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Abstract

Background/Aims: Ginsenoside Rbl (Rbl) has been reported to have varieties of
neuroprotective effects. This study aimed to evaluate the effects of Rb1 on pentylenetetrazol
(PTZ)-induced rat brain injury and Mg?* free-induced neuron injury and analyzed the detailed
molecular mechanisms in vivo and in vitro. Methods: Seizure duration and latency were
measured in epilepsy kindled rat. The cognitive impairment was assessed by Morris water
maze (MWM) test. Oxidative stress parameters, malondialdehyde (MDA) and glutathione
(GSH) were measured by the 2-thiobarbituric acid methods and the DTNB-GSSG reductase
recycling methods. Neuronal damage was assessed by hematoxylin and eosin (H&E) and
Niss| staining. Neuronal apoptosis was measured by Annexin V-FITC and propidium iodide
(PI) staining. Immunohistochemistry and immunofluorescence staining were performed to
evaluate Nrf2 and HO-1 expressions. Expression of Nrf2, HO-1, Bcl-2, iNOS and LC3 were
evaluated by western blot. Results: The PTZ-injured rats presented longer seizure duration
and shorter seizure latency. Rb1 ameliorated these effects, as well as the cognitive deficits
caused by PTZ exposure. Besides, Rbl dose-dependently increased GSH levels, decreased
MDA levels and alleviated neuronal damage in PTZ-treated rats. /n vitro, Rb1l increased cell
viability and decreased neuronal apoptosis in a dose-dependent manner under Mg?* free
condition. Moreover, in vivo and in vitro, Rb1l enhanced both the Nrf2 and HO-1 expressions.
Furthermore, upregulation of the expression of Bcl-2 and downregulation of the expression of
iINOS and LC3 were observed. However, knockdown of Nrf2 adversely affected the protective
effects of Rb1 in epileptic hippocampal neurons. Conclusion: Rb1 conferred neuroprotective
effects against PTZ-induced brain damage and Mg?* free-induced neuron injury by activating

Nrf2/ARE signaling. © 2018 The Author(s)
Published by S. Karger AG, Basel
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Introduction

Epilepsy is a major complex neurological disorder, which is characterized by recurrent
seizures due to an imbalance between cerebral excitability and inhibition [1]. Epilepsy
affects about 1% of the population worldwide and has become a serious global public health
issue [2]. The underlying pathophysiological mechanisms of epilepsy are still incompletely
understood. The environmental, genetic and epigenetic factors are interwoven in individual
patients with different types of epilepsy [3]. Besides, oxidative stress and impaired autophagy
contribute to epileptogenesis [4, 5]. However, there is no effective treatment to prevent the
genesis or progression of seizures [6]. Therefore, finding a more effective drug for epilepsy
would provide novel targets for the therapeutic strategies [7].

Ginsenoside Rb1 (Rb1), a principle bioactive ingredients in ginseng, is isolated from
the roots of Panax ginseng C.A. Meyer [8]. Rb1 has received much attention due to its
biological functions, especially the various neuroprotective effects [9]. Increasing evidence
demonstrates that Rb1 can protect against neuronal injury with the properties of anti-
inflammation, anti-apoptosis and induction of neurogenesis [10-12]. Besides, recent studies
have also indicated that Rb1 can increase cell genesis in hippocampal subregions to improve
the spatial learning and memory of rats [13]. However, the neuroprotective properties of
Rb1 in epilepsy are still elusive.

The NF-E2 related factor 2 /antioxidant response element (Nrf2/ARE) signaling pathway
isan endogenous cytoprotective system [14, 15]. Once activated, the transcription factor Nrf2
translocates to the nucleus of the cell, where it forms heterodimers with other transcription
factors such as c-Jun, and then binds to the ARE [16]. Nrf2-ARE binding regulates more than
200 genes, which are involved in the cellular anti-inflammatory and antioxidant defense,
such as NAD(P)H quinone oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1) [17-
19]. In addition, activation of the Nrf2/ARE pathway plays important roles in animal and
cell culture models of neurodegenerative diseases, including Parkinson disease, Alzheimer
disease and epilepsy [20-22].

