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Epilepsy is a neurological disorder involving mitochondrial dysfunction and neuroinflammation. This 
study examines the relationship between NLRP3 inflammasome activation and mitophagy in the 
temporal lobe epilepsy, which has not been reported before. A pilocarpine-induced epileptic rat model 
was used to assess seizure activity and neuronal loss. Pyroptosis markers (NLRP3, cleaved Gasdermin 
D, IL-1β/IL-18), and autophagy/mitophagy activity (LC3B-II/I, BNIP3, TOMM20/LC3B colocalization) 
were analyzed via immunofluorescence, Western blot, and transmission electron microscopy. NLRP3 
inhibitors and anti-IL-1β antibodies were administered to evaluate therapeutic effects. Epileptic rats 
exhibited progressive neuronal loss and seizure aggravation, correlating with NLRP3 inflammasome 
activation and pyroptosis. While general autophagy was upregulated, mitophagy was selectively 
impaired in the hippocampus. NLRP3 activation promoted IL-1β release, which suppressed mitophagy 
via PPTC7 upregulation. NLRP3 activation inhibitor (MCC950) and anti-IL-1β treatment restored 
mitophagy and reduced seizures. NLRP3 inflammasome-driven pyroptosis exacerbates epilepsy by 
impairing mitophagy activity via IL-1β/PPTC7. Targeted NLRP3 inhibition mitigates this cascade, 
offering a promising strategy for refractory epilepsy.
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Epilepsy is a common and devastating neurological disorder characterized by recurrent seizures. The mechanism 
underlying epilepsy remains unclear. In recent years, increasing attention has been paid to the role of autophagy 
in the development of epilepsy. Some studies have suggested that impaired autophagy contributes to the onset of 
epilepsy1,2. Other studies have indicated that autophagy increases during brain damage induced by seizures3–5. 
Mitophagy is a selective form of autophagy that specifically clears damaged mitochondria6, and it plays a crucial 
role in maintaining cellular health. Mitochondria are the organelles responsible for energy conversion and 
their dysfunction can lead to various diseases, including epilepsy7,8. Mitochondrial dysfunction can result in 
increased production of reactive oxygen species and impaired energy production, both of which can contribute 
to neuronal hyperexcitability, a key feature of epilepsy. Mitochondrial dysfunction is believed to be a part of the 
pathogenesis of epilepsy9. Numerous studies have confirmed that mitophagy is associated with many chronic 
neurological diseases, such as Parkinson’s and Alzheimer’s disease10–13, few studies investigated the role of 
mitophagy in epilepsy14,15. Our previous study in human with temporal lobe epilepsy indicated that mitophagy 
is activated, but is insufficient to remove all of the damaged mitochondria in brain tissue samples from patients 
with refractory temporal lobe epilepsy16. However, the exact role of mitophagy in temporal lobe epilepsy has yet 
to be clearly delineated.

Impaired autophagy may lead to increased NLRP3 inflammasome activation, contributing to inflammatory 
responses and tissue damage. Some studies indicated that mitophagy can influence the activation of the nucleotide-
binding oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome by 
regulating mitochondrial quality control17. When mitophagy is impaired or dysregulated, damaged mitochondria 
accumulate. This mitochondrial dysfunction can lead to the disruption of the mitochondrial membrane, resulting 
in the release of molecules from the intermembrane space, which may promote the activation of the NLRP3 
pathway and trigger an inflammatory response. This phenomenon has been confirmed in some experimental 
models, such as in inflammatory diseases and neurodegenerative diseases17–20.
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Pyroptosis is an inflammatory form of programmed cell death mediated by caspase-1. The triggering signals 
originate from various cytoplasmic sensor proteins, which promote the formation of the NLRP3 inflammasome 
complex, thereby activating caspase-1. Activated caspase-1 cleaves pro-interleukin-18 (pro-IL-18) and pro-
interleukin-1β (pro-IL-1β) into their mature forms, IL-18 and IL-1β, and also cleaves Gasdermin D to form 
Gasdermin D-N-terminal fragments (Gasdermin D-NT). The latter forms pores in the cell membrane, leading 
to the release of inflammatory cytokines21. Pyroptosis is involved in the pathophysiology of various central 
nervous system disorders, such as intracerebral hemorrhage, Alzheimer’s disease, and Parkinson’s disease, 
and interventions targeting it may improve the prognosis of these diseases22,23. NLRP3 may be involved in 
the development of refractory temporal lobe epilepsy and pyroptosis has also been mentioned in epilepsy 
research24–26. However, the exact relationship between these processes and mitophagy remains unclear.

