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Purpose: β-Amyrin acetate (BAA), a natural pentacyclic triterpenoid, exhibits greater lipophilicity than its antiepileptic precursor β- 
amyrin, implying enhanced blood-brain barrier (BBB) permeability. This study aimed to evaluate the antiepileptic efficacy of BAA and 
investigate its neuroprotective mechanisms, with a focus on calcium signaling.
Patients and Methods: An epilepsy model was established in zebrafish using pentylenetetrazole (PTZ) to assess the effects of BAA 
on seizure-like behaviors, reactive oxygen species (ROS) levels, apoptosis, and inflammatory markers. Potential targets were predicted 
via network pharmacology and molecular docking. Furthermore, a glutamate (Glu)-induced HT-22 neuronal injury model was used to 
validate BAA’s effects on intracellular calcium homeostasis and downstream signaling pathways.
Results: BAA significantly attenuated PTZ-induced seizure-like behaviors in zebrafish, specifically reducing the frequency of clonic 
and tonic-clonic seizures, as well as total movement distance and velocity. Concurrently, BAA mitigated oxidative stress, apoptosis, 
and neuroinflammation in the zebrafish. Network pharmacology and molecular docking analyses suggested the calcium signaling 
pathway as a potential target, with BAA showing high binding affinity to proteins such as Bcl-2 and JAK2. In vitro experiments 
suggested that BAA effectively alleviated Glu-induced calcium overload in HT-22 cells. It downregulated the Bax/Bcl-2 ratio, 
suppressed overactivation of the JAK2/STAT3 pathway, and consequently reduced neuronal apoptosis and inflammation. The BAPTA- 
AM co-treatment experiment further supported that the protective effect of BAA depends on the regulation of intracellular calcium 
homeostasis.
Conclusion: BAA exerts antiepileptic effects by inhibiting neuronal calcium overload and modulating the JAK2/STAT3 signaling 
pathway, thereby attenuating neuroinflammation and apoptosis. These findings provide a solid experimental foundation for developing 
BAA as a promising antiepileptic candidate and elucidate its multi-target mechanism of action.
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Introduction
Epilepsy is a chronic neurological disorder characterized by recurrent and unprovoked seizures. It poses a substantial 
global health challenge, affecting more than 70 million individuals worldwide, with rates ranging from 50.4 to 81.7 cases 
per 100,000 population.1 Despite advancements in genetics and therapeutics, critical gaps persist in precise diagnosis, 
mechanistic understanding, and effective management.2 Valproate (VPA), a first-line antiepileptic drug, is effective but 
its use is constrained by significant adverse effects, including teratogenicity, hepatotoxicity, and drug interactions.3 

Therefore, there is a pressing need to develop novel therapeutic agents with enhanced efficacy and improved safety 
profiles.
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Traditional Chinese medicine has attracted attention for its potential to treat refractory neurological diseases, owing to its 
multi-target mechanisms and favorable safety profile.4 BAA, a pentacyclic triterpenoid and acetylated derivative of β- 
Amyrin, is widely present in medicinal plants such as Kansui Radix, Cirsium japonicum, and Taraxacum officinale, and has 
been reported to exhibit potent anti-inflammatory activity.5 Previous studies have shown that an α/β-amyrin mixture prolongs 
seizure latency and survival time in a PTZ-induced epileptic model, potentially by modulating the GABAergic system and 
protein kinase C (PKC) signaling pathway.6 Furthermore, β-amyrin enhances antioxidant enzyme activity, ameliorates 
oxidative stress, and confers neuroprotection by suppressing pro-inflammatory cytokines such as interleukin-6 (IL-6), 
interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α).7,8 Compared to β-amyrin, BAA possesses lower polarity and 
higher lipophilicity, suggesting a greater potential to cross the BBB and exert enhanced central nervous system effects.9,10 

However, the anti-seizure effects of BAA itself and its underlying mechanisms remain entirely unexplored.
The initiation of epileptic seizures involves a disruption of the critical balance between excitatory neurotrans

mitters (eg, Glu, aspartate) and inhibitory neurotransmitters (eg, γ-aminobutyric acid (GABA), glycine).11,12 PTZ, 
a GABA_A receptor antagonist, attenuates inhibitory, leading to neuronal hyperexcitability and synchronized 
discharges. This hyperexcitability triggers excessive Glu release and overactivation of N-methyl-D-aspartate 
(NMDA) receptors, resulting in a pathological influx of calcium ions (Ca2+) and intracellular calcium overload. 
Calcium overload subsequently activates calcium-dependent enzymes, disrupts mitochondrial function, and pro
motes excessive reactive oxygen species (ROS) generation, culminating in oxidative stress, neuronal 
excitotoxicity.13–15 Notably, excessive ROS can activate Janus kinase 2 (JAK2) via direct oxidation and inhibition 
of phosphatases, leading to its phosphorylation and subsequent recruitment and phosphorylation of downstream 
Signal Transducer and Activator of Transcription 3 (STAT3).16–18 Phosphorylated STAT3 (p-STAT3) dimerizes, 
translocates to the nucleus, and regulates the transcription of genes involved in proliferation, survival, migration, 
inflammation, and anti-apoptosis. Critically, calcium overload is a pivotal driver of these downstream pathological 
events. However, therapeutic strategies specifically and effectively targeting this key node remain limited.

Zebrafish have emerged as a robust and genetically tractable vertebrate model for epilepsy research, owing to 
their conserved neuroanatomy, high-throughput suitability, reliable behavioral, and electrophysiological seizure 
phenotypes. Their transparent larvae and rapid drug absorption further enable efficient in vivo screening of anti- 
seizure compounds and mechanistic investigation.19 The brains of zebrafish larvae share fundamental structural 
and functional characteristics with mammalian brains, including conserved neurotransmitter systems such as 
GABAergic and glutamatergic signalling, and well-defined neural circuits that underpin seizure generation.20 

The PTZ-induced seizure model in zebrafish reproduces key behavioural and electroencephalographic features of 
human seizures. These are characterised by a dose-dependent progression from increased movement to clonic 
jerks, and ultimately to tonic-clonic seizures.21,22 Zebrafish larvae develop a fully formed nervous system within 
seven days post-fertilisation. Their BBB is not yet fully mature, facilitating direct access of drugs to the central 
nervous system via immersion. This reduces the cost and operational complexity of drug screening.23 Therefore, 
this model is suitable for evaluating the efficacy of candidate antiepileptic drugs at the whole-organism level. In 
this study, we used a PTZ-induced zebrafish epilepsy model to evaluate the in vivo antiepileptic efficacy of BAA 
and assess its effects on seizure-induced oxidative stress, apoptosis, and neuroinflammation.

Our research aims to comprehensively evaluate the antiepileptic effects of BAA, investigating whether it exerts 
neuroprotective effects by modulating neuronal calcium overload and its downstream pathways. To evaluate the 
therapeutic efficacy of BAA in vivo, we established a PTZ-induced epileptic zebrafish model. Using a combination 
of network pharmacology and molecular docking techniques, we predicted the potential targets and related 
pathways of BAA. Using a Glu-induced HT-22 neuronal injury model, we validated the regulatory effects of 
BAA on calcium homeostasis, oxidative stress, neuroinflammation, and apoptosis at a cellular level. This study 
provides new insights into the development of multi-target antiepileptic drugs and establishes an experimental 
basis for developing BAA as an antiepileptic candidate compound.
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Materials and Methods
Zebrafish Maintenance and Egg Collection
Wild-type adult zebrafish were purchased from Nanjing Yishu Lihua Co., Ltd. (China) and maintained at 28 °C under 
a 10 h/14 h light/dark cycle, as previously described. The fish were fed live brine shrimp three times daily. After 7 days of 
acclimation under laboratory conditions, zebrafish were segregated into spawning tanks at a 2:1 male-to-female ratio. 
Embryos were collected 2 h after segregation, and all experiments were conducted using zebrafish larvae at 7 days post- 
fertilization (dpf).

