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Objective: Our study aimed to explore whether gasdermin D (GSDMD)-mediated
pyroptosis is involved in the mechanism of kainic acid-induced seizures.

Methods: C57BL/6 mice were randomly divided into sham and epilepsy groups. The
epilepsy group was intrahippocampally injected with kainic acid to induce status
epilepticus (SE), and the sham group was injected with an equal volume of saline.
Dimethyl fumarate (DMF) was used as the GSDMD N-terminal fragments (GSDMD-N)
inhibitor and suspended in 0.5% sodium carboxymethyl cellulose (CMC) for orally
administration. The epilepsy group was divided into SE + CMC and SE + DMF
groups. In the SE + DMF group, DMF was orally administered for 1 week before SE
induction and was continued until the end of the experiment. An equal volume of CMCwas
administered to the sham and SE + CMC groups. Recurrent spontaneous seizures (SRSs)
were monitored for 21 days after SE. Western blot analysis and immunofluorescent
staining was performed.

Results: The expression of GSDMD increased at 7–21 days post-SE, and GSDMD-N
expression was significantly elevated 7 days after SE in both ipsilateral and contralateral
hippocampus. GSDMD-positive cells were co-labeled with astrocytes, but not neurons or
microglia. Astroglial damage occurs following status epilepticus (SE). Damaged astrocytes
showed typical clasmatodendrosis in the CA1 region containing strong GSDMD
expression at 7–21 days post-SE, accompanied by activated microglia. In the SE +
DMF group, the expression of GSDMD-N was significantly inhibited compared to that
in the SE + CMC group. After administration of DMF, SRSs at 7–21 days after SE were
significantly decreased, and the number of clasmatodendritic astrocytes, microglia, and
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the expression of inflammatory factors such as IL-1β and IL-18 were significantly
attenuated.

Conclusion: GSDMD-mediated pyroptosis is involved in the mechanism of kainic acid-
induced seizures. Our study provides a new potential therapeutic target for seizure control.

Keywords: epilepsy, GSDMD, pyroptosis, astrocyte, inflammation

INTRODUCTION

Epilepsy is a common neurological disease that affects over 70
million people worldwide, with an annual incidence of
approximately 50–100 per 100,000 persons (Thijs et al., 2019).
The underlying mechanisms of epilepsy are not yet fully
understood. Accumulating evidence indicates that
neuroinflammation plays an important role in the severity of
epilepsy (Aronica et al., 2017). Previous studies have
demonstrated that neuroinflammation can promote neuronal
hyperexcitability and contributes to seizures, neuronal cell loss,
and maladaptive synaptic plasticity (Vezzani et al., 2019).
Substantial changes in neuroglial cells were found in both
epileptic animal models and resected brain tissues from
epileptic patients who underwent surgery, which are important
factors in the development of neuroinflammation (Rana and
Musto, 2018; Feng et al., 2019; Sanz and Garcia-Gimeno, 2020).

Pyroptosis is a new form of inflammatory programmed cell
death that is characterized by cell swelling, cell membrane
disruption, the release of cellular contents, and inflammatory
factors (Shi et al., 2017). Pyroptosis occurs through two pathways:
the canonical and non-canonical pathways. In the canonical
pathway, in response to extracellular or intracellular danger
signals, the nucleotide oligomerization domain (NOD)-like
receptor (NLR) family pyrin domain-containing 1 and 3
(NLRP1 and NLRP3), or the absent in melanoma 2 (AIM2)
protein, recruit pro-caspase-1 to form canonical inflammasomes
and activate caspase-1. Activated caspase-1 cleaves gasdermin D
(GSDMD) to release the N-terminal fragment (GSDMD-N),
which forms pores in the cell membrane, leading to the release
of inflammatory factors and damage-associated molecular
patterns (DAMPs), such as high-mobility group box 1
(HMGB1) and adenosine 5′-triphosphate (ATP), resulting in
cell death (Kayagaki et al., 2015; Shi et al., 2015). In particular,
mature interleukin (IL)-1 family proteins, such as cytokines IL-1β
and IL-18, were preferentially released from the GSDMD pore by
electrostatic filtering (Xia et al., 2021). In the non-canonical
pathway, GSDMD is cleaved by caspases-4/5/11 to induce
pyroptosis (Huang et al., 2019). It has been found that in
patients with mesial temporal lobe epilepsy, NLRP3 and
NLRP1 inflammasomes are upregulated, which may be
responsible for the increased hippocampal expression of
caspase-1 and IL-1β (Cristina de Brito Toscano et al., 2021).
GSDMD cleavage serves as an important checkpoint in
pyroptosis in both canonical and non-canonical pathways and
plays an important role in central nervous system diseases such as
Alzheimer’s disease, cerebral ischemia, and multiple sclerosis
(McKenzie et al., 2018; Han et al., 2020; Li et al., 2020).

