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Abstract

All of the naturally occurring vitamin E forms, as well as those of synthetic all rac-a-tocopherol,
have relatively similar antioxidant properties, so why does the body prefer a-tocopherol as its unique
form of vitamin E? We propose the hypothesis that all of the observations concerning the in vivo
mechanism of action of a-tocopherol result from its role as a potent lipid soluble antioxidant. The
purpose of this review then is to describe the evidence for a-tocopherol’s in vivo function and to
make the claim that a-tocopherol’s major vitamin function, if not only function, is that of a peroxyl
radical scavenger. The importance of this function is to maintain the integrity of long-chain
polyunsaturated fatty acids in the membranes of cells and thus maintain their bioactivity. That is to
say that these bioactive lipids are important signaling molecules and that changes in their amounts,
or in their loss due to oxidation, are the key cellular events that are responded to by cells. The various
signaling pathways that have been described by others to be under a-tocopherol-regulation appear
rather to be dependent upon the oxidative stress of the cell or tissue under question. Moreover, it
seems unlikely that these pathways are specifically under the control of a-tocopherol given that
various antioxidants other than a-tocopherol and various oxidative stressors can manipulate their
responses. Thus, virtually all of the variation and scope of vitamin E’s biological activity can be seen
and understood in the light of protection of polyunsaturated fatty acids and the membrane qualities
(fluidity, phase separation and lipid domains) that polyunsaturated fatty acids bring about.

Introduction

Vitamin E was discovered in 1922 by Evans and Bishop as a necessary dietary factor for
reproduction in rats [1]. Subsequent studies showed that the presence of rancid fat in the
experimental diets fed to rats and chickens was the causative agent of various pathologies in
these animals and that these abnormalities could be “cured” by wheat germ oil concentrates
that later were demonstrated to contain tocopherols [2-8], work that has been reviewed by Wolf

[9].

Given that most other vitamins have a co-factor function, are ligands for nuclear receptors, or
have some unique molecular role; the search for a more specific vitamin E function has
continued since its discovery. We propose the hypothesis that all of the observations concerning
the in vivo mechanism of action of a-tocopherol result from its role as a lipid soluble
antioxidant. Why are the proofs of this hypothesis so scarce after more than 80 years research
on vitamin E? If oxidized a-tocopherol accumulated, or even was excreted in detectable
amounts, its role as an antioxidant could be readily demonstrated. Instead, the tocopheroxyl
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radical is formed during the antioxidant action, but then is reduced by other antioxidants and
thus the ephemeral oxidation product of a-tocopherol does not remain to be measured.
Although this concept of antioxidant interactions has been discussed and demonstrated in vitro
[10], it is only recently that evidence has been obtained in humans for its existence [11].
Moreover, a combination deficiency of vitamin E and either selenium [12] or vitamin C [13]
results in death to guinea pigs within days of the initiation of the second deficiency. These
results highlight the importance of the multiple low molecular weight antioxidant systems
necessary for vitamin E’s function.

The purpose of this review then is to describe the evidence for a-tocopherol’s in vivo function
and to make the claim that a-tocopherol’s vitamin function, if not only function, is that of a
peroxyl radical scavenger. The importance of this function is to maintain the integrity of long-
chain polyunsaturated fatty acids in the membranes of cells and thus maintain their bioactivity.
That is to say that these bioactive lipids are important signaling molecules and that changes in
their amounts, or in their loss due to oxidation, or their oxidation products are the key cellular
events that are responded to by cells. This hypothesis is supported by studies in plants where
the genes for vitamin E synthesis have been knocked out. Sattler et al. [14] show that
nonenzymatic lipid peroxidation products in the seedlings from these plants up-regulated
genes, and they proposed that increased tocopherol levels in response to environmental stresses
may limit nonenzymatic lipid peroxidation and thereby prevent the inappropriate induction of
stress responses.

Regulation of a-tocopherol concentrations

Of the four tocopherols and four tocotrienols (designated as a-, -, y-, and 8-) found in food,
only a-tocopherol meets human vitamin E requirements [15]. Despite the fact that all of these
vitamin Es have similar antioxidant functions (rate constants for H-atom donation within an
order of magnitude (Table)), non-a-tocopherols are poorly recognized by the hepatic o-
tocopherol transfer protein (a-TTP) [16]. Moreover, defects in the human a-TTP [17] lead to
severe vitamin E deficiency [18]. The vitamin E deficiency has been recapitulated in mice by
deleting the o-TTP gene [19,20].

