moreover, in a
sample of 4809 elderly subjects participating in the Third National Health and
Nutrition Examination Survey (NHANES III, 1988–1994), serum levels of vitamin E
were inversely correlated with memory function, whereas other antioxidant nutrients
including vitamin C, β-carotene, and selenium did not show such an association (153).

It may be suggested that prevention of vascular dementia by vitamin E via pro-
tecting neurons against oxidative damage as well as via inhibition of platelet aggrega-
tion or modulation of immune responses may reduce the risk of disease. In different
animal models of stroke, vitamin E alone or in combination with other antioxidants
was found to successfully protect against cerebral ischemic damage (158–160), e.g.,
vitamin E plus α-lipoic acid successfully protected against lipid peroxidation, reduced
glial reactivity, and enhanced neuronal remodeling in brain tissues (161).

In humans, a clinical trial on the effects of antioxidants on dementia in persons
who sustained a stroke was conducted as a substudy of The Honolulu-Asia Aging
Study with Japanese-American men from Hawaii. In that study with 3385 men (age
71 to 93 y), a reduced risk of vascular dementia was associated with intake of vita-
min E and/or C supplements (162). In these elderly people without dementia, an
improvement of cognitive function was found but no association with AD was
observed.
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Skin Aging (Photoaging)

The aging of skin is an intrinsic, degenerative process over time, comparable to what
occurs in other organs, that results in a thinner but smooth skin with reduced elasticity.
This process is superimposed to varying degrees by premature (extrinsic) aging
caused by exposure to environmental stress, e.g., ultraviolet (UV) radiation.
Photoaged skin occurs at unshielded body sites such as the face and the backside of
hands as a consequence of chronic overexposure to natural or artificial sunlight (163).
Clinical characteristics of photoaged skin are wrinkle formation, laxity, and a leathery
appearance.

Ultraviolet radiation, and mainly long-wavelength ultraviolet A (UVA) light
(320–400 nm), is a strong oxidant. In UV-irradiated skin, photosensitizing reactions
lead to the formation of reactive oxygen species (ROS) such as singlet oxygen, super-
oxide anions, hydroxyl radicals, and hydrogen peroxide (164). ROS play a pivotal role
in photoaging because they damage proteins directly (e.g., collagen) and activate
matrix-degrading enzymes, leading to the destruction of the dermal layer in skin
(165–167). Protection against photooxidative stress and consequently photoaging
should be accomplished primarily via diminishing exposure to sunlight and by appli-
cation of topical sunscreens. In addition, the use of antioxidants, whether topical or
systemic, is a promising and common strategy to limit or prevent oxidative damage
induced by UV light (168–170).

Sunscreen effect of vitamin E. Vitamin E has an absorbance maximum at 292 nm
which is in the UVB range of light (290–320 nm). Like other sunscreen compounds,
although with lesser activity, vitamin E may provide skin photoprotection via absorp-
tion of hazardous UVB radiation (169). In particular, topically applied vitamin E that
does not effectively penetrate into the epidermis might act as an external sunscreen.
UV irradiation of vitamin E results in formation of dimers and trimers that could con-
tribute to photoprotection through their action as UV-absorbing compounds, could
contribute to photoprotection (171).

Antioxidant action of vitamin E. Studies in humans on the antioxidant potential of vit-
amin E in skin are scarce. In a small clinical trial, vitamin E supplementation for 2 wk
before sun exposure protected against TBARS formation in blood (172). Other studies
indicate antioxidant activity of vitamin E in skin because vitamin E is readily depleted
after a single suberythemal dose of UV light in human skin (173). In experimental
studies with mice, repeated daily exposures to UVB light resulted in an increase in skin
vitamin E levels and formation of oxidation products of vitamin E (174). Other studies
in animals reported prevention of ROS formation in skin as detected by in vivo chemi-
luminescence (175), prevention of lipid peroxidation (176), and up-regulation of a net-
work of enzymatic and nonenzymatic antioxidants by vitamin E (177).

Antioxidant action of vitamin E has also been shown in vitro in cultured skin
fibroblasts via diminution of ROS generation (178) and prevention of UVA-induced
up-regulation of the stress responsive gene for heme oxygenase-1 (179). Vitamin E
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also inhibited, to a certain degree, photoinactivation of the iron regulatory protein-1 in
UVA-irradiated skin cells, and thus formation of oxidative stress by free intracellular
iron (180). In primary keratinocytes, vitamin E (Trolox) diminished the UVB-induced
stress signaling response as determined by a modulation of mitogen activated protein
kinase (MAPK) activation (181).