In the present study, we established a pilocarpine-induced epileptic rat model to investigate the effect of 
NLRP3 inflammasome activation on mitophagy in chronic temporal lobe epilepsy, with the aim of filling a gap 
in epilepsy research and providing new treatment strategies to address pressing clinical challenges.

Results
Hippocampal neuronal loss increases with seizure severity in the pilocarpine-Induced 
epileptic rat model
The temporal lobe epilepsy rat model induced by pilocarpine was successfully established (Fig. 1a). These rats 
exhibited spontaneous recurrent seizures (SRS) following an acute status epilepticus phase and progressed to 
the chronic phase. Seizure frequency and duration were recorded at 1, 2, and 3 months after the onset of SRS. 
The results demonstrated that, over time, the duration of daily seizures progressively increased, along with an 
increase in both the number and duration of seizures per month (Fig. 1b, c and e). Correspondingly, we observed 
neuronal loss in the cortex and hippocampus at 1, 2, and 3 months after the onset of seizures (EP-1 m, EP-2 m, 
and EP-3 m groups, respectively) using hematoxylin and eosin (HE) staining. Compared to the control group, 

Fig. 1.  Establishment of the pilocarpine-induced temporal lobe epilepsy rat model and comparison of 
rat epileptic behavioral results in different groups. (a) Pilocarpine-kindling progress. Following kindling, 
spontaneous recurrent seizures (SRS) were monitored for 3 months. Seizure activity was recorded and 
analyzed at three time points: 1, 2, and 3 months after SRS onset. Created on BioRender.com and licensed for 
publication. (b) Statistical results show that duration of seizures per day progressively increased (n = 6). (c) 
Statistical results show that total number of seizures per month progressively increased (n = 6). (d) Statistical 
results show that the duration of each seizure increased from the 0–1 month period to the 2–3 month period, 
while no significant difference was observed between the 1–2 month and 0–1 month periods, nor between the 
1–2 month and 2–3 month periods (n = 6). (e) Statistical results show that total duration of seizures per month 
progressively increased (n = 6). Data are presented as means ± SEM (error bar) and compared using the two-
sided Student’s t test; *P < 0.05; **P < 0.01; and ***P < 0.001; ns, no significance.
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a significant loss of neurons was observed in the epileptic (EP) groups, especially in hippocampus, and this loss 
became more pronounced with the increasing frequency and duration of seizures over time (Fig. 2a).

Pyroptosis is activated in the epileptic rat model, and inhibition of NLRP3 inflammasome 
activation alleviates seizure activity
Cell death can occur through various mechanisms, including necroptosis, apoptosis, and pyroptosis. In this 
study, we performed immunofluorescence staining to assess the expression of proteins related to necroptosis, 
apoptosis, and pyroptosis in the hippocampal tissue of pilocarpine-induced epileptic rats. Immunofluorescence 
analysis revealed that necroptosis marker proteins (pMLKL) and apoptosis marker proteins (cleaved caspase-3) 
were upregulated in the EP group compared to the control group, but no significant differences were noted 
between the three subgroups (EP-1 m, EP-2 m, EP-3 m) (Fig. 2b, c). In contrast, pyroptosis marker proteins 
(such as NLRP3, cleaved Gasdermin D, and cleaved IL-1β) were significantly elevated in the EP-1 m, EP-2 m, 
and EP-3  m groups compared to the control group, with inter-group differences also observed (Fig.  2b, c). 
Additionally, we also observed an increased release of IL-1β and IL-18 in the hippocampal tissue of epileptic 
rats, which progressively increased as the disease progressed (Fig. 2f, g). Furthermore, we assessed the activation 
of the NLRP3 inflammasome-induced pyroptosis pathway by Western blot and immunofluorescence. Compared 
to the control group, in both the cortex and hippocampus, protein levels of NLRP3, cleaved IL-1β, Gasdermin 
D-NT, and cleaved caspase-1 were significantly upregulated (Fig. 3a, b). These data indicate the activation of 
the NLRP3 inflammasome and its associated pyroptotic pathway in the pilocarpine-induced epileptic rat. And 
what’s more, hippocampal neuronal loss in epileptic rats is predominantly driven by NLRP3 inflammasome-
mediated pyroptosis, which exhibits progressive exacerbation during seizure development, unlike necroptosis 
or apoptosis which showed no temporal progression.

