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ABSTRACT

Objective: This study was designed for investigating the effectiveness of the Nigella sativa (N. sativa) extract on apoptosis in
cerebrum and hippocampus and also plasma oxidative stress, in pentylenetetrazol (PTZ)-induced kindling rats.

Materials and Methods: The kindling model was induced by subconvulsive doses (35 mg/kg i.p.) of intraperitoneal PTZ
injections in N. sativa treated and non-treated PTZ groups (PTZ and PTZ + NS). The PTZ + NS group were also treated with an
extract of N. sativa (10 mg/kg) 2 h before each PTZ injection. The total oxidant and antioxidant status, oxidative stress index,
paraoxonase, arylesterase, catalase (CAT) and total thiol levels were analyzed in plasma. Brain derived neurotrophic factor
(BDNF), cyclin-B1 and B-cell lymphoma 2 (Bcl-2) expressions were investigated in the cerebrum and hippocampus.

Results: PTZ decreased the oxidative stress by increasing the activities of CAT, arylesterase, and paraoxonase. N. sativa
decreased activities of arylesterase, paraoxonase, while increasing the CAT. It also brought the decreased BDNF and Bcl-2
expression levels to their normal levels in the cerebrum but not in the hippocampus.

Conclusion: N. sativa treatment improved the PTZ induced-impairments in BDNF and Bcl-2 expressions, resulting in a
neuronal apoptosis in the cerebrum, without affecting blood oxidative stress.
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INTRODUCTION have been investigated by researchers. Plant-origin ther-
apies are especially popular nowadays due to their mini-

Epilepsy is a neurological disease which affects millions mal side effects. Among them, Nigella sativa (N. sativa) is

of people with different ages worldwide (1). In recent
years, many third-generation anti-epileptic drugs have
been introduced. However, anti-epileptic drugs have

regarded as a kind of miracle herb since many scientists
have revealed its vast spectrum of pharmacological po-

some side effects including nausea, dizziness, and som-
nolence (2). Due to the fact that anti-epileptic drugs
have some side effects and fail to control seizures in
some patients, new therapies with lesser side effects

tentials (3). In particular, studies on antiepileptic effects
of N. sativa or one of its active constituents, thymoqui-
none, are popular. In many previous studies, the potent
anti-epileptic role of N. sativa was investigated (4,5).
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Kindling is one of the most studied and well-understood chron-
ic animal models of epilepsy, generated either by a chemical
or an electrical stimulus which is applied in subconvulsive dos-
es repetitively and finally causes the generation of a chronic
epilepsy model. Regular administration of pentylenetetrazol
(PTZ) in subconvulsive doses triggers convulsions by causing
decreased inhibitory or increased excitatory effects, which is
called PTZ kindling (6).

Oxidative stress can trigger remarkable damage in the nervous
system. Production of reactive oxygen species (ROS) in particular
may cause multiple neuronal injuries that include lipid destruc-
tion of the cellular membrane, the cleavage of DNA, cell mem-
brane lipid peroxidation and protein oxidation. In addition to
the destruction of cellular integrity, ROS may also interrupt mito-
chondrial respiration (7). The endogenous antioxidant enzymes,
such as catalase (CAT), arylesterase, paraoxonase and thiol are
vital for compensating oxidative stress (8-10). Their amounts in
serum or tissue are important for elucidating the oxidant-antiox-
idant balance. It has been shown that N. sativa, which contains
many antioxidant compounds such as thymoquinone, has a neu-
roprotective effect on the brain by reducing oxidative stress (11).

