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Dietary supplementation with a-tocopherol reduces
neuroinflammation and neuronal degeneration in the rat brain
after kainic acid-induced status epilepticus
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Abstract

Vitamin E (as o-tocopherol, o-T) is proposed to alleviate glia-mediated inflammation in neurological diseases, but such a role
in epilepsy is still elusive. This study investigated the effect of o-T supplementation on glial activation, neuronal cell death
and oxidative stress of rat brain exposed to kainate-induced seizures. Animals were fed for 2 weeks with a a-T-enriched diet
(estimated intake of 750 mg/kg/day) before undergoing status epilepticus. Compliance to supplementation was demonstrated
by the remarkable increase in brain o-T. Four days after seizure, brain o-T returned to baseline and lipid peroxidation markers
decreased as compared to non-supplemented rats. Status epilepticus induced a lower up-regulation of astrocytic and microglial
antigens (GFAP and MHC I, respectively) and production of pro-inflammatory cytokines (IL-1f and TNF-o) in supplemented
than in non-supplemented animals. This anti-inflammatory effect was associated with a lower neuronal cell death. In conclusion,
o-T dietary supplementation prevents oxidative stress, neuroglial over-activation and cell death occurring after kainate-induced
seizures. This evidence paves the way to an anti-inflammatory and neuroprotective role of o-T interventions in epilepsy.
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Antioxidant compounds such as vitamin E (VitE)

Introduction . . . .
have been proposed in clinical and pre-clinical studies

Sustained astrocytic hypertrophy and proliferation, as
well as excessive or prolonged microglial activation, are
thought to be involved in epileptogenesis [1]. A rapid
induction of interleukin-18 (IL-1pB), IL-6 and tumour
necrosis factor-o. (TNF-o)) occurs in microglia and astro-
cytes after acute seizures, followed by a cascade of down-
stream inflammatory events [1-4]. In rodents, IL-13 and
TNF-o alter neuronal excitability and increase the prob-
ability of seizure generation [5,6] and contribute to neu-
ronal cell loss and astrogliosis [6,7]; consistently,
microglial activation and elevated pro-inflammatory
cytokine production in the immature brain may lead to
long-term increase in seizure susceptibility [8,9].

as an effective treatment in neurological diseases such
as stroke and neurodegenerative pathologies, in which
inflammatory events and oxidative stress have a clear
causal role [10]. o-tocopherol (0-T), i.e. the form of
VitE with highest i vivo bioavailability [11,12], has
also been reported to prevent neurotoxicity and neu-
rological symptoms in rat models of chemically-in-
duced epilepsy. Convulsive behaviour was attenuated
in pentylenetetrazol-, methylmalonate- and pilo-
carpine-induced seizures [13,14], while brain lipid
peroxidation and nitrite content were lowered [13,14]
with resulting lower hippocampal damage and
increased survival [14]. Although these beneficial
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properties have been largely attributed to prevention
of free radical-induced neurotoxicity, VitE has been
shown to down-regulate astrocytic and microglial
reactivity and glia-mediated inflammation both
in vitro and in vivo [15-19], which suggest antioxidant
independent mechanisms. Accordingly, VitE is known
to influence signalling and transcriptional activity of
neuronal and glial cells through antioxidant-indepen-
dent events regulating main biological responses such
as cell cycle progression and apoptosis, mitochondrial
function and detoxification processes [20]. Based on
this background, an iz vivo role of VitE in modulating
neuroglial activation in epilepsy can be foreseen.

To address this issue, glial activation occurring after
kainate-induced status epilepticus (SE) was investi-
gated in the rat brain after supplementation with high
dietary doses of o-T. The expression of astrocytic and
microglial antigens, i.e. glial fibrillary acidic protein
(GFAP) and major histocompatibility complex II
(MHC II), respectively, as well as pro-inflammatory
cytokines (IL-1P and TNF-a) production were evalu-
ated in the whole brain. Oxidative stress and neurode-
generation were also investigated. Here, VitE-mediated
effects were assessed 4 days after seizures; this time
point was chosen since it corresponds to the beginning
of a transition phase (spanning between 3—7 days after
SE) in which, although in absence of EEG and behav-
ioural seizures, specific neuroinflammatory responses
are still active as an underlying event in the onset of
chronic epilepsy [2,21].

