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Semaglutide attenuates seizure severity and ameliorates
cognitive dysfunction by blocking the NLR family pyrin domain
containing 3 inflammasome in pentylenetetrazole-kindled mice
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Abstract. Epilepsy comorbidities and anti-epileptic
drugs (AEDs) are currently the main limitations of epilepsy
treatment. Semaglutide is a glucagon like peptide-1 analogue
that has entered the market as a new once-weekly drug for
type Il diabetes. The aim of the present study was to investigate
the functions of semaglutide in epilepsy and inflammation
models, in order to investigate its potential mechanism. In vitro,
an inflammation model was established using lipopolysac-
charide (LPS) and nigericin stimulation in BV2 cells. In vivo,
chronic epilepsy model mice were generated using a pentylene-
tetrazole (PTZ) kindling method. BV2 cell proliferation was
assessed using the Cell Counting Kit-8. The effects of sema-
glutide on NLR family pyrin domain containing 3 (NLRP3)
inflammasome activation and inflammatory cytokine secretion
were determined using western blotting (WB) and ELISA. A
lactate dehydrogenase (LDH) assay kit was used to detect the
effect of semaglutide on LDH release. Electrocorticography and
the modified Racine scale were used to assess seizure severity.
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Cognitive function was evaluated with behavioral assessment.
Morphological changes in the hippocampus were observed
with Nissl staining. Double immunofluorescence staining
for NeuN and Iba-1, WB and immunofluorescence analysis
of apoptosis-related proteins were used to evaluate neuronal
apoptosis. The NLRP3 inflammasome was assessed by reverse
transcription-quantitative PCR, WB and immunofluorescence
staining, and inflammatory cytokine release was evaluated by
WB analysis in the hippocampus of C57/BL6J model mouse.
Semaglutide attenuated the LPS- and nigericin-induced
inflammatory response and LDH release by blocking NLRP3
inflammasome activation in BV2 cells. Moreover, semaglutide
decreased seizure severity, alleviated hippocampal neuronal
apoptosis, ameliorated cognitive dysfunction, blocked NLRP3
inflammasome activation and decreased inflammatory cyto-
kine secretion in PTZ-kindled mice. These results indicated
that semaglutide reduced seizure severity, exerted neuroprotec-
tive effects and ameliorated cognitive dysfunction, possibly via
inhibition of NLRP3 inflammasome activation and inflamma-
tory cytokine secretion. Semaglutide may therefore be a novel,
promising adjuvant therapeutic for epilepsy and its associated
comorbidities.

Introduction

Epilepsy is a common and widespread disease of the central
nervous system (CNS) (1); ~5 million individuals are diag-
nosed annually (2,3), >65 million are affected by epilepsy and
epileptic comorbidities worldwide (4), and ~15-30% of patients
with epilepsy experience epilepsy-related comorbidities (5).
Neuronal injury and neuroinflammation caused by long-term
recurrent seizures are characteristics of epilepsy that further
result in behavioral disorders (6,7). Anti-epileptic drug (AED)
therapy remains the preferred treatment for epilepsy, and
although 30 types of AEDs with diverse molecular targets are
available, numerous challenges are associated with their use (8),
among which AED resistance and side effects are the primary
issues (9,10). In addition, ~30% of patients with epilepsy fail
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to respond to AEDs, and long-term use affects cognitive func-
tion and causes psychological impairments (8,11). Therefore,
research into novel AEDs with greater effectiveness and fewer
side effects is urgently required.

Previous studies have suggested that neuroinflammatory
processes play a key role in epileptogenesis. Seizures cause
neuroinflammation, which in turn aggravates epilepsy (12,13).
The NLRP3 inflammasome results from the assembly of NLR
family pyrin domain containing 3 (NLRP3), apoptosis-asso-
ciated speck-like protein (ASC) and caspase-1 (14), and
promotes the secretion of inflammatory cytokines, influencing
the pathophysiology of epilepsy (14). Additionally, in animal
and clinical epilepsy-related research, increased levels of the
NLRP3 inflammasome and neuroinflammatory cytokines
have been detected in hippocampal tissues (15,16), suggesting
their close association with epileptogenesis. Moreover,
numerous studies have reported that inhibiting NLRP3
activation and inflammatory cytokine secretion decreases to
occurrence of epileptic seizures and ameliorates cognitive
dysfunction (17,18). These findings suggest that inhibition of
NLRP3 inflammasome activity and the associated cascade
reactions may be a promising approach for adjuvant treatment
of epilepsy.

Initially, glucagon like peptide-1 (GLP-1) was widely
regarded as a peripheral incretin hormone. Natural GLP-1 has
a short half-life and is quickly degraded by proteases, which
promotes GLP-1 analogue generation (19). Originally, GLP-1
analogues were used as second-line hypoglycemic drugs,
and further research has demonstrated that GLP-1 exerts
anti-inflammatory and neuroprotective effects, as well as the
ability to ameliorate cognitive dysfunction (20). Numerous
studies have also demonstrated that GLP-1 analogues reduce
tissue apoptosis by suppressing NLRP3 inflammasome activa-
tion and downstream inflammatory cytokine secretion (21,22).
In the brain, preproglucagon neurons synthesize GLP-1;
subsequently, GLP-1 is distributed in the nucleus of the solitary
tract, where it functions as a neuropeptide. GLP-1 receptors
are widely expressed in various structures, such as the brain-
stem, cerebral cortex and hippocampus (23,24). Moreover,
an increasing number of studies have suggested that GLP-1
signaling may serve as a potential drug target for the manage-
ment of various neurological disorders, including epilepsy and
its associated comorbidities (20,25). Semaglutide entered the
market in 2017 as a novel once-weekly GLP-1 analogue for
the treatment of type II diabetes (26). In addition, semaglutide
has been shown to reduce apoptosis and ameliorate cogni-
tive impairment in cerebrovascular disease (27), Alzheimer's
disease (AD) (28) and Parkinson's disease (PD) (29). Moreover,
a number of reports have indicated that patients with AD and
AD model mice are markedly susceptible to unprovoked
seizures (30), and AD-related pathological changes have been
detected in epileptic foci (31). However, limited research has
been conducted on the potential role of semaglutide in epilep-
togenesis.