Brain derived neurotrophic factor (BDNF) is one of the most im-
portant growth factors in the central nervous system (CNS). It has
a few different biologically active isoforms, which also interact
with different receptor types (12). It is vital for the development
of the CNS and for brain plasticity (13). Due to the fact that BDNF
plays a crucial role in CNS, it has close relationships with any dis-
ease that affects the brain, such as epilepsy. The B-cell ymphoma
2 (Bcl-2) protein family has vital roles in cells, especially in the pro-
cess of apoptosis. Bcl-2 itself is an anti-apoptotic protein from the
Bcl-2 family and its amount is directly proportional to the vitality
of the cell. Increment levels in the Bcl-2 protein lead to the sur-
vival of the cell via inhibiting apoptosis. Additionally, cyclins and
cyclin-dependent kinases, CDKs, are the basic regulators for the
cell cycle and their amount regulates cell-cycle events, such as
neurogenesis, progression of cell to apoptosis and maintaining
the health of CNS and are also shown to take part in many patho-
physiological process in CNS including epilepsy (14).

Therefore, this study was planned for investigating the effects
of N. sativa extract on plasma oxidative stress, and some apop-
totic and cell-cycle protein markers in cerebrum and hippocam-
pus in PTZ-induced kindling rats.

MATERIALS AND METHODS

Chemicals

A physiological saline solution was used to dissolve the PTZ (Sig-
ma-Aldrich Co., St. Louis, MO, USA). PTZ was injected intraper-
itoneally (i.p). N. sativa seeds were obtained from a local herbal
market. The seeds were ground by a classical grinder (MC 23200,
Siemens-Elektrogerdte GmbH, Hamburg, Germany), and its meth-
anolic extract was papered as described previously (15). Four ml
sterile physiological saline solution was used to dissolve 10 mg of
lyophilized extract to have a stock solution which then was ad-
ministered to animals by gastric gavage in adequate volumes.

Animals and Experimental Design

Twenty one male adult Wistar albino rats (230-300 g) were used
in our study. The rats were obtained from Bezmialem Vakif Uni-
versity’s Experimental Animal Centre and housed under standard
temperature (25+1°C), humidity (50-60%), dark-light conditions
(12 h light/12 h dark cycle) and fed ad libitum. Ethical approval
was obtained from the Bezmialem Vakif University Laboratory
Animals Ethics Committee. The rats were divided into 3 groups:
a control group (C, n=7); PTZ treated (PTZ, n=7) and PTZ + N.
sativa treated (PTZ + NS, n=7). PTZ-kindling model was achieved
for the PTZ and PTZ + NS groups by multiple PTZ injections in a
subconvulsive dose of 35 mg/kg on days 1, 3,5, 8,10, 12, 15, 17,
19, 22 and 24 of the study. Ten mg/kg methanolic extract of N.
sativa was administered to the rats in the PTZ + NS group by oral
gavage, just 2 hours before PTZ injection. The control group was
only treated with 4 ml/kg saline. Seizures were observed after
30 minutes following PTZ administration. After establishment of
the kindling model, convulsive doses of PTZ (75 mg/kg) were in-
jected to the PTZ and PTZ + NS groups to induce tonic and clonic
seizures on the 26" day of the study. The control group was not
injected with PTZ. For the PTZ + NS group, convulsive doses of
PTZ were injected 2 hours after N. sativa extract (10 mg/kg) ad-
ministration. For describing the characteristics of the behavioral
seizure, a modified scale was used (data not shown) (16). Upon
the completion of the experiment, the rats were anesthetized
(15 mg/kg xylazine and 50 mg/kg ketamine), decapitated, and
the hippocampi and cerebrum were dissected for Western blot
and biochemical analysis. The samples were stored at -80°C.

Blood Sampling

The blood was drawn by cardiac puncture into heparinized tubes,
and stored at +4 °C. The blood samples were centrifuged at 3.500 x
g for 5 minutes. The plasma samples were stored at -80°C until the
analysis of paraoxonase, arylesterase and CAT activities, and total
thiol, total oxidant and antioxidant status (TOS and TAS) levels.

Analysis of Oxidant Markers

Total Oxidant and Antioxidant Status

The TOS and TAS levels were measured by commercial kits using
spectrophotometric methods according to manufacturer in-
struction (Rel Assay Diagnostics, Gaziantep, Turkey). A 1420 Victor
3 Multilabel Plate Reader was used for the spectrophotometric
analysis (PerkinElmer, Waltham, MA, USA). The test results of TOS
were demonstrated in terms of um H,0, Equiv/L, and the test re-
sults of TAS were demonstrated in terms of pum Trolox Equiv/L.

