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Abstract

Background Pyroptosis, a novel form of programmed cell death, has been implicated in neurodegeneration
diseases. However, its role in status epilepticus (SE)—a condition characterized by prolonged or repeated seizures—
remains inadequately understood.

Methods SE were induced by intraperitoneal injection of pilocarpine (PILO). Neuronal excitability was assessed
through electroencephalogram (EEG) recordings and patch clamp. Chromatin immunoprecipitation (ChIP) assay
was applied to verify the interaction of phosphorylated signal transducer and activator of transcription 3 (p-STAT3)
protein with the promoters of Nirp3 (the gene encoding NOD-like receptor family pyrin domain containing 3)

and Trpm?7 (transient receptor potential melastatin 7). To further investigate the role of TRPM7 in SE, AAV-sh-TRPM7-
EGFP transfected mice and TRPM7 conditional knockout (TRPM7-CKO) mice were utilized.

Results Our findings revealed elevated levels of IL-18 and IL-1(3 levels in primary epilepsy patients,

along with increased expression level of the TRPM7 in SE models. Knockdown of TRPM?7 alleviated neuronal dam-
age and pyroptosis, reversing PILO-treated neuronal hyperexcitability. We demonstrated that p-STAT3 binds

to the promoters of both Trom7 and Nirp3, modulating their transcriptions in SE. Importantly, inhibition of TRPM7
with NS8593, and inflammasome inhibition with MCC950, alleviated neuronal hyperexcitability and pyroptosis in SE.
A new compound, SDUY-225, formulated based on the structure of NS8593 mitigated neuronal damage, pyroptosis,
and hyperexcitability.

Conclusions TRPM7 contributes to pyroptosis in SE, establishing a positive feedback loop involving the p-STAT3/
TRPM7/Zn?*/p-STAT3 signaling pathway. Findings in this study raise the possibility that targeting TRPM7 and NLRP3
represents a promising therapeutic approach for SE.
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Introduction

Pyroptosis is a newly recognized form of programmed
cell death, mediated by gasdermin D (GSDMD), which
leads to the activation of proinflammatory cytokines
like IL-18 and IL-1p [1]. Pyroptosis has been associated
with the pathogenesis of innate immunity and diseases
[2], which has been implicated in neurodegenerative
disorders including atherosclerosis, Parkinson’s disease
(PD), Alzheimer disease (AD), etc [1, 3].

Epilepsy, a common neurological disease affect-
ing more than 70 million people worldwide, results
from abnormal neuronal discharges of neurons and is
featured in recurrent, and unpredictable seizures [4].
Status epilepticus (SE) is a particularly severe form of
episode, defined as a continuous seizure lasting over
5 min or a series of seizures occurring within a 30 min
period without a return to baseline [5]. The administra-
tion of pilocarpine (PILO) and Mg>*-free extracellular
fluid could give rise to SE, which has been widely used
in previous studies [6, 7]. Recent research has linked
pyroptosis to SE, with studies demonstrating elevated
levels of NOD-like receptor family, pyrin domain con-
taining 3 (NLRP3), caspase-1, GSDMD, IL-18, and
IL-1p in epilepsy animal models [8-12]. Inhibiting
components of the NLRP3 inflammasome, such as
NLRP3 or caspase-1, has been shown to curtail hip-
pocampal neuronal loss and deters the development
of spontaneous recurrent seizures [10]. It’s noteworthy
that patients with epilepsy have been found to express
higher levels of NLRP1 and NLRP3 in the hippocam-
pus,[13] although the intricate mechanisms by which
pyroptosis contribute to SE remains unclear.

The melastatin-related transient receptor potential
(TRPM) subfamily is a membrane protein and play piv-
otal roles in a myriad of physiological and pathophysi-
ological processes [14]. The TPRM subfamily branches
further into TRPM1-TRPMS, each permitting different
ions to pass through their channel pores [15]. Among
them, TRPM?7 is highly expressed in the brain and has
been associated with several neurological disorders
including brain ischemia, Parkinson’s disease, and amyo-
trophic lateral sclerosis, but its participation in epilepsy
is rarely investigated [16—19]. TRPM?7 is a divalent cat-
ion channel permeable to Ca**, Mg?*, Mn**, and, nota-
bly Zn?*".[20] Additionally, while carvacrol and 2-APB
(TRPM?7 inhibitors), reversed neuronal death by reducing
Zn** accumulation [21]. However, the role of TRPM7-
mediated Zn?" in SE and its potential involvement in
pyroptosis has not been demonstrated.

Here, for the first time, our work clarified the detailed
mechanism on how TRPM?7 participates in pyroptosis
and epileptogenesis, and how targeting TRPM7 may pave
the way for a new generation of drugs to treat SE and
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other neurological conditions, among which neuronal
pyroptosis is a hallmark pathology.

Materials and methods
The detailed procedures were showed in supplementary

file.

Animals and drug administration

All the animals were raised in a standard environment
with controlled temperature on a 12 h light/dark cycle,
and maintained in the Institutional Animal Care and Use
Committee of China Medical University. An equal num-
ber of male and female mice 8—12 weeks old were used
for each experiment. Status epilepticus (SE) was induced
by pilocarpine (PILO, 300 mg/kg i.p.) [22, 23]. Mice that
experienced seizures (scores IV and V on the Racine
scale) were used in subsequent experiments. All animal
protocols were approved by the Institutional Animal
Care and Use Committee of China Medical University.

Cell culture and drug administration

The mouse neuroblastoma neuro-2a (N2a) cells were
purchased from Fenghbio. The murine microglial cell line
BV2 cells were purchased from Procell Co., Ltd. All cell
lines were cultured in 10% FBS DMEM with 1% penicil-
lin—streptomycin antibiotic mixture medium.

Cell viability assay

The cell viability was measured by the Cell Counting
Kit-8 assay (CCK-8, Abbkine, BMU106-CN). The N2a
cells were seeded in 96-well plates and treated with a
range of concentrations of PILO including 2, 4, 8, 16, 32,
64, 128, and 256 mM for 48 h, and then analyzed the cell
viability according to the manufacturer’ s instructions.

