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ABSTRACT

This study aims to discuss how valproic acid improves nerve injury in young rats with epilepsy by regulating STXBP1.
It also seeks to identify risk proteins for epilepsy through bioinformatics analysis. 30 young rats were divided into three
groups, namely Normal, Model, and VA. Each group contained 10 rats. Epilepsy models were established in all groups
except the control group. After modeling, the valproic acid group was orally administered 1 mg/kg of valproic acid.
Cognitive function was assessed using the water maze experiment, while hippocampal tissue morphology was observed
through Nissl staining. The neuronal apoptosis rate in hippocampal tissue was detected using the TUNEL method.
Immunohistochemical staining was performed to detect the NMDARI-positive cell rate in hippocampal tissue.
Meanwhile, immunoblotting was used to measure the expression levels of STXBP1 and SLC2Alp proteins in
hippocampal tissue. Bioinformatics analysis identified STXBP1 as a risk protein for epilepsy. Compared to the control
group, the platform search time, neuronal apoptosis rate, NMDARI-positive cell rate, number of crossing platforms, and
proportion of original platform search time in the model group of young mice decreased on days 1, 2, 3, and 4 (P<0.001).
In addition, the levels of STXBP1 and SLC2A1 proteins decreased (P<0.001). In comparison to the model group,
platform search time, neuronal apoptosis rate, and NMDAR1-positive cell rate in the valproic acid group of young mice
decreased on days 1, 2, 3, and 4. However, the number of crossing platforms and the proportion of original platform
search time increased (P<0.001). In addition, the levels of STXBP1 and SLC2A1 proteins significantly increased
(P<0.001). In conclusion, valproic acid can significantly improve cognitive function, reduce the expression of
NMDARI, and inhibit neuronal apoptosis in juvenile epileptic rats. The mechanism might be related to its regulation of
STXBP1 expression.
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INTRODUCTION have shown that synaptic vesicle transport is closely

related to the pathogenesis of epilepsy. In addition, some

Epilepsy is a sudden, transient, and recurrent epilepsy syndromes have been associated with mutations

disease characterized by brain dysfunction caused by the in the genes encoding synaptic vesicle proteins. The
abnormal discharge of brain neurons. It is the most STXBI_)I gene, 1ocateq on chromosome 93. encodes
common chronic neurological condition in children, with syntaxin-binding  protein-1 (STXBP1), an important
an incidence rate of up to 5% (Singh et al., 2020). protein  in  synaptic  vesicular  transport  and
Although the majority of children with epilepsy do not neurotransmitter release. It also plays a significant role in
develop intellectual disabilities, some may experience ~ the formation of integral membrane protein receptor
temporary or permanent cognitive impairments. Clinical complexes and synaptic vesicle fusion (Ma et al., 2015).

studies have shown that epilepsy is often complicated by ~ In 2008, Saitsu e al. (Saitsu e al., 2008) first identified
attention deficit hyperactivity disorder (ADHD) in mutations in the STXBP1 gene in children with Ohtahara

children. This comorbidity significantly impacts both syndrome. With the widespread use of second-generation
their physical and mental health and remains a key sequencing technollogy, an increasing number of cases of
concern for neurologists (Fotopoulos ef al., 2024). STXBP1-related Fhsorders have been reported (Syrbe. et
Synaptic vesicles play a crucial role in neurotransmitter al., 2015; Romaniello ez al., 2015). In this study, proteins
release and neural electrical activities. Recent studies that interact with STXBP1 in the development of epilepsy
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were initially inferred through epilepsy data analysis. It
was then explored whether valproic acid (VA) imparts its
therapeutic effects on epilepsy by regulating STXBP1 in
animal experiments, with the aim of providing a basis for
the clinical treatment of epilepsy.

MATERIALS AND METHODS

Protein-protein interaction (PPI) network analysis:
Epilepsy gene analysis data were used to construct a PPI
network for epilepsy-related targets. The minimum
interaction score between targets was 0.4. The results
were saved in TSV format and imported into Cytoscape
3.8.2 software to build the PPI network.

