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Dietary a-tocopherol and neuromuscular health: Search
for optimal dose and molecular mechanisms continues!
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Rodents fed a-tocopherol (oT)-depleted diets develop neuromuscular deficits. Unequivocal role
of oT in the prevention of these deficits is confounded by possible neurotoxic oxidant products
generated, ex vivo in oT-depleted diets. The discovery that large doses of oT could ameliorate
neuromuscular deficits, attributed to very low serum oT caused by mutations in either the
microsomal triglyceride transfer protein or the oT-transfer protein («TTP), underscores the
necessity of oT for neuromuscular health in humans. The discovery of human oTTP provided
physiological relevance to biochemical data from rodents documenting oT-binding transfer
protein, expressed exclusively in liver. The cloning of oTTP gene and the creation of oTTP-
knockout mice allowed to achieve severe systemic oT deficiency in brain and muscles, possibly
at birth, eliminating the possible confounding effects of ex vivo-generated oxidant products in
vitamin E-stripped diets. oTTP-knockout mice have proven useful models to discover
oT-regulated phenotypes and molecular actions of oT in vivo. The results suggest that anti-
oxidant and non-antioxidant actions of oT in vivo may not be mutually exclusive. These studies
also suggest that low levels of dietary oT can achieve in excess of nanomolar oT levels in tissues
and maintain normal neuromuscular functions. This is consistent with biochemical and
crystallographic data of o-TTP and of other oT-binding proteins that have dissociation constants
in nanomolar range. Molecular mechanisms that cause a long delay for the development of
deficiency symptoms remain enigmatic. It is likely that oT is metabolically stable in post-
mitotic neurons and myocytes and, if it undergoes redox-cycling in vivo, a large repertoire of
oT-regenerating systems maintains its biological activity before it is totally depleted.
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o-Tocopherol (oT) has been touted as an essential micro-
nutrient for a broad spectrum of physio-pathological
processes that include fertility, aging, cardiovascular and
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muscular functions. Of these, the predominant non-
controversial vitamin function is the prevention of female
sterility [1] attributed to failure in the development of
placenta [2]. This action is primarily assigned to oT, the
most abundant isoform of the eight-member vitamin E
family in mammals [3].

Similar to the requirement of oT for rodent fertility,
experimental evidence for physiological functions of oT in
the prevention of neuromuscular dysfunction is unequi-
vocal. This review surveys some of the initial research in
rodents describing the development of neuromuscular
dysfunction caused by feeding rodents oT-depleted diets
during their pre-weaning and post-weaning periods. Inter-
pretation of the contribution of vitamin E to the health of the
neuromuscular system in these experiments has been
complicated by the methods used to deplete vitamin E from
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the diet. For example, lipid oxidation products generated
ex vivo in rodent oT-depleted diets have not been fully
characterized [4] and they exhibit toxic actions in vivo to the
neuromuscular system [5]. It is possible that the unchar-
acterized presence of lipid and protein oxidation products in
vitamin E-depleted diets could potentially contribute to
many of the observations documented in rodents fed vita-
min E-depleted diets.

This review describes research aimed to identify the
nutritional and genetic basis of vitamin E deficiencies
associated with ataxias in humans. The observations that
mutations in the gene encoding microsomal triglyceride
transfer protein (MTP) can cause neuromuscular deficits
[6-8] that can be ameliorated by large doses of oT in the diet
was a significant discovery relevant to the importance of oT
for human health. Later, the discovery of very low oT in
ataxic patients with normal MTP led to the postulation of a
hepatocyte oT-binding protein [9] and to the discovery of the
o-TTP gene [10]. The description of human neuromuscular
syndromes that could be attributed to mutations in a hepatic
gene that caused systemic oT deficiency, in spite of normal
dietary oT intake [10], is a significant landmark in vitamin E
research.

The identification of mutations in the human o-TTP
gene [10] and cloning of the rat oT-transfer protein («TTP)
gene [11] led to the development of a mouse model of oT
deficiency [12, 13] by homologous recombination technology
[14]. This represents another significant milestone in vita-
min E research because severe systemic oT deficiency can be
obtained in extra-hepatic tissues, particularly in brain and
muscles, without the need for chemically “stripping” vita-
min E from oils used as source of fats in rodent diets,
thereby avoiding any spontaneous and undesirable produc-
tions of lipid peroxidation products. The current review
concludes with a survey of research that has utilized oTTP-
knockout («TTP-KO) mice to test possible antioxidant
actions of T in mouse models of Parkinson’s Disease [15],
Alzheimer’s Disease [16, 17] and ataxia [13]. A key outcome
of these studies in mice suggests that dietary oT is required
in very small and possibly catalytic amounts (<5mg/Kg
diet). Similar suggestions were stated in 1943 [18] and in
1987 [19], before the discoveries of aT-binding proteins. This
is consistent with some of the more recently described
kinetic properties of a-TTP and other members of vitamin
E-binding proteins that have dissociation constants in the
nanomolar range and these oT-binding proteins are expec-
ted to be saturated with oT in tissues obtained from rodents
fed “basal” diets containing up to 90 mg oT/Kg diet (Fig. 1).

Members of oT-binding proteins belong to the CRAL-
TRIO protein family [20]. One exception is afamin, which
belongs to the albumin gene family [21]. Mutations in three
genes, oT transfer protein, phospholipid transfer protein
and caytaxin, appear to display age-related ataxia in mice [22]
and humans [23, 24]. This suggests that actions of these
diverse biomolecules converge on molecular pathways that
affect tissue-specific genome expressions and cause very
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Figure 1. oTTP and tocopherol associated proteins (TAPs) are
expected to be saturated with oT in normal rodents and humans
with minimal supplementations (1-30mg «T/Kg diet). Figure
constructed from data obtained from several reports [29, 80, 158,
163, 166].

similar neuromuscular phenotypes. Experiments that were
designed to identify oT-sensitive, genome-wide changes in
mRNA expression of muscles [25-27] and cerebral cortex
[28-30] show distinct and phenotype specific changes in
gene expression profiles. It is remarkable that these tissues
do not express oTTP, the best characterized oT-binding
protein [20, 31], suggesting that other o/T-binding molecules
transduce changes in oT levels. The identity of tissue-
specific, oT-sensitive molecular networks that orchestrate
gene expression and change cellular composition and
functions remain to be characterized. This goal is feasible
with the availability of «TTP-KO mice, “omic” technologies
and bioinformatics tools.