To further validate the role of NLRP3-dependent pyroptosis in epileptogenesis, we administered the 
pyroptosis inhibitor (MCC950), necroptosis inhibitor (GW806742X) and apoptosis inhibitor (zVAD-FMK) 
in pilocarpine-induced epileptic rat models. After 3 months of SRS, the MCC950 group exhibited significant 
reductions in both seizure frequency and duration, whereas neither GW806742X nor zVAD-FMK treatment 
showed significant effects (Fig. 2d, e). These results demonstrate that specific inhibition of NLRP3-dependent 
pyroptosis alleviates seizure severity, while no efficacy was observed with the necroptosis inhibitor or apoptosis 
inhibitor. These findings substantiate the critical role of the NLRP3 pathway in seizure-associated neuronal loss.

Activation of general autophagy in the pilocarpine-induced epileptic rat model
General autophagy is a tightly regulated process involving numerous molecules, with LC3B and p62 recognized 
as markers of autophagic activity. The process involves the conversion of LC3B-I to LC3B-II and its subsequent 
binding to p62 during autophagosome formation27–29. Western blot analysis revealed that in the hippocampus 
and temporal cortex of epileptic rats, the LC3B-II/I ratio was significantly increased while p62 expression was 
decreased compared to controls (Fig. 4a). Immunofluorescence analysis (Fig. 4c) consistently showed enhanced 
LC3B fluorescence intensity and reduced p62 expression in the epileptic group. Furthermore, we also observed 
RNA level of the markers of general autophagy including Beclin1, Atg5, Atg7, and Atg12, which were significantly 
elevated in epileptic rats compared to controls (Fig.  4b), especially in hippocampus, suggesting enhanced 
autophagic initiation in these regions. These findings collectively indicate general autophagy activation in the 
pilocarpine-induced epileptic rat model.

