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Abstract

Introduction: The purpose of this study is to investigate whether DI-3-n-Butylphthalide (NBP) has a neuroprotective effect
on pilocarpine-induced epileptic (EP) rats through endoplasmic reticulum stress (ERS)-mediated apoptosis.

Material and methods: The Sprague-Dawley rats were divided into four groups: control (CON), EP EP + NBP, (NBP 60 mg/kg)
and EP + NBP,,, (NBP 120 mg/kg) groups. After the successful establishment of the temporal lobe EP model using the lithi-
um-pilocarpine, the rats were given NBP for 28 consecutive days in EP + NBP, and EP + NBP, ,, groups. Then, the spontaneous
recurrent seizure (SRS) latency, SRS frequency and seizure duration were observed in each group. In order to observe the abnormal
discharge of rats, the intracranial electrodes were implanted to monitor the electroencephalogram. Niss! staining was used to
observe the damage to the hippocampal CA1 neurons, TUNEL staining was employed to observe hippocampal neuronal apopto-
sis. Western blot was used to detect the expression of ERS and ERS-mediated apoptotic proteins.

Results: NBP,, and NBP ., decreased SRS frequency (all p < 0.05), shortened seizure duration (all p < 0.05), and reduced
the abnormal discharge of the brain. Nissl staining and TUNEL staining results show that NBP protected the hippocampal
neurons from damage (all p < 0.05) and inhibited hippocampal neuronal apoptosis in EP rats (all p < 0.05). NBP,, and
NBP,,, could reduce ERS and ERS-mediated apoptotic protein expression in EP rats (all p < 0.05). In addition, the thera-
peutic effect of NBP on epilepsy in rats is dose-dependent. The SRS frequency of the EP + NBP |, group was lower, and the
seizure duration was shorter than in the EP + NBP, group (all p < 0.05), and there were more neurons in the EP + NBP
group than in the EP + NBP,, group (p < 0.05).

Conclusions: NBP had a significant neuroprotective effect in EP rats. Large doses of NBP are more effective than low doses.
The mechanism may be associated with the inhibition of ERS and ERS-mediated apoptosis.
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Introduction

Epilepsy (EP) is one of the most common neurolog-
ical disorders. According to the World Health Organiza-
tion, there are approximately 50 million patients with
EP worldwide and approximately six million patients
with active EP in China [30]. After standardised and
reasonable drug treatment, among newly diagnosed

EP patients, 70-80% can be controlled, and approxi-
mately 60-70% of patients no longer need treatment
with drugs after 2-5 years [31]. However, in approxima-
tely 40% of patients with ER it cannot be completely
controlled and progresses to refractory EP [31]. It is of
great significance to research and develop effective
new drugs for the treatment of EP. Studies have found
that oxidative stress, immune-inflammatory responses,
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energy metabolism disorders, excitatory glutamate to-
xicity and calcium homeostasis imbalance are closely
related to EP [15]. However, the pathogenesis of EP
needs to be fully clarified.

The endoplasmic reticulum (ER) is an important
location for protein synthesis, lipid synthesis and intra-
cellular Ca?* storage [29]. When cells are subjected
to stimuli, such as hypoxia, inflammation, oxidative
stress damage, etc., the normal functions of the ER are
destroyed, and a large number of unfolded and mis-
folded proteins accumulate in the ER lumen, which
cause ER stress (ERS) and activate the unfolded pro-
tein response (UPR) [28]. Under normal physiological
conditions, the transmembrane proteins PKR-like ER
kinase (PERK), inositol-requiring enzyme 1la (Irela) and
transcription factor 6 (ATF6) are combined with the ER
chaperone protein binding immunoglobulin (Ig) protein
(Bip)/glucose regulated protein (GRP) 78 to maintain
stability [9,23]. When ERS occurs, large numbers of un-
folded or misfolded proteins in the ER lumen accumu-
late to compete to bind with Bip, leading to termination
of translation and protein synthesis, accelerated degra-
dation of misfolded proteins and the enhanced folding
protein ability of ER, thereby maintaining homeostasis
[11,34]. However, when the internal and external stim-
uli persist or the intensity is too high, the unfolded
protein response will increase the expression of CHOR
caspase 12 and P-JNK, finally initiating cell apoptosis
[32]. ERS is involved in the pathogenesis of a number
of diseases, but few studies are available concerning
the involvement of ERS in EP.

