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Abstract

Traumatic brain injury is one of the most common causes for intervention in neurosurgery. Apart from its acute consequence, it
can represent a further burden on individuals as well as society by being associated with significant comorbidity—mainly early-
onset dementia. Oxidative stress is one of the crucial mechanisms conferring the damage to nervous tissue, and it is believed it
could be, to some extent, influenced by dietary composition, largely by antioxidants contained in the diet. Under stressful
conditions, cell-derived reactive oxygen species in the brain can induce the formation of lipid peroxides and the shifting of
redox homeostasis. This review discusses the potential of vitamin E as a potent antioxidant and its derived molecules,
including vitamin E-based lazaroids, in traumatic brain injury, summarizing the current state of knowledge of its role in

TBI-associated dementia.
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Introduction

Traumatic brain injury (TBI) is one of the leading causes re-
quiring neurosurgical intervention and is characterized by a
primary penetrating or non-penetrating injury of the head, or
as a secondary injury linked to subsequent maladaptive reac-
tions of the body. Epidemiological evidence suggests approx-
imately 80% of TBI cases are mild, of which a considerable
proportion of cases go unrecognized in the community [1].
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TBI is recognized as a contributing factor in cognition
deterioration and dementia, and its relation to dementia
have been studied for many years [2]. It has been described
that a history of TBI correlates with elevated risk for de-
veloping cognitive impairment and dementia, either the
Alzheimer’s disease (AD) type or the non-AD type [3, 4].
It is also known that the severity of TBI correlates posi-
tively with the risk of cognitive impairment/dementia de-
velopment. In a recent study, it was also reported that a
history of TBI may accelerate the age-of-onset of cognitive
impairment/dementia by two or more years [2].

In the European Union, brain injury accounts for one mil-
lion hospital admissions per year, representing an enormous
socio-economic burden for individuals, as well as society as a
whole [5]. In a large review of TBI-related articles from about
1980 to 2003 performed by Tagliaferri et al., an aggregate
hospitalized plus fatal TBI incidence rate of about 235 per
100,000 was estimated [6]. A more recent meta-analysis of
28 epidemiological studies on TBI from 16 European coun-
tries reveals an estimated overall incidence rate of 262 per
100,000 for admitted TBI, suggesting either more cases of
TBI or that milder forms are more likely to be detected by
healthcare systems [7]. While Tagliaferri et al. reported the
main cause of TBI to be road traffic accidents (RTAs),
Peeters et al. [7], on the other hand, report falls to be the most
common cause. Meta-analysis by Peeters et al. fails to indicate
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any trends towards decreasing prevalence/incidence of TBI in
Europe compared to 2006, despite the fact it reports a lower
mortality rate than that in the study by Tagliaferri et al. Both
reviews, however, emphasize the necessity for the implemen-
tation of unified guidelines, as well as the need for
generalized/standardized case definitions, case ascertainment
and treatment methods. While potential treatment methods for
acute TBI are subject with much attention from physicians and
researchers alike, the long-term adverse consequences of TBI
have been far less investigated. In particular, very little is
currently known about possible ways of modulating the path-
ological cascade in TBI, especially preventing oxidative dam-
age and its consequences.

The aim of this review is, therefore, to summarize current
knowledge on the localized activity of vitamin E as an impor-
tant free radical scavenger in the brain and its possible prog-
nostic benefits in TBL

Traumatic brain injury

Traumatic brain injury (TBI) is a non-degenerative insult to
the brain from an external mechanical force, leading to per-
manent or temporary impairment of cognitive, physical and
psychosocial functions, associated with diminished or an al-
tered state of consciousness. TBI severity classification is tra-
ditionally made using the Glasgow Coma Scale (GCS), with
scores upon hospital admission ranging from mild (GCS 13—
15), moderate (GCS 9-12) to severe (GCS <8). The actual
value of GCS also reflects the risk of dying from TBI, which is
low after mild (~ 1%), intermediate after moderate (up to
15%), and high (up to 40%) after severe cases of TBI [8].
Although prognosis is often predicted based on measured clin-
ical severity, the extent to which each of these severity assess-
ments correlates with the outcome is less clear [9]. In 1996, the
Brain Trauma Foundation (BTF) published the first guidelines
on the management of severe TBI [10], accepted by the
American Association of Neurological Surgeons, further ap-
proved and accepted by the World Health Organization
Committee on Neurotrauma [11].

