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Objective(s): Sappanone A (SA) is a compound derived from Caesalpinia sappan L that exhibits multiple 
biological effects, including anti-apoptotic, anti-inflammatory, and anti-oxidant activities. Because 
oxidative stress, cell apoptosis, and neuroinflammation are associated with the pathophysiology of 
epilepsy, we conducted this study to explore the role of SA in epilepsy.
Materials and Methods: We used SA to treat pentylenetetrazole (PTZ)-induced mice as well as HT22 
hippocampal cells exposed to Mg²⁺-free solution. Seizure behavior in the mice was recorded. Nissl 
staining, TUNEL assay, and flow cytometry were used to evaluate neuronal damage and apoptosis. 
Moreover, we employed biochemical tests to assess inflammation and oxidative stress levels, and 
conducted quantitative reverse transcription polymerase chain reaction and western blot to detect 
CHOP expression.
Results: Pretreatments with SA (25 and 50 mg/kg) significantly prolonged seizure latency and 
reduced seizure duration in PTZ-induced epileptic mice (all P<0.001), whereas 10 mg/kg had no 
significant effects. At effective doses, SA also alleviated neuronal damage, reduced inflammation, 
and attenuated oxidative stress (all P<0.05). Furthermore, SA suppressed CHOP expression, and 
CHOP overexpression partially reversed SA’s protective effects (P<0.05).
Conclusion: Our findings suggest that SA pretreatment exerts neuroprotective effects against epilepsy, 
potentially through suppression of CHOP expression. However, the causal relationship between 
CHOP suppression and SA-mediated neuroprotection in epilepsy warrants further investigation.
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Epilepsy is a prevalent chronic neurological condition 
defined by an enduring predisposition to recurrent seizures 
(1). Epilepsy affects over 70 million people globally, and 
active epilepsy accounts for approximately 51 million of 
these cases (2, 3). Epilepsy is associated with a range of 
physical and mental comorbidities, including heart diseases, 
cognitive disorders, depression and anxiety, which reduce 
quality of life and impose a great burden on individuals 
and society (4). Even though various anti-epileptic drugs 
(AEDs) have been developed for clinical use, approximately 
30% of patients are unresponsive to the current AEDs (5). 
Therefore, there is a great need to develop novel agents or 
explore new targets for the treatment of epilepsy.

Sappanone A (SA), a homoisoflavanone isolated from 
the heartwood of  Caesalpinia sappan  L., exhibits anti-
apoptotic, anti-inflammatory, and antioxidant properties 
(6). Accumulating evidence suggests that SA holds great 
potential for treating various disorders. Specifically, our 
recent review summarized its therapeutic effects in diverse 
inflammation-related diseases, including myocardial 
ischemia-reperfusion injury, liver injury, respiratory 
diseases, and kidney injury (7). Notably, the neuroprotective 

effect of SA has been increasingly acknowledged. Wang et al. 
(8) reported that in cerebral ischemia-reperfusion injury, SA 
exhibited neuroprotection by inhibiting neuroinflammation, 
oxidative stress, and cell apoptosis. A very recent study 
found that SA exerted neuroprotective effects in spinal cord 
injury by suppressing microglial neuroinflammation via 
activation of the Keap1/Nrf2 signaling pathway (9). Despite 
the well-documented therapeutic efficacy of SA in multiple 
neurological disease models, its specific role and underlying 
mechanisms in epilepsy remain poorly understood. 

Endoplasmic reticulum (ER) stress refers to a potentially 
fatal cellular state triggered by the aberrant accumulation 
of unfolded or misfolded secretory proteins within the ER 
lumen (10). It has been implicated in the pathogenesis of 
epilepsy (11, 12). Interestingly, the CCAAT/enhancer-
binding protein (C/EBP) homologous protein (CHOP), 
an ER stress-related protein, has been reported to mediate 
the neuroprotective effect of SA against cerebral ischemia-
reperfusion injury (8). However, whether the therapeutic 
effect of SA on epilepsy involves CHOP regulation is yet to 
be clarified.

Thus, the current study used pentylenetetrazole (PTZ)-
induced mice and HT22 hippocampal cells exposed to 
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Mg²⁺-free solution to explore the efficacy and mechanism of 
SA in epilepsy (Figure 1), which may provide a theoretical 
basis for the development of antiseizure medications. 

Materials and Methods 
Animals and reagents 

Male C57BL/6 mice (6-8 weeks old, average weight: 
20-30 g) were from the Experimental Animal Center of 
Southwest Medical University. All mice were housed in a 
temperature-managed environment (22-24 °C) and supplied 
with sufficient water and food. The experimental processes 
were performed following the guidelines of the Animal 
Welfare Agency and the protocol received approval from 
the Ethical Committee for Experimental Research of our 
university (Permit Number: 20230831-006). The work has 
been reported in line with the ARRIVE criteria (13). 

SA and PTZ were purchased from Wei Ke Qi 
Biotechnology (Sichuan, China) and Sigma-Aldrich 
(Shanghai, China), respectively. SA was dissolved in 
dimethyl sulfoxide (DMSO) and then diluted with saline 
to a final DMSO concentration of 0.1% for injection, while 
PTZ was solubilized in 0.9 % NaCl. Doses and schedules 
for drug administration were determined based on the 
literature (6, 14, 15).