In the present study, we developed a rat model of epilepsy induced by PTZ, in vivo.
Meanwhile, an in vitro model of hippocampal neurons cultured in Mg?* free medium was
established. The primary goal was to evaluate the effects of Rb1 on PTZ-induced rat brain
injury and Mg* free-induced neuron injury and analyze the detailed molecular mechanisms
in vivo and in vitro.

Materials and Methods

Animals

Healthy male Sprague-Dawley (SD) rats (220 ~ 240 g) were provided by the Animal Experimental
center of Zhengzhou University. The protocols were approved by the Institutional Animal Ethics Committee
of The First Affiliated Hospital of Zhengzhou University. Animals were handled according to the guidelines
of the Care and Use of Laboratory Animals by the National Institute of Health, China.

Model establishment and grouping

Rats were assigned randomly into six experimental groups (n=6 in each group) as follows: (1) Normal
group: rats were intraperitoneally injected with 1 ml of normal saline, every 48 h; (2) PTZ group: the rats
were intraperitoneally injected with a single dose of 60 mg/kg PTZ (Sigma, St. Louis, USA) dissolved in
1 ml of normal saline, every 48h till to 26 d; (3) PTZ+0.9% NaCl group: a group treated with 10 mL/kg
saline 10 min before PTZ treatment; (4) PTZ+low dose: rats were intraperitoneally injected with 15 mg/
kg Rb1 (1.5 mg/mL, dissolved in saline, 10 mL/kg; Fleton Natural Products, Chengdu, China) 10 min before
PTZ treatment; (5) PTZ+mid dose: rats were intraperitoneally injected with 30 mg/kg Rb1 (3 mg/mL,
dissolved in saline, 10 mL/kg) 10 min before PTZ treatment; (6) PTZ+high dose: rats were intraperitoneally
injected with 60 mg/kg Rb1 (6 mg/mL, dissolved in saline, 10 mL/kg) 10 min before PTZ treatment. Rb1
was administered intraperitoneally (i.p.) daily for 26 d. After treatment for 26 d, the rats were monitored.
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Behavioural seizure responses were scored according to Racine grading standard [23]: grade 0, no
reaction; grade I, facial twitches (lips, nose and eyes); grade II, head nodding; grade III, unilateral forelimb
clonus; grade IV, rearing with bilateral forelimb clonus; grade V, imbalance and falling on side or back. The
latencies were recorded as the duration from the injection of drug to behavioural seizure (grade V).

Morris water maze test

After 26 d, morris water maze test was used to evaluate the cognitive function of rats. SuperMaze
Morris (XR-XM101; Xinruan, Shanghai, China) consisted of a circular water pool diameter 120 cm, height 50
cm and filled with water (22 # 1°C). Besides, a platform (10 cm in diameter) was located in a labelled target
quadrant 2 cm below surface. A digital camera connected to the computer was above the pool.

Then the rats were released into the water from an assigned release point. For each test, rats were
allowed to swim until they found and landed on the platform. The time that the rats used to find the platform
(i.e. the escape latency) was recorded. If the rat failed to find the platform within 90 s, they would be picked
up and placed on the platform for 10 s, the escaping latency was recorded as 90 s. This test was repeated
4 times. Swimming distance and speed were recorded. Data were analyzed by MWM software (Watermaze
3.31, Actimetrics, IL, USA).

Tissue processing

After the morris water maze test, rats were sacrificed by deeply anesthetized with isoflurane (0.75%).
Brains were then removed, embedded in paraffin and then cut into 5 pm-thick coronal sections for H&E
staining, Nissl staining, immunohistochemical analysis and immunofluorescence analysis. Additional
tissues were snap frozen in liquid nitrogen and stored at -80°C until further use.