DI-3-n-Butylphthalide (NBP) is an extract of Chi-
nese celery seeds which has a neuroprotective effect.
Previous studies have confirmed that NBP can improve
the blood and oxygen supply to ischemic brain tis-
sue, promote the establishment of vascular collateral
circulation in narrow or occluded blood supply areas,
protect mitochondrial function in brain cells, improve
the permeability of the blood-brain barrier and exert
various effects, such as anti-inflammatory and antioxi-
dant effects [2-42], playing a protective role in ischemic
cerebrovascular disease, cognitive dysfunction and Par-
kinson’s disease [19-25]. Zheng et al. found that in rats
with spinal cord damage, NBP reduced the damage to
the blood-spinal cord barrier by inhibiting ERS-mediat-
ed apoptosis [40]. Niu et al. reported that NBP could
ameliorate cognitive impairment in VD rats by inhibit-
ing ERS [27]. It can be seen that NBP plays a therapeu-
tic role in a number of diseases by inhibiting excessive
ERS. However, there are few reports on the use of NBP
in treating EP.

In this study, the use of the EP rat model, through
the administration of NBP drug intervention, from the
physiological and molecular levels to explore the effica-
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cy of NBP on epilepsy and its possible mechanism. This
provides data support for the development of effective
drugs for the treatment of epilepsy.

Material and methods
Animals

Atotal of 57 Sprague-Dawley (SD) male rats (weigh-
ing 180-200 g, aged 7-8 weeks) were purchased from
the Beijing Vital River Laboratory Animal Technology
Co., Ltd. Each rat was housed separately during post-
operative status epileptics, and then each group was
fed in a separate cage (three rats per cage) after status
epilepticus. They were kept in separate cages in 12 h
light/dark conditions at room temperature (22-25°C)
and had free access to water and food. For adaptation
to a novel environment, the rats were exposed freely
3 d before the initiation of modelling. Each rat was
reweighed before modelling.

All experiments conformed to the National Institute of
Health guidelines for the care and use of laboratory ani-
mals and the European Communities Council Directive of
24 November 1986 (86/609/EEC). The study was approved
by the Research Ethics Committee of the Second Hospital
of the Hebei Medical University (2019-AE049). All efforts
were made to minimise animal suffering.

Material

DIl-3-n-Butylphthalide was provided by the CSPC
NBP Pharmaceutical Co., Ltd. in the form of a yellow,
oily liquid with a purity > 99%. It was mixed with corn
oil for use in the EP + NBP groups.

Experimental grouping and drug
intervention

The experiment was randomly divided into four
groups: the control group (CON, n=12), EP group (n = 15),
EP + NBP 60 mg/kg group (EP + NBP,,, n = 15) and EP
+ NBP 120 mg/kg group (EP + NBP,,,, n = 15).

Starting from the day after the successful establish-
ment of the rat model, the rats were weighed daily, and
the EP + NBP,, and EP + NBP_, groups were given the
corresponding dose of NBP (60 mg/kg and 120 mg/kg,
respectively) by gavage from the 7t day post-surgery for
28 days, once a day. The CON and EP groups were given
an equal volume of corn oil daily for 28 days, once a day.