2 Nutritional myopathy and ataxia in
animal models of dietary vitamin E
deficiency

Experimental evidence in support for the role of substances
designated by the term vitamin E in muscle function was
assembled in a 1943 review [18]. Extensive necrosis of
voluntary muscles from suckling rats, in the absence or
presence of central nervous system (CNS) lesions, was
described in rats fed vitamin E-depleted diets. Similar
lesions of skeletal muscles were described in rabbits, guinea
pigs, sheep, goats, the tree kangaroo, hamsters and ducks.
However, some caution should be exercised in assigning
deficiency in vitamin E alone as to the only contributory
factor in the causation of these skeletal muscle lesions. The
diets used for these experiments were likely to contain
oxidative products, due to the lack of anti-rancidity actions of
vitamin E, thus depleting other micronutrients such as
ascorbic acid, biotin, vitamin A and unsaturated fatty acids.
This is particularly likely in investigations where vitamin
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E depletion was obtained by treating the diet with ethereal
ferric chloride [18]. The amelioration of the deficiency
symptoms by addition of wheat germ extract to vitamin
E-depleted diets does not necessarily prove an in vivo role for
vitamin E in neuromuscular health. A strong support for the
“toxicity” of these early diets to neuromuscular system is
provided by observations that describe very early onset of the
disease phenotype. The descriptions of early onsets of oT
deficiency phenotypes have not been reproduced in later
experiments in mice or rats. The possible toxicities of vita-
min E-depleted diets caused by uncontrolled oxidation of
other diet constituents were recognized by early investiga-
tors, but not completely addressed in their investigative
strategies. A very recent study related to the toxicities of
trace metals provides experimental evidence of the need for
thorough chemical characterization of diets in nutritional
studies [32].

The 1943 review also suggests a lack of agreement on the
presence of CNS lesions when there were severe muscular
lesions in rats on a vitamin E-deficient diet for 1 year. In
spite of these limitations, the early studies are noteworthy
for the amount of dl-oT acetate required to correct the
deficiency symptoms. The deficiency symptoms in rabbits
could be prevented by the addition of 0.32-1.06 mg of dl-oT
acetate/Kg of diet, a quantity much lower than that
(60-90 mg/Kg) currently recommended for rodents [33].

The observation that long period of feeding vitamin
E-depleted diet to develop neuromuscular disturbances in
rats was noted in later studies [34]. These studies were
remarkable for the detailed clinical and histological
description of the CNS and muscles of rats subjected to
chronic vitamin E deficiency. The investigators may be the
first group to publish the description of “prominent ataxia”
in addition to muscle dysfunctions as one of the many
clinical features of vitamin E deficiency in rats. Particularly
noteworthy was the observation that: “Its onset is insidious
after many months on the experimental diet, and it proceeds
very slowly; from its first appearance it takes six months to
15 months to develop completely. The neuron muscular
disturbances mostly begin caudally and progress towards
the head, affecting the front and hind legs and hind quarters
in a remarkably symmetrical manner.” [34]. Remarkably,
some of these clinical features are replicated in mice that
have almost undetectable amounts of oT in CNS and
muscle, in spite of feeding an oT-sufficient diet [13, 27, 28]
in which ex vivo generation of neurotoxic dietary factors is
less concerning.

2.1 Electrophysiological studies

Development of ataxia together with the data of electro-
physiological recordings were described in rats after 10
months of feeding either a vitamin E-depleted or a normal
diet (100 mg oT acetate/Kg diet) in 1988 [35]. This study is
significant because it appears to be a first report of careful
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electrophysiogical recordings in anaesthetized, temperature-
controlled, vitamin E-deficient rats. Feeding vitamin
E-depleted diets resulted in ataxia and abnormal myographic
recordings in all the rats. In addition, small and selective
CNS-effects of vitamin E deficiency were also recorded in
experiments that assayed somatosensory-evoked potentials
(SEPs). In contrast, another study that simultaneously
assayed electromyographic, spinal and SEPs, motor nerve
conduction velocities, histopathology and tissue oT
concentrations in rats fed either a normal diet or an
oT-depleted diet for up to 15 months found normal elec-
trophysiology but abnormal histopathology of type 1 (slow-
twitch, oxidative) muscle fibers in oT-depleted rats [36].
Ataxia was not described, but the authors observed muscle
degeneration before that of peripheral nerves, which were
severely depleted in oT (< 1% of controls). The investigators
raised the issue of the possible difference in the selenium
content of the oT-deficient diets in the two studies to
account for the discrepancies between the two studies [36].
The data from this longitudinal study were also in contrast
with those of a later study that detected abnormal electro-
physiology of nerve and muscles [37]. This study described
the minimal dose of dietary RRR o-T acetate needed to
“marginally protect nerves from vitamin E deficiency” to be
1.0mg/Kg diet [37]. Eight months were required to develop
significant differences in conduction velocities and ampli-
tudes of SEPs between rats fed oT-depleted and rats fed a
diet containing 1mg oT/Kg diet. Neither myographic
recordings nor ataxia were reported in these studies.

Collectively, these studies in rats show that at least 8
months of severe dietary oT deficiency are required to
display symptoms of neuromuscular defects. Equally note-
worthy is that 1 mg of oT/Kg of diet is sufficient to prevent
the deficiency symptoms. It seems that larger amounts of
dietary oT supplements, 36 mg/Kg diet, are necessary to
reverse the symptoms caused by dietary oT deficiency [38].
The effects of the differences in micronutrient composition
on “stability” of other labile dietary constituents, such as
vitamin A, essential aminoacids and unsaturated fatty acids,
remain uncharacterized. These factors appear to confound
the assignment of specific effects of oT on the chronology,
severity and selectivity (nerve or muscle) of the proposed
oT-deficiency syndromes in rodent models.

2.2 Does oT affect exercise endurance capacity?

Functional correlates of neuromuscular oT deficiency have
also been evaluated by whole body exercise performance.
Two or five months of oT deficiency imposed in male rats,
post weaning, caused a 40% decrease in endurance (run
time to exhaustion on rodent treadmill) compared with
those on a normal diet [39, 40]. A diet containing <11U/Kg
of vitamin E caused blood oT deficiency after 1 month,
assayed by erythrocyte hemolysis [41]. Neither study repor-
ted the development of ataxia, once again suggesting that
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more than 8 months of severe oT deficiency are required to
develop ataxia.