GO enrichment analysis: Improving core targets into
the DAVID database (https://david.ncifcrf.gov) (Sherman
et al., 2022) for GO analysis (scoring thresholds is P
value is less than 0.001 and the top 30 genes) using R-
4.2.3 software. GO enrichment analysis was performed
and the GO enrichment chart was plotted

Experimental animals: Thirty 0-day-old Sprague-
Dawley (SD) rats, weighing 20-30 g, were obtained from
Hunan SJA Laboratory Animal Co., Ltd., with an animal
production license number SCXK (Xiang) 2021-0010.
The rats were bred in the Animal Laboratory of the
Affiliated University of our hospital. The breeding
environment was maintained at a humidity of 55%-60%
and a temperature of 25°C under a simulated light-dark
cycle. They were fed with a sterile diet for 14 days, with
5 rats per cage. The cages were regularly cleaned and
disinfected. The rats were used in relevant experiments
after one week of adaptive feeding.

Reagents and instruments: VA (Hunan Xiangzhong
Pharmaceutical Co., Ltd., China); lithium chloride,
pilocarpine, and scopolamine (Sigma, USA); 0.9% saline
and 4% tetraformaldehyde (Merck Life Science
Technology (Nantong) Co., Ltd., China); phosphate
buffered saline (PBS) (Condice Chemical (Hubei) Co.,
Ltd., China]; Nissl staining kit (Nanjing Jiancheng
Bioengineering Institute, China); TUNLE kit (Abcam,

China); mouse anti-human STXBPl1 and SLC2A1
antibodies (Chinese Abcam, China);
immunohistochemical  kit, electrochemiluminescent

(ECL) solution, enzyme-linked immunoassay kit, and
BCA protein quantitative kit (Shanghai Enzyme-Linked
Biotechnology Co., Ltd., China); Forma 900 series ultra-
low freezer (Thermo Scientific, USA); centrifuge 5424R
high-speed refrigerated centrifuge (Beckman, USA); and
protein  electrophoresis  apparatus  (Beijing Liuyi
Instrument Factory, China).

Animal grouping and modeling: 30 young rats were
randomly divided into three groups, namely Normal,
Model, and VA. Each group contained 10 rats. Epilepsy
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rat models were established in the Model and VA groups.
Briefly, lithium  chloride (127 mg/rat) was
intraperitoneally injected in the young rats, followed by
scopolamine (1 mg/kg) 20 hours later. 30 minutes after
administering scopolamine, pilocarpine (30 mg/kg) was
intraperitoneally injected until status epilepticus occurred.
If status epilepticus did not occur within 30 minutes,
another 30 mg/kg of pilocarpine was administered.
Successful modeling was assessed using the Racine scale,
with the appearance of grade 4 and 5 symptoms
indicating success. After 90 minutes of epilepsy, 10
mg/kg of diazepam was intraperitoneally administered to
terminate the status epilepticus. The rats in the VA group
were orally administered VA at a dose of 1 mg/kg for 7
consecutive days.

Water maze test: The water maze consisted of a circular
tank with a diameter of 1.3 meters and a height of 0.5
meters in middle of tank. The tank was made of
transparent glass. The water depth was 0.3 meters, and
room temperature water was used. The platform was not
placed in the tank for 1 day prior to the test. This allowed
the young rats to swim freely for 120 seconds and
familiarize themselves with the surrounding environment
for 5 days before the test began. In the place navigation
experiment, the platform was placed in the tank. In
addition, the young rats were immersed in the water,
facing the pool wall in the northeast, northwest,
southwest, and southeast directions on the first 4 days.
The time taken for the rats to find the platform was
recorded. If they did not find the platform within 120
seconds, the time was recorded as 120 seconds. In the
space exploration experiment, the platform was removed
from the tank. In addition, the young rats were immersed
in the water with their heads facing the northeast pool
wall. The number of platform crossovers within 120
seconds and the time spent searching for the platform
were recorded.

Nissl staining: After the water maze test, 5 rats were
randomly selected from each group and euthanized after
being anesthetized with an intraperitoneal injection of 1%
pentobarbital sodium. Fresh hippocampal tissue was
collected for Nissl staining and TUNEL assay. Briefly,
the hippocampal tissue was fixed in neutral formalin
solution for 12 hours, dehydrated in a gradient of ethanol,
embedded in paraffin, and sliced into 4 pm-thick
sections. The sections were dewaxed with formaldehyde
and rehydrated with water. They were then stained in
Cresyl violet stain solution at 56°C in an incubator for 60
minutes, rinsed with deionized water, and subjected to
Nissl differentiation for 1-3 minutes until the background
was nearly colorless. After quick dehydration and xylene
clearing, the sections were mounted with neutral resin.