Small interfering RNA (siRNA) and overexpression plasmid

transfection

Knockdown of TRPM7 was conducted by using spe-
cific siRNA synthesized by GenePharm, and the siRNA
against signal transducer and activator of transcription 3
(STAT3) was obtained from JTS scientific. TRPM7 (ion
channel segment) overexpression plasmid was a gift from
Professor Jingjing Duan’ s lab in Nanchang university in
China. The siRNA and DNA plasmids were transfected
with the Lipo8000™ transfection reagent (Beyotime)
according to the manufacturer’s instructions. All over-
expression and siRNA target sequences were provided in
Supplemental Table 1.

Real-time qRT-PCR

Total RNA was extracted and purified with the RNAiso
Plus (TaKaRa). For real-time quantitative reverse tran-
scription PCR (qRT-PCR), the 2XSYBR Green qPCR
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Master Mix (Bimake) was used and the samples were
amplified via the QuantStudiol (Applied Biosystems). All
primers used were listed in Supplemental Table 2.

Chromatin immunoprecipitation (ChIP) assay

After 24 h pretreatment with or without PILO (12 mM),
N2a cells were harvested for ChIP. Chromatin was
crosslinked for 10 min at 37 °C with 1% formaldehyde
directly added to cell culture medium, followed by soni-
cated, diluted, and immunoprecipitated with anti-STAT3
(CST, #12,640), anti- phospho-STAT3 (CST, #9145) or
normal mouse IgG (Santa Cruz, sc-2025) antibody at
4 °C overnight. Protein A-Sepharose beads were added
and then washed successively with low-salt buffer, high-
salt buffer, LiCl buffer, and TE buffer. The protein-DNA
complexes were eluted and the crosslinking was reversed
at 65 °C. DNA fragments were purified and analyzed by
qRT-PCR. The primers used in qRT-PCR were listed in
Supplemental Table 3.

Primary neuron cultures

Primary neuron cultures were prepared as described pre-
viously [24, 25]. Hippocampal neurons were obtained
from Wistar rat embryonic brains and plated on 6 well
glass bottom plates coated with 0.01% poly-L-Lysine
(Sigma-Aldrich) and 0.1 mg/mL laminin (ThermoFisher
Scientific). On day 7-9, hippocampal neurons were pre-
pared for drug administrations.

Chemical synthesis

All reagents and solvents were purchased from com-
mercial sources and used without further purification.
Reactions were monitored by thin-layer chromatography
(TLC) on 0.25 mm silica gel plates, and the spots were
visualized with UV light, and iodine vapor. Mass spectra
were obtained using ESI-MS spectrometry instrument
model API4000 manufactured by Thermo Fisher.

Patch clamp

Action potential studies were performed in the whole-
cell current-clamp mode. The extracellular bath solution
containing (in mM): 145 NaCl, 4 KCl, 1 MgCl,, 1.8 CaCl,,
10 HEPES, and 10 Glucose; pH 7.35 (~310 mOsm). The
pipettes solution containing (in mM): 140 K-gluconate, 3
KCl, 10 HEPES, 0.2 EGTA, 2 MgCl,, and 2 Na,ATP,; pH
7.25 (280-290 mOsm). Electrophysiological recordings
were conducted and partially modified based on the pre-
vious study [26]. Action potentials were evoked by a 1-s
depolarizing current injection with a maximum of 200
PA in a ramp mode. Membrane potential was clamped
to—80 mV for both spontaneous and evoked action
potential firing measurements. Patch clamping was car-
ried out using an EPC-10 amplifier and a PatchMaster
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software (HEKA, Lambrecht, Germany). All experiments
were carried out at room temperature (22+2 °C), and
data were analyzed via Igor Pro 6.12A software.

Stereotaxic injection

Mice were anesthetized with isoflurane, and then
fixed into a stereotaxic instrument (ZS-FD Zhongshi
Dichuan). A total volume of 1pL virus: (a) Recombinant
TRPM7 knockdown adeno-associated virus (pAAV-
U6-shRNA (Trpm7)-CMV-EGFP-WPRE) with titer
7.39E+12 vg/mL, (b) NC (pAAV-U6-shRNA (NC2)-
CMV-EGFP-WPRE-spolyA) with titer 1.18E+13 vg/mL,
obtained from OBIO Technology, were injected into the
location within the ventral hippocampus (AP: —3.28 mm,
ML:+2.75 mm, DV: —2.5 mm) [27]. Stereotaxic injection
was operated with syringe pump R462 (RWD Life Sci-
ence Co., Ltd). 1uL of virus was injected at each DV loca-
tion in 1pL increments at a ow rate of 1uL /min.

Electroencephalogram (EEG) recordings

Both stainless steel screws (1.0 mm diameter) and sin-
gle tungsten LFP electrodes (0.08 mm diameter, 1.5mm
length) serving as EEG electrodes were placed over the
bilateral somatosensory cortex (AP:—1.0 mm, ML:+1.5
mm) under 1-1.5% isoflurane anesthesia [28]. A refer-
ence screw electrode was implanted on the cerebellum.
EEG electrodes were attached to a head device (Bio-
Signal Technologies, 2625) by silver wires (100 pm),
then the assembly was secured with dental cement. One
week after mice surgery, cortical EEG signals were ampli-
fied, filtered, and digitalized with a resolution of 1000
Hz using a tethered data acquisition system (Bio-Signal
Technologies) and continuously synchronized with infra-
red video for at least one hour and then analyzed oft-line
in the custom code and brainstorm based on Matlab
2021.

Zn?** staining

Under the light proof condition, the 20 um brain slices
were immersed in a solution of 4.5 pM TSQ (AAT BIO-
QUEST, 21,254), 140 mM sodium barbital, and 140 mM
sodium acetate (pH 10.5-11) for five minutes and then
rinsed twice with PBS. The coronal sections from each
animal were observed and photographed under fluores-
cent microscopy (Olympus BX61) with 360 nm UV light.
The mean gray value of TSQ-stained area was expressed
using Image] software.

