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ABSTRACT
Vitamin E is the major lipophilic, radical-scavenging antioxidant
in vivo and protects humans from the oxidative stress mediated
by active oxygen and nitrogen species. The mechanisms of the
inhibition of oxidation by vitamin E in vitro are now fairly well
understood, but the dynamics of antioxidant action of vitamin E
in vivo have not been well elucidated yet, primarily because of the
inherent heterogeneity of biological systems. In this Account, the
factors which determine the antioxidant capacity of vitamin E are
discussed, and the importance of its localization and mobility in
the membranes and lipoproteins is emphasized.

Introduction
Organic materials and foods are oxidatively damaged and
deteriorated by air oxidation. There is now increasing
evidence which suggests the involvement of oxidative
damage of lipids, proteins, and DNA in a variety of
disorders, diseases, cancer, and aging.1 As a consequence,
the role of antioxidants has received much attention. We
aerobic organisms are protected against oxidative stress
by an array of defense systems composed of versatile
antioxidants with different functions such as reduction of
peroxides, sequestration of metal ions, scavenging of free
radicals, detoxification of oxidation products, and clear-
ance and repair of damage. The radical-scavenging anti-
oxidants play a pivotal role in the inhibition of oxidative
damage of DNA, proteins, and lipids by scavenging
radicals before they attack the substrates and by breaking
chain propagation. Some of the radical-scavenging anti-
oxidants are hydrophilic, while others are lipophilic. The
former are present in the cytosol and in extracellular
fluids, while the latter are localized in the lipophilic
domain of the membranes and lipoproteins. This localiza-
tion of the antioxidants is characteristic of biological
systems and is quite different from that of foods and oil
products. Vitamin C and vitamin E are the typical hydro-

philic and lipophilic radical-scavenging antioxidants, re-
spectively, in vivo. It is quite important to elucidate the
dynamics of antioxidant action of vitamin E in heteroge-
neous system in order to understand the role of vitamin
E in vivo and also to develop antioxidant drugs. It is
necessary to try to fill in the gap between the in vitro and
in vivo systems.

Vitamin E, carotenoids, and ubiquinol, a reduced form
of coenzyme Q, are known as natural, lipophilic radical-
scavenging antioxidants. Considering its chemical reactiv-
ity toward radicals and physiological concentration, it may
be said that vitamin E is the most important lipophilic
antioxidant in vivo. In this Account, the action of vitamin
E as a radical-scavenging antioxidant is discussed on the
basis of in vitro studies by our group and others,2 aiming
specifically at elucidating the effects of various factors
which determine antioxidant capacity in heterogeneous
systems. The action of vitamin E as an antioxidant has
been the subject of extensive studies, reported in numer-
ous reviews as well as original papers.3,4 However, the
effects of environment on the dynamics of action of
vitamin E in heterogeneous system, the key factor which
determines its biological activity, have not received as
much attention as they should.

Vitamin E includes eight different related homologues,
that is, R, â, γ, and δ forms, depending on the number
and site of methyl substituents on the chroman ring and
corresponding tocopherols and tocotrienols. Tocopherols
have a phytyl side chain, while tocotrienols have a similar
chain but with three double bonds at positions 3′, 7′, and
11′. R-Tocopherol (R-TOH) is the most abundant and
active form in vivo, and, unless otherwise stated, vitamin
E refers to R-TOH in this Account.

The chemical reactivity of antioxidants toward radicals
is apparently an important factor which determines
antioxidant activity. However, in biological systems, where
the environment is quite heterogeneous, many other fac-
tors also contribute in determining the antioxidant activ-
ity, for example, the localization, concentration, and
mobility at the microenvironment, the fate of the anti-
oxidant-derived radical, and interaction with other anti-
oxidants. These factors will be considered below in this
Account.

