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Abstract

Background: Epilepsy is a central nervous system disorder characterized by abnormal neuronal discharges in the brain. The purpose of
this study was to investigate the protective effects of a caspase-1 inhibitor on glial hyperactivation and neuronal apoptosis in epilepsy.
Methods: A pilocarpine-induced status epilepticus (SE) mouse model was established. Belnacasan (VX765), a caspase-1 inhibitor, was
administered intraperitoneally. ELISA was used to detect inflammatory cytokines interleukin (IL)-1β, IL-6, and tumor necrosis factor-
alpha (TNF-α) in peripheral blood. Immunohistochemistry and transmission electron microscopy were used to evaluate glial activation
and neuronal damage in the hippocampus. Western blotting was performed to detect caspase-1 and Gasdermin D N-terminal (GSDMD-
N) expression. In vitro, primary glial cells were stimulated with lipopolysaccharide (LPS), and the effects of glial conditioned medium
on HT22 neuronal apoptosis were assessed using cell counting kit-8 (CCK-8) and flow cytometry. Results: In vivo experiments showed
that, as epilepsy progressed, the levels of pro-inflammatory cytokines IL-1β and IL-6 in peripheral blood were significantly increased,
consistent with findings in patients with epilepsy. At 21 days after epilepsy induction, the numbers of hyperactivated microglia and
astrocytes increased significantly and exhibited activation-related features such as organelle swelling, whereas neuronal numbers were
markedly reduced and displayed cytological features of apoptosis. VX765 significantly alleviated seizure frequency and severity in
epileptic mice and attenuated peripheral blood levels of IL-1β and IL-6, hippocampal caspase-1 activity, glial hyperactivation, and
neuronal apoptosis. In vitro experiments demonstrated that glial conditioned medium (CMG) promoted apoptosis of HT22 neurons
by regulating Bcl-2-associated X protein (Bax) and B-cell lymphoma 2 (Bcl-2) expression, whereas VX765 alleviated HT22 neuronal
apoptosis by inhibiting the secretion of inflammatory factors from glial cells. Conclusions: These results indicate that inhibiting glial
cell hyperactivation and neuroinflammation via caspase-1 inhibition may represent a potential therapeutic strategy for epilepsy.
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1. Introduction
Epilepsy is a neurological disorder characterized by

abnormal neuronal activity that affects approximately 70
million individuals worldwide [1]. The overall prevalence
of epilepsy in China is approximately 1.68 per 1000 individ-
uals [2]. Epilepsy is often accompanied by psychological,
cognitive, and behavioral disorders and is associated with
an increased risk of disability and accidental injury [3]. A
previous study has reported that seizures are accompanied
by elevated levels of inflammatory cytokines and activation
of astrocytes and microglia [4]. Neuron–glial interactions
are essential for maintaining synaptic homeostasis and plas-
ticity. In addition, perivascular microglia, macrophages,
and astrocytes are closely associated with cerebral mi-
crovasculature and lymphatic function [5]. However, the
pathological mechanisms linking glial cell activation (as-
trocytes or microglia) to neuronal apoptosis during epilepsy
remain poorly understood.

Glial cells account for more than 90% of cells in the
brain, and their primary functions include nourishing, sup-

porting, and protecting neurons [6]. Local or systemic in-
flammatory responses can lead to aberrant neural connec-
tivity and excessive activation of glial cells. Astrocytes and
microglia can transition from a resting state to an activated
state in response to injury and stress, thereby maintaining
brain homeostasis and limiting tissue damage [7,8]. When
normal feedback mechanisms fail to resolve inflammation,
glial cell–mediated inflammatory processes may promote
the onset and progression of epilepsy [9]. After seizures,
levels of interleukin (IL)-1β, IL-6, and other inflammatory
cytokines in the brain increase significantly, possibly due to
glial hyperactivation, proliferation, or pyroptosis, indicat-
ing that neuroinflammation potentially involving glial py-
roptosis accompanies epileptogenesis [10]. Pyroptosis is an
inflammatory form of programmed cell death triggered by
caspase-1/4/5/11 and gasdermin protein activation [11,12].
However, not all caspase-1–activated cells that cleave Gas-
dermin D (GSDMD) and release IL-1 undergo pyroptosis.
Living cells that release inflammatory cytokines through se-
cretory pathways are considered activated or mature cells,
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whereas dead cells releasing IL-1 are considered pyroptotic.
Other cytokines exist in states different from their tradi-
tional activated or pyroptosis-induced counterparts. This
unique activation state is referred to as hyperactivation [13].
This concept is consistent with the pathological manifesta-
tions observed in patients with epilepsy.

The current antiepileptic drugs are mainly Na+ and
Ca2+ ion channel blockers. These drugs primarily control
seizure symptoms. However, they do not prevent the devel-
opment of epilepsy and are often associated with drug re-
sistance or adverse effects [14]. Belnacasan (VX765) is an
oral prodrug and a caspase-1 inhibitor capable of penetrat-
ing the blood brain barrier (BBB) [15]. This study aimed to
elucidate changes in pro-inflammatory factors in peripheral
blood during epilepsy progression and to investigate the ef-
fects of VX765 onmicroglial and astrocytic activation, glial
hyperactivation, and neuronal apoptosis. In addition, the ef-
fects of glial cell–conditioned medium on neuronal injury
and the protective role of VX765 against neuronal apoptosis
were examined in vitro. Together, these findings help clar-
ify the role of neuroinflammation regulation as a potential
therapeutic strategy for epilepsy.