Materials and methods

Male Sprague-Dawley albino rats (Charles River,
Italy; ~ 200 g) were used in these studies. Animal care
and experimentations were done in accordance with
the National Institute of Health Guide for the Care
and Use of Laboratory Animals (NIH Publications
No. 80-23, revised 1996). Rats were either given stan-
dard diet (65 mg/kg pellet a-T; n=15) or fed with a
diet enriched in the natural RRR-0-T form (10 g/kg
pellet; Laboratori Dottori Piccioni, Italy; n = 15). Sei-
zures were induced in both supplemented (S-S;
n=11) and non-supplemented (NS-S; 7= 11) rats by
single i.p. injection of kainic acid (KA, 5 mg/kg); other
animals were sham-injected with physiological saline
(S-C and NS-C for supplemented and non-supple-
mented animals, respectively; n =4 for both groups).
o-T diet was administered from 14 days before sei-
zure induction and only animals which developed a
full status epilepticus (SE) [22] were used for the
study. Four days after KA injection, rats were anaes-
thetized with sodium pentothal (45 mg/kg) and per-
fused transcardially with ice-cold physiological saline
and the forebrain was quickly removed.

Twenty rats (S-S and NS-S, n=6 each; S-C and
NS-C, =4 each) were used for determining o-T
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accumulation and immunoblotting experiments (one
hemisphere for each method). Forebrain tissue was
immediately frozen in liquid N, and measurement was
performed by HPLC-ECD analysis as previously
described [23]. For immunoblotting, the following
anti-sera were used: mouse monoclonal antibodies
against major histocompatibility complex (MHC) class
II (MHC II or OX-6; Abcam: Cambridge, UK), glial
fibrillary acidic protein (GFAP; Sigma: Saint Louis,
MO, USA) and interleukin-1f (IL-1B; Santa Cruz
Biotechnology: Santa Cruz, CA, USA); rabbit poly-
clonal anti-tumour necrosis factor-o. (TNF-o; Sigma)
and anti-actin (Sigma). The forebrain was homoge-
nized and samples were prepared as previously
described [23]. Blots were incubated with specific
primary anti-sera (1:1000) and subsequently with the
appropriate secondary antibodies conjugated with
horseradish peroxidase (1:3000; Bio-Rad, Milan, Italy).
Immune complexes were visualized using an enhanced
chemioluminescence Western blot analysis system
(Amersham-Pharmacia, Milan, Italy). Blot images
were then digitized (Chemidoc, Bio-Rad) and areas of
all labelled bands were quantified using the computer-
ized imaging system software (QuantityOne; Bio-Rad).
After visualization of immunolabelled bands, nitrocel-
lulose membranes were stripped and reprobed with
anti-actin antibody (1:200). In each series, relative
optical densities (arbitrary units) were normalized for
densitometric values obtained from actin-labelled
bands (taken as control).

For cytometry, a 1.5 mm-thick coronal slice was dis-
sected from the mid-left hemisphere (NS-S and S-S,
n=>5 each) and disrupted in a glass homogenizer [24].
Cells obtained from mechanical disgregation were
counted: cell suspensions between 3.5-7 X 10° cell/ml
were overlaid on the top of a gradient containing Ficoll
Hypaque [25]. After centrifugation, the cell ring was
harvested and washed in PBS to decrease debris frac-
tion. The pellet was then divided into two parts: one
was immediately processed for Carboxyfluorescein
diacetate (CFDA)/Propidium Iodide (PI) staining,
performed on fresh cells [26], whereas the latter was
fixed in paraformaldehyde 2%, washed in PBS and
stained with FluoroJade® (F]) to label degenerating
neurons [2]. The protocol for FJ staining was adapted
for the first time for flow cytometry (FC): fixed cells
were immersed in 70% alcohol for 2 min, rinsed in
distilled water and then incubated in 0.06% potassium
permanganate for 10 min. After rinsing in distilled
water for 2 min, cells were incubated in 0.0004% Flu-
oroJade® solution in 0.1% acetic acid for 20 min,
washed in distilled water and analysed by FC.