TBI can present itself both as a diffuse injury associated
with diffuse axonal injury (DAI) and brain oedema, or as focal
TBI following a direct impact to the head [8]. Although a
significant segment of injuries may be considered predomi-
nantly focal or diffuse, in most cases, histopathology of the
diseases is heterogeneous viz. both focal and diffuse compo-
nents [9]. It has, in addition, been reported that the mortality
rate for severe focal injuries is approximately 40%, and for
severe diffuse injuries, approximately 25% [5].

On the basis of their particular involvement with the
cascade of pathophysiological mechanisms, TBI can be
also characterized as primary or secondary phase, both
contributing in their own way to the extent of damage
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[12]. Even though the progressive character of the pathol-
ogy and its long-term negative outcomes after TBI are
generally recognized, scarce studies focus on the exact
mechanisms of TBI damage. Primary injury after TBI re-
sults from external mechanical forces causing damage to
brain tissue with probable brain malfunction. Among these
forces are accelerating and decelerating linear forces, rota-
tional forces, blunt impact, penetrating projectile and blast
injury. All these forces are capable of causing direct dam-
age to neurons, axons, dendrites, glial cell and vasculature
across the spectrum of focal, multifocal or diffuse patterns.
Once the trauma occurs, the consequences of primary dam-
age are usually unavoidable and cannot be massively al-
tered. Secondary damage results, on the contrary, from the
complications of primary brain injury, often associated
with brain oedema, increased intracranial pressure and op-
portunistic infections. Secondary brain injury is further as-
sociated with a multitude of pathogenic mechanisms,
mainly mitochondrial dysfunction, diffuse axonal damage,
inflammation, excitotoxicity and oxidative damage [12].

Depending on its severity, TBI is generally associated with
significant deficits of cognitive executive function, including
memory, planning, judgment, decision-making and the top-
down control of emotions and behavioural executive func-
tions, such as the emotional control component of decision-
making, motivation and impulsivity [13]. Depending upon the
severity of primary injury and its associated secondary phase,
damage can be deemed transient, short-term, long-term or
permanent. In a survey of very long-term outcomes of TBI
sequelae, memory impairments were reported most frequently
[14]. Unlike in amnestic memory disorders, memory prob-
lems in TBI are not typically due to a deficit of memory
storage, meaning that TBI patients hold their ability to recog-
nize the newly learned material, however, they tend to have
difficulties organizing new information for successful
encoding and retrieval [13]. Most frequently, the memory def-
icit presents itself first as post-traumatic amnesia, subsequent-
ly improving upon recovery [15]. The aetiology of the cogni-
tive dysfunction is highly complex and for the greater part,
remains a conundrum.

Risk of dementia in TBI

The mechanisms underlying the relationship between TBI and
subsequent development of dementia are unclear; however,
empirical observations support the hypothesis of higher prev-
alence of dementia among TBI patients. Apart from the clear
epidemiological findings, TBI has also been associated with
distinct histopathological findings typical for dementia, such
as diffuse brain atrophy, cavum septum pellucidum, and
amyloid-f3 (Af3), tau and TDP-43 pathologies [16]. In a key
study from 2014, looking at 164,661 hospitalized patients
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who suffered either TBI or non-TBI, a total of 51,799 patients
with trauma (31.5%) were identified as TBI patients. Of these
TBI cases, 4361 (8.4%) developed dementia, compared with
6610 patients in the non-TBI subset (5.9%) [17]. One hypoth-
esis has been proposed that mild TBI predisposes to chronic
traumatic encephalopathy (CTE), while moderate to severe
TBI increases the risk of developing Alzheimer’s disease
(AD) later in life [16].

Besides the gross morphological pathologies in severe
TBI, essentially brain atrophy, cavum septum pellucidum
and visible ventricular enlargement, more subtle processes
can be observed at the histological level. The patients pre-
senting with milder TBI, for instance pathologies,
tauopathies and TAR DNA-binding protein aberrations,
neuronal loss, changes in substantia nigra and white matter
degeneration, have all been previously associated with de-
mentia development [16].