a-TTP is responsible for maintaining plasma a-tocopherol concentrations [21]. The crystal
structure of a-TTP has been reported [22,23]. The important structural features of the ligand
for recognition by a-TTP include: 1) a fully methylated chroman ring, 2) a phytyl
pyrophosphate-derived tail [24] (trimethyltridecyl-residue (IUPAC) [25]), and 3) the R-
configuration at C-2 where the tail attaches to the chromanol ring [26]. This third requirement
makes o-TTP selective for the 2R-isomers of synthetic a-tocopherol, as has also been
demonstrated in a-TTP null mice [27]. The preferential binding of RRR-a-tocopherol by o-
TTP is reflected in the 3-fold greater half-life of RRR-a-tocopherol (57 £ 19 hours) compared
to the half-lives of SRR-a-tocopherol [28] or y-tocopherol [29]. Thus, only natural a-tocopherol
(RRR- a -tocopherol) and 2R-a-tocopherols in synthetic, all rac-a-tocopherol, not the other
vitamin E forms, are maintained in human plasma and tissues by a-TTP [30]. The mechanism
by which a-TTP maintains plasma o-tocopherol remains under intense investigation [31-34],
butitis clear that in the absence of a-TTP the default pathway results in lysosomal accumulation
of a-tocopherol and its ultimate excretion rather than the secretion of a-tocopherol into the
plasma, as shown in patients with defective a-TTP [35]. Moreover, feeding a diet with 550 mg
y-tocopherol/kg diet to a-TTP null mice did not replete their tissues with y-tocopherol,
demonstrating that even in the absence of a-tocopherol, y-tocopherol is not utilized, but rather
was metabolized.

Metabolism of vitamin Es appears to also play a major role in hepatic regulation of vitamer
concentrations. The various non-a-tocopherol forms are metabolized in preference to a-
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tocopherol [36,37]. The metabolites of vitamin E are the CEHC (2’-carboxyethyl-6-
hydroxychroman) products of the respective forms of vitamin E, i.e., a-, p-, y-, and 5-CEHC.
The various vitamin E forms are m-oxidized by cytochrome P450s (CYPs), then following R3-
oxidation are conjugated and excreted in urine [38] or bile [39]. Similarly to other xenobiotics,
CEHC:s are sulfated [40] or glucuronidated [36,41,42]. CEHCs are excreted urine and bile.
Again metabolism is geared to eliminate non-a-tocopherol forms of vitamin E. Surprisingly,
even Drosophila appear to have the mechanism to metabolize non-a-tocopherols, although they
do not seem to express a-TTP; nonetheless they efficiently prefer a-tocopherol [43].

Vitamin E antioxidant activities

The curiosity is that all of the naturally occurring vitamin E forms, as well as those of synthetic
all rac-a-tocopherol, have relatively similar antioxidant activities, so why does the body prefer
a-tocopherol as its form of vitamin E? Vitamin E’s antioxidant function, as a peroxyl radical
scavenger that terminates chain reactions, is well-known and well-described by various
chemists [44-54].

There are important differences between the various vitamin E forms with respect to their
antioxidant activities when measured in vitro (Table). Whether they are measured in organic
solution such as chlorobenzene or in detergent supported lipids (to mimic biological
membranes), the rank order of the tocols remains the same and the greater potency of a-
tocopherol versus the other vitamers is approximately constant. Surprisingly, this is true across
the different chemical systems, as well as different investigators. These results are due to the
relative H-atom donating ability of the different tocols, which increases in efficiency with
greater ring methyl-substitution. However, relative to their efficacies in the rat fetal resorption
test these differences in in vitro antioxidant activities are rather minor. The differences in
potency of a-tocopherol versus other tocols in vivo is due to hepatic discrimination favoring
a-tocopherol, as well as the preferential metabolism of non-a-tocopherol forms, as discussed
above.

What has not been established is whether non-a-tocopherols follow the same rank order of
antioxidant efficiency when in biological membranes. In actual membranes, the antioxidant
power would include the H-atom donating ability, location (penetration) and movement within
the membrane, plus the efficiency of tocopheroxyl radical recycling by cytosolic reductants,
such as ascorbate. Attempts have been made to compare a-tocopherol and a-tocotrienol; in
microsomal membrane systems the conclusion was that tocotrienols are better antioxidants
[57], but in more chemical systems they are said to be near equivalent [58,59]. In the most
recent contribution to this literature, Mukai et al. [55] describe a-tocopherol as being more
efficient than other vitamers as measured by H-atom donation to aryloxy radicals (ArQOs) in
Triton X-100 supported micelles. Importantly, in these micelles, non-a-tocopherols behaved
much worse than their relative antioxidant efficiency in organic solvents such as ethanol, ether,
or benzene (TABLE 1, footnote {#}). It should be emphasized, however, that the Triton micelles
contain no oxidizable lipid and thus, might be poor membrane mimics. However, it would
appear from this study that fundamental physical organic behavior would favor the use of a-
tocopherol as a protector of lipids without even considering the efficiency of in vivo recycling.