PTZ‑induced seizure mouse model and drug administration
After one week of adaptation to laboratory conditions, 

mice were randomly assigned to five groups of 10-12 mice 
each: Control group, PTZ group, PTZ+SA-10 (10 mg/kg) 
group, PTZ+SA-25 (25 mg/kg) group, and PTZ+SA-50 
(50 mg/kg) group. The PTZ+SA-10, PTZ+SA-25, and 
PTZ+SA-50 groups received intraperitoneal injections of 
SA at doses of 10, 25, or 50 mg/kg, respectively, once daily 
for 7 days, while the control and PTZ groups received an 
equivalent volume of 0.1% DMSO on the same schedule to 
serve as vehicle controls. Subsequently, 60 mg/kg PTZ was 

injected intraperitoneally to induce acute epileptic seizures 
in the PTZ, PTZ+SA-10, PTZ+SA-25, and PTZ+SA-50 
groups, while the control group received an equivalent 
volume of 0.9% NaCl (14). After PTZ administration, 
seizure behavior was observed for 30  min and evaluated 
using the Racine scale (16). The latency and duration of the 
first generalized seizure were recorded. Two hours after PTZ 
injection, animals were sacrificed, and brain tissues were 
collected for further examination.

Cell culture and treatment
Immortalized hippocampal neuronal cells (HT22) were 

purchased from Procell Life Science & Technology Co., 
Ltd. (CL-0697, Wuhan, China). Cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) 
containing 10% fetal bovine serum (FBS, Gibco, USA) under 
environmental conditions of 37 °C with 5% CO2. The cells 
were randomly divided into control and Mg2+-free groups 
that were treated with normal and Mg2+-free extracellular 
fluid, respectively, for 3 hr. In the Mg2+-free combined with 
SA intervention groups, SA was applied to pretreat cells at 
10 μM, 20 μM, and 30 μM for 24 hr before treatment with 
Mg2+-free extracellular fluid. 

Cell transfection
Before transfection, 3×105 of HT22 cells per well were 

seeded into a 6-well plate overnight at 37 °C to reach 70% 
confluence at the time of transfection. The plasmid for 
CHOP overexpression was synthesized by GenePharma 
(Shanghai, China), with the empty pcDNA vector (lacking 
CHOP) serving as the negative control. Transfection was 
performed using Lipofectamine 3000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) following the manufacturer’s standard 
protocol. CHOP expression was assessed by reverse 
transcription-quantitative PCR (RT-qPCR) and western 
blot at 48 hr after transfection to evaluate transfection 
efficiency. 

Cell counting Kit-8 (CCK-8) Assay
The Cell Counting Kit-8 (KGA317, KeyGen Biotec) was 

used to detect cell viability. In brief, cells were seeded in 
96-well plates at a volume of 100 μl/well (5×103 cells/well). 
After treatment, 10 μl of CCK8 solution was added to each 
well, and the plate was incubated for 2 hr. Lastly, cell viability 
was measured using a microplate reader (SuPerMax 3100, 
Shanghai Shanpu Biotechnology Co., Ltd) at 450 nm.

Nissl staining
Brain sections were baked for one hour, then routinely 

deparaffinized in water and rinsed with distilled water. 
Subsequently, sections were stained with Methylene 
Blue Stain for 5 mins, washed with distilled water, 
transparentized with xylene, and sealed with neutral 
resin. Tissue morphology in the hippocampus of mice was 
examined under an Olympus Bx43 microscope (Olympus 
Corporation, Japan), and images were captured. Nissl-
positive neurons in the hippocampal CA1 region were 
counted using Image-Pro Plus software (Media Cybernetics 
Corporation, USA).

TUNEL assay
To assess cell death in the hippocampus, TUNEL staining 

was conducted using a commercial kit (Beyotime, China). 

Figure 1. Schematic diagram illustrating the experimental design of the 
present study in mice and HT22 cells
SA: Sappanone A; PTZ: Pentylenetetrazole
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Each slide was observed using an Olympus Bx53 microscope 
(Olympus Corporation, Japan), and the corresponding 
images were obtained. The nuclei of the normal cells were 
dyed blue, while the nuclei of apoptotic cells displayed red 
staining, which were considered TUNEL-positive cells. 
The quantity of TUNEL-positive cells in the CA1 subfield 
of the hippocampus was determined using Image-Pro Plus 
software (Media Cybernetics Corporation, USA). 

Flow-cytometry
Annexin V-FITC/PI Apoptosis Kit (AP101-100-kit, 

MULTI SCIENCES) was used to determine the cell death 
of HT22 cells according to the manufacturer’s instructions. 
A total of 1×106 cells was resuspended in binding buffer and 
incubated with 5 µl of Annexin V-FITC and 10 µl of PI for 
10 minutes in the dark. The stained cells were analyzed using 
flow cytometry (NovoCyte 2060R, ACEA BIO (Hangzhou) 
Co., Ltd). 

Measurement of inflammatory cytokine levels
The contents of tumor necrosis factor-α (TNF-α), 

interleukin-1 beta (IL-1β), and IL-10 in culture supernatants 
(HT22 cells) and hippocampal homogenates (mice) were 
tested by applying enzyme-linked immunosorbent assay 
kits, which were purchased from Elabscience Biotechnology 
Co., Ltd (Wuhan, China).  

Measurement of malondialdehyde and glutathione levels
Following the manufacturer’s protocol, the levels of 

malondialdehyde (MDA) and glutathione (GSH) in culture 
supernatants (HT22 cells) and hippocampal homogenates 
(mice) were determined using commercially available assay 
kits purchased from Elabscience Biotechnology Co., Ltd 
(Wuhan, China). 

Western blot
Animal hippocampal tissues and cultured cells were 

lysed in RIPA lysis buffer (Solarbio, China) to obtain whole-
protein extracts, and protein concentrations were measured 
using the BCA kit (Beyotime, China). The protein was 
separated by 10% SDS-PAGE gels and transferred onto 

polyvinylidene difluoride (PVDF) membranes (Millipore, 
USA). The membranes were incubated overnight at 4  °C 
with the following primary antibodies: anti-CHOP (1:1000; 
Proteintech, USA) and anti-GAPDH (1:1000; Proteintech, 
USA), followed by the corresponding secondary antibodies 
(1:10000; Bioswamp, China) for one  hour. Protein was 
visualized using an ECL detection kit (Smart-Lifesciences, 
China). TANON  GIS software (TANON, China) was 
applied to analyze the results. 