2. Materials and Methods
2.1 Animals and Ethics Statement

Male C57BL/6J mice (12 weeks old, weighing 25± 2
g) were provided by Hangzhou Zi Yuan Experimental Ani-
mal Technology [Hangzhou, Zhejiang, China]. The exper-
imental mice were raised in a standard environment, with a
room temperature of 22± 2 °C, humidity of 50%–60%, suf-
ficient food and water, and a natural circadian rhythm light
cycle. The experiments began one week after the animals
had adapted to the environment.

The animal experiments described in this study were
conducted in strict accordance with the ARRIVE guidelines
and the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals (8th edition, 2011).
All efforts were made to minimize animal suffering and re-
duce the number of animals used. In accordance with the
requirements of the Animal Ethics Committee of Bengbu
Medical University, the experimental mice were humanely
euthanized by cervical dislocation after anesthesia at the
end of the study.

2.2 SE Mice Model and Drug Administration
First, anisodamine (1 mg/kg, HY-N0584, MedChem-

Express (MCE), Monmouth Junction, NJ, USA) was ad-
ministered intraperitoneally to mice to reduce peripheral
cholinergic effects. After 30 min, pilocarpine (300 mg/kg,
P129614, Aladdin, Shanghai, China) was given to induce
status epilepticus (SE) [16]. The animals in the control
(Ctrl) group were given the same amount of drug solvent.

We first treated the mice with VX765 (HY‑13205,
MedChemExpress (MCE)) or carbamazepine (CBZ,
HY‑B0246, MedChemExpress (MCE)) once daily for

4 days via intraperitoneal injection, and then induced
the epilepsy model with pilocarpine as described above.
The experiment was initially divided into nine groups,
nine mice in each group, including a control group (Ctrl
group, saline 1 mL/kg), epilepsy groups at 3, 7, 14, and 21
days, VX765 group (200 mg/kg, once a day for 4 days),
VX765+SE group, CBZ group (14 mg/kg, once a day for 4
days), and CBZ+SE. The above administrations involved
intraperitoneal injection (i.p.). The occurrence and fre-
quency of spontaneous seizures were recorded on video.
Mice were intraperitoneally injected with 2% pentobarbital
sodium (40 mg/kg, P0225, Tongshan, Shanghai, China)
to ensure that the animals were generally anesthetized.
After the anesthetic effect was satisfied, the mice were
euthanized, and subsequent experiments were conducted.

2.3 Model Evaluation

To determine the effects of VX765 on the intensity of
SE, the epileptic seizure grades were evaluated using the
Racine Scale. The rating method of epileptic seizures in-
volved the following: Grade I, ear and face convulsions;
Grade II, nod; Grade III, anterior limb clonus or poste-
rior limb tilt; Grade IV, bilateral forelimb clonic seizures
or standing; and Grade V, repeated tonic clonic seizures
or falls. SE was defined as an epileptic seizure lasting
more than 5 min. A mouse model with recurrent epileptic
seizures for more than 60 min without death was defined as
a successful model. If the first administration reached grade
IV or above, and the mouse died after the end of adminis-
tration, it was defined as sudden death, and was eliminated.

2.4 Detection of Inflammatory Factors

An enzyme-linked immunosorbent assay (ELISA) kit
(20210326, Jiancheng Bioengineering Institute, Nanjing,
Jiangsu, China) was used to analyze the levels of inflam-
matory cytokines (IL-1β, IL-6, and tumor necrosis factor-
alpha [TNF-α]) in the peripheral blood of mice, according
to the manufacturer’s protocol. Blood was collected from
the eyeball and placed in a centrifuge tube. The samples
were centrifuged at 3000 rpm for 20 min, the supernatant
was preserved and the steps were repeated if there was any
sediment. Briefly, inflammatory factors in serum were in-
cubated with the reaction buffer. The sample and biotin
antigen were added, and incubated in a 37 °C incubator for
30min, followed bywashing the plate five times in washing
solution buffer. Horseradish peroxidase conjugate reagent
was then added, and incubated in a 37 °C incubator for 30
min, followed by washing the plate five times. Chromogen
solutions A and B were then added and reacted for 10 min
at 37 °C. The stop solution was added and the reaction was
measured using a microplate reader (Synergy HT, BioTek
Instruments, Inc., Winooski, VT, USA). Each sample was
analyzed in triplicate. The concentrations of inflammatory
cytokines were expressed as ng/L of total protein content.
We collected cerebrospinal fluid from 5 non-epileptic con-
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trols and 5 patients with epilepsy. The healthy control group
used the cerebrospinal fluid from patients who tested nega-
tive for treponema pallidum in the cerebrospinal fluid test.
The cerebrospinal fluid of patients with epilepsy is the cere-
brospinal fluid obtained from patients undergoing lumbar
puncture in the neurology department. The cerebrospinal
fluid is collected by doctors through lumbar puncture un-
der sterile conditions. Caspase-1 enzyme activity was an-
alyzed using a caspase-1 activity assay kit (C1101, Bey-
otime, Shanghai, China). Human cerebrospinal fluid (CSF)
samples were obtained from 5 patients with epilepsy (mean
age 32.6 ± 8.3 years, 4 males and 1 female) and 5 healthy
controls (mean age 35.4 ± 7.1 years, 3 males and 2 fe-
males). Epilepsy patients were diagnosed according to the
International League Against Epilepsy (ILAE) criteria and
had a mean disease duration of 7.2± 3.5 years. All patients
were under stable antiepileptic drug regimens (including
levetiracetam, valproate, or carbamazepine). Control CSF
samples were obtained from individuals undergoing routine
lumbar puncture for suspected non-inflammatory neurolog-
ical conditions, with normal CSF findings and no history of
epilepsy or neuroinflammatory disease.