Since an important determinant of exercise endurance
capacity is muscle mitochondria [42] the activities of the
latter were assayed [39, 40]. Maximal oxygen uptake, assayed
in whole homogenates, was not different between the
groups of rats fed normal or vitamin E-depleted diets for 5
months [39]. This was in agreement with lack of significant
difference between the two groups of rats in whole body
maximal oxygen uptake (VO2max) [39]. Interestingly, lack of
effects of chronic vitamin E deficiency on whole body
oxygen uptake of guinea pigs was previously reported [18].
Also, the maximal activity of muscle mitochondrial electron
transport chain was not affected by two months of oT defi-
ciency [40]. oT deficiency did not affect exercise training or
post-training endurance capacity of female rats [43, 44].
Hence, decrease in endurance capacity could not be attrib-
uted to loss of maximal substrate oxidation capacity of
muscle mitochondria, suggesting the possible sensitivity of
other cellular targets, such as sarcoplasmic reticulum or
myofibrils, to muscle oT. The lack of effects of short-term
but severe oT deficiency on maximal mitochondrial activ-
ities is in contrast to decreased muscle mitochondrial
activities of rats on oT-deficient diets for 12 months [45].

Vitamin E supplementations did not improve human
physical performance [46, 47]. Contrasting effects of oT
status on rodent and human physical performance may be
attributed to the severity of oT depletion. Unlike rodents,
human subjects were not depleted of oT but received oT
supplements to the basal diet. This would imply that
13-20uM plasma oT maintained with unsupplemented
diets is sufficient to maintain normal muscle function.

2.3 Does oT scavenge free radicals generated by
active muscles in vivo and in vitro?

Molecular mechanisms that decrease endurance capacity
after short-term oT deficiency remain to be identified.
Increased free radical activity, assayed by electron spin
resonance (ESR) technique, was detected in muscle and liver
homogenates from rats run to exhaustion [39]. Interestingly,
muscles and livers from oT-deficient rats also showed
increased free radical activity in the absence of endurance
stress and the ESR signal was not augmented by exhaustive
exercise of oT-deficient rats. Because the mitochondrial
respiratory index was lower in oT-deficient muscles, and in
those of rats on normal oT diet run to exhaustion, it was
hypothesized that increased free radical activity “damaged”
mitochondria and muscle membranes, resulting in decrease
in muscle function and endurance capacity [39]. Experi-
mental evidence for contraction dependent free radical
generation in isolated muscle preparations [48] gives some
support for this hypothesis.

Mechanism by which exercise augments muscle-free
radicals and affects muscle function remain to be fully
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clarified [49, 50]. Furthermore, the link between muscle oT,
free radicals and muscle function is unclear. Metabolically
generated free radicals affect redox cycling of cellular thiols,
including those of proteins that determine cell fate [51-55].
Free radicals from active muscle also affect thiol status [56].
Hence, depletion of free thiols in oT-depleted tissues was
attributed to the free radical scavenging potential of oT [39].
Inactivation of enzymes such as citrate synthase and malate
dehydrogenase by exercise, possibly by oxidation of free
thiols, and deregulation of intramitochondrial redox state,
was proposed [57]. A similar conclusion, oxidation of protein
thiols and glutathione (GSH), was made in a study that
subjected extensor digitorum longus (EDL) muscle to
lengthening contractions, in situ, in rats [58]; total (GSH+
oxidized glutathione (GSSG)) was unchanged but GSSG in
muscle increased after 3 days of stimulations.

Two studies assayed GSH status in whole blood during
rest, sub-maximal and maximal exercise, and during recov-
ery from exercise in moderately trained human subjects [59,
60]. GSH was oxidized (GSSG) during submaximal exercise.
GSH recovered during the recovery phase and exceeded
baseline levels. Total GSH levels showed depletion during
exercise and they increased during recovery. Since most of
blood GSH is in erythrocytes, the authors associated GSG-
GSSG changes during exercise-recovery cycle with those of
oxyhemoglobin-methemoglobin cycle [59]. Auto-oxidation of
hemoglobin generates superoxide radicals [61] and hydro-
gen peroxide, which is reduced by erythrocyte glutathione
peroxidase and GSH [62]. If myoglobin undergoes similar
redox-cycling during exercise-recovery phase, then it would
provide a molecular link between exercise, muscle oxyge-
nation and intramuscular GSH-GSSG cycles. In addition,
myoglobin has nitrite reductase activity [63-65], which
generates nitric oxide required to prevent cardiac ischemia-
reperfusion injury by inhibiting mitochondrial respiration
[66, 67]. Similar mechanisms may operate during exercise-
recovery cycles of skeletal muscle and mitochondrial
respiration, contributing to exercise-induced muscle fatigue.

Muscle mitochondria may also be a source of activity-
dependant free radicals. Previous studies, using ESR tech-
niques and isolated cardiac mitochondria or submitochon-
drial particles, have established increased free radical
generation by mitochondrial electron transport chain during
substrate oxidations [68, 69]. Therefore, it was reasonable to
hypothesize that increased demand for ATP by active
muscles would augment free radical generation from
mitochondria to meet the energy demands during exercise.
There is substantial experimental evidence to support this
hypothesis [39, 48, 58, 70-73]. However, mitochondria may
not be the only source of exercise induced free radicals [74].
Increased superoxide generation has been implicated in the
causation of fatigue in diaphragm [72]. Dysregulated
calcium homeostasis through free radical-mediated oxida-
tion of thiols has been implicated in muscle fatigue [50].
Oxidation of vicinal (adjacent) cysteines of sarcoplasmic
reticulum Ca(2+)-ATPase (SERCA1) under conditions that
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simulate titanic stimulation induced muscle fatigue has also
been suggested [75].

Irrespective of the precise identity of the electron trans-
port systems that generate free radicals, the co-localization
of oT and free radical generators increase the probability of
interactions between the two systems. Acute augmentation
of oT and spin trappers have resulted in increased endur-
ance of swimming stress in mice [76], possibly suggestive of
antioxidant actions of oT. Other antioxidants, such as
DMSO, purines and allopurinol, were suggested to scavenge
free radicals generated by stimulation of isolated
mouse soleus or canine gastrocnemius, and decrease fatigue
[77).