In addition to direct antioxidant activity, vitamin E modulates cell signaling and
gene expression in skin. Aging of skin, whether intrinsic or due to environmental
stress exposure, is associated with increased PKC activity, leading to induction of col-
lagenase (MMP-1, a matrix metalloproteinase) and thus tissue degradation. Vitamin E
is able to inhibit collagenase overexpression in aging skin fibroblasts via PKC inhibi-
tion (182). Moreover, Trolox inhibited UVA-induced collagenase expression in skin
fibroblasts in vitro (183). These findings strongly suggest a beneficial role of vitamin
E in the prevention of skin photoaging.

Vitamin E seems to have a major protective role in human skin because it accu-
mulates on the skin outer surface, the stratum corneum (SC) (184). Delivery of vita-
min E onto the skin surface appears to be specific via continuous secretion by seba-
ceous glands (185). In sun-exposed body areas such as the face, vitamin E levels in
the SC are 20-fold higher compared with unexposed areas (185). Upon exposure to
environmental oxidative stress such as UV light (173) or ozone (186), a destruction of
vitamin E occurs in the outer layers of the SC, indicating that vitamin E has an impor-
tant antioxidant function in skin protection.

Topical application of vitamin E. In an experimental model of photoaging using hair-
less mice chronically exposed to UV radiation, topical application of vitamin E (5%)
reduced visible skin changes and histologic alterations caused by UVB radiation (e.g.,
collagen damage, epidermal thickening, dermal infiltration) (187). Another study in
mice revealed that vitamin E prevents UV-induced immunosuppression (188).

To date, no clinical trials have evaluated the effect of topical administration of
vitamin E on parameters of photoaging in humans. One clinical study reported
improved hydration of the SC and enhanced water-binding capacity of the skin after
topical application of vitamin E (189). No photoprotection against erythema occurred
with topical application of vitamin E (190). The efficacy of topical vitamin E depends
greatly on the formulation used. In human skin ex vivo, the penetration of vitamin E
was best after the use of encapsulated “nanotopes” followed by liposomal encapsula-
tion and aqueous solubilization of vitamin E acetate. When applied in oil, no penetra-
tion of vitamin E into deeper layers was observed; it remained at the surface and in the
SC (191). In the same study, up to 50% deacetylation of vitamin E acetate occurred by
nonspecific esterases, generating the antioxidant active form of vitamin E. This effect
did not occur on the skin surface or in the SC but only in the deeper skin layers where
metabolically active cells are present.

Systemic application of vitamin E. In several studies vitamin E alone or in combina-
tion with other antioxidants (vitamin C, carotenoids) prevented biological end points
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of photodamage such as erythema in mice (192) and humans (193–196). For example,
in a clinical trial using megadoses of Trolox (2 g/d), protection from erythema forma-
tion was observed. This effect was more pronounced in combination with vitamin C
(3 g/d), suggesting that vitamin E and C act synergistically in an antioxidant network
suppressing the sunburn reaction (194). Clinical data are not yet available on the
effects of vitamin E supplementation on photoaging.

It may be hypothesized that a systemic application of vitamin E provides an addi-
tional benefit to topical application of sun protection products via constant accumula-
tion in skin and, moreover, in tissues affected by UV radiation to which topical prod-
ucts cannot be administered (e.g., buccal mucosa cells in the oral cavity). Studies in
this regard would be of interest.

Healthy Aging

The process of aging is associated with numerous biochemical and physiologic
changes that cause a progressive impairment of organ functions, thus increasing the
risk of morbidity and mortality. Genetic, environmental, and lifestyle factors play
important roles in aging and disease development. “Successful aging,” i.e., reaching
old age with minimal physiologic loss, is a concept proposed by Rowe and Kahn
(197) who point to diet and exercise as predominant age-extrinsic factors positively
influencing healthy aging.

As an antioxidant, vitamin E is of great interest for its antiaging properties. Aging
is associated with the accumulation of oxidative damage, reduced antioxidant and
repair capacity involving degeneration of organ function, and the occurrence of age-
related and chronic diseases (198,199). It may be assumed that individuals with a high
intake of micronutrients and antioxidants will have a stronger antioxidant defense sys-
tem and may lower their risk of chronic disease during aging. Consequently, it has
been suggested that prevention of chronic diseases by vitamin E may contribute to
“successful” aging and improve the quality of (long) life.