Immunofluorescence

The hippocampal neurons were seeded on cell climb-
ing sheets. Brains of mice were embedded in optimum
cutting temperature compound (OCT, SAKURA) and
coronally sectioned with a 20 pm thickness. Neurons
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and sections were fixed by 4% PFA for 10 min and then
permeated membrane using 0.3% Triton X-100 (Solarbio,
Beijing, China) for 10 min at room temperature before
blocked (at room temperature for 1 h) using 5% BSA
blocking buffer (Solarbio). Next, the neurons were incu-
bated at 4 “C for 1 h with primary antibodies. And the
sections were incubated overnight at 4 “C with primary
antibodies. The following primary antibodies were used
at 1:100: anti-TRPM7 (Abcam, ab729), anti-NLRP3 (Pro-
teintech, 19771-1-AP), anti-NeuN (Abcam, ab104224),
and anti-GFAP (Bioawamp, PAB32097). Then neurons
and sections were incubated with secondary antibody at
room temperature for 2 h. Finally, the nuclei were stained
with DAPI (Solarbio, C0060). Samples were observed and
photographed under confocal fluorescence microscopy
(Nikon A1R).

Measurement of intracellular reactive oxygen species
(ROS)

Intracellular ROS production was measured by using the
reactive oxygen species assay kit (Beyotime) according to
the manufacturer’ s instructions. DCF fluorescence sig-
nals were determined by confocal fluorescence micros-
copy (Nikon AI1R). Relative ROS was quantified from
mean intensity of DCF fluorescence and normalized to
control conditions.

Measurement of mitochondrial membrane potential
(MMP)

The inner membrane electrical potential across mito-
chondrial membrane (MMP) in N2a cells was measured
using JC-1 dye (Beyotime) according to the manufacturer’
s instructions. JC-1 fluorescence signals were captured
and recorded using confocal fluorescence microscopy
(Nikon A1R). MMP fluorescence intensity was calculated
as the red/green fluorescence ratio.

Western blot

The cytoplasmic and nuclear protein fractions were
isolated using nuclear and cytoplasmic protein extrac-
tion kit (Beyotime Institute of Biotechnology, Haimen,
China). 30 pg protein were separated by 12% SDS-PAGE
and transferred to polyvinylidene fluoride membrane.
Then the membranes were blocked and incubated with
primary antibodies. The following primary antibodies
were used at 1:1,000: anti-NLRP3 (ABclonal, A5652);
anti-phospho-STAT3 (Tyr705) (Bioss, bs-1658R); anti-
caspase 1 (Proteintech, 22915-1-AP); anti-GFAP (Bio-
awamp, PAB32097); anti-NeuN (Abcam, ab104224);
anti-STAT3 (Proteintech, 10253-2-AP); anti-GSDMD
(Abcam, ab219800); anti-phospho-JAK2 (Y1007 + Y1008)
(Bioawamp, PAB30711); anti-JAK2 (Abcam, ab32101);
and anti-Tubulin (Santa Cruz, sc-8035). The following

Page 4 of 22

primary antibodies were used at 1:5,000: anti-beta
actin (Proteintech, 20536—1-AP); anti-TRPM7 (Abcam,
ab245408); and anti-GAPDH (Proteintech, 10494—1-AP).
The membranes were then incubated with HRP-labeled
anti-rabbit, anti-mouse, or anti-goat (Proteintech) sec-
ondary antibodies.

Enzyme-linked immunosorbent assay (ELISA)

Human inflammatory cytokines (IL-1p and IL-18) were
measured using ELISA kits (Wuhan ColorfulGene Bio-
logical Technology) as instructed by the manufacturer.
The supernatants of hippocampus tissue, BV2 cells and
N2a cells were harvested and measured for IL-1p and
IL-18 release using ELISA kits (Bioswamp) following
the manufacturer’ s instructions. The human study com-
plied with the Declaration of Helsinki and the ethical
principles of the National Institutes of Health and was
approved by the Committee on Human Research of the
First Affiliated Hospital of China Medical University.

Patient samples

All human serum samples were obtained from the First
Affiliated Hospital of China Medical University. Serum
samples were obtained from 11 patients who diagnosed
as idiopathic epilepsy and 9 healthy volunteers recruited
from advertisements as the control group. Detailed infor-
mation on the patients and volunteers were shown in
Supplemental Table 4 and Table 5, respectively.

Statistics

All statistical analyses were performed by GraphPad
Prism 9.0 software. Data were presented as mean+ SEM.
P values<0.05 were regarded statistically significant.
Normal distribution and homogeneity of variances were
evaluated using the Shapiro—Wilk test and Brown-For-
sythe test, respectively. For normally distributed data,
Student’s ¢-test (+ Welch correction) or one-way analysis
of variance (ANOVA) was performed to determine sig-
nificance. When there were two groups and one or more
normality are rejected, Mann Whitney U test was per-
formed. For three or more groups, when the main issue
was whether a significant difference between groups and
whether there are interactions between factors, one-
way ANOVA or Kruskal Wallis ANOVA was performed
depending on normality. When the ANOVA result was
significant different (P<0.05), the Tukey’s multiple com-
parisons test was used.

Results

Pyroptosis was involved in SE but not in absence seizures
Pilocarpine (PILO) is a widely-used drug that induces
spontaneous seizures and partially mimics temporal lobe
epilepsy [7]. Here, we injected PILO to C57BL/6 ] mice
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to establish an in vivo model of status epilepticus (SE),
according to the previous study [29].

We first conducted RNA sequencing on hippocampus
from PILO-treated and vehicle-treated C57BL/6 ] mice.
In Fig. 1A, we identified 165 differentially expressed
genes (DEGs) between PILO-treated mice and con-
trol mice, with 153 up-regulated genes and 12 down-
regulated genes. Gene Ontology (GO) enrichment
analysis (Fig. 1B) of the upregulated genes suggested
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that cell death processes were significantly activated
in the PILO-induced SE model, potentially initiating
epileptogenesis.