The preparation of the temporal lobe
EP rat model

For the ER EP + NBP,, and EP + NBP,,, groups,
a total of 45 SD rats were weighed and lithium chloride
(127 mg/kg; Sigma, St. Louis, USA) was injected by intra-
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peritoneal injection (IP) 20 h prior to the administra-
tion of pilocarpine (PILO; 50 mg/kg IP; Sigma, St. Louis,
USA). To reduce the peripheral reaction of PILO, atropine
sulfate (1 mg/kg IP; Tianjin Jinyao Pharmaceutical Co,
Ltd, Tianjin, China) was administered 30 min before
the PILO injection. Seizures were assessed according
to the Racine classification standard (level O — no con-
vulsion, level | — chewing movement, level Il — rhythmic
nodding, level Il — unilateral forelimb clonus, level IV —
rearing with bilateral forelimb clonus and level V — gen-
eralised tonic-clonic seizure, loss of balance and even
falls). When the rats showed a lasting level IV or above,
they were identified as having started status epilepticus
(SE). After 60 min of continuous seizure activity, seizures
were terminated using 2% sodium pentobarbital. Rats
without successful SE (5 rats) and dead rats (4 rats)
during modelling process were excluded from the experi-
ment [17]. The rest of SE rats were randomly divided into
3 groups, the EP group (n = 12), EP + NBP, group (n = 12)
and EP + NBP,, group (n = 12). In the control group,
a 0.9% sodium chloride solution was used to replace
the PILO injection, and the procedure was performed as
described for the model group.

Monitoring of spontaneous recurrent
seizure latency, SRS frequency

and seizure duration, intracranial
electrode implantation

and electroencephalogram monitoring

At 7 d of NBP gavage, the rats were placed in sep-
arate transparent cages, and video monitoring equip-
ment was used to monitor the spontaneous recurrent
seizure (SRS) latency, SRS frequency and seizure dura-
tion in the rats.

At 21 d of NBP gavage, six rats were randomly
selected from each group, and after anaesthesia, each
rat was fixed to a stereotaxic apparatus (type: 68027;
RWD, Shenzhen, China). After routine skin prepara-
tion and disinfection, the top of the skull was cut and
exposed, and the surgical site was marked at the anteri-
or and posterior fontanelles. A hole was drilled into the
skull 2.0 mm anterior and 2.0 mm lateral to the breg-
ma, an anchoring screw was placed and the recording
electrode was connected. Two holes were drilled sepa-
rately in the left and right occipital bones of the rat, an
anchoring screw was placed in each of these locations
and the reference and ground electrodes were con-
nected. Dental cement was used to fix the electrodes.
After the operation, the drugs and corn oil were given
regularly via gavage, and the follow-up experiment was
conducted 4 d postoperatively. The implanted electrode
was connected to the electroencephalograph (PL3516,
AD Instruments, Australia; DP304, Warner Instruments,

Folia Neuropathologica 2023; 61/2

USA) for 3 consecutive days to monitor and record
the electroencephalogram (EEG) changes during the
seizures. An epileptiform seizure was defined as a sei-
zure when the EEG revealed sharp waves, spike waves,
sharp (spine) slow comprehensive waves and multiple
spike slow waves and when video monitoring showed
the symptoms of the attacks.

Nissl staining

After EEG monitoring, six rats were randomly select-
ed from each group, anesthetized with 2% sodium pen-
tobarbital and perfused with 4% paraformaldehyde.
The rats were decapitated and the brains were fixed in
4% paraformaldehyde for 24 h at a low temperature.
After the wax blocks of brain were prepared, the hip-
pocampus was continuously cut into coronary slices of
5 um, and a total of five slices were selected from each
group for Nissl staining to observe the degree of hippo-
campal neuron damage. Slices were dewaxed in xylene
and rehydrated in gradient alcohol. Then, slices were
stained with 1% thionine solution for 3-5 min, rinsed
in distilled water, dehydrated in gradient alcohol, trans-
parented in xylene and sealed with neutral balsam.
Microscopic examination was performed under Olym-
pus BX51 optical microscope (Olympus, Tokyo, Japan).