Quantitative realtime PCR (qRTPCR)
Total RNA was extracted using Trizol reagent (Ambion, 

USA) following the manufacturer’s protocol. Then, the total 
RNA was reversely transcribed into cDNA using the cDNA 
Synthesis SuperMix kit. Each cDNA (1 μl) was amplified 
using SYBR FAST qPCR Master Mix (KAPA Biosystems, 
USA) on a Bio-Rad CFX-Connect 96 RT-qPCR System 
(Bio-Rad, USA). The primer sequences: CHOP forward: 
5’-AAAACCTTCACTACTCTTGACCCTG-3’, CHOP 
reverse: 5’-TCTCCT GCTCCTTCTCCTTCAT-3’; BIM 
forward: 5’-CAACACAAACCCCAAGTCCT-3’, BIM 
reverse: 5’-CATTTGCAAACACCCTCCTT-3’; Actin 
forward: 5’-AGGGAAATCGTGCGTGAC-3’, Actin reverse: 
5’-CATACCCAAGAAGGAAG

GCT-3’. Actin was used as the reference gene. The result 
was calculated using the 2−△△Ct method.

Statistical analysis
The results were described as means±standard 

deviation (SD). Statistical significance between groups was 
determined using one-way analysis of variance (ANOVA) 
followed by Tukey’s test. GraphPad Prism software version 
9.0 was employed for all analyses, and a probability of<0.05 
was regarded statistically significant.

Results 
SA administration improved seizure-like behavior in PTZ-
induced seizure mice

The effect of different doses of SA on PTZ-induced 
seizures was demonstrated in Figure 2. One-way ANOVA 
revealed a significant effect of SA pretreatment on seizure 

Figure 2. SA improved seizure behavior induced by PTZ in mice
(A) Latency to the first generalized seizure (n=8 per group). (B) Duration of the first generalized seizure (n=8 per group). ***P<0.001 vs PTZ group, #P<0.05 vs PTZ+SA-25 group, 
ns, not significant (P>0.05)
SA: Sappanone A; PTZ: Pentylenetetrazole
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latency (F (3, 28)=60.99, P<0.001, n=8 per group). Tukey’s 
post hoc test further demonstrated that the 10 mg/kg SA 
group (5.05±1.47 min) showed no statistically significant 
difference from the PTZ group (3.21±0.69 min, P=0.723). In 
contrast, the 25 mg/kg SA group (19.43±4.25 min) and the 
50 mg/kg SA group (22.16±4.76 min) exhibited significantly 
prolonged seizure latency compared with the PTZ group 
(both P<0.001). However, no remarkable difference in 
latency prolongation was observed between the 25 mg/kg 
and 50 mg/kg SA groups (P=0.419).

Similarly, SA pretreatment significantly attenuated 
seizure duration (F (3, 28)=21.86, P<0.001, n=8 per group). 
Tukey’s post hoc analysis revealed that the 10 mg/kg SA group 
(8.75±1.20 s) showed no statistically significant difference 
from the PTZ group (10.63±1.65 s, P=0.297). In contrast, 
the 25 mg/kg SA group (5.75±2.77 s) and the 50 mg/kg SA 
group (2.75±1.85 s) exhibited significantly reduced seizure 
duration compared with the PTZ group (both P<0.001). 
Notably, the 50 mg/kg SA group also showed a significantly 
greater reduction in seizure duration compared with the 25 
mg/kg SA group (P=0.037). 

Thus, our data indicated that SA exerted an antiepileptic 
effect in PTZ-induced seizure mice, as evidenced by a dose-
dependent pattern of improvement in seizure-like behavior.

SA alleviated neuronal injury, inhibited inflammation, 
and reduced oxidative stress in PTZ-induced seizure mice 

Neuronal injury, inflammatory response, as well as 
oxidative stress contribute to the pathogenesis of epilepsy 
(17-19). We explored the role of SA in neuronal damage, 
inflammation, and oxidative stress in PTZ-induced seizure 
mice, and the results are shown in Figure 3. 

Nissl staining and TUNEL assay were performed to 
evaluate neuronal injury in the hippocampus of mice (Figure 
3). One-way ANOVA revealed significant overall effects of 
SA pretreatment on both the number of surviving Nissl-
positive neurons (F (4, 20)=35.98, P<0.001, n=5 per group) 
and TUNEL-positive cells (F (4, 20)=10.12, P<0.001, n=5 per 
group). Tukey’s post hoc analysis showed that the PTZ group 
exhibited a marked reduction in Nissl-positive neurons and 
a significant increase in TUNEL-positive cells compared 
with the control group (both P<0.001). Pretreatments with 
25 mg/kg and 50 mg/kg SA significantly increased Nissl-
positive neurons (both P<0.001) and reduced TUNEL-
positive cells (P=0.049 and P=0.001, respectively) relative 
to the PTZ group. In contrast, the 10 mg/kg SA group did 
not significantly affect either Nissl-positive cell counts 
(P=0.612) or TUNEL-positive cell numbers (P=0.129).  