However, the expression levels and potential role of GSDMD
in seizures remain unknown.

Astrocytes are the most abundant glial cell type in the nervous
system and are essential for maintaining brain homeostasis.
Previous studies have demonstrated that lipopolysaccharide
(LPS) exposure stimulates the upregulation of GSDMD and
caspase-1 protein in cultured astrocytes, indicating that LPS
triggered astrocyte pyroptosis (Sun et al., 2019). The
upregulation of GSDMD expression in astrocytes has also
been confirmed in hypoxic animal models (Jiang et al., 2021).
Although the expression of GSDMD in astrocytes post seizures is
unclear, it has been found that HMGB1 staining in the nuclear
and perinuclear region was increased in astrocytes after seizures
(Maroso et al., 2010). Administration of a caspase-1 inhibitor
(VX-765) significantly reduced chronic epileptic activity, and the
drug effect was associated with the inhibition of IL-1β synthesis in
astrocytes (Maroso et al., 2011). Moreover, it has been reported
that astroglial damage occurs in the CA1 region of hippocampus
following status epilepticus (SE), which is termed
clasmatodendrosis (Penfield, 1928). This was considered as
lysosome-derived autophagic death because of
immunoreactivity with autophagic markers, such as lysosome-
associated membrane protein 1 and lipidated LC3 (Ryu et al.,
2011; Hase et al., 2018). Furthermore, it has been reported that
astroglial damage induced by SE correlate with altered
electrophysiological properties (Kim et al., 2008).
Clasmatodendrotic astrocytes are characterized by extensive
swelling and vacuolization of cell bodies, disintegrated/beaded
processes, and nuclear dissolution, which is partly similar to
pyroptosis and is therefore difficult to distinguish based on the
morphological characteristic of tissues. Thus, the aim of the
present study was to explorewhether GSDMD-mediated
pyroptosis is associated with astroglial damage
(clasmatodendrosis) induced by seizures and is involved in the
mechanism of seizures.

The aim of the present study was to explore whether GSDMD-
mediated pyroptosis is involved in the mechanism of kainic acid-
induced seizures and whether inhibiting GSDMD-N can
attenuate pyroptosis and the severity of seizures.

METHODS AND MATERIALS

Animals
Male adult C57BL/6 mice (22–26 g) aged 8–10 weeks were
housed in cages at an ambient temperature (22–25°C) and
maintained under a standard 12/12 h light/dark cycle. The
experiment was done in accordance with the guidelines of the
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National Institutes of Health. All experiments have been
approved by the Ethics Committee of Zhongshan Hospital of
Fudan University (Approval number 2019-151, Shanghai,
China). All measures were taken to minimise animal suffering
and to reduce the number of animals used.

Establishment of a Kainic Acid-Induced
Epileptic Mouse Model
The epileptic model induced by intrahippocampal injection of
kainic acid in mice has pathological characteristics similar to
those of patients with temporal lobe epilepsy. During surgery,
mice were anesthetized with an intraperitoneal injection of
0.01 ml/g 1% pentobarbital sodium solution. For
intrahippocampal injections, a 2 μl microsyringe was
stereotaxically implanted into the hippocampal area at the
following coordinates: anteroposterior (AP) � −2.7 mm,
mediolateral (ML) � −1.8 mm, and dorsoventral (DV) �
−1.7 mm. Kainic acid (0.4 µg in 0.8 μl saline; Sigma,
United States) was injected over a duration of 2 min. The
needle was maintained in situ for an additional 5 min to avoid
reflux along the injection track. Sham surgery mice were injected
with 0.8 μl of saline. The Racine scale was used to evaluate seizure
severity (Racine, 1972); mice that presented with seizures greater
than or equal to Racine stage 4 were considered positive for
successful SE. These mice were included in subsequent studies.

Grouping and Treatment
Dimethyl fumarate (DMF) can react with GSDMD at critical
cysteine residues to form S (2-succinyl)-cysteine. GSDMD
succination prevents its interaction with caspases, limiting its
progression and oligomerization to form GSDMD-N
(Humphries et al., 2020). DMF, as a GSDMD-N inhibitor, was
purchased from Sigma-Aldrich (St. Louis, MO, United States, Cat
No.242926) and suspended in 0.5% sodium carboxymethyl
cellulose (CMC) (Selleck, United States, Cat No.S6703). DMF
(100 mg/kg/d) at a volume of 0.2 ml was administered by gastric
gavage. Mice were divided into the sham and SE groups. The SE
mice were divided into two subgroups: 1) the SE + DMF group,
which was administered 100 mg/kg/d DMF for 1 week before SE
induction and was continued until the end of the experiment; and
2) the SE + CMC group, which was given an equal volume of
vehicle (0.5% CMC) instead of DMF. The sham group was
administered CMC, as described for the SE + CMC group.