2.5 Detection of Caspase-1 Activity

Six left hippocampal tissues were homogenized and
the protein supernatant was obtained. Caspase-1 enzyme
activity in the mouse hippocampal tissue was analyzed
using a caspase-1 activity assay kit (C1101, Beyotime).
Briefly, the caspase-1-containing tissue supernatant was in-
cubated with the substrate, Ac-YVAD pNA, to generate
pNA, and the mixture was incubated at 37 °C for 1–2 h.
The activity was then detected at 405 nm using a microplate
reader, with each sample analyzed in triplicate.

2.6 Immunohistochemistry

Three whole brains from each group were prepared
for immunohistochemical staining. After PBS perfu-
sion, precooled 4% paraformaldehyde (BL539A, Biosharp,
Guangzhou, China) was used for perfusion until the mice
were stiff. Then, the brain was decapitated, and soaked in
4% paraformaldehyde solution for 24 h, followed by de-
hydration in 20%–30% sucrose solution for 7 days. After
blocking endogenous peroxidase with 3%H2O2, serumwas
added. Then, primary antibody [rabbit antiGFAP (glial fib-
rillary acidic protein, 1:500, Catalog No. GB11096, Ser-
vicebio, Wuhan, Hubei, China), rabbit antiIBA1 (ionized
calciumbinding adapter molecule 1, 1:500, Catalog No.
GTX635363, GeneTex, Irvine, CA, USA), and mouse an-
tiNeuN (neuronal nuclei, 1:500, Catalog No. ab279296,
Abcam, Cambridge, UK)] was added and incubated at 4 °C
overnight, followed by washing three times with PBS, ev-
ery 5 min. The sample was then incubated in secondary an-
tibody (BL003A, Biosharp) for 1 hour at room temperature
and washed three times with PBS every 5min. Then, 3,3 N-
diaminobenzidine tetrahydrochloride (DAB, Catalog No.

DAB-0031, Biosharp) was added, followed by observation
using a microscope, to determine the termination time ac-
cording to the color. Three slices were randomly taken from
each group, and the positive areas and cell numbers of the
mouse hippocampus were statistically analyzed using Case
Viewer software (2.4.0.119028, Servicebio, Wuhan, Hubei,
China).

2.7 Transmission Electron Microscopy

Three right hippocampal tissues were taken after per-
fusion and transmission electron microscopy analyses. The
hippocampal tissues of mice were quickly preserved at 4
°C and the fixative solution and the sampling apparatus
were precooled to 4 °C. The hippocampal tissue specimens
were cut into small 1-mm pieces and placed in the electron
microscope fixation solution (HY-DY3001, MedChemEx-
press, Monmouth Junction, NJ, USA). After fixation at 4
°C for 2 h, 0.1 M sodium dimethyl arsenate buffer was
used for rinsing, three times. Alcohol gradient dehydra-
tion was then conducted, with a dehydration time of 10 min
for each concentration of alcohol, to a final concentration
of 100%. The tissues were then embedded in epoxy resin
(14300, ElectronMicroscopy Sciences, Hatfield, PA, USA)
and sectioned. Ultrathin sections were stained with uranyl
acetate (22400, ElectronMicroscopy Sciences) and lead cit-
rate (17800, Electron Microscopy Sciences), and then de-
tected with an H-7500 transmission electron microscope
(Hitachi, Tokyo, Japan).

2.8 Western Blotting

Three right hippocampal tissues were used for western
blotting. Hippocampal tissue was fully homogenized us-
ing a tissue grinder (Cat. No. MagMixA, Magen Biotech-
nology Co., Ltd., Guangzhou, Guangdong, China) at 60
Hz for a total time of 60 seconds. The sample was then
centrifuged at 12,000 rpm for 20 min at 4 °C, followed
by the collection of the supernatant. The protein was
then denatured at 95 °C for 5 min. The protein samples
were then resolved using Sodium Dodecyl Sulfate Poly-
acrylamide Gel Electrophoresis (SDS-PAGE, E8042, Am-
resco/Shanghai Jinshan Biotechnology Co., Ltd., Shang-
hai, China). After electrophoresis, the proteins were trans-
ferred to nitrocellulose membranes. A rapid blocking so-
lution (P0252, Beyotime) was used for blocking for 1 hour
at room temperature. The membrane was then incubated
with the primary antibody at 4 °C overnight. The primary
antibodies included rabbit anti-GSDMD (1:1000, G7422,
Merck, Sigma-Aldrich, Darmstadt, Germany), mouse anti
caspase-1 (AG-20B-0048, AdipoGen Life Sciences, San
Diego, CA, USA), B-cell lymphoma 2 (Bcl-2, BL-0062-
1, BioSharp), Bcl-2-associated X protein (Bax, BL-0056-
1, BioSharp), and mouse anti β-actin (AA128, Beyotime).
Themembranewas then incubated with secondary antibody
for 1 hour at room temperature, then washed with Tween-
Phosphate-Buffered Saline (TPBS, ST671, Beyotime) three
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times, every 5 min, and then processed using enhanced
chemiluminescence reagents (P0018FS, Beyotime). Sig-
nals were acquired using a MicroChemi chemilumines-
cence image analysis system [MicroChemi 4.2 gel doc-
umentation system with GelCapture MicroChemi 2.2.0.0
software (DNRBio-Imaging Systems Ltd., NeveYamin, Is-
rael)].