TUNEL assay: Sections of hippocampal tissue were
sliced, embedded in paraffin, and dehydrated with
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alcohol. After washing the sections with PBS 3 times,
each for 5 minutes, a 20 pg/ml protease K solution was
added and incubated at 23°C for 30 minutes. The sections
were washed again with PBS and incubated with a 3%
H,0, solution for 5 minutes. After another PBS wash,
the sections were wiped and stained with 50 pl of the
LTUNEL reaction mixture, followed by staining with
4’ 6-diamino-2-phenylpyridine (DAPI) at 37°C for 60
minutes. The sections were washed with PBS again, and
the number of apoptotic cells was counted using an
optical microscope.

Determination of STXBP1 protein expression in
the hippocampus by immunohistochemical staining

The remaining rats in each group were
sacrificed. In addition, the hippocampus was removed for
immunohistochemical staining and Western blot analysis.
Briefly, paraffin-embedded hippocampal tissue sections
were prepared, dewaxed, dehydrated, and washed with
PBS 3 times at 5-minute intervals. The sections were
blocked with goat serum at 37°C for 60 minutes,
followed by the addition of an anti-STXBP1 antibody
(1:500), which was incubated at 4°C for 24 hours. The
secondary antibody, HRP-conjugated goat anti-rabbit IgG
(1:1000), was added and incubated for 30 minutes. After
washing the sections with PBS, 50 pl of streptavidin-
biotin complex was added, and color was developed
using diaminobenzidine. The sections were then washed,
the color reaction was terminated, and the slides were
cleared and mounted. Cells with brown granules in the
nucleus were considered positive. The integral optical
density, or the average optical density of 5 fields of view
(100x), was calculated using the Image-Pro Plus 6.0
image system for each section.

Western blot: The hippocampal tissue was washed with
PBS and chopped. 1 mL of cell lysis buffer was added,
and the mixture was then centrifuged at 1000 rpm at 4°C
for 5 minutes. The supernatant was collected, and protein
concentration was determined using the BCA method.
Protein samples (20 pg each) were loaded into each well
and separated by SDS-PAGE, then transferred to a
polyvinylidene fluoride (PVDF) membrane using a pre-
cooled transfer buffer, prepared and stored at 4°C. The
membrane was blocked with skim milk for 1 hour and
then incubated overnight at 4°C with anti-STXBPI
(1:150) and SLC2A1 (1:200) antibodies. After washing
the tissue with TTBS 3 times for 10 minutes each, the
secondary antibody, goat anti-rabbit IgG (1:2500), was
added. Protein levels were then analyzed using the JY-
Clear ECL chemiluminescence imaging system.

Statistical analysis: Data were analyzed using GraphPad
Prism 8 software. The measurement data for each group
followed a normal distribution and were presented as
mean =+ SD. Analysis of variance was used for
comparisons among groups. In addition, the LSD t-test
was applied for pairwise comparisons between groups.
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Differences with a p-value of <0.05 were considered
statistically significant.

RESULTS

PPI network analysis: A PPI network diagram of
epilepsy targets was constructed using the STRING
platform, which included 63 nodes and 785 edges, as
shown in Fig. 1. STXBP1 was a key node and played a
crucial role in the pathogenesis of epilepsy.

GO enrichment analysis: GO enrichment analysis was
conducted using the David platform. GO, which stands
for Gene Ontology, was used to annotate the molecular
function, biological process, and cellular component of
gene products. A total of 52 GO terms were identified by
screening the enrichment terms with an adjusted P-value
< 0.05. The 30 pathways with the highest adjusted P-
values are shown in Fig. 2. The results indicate that
STXBP1 plays a significant role in the pathogenesis of
epilepsy.

Time spent searching the platform, the number
of platform crossovers, and the percentage of time spent
searching the platform in each group of young rats

Time spent searching the platform was
increased, while the number of platform crossovers and
the percentage of time spent searching the platform were
decreased on Days 1, 2, 3, and 4 in young rats of the
Model group compared to those of the Normal group (all
P<0.001). In addition, time spent searching the platform
decreased, while the number of platform crossovers and
the percentage of time spent searching the platform were
increased on Days 1, 2, 3, and 4 in young rats of the VA
group compared to those of the Model group (all
P<0.001). These results are shown in Table 1.

Morphology of the hippocampus in each group of
young rats as observed by Nissl staining: Neurons in
the hippocampus of rats in the Normal group were
regularly arranged with an intact structure and abundant
Nissl bodies. In the Model group, neuronal structure was
severely damaged, with disordered neuron morphology, a
decreased number of neurons, and a disappearance of
Nissl bodies. In the VA group, neuronal injury improved,
and the number of neurons and Nissl bodies increased
compared to the Model group (Fig. 3).