Impaired mitophagy and mitochondrial damage in the hippocampus of epileptic rats
We conducted co-localization analysis of TOMM20-labeled mitochondria and LC3B-labeled autophagosomes 
in the hippocampus and temporal lobe cortex of rats. Mitophagosome formation was indicated by the yellow 
fluorescence overlay of TOMM20 and LC3B. As depicted in Fig.  5a-c, an increase in mitophagosomes was 
observed in the cortex of the EP group compared to the control group, but no such increase was observed in 
the hippocampus. These results suggest that mitophagy is activated in the temporal lobe cortex of epileptic rats, 
while it may be inhibited in the hippocampus. At the same time, ultrastructural changes in the temporal cortex 
and hippocampus were examined using transmission electron microscopy. In the control group, mitochondria 
exhibited normal morphology with well-defined mitochondrial cristae (Fig.  5d). No double-membrane 
autophagosomes were detected. However, in the EP group, mitochondrial swelling and disrupted cristae were 
evident, with some mitochondria showing cristae disappearance, matrix cavitation, and intramitochondrial 
vacuoles (Fig.  5d). Mitochondria engulfed by double-membrane structures were observed, indicating 
the occurrence of mitophagy (green arrows). We quantified the damaged mitochondria in the cortex and 
hippocampus of rats. We found a significant increase in damaged mitochondria in the hippocampus of the EP 
group (Fig. 5d). In the cortical neurons, mitochondrial fragmentation was observed—specifically the loss of 
elongated, filamentous mitochondria and the appearance of round, fragmented mitochondria, which represents 
an intermediate step prior to mitochondrial packaging into autophagosomes and subsequent clearance. In 
conjunction with the co-localization analysis results, these damaged mitochondria were about to be cleared 
through mitophagy. However, in the hippocampus of epileptic rat, where mitochondrial damage was more severe, 
no significant increase in co-localized positive signals was observed, suggesting that mitophagy is impaired and 
insufficient to clear the damaged mitochondria. We then assessed the expression of mitophagy-related proteins 
in the mitochondrial fraction of the hippocampus from rats using Western blot analysis. In accordance with this, 
the expression of BNIP3 (a receptor involved in mitophagy) in EP group was decreased (Fig. 5f).
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Fig. 2.  Activation of pyroptosis in the epileptic rat model and the effect of NLRP3 inflammasome inhibition 
on seizure activity. (a) Representative Hematoxylin and Eosin staining images of hippocampus and cortex in 
control group and EP group; Scale bar: 100 μm. (b) Representative immunofluorescence images of necroptosis 
marker (pMLKL, red), apoptosis marker (cleaved caspase3, green), pyroptosis markers (NLRP3, red; cleaved 
Gasdermin D, yellow; cleaved IL-1β, purple) and DAPI (blue) in the hippocampus of rats; Scale bar: 100 μm. 
(c) Fluorescence intensity of pMLKL, cleaved caspase-3, NLRP3, cleaved Gasdermin D and cleaved IL-1β 
in the hippocampus of rats (n = 3). (d,e) Total duration of seizures per month and total number of seizures 
per month in EP group and treatment groups (n = 3). The inhibitors MCC950 (1 mg/kg, iv, twice a week 
for 3 month, a NLRP3 activation inhibitor), GW806742X (0.2 mg/kg, iv, three times a week for 3 month, a 
necroptosis inhibitor), and zVAD-FMK (3 mg/kg, iv, twice a week for 3 month, a apoptosis inhibitor) were 
applied. (f,g) The level of IL-1β and IL-18 in the hippocampus of rats detected by ELISA (n = 3). EP group: the 
epileptic model rat group; 1 m, 2 m, and 3 m represent at 1, 2, and 3 months after the onset of spontaneous 
recurrent seizures, respectively. Unless specified otherwise, the data are presented as means ± SEM (error bar) 
and compared using the two-sided Student’s t test; *P < 0.05; **P < 0.01; and ***P < 0.001; ns, no significance.
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Activation of NLRP3 inflammasome promotes IL-1β release and inhibits mitophagy, 
aggravating seizures in pilocarpine-induced epileptic rats
The NLRP3 inflammasome, an innate immune signaling receptor, contributes to the pathogenesis of common 
non-infectious diseases by triggering potent inflammatory cytokines30. As mentioned earlier, our findings 
indicate heightened activation of the NLRP3 inflammasome in epileptic rats. Therefore, we further inhibited 
NLRP3 activation or the release of IL-1β from pyroptosis, both of which significantly reduced seizure frequency 
(Fig. 5e). We propose that the activation of NLRP3 and the release of IL-1β during pyroptosis play a crucial 
role in inducing mitophagy impairment. To investigate the effect of pyroptosis on mitochondria, we isolated 
the mitochondria and examined the impact of pyroptosis on mitochondrial function. Consistent with reports 
of gasdermin D-mediated mitochondrial permeabilization31, our mitochondrial Western blot analysis showed 
cleaved Gasdermin D accumulation in the mitochondria, and BNIP3 degradation was significantly enhanced. 
These effects were reversed upon inhibition of NLRP3 activation or IL-1β release (Fig. 5f). Our data suggest that 
NLRP3 activation and IL-1β release are associated with PPTC7 upregulation, which leads to BNIP3 degradation 
and results in impaired mitophagy. PPTC7 transcription was upregulated in the EP group (Fig. 5g). Previous 
studies have reported PPTC7 as a negative regulator of BNIP3-mediated mitophagy32. In pyroptosis inhibitor 
(MCC950) and anti-IL-1β treated rats, we observed decreased PPTC7 expression (Fig.  5g). These results 
suggest that, in pilocarpine-induced epileptic rats, NLRP3 inflammasome activation disrupts mitochondria via 
Gasdermin D and promotes IL-1β-mediated PPTC7 upregulation, inhibiting mitophagy.

Discussion
The pathophysiological mechanisms of epilepsy are complex, which complicates its treatment and leads to 
difficulties in pharmacotherapy. Approximately 30% of patients continue to experience frequent seizures 
despite current antiepileptic drug treatments33. In this study, we utilized a pilocarpine-induced rat epileptic 
model to explore the impact of NLRP3 inflammasome activation on mitophagy in epilepsy. We observed that 
as the severity of seizures increased in the epileptic rats, there was a significant loss of neurons, with neuronal 
loss primarily mediated by NLRP3 inflammasome-induced pyroptosis. Along with the substantial activation 
of the NLRP3 inflammasome, mitophagy was insufficient, accompanied by severe mitochondrial damage. 
Our findings demonstrate that in the epileptic rat model, the activation of the NLRP3 inflammasome and the 
resulting IL-1β suppression of mitophagy occurs through the upregulation of the mitophagy-inhibitory PPTC7. 
This study further elucidates the regulatory role of NLRP3 inflammasome activation in mitophagy in epilepsy, 