H&E staining

H&E Staining was performed according to previous studies [24]. In brief, the CA1 region of the
hippocampus was stained with hematoxylin for 15 min and hydrochloric acid alcohol solution for 35 s.
Then the sections were stained with eosin for 10 min and 90% ethanol for 40 s. After that, the section was
observed and photographed under the microscope.

Nissl staining

Nissl Staining was performed according to previous studies [25]. The CA1 region of the hippocampus
was deparaffinized and rinsed with distilled water three times and then stained with 0.25% toluidine blue
at 50°C for 3 h. Then the sections were bleached using 95% ethanol. After 100% ethanol dehydration and
xylene transparency, sections were observed under a microscope (BX53, Olympus).

Immunohistochemical analysis

The immunohistochemical staining was performed according to the kit instructions (Boster Biological
Company, China). Briefly, tissue sections underwent dehydration through the ethanol gradient. Then
endogenous peroxidase activity was blocked by 3% H,0, for 40 min at room temperature. After incubation
in normal rabbit serum for 40 min, they were incubated with the appropriate primary antibody (Nrf2
and HO-1; Wuhan Boster Biological Technology, Wuhan, China) in a dilution of 1: 200 overnight at 4°C.
Subsequently, they were treated with the HRP conjugated IgG (1:500) for 60 min at room temperature. The
immune reaction was visualized by incubated with DAB for 5 min. Sections were then examined using light
microscopy.

Immunofluorescence analysis

Immunofluorescence assay was performed according to previous studies [26]. Briefly, tissue sections
underwent dehydration through the ethanol gradient. Then the sections were blocked by 5% normal rabbit
serum at room temperature for 30 min and 0.3% Triton X-100 for 15 min. The sections were followed
by incubation with appropriate primary antibody (Nrf2 and HO-1; Wuhan Boster Biological Technology,
Wuhan, China) in a dilution of 1: 100 overnight at 4°C. After washing three times with PBS, the sections
were incubated with secondary antibodies for 30 min at 37°C. The secondary antibodies were Alexa fluor-
conjugated anti-mouse IgG2b (Molecular Probes, 1:200) and fluorescein isothiocyanate (FITC)-conjugated
anti-rabbit IgG (DAKO Corp, 1:100) for the detection of the expression of Nrf2 and HO-1. Subsequently,
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the sections were counter-stained with 4, 6-diamidino-2-phenylindole (DAPI). Immunofluorescent images
were visualized using confocal microscope (FV1000, Olympus).

MDA and GSH assay

Brain tissues were homogenized and centrifuged for supernatant collection. MDA and GSH assays
were performed according to the manufacturer’s protocols (Nanjing Jiancheng, China). MDA levels were
measured using 2-thiobarbituric acid methods. Besides, GSH levels were analyzed using the DTNB-GSSG
reductase recycling methods. Subsequently, colorimetric methods were used for the assays and the results
were calculated using the absorbance values and standard equations.

Primary neuronal cell cultures

The culture of hippocampal neurones were performed using the methods described previously [27]. In
brief, hippocampal neuronal cells were obtained from rats 1-3 days old. The cells were dissociated in Hanks’
balanced salt solution supplemented with 0.125% trypsin (Sigma-Aldrich, USA) for 10 min at 37°C. The
cells were then cultured in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen Life Technologies, USA)
containing 10% fetal bovine serum and penicillin-streptomycin (100 U/ml, Gibco-BRL). After cultivation for
2 weeks, the cells were used in the following experiments.