In an immunohistochemical study that investigated the
extent of AD-related changes in temporal lobe cortical
biopsy resected from individuals treated surgically for se-
vere TBI, diffuse cortical a-f3 deposits were observed in
one-third of the subjects (aged 35-62 years) as early as 2 h
after injury [18]. Cortical a-3 aggregates consist of amy-
loid peptides and hyperphosphorylated tau inclusions [19].
The currently prevailing hypothesis regarding AD patho-
genesis is ‘amyloid cascade hypothesis’ stating: a-f3 pep-
tides aggregate to form toxic oligomers and plaques which
in turn lead to a cascade of neuropathological events, in-
cluding neuroinflammation, oxidative stress, tau
hyperphosphorylation and formation of neurofibrillary
tangles, resulting ultimately in widespread neurodegener-
ation and dementia [20]. This hypothesis has been repeat-
edly revised, with the most prominent revision by Selkoe
et al. in 2016, concluding that a-3 dyshomeostasis had
emerged as the most extensively validated and compelling
therapeutic target from the whole cascade [21]. In a recent
study using the (11)C-Pittsburgh compound B ((11)C-
PiB)-PET in subjects 11 months to 17 years after TBI,
increased burden of a-3 was observed, mainly in the stri-
atum and cerebellum [19]. Increased deposition of
hyperphosphorylated tau is also a hallmark pathological
marker of CTE as well as AD [11].

Considering that the secondary injury cascade after TBI
plays a pivotal role in cognitive deficits in the short-term and
long-term measure, correctly timed and targeted treatment
may stop subsequent neuronal injury, leading to improve-
ment of clinical symptoms of the patient. However, so
far, no treatments for TBI have been successfully translated
from testing on animal models through to the clinical
phase. Past studies have often lacked the full pre-clinical
evaluation with appropriate dose/response relationships
and pharmacokinetic dynamics, extensively discussed
elsewhere [22]. Still, there is a huge demand for treatment

modalities that would improve patient outcome, both from
a short-term and long-term perspective.

Oxidative stress and TBI

Oxidative stress and downstream oxidative and nitrative
protein/lipid modifications that ensue are critical steps in the
progression of neurodegenerative diseases and conditions
[23]. Downstream changes may include misfolding and ag-
gregation of proteins resulting in the subsequent accumulation
of abnormal deposits, a core morphological feature of numer-
ous neurodegenerative diseases, such as AD, PD or ALS [24].
More specifically, oxidative stress may induce (i) aberrant
protein interactions, (ii) glial inflammation and (iii) may in-
duce programmed cell death. Brain neurons are to some extent
able to cope with increased oxidative stress: however, due to a
phenomenon called selective neuronal vulnerability, some
populations of neurons are more prone to the oxidative dam-
age than others [25]. Yet, it is largely a mystery why some of
the neuronal populations express such selective vulnerability;
the genetic basis of which can explain only part of the ob-
served variability [25]. A hallmark of oxidative damage in
neurodegenerative diseases is lipid modification.
Peroxidation, as a result of an attack by radicals on the double
bond of unsaturated fatty acids located within neuronal mem-
branes, generates highly reactive lipid peroxy radicals. ROS
can initiate a cascade of reactions resulting in further modifi-
cations of polyunsaturated fatty acids (PUFAs) also in the
membranes of nervous tissue cells. Such cascade reactions
lead to the formation of breakdown products, e.g. 4-hy-
droxy-2,3-nonenal (HNE), malondialdehyde (MDA), acro-
lein [26] and F2-isoprostanes [27]. Given that the common
understanding of oxidative stress as a key player in
excitotoxicity and reperfusion injury, it is highly likely that
oxidative stress plays a central role in secondary neuronal
injury following TBI [28].