Factors Which Determine Antioxidant Activity
of Vitamin E
Reactivity toward Radicals. There are numerous reports
which show that vitamin E acts as a radical-scavenging
antioxidant, and thereby it inhibits lipid peroxidation both
in vitro and in vivo. Since vitamin E is localized in the
lipophilic domain of the membranes and lipoproteins,
where the polyunsaturated lipids are abundant, the major
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task for vitamin E in vivo must be the inhibition of lipid
peroxidation. The antioxidant activity should be assessed
by two factors: (1) how much does it reduce the rate of
oxidation, and (2) how long does it suppress the oxidation?
The former is determined primarily by the reactivity of
the antioxidant toward radicals and the latter by the
stoichiometric number of radicals that can be trapped by
each antioxidant molecule. In addition to these inherent
parameters, the concentration of antioxidant is, of course,
important.

The rate constants for scavenging of radicals by R-TOH,
that is, the hydrogen atom transfer from R-TOH to
radicals, have been measured mostly in organic solutions.
Hydroxyl and alkoxyl radicals are quite reactive and ab-
stract hydrogen from lipids as well as from R-TOH rapidly.
Considering the physiological concentrations of R-TOH
and lipids, that is, [R-TOH]/[polyunsaturated lipids] <
1/102, it is clear that R-TOH cannot act as an efficient
scavenger for hydroxyl or even alkoxyl radicals in vivo. On
the other hand, R-TOH reacts with peroxyl radicals much

faster than lipids do, by a factor of 104, and thus it may
scavenge more than 90% of peroxyl radicals before the
radicals attack lipids, even when the molar ratio of R-TOH
to lipids is 1/1000.

Localization. In contrast to the situation in organic
solutions, the antioxidant efficacy in vivo depends more
on the localization than on the chemical reactivity. A
typical example which shows the significant effect of
antioxidant localization on its activity is shown in Figure
1. Four antioxidants were compared, R-TOH, 2,2,5,7,8-
pentamethyl-6-chromanol (PMC), 2-carboxy-2,5,7,8-tet-
ramethyl-6-chromanol (Trolox), and 2,6-di-tert-butyl-4-
methylphenol (BHT). R-TOH, PMC, and Trolox have the
same chemical reactivity toward peroxyl radicals, while
BHT is much less reactive than R-TOH, PMC, and Trolox.
In the homogeneous solution, where the activity of
scavenging radicals is determined primarily by the chemi-
cal reactivity toward radicals, R-TOH, PMC, and Trolox
were consumed at the same rate and BHT was spared
(Figure 1A). On the other hand, quite a different pattern

FIGURE 1. Rates of consumption of antioxidants. Equal concentrations of R-tocopherol (R-Toc), 2,2,5,7,8-pentamethyl-6-chromanol (PMC),
2-carboxy-2,5,7,8-tetramethyl-6-chromanol (Trolox), and 2,6-di-tert-butyl-4-methylphenol (BHT) were treated with AMVN or AAPH in different
media, and their consumption was followed with an HPLC: (A) in methanol; (B) in a dimyristoyl phosphatidylcholine liposomal membranes
aqueous suspension; and (C) in soybean phosphatidylcholine liposome aqueous suspensions.
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was observed in the oxidation of membranes. R-TOH,
PMC, and BHT were incorporated into the dimyristoyl
phosphatidylcholine (PC) liposomal membranes, while
hydrophilic Trolox was localized in the aqueous phase.5

When the radicals were generated in the aqueous phase,
Trolox was consumed first, followed by lipophilic anti-
oxidants in the order of PMC, R-TOH, and BHT. This order
reflects the relative rate of scavenging aqueous peroxyl
radicals outside the membranes. When soybean PC was
used, in which about 70% of the fatty acids were polyun-
saturated linoleic, Trolox was consumed first, followed by
PMC, and R-TOH and BHT were consumed with a similar
rate after essentially all of the Trolox and PMC had been
exhausted. Thus, the relative antioxidant activities vary
markedly, depending on the conditions. These results can
be interpreted on the basis of the accessibility toward
radicals and mobility of the antioxidant in the membranes
in addition to the chemical reactivity toward radicals.