We further evaluated inflammatory cytokine levels and 
oxidative stress markers in hippocampal homogenates. 
One-way ANOVA revealed significant overall effects of SA 
pretreatment on all measured parameters: TNF-α (F (4, 
10)=39.08, P<0.001, n=3 per group), IL-1β (F (4, 10)=81.59, 
P<0.001, n=3 per group), IL-10 (F (4, 10)=18.41, P<0.001, 
n=3 per group), MDA (F (4, 25)=13.08, P<0.001, n=6 per 
group), and GSH (F (4, 25)=14.94, P<0.001, n=6 per group). 
Tukey’s post hoc analysis revealed that PTZ treatment 
significantly elevated the levels of pro-inflammatory 
cytokines TNF-α and IL-1β, while depleting the anti-
inflammatory cytokine IL-10 compared with the control 
group (all P<0.001). SA pretreatment at 25 mg/kg and 50 
mg/kg significantly reversed these changes, as evidenced by 
reduced TNF-α and IL-1β levels (all P<0.001), along with 

restored IL-10 levels (P=0.005 and P=0.001, respectively). 
However, SA pretreatment at 10 mg/kg showed no significant 
effect on any of the measured cytokines (P=0.262 for TNF-α; 
P=0.083 for IL-1β; P=0.961 for IL-10). Similarly, PTZ 
treatment significantly increased MDA levels and decreased 
GSH levels compared with the control group (P=0.002 for 
MDA; P<0.001 for GSH). Both the 25 mg/kg and 50 mg/
kg SA pretreatments significantly reduced MDA (both 
P<0.001) and restored GSH levels (P=0.039 and  P=0.005, 
respectively) relative to the PTZ group, whereas the 10 mg/
kg dose had no significant effect on either marker (P=0.380 
for MDA; P=0.996 for GSH). 

Collectively, our results demonstrated that SA exhibited 

Figure 3. SA exerts protective effects against neuronal injury, inflammation, 
and oxidative stress in the PTZ-induced seizure model in mice
(A-B) Representative Nissl staining images in the hippocampus of mice (n=5 per 
group). The upper panels showed the whole hippocampus (bar=200 um), the middle 
panels showed the CA1 region (bar=100 um), and the lower panels showed higher 
magnification of the CA1 region. The red arrows indicate the normal neurons, and 
the black arrows indicate the injured cells. (C-D) Cell death in the CA1 region of 
the mouse hippocampus (n=5 per group). Bar=100 um. (E) Levels of TNF-ɑ (n=3 
per group). (F) Levels of IL-β (n=3 per group). (G) Levels of IL-10 (n=3 per group). 
(H) The levels of MDA (n=6 per group). (I) Levels of GSH (n=6 per group). **P<0.01, 
***P<0.001 vs Con group; #P<0.05, ##P<0.01, ###P<0.001 vs PTZ group; ns, not 
significant (P>0.05)
SA: Sappanone A; PTZ: Pentylenetetrazole; MDA: Malondialdehyde; GSH: 
Glutathione
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a dose-dependent trend in ameliorating neuronal damage, 
inflammation, and oxidative stress in PTZ-induced mice.

SA inhibited CHOP expression in PTZ-induced seizure mice
Prior studies have revealed that CHOP plays a critical role 

in regulating activation of inflammatory factors, oxidative 
stress, and cell apoptosis (20). We next investigated whether 
SA affected the expression of CHOP in PTZ-induced 
mice. One-way ANOVA demonstrated a significant effect 
of SA pretreatment on CHOP expression (F (4, 10)=5.07, 
P=0.017, n=3 per group). Tukey’s post hoc test further 
demonstrated that the expression of CHOP protein was 
significantly increased in the PTZ-induced mice (P=0.038). 
Both 25 and 50 mg/kg SA inhibited the expression of CHOP 
protein (P=0.022 and P=0.038, respectively), which was not 
observed in SA at 10 mg/kg (P=0.346)(Figure 4A- B). 

Based on these results, we speculate that the protective 
effects of SA in PTZ mice may be involved in its inhibition 
of CHOP.

CHOP overexpression abolished the neuroprotective effects 
of SA in HT22 hippocampal cells treated with Mg²⁺-free 
solution

To further explore the potential role of CHOP in 
mediating the neuroprotective effects of SA, we up-
regulated CHOP expression in HT22 hippocampal cells 
treated with Mg²⁺-free solution, which is an in vitro model 
of epileptiform activity. Exposure to Mg²⁺-free solution 
reduced the viability of HT22 hippocampal cells compared 
to the control group, and this reduction was partially rescued 
by SA pretreatment in a dose-dependent trend (Figure 
5A). Similar to the in vivo observations, up-regulated 
CHOP expression was observed in HT22 hippocampal 
cells treated with an Mg²⁺-free solution (Figure 5B-C). 
At the same time, SA administration exhibited a dose-
dependent trend in down-regulating CHOP expression 
(Figure 5B-C). To verify the functional role of CHOP in SA’s 
protective effects, we transfected HT22 cells with a CHOP-
overexpressing plasmid, which successfully up-regulated 
CHOP expression (Figure 6A-C). Moreover, we examined 
the mRNA expression of BIM, a well-characterized 
downstream target of the CHOP pathway, which revealed 

that CHOP overexpression significantly up-regulated BIM 
mRNA compared to the empty vector group (P=0.003, 
Figure 6D), suggesting that the exogenous CHOP protein 
was transcriptionally functional and capable of driving the 
expression of its pro-apoptotic downstream effectors. Flow 
cytometry revealed that Mg²⁺-free exposure significantly 
increased the apoptosis rate compared with the control 
group (P<0.001). One-way ANOVA showed a significant 
overall effect of SA on apoptotic cells (F (4, 10)=321.30, 
P<0.001, n=3 per group). Tukey’s post hoc test indicated that 
SA pretreatment significantly reduced apoptosis (P<0.001), 
while CHOP overexpression obviously reversed the 
protective effect of SA (P<0.001)(Figure 6E-F). Additionally, 

Figure 4. SA regulates the expression of CHOP in the PTZ-induced seizure model in mice (n=3 per group)
*P<0.05 vs Con group; #P<0.05 vs PTZ group; ns, not significant (P>0.05)
SA: Sappanone A; PTZ: Pentylenetetrazole; CHOP: CCAAT/enhancer-binding protein (C/EBP) homologous protein