For oxidative stress evaluation, a 500 mg-weight
coronal slice was separated from the mid of the
right hemisphere of the same rats used for cytometry
analysis. Levels of MDA were measured with the thio-
barbituric acid reactive substances (I'BARS) spectro-
photometric assay using 1,1°,3,3’-tetracthoxypropane
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as a standard, as previously described [27]. Briefly,
tissue samples were homogenized in 0.5 ml of a solu-
tion containing 1.15% w/v KCl. The reaction mixture
contained a 0.1 ml aliquot of sample homogenate, 0.2
ml of 8.1% sodium dodecyl sulphate, 1.5 ml of 20%
acetic acid solution and 1.5 ml of 0.8% aqueous solu-
tion of thiobarbituric acid. This mixture was diluted
to 4 ml with distilled water and heated at 95°C for
60 min. After cooling, 1.0 ml of distilled water and
5.0 ml of n-butanol were added and the mixture was
shaken vigorously. After centrifugation, the absor-
bance of the organic layer was measured at 532 nm.

Statistical analyses were performed by one-way
ANOVA followed by LSD Post-hoc tests for multiple
comparisons or unpaired Student’s r-test, with
p=0.05 as a significance threshold.

Results

Only rats which underwent a full status epilepticus
were considered for the present study. In these rats,
no significant differences between groups were found
in the latency to the first wet-dog shake (NS-S
29.6+1.72 min; S-S 28.4*4.11 min; Student’s
t-test, p=0.79) and to the onset of tonic-clonic activ-
ity (NS-S 69.2 =4.49 min; S-S 77.2 = 4.1 min; Stu-
dent’s -test, p = 0.22). The duration of SE was also
similar, with seizures carrying on for ~ 4 h in both
supplemented and non-supplemented rats.

Based on the average amount of pelleted food con-
sumed by supplemented rats (15 g/day), the estimated
daily intake of o-T was 150 mg (750 mg/kg/day). Ani-
mals fed for 2 weeks with this o-T diet exhibited a
3-fold increase in brain levels of o-T (Figure 1), thus
revealing a remarkable brain bioavailability of orally
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Figure 1. Effects of VitE supplementation and KA-induced status
epilepticus on o-tocopherol brain concentration. Histogram reports
o-T concentration levels measured in the whole brain by HPLC-
ECD and expressed in ng/mg of proteins (means * SD) in rats
exposed to different experimental conditions: NS-C, non-
supplemented sham-injected; S-C, supplemented sham-injected;
NS-S, non-supplemented SE-exposed; S-S, supplemented SE-
exposed. Statistical analyses performed by one-way Anova and
LSD post-hoc test are tabulated below: * p<0.05.

supplemented VitE, in line with previous reports using
longer-term dietary supplementation protocols [28].
Four days after SE induction, brain a-T concentration
in supplemented rats decreased, returning to the same
levels observed in non-supplemented animals after
seizures (Figure 1). In both groups, brain o-T level
found after seizures was significantly lower than in
normally-fed rats not exposed to SE (Figure 1).

Four days following seizures induction, the oxida-
tive status was measured with the TBARS assay in
S-S and NS-S rats. A significant amount of lipid per-
oxides could be detected in both groups (Figure 2);
however, S-S rats were characterized by a lower level
of TBARS (Figure 2), reflecting a reduction in lipid
peroxidation in supplemented animals.

Densitometric analyses of immunoblots revealed
that, 4 days after SE, in NS-S animals the expression
levels of GFAP and MHC II, markers of reactive
astrogliosis and microglial activation, respectively,
were both markedly increased (from 2- to 3-fold). The
expression of pro-inflammatory cytokines IL-1 and
TNF-o was also up-regulated (Figure 3).

In S-S rats, all the neuroinflammatory markers
were expressed to a significantly lower extent than in
NS-S (Figure 3).

To verify whether a-T treatment per se could regu-
late the expression of neuroinflammatory markers
also in the absence of seizures, the same analyses were
performed in S-C. Results showed that GFAP and
IL-1PB expression levels were unchanged, while MHC
II and TNF-o were significantly reduced following
o-T supplementation (Figure 3).