Zebrafish Experimental Design
Different treatments were applied to zebrafish larvae to study the effect of BAA (TargetMol, Cat#TN1438) on PTZ 
(Aladdin, Cat#P103065) induced seizures.24 Before the experiment, zebrafish larvae were randomly assigned to each 
treatment group, with 12 fish per group. The room temperature was maintained at 28°C, and five independent experi
ments were conducted. The experimental design consists of four treatment groups, outlined as follows:

Control group: Larvae in this group received no additional compounds.
PTZ group: Larvae in this group were exposed to 10 mM PTZ for 30 min at 7 dpf to induce seizures and establish the 

pathological state.
PTZ + VPA (1 mM) group: Larvae in this group were pre-treated with 1 mM VPA for 12 h at 6 dpf, and then exposed 

to 10 mM PTZ for 30 min at 7 dpf.
PTZ + BAA (2.5 µM / 10 µM) group: Larvae in this group were pre-treated with 2.5 µM/10 µM BAA for 12 h at 6 

dpf, and then exposed to 10 mM PTZ for 30 min at 7 dpf.

Zebrafish Behavioral Analysis
To assess the effects of BAA on PTZ-induced locomotor deficits, we measured swimming behavior parameters in 
zebrafish larvae, including total distance traveled and average speed. Zebrafish larvae at 6 dpf were treated with 2.5 µM / 
10 µM BAA and 1 mM VPA for 12 h. At 7 dpf, the larvae were exposed to 10 mM PTZ. Immediately following PTZ 
exposure, behavioral analysis was performed for 30 min using an automated Zebrafish Behavioral Analysis System 
(Hunter Lab, HT-XW2D-2100). In the trajectory plots, the line density corresponds to the total distance traveled by 
zebrafish within 30 min. Based on swimming speed, seizure-like behaviors in zebrafish were classified into three distinct 
stages: Stage I: Increased Activity - After initial drug administration, the overall activity level of zebrafish increased, but 
the swimming pattern remained normal. Black lines represent low-speed movement (speed < 20 mm/s). Stage II: Clonic 
Seizures - Zebrafish exhibited brief, rapid jerks or “darting” movements with uncoordinated swimming. Green lines 
represent medium-speed movement (speed: 20 mm/s - 50 mm/s). Stage III: Tonic-Clonic Seizures - Characterized by 
typical “racing” behavior, where zebrafish lost balance and displayed extremely high-speed, uncontrolled bursts of 
movement along the tank edge or in a single direction, often in circles. This phase is a core evaluation indicator in the 
PTZ model. Red lines represent high-speed movement (speed > 50 mm/s).

Zebrafish Acridine Orange (AO) Staining and ROS Staining
DCFH-DA (Aladdin, Cat# H131224) is a fluorescent probe used for detecting ROS, while Acridine Orange (AO) (Aladdin, 
Cat# A100495) staining reflects apoptosis. Zebrafish larvae from both Control and treatment groups were immersed in 
solutions containing 5 μg/mL AO and 20 μg/mL DCFH-DA, respectively, and incubated in the dark at room temperature for 
30 min. After washing, the larvae were anesthetized using a 0.02% tricaine solution (Aladdin, Cat#E107465). Fluorescence 
in each group of zebrafish larvae was observed and imaged using a zebrafish imaging system (Hunter Lab, HT-CX-001) 
(excitation at 488 nm and emission at 525 nm), and the images were analyzed with ImageJ.

Target Screening
Potential human targets of BAA were predicted using the Swiss Target Prediction platform (http://www.swisstargetpredic 
tion.ch/), the Pharm Mapper database (http://lilab-ecust.cn/pharmmapper/), the Integrated Pharmacology-based 
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Traditional Chinese Medicine Research Platform (http://www.tcmip.cn/), and the Drug Bank database (https://go.drug 
bank.com/). Duplicate targets were removed, and the remaining targets were standardized and unified using the UniProt 
database to obtain the target set of the active ingredient BAA. Disease-related targets for epilepsy were retrieved from the 
TTD database (https://db.idrblab.net/ttd/) and the Gene Cards database (https://www.genecards.org/) using “epilepsy” as 
the search term. After removing duplicates, the remaining targets were also standardized via UniProt to obtain epilepsy- 
associated targets. Both the BAA target set and the epilepsy target set were imported into the bioinformatics online 
platform (https://www.bioinformatics.com.cn/) to generate a Venn diagram and extract information on overlapping 
targets between BAA and epilepsy. A PPI network was constructed using the STRING database (confidence score > 
0.7) and visualized with Cytoscape 3.9.1. Core targets were screened based on topological features (degree, betweenness 
centrality, closeness centrality). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses were performed using DAVID (v6.8) with a significance threshold of FDR < 0.05.

Molecular Docking
The protein’s secondary structure was downloaded in PDB format from the Protein Data Bank (https://www.rcsb.org/). 
The protein structure was processed using AutoDock Tools 1.5.6 to remove water molecules, add charges, and add 
hydrogen atoms. The structure of the active component BAA was downloaded and saved from the Traditional Chinese 
Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, http://tcmspw.com/tcmsp.php), and the 
resulting structure was converted to PDB format. Molecular docking was performed using AutoDock Tools 1.5.6 to 
calculate binding energy. The results were imported into PyMOL software for visual display of the docking outcomes.

Cell Culture
The HT-22 neuronal cell line was obtained from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (China). HT-22 
cells were cultured in DMEM supplemented with 10% FBS, penicillin, and streptomycin. All cell lines were authenti
cated by quantitative PCR (qPCR) or Western Blot, and tested negative for mycoplasma contamination.

Cell Viability Assay
The CCK-8 assay kit (Linbio, Cat#LC300105) was used to measure cells viability. HT-22 neuronal cell were seeded in 
96-well plates at a density of 1×104 cells per well. The cells were treated with Glu (2.5, 5, 10, 20, 40 μM) or BAPTA-AM 
(0.125, 0.25, 0.5, 1, 5, 10 μM) or Glu (20 mM) + BAA (2.5, 5, 10, 20 μM) or Glu (20 mM) + BAPTA-AM (0.25 μM) or 
Glu (20 mM) + BAPTA-AM (0.25 μM) + BAA (10 μM) for 24 h. Then, 10 μL of CCK-8 solution was added to each 
well, followed by incubation for 2 h. The optical density (OD) was measured at 450 nm using a microplate reader (MD, 
SpectraMax ID5). All experiments were performed in 96-well plates with six biological replicates.

Annexin V/PI Double Staining for Apoptosis Detection
The Annexin V/PI Apoptosis Detection Kit (Linbio, Cat#LC300303) was used to assess cell apoptosis. HT-22 cells in 
logarithmic growth phase were seeded at a density of 3×105 cells per well in 6-well plates. The cells were then co-treated 
with 20 mM Glu and 2.5 or 10 μM BAA or 0.25 μM BAPTA-AM or BAPTA-AM (0.25 μM) + BAA (10 μM) 
24 h. Apoptosis was measured using a flow cytometer (Beamdiag, Beam Cyte-1026). Annexin V-FITC: Excited at 488 
nm, detected in the 530 nm channel; PI: Excited at 488 nm, detected in the 585 nm channel.