Terminal deoxynucleotidyl transferase
dUTP nick-end labelling staining

The staining was carried out using an in situ cell
death detection kit (Roche, Basel, Switzerland) in accor-
dance with the manufacturer’s instructions. In short,
the slices underwent dewaxing, rehydration, protein-
ase K incubation at 37°C for 30 min and rinsing with
phosphate buffered saline (PBS). A 50 ul transferase
dUTP nick-end labelling (TUNEL) reaction mixture was
added, and the samples were incubated for 1 h at
37°Cin a dark, humidified chamber, then incubated for
30 min in 50 pl converter-POD at 37°C in a dark, humid-
ified chamber. After washing with PBS, DAB was dis-
played for colour, and haematoxylin was redyed for
dehydration, transparency and sealing. The apoptotic
cells in the hippocampal CAl were observed and pho-
tographed using the Olympus BX51 optical microscope
(Olympus, Tokyo, Japan). The Image J software was
used to count TUNEL-positive cells in the hippocam-
pal CA1 and calculate the percentage of TUNEL-posi-
tive cells, i.e., the proportion of TUNEL-positive cells to
the total number of cells.

Western blot

The total protein was extracted using a protein
extraction kit, and the protein concentration was mea-
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sured using the BCA method. A total of 70 g of the pro-
tein was taken for denaturation, followed by vertical
gel electrophoresis using 10% SDS/PAGE and trans-
ferred to the PVDF membranes. They were blocked in
5% skimmed milk powder at room temperature for 1 h
and incubated with the primary antibodies anti-GRP78
(1 : 1000; Cell Signaling Technology, Boston, USA),
anti-PERK (1 : 1000; Cell Signaling Technology, Boston,
USA), anti-P-PERK (1 : 1000; Cell Signaling Technolo-
gy, Boston, USA), anti-elF2a (1 : 1000; Cell Signaling
Technology, Boston, USA), anti-P-elF2a (1 : 1000;
Cell Signaling Technology, Boston, USA), anti-lrela
(1:1000; Cell Signaling Technology, Boston, USA), anti-
P-Irela (1 : 1000; Abcam, Cambridge, UK), anti-ATF6
(1 : 500; Abcam, Cambridge, UK), anti-CHOP (1 : 1000;
Cell Signaling Technology, Boston, USA), anti-JNK
(1:1000; Cell Signaling Technology, Boston, USA), anti-
P-JNK (1 : 1000; Cell Signaling Technology, Boston, USA),
anti-Bcl-2 (1 : 500; Abcam, Cambridge, UK), anti-Bax
(1:1000; Cell Signaling Technology, Boston, USA), anti-
caspase 12 (1 : 1000; Cell Signaling Technology, Bos-
ton, USA) and anti-c-caspase 3 (1 : 1000; Cell Signaling
Technology, Boston, USA) overnight at 4°C and then
rinsed with PBS. They were then incubated in the goat
anti-rabbit 1gG fluorescent antibody (1 : 10,000, Rock-
land, Limerick, USA) at room temperature in the dark
for 1 h, then rinsed with PBS. The Odyssey far-infrared
fluorescence scanning imaging system (LI-COR, Lincoln,
USA) was used to scan and measure the optical density
of the target protein per unit length, which was then
compared with the optical density value of GAPDH
(1 : 1000, Cell Signaling Technology, Boston, USA) for
statistical analysis.

Statistical analysis

Data are expressed as mean + standard deviation,
SPSS 23.0 was used for statistical analysis, and Graph-
Pad Prism 6 was used to generate the figures. All data
were tested for normality and homogeneity of variance
using Levene’s test. Measurement data were analysed
using one-way analysis of variance for intergroup com-
parison. For data of SRS latency, SRS frequency, seizure
duration and protein levels (with homogenous vari-
ance), the intergroup comparison was performed using

the LSD test, and for data of Nissl staining and TUNEL
staining (with heterogeneous variance), the Tamhane’s
T2 test was used. P < 0.05 indicated a statistical dif-
ference, and p < 0.01 indicated a significant statistical
difference.

Results

NBP reduced the SRS frequency,
shortened the seizure duration
and reduced the EEG interictal
discharge in EP rats

As shown in Table |, the rats in each group were sub-
jected to behavioural observation 7 days after SE. There
was no significant difference in the SRS latency between
the ER EP + NBP, and EP + NBP,,, groups (p > 0.05).
When compared with the EP group, the SRS frequency
was lower in the EP + NBP, and EP + NBP,,, groups
(p < 0.05), and the seizure duration was shorter
(p < 0.05). When compared with the EP + NBP,, group,
the SRS frequency was lower, and the seizure duration
was shorter in the EP + NBP,,, group (p < 0.05).