The increased sensitivity of neurons to oxidative stress is
unsurprising, as (i) neurons are largely dependent on energy
from aerobic metabolic pathways; (ii) nervous tissue has a
larger content of lipid substances compared to other tissues,
especially rich in polyunsaturated fatty acids; (iii) nervous
tissue is generally exposed to high concentration of oxygen,
receiving more than 20% of uptaken oxygen; (iv) nervous
tissue has higher intracellular content of metals that can act
as catalysts in the formation of reactive species and (v) ner-
vous tissues contain a relatively smaller amount of antioxi-
dants than other tissues [23]. In contrast to several proposed
findings, evidence of elevated oxidative stress does not nec-
essarily prove that it is involved in the neurodegeneration
indicative of AD, PD, etc. It must be further elucidated as to
whether the oxidative stress is a primary cause or merely a
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downstream consequence of the neurodegenerative process,
as evidence is available for both hypotheses [24].

Vitamin E

Vitamin E is a potent antioxidant, soluble in lipids, preventing
the propagation of free radicals and subsequent changes in
membranes as well as plasmatic lipoproteins. The actions of
vitamin E are not limited to antioxidant properties, as other
non-antioxidant effects on signal transduction have been de-
scribed, too. For a long time, most research on vitamin E has
primarily focused on «-tocopherol (x-T), as «-T is the pre-
dominant form of vitamin E in tissues, and low intake of this
form was associated with the clinical phenotype of vitamin E
deficiency. Currently, more attention is being paid to other
isoforms, especially y-tocopherol (y-T) that is naturally pres-
ent in numerous dietary resources. However, only the natural-
ly occurring RRR-o-tocopherol is considered to be the most
physiologically active vitamer, with blood -T concentrations
being maintained by the preferential binding of o-T (com-
pared to other tocopherols or tocotrienols) to the «-
tocopherol transfer protein («-TTP) [29].

Natural forms of vitamin E occur predominantly in oily
plants. Although o-T exists in low concentrations in some
fruits and vegetables, plant seeds, nuts and oils are the most
abundant resources of «-T and y-T. It has been described that
while almonds, sunflower seeds and peanuts contain high
amounts of «-T; pistachios, pecans, walnuts and palm oil con-
tain mainly y-T [30]. By virtue, «-T and y-T are found in
many common food oils, e.g. sunflower oil, peanut oil and
soybean oil. As with other vitamins, the actual concentration
of vitamin E obtained from the diet is dependent on food
processing procedures (manufacture, cooking) as well as ag-
ricultural procedures (harvesting, growing) [31].

Vitamin E is primarily stored in adipose tissue (approxi-
mately 90% of the total body content of vitamin E) and symp-
toms of vitamin E deficiency are generally rare [32]. Severe
vitamin E deficiency in humans is also relatively rare, occur-
ring mostly as a result of rare mutations in the x-tocopherol
transfer protein (x-TTP) gene, subsequently causing the
AVED phenotype (OMIM #277460, ataxia with vitamin
E deficiency). «-TTP is necessary to maintain normal plas-
matic concentrations of «-T, while the absence of function-
al o-TTP leads to a profound drop in «-T levels [14].
Ulatowski and Manor [33] categorized metabolic deficien-
cy of vitamin E into two groups—(i) primary deficiency as
the result of inherited defects in proteins participating in
vitamin E absorption/metabolization/elimination and (ii)
secondary deficiency due to non-primary defects, mainly
due to aberrant lipid metabolism, e.g. inherited defects in
microsomal triglyceride transfer protein (MTTP), apoB
mutations, cystic fibrosis or cholestasis [34].
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The role of vitamin E in oxidative stress

Due to its physical-chemical properties, mainly the presence
of a chromanol ring, o-T is an integral part of the antioxidant
defence system, acting both as a lipid-soluble non-specific
chain-breaking antioxidant and able to cooperate with a net-
work of endogenous and exogenous, mainly dietary, antioxi-
dants (Fig. 1). After reaction with the peroxyl radical
(ROO-), the highly stable nascent «-tocopheroxyl radical
is formed, and thus, the oxidative chain stops [35]. The
vitamin is a typical peroxyl radical scavenger, and its main
function is to protect PUFAs within membrane phospho-
lipids, especially arachidonic acid (ARA, 20:4 w-6) and
docosahexaenoic acid (DHA, 22:6 w-3). It has to be em-
phasized that these bioactive membrane lipids are impor-
tant signalling molecules and that their modification due to
oxidation is a key cellular event starting numerous signal-
ling pathways within the cell itself [36].