Elderly people are at particularly high risk for malnutrition due to decreased food
intake (e.g., reduced appetite, loss of teeth), reduced energy demand, less activity and
physical exercise, lower energy expenditure, and the poverty of institutionalization
(200). Furthermore, increased micronutrient requirements may arise due to impaired
intestinal function, nutrient absorption, and metabolism (201). Epidemiologic data
consistently confirm that elderly people are a high-risk population for suboptimal
intake of vitamin E and other micronutrients. An international overview on the vita-
min status of the elderly in apparently well-nourished populations was reported by
Haller (202) who concluded that plasma concentrations of vitamin E, among other vit-
amins, are not optimal in the elderly from several populations including the continen-
tal United States, Hawaii, and several European countries. This was confirmed in
studies with apparently healthy elderly individuals (203,204).

A number of recent observational studies show a particular role for vitamin E in
healthy aging. For example, centenarians are a group of people who have aged suc-
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cessfully who appear to have increased vitamin E levels compared with other elderly
subjects. A study with healthy centenarians revealed a characteristic profile of nonen-
zymatic antioxidants with significantly higher plasma levels of vitamin E (55 µmol/L)
compared with elderly controls at age 81–99 y (42 µmol/L) and 61–80 y (47 µmol/L).
Although levels of vitamin A were also increased, other plasma antioxidants such as
vitamin C, uric acid, thiols, and most carotenoids were decreased, and enzymatic
activity of superoxide dismutase was also lower (205).

Another study showed less oxidative stress in healthy centenarians compared
with “younger” elderly persons, e.g., lower levels of lipid peroxidation parameters in
blood and elevated levels of vitamin E and C as well as an increased GSH/oxidized
glutathione (GSSG) ratio (206). Higher levels of vitamin E and antioxidant enzymes
or lower levels of oxidative stress compared with younger persons were also found in
other cohorts of centenarians (207) and in subjects of an Indian tribal population,
Kurichias, who are viewed as an example of successful aging and longevity (208). In
contrast, no difference in vitamin E plasma values was observed in a cohort of healthy
Northern Italian oldest-old (age 90–107 y) compared with younger controls (209).

A prospective study with a 7-y follow-up in 638 noninstitutionalized Dutch elder-
ly people (age 65–85 y) revealed no relationship of plasma vitamin E levels in normal
physiologic ranges (22–35 µmol/L) with mortality risk (210). However, in a study
with apparently healthy Italians (≥80 y old), plasma vitamin E levels in the upper
quartile were associated with a lower risk for cardiovascular events including myocar-
dial infarction, ischemic stroke, and congestive heart failure compared with those par-
ticipants with vitamin E levels in the lowest quartile (211). In this study, no associa-
tion was found for vitamin C, β-carotene, or total cholesterol. Similar results were
observed in a study of octogenarians in which plasma levels of vitamin E and choles-
terol in relation to early signs of atherosclerosis in coronary and extracoronary blood
vessels were primary study end points. It was concluded that appropriate levels of vit-
amin E in plasma and low levels of oxLDL might be important for healthy aging with-
out development of atherosclerosis (212).

Aging is associated with a decline in immune status (213). Supplementation with
vitamin E improves immune function, particularly age-related dysfunction in T
cell–mediated immunity, which has been implicated in the development of several
chronic diseases in elderly people. As reviewed by Serafini (214), vitamin E supple-
mentation in elderly humans improves T-cell function directly and indirectly (through
macrophages), enhances proliferation of lymphocytes and cytokine production, and
decreases production of PGE2 via inhibition of elevated cyclooxygenase (COX) activ-
ity. In a recent study in mice, it was demonstrated that vitamin E reduces COX activi-
ty by post-translational regulation via inhibition of peroxynitrite formation (215).
These properties of vitamin E may contribute to the prevention of vascular disease
during aging.

In healthy Dutch elderly subjects (age 65–80 y), a 6-mo supplementation with
vitamin E (100 mg/d) showed a trend toward increased cellular immune function as
determined by the delayed type hypersensitivity (DTH) test (216). A recent dose-
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response trial among healthy older adults (60, 200, 800 IU vitamin E/d over a period of
235 d) showed optimal increase of immunity at a dose of 200 IU/d and an improve-
ment of parameters such as DTH responses and several antibody titers (217). This
may be accomplished via its antioxidant function and/or modulation of prostaglandin
synthesis. However, in an earlier study, the same dose given for 3 mo had no effect on
overall immune responsiveness (218).