Calculation of Oxidative Stress Index (OSI)

Following the measurement of TOS and TAS values, the results
were calculated according to the formula below and demon-
strated as an arbitrary unit.

TOS (umol. H,0,. Equivalent/L)

TAS (umol.Trolox. Equivalent /L) x 100

Oxidative Stress Index (0SI) =

Paraoxonase and Arylesterase Activities
The activities of paraoxonase and arylesterase were assayed
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by a commercial kit (Rel Assay Diagnostics, Gaziantep, Turkey).
Two different substrates were used for the paraoxonase-1 ac-
tivity. Owing to the formation of p-nitrophenol, the paraoxon
hydrolysis rate was calculated by recording the increment in ab-
sorbance at 412 nm, 25°C. Paraoxonase-1 activity was defined
as 1 mmol p-nitrophenol generated per minute under standard
conditions and demonstrated as U/L (17). Arylesterase activity
was demonstrated in terms of kU/L and it was identified as 1
mmol of phenol generated per minute under standard reaction
conditions. No enzyme was added to blanks and they were used
to correct the spontaneous hydrolysis of both substrates (18).

Catalase Activity

A gasometric procedure, which measures the amount of oxy-
gen produced by the decomposition of H,0, was performed for
assessing CAT activity. The activity of CAT was established by
the decrease in H,0, absorbance at 240 nm. A multiplate reader
was used for assessment (Varioskan Flash Multimode Reader;
Thermo Fisher Scientific, Waltham, MA).

Total Thiol Measurement

Natural thiol and total thiol, as well as disulfide levels, were mea-
sured with a new automated method (19). The new method is
based on the reduction of disulfide bonds to thiol groups and
sulfhydryl groups of proteins, converting them to the revers-
ible disulfide form under oxidative conditions. The final diag-
nosis was approved by histopathological testing. The findings
of the appendectomy sample histopathology were classified as
non-perforated or perforated appendicitis.

Western Blotting Assay
The hippocampus and cerebrum regions of the brains were surgi-
cally removed and homogenized in a lysis buffer containing pro-

-

TAS (mmol Trolox Equiv./L)
P

(o] PTZ PTZ+NS

0S8l (Arbitrary Unit)

Cc PTZ

PTZ+NS

tease inhibitor cocktails (MP FastPrep-24, MP Biomedicals, Irvine,
CA USA).Then the homogenates were centrifuged at 14.000 x rpm
(Beckman Coulter, Krefeld, Germany) at 4°C for 10 minutes and
the cytosolic fraction was separated as the final supernatant. The
Bradford assay was used to assess protein concentrations in the
supernatants. A 5x loading buffer was added to the above-men-
tioned supernatant and boiled at 100°C for 15 minutes (19). Pro-
tein content was then separated on 8-12% sodium SDS-PAGE,
transferred to a membrane made of PVDF, and then incubated
with both primary and secondary antibodies conjugated with
horseradish peroxidase (Cell Signaling Technology, Denvers, MA,
USA). Separated protein bands were made visible by Pierce ECL
Western blotting substrate (Thermo Fisher Scientific, Waltham,
MA, USA) on secondary antibodies for BDNF, cyclin-B1, Bcl-2 and
B-tubulin (Santa Cruz, Biotechnology, Dallas, TE, USA).

Statistical Analysis

All data were analyzed statistically using GraphPad Prism 6.0
(GraphPad Prism Software, San Diego, CA, USA), and demon-
strated as mean = standard error of mean (mean + SEM). One-
Way ANOVA and Student’s t-test were used to analyze results in
order to compare groups. The p<0.05 value was considered to
be statistically significant.