2.9 Primary Glial Cells Culture and Construction of Glial
Cell-Neuron Models

Fifteen C57BL/6J mice within 72 h of birth were dis-
infected twice with alcohol, decapitated, and the hippocam-
pus removed. The brain skin and skull were cut along
the sagittal suture of the mouse brain, and the pia mater
and blood vessels were stripped, leaving the hippocampus.
The hippocampus specimens were washed with PBS, then
placed in a centrifuge tube, followed by the addition of an
appropriate amount of 0.25% trypsin solution (G4004, Ser-
vicebio), homogenized with a tissue grinder, mixed with
the homogenate, and digested in a 37 °C, 5% CO2 incu-
bator (51030285, Thermo Fisher Scientific, Waltham, MA,
USA) for 15–20 min. Prepared Dulbecco’s Modified Ea-
gle Medium/Nutrient Mixture F-12 (DMEM-F12) medium
(G4611, Servicebio) was used to terminate the digestion,
followed by filtration through a 200-mesh screen, centrifu-
gation at 1000 rpm for 5 min at 4 °C, and then the su-
pernatant discarded. The cell pellet was resuspended with
DMEM-F12, inoculated into a tissue culture flask, and
placed in an incubator. After 24 h, the DMEM-F12medium
was changed, and then changed every three days.

The purified glial cells were seeded in a large dish
or plate for subsequent experiments, 2 × 106cells/well.
Lipopolysaccharide (LPS, 100 ng/mL, S1732, Beyotime)
was then used to stimulate primary glial cells for 24 h. Af-
ter removing the supernatant, fresh medium was added and
samples were cultured for an additional 24 h. The glial su-
pernatant was taken and added to HT22 hippocampal neu-
ronal cells [17]. The HT22 cell line used in this study
was obtained from Rebit Biotechnology Co., Ltd (Shang-
hai, China) and was cryopreserved at the Scientific Re-
search Center of Bengbu Medical College. The identity of
the cell line was verified using short tandem repeat (STR)
analysis, which confirmed that the cells were HT22 and
free from cross-contamination. Prior to experimentation,
the cell line was tested for mycoplasma contamination us-
ing polymerase chain reaction (PCR), and the results were
negative. For primary glial cells, after 7–10 days of cul-
ture, when cells reached 80–90% confluence, the mixed
glial population (primarily astrocytes and microglia) was
purified by shaking at 200 rpm for 6 h to remove loosely at-
tached microglia. Astrocytes were identified by glial fibril-
lary acidic protein (GFAP) immunostaining, and microglia
by ionized calcium-binding adaptor molecule 1 (IBA1).

2.10 Cell Counting Kit-8 (CCK-8)
The effect of glial supernatant on neuronal function

was detected using the CCK-8 cell proliferation assay and
flow cytometry. HT22 cells were seeded in 96-well plates
at a density of 1 × 104 cells/well.

2.11 Flow Cytometry
Flow cytometry was used to detect the effects of in-

flammatory glial cell supernatant on neurons, 6 well plates,
2 × 105 cells/well.

2.12 Statistical Analysis
Prism 7.0 software (GraphPad, San Diego, CA, USA)

was used to analyze the data. All data are expressed as the
mean ± SEM. One-way or two-way analysis of variance
was used for the comparison of multiple groups to deter-
mine the statistical significance. Differences were consid-
ered to be significant for values of p < 0.05.