Quite recently, vitamin E has started to attract more
attention due to its antioxidant activity on reactive nitrogen
species (RNS), including nitric oxide (NO), nitrogen diox-
ide (NO2) as well as peroxynitrite (ONOOO-) [37]. Unlike
o-T, y-T generally traps RNS including nitrogen dioxide
and peroxynitrite to form a stable product, 5-NO,-y-to-
copherol (NGT) [38]. Later on, it was demonstrated that
o-T supplementation in smokers attenuates y-T scavenging
of RNS by decreasing the availability of y-T [38]. More
research is definitely warranted to better understand the
interplay between various isoforms of tocopherol in scav-
enging of ROS and RNS.

Vitamin E and non-TBl dementia

Even though the phenotype of the AD and non-TBI demen-
tias differs from TBI-associated dementia, considerable ev-
idence comes from both AD and non-AD dementia studies.
Several animal studies also highlight the importance of vi-
tamin E in AD. Mice exhibiting transgenic mouse model for
Alzheimer’s disease (Papaw model), crossed with o-
tocopherol transfer protein knock-out mice, displayed a sig-
nificant increase in lipid peroxidation in specific brain re-
gions [39]. The crossed double-mutant (type(—/—)Papaw)
mice expressed heavy deposition of a-f plaques in the
brain, this, however, could be substantially ameliorated
with «-T supplementation. In another study on mice, axo-
nal injury in the hippocampal CA1 region was observed in
wild-type ageing mice, as well as vitamin-E deficient mice
[40]. Since the hippocampus is associated to memory and
cognition, this observation is consistent with the findings of
hippocampal changes seen in the AD. Another study by
Media et al. reports the reversal of detrimentally affected
temporal discrimination, attributable to aggregated amyloid
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Fig. 1 Antioxidant defence system acting as a lipid-soluble non-specific chain-breaking antioxidant and cooperating with a network of endogenous and

exogenous substances

beta [41], after bilateral intrahippocampal injections by dai-
ly treatment with «-T [41].

However, it is impossible to derive a simple conclusion
on the profits of vitamin E supplementation in AD. In a
recent study by Arlt et al., the biochemical and clinical
effect of vitamin E supplementation was investigated
using a l-year open clinical trial design [42], however,
with negative conclusions. Vina et al. describe the ‘vita-
min E paradox’, which says that in some patients, vitamin
E could actually worsen the cognitive functions; whereas
in others, vitamin E treatment partially prevents memory
loss, typical for progression of the disease [43].
Observatory study from 2004 reports reduced levels of
«-T in blood in women with the late-onset AD without
vascular impairment [44].

In a post-mortem study on 230 subjects from the Religious
Orders Study, ventricular cerebrospinal fluid (vCSF) obtained
at autopsy was analyzed for «-T and y-T in relation to brain
tissue neuropathological diagnoses (NIA-Reagan criteria);
density of neuritic plaques and Braak stage (neurofibrillary
tangle stage); along with cognitive function (impairment/de-
cline) before death [45]. In this study, higher o-T in vCSF was
associated with better performance on tests of perceptual
speed before death. Moreover, o-T levels were associated
with less neuropathology typical for Alzheimer’s disease, spe-
cifically neuritic plaques.

There are scarce reports on an association of «-T with the
non-AD type of dementia, most being published on vascular
dementia (VaD). A systematic review of literature reports a
protective effect of vitamin E in VaD [46]. In an older study
from 2002 comparing circulating «-T in VaD with AD and
control subjects, &-T was significantly lower in patients with
VaD in comparison to patients with AD and controls. The o-T
values for respective groups being 9.9, 12.6 and 12.6 ng/ml
[47]. In a study on mice, supplementation with &-T (2 mM),
o-tocotrienol (0.2 and 2 mM) and y-T (0.2 and 2 mM) led to
substantial decrease in size of cerebral infarcts 24 h after the
occlusion of arteria cerebri media (MCA), while y-
tocotrienol, 0T and d-tocotrienol did not display any effects
on the size or morphology of cerebral infarctions.