Fig. 3.  NLRP3 inflammasome-induced pyroptosis activation in pilocarpine-induced epileptic rats. (a) Western 
blot analysis of NLRP3, cleaved IL-1β, pro IL-1β, Gasdermin D-NT, cleaved caspase-1 in the hippocampus 
and temporal lobe cortex of the control group and epileptic (EP) rat group. The gels of different group 
(Hippocampus group and cortex group) were not cropped in the same gel. (b) Immunofluorescence staining 
of NLRP3 and IL-1β in the hippocampus and temporal lobe cortex showed increased fluorescence intensity in 
the EP group. Scale bar for fluorescence images: 100 μm. Unless specified otherwise, the data are presented as 
means ± SEM (error bar) and compared using the two-sided Student’s t test; * p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001.
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a relationship not previously reported. This research supports the potential of NLRP3 inflammasome inhibitor 
and anti-IL-1β as promising therapeutic strategies for epilepsy, which alleviated seizure frequency in the rats.

The pilocarpine-induced epileptic rat model is widely recognized as an experimental model for temporal lobe 
epilepsy34. After establishing this model, we further monitored epileptic seizures and neuronal loss. We found 
that, as the frequency of spontaneous seizures increased and the duration of seizures prolonged, neuronal loss 
became more pronounced. These findings are consistent with previous studies35.

As neuronal loss, mainly in the hippocampus, was observed in the epileptic model, we further investigated 
the types of cell death, including apoptosis, necroptosis, and pyroptosis, using immunofluorescence and Western 
blotting. We observed an increase in pyroptosis and activation of the NLRP3 inflammasome, marked by elevated 
levels of NLRP3, cleaved Gasdermin D, cleaved caspase-1 and cleaved IL-1β. NLRP3 inflammasome-mediated 
pyroptosis was identified as the primary form of neuronal loss during epilepsy progression. Pyroptosis is an 
inflammatory form of programmed cell death in which the NLRP3 inflammasome mediates the activation of 
pro-caspase-1, leading to the cleavage of Gasdermin D. This activation results in the formation of Gasdermin 
D-NT, which can puncture the cell membrane, releasing IL-1β and IL-18 through these pores, disrupting cellular 
homeostasis and resulting in cell death36. In our epileptic rat model, we also observed the release of these two 
cytokines, further emphasizing the significant role of NLRP3 inflammasome-mediated pyroptosis in epilepsy. 
Previous studies have demonstrated its involvement in the pathophysiology of epilepsy24,25. Therefore, NLRP3 
inflammasome-mediated pyroptosis holds great potential as a target for the development of innovative therapies 
for epilepsy.

Interestingly, in the pilocarpine-induced epileptic rat model, we observed enhanced autophagic activity, but 
mitophagy was inhibited in the hippocampus, with a noticeable accumulation of severely damaged mitochondria. 
Previous studies have reported the critical role of autophagy in neurological disorders, such as Alzheimer’s 
disease11–13. Recent research has highlighted the link between dysregulated autophagy and epilepsy37–39, 
with limited studies suggesting that impaired mitophagy may exacerbate neuronal damage and seizure 
recurrence16,40,41. In this study, we observed a significant increase in the LC3B-II/LC3B-I ratio in the epileptic 
rats, indicating enhanced initiation of general autophagy42 and, along with the reduction in p62, suggesting 

Fig. 4.  Activation of general autophagy in the pilocarpine-induced epileptic rat model. (a) Western blot 
analysis of LC3B-II/I and p62 proteins in the hippocampus and temporal lobe cortex of the control group and 
epileptic (EP) rat group. The gels of different group (Hippocampus group and cortex group) were not cropped 
in the same gel. (b) Ralative RNA level of Beclin1, ATG5, ATG7, ATG12 in the hippocampus and temporal 
lobe cortex of the control group and epileptic (EP) rat group group (n = 3). (c) Immunofluorescence staining of 
LC3B and p62 in the hippocampus and temporal lobe cortex. Scale bar for fluorescence images: 100 μm. Unless 
specified otherwise, the data are presented as means ± SEM (error bar) and compared using the two-sided 
Student’s t test; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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effective downstream autophagic flux with smooth fusion of lysosomes and phagosomes43–46. Furthermore, in 
the hippocampal region of the epileptic rat model, the mitophagy marker BNIP3 was decreased, and fewer co-
localization points of LC3B with TOMM20 were observed by immunofluorescence, indicating that mitophagy 
was impaired in the hippocampus. Transmission electron microscopy revealed a significant accumulation of 
damaged mitochondria, indicating that mitophagy was insufficient to clear the severely damaged mitochondria, 
reflecting a dysfunction in the mitophagy process in the hippocampus. Prolonged seizures have been reported 
to cause mitochondrial dysfunction and increased oxidative stress in the hippocampus, contributing to 
subsequent epileptogenesis7,8. This mitochondrial damage impairs ATP production and disrupts neuronal 
metabolism, leading to neurological complications such as recurrent seizures47. Recent studies have shown a 
complex relationship between mitophagy and pyroptosis in other disease contexts, and the prevailing view is 
that mitophagy and pyroptosis are negatively regulated through a feedback mechanism48–50. Activation of the 
inflammasome triggers caspase-1 activation, which inhibits mitophagy and further exacerbates mitochondrial 
damage48. We thus further investigated how pyroptosis regulates mitophagy and mitochondrial damage in the 
epileptic model.