3. Results
3.1 The Levels of Neuroinflammatory Factors in the
Peripheral Serum of SE Mice Were Elevated

Several studies have reported that seizures are accom-
panied by cerebral neuroinflammation. The epilepsy model
was induced with pilocarpine, and spontaneous epileptic
seizures occurred on the 0th day, the 3rd day, the 7th day,
the 14th day, and the 21st day respectively (Fig. 1A). The
results showed that there was no statistically significant
difference in seizure number from 0 to 21 days after the
epilepsy model was established (Fig. 1B). The severity of
the mouse epilepsy model reached its peak on the 21st day
(Fig. 1C). To verify whether pilocarpine induced the epilep-
tic mouse model with inflammation, IL-1β and IL-6 in the
peripheral serum of mice and the activated caspase-1 in
mice brain hippocampus were determined on the 3rd, 7th,
14th, and 21st days in the SE and Ctrl groups after seizures.
The results showed that compared with the Ctrl group, the
contents of IL-1β, IL-6 and TNF-α in the peripheral serum
of the SE group gradually increased, and reached a peak on
the 21st day after SE (Fig. 1D,E,F). Compared to the Ctrl
group, activated caspase-1 in the hippocampus of the SE
group increased with time, and reached a peak on the 21st
day (Fig. 1G). These results suggested that the pilocarpine-
induced epileptic mouse model was accompanied by signif-
icant neuroinflammation. We also collected cerebrospinal
fluid from epileptic patients and normal non-epileptic con-
trols to detect the concentrations of IL-1β and IL-6, which
were significantly increased. IL-18 and TNF-α showed no
statistically significant difference when compared with the
normal healthy control group (Fig. 1H). In the pilocarpine-
induced mouse model, inflammatory cytokines were as-
sessed in peripheral blood to evaluate systemic immune ac-
tivation, a well-established surrogate for neuroinflamma-
tion in rodent epilepsy studies. In contrast, human inflam-
matory markers were measured in CSF to directly reflect
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Fig. 1. Pilocarpine-induced neuroinflammation in the peripheral serum of the epileptic mouse model. (A) The pilocarpine-induced
epilepsy method on days 3, 7, 14, and 21. (B) Table of seizure numbers of mice in the SE group at different times. (C) Bar graph of
seizure intensities of SE mice in the SE group at different times (n = 9/group). (D–F) Contents of inflammatory factors on days 3,7,14,
and 21 in the epileptic mouse model. (G) Concentrations of activated caspase-1 on days 3, 7, 14, and 21 in the hippocampal areas of the
epileptic mouse model. (H) Histogram of inflammatory factors in the cerebrospinal fluid of healthy and epileptic patients (n = 5/group).
ns indicates no statistical significance. *p < 0.05; **p < 0.01; ***p < 0.001. Values are the mean ± SEM. SE, status epilepticus; Ctrl,
control; IL, interleukin; TNF-α, tumor necrosis factor-alpha.

central nervous system inflammation, as CSF analysis is
clinically routine and more representative of the brain mi-
croenvironment in epilepsy patients. Notably, while IL-1β
and IL-6 were significantly elevated in patient CSF, IL-
18 and TNF-α levels did not differ significantly from con-

trols. This may be due to differences in cytokine dynamics,
patient heterogeneity, or the predominant activation of the
caspase-1/IL-1β/IL-6 axis in the epileptic inflammatory re-
sponse.
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Fig. 2. The activation of astrocytes and microglia, and reduction of neurons in the SE mouse brain induced by pilocarpine. (A,D)
Immunohistochemistry. The scale bars are 2000 µm, 500 µm, and 100 µm, respectively. IHC images and bar graphs of the number
of activated astrocytes of the SE mouse hippocampus on days 3, 7, and 21 in the control and epilepsy groups. (B,E) IHC images and
bar graphs of the number of activated microglia of the SE mouse hippocampus on days 3, 7, and 21 in the control and epilepsy groups.
The scale bars are 2000 µm, 500 µm, and 100 µm, respectively. (C,F) IHC images and bar graphs of the reduced numbers of neurons
of the mouse hippocampus on days 3, 7, and 21 in the control and epilepsy groups. The scale bars are 500 µm, 100 µm, and 50 µm,
respectively. (G) Activation of astrocytes and neuronal apoptosis in the SE mouse brain (n = 3/group). The scale bars are 5 µm and 1
µm. ns indicates not statistically significant. *p< 0.05; **p< 0.01. GFAP, glial fibrillary acidic protein; IBA1, ionized calcium-binding
adaptor molecule 1; NEUN, neuronal nuclei antigen; IHC, immunohistochemistry.
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Fig. 3. VX765 suppressed the seizure intensity of the SE mouse. (A) VX765 administration and the pilocarpine-induced epilepsy
method. (B) Table of seizure numbers of mice in each group. (C) Bar graph of seizure intensities of SE mice in each group (n = 9/group).
CBZ, carbamazepine.

Fig. 4. VX765 reduced neuroinflammation in the hippocampal region of the epileptic mouse model induced by pilocarpine. (A–C)
Contents of IL-1β, TNF-α, and IL-6 in the peripheral blood of mice in six groups. (D) Activated caspase-1 in the hippocampus of six
groups of mice (n = 6/group). *p < 0.05; **p < 0.01.

3.2 Hyperactivation of Astrocytes and Microglia, and
Apoptosis of Neurons in the Hippocampus of SE Mice

Hippocampal sclerosis, a neuropathological hallmark
of temporal lobe epilepsy, is characterized by neuronal loss,
gliosis, and synaptic reorganization. Because seizures in
epileptic mice were accompanied by a significant increase
of inflammatory factors and activated caspase-1 in the hip-
pocampus, we further detected the changes in glial cells and
neurons in murine brain tissue. Three mice from each group

were selected for immunohistochemistry and electron mi-
croscopy assays. The results showed that GFAP-labeled
positive cells started to activate during the early stage of SE,
and the hyperactivation increased significantly on 7 days
after SE, with the largest hyperactivation on the 21st day
(Fig. 2A,D). IBA1-labeled positive cells showed no signif-
icant activation on day 3, while the activation was signif-
icantly increased on days 7 and 21 (Fig. 2B,E). Neuronal
nuclei antigen (NEUN)-labeled positive cells continued to
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Fig. 5. VX765 reduced activation of astrocytes in the hippocampus of the epileptic mousemodel. (A) Immunohistochemistry images
of GFAP-stained positive cells. The scale bars are 2000 µm, 500 µm, and 100 µm, respectively. (B) Transmission electron microscopy
images of astrocytes. The scale bars are 5 µm. (C) Histogram of the number of GFAP positive cells (n = 3/group). **p < 0.01; ***p <
0.001.