Similar effects have been observed in the competition
between R-TOH and â-carotene toward peroxyl radicals.6

R-TOH is about 30 times more reactive than â-carotene
toward peroxyl radicals. When the radicals were generated
in the aqueous region in the liposomal membrane sus-
pensions, R-TOH was consumed faster than â-carotene,
but interestingly, when the peroxyl radicals were generated
in the interior of the membranes, â-carotene, despite its
lower reactivity, was consumed faster than R-TOH.

The above two examples clearly show that the relative
rate of scavenging of radicals by antioxidant, that is, the
antioxidant activity, depends on the localization of the
antioxidant and radicals as well as the inherent chemical
reactivity of the antioxidant.

It has to be pointed out that the relative rate of
consumption of antioxidants does not always reflect the
antioxidant efficacy. It has been observed that the peroxyl
radicals generated from the water-soluble azo initiator,
2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH,
also abbreviated as ABAP), induce oxidative hemolysis of
erythrocytes.7 As shown above, Trolox scavenges the
aqueous peroxyl radicals derived from AAPH more rapidly
than R-TOH present in the membranes, but Trolox was
found to be much less efficient than R-TOH in preventing
the hemolysis induced by AAPH. The oxidative hemolysis
induced by AAPH was compared between erythrocytes
obtained from normal and vitamin E-deficient rats. The
concentration of R-TOH contained in the vitamin E-de-
ficient erythrocytes was less than 5% that of normal
erythrocytes. Trolox added to the suspensions suppressed
the hemolysis in a concentration-dependent manner.
However, 50 times as much Trolox as R-TOH was required
to suppress the hemolysis to the same extent. This is
because, although Trolox can scavenge radicals in the
aqueous phase more rapidly than R-TOH, it is not capable
of scavenging the lipophilic radicals within the erythrocyte
membranes efficiently, and hence it cannot break the
chain propagation. Only a small fraction of radicals
attacking the erythrocyte is sufficient to induce chain
oxidation of many lipid molecules, which results in critical
damage. Unlike Trolox, R-TOH in the membrane is

capable of breaking the chain propagation and inhibits
the hemolysis more efficiently than Trolox. It has been
shown that the chain oxidation of lipids proceeds in
erythrocytes membranes.8 Another such case is observed
in the oxidation inhibited by two antioxidants which
interact with each other. For example, the oxidation of
PC liposomal membranes and low-density lipoprotein
(LDL) induced by lipophilic radicals is inhibited very
efficiently by a combination of R-TOH and ascorbic acid
(vitamin C). Ascorbic acid is consumed preferentially at
first and R-TOH is spared. However, ascorbic acid itself
is a poor antioxidant in this system, since it is not capable
of efficiently scavenging radicals present in the lipophilic
domain of membranes and LDL, and R-TOH is far more
potent than ascorbic acid. However, ascorbic acid is
consumed faster since it reduces R-tocopheroxyl radical
(R-TO•), which is formed when R-TOH scavenges radicals
in the membranes and lipoproteins. The interaction
between R-TOH and ubiquinol also is noteworthy. Al-
though ubiquinol reduces R-TO• radical and is consumed
faster than R-TOH, the apparent antioxidant activity of
ubiquinol by itself is smaller than that of R-TOH.9

Thus, the preferential disappearance of one antioxidant
over the other does not always mean that it is a more
potent antioxidant than the other.

Mobility. The mobility of the antioxidant in the mem-
branes and lipoproteins is another important factor which
determines antioxidant activity. It is known that the phytyl
side chain of R-TOH is required for incorporation and
retention in the membranes and lipoproteins. This is a
dilemma, because the side chain reduces the mobility and
efficiency of radical scavenging in the domain.