Possible mechanisms of vitamin E
prophylactic effects in TBI

As previously mentioned, acute TBI is a complex disease
characterized by two phases—primary and secondary. The
primary phase of TBI is caused by direct injury to cells/
tissues at the time of the initial event, which thus sparks an
extensive series of biochemical pathways, leading to the sub-
sequent development of secondary brain injury which basical-
ly consists of an ischaemic, inflammatory and cytotoxic
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component [48]. After the initial primary phase of injury, a
complex cascade of cellular inflammation follows, leading to
the progression of secondary damage. This inflammatory
phase is typically systemic, i.e. not limited to the CNS, and
involves a number of cytokines, chemokines, catecholamines
and neurokinins, produced in the brain and elsewhere [39].
The core component of the secondary TBI phase is an acute
depletion of energy which features an excessive influx of cal-
cium, indicative of severe mitochondrial dysfunction leading
to the inevitable activation of proteases. High intracellular
ionic calcium is in turn associated with disruption of the cy-
toskeleton and the triggering of apoptotic pathways [49]. The
massive energy crisis which follows TBI is generally associ-
ated with compromised synaptic plasticity, resulting in cogni-
tive dysfunction [50]. In TBI animals, a decrease in the ex-
pression of AMP-activated protein kinase (AMPK), a major
cellular energy sensor, is associated with the reduction of Sir2
and its downstream targets in proportion to the increased ox-
idative stress. It has been suggested by Aiguo et al. [51] that
the levels of superoxide dismutase (SOD) and Sir2 (possibly
involved in epigenetic gene silencing) are reduced in propor-
tion to an increase in levels of protein oxidation after TBI. The
same team suggested that dietary supplementation of vitamin
E is capable of protecting against massive TBI by upregulat-
ing Sir2 and SOD [51]. While Sir2 contributes to elevation in
antioxidant systems such as SOD, thus playing the crucial role
in stress resistance and synaptic plasticity, the SOD protein is
an important mitochondrial enzyme that acts as a scavenger of
excessive ROS. As both these proteins are intercorrelated, an
increase in Sir2 could well be driving the upregulation of
SOD, conferring higher resistance to stress after TBI. The
upregulation of SOD1, SOD2, as well as Sir2 has been asso-
ciated with the anti-ageing effects of phloridzin in the yeast,
Saccharomyces cerevisiae, and implicated in potentially anti-
ageing effects of several other compounds [51]. However,
more research into the role of Sirl/2 as well as SOD1/SOD2
in oxidative stress is warranted to fully elucidate their role.
Another possible mechanism for reducing the risk of the
development of severe secondary TBI effects, including de-
mentia, is the relationship between brain-derived neurotrophic
factor (BDNF) and vitamin E supplementation. It is widely
accepted that oxidative stress may disrupt cognitive functions
and neuroelectricity by compromising the BNDF pathway.
The BDNF system is a potent mechanism for the maintenance
of functional and viable populations of neurons since BDNF
promotes excitability as well as synaptic function. In the ex-
periment conducted by Aigou et al. [51], who used dietary
supplementation of vitamin E to protect against TBI-
associated oxidative stress, supplementation was found to sig-
nificantly normalize oxidative stress levels as well as limit
neurological damage. Apart from the effect on Sir2/SOD that
was discussed above, another possible explanation could be
that vitamin E affected BDNF expression by influencing
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distinct subpopulations of neurons, thus promoting their sur-
vival/function.

Studies of vitamin E supplementation

So far, published reports on effects of vitamin E supplemen-
tation in the protection against consequences of TBI are
scarce, contradictory and most are based on animal experi-
ments. The question is what the right dose for the supplemen-
tation should be, which is a particularly complicated question
in the animal models of TBI. In the study by Aigui et al. [51],
rats were given 500 [U/kg of dietary of vitamin E for 4 weeks
with subsequent TBI infliction. In another study, it has been
reported that pre-conditioning of the CNS tissue with vitamin
E significantly decreased brain lipid peroxidation and learning
deficits in mouse model of ageing [52]. The study concludes
that the exacerbation of brain oxidative stress following TBI
plays a mechanistic role in accelerating amyloid-beta accumu-
lation and associated behavioural impairments in the Tg2576
mice. In a recent study on a-tocopherol transfer protein-
deficient mice, at 48 h-post-stroke, the S100B and RAGE
expression were increased in stroke-affected cortices of mice
with elevated brain «-T levels, and these increases were ac-
companied by pronounced microglial activation and
neuroinflammatory signalling, typical hallmarks of brain dam-
age [53]. Hence, it seems that high-dose «-T supplementation
can have undesired consequences. In light of this, it seems
logical that the exacerbation of microglial activation by exces-
sive o-T depends on its unique cell signalling and indepen-
dent of antioxidant functions of «-T [53].