As shown in Figure 1, the EEG of the CON group
was mainly a or B rhythms with a frequency of 5-10 Hz
and a wave amplitude < 100 uV. Interictal discharge in
EP rats refers to the appearance of regular spikes with
EP wave frequency < 2 Hz and amplitude > 3 times
the EEG baseline. The interictal epileptiform discharge
was observed in the EEG and recorded. When compared
with the CON group, the interictal discharge was signifi-
cantly increased in the ER EP + NBP,, and EP + NBP,,
groups, but the interictal discharge was less frequent in
the EP + NBP,, and EP + NBP,,, groups than in the EP
group and less frequent in the EP + NBP,,, group than
in the EP + NBP, group.
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NBP reduced hippocampal neuron
damage in EP rats

The result of Nissl staining is shown in Figure 2.
The hippocampi in the CON group were abundant and
full, and the pyramidal cells in the CA1 region had nor-
mal morphology, i.e., they were well arranged and uni-
formly stained with large round nuclei, obvious nucleoli
and abundant cytoplasmic Nissl bodies. The hippocampi

Table I. The effect of DI-3-n-Butylphthalide on seizure of PILO-induced epileptic rats. Values are expressed

as the means + SEM (n = 12 per group)

Groups Number of rats SRS latency (day) SRS frequency (per day) Seizure duration (s)
CON 12 - - -

EP 12 12.00 +3.74 2.53 +0.36 33.41+5.78

EP + NBP, 12 14.00 £3.03 1.91+0.57* 27.71 £3.45*

EP + NBP 12 15.33 +3.78 1.26 +0.38*# 22.67 £3.32*#

120

'p < 0.05 vs. the EP group, *p < 0.05 vs. the EP + NBP, group
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Fig. 1. The effect of DI-3-n-Butylphthalide treatment on brain electrical discharge in EP rats (n = 6 per group).
CON - control group, EP - epileptic group, EP + NBP, — epileptic with 60 mg/kg NBP group, EP + NBP,,

— epileptic with 120 mg/kg NBP group.

in the EP group were significantly atrophic, the neurons
in the CA1 were sparsely arranged and significantly
reduced in number when compared with the CON
group, and the nuclei were pyknotic with unclear
nucleoli, smaller cell volume and significantly reduced
Nissl bodies. The hippocampi in the EP + NBP,, group
and EP + NBP,,, group were relatively more abundant
than those in the EP group, and the pyramidal cells in
the CA1 had more regular morphology, were greater
in number and had more Nissl bodies (Fig. 2A).

When compared with the CON group, the number of
normal neurons in the ER EP + NBP., and EP + NBP,,,
groups was significantly lower (p < 0.01). The EP + NBP,
and EP + NBP,,, groups had more nerve cells than
the EP group (p < 0.05), and there were more neurons
in the EP + NBP,,, group than in the EP + NBP,, group
(p < 0.05) (Fig. 2B).

NBP inhibited hippocampal neuronal
apoptosis in EP rats

TUNEL staining was used to observe the apoptosis
of the hippocampal CA1 neurons in each group (Fig. 3A).
TUNEL staining results showed that the percentage
of TUNEL-positive cells in the hippocampal CA1 region
in the EP group was significantly higher than in the CON
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group (p < 0.01). After NBP intervention, the percent-
age of TUNEL-positive cells in the CA1 in the EP + NBP,
and EP + NBP,,, groups was lower than in the EP group
(p < 0.05), and the percentage of TUNEL-positive cells in
the EP + NBP,,, group was lower than in the EP + NBP
group (p < 0.05) (Fig. 3B).