Hence, one or more of these mechanisms may contribute
to the decreased endurance capacity described in oT-defi-
cient rats [39, 40]. Experiments with cells, skin fibroblasts
[78] or myocytes [79] suggest interactions between oT and
GSH-GSSG cycle. However, in heart and brain regions of
oTTP-KO mice that are severely depleted in oT, total GSH
levels were not significantly different from those of the
congenic wild-type mice [80]. Therefore, the link between
intracellular GSH-GSSG cycle and oT status, if any, remains
equivocal.

2.4 Does increased muscle activity increase
catabolism and redox-cycling of aT? Is oT
consumed by exercised-induced free radical
formation?

To the best of our knowledge, these questions remain
unanswered, possibly due to technical limitations in quan-
tifying organ, cell, and in the case of muscle, myofibril-
specific oT metabolism. Endurance training decreases oT
concentrations of rat quadriceps muscle groups, when
assayed immediately after exercise [81]. The mechanism(s)
that cause acute, exercise-induced depletion of muscle oT
remain to be rigorously clarified. oT can be oxidatively
catabolized by microsomal cytochrome P450 and, perox-
isomal and mitochondrial B-oxidation pathways [82-84].
These pathways are robust in liver and are hypothesized to
regulate systemic concentrations of oT and of other
members of the vitamin E family.

The kinetic properties of B-oxidation pathway, relevant to
oT catabolism, in skeletal muscle remain uncharacterized.
B-oxidation pathway is induced by endurance training
[42, 85]. However, the expression of mRNAs encoding the
subset of cytochrome P450 members implicated in
o-hydoxylations were undetectable in gastrocnemius of
mice [86]. Therefore, if w-oxidation is an obligatory initial
step in oT degradation, then oT is less likely to be catabo-
lized in muscle. The contribution of mitochondrial
B-oxidation pathway to the catabolism of oT, in the absence
of cytochrome P450 activity, remains to be determined.
However, it is possible that there is “trans-organ’” catabo-
lism of oT when it is delivered in high doses. For example,
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liver with active w-oxidation pathways generates oT oxidant
products that are released into systemic circulation and
catabolized by B-oxidation pathways in cardiac and skeletal
muscles. Perhaps these mechanisms may contribute to
increased mortality in humans taking high levels of oT
supplementations in combination with other antioxidant
supplements, such as P-carotene, vitamin A, vitamin C
(ascorbic acid) and selenium [87, 88]. One of these studies
analyzed data from 232606 healthy participants in 68
randomized trials and concluded that B-carotene, vitamin A,
and vitamin E may increase mortality [88]. The second
study by the same group of investigators included partici-
pants with various diseases (gastrointestinal, cardiovascular,
neurological, ocular, dermatological, rheumatoid, renal,
endocrinological or unspecified) [87]. The cause of mortality
was not identified.

It is interesting to note that 3 months of dietary oT
deficiency decreased the ratio of oT/ubiquione 9 in mito-
chondria from endurance trained rats [44]. In rats that were
fed a oT-depleted diet, the concentration of muscle oT
decreased from an estimated 25 to 2nM after 3 months.
Endurance training of the rats fed the oT-depleted diet did
not affect either the rate of o'T depletion from muscle or the
biogenesis of mitochondria [44], suggesting that adaptive
responses to endurance training remain robust, at least
during the training period. It would be of interest to discover
if endurance training protocols [42, 85] will accelerate the
onset of ataxia, which occurs after 12 months in rodents fed
aT-depleted diets.

Another challenging question that remains to be
addressed is the possible association between redox-cycling
of oT and its catabolic removal. It has been suggested that
ascorbic acid can regenerate oT from tocopheroxy radical
formed by endogenous free radicals in human erythrocytes
[89, 90]. A stable tocopheroxy radical was detected, by ESR
technique, in microsomal and mitochondrial membranes
isolated from livers of rats fed oT-supplemented diet [91].
The ESR signal for tocopheroxy radical in these membrane
preparations decayed to undetectable levels within 2min
during the assay. This decay was associated with a 50% loss
of oT, assayed by HPLC, suggesting “activity” dependant
loss of oT. Interestingly, it was reported, much earlier, that,
“...in lipid systems subject to autooxidation in vitro,...
peroxidation did not occur without concomitant destruction
of tocopherol.” [92]. Chemical mechanism(s) that may
selectively catabolize tocopheroxy radical remains unclear.
Similarly, the physiological significance of activity-depen-
dent catabolism of oT, if it occurs in vivo, is also unclear
because vitamin E supplementations do not improve human
physical performance [46, 47]. It is likely that as
long as there is sufficient oT regenerating capacity, such as
the presence of vitamin C and possibly ubiquinone,
very small, catalytic amounts (nM) of oT that is
sequestered in mitochondrial and sarcoplasmic membranes
is sufficient to maintain normal muscle biochemistry and
function.
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3 aT-sensitive ataxias in humans
consuming normal diets

3.1 Mutations in MTP cause very low levels of
systemic oT and, myopathy and neuropathy
with aging

Although neuromuscular deficits in rodents fed oT-depleted
diets are well established, a role for oT in neuromuscular
health of humans remained to be proven, decades after the
discovery of vitamin E. The identification of human ataxias
that could be ameliorated by dietary oT supplementations
must be considered compelling proof for the requirement of
oT to maintain neuromuscular health [93-96]. These studies
also suggest that prolonged deficiency of oT (> 10 years) is
required for the development of CNS deficits [97-100].
Particularly remarkable, from these studies, is that oT
supplementations can ameliorate the effects of genetic
mutations that are primarily expressed in gut and liver but
cause deficits in CNS and muscles.

oT is undetectable in abetaliproteinemia patients due to
mutations in the gene encoding MTP [6-8]. These patients
have defects in the biogenesis of lipoproteins (chylomicroms
and VLDL). Hence the two lipoproteins were hypothesized
to play vital role in the absorption, secretion and transport of
oT and other lipid soluble vitamins [6, 101-103]. Levels of
oT in muscles of these patients have not been reported.
However, oT in adipose tissue [104, 105] and nerves [105]
are very low or undetectable. Its noteworthy that tissue oT
deficiency precedes long before the histological evidence of
nerve degeneration [105], suggesting a time lag between the
onset of the biochemical deficiency and detectable histolo-
gic/neuropathic-myopathic defects described in rodent
models of oT deficiency.