We observed an increased localization of cleaved Gasdermin D in the mitochondria through Western blot 
analysis, suggesting that more pores were formed, potentially disrupting mitochondrial integrity. Pyroptosis, 
mediated by the activation of the NLRP3 inflammasome, led to elevated levels of IL-1β. The release of IL-1β, 
in turn, was associated with an upregulation of the mitophagy-inhibiting molecule PPTC7, which further 
contributed to mitochondrial impairment. A similar phenomenon has been observed in other studies51. 
Furthermore, we have tested the effects of anti-IL-1β and NLRP3 inflammasome inhibitors (MCC950) in the 
epileptic model, all of which alleviated the frequency of seizures to some extent. These results suggest that 
targeting IL-1β or inhibiting NLRP3 inflammasome activation may reduce seizure activity. The application of 
these treatments in humans, as well as their potential side effects, warrants further investigation. This highlights 
the potential of targeting pyroptosis as a novel and promising therapeutic approach for controlling epilepsy.

This study has several limitations. First, it relies solely on a pilocarpine-induced rat model, which may not 
fully replicate human epileptogenesis. Further studies using in vitro systems and other epilepsy models are 
needed for broader relevance. Second, while NLRP3 inflammasome activation and pyroptosis were observed, 
the exact upstream triggers and downstream effects remain unclear due to the complexity of chronic epilepsy 
and the brain. Lastly, the potential effects of confounding factors such as stress and inflammation on mitophagy 
markers have not been fully elucidated, as these factors are complex and may influence the interpretation of the 
results. This remains a significant challenge in the current academic field.

Conclusion: Our study highlights the relationship between NLRP3 inflammasome-mediated pyroptosis 
and mitophagy in the temporal lobe epilepsy rat model. We show that NLRP3 inflammasome activation and 
elevated IL-1β levels inhibit mitophagy by upregulating PPTC7. Further investigation is needed to clarify the 
mechanisms underlying mitophagy and NLRP3 inflammasome signaling in temporal lobe epilepsy.

Methods
Establishment of the experimental animal model
Male Sprague-Dawley rats (210–260  g) aged 6–8 weeks were purchased from the Shanghai Laboratory 
Animal Center, Chinese Academy of Science (license No. SYXK (Min) 2023-0005) and raised under standard 
conditions. The animal study was approved by the Animal Ethics Committee of Fujian Provincial Hospital, and 
all experimental procedures were performed according to the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals. The authors complied with the ARRIVE guidelines.

Rats were randomly divided into the epileptic group and the control group. Rats in the epileptic group received 
intraperitoneal injections of 1 mg/kg of atropine sulfate 30 min before pilocarpine treatment (280 mg/kg; i.p.). 
Rats in the control group were injected with an equal volume of saline instead of pilocarpine. Within ten to forty-
five minutes following pilocarpine injection, the rats exhibited generalized clonic-tonic seizures, progressing 
to continuous convulsive activity, known as status epilepticus. Status epilepticus persisted for 120 min before 
being terminated by intraperitoneal injection of diazepam (10 mg/kg). Rats surviving status epilepticus typically 
manifest spontaneous recurrent seizures (i.e., epilepsy) within days to weeks and continue to experience 
spontaneous seizures for several weeks47,52, thereby establishing this model of temporal lobe epilepsy53. This 
model replicates the typical histopathological changes and spontaneous chronic seizures observed in patients 
with temporal lobe epilepsy. Behavioral seizures were graded according to Racine stages: stage 1, immobility, eye 
closure, twitching of vibrissae, and facial clonus; stage 2, head nodding; stage 3, clonus of one forelimb; stage 4, 
rearing, often accompanied by bilateral forelimb clonus; and stage 5, rearing and falling54. Video cameras were 
employed to monitor the behaviors of rats. At 1, 2, and 3 months after the rats exhibited spontaneous recurrent 
seizures, seizure number, seizure intensity, and seizure duration were documented. Seizure duration was defined 
as the period from the onset of limbic seizures (stages 1–2) until the end of the seizure, when rats resumed 
unrestricted movement. All rats were anesthetized with 2–3% isoflurane. Following induction of anesthesia, the 
animals were euthanized by cervical dislocation and perfused with phosphate-buffered saline.

