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ABSTRACT

This paper discusses the developments in human vitamin E research since 1990. New methodologies such as the
use of stable isotopes, advances in vitamin E measurements, and isolation and cloning of specific a-tocopherol
binding proteins have facilitated investigation of a-tocopherol absorption, metabolism, and transport in humans
in vivo. Changes in food production in the United States and dietary intake impacted vitamin E availability and
intake. Epidemiologic and therapeutic studies have pointed to its role in disease prevention and in healing
processes. Specific molecular functions of a-tocopherol have been the most recent and surprising new findings
and are an important area for future experimentation. Given the aging of the American population and the po-
tential role for a-tocopherol in preventive medicine, the study of the molecular functions of vitamin E promises
to provide some of the most exciting discoveries of the next decade. Antiox. Redox Signal. 2, 405-412.

VITAMIN E FUNCTION

ITAMIN E is the primary fat-soluble, chain-

breaking antioxidant in the human body.
This description has been repeated so often
over the past decade that the real meanings of
these adjectives, as they relate to basic science
and human health, have been somewhat ob-
scured. The term “primary” reminds us of the
continuing role a-tocopherol plays in human
physiology and metabolism across the lifespan.
It also glosses over the fact that vitamin E in-
cludes eight different naturally occurring re-
lated antioxidants, only one of which, a-toco-
pherol, has been demonstrated to be required
by humans (Traber, 1999). Therefore, the term
“vitamin E” will be used for the properties that
the tocopherols and tocotrienols share, and the

use of the term “a-tocopherol” will focus on the
characteristics of this required nutrient.

The fat-soluble nature of the vitamin E indi-
cates how the complexity of food sources in the
diet and the level of dietary fat intake govern
vitamin E absorption and transport in the body.
Last, it is the chain-breaking antioxidant qual-
ity of vitamin E that supports its unique role as
a fat-soluble antioxidant. This latter role may
be significant in disease prevention and in heal-
ing processes; however, specific molecular
functions of a-tocopherol may also play criti-
cal roles that are just beginning to be defined.
This paper will review these attributes of vita-
min E with respect to the most recent scientific
findings and what remains to be discovered
about vitamin E with emphasis on its perti-
nence to the aging of the American population.
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VITAMIN E IN THE FOOD SUPPLY

The fat-soluble nature of vitamin E causes it
to be impacted by alterations in the U.S. food
supply. Statistics have indicated a reduction in
the percentage of dietary energy consumed as
fat during the period from 1987 to 1994
(Stephen et al., 1995). Seed oil consumption rep-
resents the primary source of vitamin E in U.S.
diets (Sheppard et al., 1993), and, therefore, any
reduction in the consumption of dietary fat
could potentially reduce vitamin E intake. On
the other hand, recent epidemiological studies
demonstrating that increased intakes of whole
grains and nuts reduces the incidence of heart
disease (Fraser et al., 1992; Hu et al., 1998), may
lead to an increase in vitamin E intake, which
is concentrated in the germ of grains and nuts.
Future questions to be addressed concern the
amount and type of dietary fat needed to fa-
cilitate efficient vitamin E absorption, and to as-
sess whether the elderly have a decrease in the
fractional absorption of vitamin E.

Increasing vitamin E in the food supply by
genetic engineering

Because vitamin E intake is correlated with
fat intake (Peterson and Sigman-Grant, 1997;
Peterson et al., 1999), dramatic reductions in the
consumption of dietary fat by Americans
through the use of reduced-fat and fat-free
products will likely impact the vitamin E in-
take of Americans. Food companies are already
supplementing low-fat prepared foods with vi-
tamin E. As vitamin E nutriture takes a more
prominent role in strategies designed at disease
prevention, efforts should be made to increase
the information available regarding the vita-
min E content of unprocessed foods. Further-
more, it may become necessary to add this in-
formation to the label on processed food
products.

Over the past decade, dramatic gains in plant
genetic engineering have resulted in the ability
to modify plants to increase their content of po-
tentially beneficial components. Attempts to in-
crease the vitamin E content of plant oils will
be based on the cloning of enzymes in its
biosynthetic pathway, which is known (Trelfall
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and Whistance, 1971). Genes encoding one en-
zyme have already been cloned (Garcia et al.,
1997; Norris et al., 1998). A recent strategy to
increase plant a-tocopherol took advantage of
the fact that in many seed oils (corn, soybean,
canola) the majority of tocopherol is y-toco-
pherol, a less biologically potent, biosynthetic
precursor of a-tocopherol. Overexpression of
the methyltransferase that converts 7y-toco-
pherol to a-tocopherol led to a significant in-
crease in the content of the latter (Shintani and
DellaPenna, 1998). Whether such a strategy is
the most efficient way to increase vitamin E in-
take of Americans is highly controversial.