Establishment of the epileptic cell model

The in vitro epileptic cell model was established according to a conventional method [28]. In brief,
hippocampal neurons were cultured in nutrient medium for 9 d. Then the nutrient medium was changed
into magnesium ion (Mg?*) free extracellular medium for 3 h. The solution contained 145 mM NaCl, 2.5 mM
KCl, 2 mM CaCl,, 10 mM HEPES, 10 mM glucose and 0.002 mM glycine (pH 7.2). Besides, the osmolarity was
adjusted to 290+10 mOsm using sucrose. This can induce permanently manifested recurrent, spontaneous
seizure discharges characteristic of the same electrographic properties seen in human epilepsy [29]. The
cells cultured in normal extracellular culture medium (145 mM NaCl, 2.5 mM KCI, 2 mM CaClz, 10 mM HEPES,
10 mM glucose, 0.002 mM glycine (pH 7.2), 1 mM MgCl, and 290 + 10 mOsm) for 3 h were used as control.

Cell grouping

The cells were divided into groups: (1) Normal+low does group: The cells were pre-treated with 5 uM
Rb1 for 24 h, and then the cells were cultured in normal extracellular culture medium for 3 h. (2) Normal+mid
does group: The cells were pre-treated with 10 uM Rb1 for 24 h, and then the cells were cultured in normal
extracellular culture medium for 3 h. (3) Normal+high does group: The cells were pre-treated with 20 uM
Rb1 for 24 h, and then the cells were cultured in normal extracellular culture medium for 3 h. (4) Mg?**
free+low does group: The cells were pre-treated with 5 uM Rb1 for 24 h, and then the cells were cultured
in Mg* free extracellular culture medium for 3 h. (5) Mg?* free+mid does group: The cells were pre-treated
with 10 uM Rb1 for 24 h, and then the cells were cultured in Mg?* free extracellular culture medium for 3 h.
(6) Mg?* free+high does group: The cells were pre-treated with 20 uM Rb1 for 24 h, and then the cells were
cultured in Mg?* free extracellular culture medium for 3 h.

Nrf2 siRNA transfection

Nrf2-siRNA and control siRNA were purchased from GenePharma (Shanghai, China). Hippocampal
neurones were plated at a density of 1 x 105 cells/well in 12-well plates 24 h prior to transfection. Then they
were transfected with either Nrf2 siRNA (50 nM) or control siRNA (50 nM) with Lipofectamine RNAi Max
(Invitrogen, USA; Cat: 13778075) for 24 h.

Cell viability assays

The cell viability was determined by using the MTT assay (Sigma-Aldrich, USA) according to
manufacturer’s instructions. In brief, the cells (5 x 10° cells/well) were plated on 96-well plates. Then 100
ul of MTT (5 mg/mL) was added to each well and incubated for 4 h at 370. After that, the medium was
removed and the 100 pl DMSO solution was added in each well for another 30 min at 378. The OD value
of each well was detected using a SpectraMax M5 Microplate Reader (Molecular Deviced, USA) at 570 nm.
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Annexin V-FITC/ PI staining

Cell apoptosis/necrosis was evaluated using Annexin V-FITC/ PI staining as previously described [30,
31]. Briefly, cells were harvested and resuspended in binding buffer at a density of 1x10° cells/mL. Then 100
ul of the sample solution was mixed with 5 pl of Annexin V-FITC (Pharmingen) and 10 pl of PI (Pharmingen)
for 15 min in the dark at room temperature. The samples were analyzed by FACS (Becton Dickinson) using
Cell Quest Research Software (Becton Dickinson). Annexin V-/PI" cells are viable, annexin V*/PI" cells are in
early apoptosis and annexin V*/PI* cells are necrotic or in late apoptosis [32, 33].

Western blot analysis

Hippocampal tissues and cells were homogenized in lysis buffer (Roche, USA). The protein contents
were determined by BCA assay (BioRad, USA). 40 pg of proteins were electrophoreitically separated by
SDS-PAGE and transferred on to PVDF membrane. After blocked in 3% BSA/TBST at room temperature for
60 min, the membranes were incubated with specific primary antibodies at 4°C overnight. The primary
antibodies included Nrf2 (1: 800; Santa Cruz Biotechnology), HO-1 (1: 800; Santa Cruz Biotechnology),
iNOS (1: 1000; Cell Signaling), Bcl-2 (1: 200, Santa Cruz Biotechnology) and LC3 (1: 500; Cell Signaling).
GAPDH (1: 2000; Santa Cruz Biotechnology) was used to demonstrate equal protein loading. After washing
with TBST, the membranes were incubated with horseradish-peroxidase conjugated secondary antibody
(1: 2000). Finally, the immunoreactive bands were detected using an enhanced chemiluminescence method
(Pierce).