Transmission electron microscopy
The hippocampus and temporal cortex of rats were dissected and cut into small specimens (approximately 
1 mm thick), which were immediately immersed in a solution of paraformaldehyde and glutaraldehyde (in a 
1:10 ratio) within 1–2 min of isolation. Subsequently, these samples were post-fixed in 1% osmium tetroxide, 
dehydrated using a series of graded ethanol solutions, and embedded using an 812 Embedding kit following 
standard protocols. Transmission electron microscopy images were captured using a JEM-1400 transmission 
electron microscope (JEOL Ltd.).
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Each sample randomly selected five fields of view, and photographs were taken at the same magnification 
level. Mitochondrial impairment was identified by pathological ultrastructure changes, including swelling, 
cavitation of the matrix, disruption of cristae, and the appearance of intramitochondrial vacuoles37,38,55,56. 
Quantitative analysis of the degree of mitochondrial damage in the hippocampus and the temporal lobe cortex 
was performed. One randomly selected section of each specimen was photographed at × 25,000 magnification. 
Next, we randomly selected five visual fields within each section. The total number of severely damaged, slightly 
damaged, and intact mitochondria in the resulting TEM fields was calculated, to obtain a representative sample 
of the damage to mitochondria in the hippocampus or the temporal lobe cortex of rats. Early autophagosomes 
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were recognized by a smooth, ribosome-free double membrane enveloping organelles such as mitochondria 
(known as mitophagy), vesicles, or other cytoplasmic material. Late autophagosomes or autophagolysosomes 
were distinguished by a double membrane fused into a single membrane39,57.

Isolation of mitochondria from brain tissue
The brain tissues of rats were carefully dissected. Mitochondria were isolated using a commercial mitochondrial 
isolation kit, following previously established protocols58. In brief, the brain tissue samples were washed twice 
with 1× PBS and then homogenized in a designated isolation buffer. The homogenates were centrifuged at 
1000×g for 5 min at 4 °C. The resulting supernatants were further centrifuged at 10,000×g for 20 min at 4 °C to 
collect the mitochondrial pellets. These pellets were then resuspended in PBS, as previously described59.

Western blot analysis
Protein samples extracted from the hippocampus and temporal cortex were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using a 10% polyacrylamide gel, with the separation process 
performed in a running buffer containing 25 mM Tris, 192 mM Glycine, and 0.1% SDS (pH 8.3). The proteins 
were then transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA) 
using a transfer buffer consisting of 25 mM Tris, 192 mM Glycine, and 20% methanol (pH 8.3). The membrane 
was blocked with 5% skim milk for 60 min and subsequently incubated with primary antibodies overnight at 
4 °C. The primary antibodies used were diluted as follows: 1:1000 for LC3B (ab19280, Abcam), 1:500 for p62 
(ab109012, Abcam), 1:1000 for BNIP3 (ab109362, Abcam), 1:500 for NLRP3 (Ab283819, Abcam), 1:1000 for IL-
1ß (Ab283818, Abcam), 1:1000 for cleaved Gasdermin D (ARG41404, Arigo), 1:1000 for caspase-1 (ARG10644, 
Arigo), IL-1ß (1:1000; A11945; Ab283818, Abcam), 1:1000 for COX IV (ab202554, Abcam), 1:1000 for alpha 
Tubulin (ab7291, Abcam) and 1:3000 for β-actin (ab8226, Abcam). Following incubation with horseradish 
peroxidase-conjugated secondary antibodies (ab6728, ab6721, Abcam), the membranes were developed using 
an enhanced chemiluminescence detection system. β-actin served as the internal control, detected using an anti-
β-actin antibody (ab8226, Abcam). Protein expression levels were quantified based on grayscale values using 
Image-J software (Version 1.51).