Cytometric analyses were used to evaluate cell death.
CFDA/PI staining of cells from NS-S samples high-
lighted higher percentages of double positive cells
CFDA/PI than S-S (Figure 4A). Quadrant markers
were established taking into account differences in cel-
lular self-fluorescence on FL1 and FL3 (data not
shown). In NS-S samples, viable cells were in a lesser
percentage than in S-S (NS-S 63.3+7.74%; S-S
88.7*=1.25%; Student’s r-test: p=0.012), suggesting
that o-T supplementation can protect brain cells. FJ
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Figure 2. Effect of o-tocopherol supplementation on the levels of
lipid peroxidation in brain exposed to KA-induced status epilepticus.
Lipid peroxidation was determined 4 days following seizure attack
with the TBARS assay. NS-S, non-supplemented SE-exposed; S-S,
supplemented SE-exposed. Data represent the mean = SEM of
four separate determinations. Student’s z-test: p<0.05.
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Figure 3. Modulatory effect of a-tocopherol supplementation on neuroinflammatory markers. Analysis of the expression levels of
neuroinflammatory markers (GFAP, MHC II, IL-13 and TNF-c) in whole-brain protein extracts obtained from rats of different experimental
groups: NS-C, non-supplemented sham-injected; S-C, supplemented sham-injected; NS-S, non-supplemented SE-exposed; S-S,
supplemented SE-exposed. Per each marker protein: representative immunoblots are displayed and anti-actin blots are shown as loading
control; histograms represent densitometric analyses of blots from three independent experiments (means=* SD); statistical analyses
performed by one-way Anova and LSD post-hoc test are tabulated: *»<0.05.

staining revealed the same trend: absolute number of
FJ + events, as calculated by means of Dako CytoCount
beads as previously described [29], was ~ 2.5-fold lower
in S-S samples with respect to NS-S (Figure 4B; Stu-
dent’s rtest: p<<0.001), thus showing that neuronal
degeneration was reduced by o-T supplementation.

Discussion and conclusions

Although physiological concentrations of VitE in
plasma and tissues are controlled by mechanisms
not fully elucidated yet, o-T appears to be trans-
ferred to peripheral tissues mainly by the delivery

mechanisms of lipoprotein lipids, which include
facilitated uptake by lipid transfer proteins and
lipases, receptor-mediated lipoprotein endocytosis
(for instance by LDL receptors) and selective lipid
uptake that appear to involve SR-BI-mediated HDL
uptake [30]. VitE crosses the blood-brain barrier by
means of these mechanisms and its brain distribu-
tion is influenced by the regional expression of o-T
transfer protein [12,31]. Other lipid binding proteins
may contribute to regulate VitE bioavailability in the
brain, also affecting intracellular trafficking signal-
ling and antioxidant function of o-T [32]. Animal
studies suggest that the replacement of endogenous
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Figure 4. Flow cytometric analysis reveals the neuroprotective effect of o-tocopherol supplementation. (A) Representative contour plots
FL1 (CFDA) vs FL3 (Propidium Iodide) of S-S (a, b) and NS-S (c, d) animals. Percentages of double positive CFDA/PI events (see
numbers in the graphs) highlight a marked decrease of cell death in supplemented animals. (B) 3D plot (top) and dot plot (bottom) FSC
vs FL1 of NS-S and S-S cells labelled with FJ probe. Both 3D and dot plot show a higher number of neurodegenerated neurons (FJ ™)

in NS-S samples.

o-T in the brain by supplemented o-T is slower than
in other tissues, such as the liver and heart [33], and
this appears to be confirmed in humans [11], thus
suggesting a low metabolic rate and turnover of this
vitamin in brain cells. However, bioavailability and
metabolism of VitE influence tissue susceptibility to
lipid peroxidation, o-T being an effective fat soluble
chain breaker strategically distributed in biomem-
branes to protect polyunsaturated fatty acid-rich
phospholipids [34]. Indeed, VitE content in rat brain
has been inversely associated with lipid peroxide
concentrations in the dentate gyrus [35] and lipid
peroxidation can be prevented by VitE supplementa-
tion in different model systems of drug-induced epi-
lepsy [13,14].