Pyroptosis is a programmed cell death that has been
not commonly associated with the occurrence of SE, we
then investigated whether pyroptosis associated factors
were altered in patients with idiopathic epilepsy and the
PILO-treated SE models. Serum levels of free IL-18 and
IL-1p were significantly higher in idiopathic epilepsy
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Fig. 1 Pyroptosis was involved in SE but not in absence seizures A, B The volcano plot and GO enrichment analysis of the DEGs in mice

treated with PILO compared with healthy C57BL/6 J controls (n=5). The red dots represent up-regulated genes, while the blue dots represent
down-regulated ones. C, D ELISA analysis of IL-18 (C) and IL-1B (D) in the serum of idiopathic epilepsy patients (n=11) and healthy controls

(n=9). E-G Immunofluorescence analysis of NLRP3 (green) and NeuN (red) expression in hippocampus of PILO-treated C57BL/6 J mice (60 X lens),
including the CA1, CA3 and DG regions (n=9). Scale bar: 100 um. DAPI (blue) was used to label nucleus. H, I The representative protein bands

of NLRP3, GSDMD-N, and caspase-1 p20 in hippocampus of PILO-treated C57BL/6 J mice (n=6) and cultured neurons treated with PILO for 24 h
(n=6). J Immunofluorescence analysis of NLRP3 (green) expression in cultured neurons (20 x lens) treated with PILO for 24 h (n=6). Scale bar:

100 um. DAPI (blue) was used to label nucleus. K The representative protein bands of NLRP3, GSDMD, and caspase-1 p20 of control Wistar and TRM
rats (n=6). Full scans of all the blots are in the Supplementary Note. *P < 0.05; ** P<0.01; *** P<0.001; **** P<0.0001
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patients compared to healthy controls, as measured by
ELISA (Fig. 1, C and D).

Additionally, the protein expression levels of NLRP3,
GSDMD, and caspase-1 p20 (Fig. 1H) were enhanced
in hippocampal tissues of PILO-treated SE mice, as
confirmed by western blot. Moreover, we detected the
expression of NLRP3 and neuronal nuclei (NeuN), a neu-
ron marker, in hippocampus of PILO-treated SE mice by
immunofluorescence. PILO-treated epileptic mice exhib-
ited higher relative fluorescence intensity of NLRP3 in
cornu ammonis 1 (CAl), cornu ammonis 3 (CA3), and
dentate gyrus (DG) regions (Fig. 1, E and F). Meanwhile,
the number of neurons were decreased in CA1, CA3, and
DG regions (Fig. 1, E and G) of PILO induced SE mice.

Then, hippocampal neurons treated with 10 pM PILO
for 24 h showed significantly increased protein levels of
NLRP3, GSDMD, and caspase-1 p20 (Fig. 11). For investi-
gate the location and expression level of NLRP3 protein,
immunofluorescence staining was performed in cultured
hippocampal neurons after 10 uM PILO treatment for
24 h. 10 pM PILO treatment significantly enhanced the
relative fluorescence intensity of NLRP3 (Fig. 1]).

The tremor rat (TRM) is capable to mimic human
absence-like seizures and demonstrate spontaneous spike
and wave discharges in electroencephalogram (EEG)
recordings [30]. However, compared with the Wistar con-
trols, the changes of pyroptosis associated factors includ-
ing NLRP3, GSDMD, and caspase-1 p20 were unaltered
(Fig. 1K) in TRM group, suggesting that pyroptosis was
involved in SE but not in absence seizures.

To further explore the effects of PILO, we treated N2a
cells with various concentrations of PILO and analyzed
cell viability after 48 h using the CCK-8 assay. Cell vital-
ity decreased in a dose-dependent manner, with a half
maximal inhibitory concentration (ICy,) of 12 mM in
N2a cells (Supplemental Fig. 1A). After treating N2a cells
with 12 mM PILO for different time intervals 0 h, 12 h,
24 h, 36 h, and 48 h, we tested the changes of pyropto-
sis associated factors by western blot. Compared with
the response at 0 h, protein levels of NLRP3, GSDMD,
and caspase-1 p20 (Supplemental Fig. 1B) in 24 h group
were significantly enhanced. As a positive control for
caspase-1-dependent pyroptosis [31], N2a cells were
pretreated with 1 pg/mL lipopolysaccharide (LPS) for
4 h and then were treated with 15 uM Nigericin for 1 h
to measure the changes of pyroptosis associated factors.
Compared with the control group, the protein levels of
NLRP3, GSDMD, caspase-1 p20 (Supplemental Fig. 1C),
IL-18 (Supplemental Fig. 1D), and IL-1p (Supplemen-
tal Fig. 1E) were significantly increased in the N2a cells
of LPS group. Meanwhile, compared with the control
group, the protein levels of pyroptosis associated fac-
tors (Supplemental Fig. 1, F-H) in the C57BL/6 ] mice
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injected intraperitoneally with LPS (20 mg/kg) were also
significantly increased. Taken together, PILO treatment
can promote pyroptosis in SE models. Thus, pyroptosis
was involved in SE but not in absence seizures.

TRPM7 was increased in SE models and participated in
pyroptosis in vitro

TRPM?7 has been involved in several neurological dis-
eases including ischemic injury, Alzheimer’s disease,
and Parkinson’s disease [32]. However, the relation-
ship between TRPM?7 and SE is currently unknown. We
analyzed six transcriptome datasets of the hippocam-
pus of normal mice (Supplemental Fig. 2A) and normal
human (Supplemental Fig. 2B) brains, and found that
TRPM7 was in the top three levels of TRPM subfamily
gene expression in both healthy human and healthy mice
hippocampal samples in each dataset. To investigate the
involvement of TRPM7 in SE, we detected the change of
TRPM?7 in SE models in vivo and in vitro. TRPM7 pro-
tein expression in C57BL/6 ] mice hippocampal tissues
was enhanced in PILO-treated SE mice by western blot
(Fig. 2, A, B). Moreover, we detected TRPM7 protein
expression and the colocalization with NeuN in hip-
pocampus of PILO-treated SE mice by immunofluores-
cence. The expression of TRPM7 was increased in CAl,
CA3, and DG regions (Fig. 2, E and F) of PILO-treated
SE mice. Additionally, PILO-treated SE mice exhibited
higher amount of TRPM7* cells in NeuN* neurons in
CA1l, CA3, and DG regions (Fig. 2, E and G). Similarly,
TRPM7 protein expression in Mg**-free treatment
group (Fig. 2, C and D) was also increased. Consistently,
PILO treatment significantly enhanced the expression of
TRPM?7 protein in PILO-treated hippocampal neurons
(Fig. 2, C and D). Additionally, the protein expression
of TRPM7 in PILO-treated N2a cells was significantly
increased in PILO group compared with the control
group (Fig. 2, H, I).