RESULTS

Oxidant Markers

The plasma TAS, TOS and OSI levels of the study groups are
shown in Figure 1. The plasma TOS levels of PTZ and PTZ + NS
groups were significantly lower (p<0.01) than controls (Figure
1B). Although the plasma OSI level was significantly (p<0.05)
lower in PTZ group, it was not statistically different (p>0.05) in
PTZ + NS group compared to controls (Figure 1C).

B

154

10

TOS (umol H,0, Equiv./L)

PTZ PTZ+NS

Figure 1. The plasma TAS (A), TOS (B) and OSI (C) levels of the study groups (n=7). Data is presented as mean =+ standard error of mean.
TOS; Total Oxidant Status, TAS; Total Antioxidant Status, OSI; Oxidative Stress Index. *; p<0.05, **; p<0.01.
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Figure 2. The plasma arylesterase (A), paraoxonase (B), total thiol (C) and CAT (D) levels of groups (n=7). Data is presented as mean +
standard error of mean. CAT; Catalase. *; p<0.05, **; p<0.01, ***; p<0.001.

Antioxidant Markers

The plasma arylesterase, paraoxonase and CAT activities, and
total thiol levels of groups are shown in Figure 2. The plasma
arylesterase activity significantly (p<0.01) increased in the PTZ
group compared to the C group. But it decreased (p<0.05) in
PTZ + NS group compared to PTZ group, there was no signif-
icant difference (p>0.05) between the C and PTZ + NS groups
(Figure 2A). Similar results were also obtained regarding plas-
ma paraoxonase activity. It significantly (p<0.001) increased in
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PTZ group compared to the C group. But it decreased (p<0.01)
in the PTZ + NS group compared to PTZ group, there was no
significant difference (p>0.05) between the C and PTZ + NS
groups (Figure 2B). Although the plasma total thiol level tended
to increase in the PTZ and PTZ + NS groups compared to the
controls, it was not different (p>0.05) among the groups (Figure
2C). However, the plasma CAT activity significantly (p<0.001)
increased in both PTZ and PTZ + NS groups compared to the
controls (Figure 2D).
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Figure 3.The Western blotting assay results of BDNF (A), Cyclin-B1 (B), Bcl-2 (C) and the image of related bands (D) in cerebrums of groups (n=7).
Data is presented as mean + standard error of mean. BDNF; Brain derived neurotrophic factor, Bcl-2; B-cell lymphoma 2. *; p<0.05, **; p<0.01.
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Figure 4. The Western blotting assay results of BDNF (A), Cyclin-B1 (B), Bcl-2 (C) and the image of related bands (D) in hippocampus of
groups (n=7). Data is presented as mean + standard error of mean. BDNF; Brain derived neurotrophic factor, Bcl-2; B-cell ymphoma 2.

Western Blotting Assay

Western blotting assay results of cerebrum are shown in Figure
3. The protein expression levels of BDNF (Figure 3A) and Bcl-2
(Figure 3C) significantly (p<0.01 and p<0.05, respectively) de-
creased in the PTZ group compared to the controls. However,
there was no significant (p>0.05) difference between C and PTZ
+ NS groups in terms of BDNF or Bcl-2 protein expression levels.
In addition, the level of cyclin-B1 protein expression was not dif-
ferent (p>0.05) among the groups (Figure 3B).

Western blotting assay results of hippocampus are shown in
Figure 4. There was no statistical (p>0.05) difference among
groups regarding BDNF, cyclin-B1 or Bcl-2 protein expression
levels.

DISCUSSION

This study is a part of our previously published study (20) and
was designed for investigating the effects of N. sativa extract
on some plasma oxidant and antioxidant markers in PTZ-in-
duced kindling rats. It was found that the PTZ treatment de-
creased the plasma oxidative stress by increasing the activities
of arylesterase, paraoxonase and CAT. It is well known that ox-
idative stress has a crucial role in the pathogenesis of epilepsy
(21). Some studies indicated that oxidative stress increased in
PTZ-induced epilepsy (22,23). However, our findings contrast
with the findings of previous studies in the literature. This might
be due to high plasma antioxidant arylesterase, paraoxonase
and CAT activities that reduced the oxidative stress in the PTZ
group. Exogenous antioxidant N. sativa treatment, on the other
hand, decreased the activities of endogenous antioxidant en-
zymes arylesterase and paraoxonase. To maintain homeostasis,
when animal or human cells are subjected to mild biological
stress, they activate cellular and physiological processes (24).