3.2 Mutations in the gene encoding «TTP cause low
levels of plasma and extra-hepatic tissue oT and
ataxia with aging

Development of ataxia over the first two decades of life has
been described in siblings with very low levels of oT in the
absence of fat malabsorption [9]. These investigators
postulated, ““...that an inherited defect in hepatocyte secre-
tion of vitamin E into lipoproteins may account for this
disorder...” [9]. Further studies in this group of patients,
designated patients with familial isolated vitamin E defi-
ciency, led to the suggestions that, “...these patients are
lacking or have a defective liver “tocopherol binding
protein” that incorporates alpha-tocopherol into nascent
VLDL.”[102, 106].

Decades earlier, a study in rats showed that orally
administered o-[*H] tocopherol was associated with VLDL
fraction of serum [107]. Although, more recent investiga-
tions in mice excluded the role of VLDL in oT transport
[108] the importance of the liver and its cellular and intra-
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cellular compartments for oT homeostasis was appreciated
by early investigators. Specifically, in an in vivo study, ~25%
of liver a-[*H] tocopherol, from rats gavaged with o-[*H]
tocopherol, was associated with the cytosolic fraction, an
equal fraction was associated with microsomes, and the rest,
~50% with mitochondria [109]. In addition, and particularly
relevant to the putative function of the cytosolic o/T-binding
protein, the authors also showed a preferential transfer of
oT from cytosol into mitochondria. In another study, a
~30kDa oT-binding protein was isolated from the cytosolic
fraction of rat liver homogenates [110, 111]; the protein was
detected only in the liver. A 34kDa cytosolic protein that
could transfer oT to membranes was detected in liver but
not in heart or lung [112]. Rabbit anti oT-binding protein
showed that the protein was expressed in lysates of fractio-
nated hepatocytes but not in those of endothelial or Kupffer
cells. Neither was the protein detected in lungs, heart,
spleen or testes [113].

A more detailed molecular description of the oT-binding
protein with oT transfer activity, «TTP, was obtained when a
cDNA clone that encoded a 31.845 kDa protein was isolated
from rat liver and was shown to be expressed exclusively in
the liver [11]. Thus, there appeared to be unequivocal
experimental evidence for a gene that encoded a protein that
specifically bound to oT and was able to transfer it to
mitochondria, other membranes and lipoproteins secreted
by hepatocytes. Equally important is the evidence that the
gene was expressed primarily in the liver; its expression was
undetectable in brain, lung, heart, intestine, kidney and
adrenal glands [11]. However, the authors stated that, “The
physiological role of «TTP remains unknown.” [11].

Physiological importance of liver oTTP for neuromus-
cular health became clear when it was discovered that
patients displaying Friedreich ataxia-like phenotype have
very low serum oT levels. These patients, designated ataxia
with vitamin E deficiency (AVED) patients were discovered
to have mutations in oTTP gene [10], which could explain
the postulated deficiency in systemic oT [11, 102, 106]. After
this discovery, several mutations in the oTTP gene have
been described and appear to determine the severity of the
phenotype and its sensitivity to amelioration by augmenting
dietary oT [114-117]. The heterogeneity in the resultant
severity of neuromuscular phenotypes suggest that different
regions of the oTTP molecule may interact and cooperate
with other molecules in the binding, trafficking and transfer
of oT. Elegant biochemical studies with recombinant oTTP
harboring three different AVED mutations expressed in
HepG2 cells “found that these mutations impair the ability
of oTTP to facilitate the secretion of vitamin E from cells.
Furthermore, the degree of impairment corresponded to the
severity of the AVED pathology associated with each muta-
tion.” [118]. Since oTTP must interact with other ligands,
proteins or lipids, to orchestrate exchange of oT, it is likely
that at least some of the mutations affect interactions
between oTTP and other ligands in the cytosol and
membranes. The identities of these putative oTTP-binding
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ligands, including other proteins [119], remain to be
discovered . The availability transgenic mice with the dele-
tion of oTTP gene [13, 120, 121] may expedite the identifi-
cation of molecular partners of oTTP.

3.3 Creation of aTTP-deficient mice that recapitulate
some of the phenotypes of familial isolated
vitamin E deficiency and AVED patients

The cloning of the rat oTTP gene [11] and the discovery of
oTTP mutation in AVED patients laid the foundations to
create transgenic mice by homologous recombination tech-
nology combined with manipulation of embryonic stem
cells [14, 122-125]. Two research teams independently
engineered the deletion of mice oTTP gene and created oT-
deficient mice [13, 120, 121]. Homozygous oTTP-deficient
(o«TTP-KO) mice were infertile and had very low or unde-
tectable serum oT levels (<0.2nM) in spite of being fed a
basal diet (36 mg oT-/Kg) [121]. The infertility was abolished
by supplementing the diets of «TTP-KO breeding pairs with
567 mg oT/Kg of diet, reinforcing the need for dietary oT for
fertility. A more recent study has suggested that tocotrienol
may prevent sterility in mice rendered oT deficient by the
deletion of oT transfer protein gene [126]. This is a
surprising discovery that needs confirmation because toco-
trienol is hypothesized to be preferentially excluded from
incorporation into lipoproteins, the primary carriers of
tocopherol, and is targeted for catabolism by liver [127].