Figure 5. SA regulates the expression of CHOP in HT22 cells treated with 
Mg2+-free solution
(A) Cell viability was assessed by using a CCK-8 kit (n=5 per group). (B-C) Expression 
of CHOP protein (n=3 per group). **P<0.01, ***P<0.001 vs Con group; ##P<0.01, 
###P<0.001 vs Mg2+-free group; $P<0.05, $$P<0.01 vs Mg2+-free+SA-20 µM group; ns, 
not significant (P>0.05)
SA: Sappanone A; CHOP: CCAAT/enhancer-binding protein (C/EBP) homologous 
protein
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Mg²⁺-free exposure significantly elevated TNF-α, IL-1β, and 
MDA (all P<0.001), while reducing IL-10 and GSH (both 
P<0.001). One-way ANOVA revealed significant overall 
effects of SA on all measured parameters (TNF-α: F (4, 
10)=173.80, P<0.001, n=3 per group; IL-1β: F (4, 10)=31.89, 
P<0.001, n=3 per group; IL-10: F (4, 10)=54.32, P<0.001, 
n=3 per group; MDA: F (4, 25)=76.80, P<0.001, n=6 per 
group; GSH: F (4, 25)=36.80, P<0.001, n=6 per group). 
Tukey’s post hoc test showed that SA significantly reversed 
these inflammatory and oxidative alterations compared 
with the Mg²⁺-free group (all P<0.001). Notably, CHOP 
overexpression partially reversed the inhibitory effects of 
SA on TNF-α, IL-1β, and MDA (P=0.003, P=0.035, and 
P=0.047, respectively), while concurrently abolishing its 
promoting effects on IL-10 and GSH (P=0.044 and P=0.014, 
respectively)(Figure 6. G-K). All in vitro experiments were 
repeated at least three times.

These findings suggested that the beneficial effect of 
SA against seizure-related injury may involve, at least in 
part, the suppression of CHOP and its associated ER stress 
pathway.

Discussion
In recent decades, SA, a compound extracted from 

Caesalpinia sappan L, has attracted increasing interest due 
to its therapeutic potential in various diseases, including 
cerebral ischemia-reperfusion injury (8), diabetic kidney 
disease (21), osteoarthritis (22), and myocardial ischemia-
reperfusion injury (23). In the present study, we observed 
that SA pretreatment remarkably increased seizure latency 
and reduced the duration, indicating the antiepileptic 
activity of SA. Mechanistically, we found that SA suppressed 
CHOP-mediated ER stress, and that CHOP overexpression 
reversed SA’s beneficial effects on neuronal apoptosis, 
inflammation, and oxidative stress. These observations 
implicate CHOP as a critical node in the signaling network 
modulated by SA. 

Epilepsy can cause neuroinflammation accompanied by 
a boost in pro-inflammatory cytokine levels and massive 
inflammatory mediators, which further contributes to the 
recurrence of seizures (24, 25). Furthermore, inhibiting 
inflammation has been regarded as an effective approach 
for treating epilepsy (26). Several previous studies have 
suggested the anti-inflammatory abilities of SA in a variety 
of diseases. In an asthma model induced by ovalbumin, SA 
could attenuate the airway inflammation via modulation 
of the Nrf2 pathway (15). Additionally, SA could block 
kidney fibrosis and inflammation induced by diabetes 
via suppressing the NF-κB signaling pathway (21). In 
addition to peripheral inflammation, SA’s influence on 
neuroinflammation has drawn increasing attention. A study 
by Wang et al. (8) indicated the anti-neuroinflammatory role 
of SA treatment in a rodent model of middle cerebral artery 
occlusion allowing reperfusion, as displayed by decreased 
levels of proinflammatory mediators including TNF-α, IL-
1β, and IL-6. Another study by Liao et al. (27) found that SA 
inhibited microglia-mediated neuroinflammatory response 
via targeting inosine monophosphate dehydrogenase 2 
(IMPDH2). In the present study, SA pretreatment suppressed 
pro-inflammatory cytokine release while concurrently 
promoting anti-inflammatory cytokine production in both 
in vivo and in vitro epileptic models, demonstrating its dual 
immunomodulatory profile. 

Figure 6. CHOP overexpression reversed the protective effects of SA on 
cell apoptosis, inflammation, and oxidative stress in HT22 cells treated 
with Mg2+-free solution
(A-B) Expression of CHOP protein (n=3 per group). (C) Expression of CHOP mRNA 
(n=3 per group). (D) Expression of BIM mRNA (n=3 per group). (E-F) Cell apoptosis 
was detected using flow cytometry (n=3 per group). (G) Levels of TNF-ɑ (n=3 per 
group). (H) Levels of IL-β (n=3 per group). (I) Levels of IL-10 (n=3 per group). (J) 
The levels of MDA (n=6 per group). (K) Levels of GSH (n=6 per group). ***P<0.001 
vs Con group; ###P<0.001 vs Mg2+-free group; $P<0.05, $$P<0.01, $$$P<0.001 vs Oe-NC 
group; ns, not significant (P>0.05)
SA: Sappanone A; CHOP: CCAAT/enhancer-binding protein (C/EBP) homologous 
protein; BIM: Bcl-2 interacting mediator; MDA: Malondialdehyde; GSH: Glutathione
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Oxidative stress is regarded as the disequilibrium 
between the generation of reactive oxygen species 
(ROS) and antioxidant defensive mechanisms (28). It is 
well established that oxidative stress contributes to the 
occurrence and development of epilepsy (29). Prolonged 
seizures induce an increase in ROS generation (30), which 
further leads to membrane lipid peroxidation and MDA 
generation (31). Furthermore, the ability of GSH, which 
is one of the most important antioxidants, is remarkably 
attenuated following epileptic seizures (32). Indeed, 
increased oxidative stress characterized by reduced GSH 
concentrations and elevated MDA levels has been reported 
in both epileptic patients and experimental epilepsy models 
(33, 34), and treatments targeting oxidative stress may exert 
antiepileptic and neuroprotective effects (35). Notably, SA 
was recently suggested to block oxidative stress responses 
in acetaminophen-induced acute liver injury by regulating 
the Nrf2 signaling pathway (6). Another investigation also 
observed an antioxidative effect of SA on the hypoxia/
reoxygenation-induced cardiomyocyte injury through 
preventing mitochondrial apoptosis and suppressing the 
PI3K-Akt-Gsk-3β signaling pathway (36). In line with prior 
studies, we also observed that SA pretreatment decreased 
the levels of MDA and increased the contents of GSH in 
PTZ-induced seizure mice and HT22 hippocampal cells 
treated with Mg²⁺-free solution, exerting a significant anti-
oxidative stress activity.