Physical Exercise

Regular physical exercise and training at moderate levels are important factors for
disease prevention and healthy aging. Nonetheless, strenuous exercise by untrained
individuals or overexertion in trained individuals greatly increases oxidative stress in
the whole human body and in skeletal muscle in particular, leading to extensive tis-
sue damage (219,220). Vitamin E may prevent exercise-induced oxidative damage
(221,222). As a consequence of greater oxygen consumption during and postexer-
cise, free radicals may result from mitochondrial leakage, from hypoxia/reoxygena-
tion processes due to changes in blood flow in the capillary endothelium, and also
from inflammatory cells infiltrating damaged tissues. An additional increase in the
production of free radicals or earlier onset of oxidative stress during submaximal
exercise may occur due to age, lack of training, or impaired antioxidative defense.
Several markers of oxidative stress and resulting damage have been measured after
exhausting exercise, e.g., increased lipid peroxidation, oxidative DNA damage, an
increase in GSH peroxidase activity, a decrease in the cellular GSH/GSSG ratio, and
an oxidative burst resulting from neutrophil activation (223–227).

Several studies showed that antioxidant enzymes increase along with oxidative
stress and training as a physiologic response to exercise, and that vitamin E levels in
plasma decrease (228–231). The strength of antioxidant defense depends on the
dietary supply with vitamin E and is related to age and health status of an individual.
An additional need for supplemental vitamin E and other antioxidant micronutrients
seems likely in persons engaging in physical activity (221) such as cyclists, runners,
and mountain climbers.

Small clinical trials showed that supplementation with vitamin E (1200 IU/d for
2 wk) lowers exercise-induced pentane production (232) and DNA damage (233).
In a placebo-controlled study with cyclists, supplementation with vitamin E (100
mg/d) plus vitamin C (500 mg/d) for 15 wk during training significantly protected
against acute effects of ozone on lung function (234). A cocktail of vitamin E (500
mg/d) and β-carotene (30 mg/d) for 90 d plus vitamin C (1 g/d) during the last 15 d
in athletes increased the GSH/GSSG ratio and enhanced antioxidant enzyme activi-
ty (superoxide dismutase and catalase) in neutrophils (235). In contrast, the combi-
nation of a low-dose vitamin E supplement (100 mg/d) with coenzyme Q10 (90
mg/d) for 3 wk before a marathon did not affect levels of lipid peroxidation in plas-
ma (236).

An effect of vitamin E on performance has not yet been proven, and it seems that
supplementation with vitamin E has no major ergogenic effect on the end points stud-

Copyright © 2002 AOCS Press



ied (e.g., performance, muscle strength, aerobic capacity). In addition, the extent of
the importance of vitamin E on exercise-induced damage has not been resolved and
only a few human studies have examined the interaction of vitamin E and exercise to
date. Clinical data on the effects of vitamin E on exercise-induced muscular damage
are controversial and differ with biological end points. No beneficial effect of vitamin
E (1200 IU/d for 30 d) was found on disruption of the band structures in muscle fibers
and inflammatory response (macrophage infiltration) after a single bout of muscle
contractions (237). In contrast, vitamin E supplementation (1200 IU/d) for 4 weeks
before and during 6 consecutive days of endurance running lowered muscle injury as
determined by leakage of creatine kinase and lactate dehydrogenase (238). In basket-
ball players, supplementation with a cocktail of vitamin E (600 mg/d), vitamin C (1
g/d), and β-carotene (32 mg/d) for 35 d during habitual training decreased muscle
leakage of lactate dehydrogenase, lowered lipid peroxides in plasma, and improved
the anabolic/catabolic balance (239).

Vitamin E alone or in combination with other antioxidants seems to prevent exer-
cise-induced oxidative damage. This affects not only skeletal muscle but the whole
human body. The efficacy of vitamin E in strenuous exercise seems to depend on the
dose, the amount of exercise, and on the investigated biological endpoints.

Synopsis

In conclusion, an adequate nutritional supply of vitamin E seems of crucial impor-
tance throughout life to guarantee normal function of physiologic processes in the
body as well as adequate defense against oxidants generated by endogenous sources
or from exposure to environmental stress. In particular, vitamin E plays a unique
role in the prevention of chronic and degenerative diseases, and thus in healthy
aging. A well-balanced diet rich in vitamin E as part of a healthy lifestyle seems a
basic requirement for human health. Moreover, intake of supplementary vitamin E
may be advisable for individuals who are unable to sustain adequate levels, or who
are at high risk for, or are already suffering from chronic and degenerative diseases.