decrease on days 3, 7, and 21 after SE (Fig. 2C,F). The re-
sults showed that astrocytes and microglia in the hippocam-
pal region of the brain after SE were swollen and rounded,
while the cell membranes were ruptured, with death mainly
from pyroptosis. However, death was mainly due to apop-
tosis, because cell bodies of neurons were atrophic with an
intact cell envelope (Fig. 2G). These results showed that
seizures were accompanied by hyperactivation of glial cells
and apoptosis of neurons.

3.3 VX765 Reduces the Seizure Grade and Number of SE
Mice

Epileptic mice were intraperitoneally injected with
VX765 or the positive control drug CBZ, both once a day
for a total of four times, and then the epilepsy model was
induced with pilocarpine (Fig. 3A). The results showed that

all nine mice in the SE group had seizures, with seizure lev-
els ranging from 4–5. Both the VX765+SE and CBZ+SE
groups had one mouse seizure and seizure levels of grades
2 and 1, respectively (Fig. 3B,C). These results showed that
both VX765 and carbamazepine had good anti-epileptic ef-
fects, suppressing the intensities of seizures.

3.4 VX765 Reduces Neuroinflammation in the SE Mice

VX765 is a specific inhibitor of caspase-1 and has
powerful anti-inflammatory functions under various patho-
logical conditions [18]. ELISA results showed that the lev-
els of IL-1β and IL-6 were significantly increased in the
SE group, when compared with the vehicle control group.
VX765 treatment significantly inhibited the SE-induced in-
flammatory cytokine increases of IL-1β, TNF-α and IL-6
(Fig. 4A–C). The caspase-1 results showed that the hip-
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Fig. 6. VX765 reduces the activation of microglia in the hippocampus of the epileptic mouse model. (A) Immunohistochemical
image of IBA1-positive cells. The scale bars are 2000 µm, 500 µm, and 100 µm, respectively. (B) Transmission electron microscopy
images of microglia. The scale bars are 5 µm. (C) Histogram of IBA1-positive cells (n = 3/group). **p < 0.01; ***p < 0.001.

pocampal caspase-1 activity level significantly increased at
day 21 after SE, when compared with the Ctrl group, while
VX765 treatment significantly reduced the hippocampal
caspase-1 activity induced by SE (Fig. 4D). These results
suggested that VX765 inhibited neuroinflammation and pe-
ripheral inflammation in the brains and peripheral tissues of
epileptic mice induced by pilocarpine.

3.5 VX765 Reduces Hyperactivation of Astrocytes in the
Hippocampus of SE Mice

Astrocytes not only play a role in nutritional sup-
port for neurons, but also induce neuroinflammation. The
immunohistochemistry results showed that the number of
GFAP-labeled positive cells in the SE group was signif-
icantly higher than in the Ctrl group, and the number of
GFAP-labeled positive cells in the VX765+SE group was

significantly lower than in the SE group (Fig. 5A,C). The
number of astrocytes in the hippocampus of the Ctrl group
mice did not significantly increase, and the cell bodies
did not swell. Compared with the Ctrl group, the num-
ber of astrocytes in the hippocampal region of the SE
group was significantly increased, the cells significantly
swelled, and cytoplasmic nuclear glycosome depolymeriza-
tion was observed. Mitochondria, endoplasmic reticulum,
and other organelles also showed swelling to varying de-
grees (Fig. 5B). The VX765 group was similar to the Ctrl
group, with the cells having no obvious change. Compared
with the SE group, the extent of astrocyte pyroptosis in the
VX765+SE group decreased. Together, these results in-
dicated that VX765 inhibited the hyperactivation of astro-
cytes.
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Fig. 7. VX765 reduces damage of neurons in the hippocampus of the epileptic mouse model. (A) Immunohistochemical image of
NEUN staining of positive cells. The scale bars are 500 µm, 100 µm, and 50 µm, respectively. (B) Transmission electron microscopy
images of neurons. The scale bars are 5 µm. (C) Histogram of NEUN positive cells (n = 3/group). **p < 0.01; ***p < 0.001.

3.6 VX765 Reduces the Hyperactivation of Microglia in
the Hippocampus of SE Mice

As the first immune defense line of the nervous sys-
tem, microglia mediate the secretion of inflammatory fac-
tors after proliferation and activation, and play an important
role in the development of epilepsy. The results showed
that compared with the Ctrl group, the number of IBA1-
labeled positive cells was significantly increased in the SE
group, but not in the VX765 group. Compared with the
SE group, the number of positive IBA1 markers in the
VX765+SE group decreased (Fig. 6A,C). The results of
electron microscopy showed that compared with the Ctrl
group, microglia in the SE group swelled, surrounded the
injured neurons, and there were a large number of lipid

droplet vacuoles in the activated microglia, which could en-
gulf the damaged apoptotic neurons. Compared with the
SE group, the activated microglia in the VX765+SE group
were significantly reduced (Fig. 6B). These results indi-
cated that VX765 treatment inhibited the hyperactivation
of microglia.