Measurement of Intracellular ROS and Calcium Expression
The Fluo-4 AM fluorescent dye (Beyotime, Cat#S1060) was used to detect intracellular calcium levels. HT-22 cells were 
seeded in 96-well plates at a density of 1×104 cells per well and co-treated with 20 mM Glu and 2.5 or 10 μM BAA for 
24 h at 37 °C. Then, 100 μL of DCFH-DA (20 μg/mL) or Fluo-4 AM (2 μM) was added to each well. After incubation, 
the cells were washed twice with PBS. Fluorescence and bright-field images were captured using a Zeiss fluorescence 
microscope (excitation at 488 nm and emission at 525 nm) and analyzed with ImageJ.

https://doi.org/10.2147/DDDT.S566649                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 4

Cai et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

http://www.tcmip.cn/
https://go.drugbank.com/
https://go.drugbank.com/
https://db.idrblab.net/ttd/
https://www.genecards.org/
https://www.bioinformatics.com.cn/
https://www.rcsb.org/
http://tcmspw.com/tcmsp.php


qPCR Analysis and Primer Sequences
Total RNA was isolated from zebrafish larvae and cell samples using the TRIzol® Reagent Extraction Kit (Vazyme, 
Cat#R401-01-AA) according to the manufacturer’s instructions. The extracted RNA was used as a template to synthesize 
cDNA with a Reverse Transcription Kit (Sparkjade, Cat#AG0304) in a gradient PCR instrument (Bio-Rad, T100). Gene- 
specific primers were synthesized by Sangon Biotech Co., Ltd. Amplification was performed using SYBR Green qPCR 
Mix (Sparkjade, Cat#AH0101) on a qPCR system (Applied Biosystems 7500). The thermal cycling conditions were as 
follows: 50 °C for 2 min, 95 °C for 3 min, followed by 40 cycles of 94 °C for 15s and 60 °C for 1 min. The relative 
mRNA expression levels of target genes were calculated using the 2-ΔΔCt method with β-actin as the internal reference 
gene. The corresponding forward and reverse primers used for qPCR analysis are listed in Supplementary Table S1.

Western Blot Analysis and Antibodies
Cell samples were lysed on ice for 20 min using RIPA lysis buffer containing protease and phosphatase inhibitors. The 
lysates were then centrifuged at 12000 rpm for 10 min to obtain clear supernatants. Subsequently, the cell lysates were 
heated at 100 °C for 5–8 min. The proteins were separated by SDS-PAGE and transferred onto a nitrocellulose membrane 
(Millipore, Cat#HATF00010). After blocking with 5% skim milk for 1 h at room temperature, the membrane was 
incubated with primary antibodies overnight at 4 °C, followed by incubation with secondary antibodies for 1 h at room 
temperature. Super-sensitive chemiluminescence reagent (Sparkjade, Cat#ED0016) was applied to the blot, and images 
were captured using a gel imaging system (BIO-RAD, ChemiDoc MP Imaging System). The following antibodies were 
used: IL-6 (Zenbio, Cat#500286, 1:1000), STAT3 (Abcam, Cat#ab68153, 1:1000), phospho-STAT3 (Y705) (Abcam, 
Cat#ab267373, 1:1000), JAK2 (Zenbio, Cat#R24775, 1:1000), phospho-JAK2 (Tyr1007/1008) (Zenbio, Cat#R381556, 
1:1000), Caspase3 (proteintech, Cat#66470-2-Ig, 1:1000), Cleaved caspase-3 (Zenbio, Cat#341034, 1:1000), Bax (CST, 
Cat#2772T, 1:1000), Bcl-2 (Abcam, Cat#ab182858, 1:1000), β-actin (proteintech, Cat#81115-1-RR, 1:3000) See 
Appendix for original uncropped blots.

Statistics Analysis
Statistical analysis was performed using GraphPad Prism software. All data are presented as mean ± SEM. Normality 
was assessed using the Shapiro–Wilk test, and homogeneity of variance was evaluated using Levene’s test. For 
comparisons among multiple groups, one-way ANOVA followed by Tukey’s post hoc test was applied. For comparisons 
between two groups, a two-tailed Student’s t-test was used. A p-value < 0.05 was considered statistically significant. All 
experiments were repeated at least five times as independent biological replicates.

Results
Inhibitory Effect of BAA on PTZ-Induced Epileptiform Locomotion in Zebrafish 
Larvae
Except for the Control group, zebrafish larvae in all other groups were treated with PTZ at 7 dpf for 30 min to establish 
a PTZ-induced epilepsy model. The interventional effect of BAA on PTZ-induced epileptic-like movements in zebrafish 
larvae was evaluated through behavioral analysis. Zebrafish larvae treated with 2.5, 5, 10, and 20 μM BAA showed no 
obvious mortality or morphological abnormalities (Supplementary Figure S1). Compared to the Control group, the PTZ 
group exhibited intensive, crossing, and non-directional darting movements (Figure 1A). Within 0–15 min of PTZ treatment, 
swimming speed rapidly increased from baseline (1.2 ± 0.2 mm/s) to a peak (5.5 ± 0.2 mm/s), which was 4.58 times higher 
than that of the Control group during the same period. After 30 min of treatment, the speed stabilized at 4.3 ± 0.2 mm/s (p < 
0.0001 vs Control group)(Figure 1B). Meanwhile, the total swimming distance of the PTZ group over 30 min increased 
significantly to 9073 ± 230.8 mm, representing a 394% increase compared to the Control group (1835 ± 199.2 mm, p < 
0.0001 vs Control group)(Figure 1C). The total distance of clonic seizures increased to 3053 ± 119 mm (p < 0.0001 vs 
Control group)(Figure 1D), and the total distance of tonic-clonic seizures increased to 2040 ± 90 mm (p < 0.0001 vs Control 
group)(Figure 1E). The results showed that PTZ treatment significantly increased motor activity and induced Phase II clonic 
seizures and Phase III tonic-clonic seizures, indicating the successful establishment of the epilepsy model.
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Compared to the PTZ group, both the VPA and BAA treatment groups exhibited suppressed hyperexcitability, as 
evidenced by reduced swimming speed over 30 min (VPA group: 3.1 ± 0.3 mm/s; 2.5 μM BAA group: 2.2 ± 0.1 mm/s; 
10 μM BAA group: 2.5 ± 0.2 mm/s; all p < 0.0001 vs PTZ group) and significantly decreased total movement distance (VPA 
group: 6345 ± 238.3 mm; 2.5 μM BAA group: 5988 ± 172.7 mm; 10 μM BAA group: 6314 ± 200.6 mm; all p < 0.0001 vs PTZ 
group). The distances of clonic seizures (VPA group: 1805 ± 108.2 mm; 2.5 μM BAA group: 1686 ± 75.3 mm; 10 μM BAA 
group: 1902 ± 79.1 mm) and tonic-clonic seizures (VPA group: 1287 ± 92.3 mm; 2.5 μM BAA group: 1110 ± 70.6 mm; 10 μM 
BAA group: 1256 ± 85.4 mm) were also significantly reduced (all p < 0.0001 vs PTZ group). Notably, 2.5 μM BAA had 
a more significant effect on reducing swimming speed than VPA (p =0.004 vsVPA group). In the zebrafish model, the median 
effective dose (ED50) of VPA was reported as 198.7 mg/kg (approximately 1 mM).25 In contrast, BAA exhibited antiepileptic 
effects at a concentration of 2.5 μM (approximately 0.73 mg/kg), corresponding to an approximately 73-fold higher potency 
on a molar basis. These results suggest that BAA may have stronger antiepileptic activity than VPA in this model.