Therefore, the aim of the present study was to inves-
tigate whether semaglutide affects seizure severity and
epilepsy-related cognitive impairment. The results obtained
herein, including those of mouse and cellular models, may
support further investigation into semaglutide use in patients
with epilepsy and associated comorbidities.

Materials and methods

Celllines and culture. BV2 cells (Guangzhou Cellcook Biotech
Co., Ltd.) were maintained in DMEM supplemented with
10% fetal bovine serum (FBS) (both Gibco; Thermo Fisher
Scientific, Inc.) and 1%; penicillin/streptomycin (Beijing
Solarbio Science & Technology Co., Ltd.) and cultured at 37°C
with 5% CO,.

The in vitro study protocols are outlined in Fig. 1A.
BV2 cells were assigned to four groups as follows: i) The
control group, treated with 1% DMSO; ii) the semaglutide
group, treated with 900 nM semaglutide (purity, =98%; cat.
no. HY-114118; MedChemExpress); iii) the lipopolysaccharide
(LPS; cat. no. L2630; Sigma-Aldrich; Merck KGaA) + nige-
ricin (cat. no. HY-100381; MedChemExpress) group, treated
with 1 ug/ml LPS (32) and 10 gM nigericin (33); and iv) the
semaglutide + LPS + nigericin group, treated with 900 nM
semaglutide followed by 1 xg/ml LPS and 10 #M nigericin.

Cellular proliferation. Cellular proliferation was evalu-
ated using the Cell Counting Kit-8 (CCK-8) assay (Dojindo
Laboratories, Inc.). BV2 cells were seeded into 96-well plates
(1x10* cells/well) for 12 h, and then treated with different
doses (300, 600, 900 or 1,000 nM) of semaglutide for 20 h at
37°C. A blank well with culture medium was used to detect
background, and five replicate wells were established per
group. After 20 h, 10% CCK-8 reagent (100 ul) was added to
each well, and the cells were cultured at 37°C in 5% CO, for
1 h. The absorbance value was recorded at 450 nm using a
microplate reader (BioTek Instruments, Inc.), and the optical
density (OD) value was recorded for evaluation.

ELISA. The supernatants of each group of BV2 cells were
harvested, and the levels of IL-1p (cat. no. JL18442), IL-18
(cat. no. JL20253), IL-6 (cat. no. JL20268) and TNF-a (cat.
no. JL10484) were evaluated using the associated ELISA kits
(Jianglai Industrial Limited By Share, Ltd.) according to the
manufacturer's instructions. A microplate reader was used to
record the absorbance and OD values at 450 nm.

Lactate dehydrogenase (LDH) assay. Each group of BV2
cell supernatants was collected, and the LDH concentration
was determined using an LDH assay kit (Nanjing KeyGen
Biotech Co., Ltd.) according to the manufacturer's instruc-
tions. The absorbance at 450 nm was determined using a
microplate reader, and the OD value was recorded for further
evaluation.

Western blotting (WB). Total protein was extracted from
BV2 cells and hippocampal tissues using a Whole Protein
Extraction kit, and the protein concentrations were determined
using a BCA Protein Assay kit (both Nanjing KeyGen Biotech
Co., Ltd.). Equal amounts of protein (50-60 pg per lane) were
separated by 10% SDS-PAGE and then transferred to 0.22-mm
PVDF membranes (MilliporeSigma). To block non-specific
binding, 4% bovine serum albumin (BSA) was applied at room
temperature (RT) for 1.5 h, after which the membrane was
incubated with the following primary antibodies for 17 h at 4°C:
Anti-NLRP3 (cat. no. bs-10021R), anti-ASC (cat. no. bs-6741R),
anti-IL-1p, (cat. no. bs-0812R) and anti-caspase-1p20 (cat.
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Figure 1. Study experimental protocols. (A) BV2 cell treatment flowchart.
(B) Mouse treatment flowchart. CCK8, Cell Counting Kit-8; LPS, lipopoly-
saccharide; PTZ, pentylenetetrazole.

no. bs-10442R) (all 1:500); anti-IL-6, (cat. no. bs-6309R),
anti-IL-18 (cat. no. bs-4988R), anti-TNF-a (cat. no. bs-10802R),
anti-active caspase-3 (cat. no. bsm-33199M), anti-Bax
(cat. no. bs-0127R), anti-Bcl-2 (cat. no. bsm-52304R) and
anti-f-actin (cat. no. bs-0061R) (all 1:1,000) (BIOSS); and
anti-f3-actin (cat. no. 66009-1-Ig; 1:5,000; ProteinTech Group,
Inc.). Next, the membranes were washed with Tris-buffered
saline (TBS) containing 5%0 Tween-20, and then incubated
with goat anti-mouse IgG 800RD (cat. no. 926-32210; 1:5,000)
or goat anti-rabbit IgG 680RD (cat. no. 925-68071; 1:5,000)
(both BD Biosciences) at RT for 1.5 h. Finally, Odyssey CLX
software (9141-00; BD Biosciences) was used for imaging,
and protein signals were quantified using ImageJ 8.0 software
(National Institutes of Health). All experiments were conducted
>3 times.

Animals and treatment. C57TBL/6] mice (male, 10+2 weeks
old; weight, 25+3 g) were obtained from Beijing, China
Fukang Biotechnology Co., Ltd. All protocols were approved
by the Ethics Committee of Ningxia Medical University
[approval no. SCXK(Ning)2019-203]. All mice were raised
in the independent ventilation cage (n=5 per cage) at 25+1°C
with 50-60% relative humidity, free access to food and water,
and 12-h light/dark cycles. All mice were anesthetized with
60 mg/kg sodium pentobarbital and decapitated for hippo-
campal tissue removal. Briefly, electrode implantation surgery
was performed on the first day, and semaglutide was adminis-
tered every other day for 37 days. At 8 days post-surgery, the
mice received pentylenetetrazole (PTZ) every other day for
29 days. From the 38th day, a behavioral test was conducted for
7 days. Brain tissues were collected on the 45th day (Fig. 1B).
The animals were randomized into five groups (20 per group),
all of which were treated by intraperitoneal (i.p.) injection. In
the control group (1% DMSO, i.p.), mice received 20 injections
in total - 19 injections every other day for 37 days, and a final
injection on the 45th day. For the semaglutide group [25 nM/kg
semaglutide i.p. (29)], the administration schedule was the
same as that for the control group. In the PTZ group [37 mg/kg

PTZ, i.p. (1)], the mice received a total of 16 injections - one
injection every other day from the 9th to the 37th day for a
total of 15 injections, and a final injection on the 45th day. For
the low-dose semaglutide group [37 mg/kg PTZ + 10 nM/kg
semaglutide, i.p. (27)], the semaglutide administration schedule
was the same as that for the control group, and the PTZ admin-
istration schedule was the same as that for the PTZ group,
30 min after each injection of semaglutide. For the high-dose
semaglutide group (37 mg/kg PTZ + 25 nM/kg semaglutide,
i.p.), the administration schedule was the same as that for the
low-dose semaglutide group.