VITAMIN E ABSORPTION, TRANSPORT,
AND METABOLISM

Intestinal fat is needed for efficient vitamin
E absorption

Bile acid secretion and micellarization are re-
quired for vitamin E absorption (Traber, 1999).
With regard to the amount of fat necessary to
aid vitamin E absorption, studies in rats sug-
gest that very low-fat diets and high-fat diets
result in similar vitamin E absorption (Brink et
al., 1996). Furthermore, individuals who con-
sume very low-fat diets can have adequate vi-
tamin E intakes, especially if they consume di-
ets rich in whole grains (Parks et al., 1995;
Swinburn et al., 1999). Furthermore, as dietary
fat and cholesterol are reduced, the concentra-
tion of blood lipids is reduced in kind; thus, the
need for vitamin E may be diminished.

Dose-response studies have shown that
plasma a-tocopherol levels in healthy subjects
can be increased maximally about two- to
three-fold, regardless of the duration, size
(>100 mg), or frequency of vitamin E supple-
mentation (Dimitrov et al., 1991; Princen et al.,
1992,1995; Jialal et al., 1995; Reaven et al., 1995).
However, this limitation on plasma a-toco-
pherol concentrations is not due to a limitation
on absorption because increasing doses of
deuterated a-tocopherol resulted in increasing
areas under the curve (Traber et al.,, 1998).
Plasma a-tocopherol concentrations appear to
be regulated by the hepatic a-tocopherol trans-
fer protein, as discussed below.
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Two developments in the 1990s have spurred
an increase in research on the interrelationship
between the presence of fat in the duodenum
and vitamin E absorption. The first was the
FDA approval of Olestra®, a fat-substitute
made by Proctor and Gamble (Hunt et al., 1998).
This sucrose polyester cannot be hydrolyzed in
the intestine and therefore it is not absorbed
and passes out of the body through the stool.
Reductions in fat-soluble vitamin absorption
from Olestra®-containing products led to the
required supplementation of these products
with vitamin E and B-carotene (Schlagheck et
al., 1997). A second product, Orlistat®, is a
pharmaceutical designed to cause weight loss
in obese persons by reducing fat absorption
through the inhibition of intestinal lipase. Sig-
nificant fecal loss of vitamin E was observed
(Melia et al., 1996), which has resulted in a rec-
ommendation for vitamin E supplementation
of patients on this medication. It is likely that
the high incidence of obesity in the United
States, first identified as a growing public
health concern in the 1990s, will continue to in-
crease into the next decade. Strategies aimed at
altering dietary fat intake and intestinal fat ab-
sorption should continue to include research as
to the impact of these therapies on fat-soluble
vitamin status.

What kind of fat?

Not only the amount of fat, but also the kind
of fat may affect vitamin E absorption. Tijpurg
et al., (1997) have shown that vitamin E ab-
sorption is similar whether the diet contains
15% or 30% energy from fat, at least in rats.
However, the fecal excretion of vitamin E was
significantly lower in rats fed on diets with
high levels of linoleic acid compared with rats
fed on lower levels of linoleic acid, irrespective
of the dietary fat content. This suggests that
high levels of linoleic acid improved vitamin E
absorption.

More research is needed to determine
whether humans absorb the same amount of
vitamin E if a given dose is administered with
a bolus of saturated versus trans-fatty acids,
poly-, or monounsaturated fatty acids. Fatty
acid composition impacts the postprandial
handling of dietary triglycerides (Tinker et al.,
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1999) and would therefore presumably impact
vitamin E transport in the blood once the mol-
ecule is absorbed. In addition to understand-
ing the impact of quantity and type of fat on
vitamin E absorption, factors that impact vita-
min E absorption in a more physiologic setting
of eating need to be investigated. Normal meals
are composed of components other than fat
(carbohydrates, fiber, etc.) which may interact
with the type of fat to affect vitamin E absorp-
tion. Age-related changes in the production of
bile may impact fat-soluble vitamin absorption,
although studies of vitamin E absorption in the
elderly have not controlled for this variable.
There is currently very little known regarding
the how vitamin E absorption changes with
age, as reviewed by Kasper (1999).