Protein Extraction and Western Blot
Analysis
The mice were deeply anesthetized with 4% chloral hydrate and
then euthanized by cervical dislocation. The hippocampal tissues
were carefully dissected from the brain, total protein was extracted
using a tissue protein extraction reagent (Beyotime Institute of
Biotechnology, China), and the total protein concentration was
determined using a bicinchoninic acid (BCA) protein assay kit
(Beyotime, China). The protein extract (20 µg) was
electrophoresed on a 12.5% sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE) and then transferred onto

0.45 µm nitrocellulose membranes (Merck Millipore Ltd.,
Ireland). The membranes were blocked with 5% nonfat milk at
room temperature for 1 h andwere then incubated overnight at 4°C
with primary antibodies, including rabbit anti-GSDMD (1:1000,
Abcam ab219800), rabbit anti-GSDMD-N (1:1000, Abcam
ab219800), mouse anti-pro-IL-1β (1:1000, Cell Signaling
Technology, United States, cat #12242), rabbit anti-cleaved-IL-
1β (1:500, Cell Signaling Technology, United States, cat #63124),
rabbit anti-pro-caspase-1 (1:1000, Cell Signaling Technology, cat
#24232) and rabbit anti-cleaved-caspase-1 (1:500, Cell Signaling
Technology, cat #89332). Mouse anti-β-actin antibody (1:1000,
Cell Signaling Technology, cat #3700) was used as an internal
reference. The membranes were then incubated with goat anti-
rabbit IgG secondary antibody (1:1000, Cell Signaling Technology,
cat #7074) and horse anti-mouse IgG secondary antibody (1:1000,
Cell Signaling Technology, cat #7076) for 1 h at room temperature.
The images of the bands were captured using Tanon Image
software (version 4100, Shanghai, China). The optical density
(OD) value was normalized to that of β-actin.

Immunofluorescent Staining
The mice were deeply anesthetized with 4% chloral hydrate, and
after perfusing with 4°C saline and 4% paraformaldehyde in
phosphate-buffered saline (PBS), the mice were decapitated
and the brain was quickly removed from the skull. The brain
was stored in 4% paraformaldehyde solution at 4°C for 24 h and
then moved to 10% sucrose in 0.1 m PBS at 4°C until it sank. It
was then transferred to 20% sucrose solution and finally moved to
a 30% sucrose solution at 4°C until it sank.

Coronal sections (20 µm) were sliced from the dorsal side of
the hippocampus using a frozen slicer (CM 1950, Leica,
Heidelberg, Germany). The sections were washed 3 times with
PBS for 5 min each time, blocked with immunol staining blocking
buffer (Beyotime Institute of Biotechnology, China) for 30 min,
and were then incubated with the primary antibody overnight at
4°C. The sections were washed 3 times with PBS for 5 min each
time, incubated with secondary antibodies for 1 h at room
temperature, and mounted with antifade medium containing
4′,6-diamidino-2-phenylindole (DAPI). The primary
antibodies used in this study were as follows: GSDMD (1:200,
Affinity, cat #AF4012), glial fibrillary acidic protein (GFAP) (1:
1000, Millipore, cat #MAB360), ionized calcium binding adaptor
molecule 1 (Iba1) (1:500, Novus Biologicals, cat #NB100-1028),
and neuronal nuclear protein (NeuN) (1:500, Millipore, cat
#MAB377). The secondary antibodies (1:1000) and Alexa
Fluor@488- and 555-conjugated antibodies were purchased
from Abcam (Cambridge, United Kingdom). Images of the
sections were captured using a fluorescence microscope
(Olympus/BX51, Japan). We selected CA1, CA3, and DG
subfields of the hippocampus from 2 to 3 coronal slices of
each mouse for analysis. For each section, a region of interest
(ROI) of 460 × 345 µm (158,700 µm2) was employed to count the
number of labeled cells at ×20 magnification.

Enzyme-Linked Immunosorbent Assay
Cytokines (IL-1β, and IL-18) in the ipsilateral hippocampus were
measured using a Ray Biotech kit (America). Briefly, adding
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100 μl of standard or sample to each well and incubate for 150 min.
Next, adding 300 μl washing buffer to each well and wash 3 times.
Adding 100 μl of diluted Streptavidin-HRP to each well and
incubate for 45 min. After washing 3 times, adding 100 μl
Substrate Solation to each well, and incubate in the dark at
room temperature for about 30 min. Finally, adding 50 µl stop
solution to each well, and testing the results within 20min.