The apparent antioxidant activity of R-TOH was found
to be substantially smaller in the membranes than in
homogeneous solution.10-12 We found that the ratio of the
rate constants kinh/kp for R-TOH in the membranes was
much smaller than that in homogeneous solution by a
factor of 102. Barclay13 has also observed such diminution
of the peroxyl radical-scavenging rate constant for R-TOH
in the membranes as compared to that in solution. A
smaller apparent activity for scavenging radicals has been
also observed in micelle systems.14,15

The decrease in the reactivity of R-TOH in membrane
and micelle aqueous systems was ascribed, in part, to a
hydrogen bonding to the phenolic OH group and also to
the para ether oxygen atom, which interferes in the
reaction with the radicals and reduces its ability to
conjugate with the aryloxyl radical, respectively. In fact,
it has been shown that the rate constant kinh varies
significantly with solvent.16 However, the marked effect
of the side chain of R-TOH cannot be accounted for by
the solvent effect (Figure 1). We have shown several
experiments which strongly suggest that the mobility of
R-TOH is important in determining its antioxidant activity
in the membranes and lipoproteins.

X• + R-ΤOH 98
kinh

XH + R-TO• (I)

X• + substrate (SH) 98
kp

XH + S• (II)
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The efficacy of scavenging radicals by R-TOH in the
membranes was estimated by using a spin probe.17 Doxyl
stearic acid (NS) is a spin probe bearing a nitroxide radical
along a stearic acid chain and is capable of acting as a
radical scavenger by itself. The advantage of using NS is
that the nitroxide radical can be placed at different depths
from the surface of the membranes. When radicals are
generated in the absence of R-TOH, NS scavenges radicals
and is consumed. In the presence of R-TOH, NS and
R-TOH compete in scavenging radicals, and from the
extent of suppression of the rate of consumption of NS
by R-TOH, the efficacy of R-TOH in scavenging radicals
can be estimated. It was found that the apparent rate of
scavenging radicals by R-TOH decreased as the radical
went deeper into the interior of the membranes. Interest-
ingly, such an effect was not observed for PMC, which
could scavenge radicals more rapidly than R-TOH. Ap-
parently, in order for R-TOH to scavenge radicals in the
membrane, R-TOH has to go into the interior or the
radicals have to float to the surface, as suggested first by
Barclay and Ingold.18

Essentially the same results were obtained in the
oxidation of LDL.19 The effect of R-TOH and PMC on the
consumption of 5-NS and 16-NS incorporated into LDL
was studied. Both R-TOH and PMC, incorporated into
LDL, spared 5-NS efficiently. Interestingly, however, R-TOH
did not spare 16-NS efficiently, but PMC did (Figure 2).

Furthermore, in accordance with the above observa-
tion, the antioxidant activity against LDL oxidation, as
judged from the formation of PC and cholesteryl ester
hydroperoxides, increased with decreasing length of side
chain of the chromanols at the 2-position.19,20 These results
strongly suggest that the mobility of antioxidant within
the membranes and lipoprotein particles is an important
factor which determines antioxidant activity.

The effect of length and number of side chains was also
studied using fatty acid esters of ascorbic acid at either
or both the 5- and 6-positions, the carbon numbers of
the esters ranging from 3 to 22.21 It was found that the
mobility and the efficacy of sparing R-TOH in the mem-
branes decreased with increasing length and number of
side chains.

A significant effect of side chain has been also observed
for intermembrane mobility.7,22 R-TOH and PMC exerted
the same antioxidant activities in solution, but R-TOH
incorporated into dimyristoyl PC liposomal membranes
could not suppress the oxidation taking place in the
soybean PC liposomal membranes in the same aqueous
suspensions, whereas PMC could. Furthermore, although
PMC incorporated into multilamellar liposomal mem-
branes reacted rapidly with galvinoxyl radical incorporated
into different multilamellar liposomal membranes, R-TOH
did not.22