Neuronal injury and apoptosis are common features 
of seizures and epilepsy, which may be attributed to many 
factors, including excitotoxicity (37), neuroinflammation 
(19), and oxidative stress (38). In the current study, our in vitro 
flow cytometry data confirmed that SA suppressed neuronal 
apoptosis induced by Mg²⁺-free exposure. Meanwhile, in vivo 
TUNEL and Nissl staining results revealed that SA attenuated 
hippocampal neuronal damage in PTZ-induced seizure mice. 
Given that neuroinflammation and oxidative stress are well-
established upstream inducers of apoptotic cascades, and 
SA exhibited concurrent anti-inflammatory and antioxidant 
activities in our epilepsy model, it is plausible that its anti-
apoptotic effect arises, at least in part, from ameliorating 
these upstream pro-apoptotic milieus. Collectively, these 
findings support that SA exerts robust cytoprotective effects 
against seizure-associated neuronal cell death.

 ER stress is a complex signaling cascade involved in the 
inflammatory response and neuronal apoptosis in epilepsy 
(39), and inhibition of hyperactivated ER stress is proposed 
to be a useful target for epilepsy intervention (12). Our 
study focused on the CHOP-mediated pathway, given that 
CHOP serves as the master switch for ER stress-driven 
apoptosis (40) and has been implicated as a key mediator 
of seizure-induced neuronal apoptosis (41). Beyond its 
pro-apoptotic function, CHOP has been reported to 
promote neuroinflammation (8). Since prolonged ER stress 
induced by repetitive seizures promotes the activation 
of pro-apoptotic factor CHOP (42), we speculate that 
CHOP’s dual capacity to drive apoptosis and amplify 
neuroinflammation decreases seizure thresholds, which in 
turn provokes recurrent seizures, forming a “vicious circle” 
that is detrimental in epileptic networks. CHOP therefore 
represents a convergent node at which interrupting 
this cumulative damage process could simultaneously 
alleviate both apoptotic cell death and the inflammatory 
response that sustains seizure recurrence. In this study, 

we examined whether SA modulates CHOP signaling in 
our epilepsy models. We observed that SA pretreatment 
effectively suppressed CHOP up-regulation in epilepsy, 
and CHOP overexpression abolished SA’s suppressive 
effects on cell apoptosis, inflammation, and oxidative stress 
under epileptic conditions, suggesting that CHOP may 
participate in SA’s protective cascade. Furthermore, CHOP 
overexpression increased the expression of its downstream 
target BIM, confirming the functional competency of the 
overexpressed construct. While these gain-of-function 
data support a role for CHOP in SA’s action, future studies 
employing loss-of-function approaches are warranted to 
establish the causal relationship between CHOP inhibition 
and the neuroprotective effects of SA in epilepsy. 

The current study has some limitations. First, the 
dosages of SA used in this study were selected based on 
existing evidence. Our in vivo three-dose regimen (10, 
25, and 50 mg/kg) demonstrated efficacy at 25 and 50 
mg/kg. Still, not at 10 mg/kg; the absence of intermediate 
doses between 10 and 25 mg/kg precludes a formal dose-
response analysis. Future studies incorporating additional 
intermediate doses (e.g., 15 and 20 mg/kg) are warranted to 
define the therapeutic window of SA better. Second, we only 
investigated the effect of SA on CHOP, and other ER stress-
related proteins like XBP1s and ATF6 were not examined. 
Future research using a broader panel of ER stress markers 
is necessary to fully elucidate how SA modulates the 
integrated ER stress response in epilepsy. Third, the role 
of CHOP in mediating SA’s effects was primarily derived 
from CHOP overexpression rescue experiments, without 
complementary loss-of-function validation. Thus, while our 
data identify CHOP as a critical node in SA’s neuroprotective 
signaling against epilepsy, the causal relationship between 
CHOP and SA’s neuroprotection awaits further validation. 
Fourth, we did not investigate potential sex differences in 
the antiepileptic effect of SA, since only male mice were used 
in our study. Fifth, our in vitro experiments used the HT22 
cell line, which lacks the full glutamate receptor expression 
of primary neurons. Given that the Mg²⁺-free model relies 
on NMDA receptor activation, these findings should be 
interpreted with caution, and future studies using primary 
cortical or hippocampal neurons would be valuable for 
validation. Moreover, only a single animal model (C57BL/6 
mice) and a single seizure-inducing agent (PTZ) were 
used in our study, and future studies could investigate the 
effects of SA on other animal species and epilepsy models to 
determine the reliability and generalizability of our results. 
Despite these limitations, we still believe our study provides 
a new perspective.

Conclusion
To sum up, our study demonstrated that SA pretreatment 

alleviated seizure behavior in PTZ-treated mice, highlighting 
its potential as a preventive or adjunctive strategy for seizure 
management. The mechanism may involve SA-mediated 
suppression of CHOP-driven ER stress, leading to reduced 
inflammation, oxidative stress, and neuronal damage. 

Acknowledgment
Our study was supported by the Youth Program of the 

Natural Science Foundation of Sichuan Province (No. 
2025ZNSFSC1642) and the Special Fund for Clinical 
Medicine of Southwest Medical University (No. 25248).

Corr
ect

ed
 Proo

f



Iran J Basic Med Sci, 2026, Vol. 29, No.