Statistical analysis

The results are expressed as mean * SD. The results were analyzed statistically by using SPSS statistical
package (version 16.0). The difference between two groups was compared using Student’s ¢t-test. Multigroup
comparisons were carried out using two-way ANOVA followed by Bonferroni post hoc tests. Values of P <
0.05 were considered statistically significant. All experiments were repeated at least for 3 times.

Results

Rb1 antagonized PTZ-induced seizure activity

Firstly, we evaluated Rb1 treatment on seizure activity induced by PTZ, which is used to
elicit convulsive seizure activity. Seizure activity was graded based on the Racine scale, and
presented as total seizure duration at stage V and the latency to stage V. We found that the
Rb1 (15, 30 and 60 mg/kg) treated group significantly shortened PTZ-induced duration of
seizures (Fig. 1A). In addition, the PTZ model of rat treated with the mid dose of Rb1 (30 mg/
kg) and high dose of Rb1 (60 mg/kg) displayed dramatically prolonged latency compared
with the PTZ+0.9% NaCl group (Fig. 1B). However, there were no significant differences in
latency and seizure duration between PTZ and PTZ+0.9% NaCl group. Thus, treatment with
Rb1 dose-dependently reduced PTZ-induced seizure severity.

Rb1 attenuated PTZ-induced oxidative stress

The levels of the GSH in the PTZ-treated group were significantly reduced by 66.67%
of the normal group, which was significantly increased by the Rb1 treatment (Fig. 1C). By
contrast, MDA levels in the hippocampus tissues were markedly elevated by about 2 folds in
the PTZ-treated group when compared with that of the normal group. The increased MDA
level was notably attenuated in the group co-treated with Rb1 (Fig. 1D). However, there were
no significant differences in GSH and MDA levels between PTZ and PTZ + 0.9% NaCl group.

Rb1 improved PTZ-induced defects in cognitive function

Next, we investigated whether Rb1 affected performance in a Morris water maze test.
Swimming speed and distance and escape latencies in the MWM were used to evaluate the
cognitive function. We found that there were no significant differences in average swim
speeds between the treatment groups (Fig. 2A). As shown in Fig. 2B, PTZ-treated animals
had significantly longer escape latencies compared to those in normal group. However, the
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Fig. 1. Effects of Rb1 on seizure duration and latency and oxidative stress damage in the PTZ-treated rats.
(A) Behavioral seizures induced by PTZ were presented as average seizure duration at grade V (n=6). (B)
The latency to grade V (n=6). (C) GSH levels (n=6). (D) MDA levels (n=6). "P<0.05 and “"P<0.01 vs. PTZ group,
""P<0.001 vs. normal group, #P<0.05 and #*P<0.01 vs. PTZ+0.9% NaCl group.

increased escape latencies were reduced by Rb1 in a dose-dependent manner. Additionally,
the increased swimming distances induced by PTZ were significantly blocked by Rb1 (Fig.
2C). These findings indicated that Rb1 dose-dependently reduced PTZ-induced impaired
cognitive function of the rats.