Additionally, it should be noted that the fully methylated chromanol ring of a-tocopherol
prevents adduct formation at the positions that are not methylated in the non-a-tocopherols.
For example, the formation of 5-nitro-y-tocopherol has been touted as a marker of the benefit
of y-tocopherol scavenging reactive nitrogen species [60]. Provocatively, Tafazoli et al. [61]
reported that the order of vitamin E analogues in catalyzing hepatocyte cytotoxicity, lipid
peroxidation, and GSH oxidation was 8-tocopherol > y-tocopherol > a-tocopherol > PMC. The
toxic prooxidant activity of vitamin E analogues was therefore inversely proportional to their
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antioxidant activity. The in vivo preference for a-tocopherol may then also rest on the potential
“toxic” activity of the vitamin E analogues. Indeed, Cornwell’s laboratory has made a case for
non-a-tocopherols generating cytotoxic adducts [62,63].

The relevance of tocols other than a-tocopherol has only recently been considered, and largely
has focused on y-tocopherol. Consequently, using non-a-tocopherols as controls of apparent
equal antioxidant power in cell culture experiments may be misleading since we have no
expectation that they should even be as good as they are in in vitro experiments. For instance,
if B-tocopherol is inefficiently recycled in membranes and so it is lost relatively quickly
compared with a-tocopherol and thus never exerts a persistent antioxidant effect, then -
tocopherol would not be expected to be as effective as a-tocopherol towards inhibiting lipid
peroxidation, nor in any possible associated activity as a regulator of cell signaling. A better
test compound than p-tocopherol, Trolox or PMC (as has been used by several groups to
“prove” non-antioxidant behavior of a-tocopherol) would be something that looks more like
a-tocopherol but that is not capable of H-atom donation or one electron donation [64,65]. The
best candidate is a 6-chloro-substituted chroman, such as 2,5,7,8-tetramethyl-2-(4",8*,12’-
trimethyltridecyl)-6-chlorochromane, as described by Donchenko et al. [66]. Thus, the chloro-
derivative could demonstrate whether a non-antioxidant function in signaling is possible.

To further complicate the in vitro investigation of non-antioxidant a-tocopherol functions,
cellular concentrations are not often measured. When the various tocols are added to cells in
culture, the concentrations found in the cells can be quite variable and not necessarily the same
as what is added in culture [67,68] and can vary depending on the ability of the cell to
metabolize the various tocols [68]. The amount of the various tocols present in cells in vitro,
therefore, should be a necessary measurement for all signaling experiments. Ideally, the cell
tocol concentrations should mimic those found in vivo.

Human Vitamin E Deficiency

Human vitamin E deficiency symptoms began to be reported in the 1960s [69] in various case
studies of patients with lipoprotein abnormalities and subsequently in fat malabsorption
syndromes, but because these patients had malabsorption of other nutrients, especially long
chain fatty acids, it was not clear the extent to which various symptoms could be attributed to
lack of vitamin E. In the early 1980s [70] case studies and various reports of unique humans
with vitamin E deficiency symptoms without fat malabsorption began to appear in the literature.
Subsequently, the cause of this form of human vitamin E deficiency was shown to be a defect
in the gene for the a-TTP [18,71,72].

The characteristic vitamin E deficiency syndrome in these humans with ataxia with vitamin E
deficiency (AVED) was not anemia, as seen in many animal models of vitamin E deficiency
[73], rather AVED patients had a peripheral neuropathy characterized as a dying back of the
large caliber axons in the sensory nerves [74]. Remarkably, AVED patients had decreased
vitamin E concentrations in their nerves prior to the appearance of abnormal nerve function
[75], a phenomenon that was recapitulated in dogs fed vitamin E deficient diets [76,77].

The peripheral neuropathy of vitamin E deficiency in humans is described as a progressive
dying back of the nerves [74]. Interestingly, the symptoms observed in these patients is similar
to the abnormalities observed in patients with Friedreich ataxia [78-81], a genetic disorder
caused by a mutation in the gene for frataxin, a mitochondrial iron-binding protein [82]. Thus,
free iron in mitochondria could cause lipid peroxidation, an increased need for a lipid soluble
antioxidant and therefore a decrease in a-tocopherol. The dying back of the sensory neurons
in both ataxias is likely caused by insufficient nerve vitamin E resulting in apoptosis. So is this
a sign of vitamin E signaling that cells should undergo apoptosis, or an oxidative stress due to
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lack of vitamin E antioxidant function? We are currently studying the question, but do not have
an answer.