Regulation of hepatic vitamin E

Much information on the regulation of hu-
man vitamin E transport has been gained
through the study of individuals with a genetic
form of vitamin E deficiency (Cavalier et al.,
1998). As early as 1975, Catignani first identi-
fied a cytosolic protein that bound a-toco-
pherol from rat liver (Catignani, 1975). How-
ever, it was not until the 1990s that genetic
defects in the human a-tocopherol transfer
protein were found to be associated with a
characteristic syndrome, ataxia with vitamin E
deficiency (AVED). AVED patients have neu-
rologic abnormalities, which are similar to
those of Friedreich’s ataxia (Ben Hamida, 1993;
Ouahchi et al., 1995), but they also have char-
acteristic neurologic abnormalities of human
vitamin E deficiency (Sokol, 1993). In 1993, Ben
Hamida et al. reported that autosomal recessive
AVED is associated with a Friedreich ataxia-
like phenotype in six Mediterranean families
(four of them from Tunisia). Using stable, non-
radioactive isotopes of tocopherols (deuterated
tocopherols), Traber et al. (Traber et al., 1990b,
1993) investigated the transport of vitamin E in
patients with this syndrome. Traber ef al. sug-
gested that secretion of a-tocopherol from the
liver was abnormal and proposed that this
could be the function of the hepatic a-toco-
pherol transfer protein. Their other studies
suggested that RRR-a-tocopherol was prefer-
entially incorporated into very-low-density
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lipoproteins (VLDL) via secretion in nascent
VLDL (Traber et al., 1990a; Traber et al., 1992).

Vitamin E metabolites

Stable isotopes of vitamin E have also been
used to study the human urinary excretion
of its metabolites. These include both the
metabolite of a-tocopherol (2,5,7,8-tetramethyl-
2(2'-carboxyethyl)-6-hydroxychroman, «CEHC)
(Schultz et al., 1995, 1997) and that of y-toco-
pherol  (2,7,8-trimethyl-2-(2'carboxyethyl)-6-
hydroxychroman, LLU«) (Wechter ef al., 1996).
Surprisingly, LLU« (the y-tocopherol metabo-
lite) has a unique role as a natriuretic factor in
regulating kidney function (Wechter ef al.,
1996). «CEHC, the analogous metabolite of a-
tocopherol, is neither natriuretic nor inhibitory
of the K* channels (Murray et al., 1997). The
importance of LLU« in human physiology re-
mains to be elucidated.

The relationship between plasma vitamin E
and urinary metabolites is unclear because
aCEHC is present at very low concentrations
in unsupplemented subjects (Lodge et al., 2000),
but it increases in the urine with increasing vi-
tamin E supplements (Schultz et al., 1995). Vit-
amin E supplements decrease plasma concen-
trations of y-tocopherol (Handelman et al.,
1095; Baker et al., 1986), which may increase
liver y-tocopherol concentrations, and thereby
increase production of LLU«. This has not yet
been demonstrated; however, the importance
of the liver in regulating plasma vitamin E con-
centrations and excretion suggests that this is
a key area for future studies.

VITAMIN E AND AGING

Vitamin E plays a significant role in human
health across the life-span. Blood a-tocopherol
levels increase with age. Winklhofer-Roob ef al.
(1997) reported in 208 Swiss individuals ages
0.4-38.7 years that plasma a-tocopherol in-
creased 0.24 uM per year from approximately
19 uM to 29 uM. This increase disappeared
when the values were corrected for the ob-
served age-related increase in plasma choles-
terol. Ford and Sowell (1999), using data from
the Third National Health and Nutrition Ex-
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amination Survey (1988-1994), reported that
the mean serum a-tocopherol among 16,295
U.S. adults aged 18 or more years was 26.8 uM;
the 25th 50th, and 75th percentiles were 19.6,
241, and 30.4 uM, respectively. The mean a-
tocopherol/ cholesterol ratio was 5.1 X 1073;
the 25th, 50th, and 75th percentiles were 4.1,
4.7, and 5.5 %X 1073, respectively. For these
adult participants, serum a-tocopherol concen-
trations were directly related to age and serum
cholesterol. In contrast to the data in children,
a-tocopherol concentrations increased with
age, even when corrected for increasing cho-
lesterol (Ford and Sowell, 1999). Whether the
need for vitamin E increases with age is not
known. Increased requirements during the nor-
mal aging process may be related to an eleva-
tion in blood lipid concentration that occurs
during adulthood, or to an increase in body
mass index, which at any one time is signifi-
cantly associated with serum a-tocopherol con-
centrations (Gascén-Vila et al., 1997). Fat ac-
crual increases during puberty and how the
metabolic changes associated with puberty af-
fect vitamin E stores is not known. In adult-
hood, body fatness peaks in the fifth and sixth
decade of life, a time in which symptoms of
slowly progressing diseases come to the fore-
front (Burton and Foster, 1985). In women, the
onset of menopause is associated with in-
creases in body weight and changes the pattern
of blood lipids—decreasing high-density
lipoprotein (HDL) and increasing LDL and
triglyceride). It will be important to ascertain
whether these lipid changes are accompanied
by changes in the distribution of vitamin E
among the lipoproteins.