Histological examination of pregnant uteri suggested
that oT deficiency causes dysfunction in the first epithelial
cells, labyrinth trophoblasts [121], generated by fertilized
eggs. o may also be essential for placentation [2],
suggesting a vital role for oT in the development of placenta
and embryo. Molecular and cellular networks that oT must
modulate during these very initial stages of embryogenesis
in utero remain to be clarified. It is remarkable that histo-
logical descriptions and chronology of labyrinth trophoblasts
malfunctions in oT-deficient mice [2, 121] are similar to
those described in mice with the deletion of hepatocyte
growth factor (HGF) expression [128]. These observations
suggest oT:oT receptor (putative) and HGF:HGF receptor
signaling pathways may share common molecular
mechanisms that determine mesenchyme-trophoblastic
cellular networks and early stages of mouse embryonic stem
cell differentiation. Antioxidant properties of oT have been
invoked as a mechanism for normal fertility [121]. However,
mechanismy(s) of action of T in vivo are actively debated and
unresolved today [129-132] as they were more than 40 years
ago [18, 92, 133, 134]. Physicochemical properties of oT
dictate its localization and distribution to biological
membranes [135]; hence, it is most likely to modulate
activities of membranes and intrinsic membrane proteins,
including those of nuclear membranes. Many of these
intrinsic membrane proteins serve structural and signaling
functions [136, 137].
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Mild ataxia, abnormal motor performance and abnormal
electrophysiological recordings of retina and SEPs were
detected in o TTP-KO mice after they were fed the basal diet
for 1 year [13], reproducing the observations of a long delay
in the development of neuromuscular phenotype after the
onset of tissue oT deficiency. Interestingly, wild-type mice
fed an oT-depleted diet in the same set of experiments did
not develop ataxia [13], suggesting the possibility that
prenatal depletion of oT, such as that predicted to occur in
oTTP-KO mice, accelerates the onset of the oT deficiency
phenotype. Another group of investigators have used oTTP-
KO mice originating from a separate colony of transgenic
mice and have reproduced the neuromuscular phenotype
and have noted additional behavioral defects [28, 29]. A
possible involvement of brain oT in modulation of anxiety
was also suggested in a later study in rats fed a oT-depleted
diet [138].

The oT levels of five brain regions and of four peripheral
organs from 5-month-old oTTP-KO mice were below the
limits of detection (<0.2nM) when compared with those of
the congenic wild-type littermates [80]. These 5-month-old
mice did not display ataxia, once again underscoring the
dissociation of the onset of biochemical deficiency from
phenotype expression. In contrast, the onset of neuromus-
cular phenotype precedes the detection of histological
lesions that were undetectable in spinal cord and muscle of
12-month-old ataxic mice but were detected at 20 months
of age [13]. In another study, muscle lesions in the absence
of any lesions in the CNS were apparent in 12-month-old
ataxic, o TTP-KO mice but not in the age-matched congenic
wild-type littermates [86], possibly suggesting that muscle
histological lesions precede those in the CNS and probably
suggests that hind limb skeletal muscle dysfunction
precedes motor nerve degeneration. Similar observations
were reported in rats after 16 months of feeding an oT-
depleted diet [36].

Surprisingly, the onset of the ataxic phenotype was not
accelerated by feeding the o TTP-KO mice a oT-deficient diet
[13, 86]. These observations are in contrast to those that
suggest acceleration of motor deficits [139] or retinal
degeneration [140] or Alzheimer disease phenotype [17] in
o-TTP-KO mice fed a diet depleted in oT. These experiments
suggest that very low levels of T in plasma and tissues of
oTTP-KO mice are sufficient to maintain normal retinal,
motor (rotarod performance) and memory functions. This is
also suggested by lack of CNS or muscular deficits in 1-year-
old mice whose brain oT levels are low due to the deletions
of scavenger receptor B1 [141, 142].

Attempts to further deplete brains and CNS of «TTP-KO
mice by feeding oT-depleted diets raises the possibility of
feeding diet derived oxidant products with potential neuro-
toxic actions. Increased biomarkers of oxidative stress
detected in these studies [139, 143] may not be, unequi-
vocally, assigned to in vivo actions of oT. If oT has
antioxidant actions then the effects of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, an inducer of oxidative stress
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[144, 145], should be potentiated in o TTP-KO mice. However,
the loss of dopaminergic neurons was not increased by
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in oTTP-KO
mice as compared with those of wild-type mice [15]. Another
study showed decreased indices of oxidative stress in cerebral
cortex caused by prolonged oT deficiency in oTTP-KO mice
that were fed a chow diet (dietary oT levels were not descri-
bed) [146]. The oTTP-KO mice for this study were obtained
from Jackson laboratory and there was no mention of the
development of neuromuscular phenotypes [146]. The
pathophysiological relevance of the detailed biochemical data
that assayed mitochondrial functions and superoxide
production from cerebral cortex in this study remains to be
addressed. Others have detected small (~20%) but significant
increase (p<0.03, n=3) in isoprostanes (assayed by gas
chromatography/mass spectrometry [147]) but not in histo-
logically assayed 8-hydroxy guanosine, heme oxygenase 1, 4-
hydroxynonenal, isoprostanes or free iron in cerebral cortices
of 2-year-old, ataxic mice that showed ataxia-specific gene
expression signature [27], compared with those of age- and
sex-matched congenic wild-type littermates [86].

3.4 Search for molecular mechanisms of
neuromuscular deficits caused by severe and
chronic oT deficiency

Lack of large and statistically significant difference in
biomarkers of oxidative stress in tissues severely depleted in
oT for very long periods suggests that the concentrations of
these metabolites are tightly controlled during normal and
pathophysiology. If so, the proponents of antioxidant actions
of oT [13, 127, 139] face a challenge similar to that proposed
by A.V. Hill to muscle biochemists to prove that ATP is the
direct source of energy for muscle contraction [148]. A
direct, causative relationship between the chronology of
changes in concentrations oT, its metabolites, biomarkers of
oxidant stress and development of phenotypes remain to be
established.

Elegant biochemical [20, 31, 118, 149] and crystallographic
[150-152] studies of the best characterized, physiologically
relevant oT-binding protein, oTTP have been interpreted to
suggest that, “... only oTTP is likely to serve as the
physiological mediator of oT’s biological activity.” [20].
However, in a normal mouse the expression of oTTP in the
CNS and muscles, the anatomical targets in ataxia, is below
the limits of detection [11, 27, 80], suggesting that other
molecular entities may be transducing the changes in oT
levels in these tissues. A very weak signal for immunor-
eactive oTTP was detected in tissue extracts of mouse cere-
bral cortex, cerebellum and spinal cord, compared with that
in the liver [13]. It has been suggested that these, very low
levels of o TTP do not account for the “bulk” tissue levels of
oT [80] but they may have a role in affecting gene expression
in a few cells. Immunohistochemical assays have detected
oTTP in cerebellar cells, possibly in Bergmann glial cells, but
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not in those of cerebral cortex, in rats [153] or in cerebellar
Purkinje cells in humans [154]. The physiological signifi-
cance of oTTP in these cells remains to be clarified. If the
primary function oTTP is to preferentially select o'T from the
other seven members of vitamin E family in the diet [127,
155], then oTTP in these cells may offer a second “molecular
filter” to exclude other members of vitamin E, suggesting
exquisite preference for oT for the function and survival of
these cells. It cannot be excluded that o« TTP in these few cells
may serve other functions [119]. A third possibility is that the
immunoreactive signals are technical artifacts. All these
possibilities can be tested in o TTP-KO mice.