The relationship between TRPM7 and pyroptosis
remained unclear and we hypothesized that TRPM?7
could contribute to pyroptosis. Therefore, we transfected
TRPM7 siRNA and TRPM?7 (ion channel segment) over-
expression plasmid into N2a cells to explore the relation-
ship between TRPM7 and pyroptosis. The knockdown
(Supplemental Fig. 2C) and overexpression (Supplemen-
tal Fig. 2D) efficiency were examined by real-time qRT-
PCR. TRPM?7 overexpression significantly enhanced the
protein levels of NLRP3, GSDMD, and caspase 1 p20
(Fig. 2, ] and K). Meanwhile, in empty vector-transfected
N2a cells, PILO treatment elevated the protein levels
of NLRP3, GSDMD, and caspase 1 p20 (Supplemen-
tal Fig. 2E). PILO treatment in TRPM7-overexpressed
N2a cells further increased the protein levels of NLRP3,
GSDMD, and caspase 1 p20 (Supplemental Fig. 2E).
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Additionally, PILO treatment significantly enhanced
the protein levels of NLRP3, GSDMD, and caspase 1 p20
(Supplemental Fig. 2F). Following PILO treatment, the
protein levels of NLRP3, GSDMD, and caspase 1 p20
(Supplemental Fig. 2F) were decreased in si-TRPM7-1
transfected N2a cells. In addition, the reduction in levels
of NLRP3, GSDMD, and caspase 1 p20 (Supplemental
Fig. 2F) protein were observed in si-TRPM?7-2 transfected
N2a cells.

Thus, TRPM7 was increased in SE models in vivo and
in vitro and participated in pyroptosis.

TRPM?7 contributed to pyroptosis in SE models in vivo

To further elucidate whether TRPM7 gene knockdown
reduces pyroptosis and hyperexcitability in SE mice,
AAV-sh-TRPM7 containing with a green fluorescent
(EGFP) tag was delivered to C57BL/6 ] mice via stereo-
taxic injection. As shown in Supplemental Fig. 2G, EGFP

(green) was expressed in the hippocampus, indicating
that the AAV was successfully injected. Protein expres-
sion levels of TRPM?7 in the hippocampus of AAV-sh-
TRPM7-EGFP and AAV-sh-NC-EGFP transfection SE
mice was evaluated by western blot (Fig. 3A) and immu-
nofluorescence staining analysis (Supplemental Fig. 3A).
TRPM?7 levels in the hippocampus of AAV-sh-TRPM?7-
EGFP transfected mice were reduced compared with
AAV-sh-NC-EGFP group (Fig. 3A), where the immu-
nostaining intensity of TRPM7 (Supplemental Fig. 3,
A and B) was decreased as well, suggesting that AAV-
sh-TRPM7-EGFP transfection reduced PILO-induced
TRPM?7 expression.

To assess whether AAV-sh-TRPM7-EGFP transfec-
tion could affect PILO-induced pyroptosis, the protein
expression levels of pyroptosis factors were evaluated
by western blot and ELISA. The transfection of AAV-
sh-TRPM7-EGFP reduced NLRP3, GSDMD, caspase-1
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Full scans of all the blots are in the Supplementary Note. *P < 0.05; **P < 0.01; ***P < 0.001; **** P<(0.0001

p20 (Fig. 3B), IL-18 (Fig. 3C), and IL-1p (Fig. 3D) levels
compared with AAV-sh-NC-EGFP transfected mice. The
immunostaining intensity of NLRP3 was decreased in
the hippocampus including CA1, CA3, and DG regions
(Fig. 3, F and G) of AAV-sh-TRPM7-EGFP transfected
mice compared with that in the AAV-sh-NC-EGFP trans-
fection group.

To assess the effect of NS8593, a non-specific inhibi-
tor of TRPM7[33], in neuronal damage and pyropto-
sis in PILO-treated mice, 5 mg/kg NS8593 was applied
intravenously 30 min before PILO administration. The

PILO group revealed significant up-regulation of NLRP3,
GSDMD, and caspase-1 p20 (Fig. 3E) compared with
the control group by western blot. Compared with the
PILO group, pretreatment with NS8593 group reduced
the expression of NLRP3, GSDMD, and caspase-1 p20
((Fig. 3E). Additionally, NLRP3 was up-regulated in the
CA1l, CA3, and DG (Fig. 3, H and I) regions. NS8593
pretreatment in PILO-treated group caused a significant
reduction of NLRP3 in the CAl, CA3, and DG (Fig. 3,
H and I) regions compared with PILO-treated group.
These data indicate that silencing TRPM7 and TRPM7
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inhibition by NS8593 reduced pyroptosis in PILO-treated
SE mice.

TRPM7-mediated Zn?* contributed to pyroptosis
TRPM?7 is a high Zn*t permeable ion channel[34]. The
abnormal accumulation of intracellular Zn?* can lead
to neuron death and brain disorders including epileptic
seizures and stroke[35]. In order to evaluate whether the
intracellular Zn** levels were changed in the hippocam-
pus of PILO-treated SE mice, we used the Zn>*-specific
stain the N-(6-methoxy-8-quinolyl)-para-toluenesul-
fonamide (TSQ) to detect the change of intracellular
Zn?* accumulation. TSQ fluorescence was observed in
the hippocampus CA1, CA3, and DG regions (Fig. 4A).
Compared with the control group, higher TSQ fluores-
cence intensity was detected in the hippocampus CAl,
CA3, and DG regions (Fig. 4, A and B) of PILO-treated
SE mice. Thus, intracellular Zn?" accumulation was
enhanced in the hippocampus of PILO-treated mice.

Next, we checked whether Zn?* can induce pyropto-
sis in vitro. Here, we treated N2a cells with 30 uM and
100 uM ZnCl, for 24 h to allow Zn?" influx to the cyto-
plasm. In western blot experiments, the activation of
pyroptosis by Zn>* was dose-dependent (Fig. 4C).

To further investigate the involvement of TRPM7-
mediated Zn?* in pyroptosis, we measured the
changes of pyroptosis associated factors in empty
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vector-transfected N2a cells, TRPM7-overexpressed
cells after PILO treatment, and TRPM?7-overexpressed
cells after exposed to PILO combined with TPEN, a
membrane-permeable Zn?* chelator. We used 1 uM
TPEN to chelate intracellular Zn** (K, ,,=0.7 fM)
following the same treatment regimen as previously
shown[36]. After PILO treatment, the protein levels
of NLRP3, GSDMD, and caspase-1 p20 (Fig. 4D) were
significantly enhanced in TRPM7-overexpressed cells.
In TRPM7-overexpressed N2a cells, PILO combined
with TPEN treatment remarkably down-regulated
the protein levels of NLRP3, GSDMD, and caspase-1
p20 (Fig. 4D). Thus, the application of TPEN reversed
pyroptosis via TRPM?7.