Electrocorticography (ECoG). Intracranial electrodes were
implanted 8 days before PTZ injection. Briefly, after the mice
were anaesthetized with 60 mg/kg sodium pentobarbital, a
stereotactic device was used to implant electrodes into the
cerebral cortex on both sides of the bregma. The specific
method for implanting the intracranial electrodes was the
same as that used in our previous study (25). On the 45th day,
seizure severity was assessed, and ECoG was recorded using
an information integrated biological signal acquisition and
processing system (BL-420 N; Techman).

Kindling model protocol. Mice were administered PTZ
(37 mg/kg) every other day for 29 days. Seizure severity was
evaluated using the modified Racine scale as follows: Stage
one, mouse and facial twitching; stage two, nodding and clonus;
stage three, mild unilateral or bilateral limb twitch; stage four,
bilateral forelimb vibration accompanied by standing; stage
five, generalized convulsions accompanied by falling; stage
six, tonic convulsions with hindlimb extension; and stage
seven, death. Three consecutive 4- or higher-stage convulsions
indicated successful kindling (34).

Behavioral assessment

Modified novel object recognition (NOR). The NOR assess-
ment evaluates the ability of the mouse to recognize a
novel object under a specific condition, using the Smart 3.0
behavior video recording and analysis system (Panlab). The
modified NOR test consists of the habituation phase, training
phase and test phase. Each mouse was tested and evaluated
in a sound-attenuated room. During the habituation phase,
each mouse was adapted for 3 min before training. During
the training phase with similar objects, a single mouse was
placed in a closed square-shaped plane (arena, 55x55x55 cm)
containing two plastic objects of the same shape (square,
7x7x7 cm) for 6 min. The test phase followed the training
phase, and was conducted with different objects; the mouse
was returned to the arena, one object was replaced with a novel
plastic object (cylindrical shape; radius, 3.5 cm; and height,
7 cm) and the mouse was placed into the square for testing for
6 min at 20 min intervals. The arena and objects were cleaned
between the two tests, completely eliminating olfactory cues.
The discriminant index (DI) was defined as the time spent
by the mouse exploring the new object as a percentage of the
memory retention period. The total time was calculated as
the time that the mouse spent exploring both objects. A DI of
50% is equal to the random chance percentage, and a higher
DI indicates that the mouse prefers a certain object, indicating
that it can remember similar objects and locations.
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Shuttle box active avoidance test. These trials were
performed in a two-way shuttle box (MED-APAP-DIR; MED
Associates, Inc.) consisting of two compartments accessible
to each other by a guillotine door. Each experimental session
included 30 trials and was repeated on five consecutive days.
Each experiment included conditioned stimulation (simulta-
neous presentation of light and sound, 5 sec) and unconditioned
stimulation (electric shock, 0.3 mA, 50 Hz, 10 sec) delivered
via stainless steel rods on the floor of the apparatus. When the
mouse walked into the other side of the shuttle box, the stim-
ulus was immediately turned off. The number of total active
avoidance responses (AARs) was recorded with Med-PC
(version 5.1; MED Associates, Inc.) software for evaluation.
Mice were tested on the 5th day.

Passive avoidance test. These trials were performed in
a one-way shuttle box (MED-APAP-DIR; MED Associates,
Inc.) with two equal-sized compartments (darkened/lit appa-
ratus) separated by a guillotine door. The memory test was
performed over 2 days. On the first day, a mouse was released
into the lit cage and moved freely around for 5 min for habitu-
ation to the compartment. Then, the mouse was placed in the
lit cage again, and the door opened; when the mouse entered
the dark cage, the door was closed, and the grid floor deliv-
ered a mild electrical shock (0.3 mA for 3 sec). After 120 sec,
the animal was removed from the dark compartment and
placed in the lit compartment again until it remained in the
lit compartment for 120 sec, at which point the experiment
was terminated. The number of electric shocks was recorded;
24 h later, passive avoidance learning was evaluated using the
shuttle box, the latency time was recorded, and 120 sec was set
as the maximum latency time for each mouse.

Morris water maze (MWM) assessment. The MWM
(WMT-100S; Techman Software) was performed in a pool
with a diameter of 80 cm and a height of 50 cm, filled with
23+2°C water, and a white circular platform with a diameter
of 5 cm that allows the mouse to escape the water. The experi-
mental method was as previously described (1). Briefly, the
pool was divided into four quadrants, and the circular plat-
form was placed in the first quadrant (target quadrant). Several
distal cues were set around the pool and were maintained in
the same positions throughout all the tests. The MWM assess-
ment consisted of three parts: i) A visible circular platform
trial; ii) a navigation trail; and iii) a spatial probe trail. The
visual platform trial was first performed to assess the vision
and motor function of each mouse, and the platform was
placed 1.5 cm under the surface of the water. The mice were
tested for 5 days, the four quadrants were tested each day, with
a test interval of 15 min. On the sixth day, the spatial probe test
began. Mice were placed in the third quadrant and allowed to
swim for 60 sec. The swimming tracking data were recorded.