As discussed extensively above, the vast majority of small clinical trials convinc-
ingly demonstrate a beneficial role of vitamin E when given as a dietary supplement
to women with preeclampsia or patients suffering from chronic diseases including dia-
betes and age-related degenerative diseases.

Future Perspectives

Several areas for future research on the biological effects of vitamin E and its role in
disease prevention have emerged. Experimental studies are required to further
describe the physiologic role of vitamin E per se. For example, the relative contribu-
tion of vitamin E to the antioxidant defense system in the human body is not known.
Moreover, no reliable method exists to date to measure the antioxidant activity and
biological efficacy of vitamin E in humans.

Copyright © 2002 AOCS Press



The effects of vitamin E and related binding proteins [e.g. tocopherol-associated
protein, (TAP)] on cell signaling and gene expression must be explored further. At
low levels, free radicals and oxidants are known to alter activity of some of the vital
pathways for cell signaling and gene expression. Therefore, all antioxidants including
all stereoisomers of vitamin E if bioavailable can be expected to exhibit cell regulato-
ry effects.

In humans, new functional tests for the biological activity and action of vitamin
E in prevention and treatment of disease must be established. This will allow the sci-
entific community to define guidelines on how much vitamin E is required to avoid
suboptimal supply and deficiency, and how much vitamin E is required to provide
additional beneficial effects for chronic and degenerative diseases, and (healthy)
aging. New and sensitive biomarkers are required for the determination of the func-
tional status of vitamin E in both individuals and human populations. Only the avail-
ability of scrutinized biomarkers for vitamin E function will allow us to address these
questions.

A further challenge is to identify the origin of the health effects of vitamin E in
people who have a high vitamin E intake and/or supplement their diet. In this regard,
it should be clarified whether any selective advantage is afforded by natural-source
vitamin E or whether racemic mixtures of α-tocopherol are equally effective.

New studies to assess vitamin E intake may be useful because dietary patterns
have changed and the consumption of fortified foods and supplements has increased
steadily. Subpopulations at risk for vitamin E deficiency among well-nourished popu-
lations must be defined to identify those individuals who may benefit from regular
intake of vitamin E supplements, e.g., elderly persons at high risk for disease, or indi-
viduals with chronic and/or age-related diseases.

Large-scale human intervention studies are required to clarify the usefulness of
vitamin E supplementation in these individuals at high risk for chronic disease or age-
related degeneration, and potentially to establish guidelines for vitamin E supplemen-
tation as an adjunct to standard therapy. Some disorders with highly promising results
include the following:

• Preeclampsia: Clinical studies are required in women at high risk for
preeclampsia. The effects of vitamin E on vascular and placental homeosta-
sis, pathophysiology, and prevention of preeclampsia must be established.
Animal models for evaluating the effects of vitamin E on preeclampsia,
which are lacking at present, could provide valuable insights.

• Age-related eye diseases: Long-term studies on the prevention of cataract
and age-related macular degeneration are lacking, particularly in subjects at
risk for disease or early stages of disease.

• Diabetes mellitus: Long-term studies on the efficacy of vitamin E in preven-
tion of diabetic complications and large-scale studies in individuals at risk of
diabetes are required. Studies of the effects of vitamin E on prevention of
postprandial insults to the vascular system and thus prevention of CVD
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could be useful. Also, human data are lacking on the efficacy of vitamin E
supplementation in diabetic pregnancy.

• Neurodegeneration: Studies are required on the effect of vitamin E on cogni-
tive function in persons at risk for disease or individuals with mild forms of
Alzheimer’s and Parkinson’s disease.

• Skin aging: Clinical trials on the role of vitamin E in prevention or ameliora-
tion of photoaging and photocarcinogenesis are warranted. In particular,
studies on the health benefit from supplementation with vitamin E for pro-
tection of both skin and other tissues for which topical products cannot be
administered would be of interest.

• Physical exercise: Clinical trials with new biological end points are required
for prevention and repair of exercise-induced tissue damage by vitamin E
and possible beneficial effects on performance.

In the future, new guidelines will be important for determining the optimal vita-
min E intake to maintain health throughout life and to ameliorate disease. A particular
benefit may be expected from early supplementation and in subjects at high risk for
and/or in early stages of disease.
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