Cell Proliferation and Apoptosis

Protein kinase C

Cell proliferation and differentiation, along with apoptosis, are important cellular regulatory
mechanisms that must be closely controlled. Protein kinase C (PKC) is a key-signaling
molecule involved in this regulation of growth and differentiation. The PKC family
encompasses 12 different isozymes that transduce various signals as a result of receptor
activation [83]. PKC is expressed in a variety of cells [84] and reportedly is inhibited by o~
tocopherol [85], perhaps by activation of protein phosphatase 2A, increasing PKC-alpha
dephosphorylation [85]. Moreover, a-tocopherol has been described to inhibit PKC in various
cell types with consequent inhibition of platelet aggregation, endothelial cell nitric oxide
production and superoxide production in neutrophils and macrophages [86]. Indeed, a-
tocopherol was found to attenuate p67 phox translocation, which abrogates superoxide
production by glial cells through a PKC-mediated mechanism [87]. Moreover, platelet
aggregation was found to be prevented by a-tocopherol through a PKC-dependent pathway
[88,89]. These studies are examples of reports showing the relationship between PKC and a-
tocopherol, and there are many others. However, the relationship does not appear to be specific
to an a-tocopherol regulatory function in that oxidative stress seems to have an important role
in PKC regulation.

Low concentrations of peroxide added to cells in culture result in a reversible oxidation/
activation of PKC [90]. Indeed, not only does oxidative stress appear to regulate PKC,
micromolar concentrations of hydrogen peroxide induced the phosphorylation of mitogen-
activated protein (MAP) kinases [91]. And the reverse is also true; various antioxidants
modulate these kinase activities [92,93]. Gopalakrishna et al [92] point out that by having
different oxidation susceptible regions, PKC can respond to both oxidants and antioxidants to
elicit opposite cellular responses. Thus, it seems highly unlikely that there is some specific
signaling role between PKC and a-tocopherol, but more likely this is an antioxidant
phenomenon in the membrane where the activated form of PKC functions. Indeed, Numakawa
et al [94] found that cell death occurred when cultured cortical neurons were stimulated with
peroxide, but this was prevented by pre-treatment for 24 h with vitamin E analogs including
a-tocopherol, a-tocotrienol, y-tocopherol, or y- tocotrienol. It should be emphasized that such
manipulations are easy to perform in vitro, but achievement of similar concentrations in vivo
are not possible because of the various mechanisms that result in a preference for a-tocopherol.
Moreover, a-tocopherol exposure induced the activation of both the MAP kinase and P13 kinase
(PI3K) pathways [94], again suggesting that it is the oxidative stress that up-regulates kinase
pathways and the antioxidant action of a-tocopherol protects the cell membrane fatty acids.
Importantly, Trolox® which is not incorporated into membranes was relatively ineffective,
while the various vitamin E forms that are retained in cell membranes were quite potent [94].
Thus, it is possible that the vitamin E forms changed the nature of phospholipid packing, or
some measure of acyl chain fluidity, or protected critical fatty acids from oxidation. Apparently,
the kind of cell, whether it is cancerous or not, and the identity of the oxidative stressor can
alter the cellular response to a-tocopherol, resulting in apoptosis in some situations [95] and
not in others [96,97].

It should also be noted that pharmacologic effects of tocopheryl succinate or tocopheryl ethers

are not the same as the vitamin E effects discussed in this section because neither of these
former two molecules have antioxidant activities [98].
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Lipoxygenase and Cyclooxygenase, Prostaglandins and Arachidonic Acid

Prostaglandins I, (PGl,; prostacyclin) and E; (PGE,) are cyclooxygenase (COX)-derived
prostanoids that counteract and/or inhibit the secretion of vasoconstrictors such as thromboxane
A, (TXA)) [99]. Arachidonic acid, a long chain polyunsaturated fatty acid, is a precursor of
all of these molecules and vitamin E plays a key role in arachidonic acid availability by
apparently regulating cytosolic phospholipase A2 (cCPLA)) activity. In fact, Wu et al [99]
demonstrated that vitamin E increased PGE, and PGl production in an in vitro system by
increasing arachidonic acid availability. The vitamin E-induced arachidonic acid release was
due to increased cPLA, activity and a higher level of cPLA, expression. Wu et al [99] also
showed that the inhibitory effect of vitamin E on COX activity was not mediated through
inhibition of COX-1 or COX-2 expression.