Reverse transcription-quantitative (RT-q) PCR. Total RNA
was extracted from the hippocampal tissues using an RNA
simple Total RNA kit (Tiangen Biotech Co., Ltd.), and the
FastKing gDNA Dispelling RT SuperMix kit (Tiangen Biotech
Co., Ltd.) was used to synthesize cDNA. RT-qPCR was
performed using the FastFire qPCR PreMix (SYBR-Green;
Tiangen Biotech Co., Ltd.) according the manufacturer's
protocol. The following primers were used for gPCR: NLRP3
forward, 5'-GGAGGAA GAAGAAGAGAGGAGAGGAG-3'

and reverse, 5'-CTTGAGA AGAGACCACGGCAGAAG-3';
ASC forward, 5'-ACAATGA CTGTGCTTAGAGACA-3 and
reverse, 5'-CACAGCTCCAGA CTCTTCTTTA-3'; caspase-1
p20 forward, 5“-TGAATACAAC CACTCGTACACGTCTTG-3'
and reverse, 5-CCAGATCCT CCAGCAGCAACTTC-3"; and
GAPDH (mouse endogenous reference gene primers; cat.
no. B661304). All primers were purchased from Shenggong
Bioengineering Co., Ltd. The reaction conditions were in
accordance with the manufacturer's instructions: Denaturation
at 95° for 15 min, followed by 40 cycles of denaturation at 95°
for 10 sec, annealing at 61.5° for 20 sec and extension at 72° for
30 sec; iIQ™S5 software (Bio-Rad Laboratories, Inc.) was used
to conduct PCR amplification. The RNA expression levels
were evaluated using the 2244 method (35). PRISM 8 soft-
ware (GraphPad Software, Inc.) was used to evaluate the
relative RNA level. All experiments were carried out >3 times.

Nissl staining. After the mice were anaesthetized, they were
intracardially perfused with 4% paraformaldehyde. Then, the
brain tissue was collected and soaked in fixative for 12 h at
RT. Specimens were dehydrated and immersed in paraffin,
and were then sliced to a thickness of 5 ym at RT for later use.
The paraffin sections were sequentially incubated in xylene
solution A and xylene solution B for 19 min, followed by
incubation in anhydrous ethanol solution A, anhydrous ethanol
solution B, and 75% alcohol for 6 min at RT. The sections were
then washed with flowing water.

Mouse tissue sections were placed in staining solution for
6 min and slightly differentiated with 1% glacial acetic acid at
RT. The reaction was terminated by washing with tap water.
The degree of differentiation was controlled by evaluation
under a fluorescent microscope. For transparent mounting,
the slices were incubated in fresh xylene for 6 min and
mounted with neutral gum at RT. Sections were imaged with
Pannoramic DESK, p-MIDI, p250 (3D HISTECHE, Ltd.), and
analyzed using ImageJ 8.0 software.

Immunofluorescence staining. The method used to prepare the
tissue sections was the same as that used for Nissl staining.
Subsequently, ethylenediaminetetraacetic acid (pH 8.0) was
used for antigen retrieval at RT, after which the sections were
washed with PBS (pH 7.4). Subsequently, the sections were
incubated in an autofluorescence quencher agent reagent (cat.
no. G1221; Wuhan Servicebio Technology Co., Ltd.) for 5 min
at RT, rinsed with running water for 10 min, and then incubated
with 5% BSA for 30 min at RT to block nonspecific reactions.
Next, the sections were incubated with anti-active caspase-3,
anti-Bax, anti-Bcl-2, anti-NLRP3, anti-ASC, anti-caspase-1
p20, anti-NeuN (cat. no. bs-10394R; BIOSS) and anti-Iba-1
[ab283319, Abcam (all 1:500)] antibodies for 15 h at 4°C. Then,
the sections were washed 3 times with PBS and subsequently
incubated with the associated secondary antibodies (all
1:1,000) for 90 min at RT. Finally, the sections were covered
with a sealer containing DAPI, imaged using Pannoramic
DESK, p-MIDI, p250 and analyzed using ImageJ 8.0 software.

Statistical analysis. PRISM 8 software was used for statistical
analysis. The results are expressed as the mean + standard
deviation. All experiments were performed at least three
times. Differences between two factors was compared using
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Figure 2. Effect of semaglutide treatment on BV2 cells mediated by LPS and nigericin. (A) Proliferation of BV2 cells treated with semaglutide at different
concentrations (300, 600,900 and 1,000 nM) was assessed using Cell Counting Kit-8 analysis followed by one-way ANOVA. (B) Representative WB images in
different BV2 cell groups. (C-E) Statistical results of WB band intensities (Student's t-test). (F-I) Statistical results of IL-1f, IL-18, IL-6 and TNF-a secretion,
as assessed by ELISA (Student's t-test). (J) Semaglutide inhibited LPS- and nigericin-mediated LDH release in BV2 cells (Student's t-test). Data are presented
as the means + SD. "P<0.05, “P<0.01 and "“P<0.001. N>3. LPS, lipopolysaccharide; WB, western blotting/blot; LDH, lactate dehydrogenase; NLRP3, NLR
family pyrin domain containing 3; ASC, apoptosis-associated speck-like protein.

unpaired Student's t-test, and multivariate differences were
compared by one-way or repeated measures two-way ANOVA
followed by Tukey's post hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Semaglutide attenuates LPS- and nigericin-induced inflam-
matory responses by blocking the NLRP3 inflammasome
in vitro. Seizures promote brain inflammation and activate
microglia; activated microglia in turn exacerbate inflamma-
tion, which further aggravates epilepsy (36). Therefore, in the
present study, the anti-inflammatory effect of semaglutide was
evaluated using BV2 cells. The most appropriate concentration
of semaglutide for the treatment of BV2 cells was determined
using the CCK-8. The findings suggested that semaglutide did
not exhibit cytotoxicity and minimally impacted cell viability
at either low or high doses. Therefore, 900 nM was selected as
the optimal semaglutide concentration to assess cell viability
for subsequent experimentation (Fig. 2A; P<0.001).

WB analysis was used to evaluate the expression of the
NLRP3 inflammasome in BV2 cells (Fig. 2B). NLRP3

inflammasome expression was not significantly different
between the semaglutide group and the controls (Fig. 2C-E),
but was increased in the LPS + nigericin group (P<0.001).
Indeed, semaglutide pretreatment followed by LPS + nige-
ricin significantly reduced NLRP3 inflammasome activation
(P<0.05). In addition, the ELISA results showed that the levels
of IL-1P, IL-18, IL-6 and TNF-a were significantly higher in
the LPS + nigericin group than in the control groups (Fig. 2F-I;
P<0.001). Semaglutide pretreatment significantly suppressed
the secretion of inflammatory cytokines mediated by
LPS + nigericin (P<0.01), but semaglutide alone did not affect
these levels. These data revealed that semaglutide attenuated
LPS + nigericin-induced NLRP3 inflammasome activation in
BV2 cells.