Statistical Methods
GraphPad Prism 8 software was used for the statistical analyses.
Mean ± standard error of the mean (SEM) was used to represent
the data. Two independent samples were statistically analyzed by

Student’s t-test, and two-sided p < 0.05 was considered
statistically significant.

RESULTS

GSDMD and Pyroptosis-Related Molecules
are Expressed in Kainic Acid-Induced
Epileptic Mice
GSDMD is a key molecular executor of pyroptosis. We used
western blotting (WB) to quantify the expression of GSDMD in

FIGURE 1 | Expression of GSDMD and pyroptosis-related molecules was significantly increased after kainic acid-induced SE. (A, B) WB bands of GSDMD,
GSDMD-N and β-actin proteins in the ipsilateral and contralateral hippocampus. (C–F) Statistical analyses of GSDMD, GSDMD-N and β-actin proteins in the ipsilateral
and contralateral hippocampus. (G, H)WB bands of caspase-1, IL-1β, and β-actin proteins in the ipsilateral and contralateral hippocampus. (I–L) Statistical analyses of
caspase-1, IL-1β, and β-actin proteins in the ipsilateral and contralateral hippocampus (n � 3 in each group, *p < 0.05, **p < 0.01, and ***p < 0.001).
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FIGURE 2 | Clasmatodendritic astrocytes co-labeled with GSDMD after SE. (A–C) Representative images of GSDMD (red)/GFAP (green), GSDMD (red)/NeuN
(green), and GSDMD (red)/Iba-1 (green) staining in hippocampal slices from mice at day 7 after kainic acid injection. (D) Microphotographs of GSDMD (red) and GFAP
(green) staining in the CA1 region of the hippocampus in the sham, SE-1d, SE-7d, and SE-21d groups (bar � 50 µm). (E) Typical GSDMD-positive clasmatodendritic

(Continued )
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the ipsilateral and contralateral hippocampus on days 1, 7, and 21
after kainic acid-induced SE, relative to that in the sham group.
The protein expression of full-length GSDMD increased
significantly at 7–21 days post-SE in both the ipsilateral and
contralateral hippocampus. Moreover, the expression level of
the pore-forming N-terminal GSDMD was significantly higher
than that of other groups at 7 days post-SE in both the ipsilateral
and contralateral hippocampus (Figures 1A–F). The levels of
caspase-1 and IL-1β, the other two important molecules of the
pyroptosis pathway, also increased significantly in both the
ipsilateral and contralateral hippocampus after SE
(Figures 1G–L).

Damaged Astrocytes (Clasmatodendrosis)
Were Detected in the Hippocampal CA1
Area and Co-Labeled With GSDMD
Immunofluorescence results showed distinct glial fibrillary acidic
protein (GFAP) loss in the ipsilateral CA1 and CA3 regions of the
hippocampus. The closer the Kainic acid injected , the greater the
GFAP lost (Supplementary Figure S1). To eliminate the
interference of modeling operations and modeling drugs,
immunofluorescence analysis was performed on the contralateral
hippocampus; to determine the cell type that underwent pyroptosis,
immunofluorescence co-labeling was performed. GFAP, Iba1, and
NeuN are common markers for astrocytes, microglia, and neurons,
respectively. The results showed that GSDMD-positive cells were
co-labeled with GFAP-immunoreactive cells (astrocytes) but not
with NeuN-positive (neurons) or Iba1-positive (microglia) cells
(Figures 2A–C). Seven days after SE, astrocytes showed typical
clasmatodendrosis in the CA1 region, which was characterized by
extensive swelling and vacuolization of cell bodies, disintegrated/
beaded processes, and strong GSDMD expression (Figures 2D–E).
Consistent with previous studies, clasmatodendritic astrocytes were
only observed in the CA1 region. The results of the statistical
analyses showed that the total number of astrocytes increased
significantly in the CA1 and CA3 regions of the hippocampus at
7–21 days post-SE, while no significant differences were observed in
the DG area (Figures 2F–H). Meanwhile, we found that astrocytes
without clasmatodendrosis in the CA3 and DG regions of the
hippocampus were still co-labeled with GSDMD (Supplementary
Figure S2). Microglia, as innate immune cells in the central nervous
system, proliferate and activate rapidly once stimulated by “risk
factors.” We used Iba1-labeled microglia to analyze whether the
release of cellular contents by astrocyte pyroptosis acts as a danger
signal to activate microglia. The results showed that the number of
Iba1-positive cells increased significantly at 7–21 days after SE in the
CA1, CA3, and DG regions (Figures 2I,J).