Apoptosis of nerve cells in the hippocampus by
TUNEL assay: The number of apoptotic nerve cells in
the hippocampus of animals in the Model group
significantly increased compared to the Normal group
(P<0.001, Fig. 4). However, the number of apoptotic
nerve cells in the hippocampus of rats in the VA group
was significantly reduced compared to the Model group
(P <0.001, Fig. 4).
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NMDAR1 levels in the hippocampus by
immunohistochemical staining: The IOD value of
NMDARI in the Model group was significantly higher
compared to the Normal group (P<0.001, Fig. 5). In
addition, the IOD value of STXBP1 in the VA group was
significantly lower than in the Model group (P<0.001,
Fig. 5).
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Expression levels of STXBP1 and SLC2A1
proteins in the hippocampus as determined by Western
blot.

The levels of STXBP1 and SLC2A1 proteins in
the Model group were significantly lower compared to
the Normal group (P < 0.001, Fig. 6). In contrast, the
levels of STXBP1 and SLC2A1 proteins in the VA group
were significantly higher compared to the Model group
(P<0.001, Fig. 6).
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Figure 1. PPI network
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Figure 4. Apoptosis of nerve cells in the hippocampus by TUNEL assay (100X)
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Figure 5. Expression of NMDARI1 in the hippocampus by immunohistochemical staining (100 X)
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Figure 6. Expression levels of STXBP1 and SLC2A1 proteins in the hippocampus determined by Western blot

Table 1. The search platform time, number of times the mice cross the platform, and the proportion of search
time on the original platform for each group of young mice (Mean=+ SD).

Group n Search platform time (s) Crossing The proportion of
platforms search time on the
times original platform (%)
1d 2d 3d 4d
Normal 9 27.21£3.59 17.43£3.56 11.19+£2.96 7.04+1.35 15.64+3.84 58.68+6.70
Model 9 48.51£5.19™" 42.74+£5.49™ 36.46+4.95"" 22.53+4.16™" 6.35+£1.21™" 23.06+2.12"""
VA 9 36.75+4.66##H 32.19+14.44### 30.1543.59### 16.54+3.05### 10.54+1.65### 37.4945.06##H#
**: P<0.001, compared with Normal; ###: P<0.001, compared with Model group
DISCUSSION damage to cognitive function and severely impacts both
the physical and mental health of children. Epileptic
Epilepsy is a sudden and recurrent brain patients often experience varying degrees of cognitive

dysfunction caused by the abnormal discharge of brain dysfunction, with clinical symptoms mainly manifesting

neurons. It is a chronic neurological disorder with a high as impaired concentration, language difficulties, and
incidence rate in children. This condition leads to serious ~reaction time disorders. These issues can seriously affect
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their social life and, in some cases, may lead to suicide or
self-harm behaviors (Steriade et al., 2021). Drug therapy
is currently the main treatment for epilepsy. VA is a first-
line drug commonly used in clinical practice due to its
favorable safety profile and lack of adverse effects on
consciousness.

In this study, an animal model of epilepsy was
established through intraperitoneal injection of lithium
chloride and pilocarpine. This model was characterized
by spontaneous recurrent seizure attacks with clinical and
pathological features similar to those of human epilepsy
(Wang et al., 2024). Seizures can cause damage to
cognitive function to varying degrees. The main
mechanisms involve increased glial cell proliferation
after epileptic attacks, the kindling effect induced by
repeated firing of brain neurons, and imbalanced
neurotransmitter levels in the brain after neurosynaptic
reorganization. This imbalance results in high levels of y-
aminobutyric acid and other neurotransmitters, which
induce oxidative stress response, leading to neuronal
degeneration, necrosis, and ultimately cognitive
impairment (MacLean et al., 2024). The results of this
study indicate that the time spent searching for the
platform was reduced, while the number of platform
crossovers and the percentage of time spent searching for
the platform were increased in young rats of the VA
group compared to those of the Model group. These
findings indicate that VA can improve spatial
exploration, learning, memory, and cognitive function.
VA is highly effective in the treatment of epilepsy by
enhancing the function of inhibitory neurotransmitters,
which helps reduce the abnormal discharge of brain
neurons. In addition, reduced levels of neurotransmitters
can block the transportation of potassium and sodium
ions, decreasing cellular excitability. As a result, VA not
only fights off epilepsy but also enhances cognitive
function (Rostami et al., 2024). Studies have shown that
VA significantly improves the cognitive function of
epileptic patients with minimal adverse effects (Ancora et
al., 2024). Animal studies further support these findings,
showing that epileptic rats in the VA treatment group
exhibited shorter escape latencies and increased platform-
crossing frequency. These findings suggest that VA
significantly enhances the cognitive function of epileptic
rats (Xie et al., 2023).