Rb1 alleviated neuronal damage in rats exposed to PTZ treatment

As shown in Fig. 3A, H&E staining revealed that after PTZ treatment, the arrangement of
neurons was irregular, and the neurons exhibited pyknosis, which is characterized by a darkly
stained nucleus and cytoplasm. However, the number of abnormal neurons was significantly
decreased in the groups treated with Rb1. Nissl staining indicated neuronal injuries. After
PTZ treatment, nuclear pyknosis, cell loss and karyorrhexis were observed. Exposure to 15,
30 and 60 mg/kg Rb1 alleviated the neuronal injury caused by PTZ (Fig. 3A). Compared with
the PTZ+0.9% NaCl group, the density of normal neurons in the Rb1 treatment groups were
clearly increased. However, there was no significant difference between the PTZ and PTZ +
0.9% NaCl group.

Rb1 reduced neuronal apoptosis and oxidative damage and restored autophagy through

the Nrf2/HO-1 pathway in PTZ-treated rats

As shown in Fig. 3B, PTZ treatment decreased Bcl-2 protein expression, whereas iNOS
and LC3 expression increased than that of the normal group. Interestingly, addition of Rb1
suppressed the level of iNOS and LC3 expression, increased the levels of Bcl-2 expression in
PTZ-treated rats.
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Fig. 3. Effects of Rb1 on neuronal damage, apoptosis, oxidative damage, autophagy and protein expression
levels of Nrf2 and HO-1 in the PTZ-treated rats. (A) Representative H&E staining and Nissl staining in the
CA1 region of the hippocampus (200 x magnification; n=3). (B) Representative western blot images to
detect the expressions of Bcl-2, iNOS, Nrf2, HO-1 and LC3. The experiment repeated three times. (C) The
expression of Nrf2 and HO-1 in the groups by immunohistochemmistry staining (200 x magnification; n=3).

Subsequently, we hypothesized that Nrf2/HO-1 signaling pathways were involved in
the neuroprotective effect induced by Rb1l. We examined the protein levels of HO-1 and
Nrf2 treated with different doses of Rb1 in PTZ-treated rats by western blot assay. Our data
revealed that PTZ-treated rat showed an increase of Nrf2 and HO-1 expression levels. And
the increased Nrf2 and HO-1 expression levels induced by PTZ were enhanced by Rb1 (Fig.
3B). In addition, we analyzed the expression patterns of Nrf2 and HO-1 in hippocampus
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Annexin V

Fig. 5. Knockdown of Nrf2 blocked the effects of Rb1l on neuronal apoptosis, oxidative damage and
autophagy in hippocampal neurons under Mg** free condition. The cells were transfected with either Nrf2
siRNA or control siRNA. The transfected cells were pre-treated with 20 uM Rb1 for 24 h, and then the cells
were cultured in Mg?* free extracellular culture medium for 3 h. The untransfected cells under 0.9% NaCl or
20 uM Rb1 for 24 h and then cultured in normal extracellular culture medium for 3 h were used as control.
(A) Representative western blot images to detect the expressions of Bcl-2, iNOS, Nrf2, HO-1 and LC3. The
experiment repeated three times. (B) Cell viability was assessed by MTT assay (n=3). (C) Cells were double
stained with annexin V-FITC and PI and analyzed by flow cytometry. And percentage of apoptotic cells was
shown by histogram (n=3). "'P<0.05 vs. NaCl group, #P<0.05 vs. Rb1 + control siRNA group.

tissues by immunohistochemical staining (Fig. 3C). The immunohistochemical analysis
showed the positive staining of Nrf2 and HO-1 proteins was increased in PTZ group (Fig.
3C). After Rb1 treatment, the Nrf2 and HO-1 protein levels were significantly higher than
that in the PTZ+0.9% NaCl group.

Rb1 reduced neuronal apoptosis and oxidative damage and restored autophagy through

the Nrf2/HO-1 pathway in epileptic hippocampal neurons

To evaluate the neuroprotective effects of Rb1, western blot was performed on epileptic
neurons that were exposed to different concentrations of Rb1. As shown in Fig. 4A, Rb1 led
to a dose-dependent increase in the protein expression of Bcl-2 and a decrease in the protein
expression of iNOS and LC3 in both the normal neurons and the Mg?*-free treated neurons.
Moreover, the expression levels of iNOS were higher in Mg?*-free treated group compared
with that in corresponding normal group.