Anti-Pyroptotic Effects of DMF in Kainic
Acid-Induced Epileptic Mice
To assess the anti-pyroptosis effect of DMF, WB was performed
to analyze the expression of the executor GSDMD-N, between the
DMF intervention group and the vehicle group at 7 days after SE,
because an overtly upregulated expression of the GSDMD-N
fragment was observed at this time point. TheWB results showed
that DMF intervention significantly reduced the expression of the
GSDMD-N, although significant inhibition of full-length
GSDMD was not observed in the ipsilateral hippocampus. In
the contralateral hippocampus, DMF exerted obvious inhibitory
effects on both the full-length GSDMD and GSDMD-N (Figures
3A–C). DMF significantly reduced the expression level of pro-
caspase-1 and cleaved-caspase1 in the contralateral
hippocampus, but had no obvious effect on the ipsilateral
hippocampus (Figures 3D–F). The expression of pro-IL-1β
and cleaved-IL-1β were significantly reduced in both the
ipsilateral and contralateral hippocampus after DMF
intervention (Figures 3G–I). The immunofluorescence assay
showed that DMF intervention significantly attenuated the
number of clasmatodendritic astrocytes and total astrocytes in
the CA1 area of the hippocampus (Figures 3J,K). However, a
significant influence on the number and morphology of
astrocytes was not observed in the CA3 and DG regions after
DMF intervention (Supplementary Figure S3). In addition, the
number of Iba1-positive microglia was significantly reduced in
the CA1 and CA3 areas of the hippocampus after DMF
intervention (Figures 4A,B). The ELISA results also verified
the inhibitory effect of DMF on inflammatory factors,
including IL-1β and IL-18 (Figures 4C,D).

DMF Reduced the Severity of Seizures in
Kainic Acid-Induced Epileptic Mice
A total of 35 mice were monitored for 7 consecutive days after SE,
with 18 mice in the SE + CMC group and 17 mice in the SE +
DMF group. Of the 35 mice, 5 (2/18 in SE + CMC and 3/17 in SE
+DMF) died after SE, while 12mice (6/18 in the SE + CMC group
and 6/17 in the SE + DMF group) without spontaneous recurrent
seizures (SRSs) were excluded from the analysis within 7 days
after SE. SE was induced after injection of kainic acid in the
hippocampus; it generally lasted for several hours and then
entered the incubation period, with SRSs appearing after
several days. The latency time of the first SRSs after kainic
acid injection was 95.6 ± 11.35 h and 107.5 ± 7.23 h in the SE
+ CMC and SE + DMF groups, respectively. No significant
differences were observed in the latency of the first SRSs
between the two groups (Figure 5A). The number of

FIGURE 2 | astrocytes in the CA1 region of the hippocampus at 7 days after SE (bar � 12.5 µm). (F–H) Statistical analyses of the number of GSDMD-positive
clasmatodendritic astrocytes and total astrocytes in the CA1, CA3, and DG regions (n � 3 in each group, asterisks represents the total astrocytes in comparison
with the sham group, *p < 0.05, **p < 0.01, and ***p < 0.001; well number represents the clasmatodendritic astrocytes in comparison with the sham group, ###p <
0.001). (I) Microphotographs of Iba1 (red) staining in the CA1, CA3, and DG regions of the hippocampus in the sham, SE-1d, SE-7d, and SE-21d groups. (J)
Statistical analyses of the number of Iba1-positive cells in the CA1, CA3, and DG regions (n � 3 in each group, asterisks represent the comparison with the sham
group, *p < 0.05, **p < 0.01 and ***p < 0.001).
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FIGURE 3 | DMF intervention inhibited the expression of GSDMD-N and attenuated astrocytic clasmatodendrosis. (A–C) WB bands and statistical analyses of
GSDMD, GSDMD-N, and β-actin proteins in the ipsilateral and contralateral hippocampus in the SE + CMC and SE + DMF groups (n � 6 in each group, asterisks
represent the comparison with the SE + CMC group, *p < 0.05, **p < 0.01, and ***p < 0.001). (D–F) WB bands and statistical analyses of pro-caspase-1, cleaved-
caspase1, and β-actin proteins in the ipsilateral and contralateral hippocampus (n � 6 in each group, asterisks indicate the comparison with the SE +CMC group, *p
< 0.05, **p < 0.01, and ***p < 0.001). (G–I) WB bands and statistical analyses of pro-IL-1β, cleaved–IL-1β, and β-actin proteins in the ipsilateral and contralateral

(Continued )
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spontaneous seizures greater than or equal to Racine stage 4 was
counted in 12 h per day (8:00–14:00 and 20:00–02:00). The
number of SRSs within 7 days was 2.7 ± 0.60 and 1.75 ± 0.37
in the SE + CMC and SE + DMF groups, respectively. The
number of SRSs within 7 days tended to decrease, although no
significant differences were observed between the SE + CMC and
SE + DMF groups (Figure 5B).