BAA Alleviates PTZ-Induced Oxidative Stress and Apoptosis in Zebrafish Larvae
Oxidative stress arises from an imbalance between the generation of free radicals and the antioxidant defense system.26 

During epileptic seizures, neuronal hyperactivity can lead to excessive production of free radicals, thereby inducing 
oxidative stress and causing neuronal damage.27 To evaluate the levels of ROS in zebrafish, this study employed DCFH- 
DA staining to detect ROS in 7 dpf larvae. The results showed that the ROS fluorescence intensity in the PTZ group (1.2 

Figure 1 BAA pretreatment attenuates PTZ-induced epileptiform locomotor activity in 7 dpf zebrafish larvae (A) Movement trajectories; (B) Mean swimming velocity; (C) 
Total swimming distance; (D) Total distance during Stage II seizures; (E) Total distance during Stage III seizures. Larvae at 6 dpf were pretreated with 1mM VPA, 2.5 μM BAA, 
or 10 μM BAA for 12 h, and then exposed to 10 mM PTZ at 7 dpf. Locomotor activity was recorded for 30 min using a behavioral analysis system. Red trajectories indicate 
high-speed movement (> 50mm/s, corresponding to Stage III seizures); green trajectories indicate medium-speed movement (20–50 mm/s, corresponding to Stage II 
seizures); black trajectories indicate low-speed movement or stationary behavior (< 20mm/s). Data are presented as mean ± SEM. n = 60 larvae per group from 5 
independent biological replicates (12 larvae per replicate). ####p < 0.001 vs Control group; ****p < 0.001 vs PTZ group; &&p < 0.01 vs VPA group.
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± 0.1) was significantly increased by approximately 6-fold compared to the Control group (0.2 ± 0.1) (p < 0.0001 vs 
Control group). In contrast, BAA pretreatment markedly reversed the PTZ-induced increase in ROS (2.5 μM BAA 
group: 0.3 ± 0.1; 10 μM BAA group: 0.3 ± 0.1; both p < 0.0001 vs PTZ group), restoring it to a level comparable to that 
of the Control group (Figure 2A and B).

Excessive ROS can disrupt mitochondrial membrane integrity, promoting the release of pro-apoptotic factors, such as 
cytochrome c, into the cytoplasm, which subsequently activates Caspase-9 and its downstream effector, Caspase-3, ultimately 
initiating the intrinsic apoptotic pathway.28 Consistent with the reduction in ROS levels, AO staining revealed that the AO 
fluorescence intensity in the PTZ group (5.9 ± 0.2) was significantly increased by approximately 1.9-fold compared to the 
Control group (3.1 ± 0.4) (p < 0.0001 vs Control group). Moreover, BAA pretreatment significantly suppressed the PTZ- 
induced increase in AO fluorescence intensity (2.5 μM BAA group: 3.3 ± 0.1; 10 μM BAA group: 2.6 ± 0.1; both p < 0.0001 vs 
PTZ group), restoring it to a level comparable to that of the Control group (Figure 2C and D). These results suggest that BAA 
may confer neuroprotective effects by alleviating PTZ-induced oxidative stress and subsequent apoptosis.

Figure 2 BAA alleviates PTZ-induced oxidative stress and cell death in 7 dpf zebrafish larvae. (A) ROS staining (DCFH-DA) images; (B) Quantification of ROS fluorescence 
intensity; (C) Apoptosis staining (AO) images; (D) Quantification of AO fluorescence intensity. 6 dpf larvae were pretreated with 1 mM VPA, 2.5 μM BAA, or 10 μM BAA 
for 12 h. At 7 dpf, they were exposed to 10 mM PTZ for 30 min and then stained with 20 μg/mL DCFH-DA or 5 μg/mL AO for 20 min. Fluorescence images were captured 
using a zebrafish imaging system (4× objective magnification). Data are presented as mean ± SEM. n = 30 larvae per group from 5 independent biological replicates (6 larvae 
per replicate). ####p < 0.0001 vs Control group; ****p < 0.0001 vs PTZ group. 
Abbreviation: ns, no significant difference.
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BAA Attenuates PTZ-Induced Neuronal Hyperexcitation and Neuroinflammation to 
Exert Antiepileptic Effects in Zebrafish
PTZ induces neuronal hyperexcitability by inhibiting GABAergic transmission, whereas enhancing GABAergic signaling 
reduces neuronal excitability and suppresses c-fos expression.29 As a classical marker of enhanced neuronal electrical 
activity, c-fos expression can be rapidly induced within a short period by the synchronized high-frequency discharges of 
neurons during epileptic seizures.30 The expression level of c-Fos mRNA in zebrafish larvae treated with PTZ for 30 min 
(3.9 ± 0.4) was significantly increased by 3.9-fold compared to the Control group (1.0 ± 0.1) (p < 0.0001vs Control 
group). Pretreatment with BAA significantly inhibited the PTZ-induced upregulation of c-Fos expression, restoring it to 
near-normal levels (2.5 μM BAA: 1.1 ± 0.1; 10 μM BAA: 1.8 ± 0.3; both p < 0.0001 vs PTZ group), suggesting that 
BAA effectively alleviates neuronal hyperexcitation (Figure 3A).

Neuronal hyperexcitation not only causes neuronal damage but also triggers an inflammatory cascade. After seizures, 
the upregulated expression of pro-inflammatory cytokines (such as Il-1β, Il-6, Tnf-α, etc.) may exacerbate neuronal injury 
and promote epileptic recurrence.31 To evaluate the regulatory effect of BAA on neuroinflammation, this study measured 
the mRNA levels of inflammatory factors in 7 dpf zebrafish larvae using qPCR. PTZ treatment significantly increased the 
expression of pro-inflammatory factors: compared to the Control group, the mRNA expression of Tnf-α was upregulated 
by 2.4-fold (p < 0.0001 vs Control group), Il-6 by 2.2-fold (p = 0.03 vs Control group), Il-1β by 6.2-fold (p = 0.0005 vs 
Control group), and Cox-2 by 2.1-fold (p = 0.015 vs Control group) in the PTZ group. In contrast, pretreatment with 
10μM BAA significantly suppressed the PTZ-induced upregulation of these factors, Tnf-α (p = 0.0012 vs PTZ group), Il- 
1β (p = 0.0076 vs PTZ group), Il-6 (p = 0.0396 vs PTZ group), and Cox-2 (p = 0.2031 vs PTZ group), restoring their 
expression to levels comparable to those of the Control group (Figure 3B–E). These results indicate that BAA can inhibit 
PTZ-induced neuronal hyperexcitation and neuroinflammatory.

Figure 3 BAA inhibits PTZ-induced excitability and expression of inflammatory markers in zebrafish larvae. (A) c-Fos, (B) Tnf-α, (C) Il-6, (D) Il-1β, (E) Cox-2 mRNA 
expression levels. Zebrafish larvae at 6 dpf were pretreated with 2.5 μM BAA or 10 μM BAA for 12 h, and larvae at 7 dpf were treated with 10 mM PTZ for 30 min. β-actin 
was used as the internal reference. Data are presented as mean ± SEM. n = 60 larvae per group from 5 independent biological replicates (12 larvae per replicate). #p < 0.05, 
##p < 0.01, ###p < 0.001, ####p < 0.001 vs Control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs PTZ group. 
Abbreviation: ns, no significant difference.
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Network Pharmacology and Molecular Docking Reveal the Anti-Epileptic Mechanism 
of BAA
To further elucidate the molecular mechanisms underlying the anti-epileptic effects of BAA, network pharmacology and 
molecular docking were employed to identify potential targets. A total of 110 drug targets of BAA were retrieved from 
four databases, and 9640 epilepsy-related genes were collected from two databases. After intersection, 91 potential 
targets for BAA in the treatment of epilepsy were identified (Figure 4A). A PPI network was constructed from these 91 
targets, in which JAK2 and Bcl-2 exhibited high network centrality (Figure 4B). GO functional analysis yielded 412 
biological processes, and KEGG pathway analysis identified 68 signaling pathways. KEGG enrichment analysis revealed 
that the intersecting targets were significantly enriched in the calcium signaling pathway, HIF-1 signaling pathway, and 
VEGF signaling pathway, among others (Figure 4C and D). Molecular docking was performed to evaluate the binding 
affinity between BAA and the key targets Bcl-2 and JAK2. The results demonstrated strong binding interactions, with 
binding energies of −13.38 kcal/mol for Bcl-2 and −11.84 kcal/mol for JAK2 (Figure 4E).