Sustained seizure activity induces rapid increase of
lipid peroxidation and disruption of mitochondrial
redox status [36,37]. As shown in diverse experimen-
tal models, preliminary injections of VitE and other
dietary antioxidants, such as curcumin, resveratrol
and ginsenosides, reduce seizure-induced oxygen and
nitrogen free radicals generation on a time scale of
minutes-to-hours [14,38-41]. Here, we demonstrated
that short-term dietary o-T supplementation reduces
brain lipid peroxidation 4 days after KA-induced sei-
zures. Together with a high consumption rate of brain
o-T observed in supplemented rats after seizures, this
finding indicates that conditions of oxidative stress
initiated by SE persists long after the earliest post-
ictal phases and that o-T can play a prolonged anti-
oxidant effect after the triggering event. In
non-supplemented rats, seizures provoked only a
small, although significant, decrease of brain o-T,
thus pointing to a minor rate of tocopherol consump-
tion in conditions of normal VitE intake and suggest-

ing that, under oxidative stress, the rate of brain o-T
consumption varies as a function of its tissue concen-
trations.

In normally-fed rats, we found that GFAP and
MHC 1II expression, as well as the levels of pro-in-
flammatory cytokines, were markedly increased 4
days after seizures, thus indicating that signs of astro-
gliosis, microglial activation and cytokines induction
persist even in the absence of ongoing seizure activity.
This finding is in good agreement with data in pilo-
carpine-induced epilepsy, reporting that early-onset
inflammatory events, initiated a few hours after sei-
zures, remain activated for days or weeks after the
precipitating insult [2—-4].

In vitro and in vivo evidence has been obtained
on the role of VitE as a modulator of neuroinflam-
matory responses and glial cell reactivity upon
exposure to various types of insults [15-19]. The
present study showed that, in VitE-supplemented
animals, but not in normally-fed animals, the expres-
sion of all neuroinflammatory markers decreased 4
days after seizures, providing the first evidence that
dietary o-T supplementation can reduce neuroglial
activation, also suppressing cytokine production in
epilepsy.

A pathogenetic role of neuroinflammation in epi-
lepsy has been proposed. Glial activation and chron-
ically elevated levels of cytokine alter neuronal
excitability by specifically interacting with receptors
and ion channels [5,6]. These events enhance seizure
susceptibility [8,9]. To this regard, it is important to
note that in our experiments anti-inflammatory effects
of o-T were assessed a few days after seizures. This is
the beginning of a transition phase in which pro-
inflammatory pathways remain activated favouring
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disease progression, even in the absence of ongoing
epileptic activity [2,21].

The mechanisms underlying anti-inflammatory
effects of o-T observed in KA-induced seizures might
be tightly connected with its antioxidant properties.
Indeed, oxygen free radicals and peroxides, as well as
reactive nitrogen species and nitric oxide, can activate
redox-sensitive signalling pathways [42]. In line with
this view, in both tissue cultures of murine microglia
and mouse brain # vivo, o-T-mediated reduction of
LPS-induced oxidative stress was associated with a
significant inhibition of IL-6 secretion [16]. It is worth
noting that a significant reduction of MHC II and
TNF-a levels was also observed in supplemented rats
not exposed to KA, thus showing that dietary loads
of a-T may modulate microglial activation even in the
absence of oxidative stress, i.e. in the presence of a
normal ROS flux. This evidence may lead to specula-
tion that, besides acting as a radical scavenger, o-T
may prevent the detrimental effects of epilepsy and
glial activation regulating inflammatory genes and sig-
nalling routes with mechanisms that could be par-
tially or completely independent from the classical
antioxidant function of this vitamin [20,32]; actually,
different forms of VitE with similar antioxidant activ-
ity show different propensity to interact with low- and
high-affinity binding proteins and receptors within
the cell, which ultimately regulate signalling routes
and genes associated with several responses in the
brain including inflammation and cytotoxicity [20]
and, as a recent example, o-T was found to exert the
redox-independent down-regulation of microRNA
125b expression, which is involved in inflammation
[43] as well as in astrogliosis and glial cell prolifera-
tion [44].

The present results show that, besides suppressing
seizure-induced neuroglial activation, o-T markedly
reduces neuronal cell death after SE. It is known that
reactive microgliosis can drive progressive neurotox-
icity, by initiating (and responding to) neuronal dam-
age [45]; moreover, in epileptic models, cytokine
induction precedes by several hours the appearance
of degenerating neurons [46]. Collectively, these
observations strongly suggest that anti-inflammatory
effects of o-T supplementation can play a relevant
neuroprotective role in epilepsy.
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