Semaglutide inhibits LPS- and nigericin-mediated LDH
release in BV2 cells. Pyroptosis is a type of programmed
necrosis that is involved in inflammatory cell death. NLRP3
inflammasome activation produces active caspase-1 and
promotes the release of the inflammatory factor IL-1f3 from
cells, which is an important mechanism leading to pyrop-
tosis. LDH release is often measured to assess the level of
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Figure 3. Semaglutide reduces PTZ-induced seizure severity. (A) Statistical results showed that semaglutide doses of 10 and 25 nM/kg decreased the modified
Racine score (two-way ANOVA). (B) Representative electrocorticography results in each group of mice. (C) Both 10 and 25 nM/kg semaglutide decreased the
rate of complete kindling. (D) Both the 10 and 25 nM/kg semaglutide increased the latency to generalized seizures (one-way ANOVA). (E) Both the 10 and
25 nmol/kg semaglutide alleviated the duration of generalized seizures (one-way ANOVA). Data are presented as the means = SD. "P<0.05, “P<0.01 and

“"P<0.001. N=17. PTZ, pentylenetetrazole.

pyroptosis after inflammasome activation (37). Semaglutide
was confirmed to inhibit the release of caspase-1 p20 and IL-1p
after LPS- and nigericin-mediated NLRP3 inflammasome
activation. Therefore, the potential effects of semaglutide on
BV2 cell pyroptosis were further investigated. Analysis of cell
supernatants showed that stimulation with LPS and nigericin
promoted the release of LDH (Fig. 2J; P<0.001) and that sema-
glutide inhibited LDH release mediated by LPS + nigericin
(P<0.01), indicating that semaglutide can inhibit LPS + niger-
icin-mediated pyroptosis.

Semaglutide reduces seizure severity in PTZ-kindled mice.
Semaglutide exerted anti-inflammatory and anti-pyroptotic
effects on LPS- and nigericin-activated BV2 cells. Therefore,
the potential effects of semaglutide on PTZ-kindled mice
were also investigated. The modified Racine score and rate of
complete kindling were recorded every other day for 29 days
(15 injections). After the last (16th) injection on the 45th
day, the latency to seizure, seizure duration and ECoG were
recorded. Pretreatment with semaglutide (10 and 25 nM/kg,
i.p.) decreased the seizure score (Fig. 3A; P>0.05 and P<0.01,
respectively) and reduced the rate of complete kindling during
15 injections of PTZ (55 and 35%, respectively) compared
with the PTZ group (70%) (Fig. 3A and C). Both doses of

semaglutide (10 and 25 nM/kg; i.p.) partially increased the
latency to generalized seizures (Fig. 3D; P<0.05 and P<0.01,
respectively) and shortened the seizure duration (Fig. 3E;
P<0.05 and P<0.01, respectively). Furthermore, the ECoG
results showed a lower frequency and amplitude of spike-wave
discharges in the low- and high-dose semaglutide groups than
in the PTZ group (Fig. 3B).

Semaglutide affects learning and memory in PTZ-kindled
mice

NOR test. No significant differences were observed between
the two similar objects during the test and training phases.
The results of the NOR test revealed no significant differ-
ences in the DI between the semaglutide-treated and control
mice (Fig. 4A). Conversely, the PTZ mice had a lower DI than
the controls (P<0.001). In addition, mice treated with either
dose of semaglutide (10 or 25 nM/kg) spent more time in the
area of the new object and had a higher DI than the PTZ mice
(P>0.05 and P<0.01, respectively).

Shuttle box active avoidance test. The number of AARs
increased gradually over the 5 days of training in all groups.
However, the AAR time was lower in the PTZ mice than in the
control mice (Fig. 4B; P<0.0001). In both semaglutide groups
(low- and high-dose), the number of AARs was increased
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Figure 4. Assessment of behavioral parameters. (A) Statistical results showed that the DI of each group in the novel object recognition test. Both 10 and
25 nM/kg semaglutide increased the DI in comparison to PTZ group (one-way ANOVA). (B and C) Statistical results showed that both the 10 and 25 nM/kg
semaglutide increased the active avoidance time in the active avoidance test in comparison with PTZ group (two-way repeated ANOVA). (D and E) Statistical
results showed that both the 10 and 25 nM/kg doses of semaglutide reduced the shock time and increased the latency to enter the dark cage in the passive
avoidance test in comparison with PTZ group (one-way ANOVA). (F-J) Statistical results for each group of mice in the Morris water maze test. (F) Statistical
results showed that both doses of semaglutide (10 and 25 nM/kg) reduced the escape latency in comparison with PTZ group (two-way repeated ANOVA test).
(G and H) Representative tracks and statistical results showed that both the 10 and 25 nM/kg doses of semaglutide reduced the escape latency on the first and
fifth days of training in comparison with PTZ group (two-way ANOVA). (I and J) Statistical results showed that the time spent in the target district and the
number of crossed times were increased after treatment with semaglutide at doses of 10 and 25 nM/kg in comparison with PTZ group (one-way ANOVA). Data
are presented as the means = SD. "P<0.05, “P<0.01, ““P<0.001 and *““P<0.0001. N=8. DI, discriminant index; PTZ, pentylenetetrazole.

compared with that in the PTZ mice (P<0.01 and P<0.001,
respectively). The number of AARs in the semaglutide mice
and the controls was not significantly different. Moreover,
on the first day, the number of AARs was not significantly
different in any group. However, on the fifth day, the success
rate on the active avoidance test was increased in both

semaglutide groups (low- and high-dose) with respect to the
PTZ mice (Fig. 4C; P<0.05 and P<0.01, respectively).
Passive avoidance test. Before receiving a shock, the
latency time to enter the dark cage was not significantly
different between any of the groups. In addition, in the training
test, the number of training sessions did not differ between
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the semaglutide-treated mice and controls (Fig. 4D). However,
the number of training sessions was significantly higher in the
PTZ-treated mice compared with the controls (P<0.001). In
both semaglutide groups (low- and high-dose), the number of
training sessions was significantly decreased with respect to
that in the PTZ mice (P<0.05 and P<0.01, respectively). The
test trial was carried out 1 day later in the training trial. The
delayed period to enter the dark cage did not differ between
the semaglutide and control mice (Fig. 4E). Notably, the delay
to enter the dark cage was shorter in the PTZ mice than in
the controls (P<0.001) and longer in mice in both semaglutide
groups (low- and high-dose) than in the PTZ mice (P<0.05 and
P<0.01, respectively).