NBP reduced ERS and ERS-related
apoptotic protein expression in EP rats

The Western blot method was used to detect ERS
and the expression of ERS-related apoptotic proteins,
such as GRP78, PERK, P-PERK, elF2a, P-elF2a, Irela,
P-Irela, ATF6, CHOR JNK, P-JNK, caspase 12, c-caspase 3,
Bcl-2 and Bax in the hippocampi of the rats from
each group. When compared with the CON group,
the expression of GRP78, P-PERK, P-elF2a, P-Irela,
ATF6, CHOR P-JNK, caspase 12, c-caspase 3 and Bax was
higher in the EP group (p < 0.01), and the expression of
anti-apoptotic protein Bcl-2 was lower (p < 0.01). When
compared with the EP group, the expression of GRP78,
P-PERK, P-elF2a, P-Irela, ATF6, CHOR P-JNK, caspase 12,
c-caspase 3 and Bax was lower in the EP + NBP, group
(p < 0.05), and the expression of Bcl-2 was higher
(p < 0.05). The expression of P-PERK, P-elF2q, P-lrela,
ATF6, CHOR P-JNK, caspase 12 and c-caspase 3 was
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Fig. 2. A) Niss!| staining results of hippocampal lesions of rats in each group to observe the number of
neurons in the hippocampal CA1. Magnification: Hippocampus, 40x; CA1, 200x; B) The number of neurons
in the CON group is 85.16 £4.62, in the EP group 37.40 +5.89, in the EP + NBP,, group 59.00 +3.82 and in
the EP + NBP,, group 72.00 £4.47. CON - control group, EP — epileptic group, EP + NBP,, — epileptic with

60 mg/kg NBP group, EP + NBP,,,

— epileptic with 120 mg/kg NBP group. Values are expressed as

the means + SEM (n = 6 per group; *p < 0.01 vs. the CON group, *p < 0.05 vs. the EP group and *p < 0.05

vs. the EP + NBP,, group).

more significantly lower in the EP + NBP,, group than
in the EP + NBP,, group (p < 0.05), and the expression
of Bcl-2 was higher (p < 0.05). No significant difference
was found in the protein expressions of PERK, elF2a,
Irela and JNK between the groups (Fig. 4).

Discussion

DI-3-n-Butylphthalide is widely used in the treat-
ment of acute ischemic cerebrovascular disease in clini-
cal practice in China and intervenes in the pathophysio-
logical processes of cerebral ischemia. NBP can improve
the symptoms of ischemic stroke and help in long-term
recovery [37]. Zhou et al. found in a randomized con-
trolled clinical study that the continuous use of NBP for
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six months could significantly improve the symptoms of
patients with PD and slow the progression of the dis-
ease [41]. Subsequent studies found that NBP could
improve cognitive impairment in vascular dementia (VD)
rats [33]. Han et al. found that NBP could reduce the lev-
el of the excitatory neurotransmitter glutamate in the
brain of EP mice [12]. Yang et al. reported that NBP could
reduce the amplitude of the miniature excitatory post-
synaptic current and the EP-like electrical activity in EP
rats [39]. In this experiment, NBP was used to intervene
in PILO-induced EP rats. The results indicated that NBP
can reduce EP seizures, reduce abnormal discharge of
the brain, protect hippocampal neurons from injury, and
inhibit apoptosis of hippocampal neurons. The above
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Fig. 3. A) The effect of NBP on hippocampal CA1 neuronal apoptosis of PILO-induced EP rats detected using
TUNEL staining. B) The percentage of TUNEL-positive cells in the CON group is 17.50 +4.76, in the EP group
77.84 £5.25, in the EP + NBP, group 58.72 £7.99 and in the EP + NBP,,, group 36.59 +7.14. CON - control
group, EP — epileptic group, EP + NBP,, — epileptic with 60 mg/kg NBP group; EP + NBP,,, — epileptic with
120 mg/kg NBP group. Values are expressed as the means + SEM (n = 6 per group; *p < 0.01 vs. the CON
group, ¥p < 0.05 vs. the EP group and *p < 0.05 vs. the EP + NBP, group.

effects were more obvious in the EP + NBP,,, group
than in the EP + NBP, group. These results show that
NBP has a definite neuroprotective effect on EP rats, and
there is a dose-effect relationship.