TPEN also has high affinity to Fe** (K, p,=2.4 fM) and
Cu** (K, ¢,=17 zM)[37]. To verify whether TRPM7-
mediated Fe’* or Cu®' participates in pyroptosis, we
applied the iron chelator deferoxamine (DFX)[38] and
the specific Cu?" chelator tetrathiomolybdate (TTM)
[39]. In TRPM7-overexpressed cells, treatment with
1 uM TPEN down-regulated the protein levels of NLRP3,
GSDMD, and caspase-1 p20 (Fig. 4E). Nevertheless,
exposure to 2 uM DFX and 1 pM TTM failed to dimin-
ish the expression of these pyroptosis associated factors
in TRPM7-overexpressed cells (Fig. 4E), suggesting that
Zn** rather than Fe** or Cu®* was involved in TRPM7-
mediated pyroptosis.
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Fig. 4 TRPM7-mediated Zn?* contributed to pyroptosis. A The TSQ staining detected in hippocampus (4 x lens) of PILO-treated C57BL/6 J mice,
including the enlarged CA1, CA3 and DG regions (10 x lens). Scale bar: 500 pum. B Statistical analysis of TSQ intensity (1=9). C The representative
protein bands of NLRP3, GSDMD, and caspase-1 p20 in N2a cells treated with ZnCl, (30 uM and 100 uM) (n=6). D The representative protein
bands of NLRP3, GSDMD, and caspase-1 p20 in PILO-treated N2a cells after TRPM7 overexpression and TPEN (1 uM) pretreatment (n=5 or 6). EThe
representative protein bands of NLRP3, GSDMD, and caspase-1 p20 in TRPM7-overexpressed N2a cells after TPEN(1 uM), DFX(1 uM), or TTM(1 puM)
pretreatment (n=6). Full scans of all the blots are in the Supplementary Note. *P < 0.05; ** P<0.01
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P-STAT3 promoted both Trpom7 and Nirp3 transcription in
PILO-treated N2a cells

STATS3 is a member of the signal transducer and activa-
tor of transcription (STAT) family, and it is activated by
tyrosine phosphorylation, translocating from the cyto-
plasm to the nucleus to mediate the transcription of tar-
get genes[40]. The protein levels of STAT3, p-STAT3 and
p-STAT3/STAT3 were increased in PILO-treated ani-
mals[41-43]. Here, we used RNA sequencing to explore
the DEGs associated with PILO treatment. KEGG analy-
sis disclosed that the up-regulated genes were mainly
enriched in members of the JAK-STAT signaling path-
way, which is the TOP 5 items of KEGG (Fig. 5A). In
PILO-treated N2a cells, we found that STAT3 phospho-
rylation inhibitor Stattic reversed PILO-treated up-regu-
lation of NLRP3 (Fig. 5, B and C), indicating that NLRP3
was up-regulated in PILO-treated SE model via p-STAT3
signaling.

We then hypothesized that p-STAT3 could promote
the transcription of Nilrp3 and Trpm?7. ChIP assay was
applied to verify the interaction of p-STAT3 protein with
the Nirp3 and Trpm?7 genes. We performed JASPAR data-
base analysis to predict binding sites between STAT3 and
promoters of Trpm?7 and Nirp3, and designed three pairs
of primers for ChIP-qPCR assay (Fig. 5D and Supplemen-
tal Fig. 4A). Here, p-STAT3 was specifically recruited to
the GTGCGGGAAG region of Trpm?7 after PILO treat-
ment (Fig. 5D). Additionally, STAT3 recruitment to the
TTACAGTAAA region of Trpm7 was augmented in
the the PILO-treated group specifically (Supplemental
Fig. 4A). Similarly, the recruitment of p-STAT3 to the
TTCTGGGATG region of Nirp3 was enhanced in PILO
treated N2a cells (Fig. 5D) compared with the normal
N2a cells. There was no recruitment of p-STAT3 to the
other two regions (Fig. 5D). STAT3 was also recruited
to the Nirp3 promoter region of CTTCCTGTCT in the
absence (Supplemental Fig. 4A) of PILO. Collectively, our
results suggest that STAT3 or p-STAT3 was recruited to
the promoter region of Trpm7 and Nlirp3, thereby acti-
vating Trpm?7 and Nirp3 transcription in PILO-treated
cells.

TRPM?7 contributed to pyroptosis via the Zn**/ROS/JAK2/
STAT3 pathway in SE

To explore the function of STAT3 in SE, we evaluated
STAT3 activation by measuring the relative level of
STAT3 Tyr705 phosphorylation (pY’*>-STAT3) using
western blot analysis. Here, levels of pY’®>-STAT3/STAT3
were enhanced in the total, cytosolic, and nuclear frac-
tions (Fig. 6, A and B) of PILO-treated N2a cells, sug-
gesting that p-STAT3 upregulation was apparent in the
nucleus and cytoplasm.
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To understand the relationship between TRPM?7-
mediated Zn?* and STAT3, we detected the relative lev-
els of pY’®-STAT3/STAT3 in empty vector-transfected
N2a cells, TRPM7-overexpressed cells after PILO
treatment, and TRPM7-overexpressed cells after expo-
sure to PILO and 1 pM TPEN. The results indicated
that after PILO treatment, the protein expression of
pY’%>-STAT3/STATS3 (Fig. 6, C and D) were significantly
enhanced in TRPM?7-overexpressed cells, while TPEN
treatment diminished the expression of pY’%-STAT3/
STAT3 (Fig. 6, C and D). In TRPM7-overexpressed N2a
cells, exposure to 2 pM DFX and 1 pM TTM did not
attenuate the elevated protein levels of pY’*>-STAT3/
STATS3 (Fig. 6, E and F). Meanwhile, the influx of Zn**
into the cytoplasm also enhanced the protein expres-
sions of pY705-STAT3/STAT3 (Fig. 6, G and H). Thus,
TRPM7-mediated Zn** contributed to STAT3 activa-
tion in PILO-treated N2a cells.