MWM test. In the visible platform trial, the escape latency
did not significantly differ between the groups. In the posi-
tioning cruise test, the escape latency gradually decreased in
all groups (Fig. 4F-G). For the semaglutide mice, the escape
latency did not differ with respect to the controls. However,
in the PTZ mice, the escape latency was significantly longer
with respect to the control mice (P<0.001). The escape latency
was partially reduced by both concentrations of semaglutide
(low- and high-dose) with respect to the PTZ alone (P<0.05
and P<0.01, respectively). On the first training day, there
was no significant difference in escape latency between any
of the groups (Fig. 4H). On the last training day (day 5), the
escape latency was longer in the PTZ mice than in the controls
(P<0.001). In both semaglutide groups (low- and high-dose),
the escape latency was partially reduced compared with that in
the PTZ mice (P<0.05 and P<0.01, respectively).

In the spatial probe trial, the time spent in the target quadrant
and the number of crossed times were not significantly different
between the semaglutide mice and the controls (Fig. 41-J).
However, the number of crossings in the PTZ group was
significantly lower with respect to the controls over a 60-sec
period (P<0.001). Both doses of semaglutide (10 and 25 nM/kg)
partially increased the number of crossings compared with
the PTZ-alone group (P<0.05 and P<0.01, respectively).
Collectively, these data suggested that semaglutide minimized
PTZ- induced cognitive impairment in mice.

Semaglutide decreases hippocampal neuron apoptosis in PTZ
kindled-mice. Cognitive dysfunctions are closely related to
hippocampal structure (20); therefore, the effect of semaglu-
tide on hippocampal neuronal apoptosis was further evaluated.

First, Nissl staining was used for histological examination.
The number of hippocampal neurons was similar between the
semaglutide mice and the controls, and there were no obvious
abnormalities in cell morphology or structure in the semaglu-
tide mice (Fig. 5SA-C). However, the number of the CAl and
CA3 hippocampal neurons were reduced in the PTZ mice
(P<0.01 and P<0.001, respectively), and evaluation of neuronal
morphology and structure revealed nuclear pyknosis and frag-
mentation relative to the controls (Fig. 5A). The number of the
CAL hippocampal neurons was increased in both semaglutide
groups (low- and high-dose), and reduced nuclear pyknosis
and fragmentation were observed relative to those in the PTZ
mice (Fig. 5A and B; P>0.05 and P<0.05). The number of CA3
hippocampal neurons was increased and nuclear pyknosis and
fragmentation were decreased in these mice relative to the
PTZ mice (Fig. 5A and C; P<0.05 and P<0.001).

NeuN is located in the nucleus and cytoplasm; DAPI
is located in the nucleus. NeuN has a larger fluorescence
range, and the overall color after merging is green. Double
immunofluorescence staining for NeuN and Iba-1 showed no
significant differences in the semaglutide mice with respect to
the controls (Fig. 5D-F). However, the fluorescence intensity
of NeuN was decreased, but the fluorescence intensity of
Iba-1 was higher in the PTZ mice with respect to the controls
(P<0.001). By contrast, the fluorescence intensity of NeuN was
higher and the fluorescence intensity of Iba-1 was lower in mice
in both semaglutide groups (low- and high-dose) with respect
to the PTZ mice (P<0.01 and P<0.001, respectively).

In addition, active caspase-3, Bax, and Bcl-2 were detected
in hippocampal tissues using immunofluorescence staining
and WB analysis. There were no significant differences in
the immunofluorescence intensities of active caspase-3, Bax
and Bcl-2 between the semaglutide mice and the control
mice (Fig. 6A-F). The immunofluorescence intensities of
active caspase-3 and Bax were significantly higher (Fig. 6A-D;
P<0.001), while the immunofluorescence intensities of Bcl-2
was lower (Fig. 6E and F; P<0.001) in the PTZ mice than in the
controls. However, the effects of PTZ were partially blocked by
both semaglutide doses (low- and high-dose): the fluorescence
intensities of active caspase-3 and Bax were lower and that of
Bcl-2 was higher in the CA1 region in both semaglutide mouse
groups than in PTZ mice (P<0.01 and P<0.001). Moreover,
both semaglutide doses (low- and high-dose) reduced the fluo-
rescence intensities of active caspase-3 and Bax (P<0.01 and
P<0.001, respectively) and increased the fluorescence intensity
of Bcl-2 (P<0.05 and P<0.001, respectively) with respect to the
PTZ mice in the CA3 region.

Finally, the WB results were similar to the immuno-
fluorescence results. With respect to the corresponding values
in the controls, the protein level of active caspase-3 was
increased and the ratio of Bcl-2/Bax was decreased in the PTZ
mice (Fig. 6G-I; P<0.001). However, the expression of active
caspase-3 was partially decreased in both semaglutide groups
(low- and high-dose) with respect to the PTZ mice (Fig. 6H;
P<0.01 and P<0.001, respectively). The ratio of Bcl-2/Bax was
also decreased in both semaglutide groups (low- and high-dose)
with respect to the PTZ mice (Fig. 61; P<0.05 and P<0.01,
respectively). Injection of semaglutide alone did not signifi-
cantly affect the levels of apoptosis-related proteins.

Semaglutide blocks NLRP3 inflammasome activation in PTZ
kindled-mice. It was confirmed that semaglutide attenuated
the LPS- and nigericin-mediated inflammatory response by
blocking the effects of NLRP3 inflammasome activation in
vitro. Semaglutide attenuated seizure severity, ameliorated
cognitive impairment and decreased hippocampal neuronal
apoptosis in PTZ-kindled mice. Therefore, the potential for
semaglutide to block NLRP3 inflammasome activation was
then investigated in vivo. The mRNA levels in the hippo-
campus were assessed by RT-qPCR, and the protein levels
were evaluated by WB analysis and immunofluorescence
staining. In the PTZ mice, the mRNA level of the NLRP3
inflammasome in the hippocampus was significantly higher
with respect to those in the controls (Fig. 7A-C; P<0.001),
while the mRNA level of the NLRP3, ASC and caspase-1p20
were decreased by low-dose (P<0.01, P<0.001 and P<0.05,
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Figure 5. Results of Nissl staining and double immunofluorescence staining for NeuN and Iba-1 in the mouse hippocampus. (A) Representative images and
(B and C) quantitative data for the number of Nissl-positive hippocampal neurons. Both 10 and 25 nM/kg semaglutide increased the numbers of Nissl-positive
hippocampal neurons in the CA1 and CA3 areas (one-way ANOVA). (D) Representative immunofluorescence images and (E and F) densitometric analysis of
NeuN and Iba-1 showing that both doses of semaglutide (enhanced the fluorescence intensity of Neun and decreased the fluorescence intensity of Iba-1 in the
CA1 and CA3 areas (two-way ANOVA). Data are presented as the means + SD. "P<0.05, “P<0.01 and "“P<0.001. N=3. PTZ, pentylenetetrazole.