Fate of Vitamin E Radical. When an antioxidant
scavenges a radical, it is in general converted to a radical
in turn. The fate of this antioxidant-derived radical is
another factor which determines antioxidant activity.
R-TOH is converted to R-TO• radical, which may undergo
several reactions. It may scavenge another radical to give

a stable product. It has been shown that R-TO• radical
reacts with peroxyl radical to give a peroxo adduct at the
para 8a-position.23,24 It may react with another R-TO•

radical to give a dimer. It may be reduced by a reductant,
such as ascorbate and ubiquinol, to regenerate R-TOH.
Under certain cases, it may react with the substrate and/
or hydroperoxide to give active radicals, which may start
a chain reaction. Apparently, in such cases, R-TOH does
not act as an antioxidant but it acts as a chain-transfer
agent. Stocker, Bowry, and Ingold have found that R-TOH
acts as a phase-transfer agent to bring aqueous radicals
into LDL particles and also as a chain transfer agent to
propagate chain reactions in the oxidation of LDL.20

To understand the fate of the R-TO• radical, the rate
constants for competing reactions should be known. This
measurement has been hampered by relatively fast bi-
molecular interactions of R-TO• radicals. In our recent
study, the rate constants for the reaction of R-TO• radical
with several substrates were measured by a stopped-flow
ESR technique equipped with a rapid mixing device,
taking both the first- and second-order reactions of R-TO•

radicals into consideration.25 The decay of R-TO• radicals
formed by the reaction of excess R-TOH with galvinoxyl
was followed continuously from an ESR signal intensity
at a constant magnetic field of 334.54 mT. The time
elapsed between the mixing of R-TOH and galvinoxyl and

FIGURE 2. Effects of R-tocopherol (VE) and PMC on the consump-
tion of 5-NS and 16-NS during the oxidation of LDL. The spin probe
and R-tocopherol or PMC were incorporated into LDL, and then LDL
(1.69 mg of protein/mL) was oxidized in the presence of 20 mM AAPH
at 37 °C under air. The consumption of (A) 5-NS or (B) 16-NS was
followed by ESR signal intensity. O, without antioxidant addition; b,
with 10 µM R-tocopherol added exogenously; 0, with 10 µM PMC.
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the beginning of recording operations (∼1 s) corresponded
to full consumption of galvinoxyl. R-TOH was first reacted
with galvinoxyl and then mixed with substrate. The
concentrations of R-TOH and galvinoxyl were chosen so
that galvinoxyl was depleted by the reaction with R-TOH
before introduction of a substrate.

The rate of reduction of R-TO• radical by ascorbic acid
has been studied extensively. The pKa of ascorbic acid is
4.2, and hence ascorbic acid is present predominantly as
a monoanion under physiological conditions. It has been
shown by Mukai26 that the monoanion form of ascorbic
acid reduces R-TO• radical most rapidly. The R-TO• radical
localized in the membranes27,28 and LDL29,30 can also be
reduced by ascorbate. The rate of reduction of radicals
by ascorbate decreases as the radical goes deeper into the
interior,31 and it was found that the nitroxide radical on
the fatty acid chain of cholesteryl ester localized in LDL
particles was not reduced by ascorbate, suggesting that
ascorbate is not able to reduce the radicals present in the
LDL core.19 Interestingly, the fatty acid esters of ascorbate
reduced such radicals. The R-TO• radical can be reduced
by other reductants, such as ubiquinol, R-tocopheryl
hydroquinone, and polyphenolic compounds.

The rate constants obtained by a stopped-flow ESR
method,25 together with the biological concentrations of
the substrates, enable us to estimate the relative impor-
tance of relevant reactions of R-TO• radical in vivo (Table
1). It can be seen that the major pathway for the R-TO•

radical in vivo should be the reduction by ascorbate to
regenerate R-TOH. It may be argued that the lipophilic
substrates are condensed in the lipophilic domain to-
gether with R-TO• radical, and the actual concentration
should be higher by a couple of orders of magnitude.
However, even if the concentrations of polyunsaturated
lipids are assumed to be 103 times greater than that shown
in Table 1, the attack of R-TO• upon lipids to initiate chain
oxidation should be much less important than the reduc-
tion by ascorbate. In accordance with this, the pro-oxidant
effect of R-TOH has not been observed in the presence of
ascorbic acid.