Global mRNA (exonomic) expression analysis show oT-
sensitive changes in mRNA signatures that are specific for
cerebral cortex and muscles, which that have undetectable
expression of oTTP [26-27, 80, 156-158], suggesting other
sensors and transducers of oT concentrations must exist.
Some of the changes in exonomes of cerebral cortex [29] and
skeletal muscles [25, 27] offer transcriptional correlates of
ataxic and histological phenotypes attributed to chronic
tissue deficiency of oT obtained either by dietary depletion
of oT or genetic deletion of TTP. For example, ~14 months
of dietary oT deficiency in rats identified activation of four
cathepsin genes [25], two of which are associated with
muscle lysosomes and muscle histopathology [159]. The
other gene of interest that showed robust activation by the
chronic oT deficiency was that encoding cardiac ankyrin
repeat protein [25], which regulates transcription and is
implicated in cardiac disease [160]. In another study, aimed
to identify exonomic signature of ataxia in o TTP-KO mice, a
cluster of nine genes, designated “the sarcolipin cluster”,
was overexpressed in ataxic muscles compared with that in
the muscles of non-ataxic, oT-deficient or congenic wild-type
mice [27]. The functional significance of this cluster of genes
is that it regulates muscle contraction-relaxation cycles by
regulating calcium cycling between sarcoplasm and sarco-
plasmic reticulum [27]. The authors suggested that over-
expression of this cluster of genes in, ataxic, oT-deficient
muscle of oTTP-KO mice, compared with that of congenic
wild-type litter mates, would prevent relaxation of the
muscle and contribute to the shorter-stride lengths, an
indicator of ataxia in mice [27]. It is also remarkable that two
independent studies of oT-deficient skeletal muscles [25, 27]
detected overexpression of genes that are associated with
cardiac muscle, suggesting that oT suppresses cardiac-
specific genes in skeletal muscle.

A distinct set of genes that could contribute to develop-
ment of neurological deficits, such as anxiety, in young mice
and ataxia in older mice were detected in cerebral cortex of
3-month-old oTTP-KO mice compared with those of
congenic wild-type mice [29]. A cluster of ten genes that
encode synaptic proteins, particularly those associated with
the synaptic vesicles, were coordinately repressed by oT
deficiency caused by deletion of the oTTP gene. Genes that
encode synaptic proteins were also repressed in the cerebral
cortex of rats fed an oT-depleted diet for 14 months [30]. The
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possible role of oT in regulating the expression of vesicle
assembly and transport was further underscored in another
study that focused on rat liver [161]. A unifying theme that
emerges from these gene profiling studies is that oT affects
calcium mediated excitation-secretion or excitation-contrac-
tion coupling. Hence, although the genes modulated in
cerebral cortex were distinct from those in skeletal muscles,
their encoded proteins such as hippocalcin, visinin-like 1
and protein kinase Cy, are related to the sarcolipin cluster in
muscle because they participate in calcium-regulated fun-
ctions. These data and those described by others, such as in
[162, 163], provide strong support for oT actions on gene
expression.

The mechanisms by which oT affects gene expression
remains to be characterized and promise to be a major
challenge in oT research. In addition to oTTP, other oT-
binding proteins have been discovered [21, 164-166], which
may contribute to biological and gene expression activities of
this vitamin. Orally delivered, *[H]-oT was recovered from
liver nuclear membranes [167] and was associated with sub-
nuclear, non-histone proteins of cardiac nuclei and mito-
chondria of perfused rabbit hearts [168, 169]. In the rabbit
cardiac musdle, increased nuclear *[H]-«T-binding was asso-
ciated with increased RNA synthesis [169]. A more recent
study using COS (CV-1 (simian) in Origin, and carrying the
SV40 genetic material) cells has suggested that the toco-
pherol-associated protein, which has significant sequence
similarity to oTTP, specifically binds oT and translocates to
the nucleus and increases transcription [170]. Similar oT-
binding proteins in nuclei of brain and muscle cells may
transduce changes in cellular oT levels to account for changes
in gene expression profiles reported in [25, 27-30, 86].

4 Future directions

4.1 Utility of «TTP-KO mice for characterizing
molecular mechanisms of age-related
neuropathologies

Although oT deficiency caused by mutations in MTP and
oTTP genes is rare, rigorous characterization of chronology
of cellular and molecular mechanisms that cause the well-
defined and preventable age-related neuromuscular pheno-
types, such ataxia, may have relevance to more common age-
related health issues, such as sarcopenia [171-173], macular
degeneration [174, 175] and dementia [176, 177]. o TTP-KO
mice that have constitutive deletion of oTTP gene recapi-
tulate some of the age-related phenotypes of AVED patients
[13, 27-29]. These age-dependant oT deficiency phenotypes
are ameliorated by pharmacological, oral doses of oT.
Hence, oTTP-KO mice offer in vivo models to address
mechanisms by which severely oT-depleted CNS and
muscular systems are sustained for up to 9 months of age
and then begin to fail. The oTTP-KO mice may also offer
important models for preclinical evaluation of physical
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exercise, dietary and pharmacological intervention strategies
for the treatment and prevention of age-related decline in
neuromuscular health.

4.2 Identification of molecular partners of «TTP in
the presence or absence of oT

Although it is established that oTTP specifically binds oT,
which is buried deep within the o TTP molecule, it is unclear
how oT is ejected from its binding pocket and transferred to
lipoproteins in liver [150, 151]. It is likely that specific
proteins, yet to be identified, participate in the release and
transfer of oT from oTTP and contribute to systemic oT
levels. It has also been suggested that the severity of AVED
phenotype cannot be completely accounted for by the oT-
transfer activity of o« TTP [119]. Thus, the mutations in o TTP
may affect its interactions with other proteins or lipids that
may contribute to the development of AVED phenotypes.
Alternatively, multiple genetic defects may be present in
AVED patients [178]. The availability of «TTP-KO mice in
which a single gene is deleted or creation of mice with
specific mutations [179] in the oTTP-gene offers unique
opportunities to test these hypotheses, identify biochemical
and molecular mechanisms, and evaluate their biological
and clinical relevance.