This study found that the pathological
morphology of hippocampal tissue improved. In addition,
the apoptosis rate of nerve cells decreased in the VA
group compared to the Model group. This indicates that
VA can protect the brains of young epileptic rats. Nissl
staining revealed loss, degeneration, and necrosis of
hippocampal neurons, with fewer Nissl bodies in young
rats of the Model group. These changes could not support
neural activity, leading to a significant decrease in
neuronal survival. However, the degree of neuronal
necrosis in the hippocampal tissue improved after oral
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administration of VA. This suggests that VA can
significantly reduce neuronal death and protect
hippocampal neurons. VA can inhibit neuronal apoptosis
by activating multiple signaling pathways. It mainly
promotes neuronal survival by reducing the expression
levels of key factors in the apoptosis cascade reaction,
such as Bax and caspase-3. The findings of this study
show that NMDARI protein levels were high in the
Model group of young rats. However, these levels
decreased after oral administration of VA, suggesting that
VA inhibited the expression of NMDARI. Glutamate is
an important excitatory neurotransmitter in the central
nervous system (CNS). Its ionotropic receptor, NMDAR,
which is mostly abundant in the hippocampus, is closely
related to the pathogenesis of epilepsy. Among the
NMDAR subtypes, NMDARI plays a primary role. It is
also believed that increased expression of NMDARI in
brain tissue can accelerate excitatory neurotoxicity,
leading to neuronal damage. This is a key mechanism in
the pathogenesis of epilepsy (Li et al., 2021; de
Bartolomeis et al., 2019). Studies have confirmed that the
inhibitory effect of antiepilepserine on the excitatory
neurotoxicity of glutamate in neurons of epileptic rats is
related to the inhibited expression of NMDARI (Li et al.,
2022). However, the inhibitory effect of VA on
NMDARI remains unclear, necessitating future studies.
This study found that STXBP1 and SLC2Al
levels were significantly reduced in the Model group.
After VA intervention, the levels of STXBPI1 and
SLC2A1 in the VA group significantly increased
compared to the Model group. Current treatments for
STXBP1 gene-related epilepsy mainly rely on anti-
epileptic drugs to control the onset of the disease.
However, it is expected that precise treatments targeting
the underlying pathogenesis of the disease will be
available in the future (Howden ef al., 2023). Epileptic
seizures can be fully controlled in approximately half of
epileptic children treated with anti-epileptic drugs.
However, more than half of the affected children require
three types of anti-epileptic drugs. Studies have reported
that treatments such as VA, levetiracetam,
glucocorticoids, and ketogenic diets may be effective in
managing epilepsy (Stamberger et al., 2017).
Levetiracetam regulates synaptic vesicle release by
binding to the synaptic vesicle protein SV2A. This
binding inhibits calcium channels and intracellular
calcium release, which may counteract the epileptogenic
effect of STXBP1 mutations. Therefore, levetiracetam is
considered a potential preferred drug for STXBP1 gene-
related epilepsy (Liu et al., 2018; Stepien et al., 2021).
PPI network analysis in this study indicates that SLC2A1
may be a downstream gene of STXBP1. Related studies
have shown that SLC2A1 plays a crucial role in
biological activities such as cell proliferation (Park et al.,
2024; Zhang et al., 2024). This study indicates that the
STXBP1/SLC2A1 signaling pathway was significantly
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inhibited in the Model group, leading to neuronal
apoptosis. After  treatment with VA,  the
STXBP1/SLC2AL1 signaling pathway was activated to
protect brain neurons. However, our present study also
had a limit, we just inferred that the correlation between
VA administration and NMDAR1 expression has been
unclear. In our future research, we will clearly explain
this point.

In conclusion, VA can significantly enhance
cognitive function, reduce the expression level of
NMDARI, and prevent neuronal apoptosis in young rat
models of epilepsy. The underlying mechanism may
involve the regulation of STXBP1 expression.
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