3.7 VX765 Reduces Neuronal Damage in the
Hippocampus of SE Mice

Recurrent seizures are accompanied by abnormal fir-
ing and reduction of neurons. The results showed that com-
pared with the Ctrl group, neuronal cells in the hippocam-
pus of the SE group were significantly lost, while there was
no significant change in the VX765 group, when compared
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Fig. 8. VX765 reduces the expressions of caspase-1 and GSDMD-N, in the hippocampus of the epileptic mouse model. (A)
Expression bands (western blotting) of caspase-1 and GSDMD-N proteins in the hippocampus. (B) Histogram of caspase-1 and GSDMD-
N protein expressions. **p < 0.01; ***p < 0.001. GSDMD-N, Gasdermin D N-terminal; d,day.

with the Ctrl group. Compared with the SE group, the neu-
ron loss in the VX765+SE group was significantly reduced
(Fig. 7A,C). The results of electronmicroscopy showed that
compared with the Ctrl group, neurons in SE group were
pyknotic, the electron densities of cytoplasm and processes
increased, and the chromatin in the nucleus was highly con-
densed, indicating that neuronal cells underwent apoptosis.
There was no significant change in neurons in the VX765
group. The apoptosis of neurons in the VX765+SE group
was significantly lower than that in the SE group (Fig. 7B).
Together, these results indicated that VX765 had a neuro-
protective effect.

3.8 VX765 Reduces the Expressions of Caspase-1 and
GSDMD-N in the Hippocampus of SE Mice

To determine the effect of VX765 on glial hyper-
activation, the supernatant of the hippocampal tissue ho-
mogenate was used to extract proteins, and the expres-
sions of caspase-1 and Gasdermin D N-terminal (GSDMD-
N)were detected. The results showed that compared with
the Ctrl group, the expressions of caspase-1 and GSDMD-
N were significantly increased in the SE group, while there
was no significant change in the VX765 group, when com-
pared with the Ctrl group. The expressions of caspase-1
and GSDMD-N in the VX765+SE group were significantly
lower than those in the SE group (Fig. 8A,B; The original
western blotting images can be found in the Supplemen-
tary Materials). These results further indicate that VX765
can alleviate the excessive activation of nerve cells in the
hippocampal region of the SE mice.

3.9 VX765 Reduces Apoptosis of HT22 Neurons Induced
by the Glial Inflammatory Supernatant

To further characterize its mechanism, we conducted
cell experiments involving cultured primary glia and hip-
pocampal neuronal cells (HT22), and verified that VX765
exerted neuronal protection by inhibiting glial hyperactiva-
tion. The glia-neuron co-culture model was prepared ac-

cording to Fig. 9A. Compared to the Ctrl group, the apop-
tosis of HT22 cells in the glial conditioned medium (CMG)
group increased significantly, and the apoptosis of HT22 in
the VX765+CMG group was significantly decreased com-
pared with the CMG group (Fig. 9B,C). The CCK-8 results
showed that when HT22 was stimulated with LPS, no neu-
ronal death occurred, and there was no statistical difference
among the four groups. When HT22 was stimulated with
the CMG, compared with the Ctrl group, the survival of
HT22 in the CMG group was significantly reduced, and the
survival of HT22 in the CMG+VX765 group was signif-
icantly improved, when compared with that of the CMG
group (Fig. 9D,E). Western blotting results showed that
when compared with the Ctrl group, Bax expression in the
CMG group increased significantly, whereas Bcl-2 expres-
sion decreased (Fig. 9F,G; The original western blotting im-
ages can be found in the Supplementary Materials). To-
gether, the results showed that LPS induced glial cells to
secrete an inflammatory factor rich supernatant, which may
have induced neuronal apoptosis. VX765 may have pro-
tected neurons by regulating glial hyperactivation, reducing
the secretion of inflammatory factors, and inhibiting neu-
ronal apoptosis (Fig. 10).

4. Discussion
The main mechanisms by which glial cells pro-

mote the development of seizures and epilepsy include in-
creased excitability and inflammation. Uncontrolled glial-
mediated immune responses can cause sustained inflamma-
tory changes and promote epileptogenesis [19]. The inflam-
matory state after astrocyte changes may be the main cause
of mesial temporal lobe epilepsy with sclerosis, which is
usually described as upregulation of GFAP [20]. Astrocytes
in spontaneously epileptic mice became activated, accom-
panied by increased expression of glial fibrillary acidic pro-
tein [21]. This is also consistent with our results, hyperacti-
vation of the number of microglia and astrocytes increased
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Fig. 9. VX765 improves the survival of HT22 cells. (A) Methodology of the cell experimental model. The yellow arrows indicate the
addition of the above mentioned drugs or culture medium to the culture dish, while the green arrow represents the addition of VX765 to
the culture dish to inhibit caspase-1, thereby suppressing the secretion of inflammatory factors. (B) Flow cytometry results of apoptosis
of HT22 cells. (C) Histogram of the apoptosis of HT22 cells. (D,E) CCK-8 cell proliferation assay results of HT22 cells. NS means
Normal Saline (0.9% NaCl). (F) Expressions of the apoptosis-related proteins. (G) Quantification plot of the protein results. *p < 0.05;
**p < 0.01; ***p < 0.001. LPS, lipopolysaccharide; DMEM-F12, Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12; CMG,
glial conditioned medium; CCK-8, cell counting kit-8.