4.3 Is oTTP expressed in the CNS? Generation of
tissue-specific aTTP-KO mice

The currently available oTTP-KO mice have constitutive
deletion of oTTP gene resulting in abrogation of oTTP
expression in all the tissues during embryogenesis [13, 120,
121]. Although there is strong experimental evidence for the
lack of expression of o« TTP in the CNS and muscles tissues,
some studies suggest cell-specific expression of oTTP in the
CNS [153, 154]. Genetic engineering techniques that target a
specific gene in a specific cell-type [180, 181] such as «TTP
in cerebellar Purkinje cells may rigorously test the proposed
contribution of oTTP expression in these cells to the
development of neuromuscular phenotypes. Alternatively,
genetic engineering techniques may be used to knock in a
specific gene [182], such as the oTTP gene in the CNS,
skeletal and cardiac tissues to evaluate the functions of
oTTP in oT-dependant modulation of age-related neuro-
muscular functions and pathologies.

4.4 Adipose tissue atrophy/metabolic effects of
severe and chronic aT/aTTP deficiency

In addition to the development of age-related ataxia, the
oTTP-KO mice failed to gain body weight after 6-8
months on a diet that contained 35 mg oT/Kg (Fig. 2, [86]).
Interestingly, a previous study showed a similar, age-related
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Figure 2. Figure constructed from data obtained from congenic
wildtype (WT) and oTTP-KO mice (authors’ laboratory, unpub-
lished). Mice, (~20/group, males and females) were fed a 35 mg
oT/Kg diet. The KO mice were indistinguishable from WT mice
for the initial 6-8 months post-weaning. After 8 months, KO mice
failed to maintain body weight and developed ataxia. After 12
months, body weight of KO mice was ~70% of WT mice. At
autopsy, the KO mice had less white adipose tissue. Plasma
leptin was ~50% (p<0.03) lower in KO mice compared with
those of WT mice.

effect on body weights of rats fed an oT-depleted diet [38].
Autopsy of the old oTTP-KO mice was remarkable for
decreased amount of abdominal white adipose tissue. In
addition, cytokines and chemokines (granulocyte-monocyte-
colony stimulating factor, interferon-y, interlukin-6, gluca-
gon, grehelin, insulin, leptin, plasminogen activator inhi-
bitor type 1 and resistin) were assayed in plasma from
2-year-old oTTP-KO mice (that displayed ataxia) and their
congenic wild-type littermates. Plasma leptin of oTTP-KO
mice was lower (50%, p<0.05) than that of the wild-type
mice. All other cytokines and chemokines were not signifi-
cantly different between the two groups of mice. These
preliminary data suggest a role for oT/oTTP in age-related
deregulation of adipose tissue homeostasis. The observa-
tions are particularly remarkable because they suggest
another tissue, in addition to the CNS and muscles, that
does not express oTTP, is terminally differentiated, whose
functions are affected by oT. The specific molecular path-
ways that may contribute to age-related decline in function
are most likely to be uncovered by integrated analysis of the
transcriptomes [183, 184], proteomes [185], epigenomes
[186] and metabolomes [187] of the CNS, muscle tissues and
the adipose tissues.

4.5 Antioxidant versus non-antioxidant actions of
oT

Experimental evidence for free radical scavenging actions of

oT in vivo remain unresolved [92, 129-131]. It is likely that

oT acts via non-antioxidant and antioxidant actions in the
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CNS and muscle tissues. Gene expression profiling studies
of the CNS [28-30, 86], cardiac [26] and skeletal muscles
[25, 27] do not show induction of oxidative stress genes such
as those driven by free radical sensitive transcription factors
Keap1-Nrf2 [188-190]. However, some of the genes induced
by severe oT deficiency in cerebral cortex [29] appeared to be
regulated by transcription factors that may be regulated by
oxidative stress, suggesting that free radical-mediated
processes may contribute to mRNA expressions. Protein
thiols are frequently invoked as targets of free radical actions
[191, 192] including those of muscle proteins [75, 193].
However, it has also been proposed that redox cycling of
thiols can also occur without free radicals [54]. Hence, it is
technically difficult to assign a specific mechanism that oT
may affect to generate changes in mRNA expression.
Advances in techniques that assay specific free radicals in
vivo are necessary to evaluate antioxidant actions of oT.
Since skeletal muscles generate free radicals when rested
and increase free radical generation when activated [50, 70],
muscles of oTTP-KO mice and their congenic littermates
may offer valuable in vivo systems to test the proposed
antioxidant functions of oT.

5 Summary and concluding remarks

This review is focused on in vivo effects of oT on the
neuromuscular system in rodents and humans. Amelioration
of neuromuscular deficiencies by pharmacological doses of
oT in patients harboring mutations in MTP and oTTP genes
underscore the dietary need of oT for neuromuscular health.
The discovery of human oTITP gene gave a functional
significance for biochemical data from rodents that showed
expression of oTTP in the liver. The creation of oTTP-KO
mice confirmed the role of this liver-specific protein in the
selection of oT from other eight members of vitamin E
family, the regulation of systemic oT and its biological action
as a fertility vitamin whose chronic deficiency causes neuro-
muscular deficits. The CNS of oTTP-KO mice has almost
undetectable levels of oT. This is not achieved by feeding oT-
depleted diets that may contain neurotoxic oxidant products,
generated ex vivo in the absence of oT. Supplementation of
1-30mg of oT/Kg of diet is sufficient to prevent the neuro-
muscular deficits in normal rodents. TTP-KO mice develop
well-defined neuromuscular deficits after 9 months in spite of
feeding a diet containing 35mg oT/Kg diet. The molecular
and cellular mechanisms that maintain the CNS and muscle
functions for 9 months and then cause neuromuscular defi-
cits remain to be characterized.

This review is dedicated to Professor Lester Packer on his 80th
Birthday.

We apologize to all the researchers whose work was not cited
because of our primary focus on neuromuscular system; their

comments are invited so that they can be addressed in future
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