Synergistic Inhibition of Oxidation. R-TOH acts as an
antioxidant not only by itself but also in collaboration with
other antioxidants. A profound synergistic effect is ob-
served when R-TO• radical is reduced by an antioxidant,
which by itself does not act as an efficient antioxidant, to
regenerate R-TOH and inhibit the attack on substrate by
R-TO• radical. The combination of R-TOH and ascorbic
acid is a typical example. Another possible case is a

combination of R-TOH and antioxidant which undergoes
autoxidation. R-Tocopheryl hydroquinone (TQH2) and
ubiquinol are examples of such antioxidants.9

The synergistic inhibition of oxidation of LDL by R-TOH
and ascorbate is discussed below as an example. It was
found that R-TOH and ascorbate inhibited synergistically
the oxidation of LDL,20,32,33 which has been accepted as
an initial event of the progression of atherosclerosis. The
effects of ascorbate and uric acid on the consumption of
R-TOH in the oxidation of LDL are compared. Both
ascorbate and uric acid are potent water-soluble, radical-
scavenging antioxidants, but unlike ascorbate, uric acid
is not capable of reducing R-TO• radical. When LDL was
oxidized by water-soluble AAPH, both ascorbate and uric
acid spared R-TOH. On the other hand, when LDL
oxidation was induced by lipophilic AMVN incorporated
into LDL particles, ascorbate spared R-TOH, but uric acid
did not.33 Apparently, when the oxidation was induced by
AAPH, both ascorbate and uric acid scavenged the AAPH-
derived radicals efficiently in the aqueous phase and
spared R-TOH, whereas since neither vitamin C nor uric
acid was capable of scavenging lipophilic radicals localized
within LDL particle efficiently, uric acid was not capable
of sparing R-TOH, but ascorbate could spare R-TOH by
reducing R-TO• radical. The reduction of R-TO• radical in
LDL particles by ascorbate has been shown by an ESR
study.29,30 Thus, the fact that a compound spares vitamin
E does not necessarily mean the compound is a synergist
for vitamin E. Vitamin E and uric acid act as antioxidants
independently, and their combination results simply in
an additive effect on the oxidation of LDL induced by
AAPH.

Many hydroquinones and catechols can act as potent
radical-scavenging antioxidants, but they are readily au-
toxidized, which results in diminution of antioxidant
capacity, both in rate and duration.9,34 R-TOH suppressed
the autoxidation of hydroquinones and catechols, while
they in turn reduced R-TO• radical. Thus, their combina-
tion may exert a synergistic effect.

Reduction of Metal Ions by Vitamin E. Transition
metal ions are accepted to contribute in the generation
of free radicals in vivo. Above all, iron and copper in their
lower valency states, Fe(II) and Cu(I), decompose hydro-
peroxides and hydrogen peroxide faster than their corre-
sponding higher valency state ions, Fe(III) and Cu(II),
respectively. In general, a potent antioxidant is a good
reducing agent and is capable of reducing metal ions,
which results in a pro-oxidant action of the antioxidant.
The combination of iron and ascorbate is well known and
has been used for initiating chain oxidation. The iron/
ascorbate ratio determines whether ascorbate acts as a
pro-oxidant or an antioxidant.35

R-TOH is also capable of reducing metal ions such as
Fe(III) and Cu(II) and acts under certain circumstances
as a pro-oxidant, and a cytotoxic effect of R-TOH has also
been also reported.36 However, the metal ions are seques-
tered by proteins in vivo, and we believe there has been
no clear evidence which shows the deleterious effect of
reduction of metal ions by R-TOH in vivo.