Subsequently, the results from the MTT assay (Fig. 4B) showed that Rb1 induced an
increase in cell viability in a dose-dependent manner in both the normal neurons and
the Mg?*-free treated neurons. However, the cell viability was significantly lower in Mg?-
free treated group compared with that in corresponding normal group. Furthermore, the
anti-apoptotic effects of Rb1 were further investigated using an Annexin V-FITC/PI assay.
Treatment with Rb1 dose-dependently attenuated cell apoptosis (Fig. 4C).

Next, we studied whether Nrf2/HO-1 signaling pathways were involved in the
neuroprotective effect of Rb1l. Western blot revealed that Rb1l treatment dramatically
increased the Nrf2 and HO-1 expression levels in both the normal neurons and the Mg*-free
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treated neurons (Fig. 4A). Besides, we detected the expression patterns of Nrf2 and HO-1 by
immunofluorescence staining (Fig. 4D). Moreover, the fluorescence intensity of the Nrf2 and
HO-1 was significantly increased after Rb1 treatment.

Knockdown of Nrf2 blocked the neuroprotective effects of Rb1 in epileptic hippocampal

neurons

To further confirm the roles of Nrf2/HO-1 pathway in the neuroprotective effects of
Rb1, epileptic hippocampal neurons were transfected with Nrf2 siRNA to knock down Nrf2
expression. As shown in Fig.5A, Rb1 significantly increased the Nrf2 and HO-1 protein
expression, where the effect was ameliorated by transfection with Nrf2 siRNA. Moreover,
knockdown of Nrf2 repressed Rb1l-induced upregulation of Bcl-2 and reduced the
downregulation of the protein expression of iNOS and LC3 (Fig. 5A).

Next, MTT assay showed that Rb1 induced an increase in cell viability in the cells
transfected with the control siRNA, which was blocked by Nrf2 siRNA (Fig. 5B). In addition,
inhibition of Nrf2 attenuated Rb1 induced decrease of the percentage of apoptotic cells (Fig.
5C).

Discussion

PTZ, an epilepsy inducing agent, is a y-aminobutyric acid (GABA) receptor antagonist,
which has high biological membrane permeability and consequent rapid bioavailability
and distribution to all organs including the brain [34, 35]. Moreover, PTZ-induced chemical
kindling in rats is an accepted model for identifying antiepileptic drugs [36]. Bolkvadze et al.
reported thatin the PTZ test, the latency to the first seizure in mice with hippocampal damage
was reduced compared with the mice without damage [37]. Hussein et al. demonstrated that
PTZ kindling was associated with behavioral changes, which were in the form high stage of
Racine score, long seizure duration and short latency for the first jerk [38]. Our results found
that Rb1 dose-dependently reduced PTZ-induced seizure duration and prolonged seizure
latency, suggesting Rb1 can suppress the severity of PTZ-induced seizures.

Seizure is also associated with cognitive impairment [39], which can be demonstrated by
the animals’ poor performance in the Morris water maze test. Our findings were consistent
with previous studies, indicating that cognitive functions of animals significantly declined
after seizure, as indicated by the significant increase in escape latency obtained in MWM [39,
40]. Rb1-treated PTZ kindled rat improved performance in identification of hidden platform,
as demonstrated by shorter escape latency and shorter swimming distance. And previous
studies have revealed that Rb1 improves spatial learning in rat, as evidenced by spending
less time in finding the hidden platform with repeated training [41]. These observations
suggest that Rb1 improves cognition of PTZ kindled rat.