Altogether, 24 mice were used to analyze the number of
SRSs 7–21 days after SE, with 12 mice each in the SE + CMC
and SE + DMF groups. Out of the 24 mice, 2 (1/12 in the SE +
CMC group and 1/12 in the SE + DMF group) died after SE,

while 5 mice (3/12 in the SE + CMC group and 2/12 in the
SE + DMF group) without SRSs were excluded from the
analysis 7–21 days post-SE. The SRSs that occurred within
7–14 days and 14–21 days post-SE were significantly
decreased in the SE + DMF group (Figure 5C).

DISCUSSION

The present study investigated the involvement of pyroptosis in
epilepsy in kainic acid-induced epileptic mice. We provide the

FIGURE 4 |DMF intervention inhibited the activation of microglia and the expression of inflammatory factors. (A)Microphotographs of Iba1 (red) staining in the CA1,
CA3, and DG regions of the hippocampus in the SE + CMC and SE + DMF groups. (B) Statistical analyses of the number of Iba1-positive cells in the CA1, CA3, and DG
regions in the SE + CMC and SE + DMF groups. (C) Relative expression of IL-1β in the ipsilateral hippocampus based on ELISA. (D) Relative expression of IL-18 in the
ipsilateral hippocampus based on ELISA. (n � 3 in each group, *p < 0.05, **p < 0.01, and ***p < 0.001).

FIGURE 3 | hippocampus (n � 6 in each group, asterisks indicate the comparison with the SE + CMC group, *p < 0.05, **p < 0.01, and ***p < 0.001). (J)
Microphotographs of GSDMD (red) and GFAP (green) staining in the CA1 region of the hippocampus in the SE + CMC and SE + DMF groups. (K) Statistical analyses of
the number of GSDMD-positive clasmatodendritic astrocytes and total astrocytes in the CA1 region in the SE + CMC and SE + DMF groups (n � 3 in each group,
asterisks represents the total astrocytes in comparison with the sham group, ***p < 0.001; well number represents the clasmatodendritic astrocytes in comparison with
the sham group, ###p < 0.001).
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first evidence to show that the expression of GSDMD and
GSDMD-N were increased after SE induced by the injection of
kainic acid in the hippocampus, and that GSDMD was co-
labeled with astrocytes. Seven days and 21 days after SE,
astrocytes showed typical clasmatodendrosis in the CA1
region with strong GSDMD expression and was
accompanied by reactivated microglia. DMF significantly
inhibited the expression of GSDMD-N and inflammatory
factors, including IL-1β and IL-18, attenuated astrocytic
clasmatodendrosis and microglial activation, and decreased
SRSs at 7–21 days after SE.

Our study found that pyroptosis-related proteins were
significantly increased in both ipsilateral and contralateral
hippocampus after SE. However, different tendency and
expression levels of pyroptosis-related proteins were shown
between two sides of the hippocampus. We propose that it
may be related to the construction of the epileptic mouse
model by injecting kainic acid into unilateral hippocampus. In
the ipsilateral hippocampus (kainic acid injected hippocampus),
kainic acid induced the formation of epileptic foci, which was the
origin of epileptic discharge. The epileptic discharges from the
ipsilateral hippocampus propagate to the contralateral
hippocampus and caused seizures, which may be an important
reason for the changes of proteins in the contralateral
hippocampus. Therefore, the expression level and duration of
epilepsy-related proteins were usually higher in the ipsilateral
hippocampus than in the contralateral hippocampus. Meanwhile,
this is also the possible reason for the subtle differences in
response to DMF between two sides of the hippocampus.

The pore-forming protein GSDMD-Nwas recently discovered
as a direct mediator of pyroptosis. Previous studies have found
that GSDMD is highly expressed in liver, lung, and colon tissues,
but is poorly expressed in the central nervous system under
physiological conditions (Li et al., 2019). We found that GSDMD
was only marginally expressed in the hippocampus of the sham
group, which is consistent with previous studies. However, we

found that the expression of GSDMD in the hippocampus was
significantly increased after SE, suggesting the importance of this
protein for further research.