Table 1. Fate of r-Tocopheroxyl Radical: Rate
Constant and Physiological Importance

reaction
substrate

rate
constant

ks, M-1 s-1

physiological
substrate
concn, M

apparent
first-order rate
constant, s-1

R-TO• + AH2 1 × 105 10-4 10
R-TO• + LOO• 108 10-10 10-2

R-TO• + R-SH 170 5 × 10-6 8.5 × 10-4

R-TO• + R-TO• 1 × 103 10-7 1 × 10-4

R-TO• + NO 300 10-7 3 × 10-5

R-TO• + LH 3 × 10-2 10-3 3 × 10-5

R-TO• + LOOH 41 × 10-1 10-8 4 × 10-4
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Activities of Vitamin E Homologues. Among the
vitamin E homologues, R-TOH is by far the most abundant
form found in vivo, since R-tocopherol transfer protein
(R-TTP) selectively transports R-TOH into plasma.37 It has
also been found that γ-TOH, a major form of vitamin E
in many plants and diet, is metabolized faster than R-TOH
by cytochrome P450.38,39 However, the role of other
tocopherols and tocotrienols has received attention re-
cently. Above all, it has been reported that γ-TOH exerts
a higher antioxidant capacity than R-TOH under certain
circumstances.40 Furthermore, the action of tocotrienol as
compared with tocopherol has also received much atten-
tion. Inconsistent relative reactivities toward radicals have
been reported for tocotrienols, but it was confirmed that
the reactivities decrease in the order R > â ∼ γ >
δ-tocotrienol and that the corresponding tocotrienols and
tocopherols have the same reactivities toward peroxyl
radicals.41 It is also noteworthy that tocotrienols are more
readily incorporated into the culture cells than the cor-
responding tocopherols, making tocotrienols more potent
than tocopherols.42,43 However, the potency is determined
primarily by the cellular concentrations.43

As described above, R-TOH reduces Fe(III) and Cu(II)
to Fe(II) and Cu(I), respectively. Interestingly, however, it
was found that â-, γ-, and δ-TOH did not reduce Cu(II)
as rapidly. Tocotrienols behaved similarly to tocopherols;
that is, only R-tocotrienol reduced Cu(II), but other
tocotrienols did not.41 It may be added that the phenolic
compounds having two bulky tert-butyl groups at both
ortho positions, such as BHT and BO-653, do not reduce
Cu(II).44

Future Perspectives
Eighty years have passed since the discovery of vitamin E
by Evans and Bishop, in 1922, as an essential nutrient for
reproduction. The role of vitamin E against atherosclerosis
has been the subject of extensive studies.45 It is now
accepted that the oxidative modification of LDL plays a
pivotal role in the pathogenesis of atherosclerosis. This
implies that inhibition of LDL oxidation should be effec-
tive for the prevention of progression of atherosclerosis.
In fact, many, if not all, epidemiological and intervention
studies suggest that dietary intake of vitamin E reduces
the incidence of cardiovascular disease. Vitamin E may
exert its effect by acting as a radical-scavenging antioxi-
dant to inhibit the oxidation of LDL, which results in the
suppression of the uptake of LDL by macrophages and
also of the proatherogenic properties associated with
oxidized LDL. It may be also possible for vitamin E to
function by a mechanism which is not directly related to
inhibition of oxidation. Such non-antioxidant function of
vitamin E may be a result of specific cell signaling and
gene regulation.46 The role of vitamin E in cellular signal-
ing, especially its biological significance, is certainly an
important subject for future studies.

Vitamin E supplements are provided usually as the
ester of acetate, nicotinate, or succinate. The characteristic
action of R-tocopheryl succinate (R-TS) has received much

attention recently. It has been shown that R-TS has a
unique ability to selectively kill tumor cells, but not normal
cells.47 The specific functions of the individual types,
isomers, and esters of vitamin E analogues should also
be the subjects of future studies.

The question that originated in the 1980s was how
vitamin E and other antioxidants cope with the oxidative
stress induced by oxygen radicals. The now-emerging
issue is the role of reactive oxygen and nitrogen species
in beneficial as well as detrimental effects and also the
modulatory function of antioxidants, including vitamin E,
against such effects. A solid chemical approach is war-
ranted.

We would like to thank many scientists and colleagues for their
invaluable comments, discussion, and experimental work. We are
also grateful to Eisai Co. for the generous gift of natural forms of
vitamin E homologues.
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