respectively) and high-dose (all P<0.001) semaglutide-treated
mice compared with PTZ mice (Fig. 7A-C). However, sema-
glutide alone had no significant influence with respect to the
controls.

The protein expression of the NLRP3 inflammasome
was similar to its RNA level. NLRP3 inflammasome expres-
sion was higher in the PTZ mice with respect to the control

mice (Fig. 7D-G; P<0.001). The protein levels of NLRP3,
ASC and caspase-1 p20 were partially inhibited in low-dose
(P<0.01,P<0.05 and P<0.01, respectively) and high-dose sema-
glutide mice (P<0.001, P<0.01 and P<0.001, respectively) with
respect to the PTZ mice (Fig. 7E-G). However, semaglutide
alone failed to influence the protein expression of the NLRP3
inflammasome with respect to that in the controls.
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Figure 6. Immunofluorescence and WB analyses of apoptosis-related proteins in mouse hippocampal tissue. (A) Representative immunofluorescence images
and (B) densitometric analysis of active caspase-3; both 10 and 25 nM/kg semaglutide decreased the fluorescence intensity of active caspase-3 in the CAl
and CA3 regions (one-way ANOVA). (C) Representative immunofluorescence images and (D) densitometric analysis of Bax showing that both doses of
semaglutide decreased the fluorescence intensity of Bax in the CA1 and CA3 regions (one-way ANOVA). (E) Representative immunofluorescence images and
(F) densitometric analysis of Bcl-2 showing that both 10 and 25 nM/kg semaglutide increased the fluorescence intensity of Bcl-2 in the CA1 and CA3 regions
(one-way ANOVA). (G) Representative WB images of active caspase-3, Bax and Bcl-2 in the different groups. (H and I) Statistical results of the immunoblot
analysis showing that 10 and 25 nM/kg semaglutide reduced the band intensity of active caspase-3 (one-way ANOVA) and increased the Bcl-2/Bax ratio
(two-way ANOVA). Data are presented as the means + SD. "P<0.05, “P<0.01 and "“P<0.001. N>3. WB, western blot/blotting; PTZ, pentylenetetrazole.

The immunofluorescence results were similar to those =~ NLRP3 successively decreased from the PTZ mice (Fig. 7H-I;
of WB and RT-qPCR. The immunofluorescence intensity of = P<0.001) to the low-dose semaglutide mice (P<0.05) to the
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Figure 7. Semaglutide affects NLRP3 inflammasome activation. Reverse transcription-quantitative PCR analysis results showing that both the 10 and 25 nM/kg
semaglutide reduced the mRNA levels of (A) NLRP3, (B) ASC and (C) caspase-1 p20 (one-way ANOVA). (D) Representative images and (E-G) statistical
results of immunoblot analysis showing that both 10 and 25 nM/kg semaglutide reduced the band intensities of the NLRP3 inflammasome (one-way ANOVA).
(H-M) Representative immunofluorescence images and densitometric analysis showing that both doses of semaglutide (10 and 25 nM/kg) lowered the fluores-
cence intensities in the CA1 and CA3 regions (one-way ANOVA). Data are presented as the means + SD. “P<0.05, “P<0.01 and ““P<0.001. N>3. NLRP3, NLR

family pyrin domain containing 3; ASC, apoptosis-associated speck-like protein; PTZ, pentylenetetrazole.

high-dose semaglutide mice (P<0.001) to the control and sema-
glutide mice (P>0.05). The immunofluorescence intensities of
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ASC and caspase-1 p20 successively decreased from the PTZ
mice (Fig. 7J-M; P<0.001) to the low-dose semaglutide mice
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Figure 8. (A) Representative images and (B-E) statistical results of immunoblot analysis showing that both 10 and 25 nM/kg semaglutide reduced the band
intensities of IL-1f, IL-18, IL-6 and TNF-a in hippocampal tissues (one-way ANOVA). Data are presented as the means + SD. "P<0.05, “P<0.01, "“P<0.001.

N=3. PTZ, pentylenetetrazole.

(P<0.01) to the high-dose semaglutide mice (P<0.001) to the
control and semaglutide mice (P>0.05). These results showed
that semaglutide alleviated hippocampal neuronal insult and
cognitive impairment in mice, possibly via suppression of
NLRP3 inflammasome activation.

Semaglutide decreases inflammatory cytokine secretion
in PTZ-kindled mice. In various respects, inflammasome acti-
vation contributes to the release of inflammatory cytokines,
which play a pivotal role in epileptogenesis (14,15,38). The
present study demonstrated that semaglutide blocked NLRP3
inflammasome activation. Subsequently, WB was used to
detect the protein levels of inflammatory cytokines in the
hippocampus of PTZ-kindled mice. Inflammatory cytokine
release were increased in the PTZ mice with respect to the
controls (Fig. 8A-E; P<0.001). Nonetheless, the expression
levels of the inflammatory cytokines IL-1f, IL-18, IL-6 and
TNF-a were partially downregulated in the low-dose (Fig. 8B,
P<0.05; Fig. 8C, P<0.05; Fig. 8D, P<0.01; Fig. 8E, P<0.05,
respectively) and high-dose semaglutide mice with respect to
the PTZ mice (P<0.001, P<0.01, P<0.001 and P<0.01, respec-
tively), though expression levels between the semaglutide alone
mice and the controls were not significantly different. These
results indicated that semaglutide also blocked the secretion of
inflammatory cytokines in PTZ-kindled mice.