Increased production of endogenous antioxidant enzymes in
response to mild biological stress protects the organism from
intense oxidative stress produced by heavy metals, toxic sub-
stances or pro-oxidant compounds (25). Low doses of various
stress producing agents may disturb the physiological parame-
ters of an organism but may not induce severe damage. It may
improve the ability of an organism to resist severe stresses by
inducing adaptive responses, and has actually a beneficial ef-
fect, which is called hormesis (26). Hormetic response is formed
when cells or organisms are exposed to mild biological stress,
such as caloric restriction, exercise, environmental toxins and
inorganic compounds (27). The dose of PTZ used in this experi-
ment for 11 treatments was subconvulsive (35 mg/kg), and only
the final (12 treatment) was convulsive (75 mg/kg). Therefore,
it might be said that the subconvulsive dose of PTZ produced a
hormetic response that increased the antioxidants arylesterase,
paraoxonase and CAT activities leading to a reduction in the ox-
idative stress in PTZ group compared to the controls.

Theoretically, intake of exogenous antioxidants should sup-
port the endogenous defence system by decreasing oxidative
damage. However, in our study, exogenous antioxidant N. sati-
va treatment decreased the elevated-activities of endogenous
antioxidants arylesterase and paraoxonase, with no net change
in OSI level. The endogenous antioxidants are produced in the
body, and many of them are encoded by the nuclear factor
erythroid 2-related factor 2 (Nrf2) - keap1 (kelch-like ECH-asso-
ciated protein 1) pathway (28,29). It has been commonly sug-
gested that thymoquinone, an active biological form of N. sa-
tiva, serves antioxidant activity and reduces lipid peroxidation
by increasing the production of antioxidant enzymes and the
expression of Nrf2 in many tissues (30,31). Hamdan, Al-Gayyar
(32) suggested that the exposure of rats’ brain tissues to TQ
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ameliorated the sodium nitrite-induced oxidative stress, and in-
creased the lowered Nrf2 expression and antioxidant enzymes.
However, in our experiment, PTZ treatment did not induce ox-
idative stress or decrease in the antioxidant enzyme activities.
Conversely, it lowered the oxidative stress by increasing the
antioxidant enzyme activities. Subsequently, the N. sativa treat-
ment decreased the elevated-activities of endogenous antiox-
idants arylesterase and paraoxonase in PTZ-treated rats. From
the results of our present, and also previous studies it might be
said that N. sativa had dual effects on antioxidant enzyme ac-
tivities (20). It increases the antioxidant enzyme activity when
their activities are low but it decreases the antioxidant enzyme
activity when their activities are high. Similar to our finding, it
has been reported that exogenous antioxidants may downreg-
ulate the endogenous protection, thus causing no net change
in antioxidant defences (33).

In this study, the exogenous antioxidant N. sativa treatment in-
creased the CAT level further. CAT is a ubiquitous antioxidant
enzyme that is present in nearly all living organismes. It is active
in the detoxification of H,0, in human erythrocytes (34). In-
creased CAT activity by N. sativa treatment may be an attempt
by the body to compensate for the low antioxidant (arylester-
ase and paraoxonase) effect, or may be a direct effect of N. sa-
tiva treatment. There are studies indicating that N. sativa treat-
ment increased CAT activity (35,36).