Although cPLA, has been suggested as being regulated by vitamin E, oxidative stress appears
to again play a key role in cPLA, regulation. For example, when bovine pulmonary artery
endothelial cells were stimulated with peroxynitrite (ONOO-) increases in the cell membrane
associated protease, PKC and PLA; activities, as well as arachidonic acid release from the cells
were observed [100]. Again, if oxidative stress increases, then an antioxidant, such as a-
tocopherol should decrease their activities. If PLA; activation in a given model depends on
PKC, PKA, cAMP, or MAPK then inhibition of these phosphorylating enzymes may alter
activities of PLA, isoforms during cellular injury [101], thus explaining the antioxidant role
of a-tocopherol in signaling pathways.

Alternatively, it appears that pancreatic PLA, may be regulated through modification of
membrane properties that limit the imperfections in lipid packing that PLA-2 needs to get
access to substrate phospholipids to release arachidonic acid. Grau and Ortiz [102]
demonstrated in vitro that a-tocopherol decreases both the initial rate and the extent of
hydrolysis. They suggest that a-tocopherol has an effect on the substrate, i.e. the membrane,
and not on the enzyme itself. Other tocopherols, such as the isomers B-, y- and d-tocopherol
also display PLA; inhibition but to a lesser extent. Importantly, the degree of inhibition of
PLA, activity by these various vitamin E forms correlates with their penetration in the bilayer
as shown by fluorescence quenching [102]. The chromanol of a-tocopherol resides higher in
the membrane (towards the surface) and inhibits PLA, the most. Other vitamers sit deeper in
the membrane and inhibit PLA, to a lesser degree. Thus, the mechanism of a-tocopherol’s
PLA, inhibition could result by at least two possible mechanisms. 1) The tocopherols’
antioxidant action lowered the amounts of peroxylipids. These oxidized lipids increase the
fluidity and packing errors of membranes, and thus would allow PLA, greater access to
substrate phospholipids. Potentially, the different vitamers inhibit differently because they
have different antioxidant efficiencies in membranes. 2) The various vitamers “repair”
membrane packing errors to different degrees and thus inhibit PLA, differently, but in this
case without recourse to antioxidant activity. Certainly, the relatively low concentrations of
non-a-tocopherols in vivo would limit their effectiveness in such an activity.

The above observations then bring up the question as to why a-tocopherol, but not the other
vitamin E forms, is the preferred form of the vitamin. The answer, perhaps, is the somewhat
more effective membrane location, allowing optimal delivery of the antioxidant activity of a-
tocopherol. Certainly, the food chemists have long appreciated that a-tocopherol in the
presence of a water soluble antioxidant such as ascorbic acid is the most effective antioxidant
in food, as reviewed [103]. It is worth pointing out that while the biophysical description of
membrane structure and biological function grows ever more sophisticated - admitting to the
role of a myriad of different phospholipids, enzymes that modify such lipids, and the domains
that protein-lipid complexes might occupy - few studies that investigate the role of antioxidants
under conditions of oxidative stress ever measure the specific lipids that are sacrificed by these
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very conditions. The specific loss of long chain PUFAs, particularly those within a subclass
of lipid head group, could have profound effects on the properties of the membrane system
under study. Indeed, this topic is just beginning to be studied. Tocopheryl succinate has been
shown to change the coordinated activity of kinases and phosphatases in membrane rafts
[104]. Moreover, changes in membrane n-3 fatty acids were sufficient to alter signaling; a
marked decrease in epidermal growth factor receptor (EGFR) levels in lipid rafts, accompanied
by increases in the phosphorylation of both EGFR and p38 mitogen-activated protein kinase
(MAPK), in eicosapentaenoic acid (EPA) + docosahexaenoic acid (DHA)-treated cells [105].
It is clear that membrane lipid composition can cause major alterations in cellular responses
to signaling molecules.

and Inflammation

The release of arachidonic acid from membranes and its cellular availability appear to be critical
for the inflammatory responses of macrophages. Moller and Lauridsen [106] showed that
dietary fish oil supplemented at a level of 5% of the diet, but not supplemental vitamin E,
decreased the inflammatory responses of alveolar macrophages isolated from weaned pigs.
Production of TNF-alpha, 1L-8, LTB-4, and PGE-2 were decreased with fish oil feeding, a
difference likely caused by the decreased synthesis of arachidonic acid [107].