Caspase-1 induces pyroptosis in GSDMD-sufficient cells but
induces apoptosis in GSDMD-deficient cells (Tsuchiya et al.,
2019). Therefore, cells expressing GSDMD are a prerequisite
for pyroptosis. Li. J observed a time-dependent increase in the
expression of pyroptosis-associated proteins in a cerebral
ischemia model and found that GSDMD was mainly co-
labeled in NeuN-positive cells (neurons) (Li et al., 2020).
McKenzie et al. reported that GSDMD was detected within
Iba-1 + microglia and GST-pi + oligodendrocytes in the
lesions of patients with active multiple sclerosis (McKenzie
et al., 2018). However, in contrast to previous studies, we
found that GSDMD was co-labeled in astrocytes in kainic
acid-induced epileptic mice. Astrocytes are the most abundant
cell type in the central nervous system and are essential to protect
neurons from becoming hyperexcitable (Verhoog et al., 2020).
Glutamate is one of the most common excitatory amino acids in
the central nervous system, and rapidly clearing excess glutamate
is the key to inhibiting excessive neuronal excitement (Fonnum,
1984). However, only a small amount of glutamate released from
the neuronal presynaptic membrane is taken up by the
postsynaptic membrane of neurons; most of the glutamate is
taken up by the glutamate transporters, excitatory amino acid
transporter 1 (EAAT-1) and excitatory amino acid transporter 2
(EAAT-2), which are expressed on the astrocyte membrane to
maintain a low concentration of extracellular glutamate
(Mahmoud et al., 2019). Therefore, we speculate that GSDMD
staining in astrocytes may be related to the important role played
by astrocytes in the pathophysiological mechanism of epilepsy.

Similar to previous reports, we found damaged astrocytes
characterized by clasmatodendrosis after status epilepticus (Kang
et al., 2006; Kim et al., 2011; Ryu et al., 2011; Kim et al., 2015).
However, we provide the first evidence to show that clasmatodendric
astrocytes in the CA1 region are significantly co-expressed with

FIGURE 5 | DMF intervention attenuated SRSs from 7 to 21 days after kainic acid-induced SE. (A) Significant differences were not observed in the latency of the
first SRSwithin 7 days after SE between the two groups (n � 10 in the SE + CMC group, n � 8 in the SE + DMF group). (B) Significant differences were not observed in the
number of SRSs within 7 days after SE between the two groups (n � 10 in the SE + CMC group, n � 8 in the SE + DMF group). (C)Number of SRSs within 7–14 days and
14–21 days post-SE significantly decreased in the SE + DMF group (n � 8 in the SE + CMC group, n � 9 in the SE + DMF group).
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GSDMDafter kainic acid-induced SE, which suggests that GSDMD-
mediated pyroptosis may be involved in astrocytic
clasmatodendrosis. Compared with apoptosis and autophagy,
pyroptosis is a form of cell death with proinflammatory immune
properties (Broz et al., 2020). Pyroptosis of astrocytes not only
impairs the function of astrocytes, but also induces the
accumulation of surrounding immune cells and further
aggravates the inflammatory response. In our study, we found
that the number of clasmatodendric astrocytes increased at
7–21 days after SE, which was simultaneously accompanied by
activated microglia. In addition, DMF inhibited the expression of
GSDMD-N and attenuated astrocytic clasmatodendrosis and
microgliosis. In our opinion, our results are consistent with the
hypothesis that astrocyte pyroptosis triggers an excessive immune
inflammatory response. Furthermore, we speculated that DMF may
play a role in attenuating astrocytic clasmatodendrosis in the
following two ways. On one hand, DMF directly inhibits the
expression of GSDMD-N in the contralateral hippocampus; On
the other hand, DMF inhibits the expression of GSDMD-N in the
ipsilateral hippocampus, resulting in a reduction in the generation
and propagation of epileptic discharges, and alleviation of seizures,
which attenuates astrocytic clasmatodendrosis as well as some
inflammation-related molecules in the contralateral
hippocampus. Consistent with the results of previous
studies, clasmatodendritic astrocytes were only observed in
CA1 region, not CA3 and DG (Kim et al., 2015). However, the
specific mechanism of this phenomenon remains unclear. We
speculate that it may be related to the region-specific
differences of certain molecules in astrocytes. We found
GSDMD-positive clasmatodendritic astrocytes in the CA1
region of the hippocampus. In addition, we found that
astrocytes with intact cell structures in the CA1, CA3, and
DG regions of the hippocampus also express GSDMD protein,
which likely occurs for the following reasons: first, astrocytes
with intact cell structures present obvious GSDMD staining
but only express a very small amount of GSDMD-N protein
that is insufficient to cause cell membrane rupture and
morphological changes in clasmatodendrosis. We believe
that this problem may be solved in the near future with the
development and deployment of antibodies specifically labeled
with GSDMD-N fragments. Another possible reason is the
complexity of the morphological structure of astrocytes
coupled with the simultaneous occurrence of damage, death,
activation, and proliferation, which increases the difficulty of
morphological analysis. Moreover, because of the limited
resolution of the optical microscope, we may not have
observed subtle morphological changes in the GSDMD-
positive cells. In future research, we plan to use scanning
electron microscopy to observe changes in the ultrastructure
of GSDMD-positive cells and apply electrophysiological
analysis technology to analyze the changes in GSDMD-
positive cell function.