The ER is an important organelle that maintains nor-
mal cell function. When cells are stimulated by some
kinds of stimulation, GRP78 was isolated from three
transmembrane proteins, PERK/elF2a, Irela/XBP-1 and
ATF6 pathway are activated [1,4]. PERK and Irela
homodimerise and activate via autophosphorylation,
and activated P-PERK phosphorylates the downstream
translation initiation factor elF2a, leading to a trans-
lation halt and reduced protein synthesis [6,24]. Irela
is activated via autophosphorylation, which leads to

Folia Neuropathologica 2023; 61/2

a frameshift of protein translation and the production
of active transcription factor XBP-1s, which enhances
the transcription of ER chaperone genes and recovery
of ER stability [10-16]. ATF6 is transported to the Golgi
apparatus and is cleaved by its endoprotease to produce
an active transcription factor ATF6 (P50) that enters the
nucleus, binds to the ER stress response element (ERSE)
and expresses ER-related genes to restore ER stability
[7,36]. When the internal and external stimuli persist
or the intensity is too high, UPR will eventually initiate
apoptosis [13]. P-elF2a. activates ATF4 transcription
while reducing protein synthesis, thereby inducing CHOP
expression [14]. In vivo and in vitro studies have shown
that CHOP is the main regulator of ERS-induced apop-
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Fig.4.Theeffects of NBPtreatmentonthe expression of GRP78, PERK, P-PERK, elF2a., P-elF2a, Irela, P-Ire 1a, ATF6, CHOR
JNK, P-JNK;, caspase 12, c-caspase 3, Bcl-2 and Bax in the hippocampus. A-O) The quantitative analyses of GRP78, PERK,
P-PERK,elF2a,P-elF2a,Irela, P-Irela, ATF6,CHORINK, P-JNK, caspase 12, c-caspase 3,Bcl-2 and Bax. CON—controlgroup,

EP — epileptic group, EP + NBP,, — epileptic with 60 mg/kg NBP group, EP + NBP

120

— epileptic with 120 mg/kg NBP

group. Data are expressed as the means + SEM (n = 6 per group; *p < 0.01 vs. the CON group, *p < 0.05 vs. the EP
group and #p < 0.05 vs. the EP + NBP,, group).
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tosis, and CHOP-induced apoptosis plays a key role in ERS.
Highly expressed CHOP can reduce the expression of the
anti-apoptotic protein Bcl-2 through transcriptional inhi-
bition and promote the expression of Bax, BIM and BID,
thus regulating cell apoptosis [21]. In the case of severe
or sustained ERS, P-Irela interacts with tumour necro-
sis factor receptor-associated factor 2 (TRAF2) to form
a complex, which activates the downstream JNK sig-
nalling pathway, promotes the release of cytochrome C
from mitochondria and the activation of caspase 9,
leading to cell apoptosis [5]. The P-lrela/TRAF2 com-
plex induces and activates caspase 12 on the surface of
the ER cell membrane. The activated caspase 12 succes-
sively activates its downstream caspase 9 and caspa-
se 3, eventually leading to cell apoptosis [20]. Activat-
ed ATF6 enters the nucleus and combines with specific
ERSE to initiate the expression of apoptosis-related
CHOP and other genes [18].