BAA Attenuates Oxidative Stress by Stabilizing Calcium Homeostasis and Disrupting 
the “ROS-Ca2+” Positive Feedback Loop
Based on network pharmacology predictions, BAA may regulate calcium signaling pathways. To validate this hypothesis, 
we used a Glu-induced HT-22 cell injury model. The CCK-8 assay showed that Glu exhibited significant concentration- 
dependent toxicity toward HT-22 cells, with an IC50 value of 26.11 mM (Figure 5A). Considering model stability and cell 

Figure 4 Network pharmacology and molecular docking of BAA and epilepsy. (A) Venn diagram of drug and disease intersection targets; (B) PPI network diagram of BAA- 
epilepsy intersection targets; (C) GO (BP, CC, MF) triad diagram; (D) KEGG enrichment bubble diagram; (E) Molecular docking binding energy between BAA and JAK2: 
−11.84 kcal/mol; Molecular docking between BAA and Bcl-2, with a binding energy of −13.38 kcal/mol.
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condition, 20 mM Glu was selected as the inducing concentration for subsequent experiments. Consistent with the 
zebrafish results, 20 mM Glu stimulation for 24 h significantly induced cytotoxicity in HT-22 cells (p < 0.0001 vs Control 
group), while 2.5 μM and 10 μM BAA markedly reversed this effect, restoring cell viability to 89.0 ± 2.5% and 92.2 ± 
4.0% of the Control group, respectively (both p < 0.0001 vs Glu group) (Figure 5B). Cells treated with 2.5 μM and 
10 μM BAA exhibited normal morphology, with no obvious signs of cytotoxicity such as shrinkage, floating, or cell 
death (Supplementary Figure S2).

Furthermore, 20 mM Glu significantly induced ROS accumulation (DCF fluorescence intensity: 1.9-fold vs Control 
group, p = 0.0003) and cytosolic Ca2+ overload (Fluo-4 fluorescence intensity: 2.1-fold vs Control group, p = 0.0004) in 
HT-22 cells. Treatment with 10 μM BAA effectively reversed these effects, reducing ROS and Ca2+ levels to values 
comparable to those of the Control group (ROS: p < 0.0001; Fluo-4: p = 0.0009 vs Glu group) (Figure 5C–F). These 
findings suggest that BAA may effectively disrupt the “ROS–Ca2+” positive feedback loop by inhibiting calcium 
overload, a key mechanism that amplifies oxidative stress and calcium dysregulation.

Figure 5 BAA alleviates Glu-induced cytotoxicity, calcium overload, and oxidative stress in HT-22 cells. (A) The CCK-8 assay was used to evaluate the effects of different 
concentrations of Glu (2.5, 5, 10, 20, and 40 mM) on the viability of HT-22 cells after 24 h of treatment, and the half-maximal inhibitory concentration (IC50) was calculated; (B) BAA 
reverses the Glu-induced decrease in HT-22 cells’ viability. The CCK-8 assay was used to evaluate the effects of different concentrations of BAA (2.5, 5, 10, 20 μM) on the viability of 
HT-22 cells treated with 20 mM Glu for 24 h; (C) BAA inhibits Glu-induced increase in intracellular Ca2+ levels in HT-22 cells. Fluorescence microscopy images of Fluo-4 staining 
(scale bar: 40 μm, 40x). Green: calcium signal; (D) Quantitative analysis of Fluo-4 fluorescence intensity; (E) Quantitative analysis of ROS levels; (F) BAA reduces Glu-induced 
intracellular ROS levels in HT-22 cells. Fluorescence microscopy images of ROS staining (scale bar: 50 μm, 20x). Green: DCF signal. Data are presented as mean ± SEM. n = 6 
independent biological replicates per group. ###p < 0.001, ####p < 0.0001 vs Control group; **p < 0.01, ***p < 0.001, ****p < 0.001 vs Glu group. 
Abbreviation: ns, no significant difference.
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BAA Inhibits Glu-Induced Mitochondrial Apoptosis by Regulating the Bax/Bcl-2/ 
Caspase-3 Pathway
Having demonstrated that BAA alleviates oxidative stress and calcium overload, we further investigated whether it could 
inhibit the downstream mitochondrial apoptotic pathway. A Glu-induced HT-22 cell apoptosis model characterized by calcium 
overload was established, and the apoptosis rate was assessed using flow cytometry. Additionally, Western blot analysis was 
performed to examine the expression of proteins such as Bax, Bcl-2, Caspase-3, and Cleaved caspase-3, aiming to elucidate 
the molecular mechanism by which BAA intervenes in the calcium overload-mitochondrial apoptosis pathway.

Flow cytometry results showed that after 24 h of treatment with 2.5 and 10 μM BAA, Glu-induced apoptosis was 
significantly inhibited (p < 0.0001 vs Control group), with the total apoptosis rate decreasing: from 27.2 ± 1.3% in the 
Glu group to 18.6 ± 1.2% in the 2.5 μM BAA group and 17.8 ± 1.0% in the 10 μM BAA group (all p < 0.0001 vs Glu 
group) (Figure 6A and B).

Western blot analysis showed that 20 mM Glu treatment for 24 h successfully activated the apoptotic execution 
program, as evidenced by a 1.7-fold increase in the Bax/Bcl-2 ratio (p = 0.0051 vs Control group) and a significant 
2.1-fold increase in the Cleaved caspase-3/Caspase-3 ratio (p = 0.0284 vs Control group), both compared to the Control 
group (Figure 6C–F). Notably, pretreatment with BAA effectively reversed these effects, reducing both ratios to levels 

Figure 6 BAA inhibits Glu-induced apoptosis in HT-22 cells. HT-22 cells were treated with Glu (20 mM) alone or in combination with BAA (2.5, 10 μM) for 24 h. (A) Flow 
cytometry analysis with Annexin V-FITC/PI double staining was used to evaluate the effect of 2.5 and 10 μM BAA on Glu-induced apoptosis. Quadrant definitions: Q1: Necrotic cells 
(Annexin V−/PI+); Q2: Late apoptotic cells (Annexin V+/PI+); Q3: Viable cells (Annexin V−/PI−); Q4: Early apoptotic cells (Annexin V+/PI−); (B) Quantitative analysis of total apoptosis 
rate (Q2 + Q4). n = 6 independent biological replicates. (C) Western Blot bands of Bax and Bcl-2 proteins; (D) Quantification of Bax/Bcl-2 ratio; (E) Western Blot bands of 
Caspase-3 and Cleaved caspase-3 proteins; (F) Quantification of Cleaved caspase-3/Caspase-3 ratio. n = 5 independent biological replicates. β-actin was used as the loading control. 
Data are presented as mean ± SEM. #p < 0.05, ##p < 0.001, ####p < 0.0001 vs Control group; *p < 0.05,**p < 0.01, ****p < 0.0001 vs Glu group. 
Abbreviation: ns, no significant difference.
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not statistically different from those of the Control group (Bax/Bcl-2 ratio: p = 0.0271 (2.5 μM BAA), p = 0.0023 (10 μM 
BAA); Cleaved caspase-3/Caspase-3 ratio: p = 0.0435 (2.5 μM BAA), p = 0.0017 (10 μM BAA) vs Glu group). In 
summary, BAA significantly rescues Glu-induced HT-22 cell apoptosis by suppressing the Bax/Bcl-2 ratio and inhibiting 
Caspase-3 activation, a key executioner of the mitochondrial apoptotic pathway.