Another study in albino rats subjected to TBI showed that
supplementation with «-T statistically significantly reduced
malondialdehyde in rats treated with 45 and 60 mg/kg body
weight of ascorbic acid, x-tocopherol or a combination of the
two vitamins for 2 weeks pre- and post-injury, compared with
the group not subjected to TBI [54]. Another study by Yang
et al. on the rat model of TBI showed &-T reduced Nogo-A
and NgR expressions in brain tissue after TBI, also reporting
that o-T promoted nerve regeneration when administered dai-
ly at the dose of 600 mg/kg [55]. Importantly, even though
these studies present some evidence that «-T may play a ben-
eficial role in TBI recovery, it is unclear whether these effects
are associated with protection against long-term detrimental
effects of TBI, such as early onset dementia, in humans.

Prior to discussing the issue of vitamin E supplementation/
administration in humans with TBI, it is first essential to ad-
dress the general issues revolving around supplementation in
humans. Vitamin E supplementation designed to prevent TBI-
associated dementia is generally based on estimations of ade-
quate intake, which is a highly complex problem in the case of
vitamin E. The determination of how much vitamin E is ade-
quate depends not only on a specific assessment of its
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function, but also on defining a biomarker indicative of inad-
equacy which changes with nutrient intake [56]. The identifi-
cation of such a biomarker is highly complicated and makes
any conclusions associated with vitamin E supplementation/
deficiency rather difficult. The estimation of a Recommended
Dietary Allowance (RDA) by the Institute of Medicine (IOM)
from 2000 was based on the presumption that increased
peroxide-induced erythrocyte hemolysis corresponds to an in-
crease in erythrocyte fragility in vitamin E-deficient individ-
uals and that supplementation with o-T leads to the reduction
of symptoms in affected individuals [40]. In particular, IOM
used and adapted data from an old study by Horwitt et al. [57],
concluding that the plasma «-T concentration of 12 pmol/L
was associated with an observation of in vitro hydrogen
peroxide-induced haemolysis below 12% (generally consid-
ered normal). Moreover, in a report from 2000, IOM conclud-
ed that no clear evidence for assuming different requirements
of different population groups is available [56].

Vitamin E is generally present in numerous dietary sources,
often along with fats, and is often ingested along with PUFAs
which are one of the primary targets of «-T antioxidant action.
In a recent scientific opinion by EFSA, however, an expert
panel stated that—based on available data—no conclusions
can be derived with respect to the relationship between
PUFA intake and «-T intake/requirement, neither on their
own or in combination to derive the requirement for «-T in
adults. It is of interest that plant derivatives rich in y-T often
also contain considerable levels of PUFAs, especially n-6
PUFAs, while plant oils rich in «-T contain rather monoun-
saturated fatty acids (MUFAs). This finding rather compro-
mises conclusions derived from observational studies of vita-
min E intake as vitamin E is very often present in various
proportions of MUFAs/PUFAs in a range dietary resources,
making it difficult to untangle possible synergism/antagonism
between these fatty compounds. Based on an EFSA panel
recommendation regarding vitamin E supplementation from
2015, recommended adequate intake (Al) values for vitamin E
for the European population are as follows: 13 mg/day for
adult males and 11 mg/day for adult females. For children
aged 1 to 3 years, Al for «-T is 6 mg/day for both sexes.
For children aged 3 to 10 years, Al for «-T is estimated as
9 mg/day, also for both sexes. For teenagers and adolescents
aged 10 to 18 years, Al for «-T is estimated as 13 mg/day for
males and 11 mg/day for females. For infants aged 7 to
11 months, an Al value for &-T of 5 mg/day is derived using
extrapolation of estimated -T 1 intake for exclusively breast-
fed infants aged 0—6 months.