significantly and showed pyroptosis features such as or-
ganelle swelling, while the number of neurons decreased
significantly and showed cytological features of apoptosis.
Dimethyl fumarate significantly reduced inflammatory fac-
tors such as IL-18 and IL-1β, and the number of astrocytes

and microglia on days 7–21 after epilepsy [22]. In both hu-
man chronic epilepsy and animal experiments, IL-1β is sig-
nificantly elevated. In epileptogenic brain tissue, both mi-
croglia and astrocytes are sources of IL-1β, while IL-1 type
receptors (IL-1R1) mediate IL-1β biological effects, which
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Fig. 10. Pilocarpine induced the frequency of epilepsy in mice, promoted the excessive release of glial inflammatory factors, and
resulted in neuronal apoptosis. The blue arrows indicate the effects of glial cells, and the purple arrows indicate the effects of neurons.
Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2.

are overexpressed in both neurons and glia [23,24]. In the
present study, we showed that neuroinflammatory factors
were significantly increased in an epileptic mouse model,
and reached a peak on the 21st day after SE. In addition,
activated caspase-1 in the hippocampus of the SE group in-
creased with time and reached a peak on the 21st day.

By inhibiting neuroinflammation, increasing evidence
shows that VX765 is beneficial to a variety of neuro-
logical diseases. VX765 attenuated the High Mobility
Group Box 1/Toll-like Receptor 4/Nuclear Factor Kappa B
(HMGB1/TLR4/NF-κB) signaling pathway to inhibit the
inflammatory response of the murine TBI model, to pro-
mote nerve recovery [25]. VX765 had a protective effect on
endothelial cell pyroptosis and barrier dysfunction induced
by lung ischemia/reperfusion [26]. VX765 reduced Intesti-
nal Ischemia-Reperfusion Injury (IIRI)-induced oxidative
stress and inflammatory response in vivo and in vitro, while
reducing the levels of IL-1β and IL-6 [27]. VX765 reversed
astrocyte pyroptosis and improved behavioral deterioration
in astrocyte Kir6.1 knockout mice [28]. In the present
study, VX765 can significantly alleviate the frequency and
intensity of seizures in epileptic mice, and reduce the lev-
els of proinflammatory factors in peripheral blood and cas-
pase1 enzyme activity in hippocampus, as well as the hy-
peractivation of glial cells and neuronal apoptosis.

Glial cells are closely related to a variety of neu-
ronal functions, such as, activated microglia promote the
hyperactivation of astrocytes. However, when microglia
are overactivated, they will release excessive inflammatory
factors, causing neurotoxicity [29]. Activated microglia
will secrete IL-1, and the released IL-1 will further stim-
ulate hyperactivation of microglia, eventually leading to
neuronal damage. IL-1β can be detected in microglia af-
ter seizures, but its expression disappears after a few hours.
Nevertheless, microglia are still activated, as if they are in
a primed state [30]. Cannabidiol inhibited the hyperacti-
vation of microglia and alleviated neuronal damage caused
by kainic acid [31]. Purinergic receptor P2X7 (P2X7R) was
involved in promoting depression and anxiety-like behav-
ior in pilocarpine-induced epileptic rats. The P2X7R an-
tagonist was used to produce direct antidepressant and anx-
iolytic effects. P2X7R antagonist did not affect the devel-
opment of spontaneous seizure recurrence, and it played a
protective role in nerves by inhibiting the hyperactivation
of microglia after SE [32]. IL-10 inhibited IL-1β during
seizures involving the production and hyperactivation of in-
flammatory microglia [33]. In our study, in vitro experi-
ments showed that CMG promoted apoptosis of HT22 neu-
rons through Bax and Bcl-2, and VX765 could alleviate the
apoptosis of HT22 neurons by inhibiting the secretion of
inflammatory factors by glial cells.
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5. Conclusions
The pilocarpine-induced epilepsy model exhibited in-

creased inflammatory factors and glial hyperactivation.
VX765 treatment reduced glial hyperactivation and neu-
ronal loss, attenuating epileptic progression. Its neuropro-
tective mechanism may involve inhibiting glial inflamma-
tory factor release and reducing neuronal apoptosis. In vivo,
VX765 concurrently suppressed glial activation and neu-
ronal apoptosis. In vitro, VX765 alleviated neuronal apop-
tosis induced by glial inflammatory factors, suggesting that
its neuroprotective effectsmay bemediated through the reg-
ulation of glial activation and inflammatory responses. It
should be noted that the in vitromodel cannot fully replicate
the in vivo microenvironment, providing only preliminary
insights. In this study, VX765 was administered prophylac-
tically, which differs from clinical practice where treatment
begins after unpredictable seizures. Future studies should
evaluate its efficacy when given after epilepsy establish-
ment to better assess translational relevance. Future studies
using advanced techniques like co‑culture systems or live
imaging could further elucidate the temporal and causal re-
lationships between glial activation and neuronal injury in
epilepsy.
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