BAA Alleviates Neuroinflammation by Inhibiting JAK2/STAT3 Phosphorylation and 
Downstream Inflammatory Factor Expression
Following the establishment of BAA’s anti-apoptotic effects, we next explored its role in mitigating neuroinflammation. 
Given that calcium overload is a key inducer of neuroinflammation and molecular docking predicted a high binding 
potential between BAA and JAK2, we focused on the classical JAK2/STAT3 inflammatory pathway. The results showed 
that treatment HT-22 cells with 20 mM Glu for 24 h significantly increased the phosphorylation levels of JAK2 (Tyr1007/ 
1008) and STAT3 (Tyr705), with fold changes of 1.3-fold (p = 0.0007 vs Control group) and 1.2-fold (p = 0.0329 vs 
Control group), compared to the Control group. In contrast, BAA treatment significantly suppressed the phosphorylation 
of both JAK2 and STAT3 (p-JAK2: p = 0.0350 (2.5 μM BAA); p = 0.0243 (10 μM BAA); p-STAT: p = 0.049 (2.5 μM 
BAA); p = 0.0012 (10 μM BAA) vs Glu group). No significant differences were observed in total JAK2 or total STAT3 
protein levels among the groups (Figure 7A and B).

qPCR analysis revealed that after 24 h of Glu treatment, the mRNA expression of the inflammatory factors Tnf-α, Il-6, and 
Il-1β was significantly upregulated, reaching 5.3-, 3.8-, and 5.1-fold, compared with the Control group (Tnf-α: p = 0.0018; Il- 
6: p = 0.0003; Il-1β: p < 0.0001 vs Control group). Pretreatment with 10 μM BAA significantly inhibited the expression of 
these factors, reducing their levels to 1.5 ± 0.5, 1.2 ± 0.2, and 1.3 ± 0.3, respectively, which were not significantly different 
from the Control group (Tnf-α: p = 0.008; Il-6: p = 0.0004; Il-1β: p < 0.0001 vs Glu group)(Figure 7C). In summary, BAA 

Figure 7 BAA inhibits the JAK2/STAT3 signaling pathway and the gene expression of related inflammatory factors. HT-22 cells were treated with 20 mM Glu alone or in 
combination with 2.5 μM or 10 μM BAA for 24 h. (A) Western blot bands of JAK2, p-JAK2, STAT3, and p-STAT3 proteins; (B) Quantification of JAK2, p-JAK2, STAT3, and 
p-STAT3 protein expression levels. n = 5 independent biological replicates. β-actin was used as the loading control. (C) mRNA expression levels of Tnf-α, Il-6, and Il-1β. n = 6 
independent biological replicates. β-actin was used as the internal reference. Data are presented as mean ± SEM. Statistical analysis: One-way ANOVA followed by Tukey’s 
post hoc test after establishment of normality (Shapiro–Wilk test) and homogeneity of variance (Levene’s test). #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs 
Control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs Glu group. 
Abbreviation: ns, no significant difference.
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significantly downregulates the expression of the inflammatory cytokines Tnf-α, Il-6, and Il-1β by inhibiting the phosphoryla
tion of the JAK2/STAT3 signaling pathway, thereby alleviating neuroinflammatory responses.

Validation of the Ability of BAA to Inhibit Oxidative Stress by Regulating Calcium 
Homeostasis Using BAPTA-AM
To verify whether the antioxidant effects of BAA depend on calcium homeostasis, a parallel comparison was conducted 
using the calcium chelator BAPTA-AM. Based on the relevant literature and the CCK-8 assay, the concentration of 
BAPTA-AM in HT-22 cells was selected as 0.25 μM (Figure 8A).32 Glu treatment (20 mM, 24 h) significantly induced 
neuronal damage: Fluo-4 fluorescence intensity rising from 6.80 ± 0.68 to 16.43 ± 0.35 (p < 0.0001 vs Control group), 
ROS fluorescence intensity increased from 4.53 ± 0.38 to 9.73 ± 0.50 (p < 0.0001 vs Control group), MDA levels rose 
from 115.0 ± 1.06 to 150.3 ± 4.83 (p = 0.0004 vs Control group), and SOD activity decreased from 21.49 ± 1.78 to 15.15 
± 2.24 (p = 0.0255 vs Control group)(Figure 8B–G).

Treatment with 10 μM BAA significantly reversed these effects: Fluo-4 fluorescence intensity decreased to 9.20 ± 0.43 (p < 
0.0001 vs Glu group), ROS levels decreased to 2.99 ± 0.58 (p < 0.0001 vs Glu group), MDA content decreased to 119.6 ± 4.79 
(p = 0.0017 vs Glu group), and SOD activity increased to 21.07 ± 2.38 (p = 0.0499 vs Glu group). Treatment with 0.25 μM 
BAPTA-AM alone exhibited a protective effect comparable to that of BAA. Fluo-4 fluorescence intensity decreased to 9.68 ± 

Figure 8 Combining BAA with BAPTA inhibits Glu-induced calcium overload and oxidative stress in HT-22 cells. (A)The CCK-8 assay was used to evaluate the effects of 
different concentrations of BAMPT-AM (0.125, 0.25, 0.5, 1, 5, 10 µM) on the viability of HT-22 cells after 24 h. (B) Fluorescence image of Fluo-4 staining (scale bar: 40 µm). 
Green fluorescence indicates intracellular Ca2+ levels. HT-22 cells were exposed to 20 mM Glu for 24 h, treated with 10 μM BAA, 0.25 μM BAPTA-AM, or both. (C) 
Quantitative analysis of Fluo-4 fluorescence intensity; (D) Fluorescence image of DCFH-DA staining (scale bar: 100 µm). Green fluorescence indicates ROS levels; (E) 
quantitative analysis of DCFH-DA fluorescence intensity; (F) quantitative analysis of MDA content; (G) quantitative analysis of SOD activity. Data are presented as mean ± 
SEM. n = 6 independent biological replicates per group. #p < 0.05, ###p < 0.001, ####p < 0.0001 vs Control group; *p < 0.05, **p < 0.01, ****p < 0.0001 vs Glu group. 
Abbreviation: ns, no significant difference.
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0.30 (p < 0.0001 vs Glu group), ROS levels decreased to 4.14 ± 0.59 (p < 0.0001 vs Glu group), MDA content decreased to 138.0 
± 4.40 (p = 0.0448 vs Glu group) and SOD activity increased to 23.08 ± 1.62 (p = 0.0083 vs Glu group). No significant 
differences were observed between the BAA and BAA+BAPTA-AM for any of the parameters. These results suggest that BAA 
and the calcium chelator BAPTA-AM are equally effective in inhibiting calcium overload and oxidative stress, and that their 
combined use does not produce an additive effect. BAA may exert its antioxidant effects by regulating intracellular calcium 
homeostasis.

Validation of BAA’s Improvement of Mitochondrial Function via Regulation of Calcium 
Homeostasis Using BAPTA-AM
We investigated whether BAA’s protective effect on mitochondrial function depends on the regulation of calcium homeostasis. 
CCCP (10 μM) was used as a positive control to induce mitochondrial membrane potential depolarization. Compared with the 
Control group, 20 mM Glu treatment for 24 h significantly reduced mitochondrial membrane potential (MMP), as indicated by 
a decrease in the JC-1 red/green fluorescence ratio from 42.79 ± 9.52 to 0.25 ± 0.023 (p < 0.0001 vs Control group), and 
depleted ATP levels from 71.74 ± 2.62 to 47.88 ± 0.68 (p < 0.0001 vs Control group) (Figure 9A–C). Treatment with 10 μM 

Figure 9 BAA in combination with BAPTA-AM improves glutamate-induced mitochondrial dysfunction by regulating calcium homeostasis. HT-22 cells were treated with 20 
mM Glu for 24 h, with concurrent administration of 10 μM BAA and/or 0.25 μM BAPTA-AM. (A) Fluorescence image of JC-1 staining (scale bar: 100 μm); red fluorescence 
indicates JC-1 aggregates (high membrane potential), and green fluorescence indicates JC-1 monomers (low membrane potential); CCCP (10 μM) was used as a positive 
control to validate the JC-1 staining assay; (B) Quantitative analysis of the JC-1 aggregates/monomers fluorescence ratio; (C) Quantitative analysis of intracellular ATP levels. 
Data are presented as mean ± SEM. n = 6 independent biological replicates per group. ####p < 0.0001 vs Control group; **p < 0.01, ****p < 0.0001 vs Glu group; @@p < 0.01 
vs BAA + BAPTA-AM group. 
Abbreviation: ns, no significant difference.
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BAA significantly reversed these effects, restoring the JC-1 ratio to 8.06 ± 2.30 (p = 0.0034 vs Glu group) and ATP levels to 
67.69 ± 1.36 (p < 0.0001 vs Glu group). Treatment with 0.25 μM BAPTA-AM alone exhibited comparable protective effects, 
restoring the JC-1 ratio to 10.37 ± 3.07 (p = 0.004 vs Glu group) and ATP levels to 66.17 ± 1.48 (p < 0.0001 vs Glu group). No 
significant difference was observed in the JC-1 ratio between BAA and BAA + BAPTA-AM groups. In contrast, ATP levels 
were significantly lower in BAA + BAPTA-AM group compared to BAA group (p = 0.0054 vs BAA group). Collectively, 
these results support that BAA improves mitochondrial function largely through regulation of calcium homeostasis, with 
potential involvement of additional calcium-independent pathways in ATP synthesis.