Oxidative stress has been reported to contribute the development and progression of
epilepsy [42]. The increased free radicals lead to membrane lipid peroxidation and reduced
glutathione concentrations in the epileptic focus [43]. In the present study, PTZ-induced
seizures caused a marked decrease in GSH levels and a significant increase in MDA levels
compared to the normal group. In agreement with our results, the PTZ-induced oxidative
stress has been reported in previous studies [44, 45]. However, these changes were
ameliorated by Rb1. The antioxidant effects of Rb1 have been reported in previous studies
[46, 47]. Thus, our results implied that Rb1 exerts a neuroprotective effect against PTZ-
induced injuries by alleviating oxidative stress.

Histopathological studies of the hippocampus tissues indicated that epilepsy induced
by PTZ caused an obvious decrease in the number of the normal neurons, as evidenced by a
decrease in its Nissl granules content compared with normal group, which was in agreement
with previous studies [48]. However, Rb1 administration in the present study displayed a
decrease in hippocampal damage through a significant increase in the Nissl granules content
of the normal neurons, indicating that Rb1 protects against PTZ-induced hippocampal
neuron damage.
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To further detect the possible mechanism involved in the neuroprotective effects of
Rb1, we analyzed the expression of Bcl-2, iNOS and LC3. Apoptosis is modulated by multiple
signaling pathways in which Bcl-2 protein families play critical roles [49]. In addition, Bcl-
2 is an anti-apoptotic protein that can reduce apoptotic cell death [50]. PTZ treatment
caused a significant decrease in the expression of Bcl-2 proteins in the brain tissues of
mice [51]. Similar results were also found in our studies. Moreover, iNOS, which produce
amounts of nitric oxide (NO), can create an oxidative stress [52]. Our findings indicate that
Rb1 treatment dramatically decreased iNOS levels in PTZ induced seizures, which indicates
the antioxidant effect of Rb1. Furthermore, LC3, a crucial protein for autophagy, and LC3
immunoblot analysis is now widely used to monitor autophagy, because the ratio of LC3-
[1/1 is associated with the number of autophagosomes [53]. Our data confirmed the results
of previous studies that a significant increase in the expression of LC3 in the hippocampal
region of fully PTZ-kindled rat [54]. However, Rb1 restored the elevation of LC3, indicating
that Rb1 treatment could restore autophagy after PTZ treatment.

In vitro, we found that Rb1 reduced iNOS and LC3 expression and increased the Bcl-
2 expression in epileptic hippocampal neurons, demonstrating that Rb1 could alleviate
oxidative damage and autophagy and neuron apoptosis under Mg?* free condition. The
present results confirmed the mechanisms of Rb1 protective effects mentioned in vivo.

In order to confirm that the neuroprotective effects of Rb1 were dependent on Nrf2/
ARE signaling, we detected the effects of Rb1 on activation of the Nrf2 and HO-1 genes in
vivo and in vitro. Previous studies have demonstrated that the expression of Nrf2 and HO-1
at protein and mRNA levels markedly increased in hippocampus of amygdala kindling rats
[55, 56]. Moreover, activation of Nrf2-ARE signal pathway in hippocampus reduced the
progression of amygdale kindling, and alleviated the cognitive impairment and oxidative
stress induced by epileptic seizure [21, 57]. Thus, Nrf2-ARE pathway may bring great benefit
to the brain damage after seizure. Our results showed that after PTZ treatment in vivo and
Mg?* free cultivation in vitro, the expressions of Nrf2 and HO-1 were significantly increased.
In addition, Rb1 promoted the elevation of Nrf2 and HO-1 in a dose-dependent manner.
However, knockdown of Nrf2 blocked the protective effects of Rb in epileptic hippocampal
neurons. Therefore, Rb1 attenuates brain damage induced by epileptic seizure by activating
the Nrf2/ARE pathway.

In summary, our data showed that Rb1 could ameliorate seizure severity and the
cognitive impairment. In addition, the present study suggested that Rb1 also reduces the
oxidative stress and neuron apoptosis and restores autophagy induced by epileptic seizure
through the Nrf2/ARE pathway. Thus, Rb1 can represent a novel anti-epileptic drug for
therapy in epilepsy.
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