Fu et al. SA suppresses CHOP for neuroprotection in epilepsy

8

Data Availability
Data will be available from the corresponding author 

upon request.

Informed Consent 
This study was approved by the Ethical Committee for 

Experimental Research of Southwest Medical University 
(Permit Number: 20230831-006).

Funding
Our study was supported by the Youth Program of the 

Natural Science Foundation of Sichuan Province (No. 
2025ZNSFSC1642) and the Special Fund for Clinical 
Medicine of Southwest Medical University (No. 25248).

Authors’ Contributions
J F, JL L, and X C designed the experiments; J F and JL L 

performed the experiments and collected the data; J F and X 
C conducted the statistical analysis and interpreted the data; 
J F wrote the draft manuscript, and X C provided critical 
revisions. All authors read and approved the final version of 
the manuscript for publication.

Conflicts of Interest
The authors report no conflicts of interest.

Declaration
We have not used any AI tools or technologies to prepare 

this manuscript.

References
1. Vezzani A, Balosso S, Ravizza T. Neuroinflammatory pathways 
as treatment targets and biomarkers in epilepsy. Nat Rev Neurol 
2019; 15: 459-472.
2. Thijs RD, Surges R, O’Brien TJ, Sander JW. Epilepsy in adults. 
Lancet 2019; 393: 689-701.
3. Asadi-Pooya AA, Brigo F, Lattanzi S, Blumcke I. Adult epilepsy. 
Lancet 2023; 402: 412-424.
4. Keezer MR, Sisodiya SM, Sander JW. Comorbidities of epilepsy: 
Current concepts and future perspectives. Lancet Neurol 2016; 15: 
106-115.
5. Jackson CF, Makin SM, Marson AG, Kerr M. Non-
pharmacological interventions for people with epilepsy and 
intellectual disabilities. Cochrane Database Syst Rev 2015; 2015: 
CD005502.
6. Zhou Z, Wu Y, Hua W, Yan X, Li L, Zhu A, et al. Sappanone 
A ameliorates acetaminophen-induced acute liver injury in mice. 
Toxicology 2022; 480: 153336.
7. Fu J, Chen X, Li J, Peng L. Research advances of Sappanone A 
in inflammation-related diseases. Front Med (Lausanne) 2025; 12: 
1569732.
8. Wang M, Chen Z, Yang L, Ding L. Sappanone A protects against 
inflammation, oxidative stress and apoptosis in cerebral ischemia-
reperfusion injury by alleviating endoplasmic reticulum stress. 
Inflammation 2021; 44: 934-945.
9. Ren L, Chen Y, Xia J, Song X, Tao L, Li J, et al. Sappanone A 
promotes motor function recovery in spinal cord injury mice by 
inhibiting microglial M1 polarization via activation of the Keap1/
Nrf2 pathway. FASEB J  2025; 39: e71298.
10. Ko DK, Brandizzi F. Dynamics of ER stress-induced gene 
regulation in plants. Nat Rev Genet 2024; 25: 513-525.
11. Shen W, Poliquin S, Macdonald RL, Dong M, Kang JQ. 
Endoplasmic reticulum stress increases inflammatory cytokines 
in an epilepsy mouse model Gabrg2(+/Q390X) knockin: A link 
between genetic and acquired epilepsy? Epilepsia 2020; 61: 2301-
2312.  

12. Fu J, Tao T, Li Z, Chen Y, Li J, Peng L. The roles of ER stress 
in epilepsy: Molecular mechanisms and therapeutic implications. 
Biomed Pharmacother 2020; 131: 110658.
13. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. 
Improving bioscience research reporting: The ARRIVE guidelines 
for reporting animal research. PLoS Biol 2010; 8: e1000412.
14. Fu J, Peng L, Wang W, He H, Zeng S, Chen TC, et al. Sodium 
valproate reduces neuronal apoptosis in acute pentylenetetrzole-
induced seizures via inhibiting ER stress. Neurochem Res 2019; 
44: 2517-2526.
15. Liu X, Yu D, Wang T. Sappanone A attenuates allergic airway 
inflammation in ovalbumin-induced asthma. Int Arch Allergy 
Immunol 2016; 170: 180-186. 
16. Racine RJ. Modification of seizure activity by electrical 
stimulation. II. motor seizure. Electroencephalogr Clin 
Neurophysiol 1972; 32: 281-294.
17. Geronzi U, Lotti F, Grosso S. Oxidative stress in epilepsy. Expert 
Rev Neurother  2018; 18: 427-434.
18. Kamali AN, Zian Z, Bautista JM, Hamedifar H, Hossein-
Khannazer N, Hosseinzadeh R, et al. The potential role of pro-
inflammatory and anti-inflammatory cytokines in epilepsy 
pathogenesis. Endocr Metab Immune Disord Drug Targets 2021; 
21: 1760-1774.
19. Zhang K, Yang Z, Yang Z, Du L, Zhou Y, Fu S, et al. Targeting 
microglial GLP1R in epilepsy: A novel approach to modulate 
neuroinflammation and neuronal apoptosis. Eur J Pharmacol 
2024; 981: 176903.
20. Unal O, Erzurumlu Y, Asci H, Gunduru Acar B, Bedir M, Ozmen 
O. Nebivolol protects the liver against lipopolysaccharide-induced 
oxidative stress, inflammation, and endoplasmic reticulum-related 
apoptosis through Chop and Bip/GRP78 signaling. Naunyn 
Schmiedebergs Arch Pharmacol 2024; 397: 5899-5907. 
21. Wang Z, Chen Z, Wang X, Hu Y, Kong J, Lai J, et al. 
Sappanone a prevents diabetic kidney disease by inhibiting kidney 
inflammation and fibrosis via the NF-kappaB signaling pathway. 
Front Pharmacol 2022; 13: 953004. 
22. Zhang Z, Zhang N, Li M, Ma X, Qiu Y. Sappanone a alleviates 
osteoarthritis progression by inhibiting chondrocyte ferroptosis 
via activating the SIRT1/Nrf2 signaling pathway. Naunyn 
Schmiedebergs Arch Pharmacol 2024; 397: 8759-8770.
23. Shi X, Tao G, Ji L, Tian G. Sappanone A protects against 
myocardial ischemia reperfusion injury by modulation of Nrf2. 
Drug Des Devel Ther 2013; 14: 61-71. 
24. Vezzani A, Aronica E, Mazarati A, Pittman QJ. Epilepsy and 
brain inflammation. Exp Neurol 2013; 244: 11-21. 
25. Vezzani A, Lang B, Aronica E. Immunity and Inflammation in 
Epilepsy. Cold Spring Harb Perspect Med 2015; 6: a022699.
26. Paudel YN, Shaikh MF, Shah S, Kumari Y, Othman I. Role 
of inflammation in epilepsy and neurobehavioral comorbidities: 
Implication for therapy. Eur J Pharmacol 2018; 837: 145-155.
27. Liao LX, Song XM, Wang LC, Lv HN, Chen JF, Liu D, et al. 
Highly selective inhibition of IMPDH2 provides the basis of 
antineuroinflammation therapy. Proc Natl Acad Sci U S A 2017; 
114: E5986-E5994.
28. Sorriento D, De Luca N, Trimarco B, Iaccarino G. The 
antioxidant therapy: New insights in the treatment of hypertension. 
Front Physiol 2018; 9: 258. 
29. Aguiar CC, Almeida AB, Araújo PV, de Abreu RN, Chaves EM, 
do Vale OC, et al. Oxidative stress and epilepsy: Literature review. 
Oxid Med Cell Longev 2012; 2012: 795259.
30. Tsai HL, Chang CN, Chang SJ. The effects of pilocarpine-
induced status epilepticus on oxidative stress/damage in developing 
animals. Brain Dev 2010; 32: 25-31.
31. Moldogazieva NT, Zavadskiy SP, Astakhov DV, Terentiev 
AA. Lipid peroxidation: Reactive carbonyl species, protein/DNA 
adducts, and signaling switches in oxidative stress and cancer. 
Biochem Biophys Res Commun 2023; 687: 149167.
32. Alvi AM, Al Kury LT, Alattar A, Ullah I, Muhammad AJ, 
Alshaman R, et al. Carveol attenuates seizure severity and 
neuroinflammation in pentylenetetrazole-kindled epileptic rats 