Discussion

In the present study, semaglutide was found to alleviate the
LPS-and nigericin-mediated inflammatory response and

LDH release by inhibiting NLRP3 inflammasome activation
in vitro. Semaglutide was also shown to decrease kindling
rate and seizure severity in vivo, and to alleviate hippocampal
neuronal injury and cognitive dysfunction in PTZ-kindled
mice. Furthermore, the results showed that semaglutide
blocked NLRP3 inflammasome activation and decreased
inflammatory cytokine release in the hippocampal tissues of
PTZ-kindled mice. These findings indicated that semaglutide
reduced seizure severity, exerted neuroprotective effects and
ameliorated cognitive dysfunction, possibly by inhibiting
NLRP3 inflammasome activation and decreasing inflamma-
tory cytokine secretion (Fig. 9).

These findings were in line with previous studies indicating
that GLP-1 analogues reduce tissue apoptosis or pyroptosis by
inhibiting NLRP3 activation (21,39). Based on these in vitro
findings, a chronic epilepsy model was established using
PTZ-kindled mice. In vivo, preventive administration of
either 10 or 25 nM/kg semaglutide every other day decreased
seizure severity in PTZ-kindled mice. This result was similar
to the results of daily injection of liraglutide and sitagliptin in
previous studies (25,40).

Epilepsy is frequently accompanied by cognitive
dysfunction (41). Indeed; learning impairment and cognitive
dysfunction have been observed in patients with epilepsy and
various animal models, and even if the seizures were controlled,
the cognitive dysfunction was not markedly improved (11,41).
Therefore, after finding that semaglutide decreased seizure
severity in PTZ-kindled mice, behavioral tests were used in
the current study to assess whether semaglutide ameliorated
cognitive dysfunction as a result of PTZ kindling. In the NOR,
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Figure 9. Hypothetical mechanism of semaglutide action in PTZ-kindled mice. PTZ, pentylenetetrazole; NLRP3, NLR family pyrin domain containing 3;

ASC, apoptosis-associated speck-like protein; GLP-1R, glucagon like peptide-1.

shuttle box and MWM tests, both 10 and 25 nM/kg semaglu-
tide ameliorated cognitive dysfunction in PTZ-kindled mice.
This result was consistent with previous findings in cerebral
ischemia (27), AD (28) and PD (29) models. The results
showed that semaglutide ameliorated cognitive dysfunction in
CNS diseases, including epilepsy. However, in the NOR test,
the DI of the low-dose semaglutide mice showed an increasing
trend with respect to that in the PTZ mice (P>0.05), but the
DI in the high-dose semaglutide mice was significantly higher
with respect to that in the PTZ mice (P<0.01). These results
may be caused by the difference in the semaglutide dose; the
25 nM/kg dose may more effectively ameliorate cognitive
dysfunction than the 10 nM/kg dose in PTZ-kindled mice.
Numerous lines of evidence indicate that the hippocampal
CAl and CA3 areas are more vulnerable to neuronal injury
in patients with epilepsy. Neuronal injury further promoted
learning and memory impairment (20), and hippocampal CA3
neurons are more sensitive to epilepsy-related excitotoxicity
than CAl neurons (42). Seizures aggravate injury to hippo-
campal neurons and cause cognitive dysfunction. Multiple
GLP-1 analogues have been shown to exert neuroprotective
and nerve regenerative functions under pathological condi-
tions in previous epilepsy studies (25,36,40). Our previous
research showed that semaglutide reduced seizure severity
and ameliorated cognitive dysfunction; thus, in the present
study, whether semaglutide improved hippocampal neuronal
apoptosis was further investigated. The results suggested that
both semaglutide doses ameliorated neuronal injury in the

hippocampal tissue, decreased the level of the apoptosis-related
protein active caspase-3 and increased the Bcl-2/Bax ratio in
hippocampal neurons in PTZ-kindled mice. These results
suggested that the ameliorative effect of semaglutide on cogni-
tive dysfunction may be associated with reduced hippocampal
neuronal apoptosis and enhanced nerve function recovery
in PTZ-kindled mice. These effects were similar to those of
semaglutide in other central nervous system diseases (28,29).

Accumulating evidence has demonstrated that neuroin-
flammation plays a pivotal role in the pathological mechanism
of epilepsy (12,13). Activation of the NLRP3 inflammasome
induces the secretion of IL-1p and IL-18 (38), and IL-1f
further induces the release of IL-6 and TNF-a (43). Both
inflammasomes and neuroinflammation affect the occurrence
and development of epilepsy, and anti-inflammasome and
anti-neuroinflammation therapies may be novel treatments
for epilepsy (16). In the present study, semaglutide attenuated
NLRP3 inflammasome activation and inflammatory cytokine
secretion in LPS- and nigericin-induced inflammatory BV2
cells. Therefore, semaglutide may also possess anti-inflam-
matory effects in vivo. In PTZ-kindled mice, both doses of
semaglutide (10 and 25 nM/kg) decreased NLRP3 inflamma-
some activation and lowered inflammatory cytokine secretion
in the present study. These results indicated that semaglutide
reduced neuronal apoptosis, ameliorated cognitive dysfunc-
tion and attenuated seizure severity, possibly via an inhibitory
effect on the NLRP3 inflammasome and inflammatory cyto-
kines.
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However, the precise mechanisms by which semaglutide
affects NLRP3 inflammasome signaling are unclear. Previous
studies have shown that GLP-1 agonists inhibit NLRP3 inflam-
masome activation through sirtuinl signaling to alleviate
cardiovascular impairment (44,45). Another study found that
GLP-1 agonists alleviated inflammation and attenuated periph-
eral nerve injury via the p38 MAPK/NF-«kB pathway (46). A
previous study also indicated that ibuprofen has antiepileptic and
neuroprotective effects through the cyclooxygenase-2/NLRP3
pathway in PTZ-kindled mice (18). However, further research
is necessary to clarify the precise mechanisms.

In conclusion, through in vitro experimentation, the present
study revealed that semaglutide blocked NLRP3 inflamma-
some activation, inhibited inflammatory cytokine secretion,
and reduced LDH release. In an in vivo experiment, semaglu-
tide was found to decrease seizure severity, reduce neuronal
damage and ameliorate cognitive impairment, potentially via
inhibition of NLRP3 inflammasome activation and related
cascade reactions. These results offer novel insights into the
treatment of epilepsy and indicate that semaglutide may be a
promising adjuvant therapeutic.
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