In this study, we used a chronic EP model induced
by PILO, which is currently recognized as an ideal model
for human temporal lobe EP [3-26]. After the success-
ful induction of SE, the rats were given an intragastric
administration of NBP for 28 consecutive days. While
the rats were in the stage of chronic EP, the SRSs were
observed, and the expression of ERS-related proteins
was detected. When compared with the CON group,
we found that the expression of ERS and ERS-mediated
apoptotic proteins, including GRP78, P-PERK, P-elF2a,
P-lrela, ATF6, CHOR P-JNK, caspase 12, c-caspase 3 and
Bax was significantly higher in the hippocampi of rats
with ER, while the expression of anti-apoptotic protein
Bcl-2 was lower. The results indicated that ERS and
ERS-mediated apoptosis were involved in the pathogen-
esis of EP. Akitaka Yamamoto et al. found that ERS and
ERS-related apoptotic proteins GRP78 and caspase 9
were higher in the removed tissues of patients
with temporal lobe EP than in healthy patients [38].
Zhu et al. reported that ERS developed in the hippo-
campi of C57 mice with chronic EP induced by PTZ, and
the expression of GRP78 and CHOP was higher than in
mice without EP [43]. Fu et al. found that the expres-
sions of GRP78, p-elF2a and CHOP were higher in C57
mice with acute EP induced by pentylenetetrazol after
general tonic-clonic seizures, and sodium valproate
could inhibit the high expression of ERS-related apop-
totic protein in the hippocampi of EP mice to prolong
the latency of seizures, thereby exerting a neuroprotec-
tive effect [8]. In contrast to the aforementioned stud-
ies, our study is the first to investigate the ERS and the
mechanism of ERS-mediated apoptosis in rat models of
chronic temporal lobe EP induced by PILO. Western blot
revealed that after NBP intervention in EP rats, highly
expressed ERS and ERS-mediated apoptotic proteins in
the hippocampi of the rats, including GRP78, P-PERK,

Folia Neuropathologica 2023; 61/2

a b [4 d
GRP78 ... .
- - e
— - e —
e e e
— N —

L

P-PERK

P-elF2a

Irela

P-lrela

ATF6

CHOP

JNK

P-JNK

caspase 12
c-caspase 3
Bcl-2

Bax

Fig. 4. Cont. The effects of NBP treatment on the expres-
sion of GRP78, PERK, P-PERK, elF2a, P-elF2a, Irela,
P-lrela, ATF6, CHOR JNK, P-JNK, caspase 12, c-caspase 3,
Bcl-2 and Bax in the hippocampus. P) The Western blot
of GRP78, PERK, P-PERK, elF2a, P-elF2a, Irela, P-lrela,
ATF6, CHOR JNK, P-JNK, caspase 12, c-caspase 3, Bcl-2
and Bax in the CON, ER EP + NBP,, and EP + NBP ,,
groups. CON — control group, EP — epileptic group, EP
+ NBP,, — epileptic with 60 mg/kg NBP group, EP +
NBP,,, — epileptic with 120 mg/kg NBP group.
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P-elF2a, P-lrelo, ATF6, CHOR P-JNK, caspase 12,
c-caspase 3 and Bax, decreased, whereas the expres-
sion of the anti-apoptotic protein Bcl-2 increased. The
change was more significant in the EP + NBP ,, group
than in the EP + NBP,, group. Therefore, NBP can pro-
tect neurons by inhibiting ERS and reducing ERS-me-
diated apoptosis in EP rats. Liao et al. found that NBP
could improve the anxiety and depression behaviours
caused by Adriamycin by inhibiting ERS and ERS-medi-
ated apoptosis [22].

There are also limitations and deficiencies in this
study. We only studied and observed the SRS and mech-
anism of chronic epilepsy after NBP intervention, but
did not do any work about the cognitive impairment,
affective disorder and other accompanying symptoms
of the EP rats. It can be seen that our research on
the neuroprotective effect of NBP on epilepsy is not
comprehensive enough, which is the limitation of this
experimental study. Besides, 4 rats died after intracra-
nial electrode implantation operation, reminding us of
the need to improve the proficiency in further studies.

Conclusions

DI-3-n-Butylphthalide treatment after SE can reduce
SRS frequency in PILO-induced chronic ER shorten the
duration of seizures, and reduce interictal discharges.
NBP treatment protects the hippocampal neurons from
damage after SRS, inhibits hippocampal neuronal apop-
tosis in EP rats, and can reduce the overexpression of ERS
and ERS-mediated apoptosis protein in the hippocam-
pus of EP rats. There is a dose-effect relationship, which
means that large doses of NBP are more effective than
low does. The above finding showed that NBP has a clear
neuroprotective effect on EP rats. B the above, NBP may
become a new treatment method for epilepsy patients.
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