Validation of BAA’s Inhibition of Cell Apoptosis and the JAK2/STAT3 Pathway via 
Regulation of Calcium Homeostasis Using BAPTA-AM
We investigated whether BAA’s inhibition of downstream apoptosis and JAK2/STAT3 singling pathways depends on 
calcium homeostasis regulation using BAPTA-AM. Flow cytometry results showed that Glu treatment significantly 
increased the apoptosis rate by 8.1-fold (24.34 ± 1.05%) compared with the Control group (2.99 ± 0.21%)(p < 0.0001 vs 
Control group). Pretreatment with 10 μM BAA, 0.25 μM BAPTA, or both reduced the apoptosis rate to 2.8-, 2.6-, and 
3.0-fold that of the control group (all, p < 0.0001 vs Glu group)(Figure 10A and B).

Western blot analysis revealed that Glu treatment significantly increased p-JAK2 and p-STAT3 levels (p = 0.0034 and 
p < 0.0001, respectively, vs Glu group). Pretreatment with 10 μM BAA significantly inhibited Glu-induced p-JAK2 and 

Figure 10 Regulation of glutamate-induced apoptosis and the JAK2/STAT3 signaling pathway by BAA in combination with BAPTA-AM. HT-22 cells were treated with 20 mM 
Glu for 24 h, with concurrent administration of 10 μM BAA and/or 0.25 μM BAPTA-AM. (A) Flow cytometry dot plot of Annexin V-FITC/PI double staining. Quadrant 
definitions: Q1: Necrotic cells (Annexin V−/PI+); Q2: Late apoptotic cells (Annexin V+/PI+); Q3: Viable cells (Annexin V−/PI−); Q4: Early apoptotic cells (Annexin V+/PI−); (B) 
Quantitative analysis of total apoptosis rate (Q2+Q4). n = 6 independent biological replicates. (C) Quantitative of JAK2, p-JAK2, STAT3, and p-STAT3 protein expression; 
(D) Western blot analysis for JAK2, p-JAK2, STAT3, and p-STAT3 proteins, with β-actin as the internal control. n = 5 independent biological replicates. Data are presented as 
mean ± SEM. ##p < 0.01; ####p < 0.0001 vs Control group; *p < 0.05; **p < 0.01, ****p < 0.0001 vs Glu group. 
Abbreviation: ns, no significant difference.
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p-STAT3 levels (p = 0.0071 and p < 0.0001, respectively, vs Glu group). Similarly, 0.25 μM BAPTA-AM alone also 
suppressed JAK2/STAT3 activation (p-JAK2: p = 0.0448; p-STAT3: p = 0.0027, vs Glu group). Notably, combined 
treatment with BAA and BAPTA-AM did not produce an additive inhibitory effect. No significant differences were 
observed in total JAK2 or STAT3 protein levels among groups (Figure 10C and D). These findings further suggest that 
BAA inhibits apoptosis and JAK2/STAT3 signaling by regulating calcium homeostasis.

Discussion
The essence of epileptic seizures lies in the abnormal, synchronous excessive discharge of neurons in the brain. 
Pathological hyperexcitability can lead not only to acute behavioral and cognitive impairments but also to long-term 
neurodegeneration, reduced quality of life, and an increased risk of injury and sudden unexpected death in epilepsy.33 

BAA is an acetylated derivative of β-amyrin, a natural pentacyclic triterpenoid. Studies have shown that β-amyrin exerts 
antiepileptic effects through mechanisms such as reducing oxidative stress and inflammation.6,34 Compared with the 
parent compound, acetylation significantly reduces the polarity of BAA while enhancing its lipophilicity.9 Structurally 
similar pentacyclic triterpenoids (eg, ursolic acid) have been reported to exhibit markedly improved bioavailability 
following acetylation.35 Based on these observations, we hypothesize that BAA may possess the ability to penetrate the 
BBB, providing a theoretical rationale for its efficacy in antiepileptic models. In this study, we systematically evaluated 
the antiepileptic effects of BAA and its underlying neuroprotective mechanisms. Using a PTZ-induced zebrafish epilepsy 
model and a Glu-induced HT-22 neuronal injury model, we suggest that BAA exerts multi-target antiepileptic effects by 
inhibiting neuronal calcium overload, alleviating oxidative stress, mitochondrial dysfunction, neuroinflammation, and 
apoptosis. These findings provide experimental support for the development of BAA as a promising antiepileptic 
candidate.

Zebrafish, characterized by rapid reproduction and a high degree of genetic homology with humans, have become 
a widely used model organism in epilepsy research. They are suitable for high-throughput drug screening, behavioral 
analysis, electroencephalography (EEG) recording, and in vivo imaging, and can model various types of genetic and 
acquired epilepsy.36 In the zebrafish model, PTZ induces seizures by antagonizing GABA_A receptors associated with 
chloride channels, triggering a series of concentration-dependent behavioral changes that ultimately manifest as clonic- 
like convulsions.37 In our research, PTZ exposure significantly increased total swimming distance, average speed, and 
tonic-clonic seizure frequency in zebrafish larvae, whereas pretreatment with BAA significantly reduced all these 
parameters. Notably, BAA was more effective than the positive control VPA in suppressing swimming speed.

In PTZ-induced epilepsy models and clinical patients, Glu concentrations in the brain are significantly elevated, 
making it one of the key factors contributing to neuronal damage.38 Excessive Glu release not only mediates excito
toxicity but also triggers neuroinflammation. As a core excitatory neurotransmitter, Glu excessively activates NMDA 
receptors on the postsynaptic membrane, causing massive Ca2+ influx and leading to intracellular “calcium overload.” 
Calcium overload subsequently triggers a series of deleterious events: disruption of mitochondrial function, activation of 
calcium-dependent enzymes (such as nitric oxide synthase and phospholipases), a sharp increase in ROS production, and 
severe oxidative stress. ROS further attack phospholipids in the cell membrane to produce lipid peroxides (such as MDA) 
and, through hydroxyl radicals, oxidize nuclear and mitochondrial DNA, activating the PARP pathway and causing 
energy depletion. Furthermore, ROS can upregulate the expression of the pro-apoptotic protein Bax, induce the opening 
of the mitochondrial porin, trigger the release of cytochrome C, and activate the caspase cascade, ultimately leading to 
apoptosis.27,39,40 Notably, calcium overload and ROS bursts are also key factors in activating pro-inflammatory pathways 
such as NF-κB, which can further exacerbate neuroinflammatory responses.