Only a limited number of studies with the appropriate ran-
domized blinded clinical design focus on the effects of vita-
min E dietary supplementation in TBI in humans. A single
major trial was conducted in 2011 by Razmkon et al., who
investigated the effects of vitamin E administration in the case
of severe head injury [58]. In this study, a total of 100 study

subjects were randomized into four groups subject to the fol-
lowing protocols: group A, low-dose vitamin C (500 mg/d IV)
for 7 days; group B, high-dose vitamin C (10 g IV on the first
(admission) day and repeated on the fourth day, followed up
by vitamin C 4 g/d IV for the remaining 3 days); group C,
vitamin E (400 IU/d IM) for 7 days; and group D, placebo. In
this study, vitamin E was shown to affect mortality as well as
improved functional outcomes at discharge. This effect seems
to be of a rather short-term nature, as it diminished during the
6-month follow-up period. From this point of view, the effect
of vitamin E on the prevention of dementia development on a
long-term scale remains highly enigmatic.

Novel drug therapy based on vitamin E
Vitamin E-based lazaroids

While studies incorporating the use of vitamin E in TBI as a
prevention of TBI-associated comorbidities are very scarce,
there are several studies associating the positive effects of
administration of lazaroids, partially derived from the
chromanol ring of «-T, in models based on post-ischaemic
reperfusion injury and TBI [59-62]. Lazaroids are 21-
aminosteroids which act as potent inhibitors of iron-
dependent lipid peroxidation in various tissues, originally de-
veloped and indicated for the treatment of CNS conditions and
ischaemia [63].

U-83836E in TBI

U-83836E is a second-generation synthetic dual mechanism
lazaroid, characterized by the chemical combination of bis-
pyrrolidino-pyrimidine, manifesting functionality from the
lipid peroxidation inhibitor tirilazad, with the chromanol ring
portion of &-T bonded to various amine groups [64]. This 2-
methylaminochroman compound with its bis-pyrrolidino-
pyrimidine moiety of tirilazad is capable of catalytically scav-
enging LOO" radical, while the electron-donating chromanol,
after donating the phenolic electron to a LOO", can be reduced
by endogenous reducing agents such as glutathione or ascor-
bate [65]. This free radical scavenger has potent neuroprotec-
tive effects against ischaemic injury and diabetic neuropathy
[62, 66]. Eminently, at higher doses, U-83836E is highly cy-
totoxic, which can be demonstrated, for example, by its ability
to reduce the viability of rat brain endothelial cells (RBE4)
with an ICsq value of 0.032 mM [67]. U-83636E is highly
lipophilic with a high affinity for membrane phospholipids
that are mostly exposed to lipid peroxidation, making it a good
candidate for TBI treatment.

Several studies investigated the potential of U-83636E for
inhibiting lipoperoxidation in TBI. In 2010, Mustafa et al.
demonstrated that U-83836E treatment can promote the
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inhibition of post-traumatic lipoperoxidation in cerebral corti-
cal tissue or mitochondria while preserving aerobic respiratory
function and Ca™-buffering capacity [65]. Shortly afterwards,
the same research group suggested that U-83836E can atten-
uate calpain-mediated cytoskeletal damage in the same animal
model, at least in part by means of mitochondrial functional
protection with U-83836E-repeated dosing within the thera-
peutic 12-h window [68]. In this regard, U-83836E is able to
inhibit an early event in a series of linked secondary injury
pathways, thereby providing neuroprotection at multiple bio-
chemical levels. Mustafa et al. [68] further suggest that in
order for U-83836E to be effective when treatment is delayed
beyond 12 h after the event, it is necessary that intensive (i.e.
repeated) dosing be applied to stop the likely intense lipid
peroxidation that has almost certainly developed at approxi-
mately 12-h post-injury.

Generally speaking, U-83836E certainly represents a very
potent inhibitor of lipid peroxidation in vivo. Its cytotoxicity,
however, is currently limiting its possible clinical use; there-
fore, research into its role in the prevention of TBI-associated
pathological events is imperative.

Conclusion

Vitamin E and its derived molecules present an elegant can-
didate for a protective substance against long-term comorbid-
ity associated with TBI. Never, more research into the role of
vitamin E and associated molecules in TBI is necessary.
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