The Jialal laboratory has been a major proponent of the anti-inflammatory action of a-
tocopherol, as reviewed [108]. With regard to cytokine release, they demonstrated that in
activated monocytes isolated from subjects supplemented with vitamin E, that a-tocopherol
inhibits interleukin-1 (IL-1) release from the cells by inhibiting 5-lipoxygenase. Importantly
a-tocopherol’s effect was at post-transcriptional levels [109], again suggesting that o-
tocopherol is not functioning as a signaling molecule, but rather is altering the environment
where signaling is taking place. Furthermore, they showed that the increased IL-6 release from
monocytes under hyperglycemia (an oxidative stressor) is mediated via up-regulation of PKC,
through p38 MAPK and NF«B, resulting in increased IL-6 mRNA and protein [110]. Not
surprisingly, when cells were a-tocopherol-enriched they released significantly less IL-6
because, as we believe, the cells were protected by a-tocopherol’s antioxidant function.

An alternative explanation for the decrease in IL-6 with increased a-tocopherol is that there is
a decrease in PKC activity. But, as discussed above, PKC activity, as well as that of other
kinases, appears to be regulated through oxidative stress-related mechanisms. Thus, addition
of a-tocopherol prevents the generation of the signal that increases PKC and results in the
ultimate up-regulation in the amounts of IL-6. Although a-tocopherol may alter PKC activity,
the question to be addressed here, is whether this is a specific vitamin function for a-tocopherol.

v-Tocopherol, as well as its metabolite (y-CEHC), possess anti-inflammatory properties
because stimulated macrophages and epithelial cells treated with y-tocopherol in vitro have
decreased cyclooxygenase-2 activity and lower levels of PGE, synthesis [111]. Moreover, in
rats subjected to carrageenan-induced inflammation, PGE; and leukotriene B4 synthesis were
decreased by 46% and 70%, respectively, by y-tocopherol gavage, while a-tocopherol had no
effect [112]. Similarly, in three human lung cell lines, a-tocopheryl succinate, but not a-
tocopherol or a-tocopheryl acetate inhibited PMA-stimulated PGE, production. Thus, it
appears that the regulation of PGE, production is not a specific a-tocopherol function.

Nuclear Receptors

The nuclear receptor superfamily of ligand-dependent transcription factors functions to
regulate a diverse number of genes involved in reproduction, development, metabolism and
immune responses [113]. The ligands for about half of these nuclear receptors have not been
identified, so are called “orphan” nuclear receptors. Specific members of the nuclear receptor
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superfamily bind fat-soluble vitamins A and D; thus, it is not unreasonable to expect that a-
tocopherol might also function to control pathways based on hypothetical nuclear receptor
binding. There are two nuclear receptor classes that respond to modulation by vitamin E; these
are the Pregnane X Receptor (PXR) and the Peroxisome Proliferator-Activated Receptors
(PPARS).

PXR regulates a variety of xenobiotic pathways and responds to a wide range of potentially
toxic foreign compounds [114]. With regard to PXR, tocotrienols were more effective ligands
than was a-tocopherol in stimulating downstream responses [115]. Indeed, PXR has been
called promiscuous in its ability to bind a variety of ligands [116]. This characteristic makes
PXR ideal for recognizing foreign compounds, but unlikely that a-tocopherol’s specific
vitamin function relates to binding to PXR. This a-tocopherol phenomenon is more likely a
mechanism involved in the prevention of accumulation of excess vitamin E.

With regard to PPARs, these are three different, but closely related nuclear receptors:
PPARa, PPARP/S and PPARY, that are encoded by separate genes [117]. PPARa is found
largely inthe liver, where it regulates energy homeostasis, as well as a variety of other functions
including heme synthesis, lipoprotein assembly, and cholesterol catabolism. PPARB/6 is found
largely in the gut and placenta. It too is involved in fatty acid catabolism, as well as control of
cell proliferation, differentiation and survival. PPARYy is found mainly in the adipose tissue,
but also the liver. PPARY regulates lipid storage and glucose metabolism. In general, PPARs
act as lipid sensors that translate changes in fatty acid concentrations into metabolic activity
[117].

Troglitazone, a member of the thiazolidinedione family of drugs used in treatment of Type 2
diabetes, was one of the first pharmaceutical agents that acted as a PPARy agonist. Troglitazone
is unique in that the chromanol portion of a-tocopherol forms part of its structure [118].
Similarly to troglitazone, a-tocopherol itself increases PPARYy expression in hepatocytes in
vitro, but effective a-tocopherol concentrations in the medium were 50 times higher than usual
plasma a-tocopherol concentrations [118]. Unfortunately, troglitazone, unlike other
thiazolidinediones that do not contain an a-tocopherol-like chomanol structure, caused an
idiosyncratic liver dysfunction, the cause of which remains unknown, but was sufficiently
serious to cause the drug to be withdrawn from the market [119,120]. Nonetheless, the reports
of PPAR modulation by a-tocopherol have stimulated interest in its ability to function as a
PPAR ligand.