VITAMIN E AND ITS RELATION TO
CHRONIC DISEASE

Epidemiological data generated over the
past decade have shown an inverse relation-
ship between vitamin E intake and the inci-
dence of chronic diseases (Rimm et al., 1993;
Stampfer et al., 1993; Kushi et al., 1996). Most of
these data have been obtained using food
records, dietary recalls, and food frequency
analysis. Some caution should be used when
interpreting the results of vitamin E intake data
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as determined by nutrient analysis software be-
cause the content of vitamin E is missing from
some foods in these databases. Efforts should
be made in the future to expand the informa-
tion on the vitamin E content of foods listed in
diet analysis software.

A highly debated issue has been whether vi-
tamin E supplementation should be added to
strategies designed to reduce chronic disease.
Over the past decade, the governmental ap-
proach to answering this question has taken a
slow, cautious path, which is somewhat sur-
prising given the relative low toxicity of this
micronutrient. A recent position statement by
the American Heart Association has not advo-
cated vitamin E supplementation for individu-
als with documented atherosclerosis (Tribble,
1999). Notably, epidemiological studies report
a strong correlation of decreased risk of coro-
nary heart disease with increased vitamin E in-
takes (Rimm ef al., 1993; Stampfer et al., 1993;
Kushi et al., 1996). However, intervention stud-
ies with supplemental vitamin E have yielded
conflicting results. In contrast to the 77% re-
duction in second heart attacks seen in one trial
(Stephens et al., 1996), little benefit was re-
ported in another (Marchioli, 1999), and no ad-
ditional benefit of vitamin E supplementation
above the use of ACE-inhibitors, was found in
a third (Kleinert, 1999).

Other research has suggested the beneficial ef-
fects of a-tocopherol supplementation in the dis-
eases of diabetes (Davi et al., 1999), cataracts
(Rouhiainen et al,, 1996). Alzheimer’s disease
(Sano et al., 1997), and impaired immune func-
tion (Meydani ef al., 1997). However, testing has
been limited and it is premature to advocate ben-
eficial effects of vitamin E based solely on these
studies. Questions that will be critical to answer
are whether supplementation postpones the on-
set of disease in individuals predisposed to pre-
mature onset due to family history or whether it
provides benefit in individuals with other
lifestyle risk factors (e.g., smoking).

CONCLUSIONS
In the past decade, vitamin E research has

substantially increased our understanding of
the metabolism of a-tocopherol in humans.
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Changes Americans are making in the food
supply, medicines, and in their dietary intake
will likely impact vitamin E status. Research
has supported the biological importance of the
antioxidant role of vitamin E and future work
will now extend to the molecular level of reg-
ulation by this molecule. The influence of a-to-
copherol on cellular and genetic activity,
whether through direct antioxidant effects or
through specific molecular effects (Azzi ef al.,
1998; Devaraj and Jialal, 1998; Keaney et al.,
1999), will be a fertile area of future research.
Finally, given the shift in the distribution of the
population with respect to an older age, the ef-
fects of vitamin E on the processes of aging will
be a critical focus in the new millennium.

ABBREVIATIONS

AVED, Ataxia with vitamin E deficiency;
aCEHC, 2,5,7,8-tetramethyl-2(2'-carboxyethyl)-
6-hydroxychroman; a-tocopherol, only form of
vitamin E required by humans; HDL, high-
density lipoprotein; LDL, low-density lipopro-
tein; LLUg, 2,7,8-trimethyl-2-(2'-carboxyethyl)-
6-hydroxychroman; VLDL, very-low-density
lipoproteins; vitamin E, includes all forms.
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