Inhibition of GSDMD-N is the key to inhibiting pyroptosis.
Dimethyl fumarate (DMF) is a fumaric acid ester that was
approved in 2013 for the treatment of multiple sclerosis (Gold
et al., 2012; Linker and Gold, 2013) and has shown neuroprotective
effects in Parkinson’s disease (Campolo et al., 2017) and cerebral

hypoxic-ischemic brain damage (Liu et al., 2019). A recent study
found that DMF reacts with GSDMD at critical cysteine residues to
form S (2-succinyl)-cysteine, and the succination of GSDMD
blocks its progression, oligomerization, cytokine release, and cell
death (Humphries et al., 2020). DMFmaily inhibit the formation of
GSDMD-N, but the inhibition on full-length GSDMD was not
obvious. Our study is the first to demonstrate the inhibitory effect
of DMF on the formation of GSDMD-N in a kainic acid-induced
SE model. We found that DMF inhibited astrocyte pyroptosis after
SE and alleviated SRSs during the chronic phase. However, whether
other pathways contribute to antiepileptic effects remains unclear
and should be further investigated. Previous studies have found
that DMF acts as an antioxidative stress and anti-inflammatory
agent by modulating the nuclear factor-κB (NF-κB)/nuclear
transcription factor, which is related to the NF-E2 (Nrf-2)
signaling pathway (Campolo et al., 2017). Moreover, DMF-
induced Nrf2 expression has been reported to suppress the NF-
κB-mediated pathway, which has been shown to play an anti-
neuroinflammatory and apoptotic role in a pentylenetetrazol-
induced kindling rat model (Singh et al., 2019). However, recent
studies have found that GSDMD-mediated pyroptosis is
significantly inhibited by activating the Nrf2 signaling pathway
and plays a protective role in other diseases (Pang et al., 2020; Ran
et al., 2020). The previously discovered role of the Nrf2-regulated
oxidative stress response may involve complicated interactions
with the newly discovered GSDMD-mediated pyroptosis. In future
studies, we plan to use high-throughput sequencing and
proteomics to clarify the specific molecular mechanism
underlying the antiepileptic effect of DMF. In addition, we
intend to apply more specific intervention techniques, such as
siRNA and gene knockout to clearly identify the effect of GSDMD-
mediated pyroptosis in epilepsy.

The present study has some limitations. First, the specific
mechanism underlying the upregulation of GSDMD
expression after SE has not been clarified in our study and
is worthy of further research. Second, although we found that
GSDMD-positive cells with significant morphological
changes are accompanied by activated immune cells, direct
evidence of pyroptosis is still lacking, which is a common
difficulty currently seen in in vivo studies. Third, our
preliminary results merit further verification in patients
with epilepsy.

Collectively, our results showed that GSDMD-mediated
pyroptosis is involved in the mechanism of kainic acid-induced
seizures and is associated with astroglial damage induced by
seizures. DMF alleviated the severity of seizures and astrocytic
clasmatodendrosis in the CA1 region by inhibiting the expression
of GSDMD-N.We suggest that GSDMD-Nmay be a new target for
antiepileptic therapy and that DMF might represent a promising
treatment strategy for epilepsy and multiple sclerosis.
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Supplementary Figure S1 | Obvious GFAP loss in the ipsilateral hippocampus.
(A) Images of GFAP (green)/GSDMD (red) staining in coronal hippocampal slices
at bregma � −2.06 from 7 days post kainic acid-injected mice. The CA1 and CA3
regions of the ipsilateral hippocampus showed a large amount of GFAP loss (white
arrowheads in lower right panels). (B) Images of GFAP (green)/GSDMD (red)
staining in coronal hippocampal slices at bregma � −2.70 from 7-days post kainic
acid-injected mice. The ipsilateral hippocampus showed more obvious GFAP loss
in the CA1 and CA3 regions (white arrowheads in lower right panels) (bar �
200 µm).

Supplementary Figure S2 | Astrocytes without clasmatodendrosis co-labeled with
GSDMD at the CA3 and DG regions after SE. (A) GSDMD-positive astrocytes in the
CA3 area had no significant morphological changes similar to clasmatodendrosis.
(B) GSDMD-positive astrocytes in the DG area had no significant morphological
changes similar to clasmatodendrosis (bar � 50 µm).

Supplementary Figure S3 | DMF had no significant influence on the astrocytes in
the CA3 and DG regions. (A) Astrocytes without clasmatodendrosis at CA3
regions after SE. Significant differences in the number of total astrocytes in CA3
were not found between SE + CMC and SE + DMF (B) Astrocytes without
clasmatodendrosis in DG regions after SE. Significant differences in the number of
total astrocytes in the DG were not found between SE + CMC and SE + DMF (bar
� 50 µm).
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