When a-, B-, y-, or 6-tocopherol were tested individually as to whether they could influence
transcriptional activity by modulating the activity of various nuclear receptors, the tocopherols
positively modulated only the reporter construct containing a consensus element for PPARy
[121]. Unfortunately, this was not an a-tocopherol specific effect, in that 5-tocopherol caused
the greatest response [121].

Once again oxidative stress is an important regulator of PPARs [122]. Oxidative metabolites
of linoleic and arachidonic acids are PPAR-ligands, and perhaps more importantly, long chain
polyunsaturated fatty acids are potent regulators of PPARs [123-125]. Given that it has been
pointed out that all cells in culture are under oxidative stress [126], it is likely that regulation
of PPARs by tocopherols is not a specific a-tocopherol-regulatory function, but rather is likely
due to modulation of the concentrations or preventing the oxidation of some yet to be identified
fatty acid(s).

Molecular effects of a-tocopherol have been studied by analyzing gene expression. Sulzle et
al. [122] fed rats diets for 63 d with 25 or 250 mg a-tocopherol/kg diet containing fresh fat or
oxidized fat, then differences in gene expression were evaluated. Irrespective of the dietary
vitamin E concentrations, the dietary oxidized fats caused an activation of a series of target
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PPAR-a genes, as well as, increasing peroxisome proliferation [122]. In contrast, pigs were
studied in an ischemia reperfusion model to test the role of PPARYy in protecting the
myocardium from injury. Thiazolidinediones (rosaglitazone and troglitazone) were compared
with an a-tocopherol treatment prior to ischemia-reperfusion injury. Remarkably, both
troglitazone and a-tocopherol had benefit, causing the authors to conclude that the benefit was
due to the antioxidant activity, not a PPARy-dependent process. Importantly, a-tocopherol did
not materially alter PPARy expression. Both troglitazone and a-tocopherol preserved
myocardial contractile function and stimulated greater lactate uptake. The authors concluded
that the antioxidant, a-tocopherol, prevented the increase in the pro-inflammatory cytokines
IL-1, IL-6, and IFN-y mRNA and protein compared with the ischemic-reperfused myocardium
from untreated pigs and compared to the non-injured area.

Taken together, despite the fact that troglitazone was one of the first pharmaceutical agents to
modify PPAR function and it contained a chromanol similar to a-tocopherol as part of this
molecular structure, it is unlikely that the vitamin function of a-tocopherol is that of a PPAR
regulator.

Oxidative Stress in Humans

Does vitamin E act as an antioxidant in humans? In general, there are numerous studies showing
that vitamin E supplements can decrease measures of lipid peroxidation in subjects with
oxidative stress, examples include: decreasing urinary F2-isoprostanes in
hypercholesterolemic subjects [127] and in diabetics [128]. However, normal subjects not
under oxidative stress showed no effect of vitamin E supplements on markers of oxidative
damage [129]. We believe that the level of antioxidant protection by the interaction of various
antioxidants is so efficient that under normal circumstances, the levels of oxidized lipids are
kept in check. This contention is supported by studies in selenium deficient guinea pigs that
are subsequently fed a vitamin E deficient diet [12], or vitamin C deficent guinea pigs that are
subsequently fed a vitamin E deficient diet [13]. In both cases, the depletion of two antioxidant
systems leads to a rapid system failure and death within days.

To evaluate whether vitamin E acts as an antioxidant in humans, first it was necessary to
establish model systems where humans are under ethically accepted modes of oxidative stress.
We have used two different model systems, both extreme exercise and cigarette smoking.

Studies in Extreme Exercisers

An ultramarathon race (50 k or 32 miles) is run annually in McDonald forest, a research forest
belonging to OSU, Corvallis, OR. The racecourse is up and down hills, usually takes the runners
5to 7 h, and the runners expend around 7,000 calories during the race. In our first study, we
found that both vitamin E disappearance rates and F2-isoprostane concentrations, increased in
the runners during the race as compared with a rest period [130]. To evaluate, whether prior
supplementation with antioxidants (vitamins E and C) would prevent the increased oxidative
stress, a more extensive follow-up study was carried out in the ultramarathon racers.