Corr
ect

ed
 Proo

f



9Iran J Basic Med Sci, 2026, Vol. 29, No.

SA suppresses CHOP for neuroprotection in epilepsy Fu et al.

by regulating the Nrf2 signaling pathway. Oxid Med Cell Longev 
2021; 2021: 9966663.
33. Sudha K, Rao AV, Rao A. Oxidative stress and antioxidants in 
epilepsy. Clin Chim Acta 2001; 303: 19-24. 
34. Nkwingwa BK, Wado EK, Foyet HS, Bouvourne P, Jugha VT, 
Mambou AHMY, et al. Ameliorative effects of Albizia adianthifolia 
aqueous extract against pentylenetetrazole-induced epilepsy and 
associated memory loss in mice: Role of GABAergic, antioxidant 
defense and anti-inflammatory systems. Biomed Pharmacother 
2023; 165: 115093. 
35. Yang N, Guan QW, Chen FH, Xia QX, Yin XX, Zhou HH, et al. 
Antioxidants targeting mitochondrial oxidative stress: Promising 
neuroprotectants for epilepsy. Oxid Med Cell Longev 2020; 2020: 
6687185. 
36. Shi X, Tao G, Ji L, Tian G. Sappanone A alleviates hypoxia/
reoxygenation-induced cardiomyocytes injury through inhibition 
of mitochondrial apoptosis and activation of PI3K-Akt-Gsk-3beta 
pathway. Biosci Rep 2020; 40: BSR20192442.
37. Dong H, Dong B, Zhang N, Liu S, Zhao H. microRNA-182 
negatively influences the neuroprotective effect of apelin against 

neuronal injury in epilepsy. Neuropsychiatr Dis Treat 2020; 16: 
327-338.
38. Méndez-Armenta M, Nava-Ruíz C, Juárez-Rebollar D, 
Rodríguez-Martínez E, Gómez PY. Oxidative stress associated 
with neuronal apoptosis in experimental models of epilepsy. Oxid 
Med Cell Longev 2014; 2014: 293689.
39. Shi S, Feng X, Cao Z, Wang L, Sun M, Zhao Z, et al. Screening, 
analysis, and validation of endoplasmic reticulum stress-related 
DEGs in epilepsy. Cell Mol Neurobiol 2025; 45: 51.
40. Oyadomari S, Mori M. Roles of CHOP/GADD153 in 
endoplasmic reticulum stress. Cell Death Differ 2004; 11:381-389. 
41. Yingjiao Li, Cui Wang, Yajun Lian, Haifeng Zhang, Xianghe 
Meng, Mengyan Yu, et al. Role of the mitochondrial calcium 
uniporter in Mg2+-free-induced epileptic hippocampal neuronal 
apoptosis. Int J Neurosci 2020; 130: 1024-1032.
42. Nanchang Xie, Yingjiao Li, Cui Wang, Yajun Lian, Haifeng 
Zhang, Yujuan Li, et al. FAM134B attenuates seizure-induced 
apoptosis and endoplasmic reticulum stress in hippocampal 
neurons by promoting autophagy. Cell Mol Neurobiol 2020; 40: 
1297-1305.                            

Corr
ect

ed
 Proo

f


	bookmark0
	OLE_LINK82
	OLE_LINK83
	OLE_LINK128
	OLE_LINK127
	_GoBack
	OLE_LINK1
	OLE_LINK3
	OLE_LINK2
	OLE_LINK4
	OLE_LINK5