Immunofluorescence staining and confocal microscopy
The hippocampus and temporal cortex of rats were collected and immediately fixed in a 10% buffered formalin 
solution within 1–2  min of isolation. Following fixation in formalin for 24–48  h, all paraffin-embedded 
samples were sliced to a thickness of 6–8 μm and placed onto polylysine-coated slides. Paraffin sections were 
deparaffinized using xylene and graded ethanol. Antigen retrieval was conducted by immersing the sections in 
0.01 M citrate buffer (pH 6) in a 95 °C water bath for 45 min. Subsequently, the sections were washed three times 
with PBS (3 min per wash) after cooling to room temperature. Endogenous peroxidase activity was neutralized 
by incubating the slides for 15 min with 3% H2O2 in the dark. Following an additional three washes with PBS 
(3 min per wash), the sections were then incubated overnight at 4 °C with primary antibodies targeting for LC3B 
(1:1000; ab19280, Abcam), p62 (1:500; ab109012, Abcam), for BNIP3 (1:1000; ab109362, Abcam), for TOMM20 
(1:1000; ab283317, Abcam), NLRP3 (1:500; Ab283819, Abcam), cleaved Gasdermin D (1:100; ARG41404, 
arigo); and IL-1ß (1:1000; A11945; Ab283818, Abcam); pMLKL (1:100; ARG43708, Arigo); Cleaved Caspase-3 
(1:500; ab32042, Abcam). Sections were subsequently rinsed once more with PBS and then exposed to respective 
secondary antibodies (1:500 dilutions) conjugated with Alexa Fluor 488 and Alexa Fluor 594, for 45 min at 37 °C. 
Nuclei were counterstained with DAPI (1 µg/mL) at room temperature for 5 min. Double immunofluorescent 
labeling of TOMM20 and LC3B was performed to confirm the presence of mitophagy. Images were captured 
using laser-scanning confocal microscopy (BX53, OLYMPUS).

Fig. 5.  NLRP3 inflammasome activation inhibits mitophagy and modulates seizure activity in pilocarpine-
induced epileptic rats. (a) The hippocampus and temporal lobe cortex of rats were double immunofluorescence 
stained for TOMM20-labeled mitochondria (green) and LC3B-labeled autophagosomes (red). Nuclei were 
stained with DAPI (blue). Enlarged views of areas within the white boxes are shown on the right. Scale bar: 
50 μm. (b) Fluorescence intensity of LC3B in the hippocampus and temporal lobe cortex of rats (n = 3). 
(c) Colocalization fluorescence intensity of TOMM20 and LC3B in the hippocampus and temporal lobe 
cortex of rats (n = 3). (d) Representative transmission electron microscopy image of the temporal cortex 
and hippocampus showing varying degrees of mitochondrial damage (yellow arrows) in the rat. Green 
arrows indicate the occurrence of mitophagy in the epileptic (EP) group. Quantitative analysis revealed that 
damaged mitochondria in the hippocampus of the EP group were significantly higher than in the control 
group. (e) Number of seizures per month in EP group and treatment groups (n = 3). The inhibitors MCC950, 
anti-IL -1β were applied. (f) Western blot analysis of Gasdermin D-NT, BNIP3, TOMM20, and COX IV in 
the hippocampal mitochondria of the control group, EP group, and treatment group. (g) Relative RNA level 
of the mitophagy-inhibiting molecule PPTC7 in the control group, EP group, and treatment group (n = 3). 
Protein levels were quantified using Image J software. Unless specified otherwise, the data are presented 
as means ± SEM (error bar) and compared using the two-sided Student’s t test; *P < 0.05; **P < 0.01; and 
***P < 0.001; ns, no significance.
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Enzyme-linked immunosorbent assay (ELISA)
ELISA kits (Cloud-Clone, Wuhan, China) were used to measure the concentrations of IL-1β, IL-18 in the 
supernatants from brain tissue homogenates of SD rats, following the manufacturer’s instructions. The activities 
were read as the OD at 450 nm.

Statistical analysis
Statistical analyses were conducted using GraphPad Prism 9.5 (GraphPad Software, Inc., La Jola, CA, USA). 
Quantitative data are presented as mean ± standard error of the mean (SEM). Group comparisons were 
performed using t-tests for two groups. Multigroup comparisons were conducted using one-way analysis of 
variance (ANOVA). The level of statistical significance was set to P < 0.05.

Data availability
The datasets used and/or analyzed during this study are available from the corresponding author on reasonable 
request.
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