In this second study, the 50 km ultramarathon run again caused oxidative damage measured
as increased Fop-isoprostane concentrations [131] and DNA damage [132]. Muscle damage was
characterized by measures of fatigue, as well as increased circulating muscle damage markers
[133]. Circulating inflammatory markers elicited by the run increased in the characteristic
progression of cytokine responses to tissue damage and inflammation [131]. Supplementation
with both vitamins E and C completely inhibited exercise-induced lipid peroxidation, but had
no effect on other parameters, such as inflammation [131], DNA damage [132], muscle damage
markers, fatigue, or recovery [133]. Importantly, at post-race, when oxidative stress was
maximal, F,-1soprostane concentrations were inversely correlated both with a-tocopherol/
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lipids (R=-0.61, p<0.003) and ascorbic acid (R=-0.41, p= 0.05); further substantiating that
antioxidants were responsible for preventing lipid peroxidation, but appeared to have little
other protective effects.

Cigarette Smokers as Examples of Oxidative Stress in Humans

Cigarette smoke is an exogenous source of an enormous number of reactive oxygen and
nitrogen species, as well as an inflammatory stimulant. The hypothesis of this study was to
determine if the chronic oxidative stress of cigarette smoking would result in a more rapid in
vivo disappearance of a-tocopherol [134]. The investigation (10 subjects/group) was conducted
among nonsmokers and smokers (>10 cigarettes/day). The subjects were healthy, collegeaged,
non-dietary supplement users with normal cholesterol status. The a-tocopherol fractional
disappearance rates in cigarette smokers (0.215 £ 0.001) were ~13% greater than in nonsmokers
(0.191 £ 0.001 pools/day; p<0.05). Moreover, the smokers with the lowest plasma ascorbic
acid concentrations had the fastest a-tocopherol disappearance rates, presumably because
vitamin C regenerates vitamin E [10]. To test this hypothesis, smokers and nonsmokers were
supplemented for 2 wk with placebo or vitamin C (1000 mg/d), then their plasma vitamin E
disappearance rates were measured [11]. Using a crossover design, the same subjects were
tested again on the opposite supplement. Marginal vitamin C status in smokers was associated
with increased rates of vitamin E disappearance from plasma (as previously observed [134]),
and these rates were normalized by prior vitamin C supplementation [11]. Importantly, both
a- and y-tocopherols were similarly affected by vitamin C status, suggesting that oxidation of
the tocopherols is the mechanism for the faster vitamin E disappearance [11].

Conclusion

The thrust of this review is to propose the idea that the various signaling pathways that have
been described by others to be under a-tocopherol regulation, appear rather to be dependent
upon the oxidative stress of the cell or tissue under question. Moreover, it seems unlikely these
pathways are specifically under the control of a-tocopherol given that various antioxidants and
oxidative stressors can manipulate their responses. For example, regulation of the expression
of the lipoprotein receptors, scavenger receptor Bl [135] and its homolog, CD36 [136,137], by
a-tocopherol have been reported. Specifically, high cellular a-tocopherol concentrations
decrease and low concentrations increase their expression; however, both are also modulated
by oxidatively-modified lipids [138], by membrane signaling pathways such as kinases [139]
and specifically by eicosapentaenoic acid concentrations [140]. Thus, regulation by alterations
in membrane fluidity or changes in the specific lipids could also explain the observed regulation
by a-tocopherol concentrations. Indeed, Klein et al. [141] have demonstrated that a-tocopherol
reduces phosphatidyl-serine externalization in circulating erythrocytes, thereby modulating
their procoagulant properties in vivo. It seems likely that tocopherols can alter membrane
properties by protecting oxidizable lipids and thereby modulate receptors and signaling
pathways that are dependent upon insertion in specific membrane regions.

Thus, we are left with proposing that the specific vitamin function of a-tocopherol is to protect
long chain polyunsaturated fatty acids and thus maintain their concentrations for important
signaling events. An example of such a fatty acid is DHA with 22-carbons and 6 double bonds,
an omega-3 polyunsaturated fatty acid that is found in membrane phospholipids, especially of
the nervous system, a critical site harmed during vitamin E deficiency. Tonito et al. [142] report
in a-TTP null mice fed a vitamin E deficient diet that the retina was depleted in DHA and its
precursor linolenic acid, while arachidonic acid concentrations were elevated, suggesting that
synthesis of arachidonic acid to replace DHA was occurring and further suggesting that vitamin
E deficiency allowed DHA depletion. Stillwell and Wassall [143] note that “Once esterified
into phospholipids, DHA has been demonstrated to significantly alter many basic properties
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of membranes including acyl chain order and “fluidity”, phase behavior, elastic
compressibility, permeability, fusion, flip-flop and protein activity.” Thus, virtually all of the
variation and scope of vitamin E’s biological activity can be seen and understood in the light
of protection of polyunsaturated fatty acids and the membrane qualities (fluidity, phase
separation and lipid domains) that polyunsaturated fatty acids bring about.
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