Disturbances in cellular Zn?* levels are toxic to N2a
cells and Zn?* is related to the generation of reactive
oxygen species (ROS)[44]. To assess oxidative stress
of TRPM?7-Zn*"-induced pyroptosis, mitochondrial
membrane potential (MMP) and ROS production were
examined in N2a cells treated with PILO, PILO com-
bined with TRPM?7 siRNA transfection, or PILO com-
bined with 1 uM TPEN with the JC-1 and DCFH-DA
dyes (fluorescent probe 2,7-Dichlorodi-hydrofluores-
cein diacetate (DCFH-DA)). Here, the intracellular
ROS was up-regulated in N2a cells treated with PILO
for 24 h (Fig. 6, I and K). Additionally, the si-TRPM7
and TPEN treatment significantly reduced the up-reg-
ulation of ROS (Fig. 6, I and K). Similarly, the treat-
ment of si-TRPM7 or TPEN inhibited the decreased
mitochondrial potential in N2A cells treated with PILO
compared with the control group (Fig. 6, ] and L), indi-
cating that knockdown of TRPM7 or TPEN treatment
inhibited oxidative stress responses in PILO-treated
N2a cells.

Moreover, when N2a cells were pre-treated with
the ROS scavenger NAC[45] and JAK2 inhibitor
AG490[46] and then treated with PILO, pyroptosis
associated protein expression, as well as the activation
of JAK2/STAT3 were suppressed (Fig. 6M). In addition,
the STAT3 phosphorylation inhibitor Stattic reversed
PILO-treated up-regulation of the relative levels of
pyroptosis indicators (Fig. 6M) but did not affect the
protein level of p-JAK2/JAK2 (Fig. 6, M and N). Addi-
tionally, the protein levels of pY’>-STAT3/STAT3 in
PILO-treated cells were significantly higher than con-
trol group. This effect was inhibited by NAC, AG490,
and Stattic treatment (Fig. 6, M and N). Thus, TRPM7
contributed to pyroptosis via the Zn**/ROS/JAK2/
STAT3 pathway in SE.
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Sliencing TRPM7 and TRPM? inhibition by NS8593 alleviated
neuronal damage in PILO-treated SE mice
We determined the effect of AAV-sh-TRPM7-EGFP
transfection on PILO-induced neuronal damage. Astro-
cytes respond to neuronal damage by proliferating and
modulating their activity[47]. Here, we investigated the
distribution of neurons labeled by NeuN and that of
astrocytes labeled by glial fibrillary acidic protein (GFAP)
in the hippocampus. AAV-sh-TRPM7-EGFP transfection
markedly reduced the immunostaining intensity of GFAP
(Supplemental Fig. 3, C and D) and increased the number
of neurons (Fig. 7 A, B) compared with those of the AAV-
sh-NC-EGFP transfected mice, indicating the critical role
of TRPM7 in mediating PILO-induced neuronal damage.
Meanwhile, we assessed the effect of NS8593 in
neuronal damage in PILO-treated mice (Fig. 7F).

Compared with the control group, the number of neu-
rons was reduced in CA1, CA3, and DG regions (Fig. 7,
D, F) of hippocampus in PILO-treated SE mice. When
compared with PILO-treated mice, NS8593 pretreat-
ment with PILO (PILO + NS8593) showed the increas-
ing number of neurons in CA1l, CA3, and DG regions
(Fig. 7 D, F). In addition, compared with the control
group, GFAP intensity changes were confirmed in CA1l,
CA3, and DG regions (Fig. 7 E, F) in the hippocampus
of PILO-treated mice. NS8593 pretreatment remark-
ably reduced the intensity of GFAP in CA1l, CA3, and
DG regions (Fig. 7 E, F) of hippocampus compared
with those of the PILO-treated group.

Additionally, NeuN protein levels were decreased
(Fig. 7C) and GFAP protein levels were significantly
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increased (Fig. 7C) in PILO-treated SE mice. The
PILO + NS8593 group showed decreased GFAP protein
levels (Fig. 7C) and increased levels of NeuN (Fig. 7C).
Thus, silencing TRPM7 and TRPM?7 inhibition by
NS8593 suppressed neuronal damage and neuronal
death in PILO-treated SE mice.

Silencing TRPM7 and TRPM? inhibition by NS8593 reversed
neuronal hyperexcitability in PILO-treated SE models

We evaluated the impact of AAV-sh-TRPM7-EGFP
transfection in an in vivo SE model by EEG. Flowcharts of
the injection protocol is shown in Supplemental Fig. 5A.
Representative EEG recordings are shown in Fig. 8A.
Based on EEG recordings, we found the mean total dura-
tion of seizure activity was decreased in the group pre-
treated with AAV-sh-TRPM7-EGFP (median score on
the Racine scale was 2) compared with the group using

vector and PILO (median score on the Racine scale was
4.5) (Fig. 8, A and B), implying that TRPM?7 has a crucial
role in regulating PILO-induced hyperexcitability. There-
fore, TRPM7 knockdown lessened neuronal damage
and pyroptosis and reversed disease associated neuronal
hyperexcitability.

We investigated the effect of TRPM?7 inhibitor NS8593
and NLRP3 inflammasome inhibitor MCC950 in PILO-
induced neuronal excitability of in vitro models and
in vivo models of SE by patch clamp and EEG. We first
applied 10 pM of PILO for the in vitro neuronal mod-
els by patch clamp as in previous studies[48]. We found
that the number of spontaneous action potentials (APs)
(Fig. 8 C, D) and evoked APs firing measurements (Fig. 8
C ,E) in the PILO-treated hippocampal neurons were
more frequent than those of the control group. How-
ever, compared with the PILO-treated hippocampal
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Fig. 8 Silencing TRPM7 and TRPM7 inhibition reversed the hyperexcitability in the SE models. A Representative 5 min EEG recording showing
seizure onset. The mice were stereotaxically injected with AAV-sh-TRPM7-EGFP or AAV-sh-NC-EGFP, followed by PILO induction 1 month later. EEG
was conducted right after the induction of PILO, and the recording time was 0.5 h. B Left: The mean total duration of seizure activity in PILO-treated
C57BL/6 J mice after AAV-sh-TRPM7-EGFP or AAV-sh-NC-EGFP transfection (n=6). Right: The score on the Racine scale. C The representative