The second aim of this study was to examine the effects of N. sa-
tiva extract on the expression levels of some apoptotic proteins
in both cerebrum and hippocampus in PTZ-induced kindling
rats. In the cerebrum, the protein expression levels of Bcl-2 and
BDNF decreased but cyclin-B1 level did not change in the PTZ
group compared to the controls. N. sativa extract treatment
brought the levels of Bcl-2 and BDNF to normal. BDNF is a small
dimeric protein that is responsible for the growth of neurons.
Its most common site is the hippocampus and the cerebral cor-
tex. It has a protective effect on neurons and is associated with
neuroplasticity (37). Decreased BDNF levels correlate with many
neurodegenerative diseases that exhibit neuronal loss (38). A
number of studies have shown that both BDNF and its specif-
ic receptor tropomyosin receptor kinase B (TrkB) expression
increases in epilepsy models (39-43). Current studies suggest
that serum BDNF is constantly higher in patients with epilep-
sy and appears to be associated with the pathology of the dis-
ease. Hong et al. indicated that the concentration of the serum
BDNF is proportional with the severity of the disease (44). It has
been reported that BDNF levels significantly decreased during
the interictal period of epilepsy in patients with cerebral au-
toregulation and autonomic function impairment. Severe and
long-term epilepsy may disrupt BDNF signalling, thus causing
impaired cerebral autoregulation and autonomic dysfunction
in patients with epilepsy. It has been demonstrated that acute
administration of BDNF, both in vivo and in vitro, induces the
neuronal excitability and facilitates epileptogenesis (45).

Bcl-2 is a cell survival protein whose main role is to inhibit apop-
tosis by preventing the cytochrome c release and the activation

of caspases (46). The levels, and also interactions of Bcl-2 with
other pro-apoptotic proteins are critical for the vitality of a neu-
ron. Under certain cellular stress, Bcl-2/pro-apoptotic protein
ratio decreases, leading to apoptosis (47). PTZ is a neurotoxic
agent that causes neuronal stress and provokes kindling. Sim-
ilarly, Shi et al. indicated that PTZ treatment decreased the ex-
pression of the Bcl-2 protein (22). The decreased expressions of
Bcl-2 and BDNF in the cerebrum of PTZ-treated rats indicated
an increased apoptosis. The N. sativa treatment reversed the
decreased-expression of Bcl-2 and BDNF to normal levels, indi-
cating the prevention of tissue from apoptosis. Hosseini et al.
demonstrated that thymoquinone, an active compound of N.
sativa, may decrease Bax/Bcl-2 ratio, thus reducing the severity
of apoptosis under stress conditions, such as ethanol toxicity
(48). Ullah et al. demonstrated that PTZ treatment decreased
the expression of Bcl-2 and pre-treatment with thymoquinone
reversed that decrement by upregulating Bcl-2 and also down-
regulating pro-apoptotic Bax (49).

Cyclin-B1 is among the most important core cell-cycle regula-
tors. There is a link between the cell-cycle and neuronal death.
Neuronal cell death that was accompanied by cyclin-B1 expres-
sion was reported in the hippocampal field of PTZ-kindled rats
(50). Although BDNF and Bcl-2 expressions in the cerebrum
were affected as indicated before, cyclin-B1 expression was not
affected by PTZ-treatment in our study.

We obtained different results in hippocampus than those in the
cerebrum, regarding expressions of Bcl-2 and BDNF proteins in
PTZ-treated rats. Although their expression levels were not dif-
ferent in groups of hippocampus tissues, they decreased in ce-
rebrum tissues of PTZ-treated rats. This indicated that apoptosis
occurred in the cerebrum but did not occur in the hippocampus
of PTZ-treated rats. These results are similar to the results of our
previous study, which demonstrated that PTZ treatment caused
a neuronal loss due to apoptosis in the cerebral cortex, but not
in the hippocampus (20). From the results of both studies, it
might be said that apoptotic neuron numbers of the cerebrum
increases in PTZ-kindling epileptic rats due to the decreased ex-
pression of Bcl-2 and BDNF proteins. The N. sativa brought the
decreased-expression levels of Bcl-2 and BDNF back to normal.

CONCLUSION

It was concluded that the N. sativa treatment improved the
PTZ-induced impairments in BDNF and Bcl-2 expressions that
reflect a neuronal apoptosis in the cerebrum, without affecting
blood oxidative stress.
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