To further investigate the antiepileptic potential of BAA, we examined changes in ROS levels, apoptosis, and 
inflammatory factors in zebrafish. Studies have demonstrated that PTZ induces ROS accumulation, increased apoptosis, 
and the upregulation of inflammatory factors (such as TNF-α, IL-6, IL-1β and COX-2) in zebrafish.41–43 COX-2 is a key 
driver of the post-seizure neuroinflammatory response. It is rapidly induced in hippocampal and cortical neurons within 
hours of a seizure, and catalyses the conversion of arachidonic acid into prostaglandin H2 (PGH2). Cell-specific synthases 
then convert PGH2 into prostaglandins, including PGE2, PGD2, and PGF2α. These prostaglandins activate corresponding 
G protein-coupled receptors, thereby mediating neuroinflammation, disruption of the BBB, and neuronal damage.44 
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However, research findings on the use of selective COX-2 inhibitors (such as celecoxib and rofecoxib) in epilepsy 
models have been inconsistent. Some studies have indicated neuroprotective effects,45,46 while others have not observed 
clear benefits, and some have even demonstrated pro-convulsant effects.47 Unlike direct COX-2 targeting, BAA acts on 
calcium homeostasis further upstream, potentially avoiding the cardiovascular risks associated with direct COX-2 
inhibition.48 In addition, classical antioxidants (such as N-acetylcysteine, NAC) primarily scavenge ROS directly by 
replenishing glutathione and have demonstrated protective effects in epilepsy models.49 However, the action of NAC is 
primarily confined to downstream stages of oxidative stress, and its regulation of calcium overload and subsequent 
inflammatory pathways is relatively indirect.50 In contrast, while the antiepileptic neuroprotective effects of BAA overlap 
phenotypically with those of classic anti-inflammatory or antioxidant drugs, its mechanism of action emphasises the 
regulation of calcium homeostasis and the multilevel blockade of the “calcium-oxidative stress-inflammation” cascade. 
BAA may be suitable for subtypes of refractory epilepsy driven by calcium homeostasis imbalance, providing 
a theoretical basis for its development as a novel multi-target candidate compound.

Our research further revealed that BAA significantly inhibits calcium overload induced by Glu in HT-22 cells. The 
effect of BAA is comparable to that of the calcium chelator BAPTA-AM, and no additional effect was observed when the 
two were combined. This suggests that the protective effect of BAA primarily depends on its regulation of intracellular 
calcium homeostasis. Notably, in excitotoxicity models, intracellular calcium overload in neurons does not solely depend 
on the activation of voltage-gated calcium channels or NMDA receptors. Growing evidence indicates that store-operated 
calcium entry (SOCE) is a critical component of this process. SOCE is triggered by calcium depletion in the endoplasmic 
reticulum and senses changes in calcium concentration via Stromal Interaction Molecule (STIM) proteins (eg. STIM1). 
These proteins then activate Orai channels on the plasma membrane, mediating sustained calcium influx.51–53 In epilepsy 
models, abnormal SOCE activation has been shown to enhance neuronal excitability, promote synchronised discharges 
and exacerbate epileptic susceptibility.53,54 In HT-22 cells in particular, where functional NMDA receptors are absent, 
Glu-induced calcium overload primarily relies on oxidative stress-induced endoplasmic reticulum calcium depletion and 
subsequent SOCE activation.51,52 Therefore, we hypothesise that BAA may suppress pathological calcium influx by 
interfering with the STIM/Orai-mediated SOCE pathway. Our future studies should employ techniques such as gene 
knockdown (eg, siRNA targeting STIM1/Orai1) or specific SOCE inhibitors to clarify BAA’s regulatory role in the 
SOCE pathway and its molecular targets.

The “ROS–Ca2+” positive feedback loop is not only a core mechanism regulating neuronal redox status and calcium 
homeostasis, but has also been suggested as a key upstream event directly activating the JAK2/STAT3 signaling pathway.55 

Unlike the classical cytokine-mediated activation pathway (eg, IL-6 binding to extracellular domains of membrane receptors 
and inducing JAK dimerization), this mode of activation exhibits distinct non-cytokine-dependent characteristics. JAK2 
belongs to the non-receptor tyrosine kinase family, and the JAK-STAT signaling pathway is involved in epileptogenesis and 
progression through multiple processes, including modulation of neuronal excitability, synaptic plasticity, glial cell activa
tion, and neuroinflammatory responses.56,57 Activated JAK2/STAT3 signaling promotes the expression of downstream 
inflammatory factors. These highly expressed inflammatory factors, in turn, bind to their receptors and further activate 
JAK2 and STAT3, promoting their phosphorylation and sustaining inflammatory amplification.58 Kong et al found that 
activation of the JAK2/STAT3 pathway significantly exacerbates neuroinflammation59 In addition, downstream signals 
regulated by JAK2/STAT3 include apoptosis-related targets such as Caspase-3 and Bax/Bcl-2 family proteins, thereby 
aggravating neuronal apoptosis. Hu et al reported that inhibition of the JAK2/STAT3 pathway alleviates epilepsy-induced 
brain injury60 Hong et al, demonstrated that the JAK1/2 inhibitor AZD1480 suppresses inflammatory gene expression in 
microglia and macrophages by inhibiting JAK2/STAT3 signaling61 Notably, clinically used JAK inhibitors (such as 
tofacitinib) not only suppress seizures but also improve cognitive function, showing potential as adjunctive therapy for 
epilepsy.62 Combined with molecular docking results indicating high binding affinity between BAA and JAK2, we 
hypothesize that BAA may act as a novel JAK2/STAT3 pathway inhibitor, exerting multi-target anti-neuroinflammatory 
and anti-apoptotic effects in epilepsy through intervention in this signaling axis.

Although this study has yielded some findings, certain limitations remain. While BAA exhibits high lipophilicity, its 
poor water solubility poses challenges for formulation development and systemic administration. Nanoparticle formula
tions hold promise for enhancing their bioavailability and enabling targeted delivery to the central nervous system, such 
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as liposomes and nanoemulsions. The ability of BAA to cross the BBB requires experimental validation using models 
such as the parallel artificial membrane permeability assay for the BBB (PAMPA-BBB), Madin-Darby canine kidney 
cells (MDCK-MDR1) transfected with human multidrug resistance protein 1 (MDR1), or distribution in zebrafish brain 
tissue. Molecular docking results need to be validated using direct binding assay techniques such as surface plasmon 
resonance (SPR) or microcalorimetry (MST). Current conclusions are primarily based on zebrafish and HT-22 cell 
models. Future studies should further validate their translational potential in primary neurons and mammalian epilepsy 
models, such as PTZ-induced epileptic mice and the pilocarpine-induced temporal lobe epilepsy model. The possibility 
that BAA may exert nonspecific central nervous system depressant or immunomodulatory effects has not yet been ruled 
out. Further studies using behavioral and molecular assays are needed to clarify its target specificity. In addition, the 
potential for BAA to act synergistically with or serve as an adjunct to standard antiepileptic drugs (AEDs) remains to be 
explored. The specific mechanisms of interaction between BAA and calcium-regulatory proteins (such as STIM/Orai 
channels) require further investigation using gene knockout and electrophysiological techniques.

Conclusion
Our research is the first to reveal the antiepileptic effects of BAA and its multi-target neuroprotective mechanisms. In a PTZ- 
induced zebrafish epilepsy model, BAA significantly suppressed epileptic-like behavior and alleviated oxidative stress, 
apoptosis, and neuroinflammatory responses. Network pharmacology and molecular docking predicted calcium signaling 
pathways, as well as JAK2 and Bcl-2, as potential targets of action. In vitro experiments further suggested that BAA 
alleviates Glu-induced calcium overload in HT-22 cells, downregulates the Bax/Bcl-2 ratio, and inhibits the excessive 
activation of the JAK2/STAT3 signaling pathway, thereby reducing neuronal apoptosis and inflammatory responses. Co- 
treatment with BAPTA-AM further validated that the protective effect of BAA depends on the regulation of intracellular 
calcium homeostasis. In summary, BAA exerts its antiepileptic effects by inhibiting neuronal calcium overload, regulating 
the JAK2/STAT3 signaling pathway, and blocking the cascade of neuroinflammation and apoptosis. However, the current 
conclusions are primarily based on phenotypic observations and network pharmacology inferences, and the mechanism of 
action requires further experimental validation. Future studies should verify its universality across various epilepsy models 
and employ molecular biology and gene editing technologies to elucidate its specific targets and regulatory mechanisms.
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