traces of occasional spontaneous APs (left) and APs evoked by injecting a 1-s depolarizing currents with a maximum of 200 pA in a ramp mode.
and the number of two types of APs were compared between the PILO (10 uM) group and the control group, as well as the NS8593 (10 uM

and 30 uM) +PILO group and the PILO group, and the MCC950 (10 uM and 30 uM) + PILO group and the PILO group. D, E Statistical analysis

of the number of spontaneous APs and APs evoked by injecting depolarizing currents. F Representative 5 min EEG recording showing seizure
onset. The mice were injected with NS8593 or MCC950 or both, followed by PILO 0.5 h later. G The mean total duration of seizure activity in control,
PILO-treated, NS8593-pretreated (5 mg/kg), NS8593-pretreated (10 mg/kg), MCC950-pretreated (50 mg/kg) and NS8593 (10 mg/kg) combined
with MCC950-pretreated (50 mg/kg) mice (n=6). * P<0.05; ** P<0.01; **** P<0.0001

were increased compared with those in the PILO-treated
cultured hippocampal neurons.

Next, we determined whether NS8593 and MCC950
altered neuronal excitability in the in vivo model of SE.
Flowchart of the injection protocol is shown in Sup-
plemental Fig. 5B. Representative EEG recordings are
shown in Fig. 8F. We found that the mean total duration

neurons, the NS8593 (10 uM and 30 uM) pretreatment
combined with PILO treatment group (PILO+NS8593)
significantly attenuated spontaneous APs (Fig. 8 C, D)
and evoked APs (Fig. 8 C, E). Similarly, the number of
spontaneous APs (Fig. 8 C, D) and evoked APs (Fig. 8
C, E) in the MCC950 (10 pM and 30 pM) pretreatment
combined with PILO treatment group (PILO +MCC950)
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of seizure activity in the mice pretreated with NS8593
(5 mg/kg and 10 mg/kg i.v.) was significantly decreased
compared to the group with PILO alone (Fig. 8, F and
G). Similarly, the duration of seizure activity in the group
pretreated with MCC950 (50 mg/kg i.p.) was significantly
decreased compared to the group with PILO treatment
(Fig. 8 F, G). The duration of seizure activity in co-admin-
istration of NS8593 and MCC950 was decreased signifi-
cantly compared to PILO+NS8593 group (Fig. 8 F, G)
and PILO+MCC950 group, respectively. Thus, NS8593
and MCC950 ameliorated the increased neuronal excit-
ability induced by PILO, indicating that the pharma-
cological inhibitors of TRPM7 and NLRP3 reversed
hyperexcitability in vivo.

TRPM?7 conditional knockout mice alleviated neuronal
damage and pyroptosis and reversed PILO-treated neuronal
hyperexcitability
We successfully generated TRPM7 conditional knockout
(CKO) mice by crossing TRPM7f mice with Cre trans-
genic mice (Supplemental Fig. 5C). In TRPM7-CKO
mice, TRPM?7 expression was significantly reduced in the
hippocampus, compared to floxed controls, as confirmed
by western blot (Fig. 9, A and B). Indeed, as shown in
Supplemental Fig. 5D, PILO-treated TRPM7-CKO mice
exhibited lower amount of TRPM7* cells in NeuN™ neu-
rons in CA1, CA3, and DG regions.

In addition, we found the mean total duration of sei-
zure activity was decreased in TRPM7-CKO mice
(median score on the Racine scale was 1.5) compared
with TRPM7Yf mice (median score on the Racine scale
was 4.5) (Fig. 9 E, F). Moreover, compared with TRPM7
mice, the protein levels of NLRP3, GSDMD, and cas-
pase-1 p20 (Fig. 9 C,D) were significantly decreased in
TRPM7-CKO mice. The immunostaining intensity of
NLRP3 were lower in CAl, CA3, and DG (Fig. 9 G, H)
regions in hippocampus of TRPM7-CKO mice than that
of TRPM7"f mice. Meanwhile, the loss of neurons and the
increased intensity of GFAP after SE were significantly
alleviated in TRPM7-CKO mice (Fig. 9 I-K). Therefore,
the TRPM7 conditional knockout mice alleviated neu-
ronal damage and pyroptosis and reversed PILO-treated
neuronal hyperexcitability.

The TRPM?7 inhibitor, SDUY-225, reducesd pyroptosis,
neuronal damage, and hyperexcitability in SE mice
SDUY-225 was a new compound designed according to
the structure of NS8593 (Fig. 10A). We assessed the effi-
cacy of SDUY-225 to inhibit TRPM7 channel activity in
whole-cell patch-clamp experiments conducted with
HEK293 cells overexpressing TRPM7[49]. Measuring
the outward current amplitude at+80 mV shows that
the current amplitude increases to near full activation

Page 15 of 22

over ~ 140 s (Fig. 10B), after which various concentrations
of SDUY-225 were applied extracellularly. These currents
are characterized by steep outward rectification due to
small divalent cation permeation at negative membrane
voltages and gradually increasing outward conductance
of monovalent cations (Cs* ions, Fig. 10C). This caused a
concentration-dependent inhibition of TRPM7 outward
currents and the analysis of this behavior at 340 s into
the experiment yielded a concentration—response curve
with ICs, of 1.7 uM and cooperativity Hill coefficient of
2.8 (Fig. 10D).

To verify the pharmacological effect of SDUY-225, we
applied low-dose and high-dose SDUY-225 to PILO-
treated C57BL/6 ] (2.5 mg/kg iv. and 5 mg/kg i.v.) and
N2a cells (1.7 pM and 2.5 pM). Compared with the
PILO treated group, pretreatment with low-dose SDUY-
225, the expression of NLRP3, GSDMD, caspase-1 p20
(Fig. 10E), IL-18 (Fig. 10F), and IL-1B (Fig. 10G) were
reduced, as the immunostaining intensity of NLRP3
were decreased in the CA1, CA3, and DG (Supplemental
Fig. 6A) regions compared with that in the hippocampus
of PILO-treated mice. High-dose SDUY-225 pretreat-
ment in the PILO-treated group caused a significant
reduction of NLRP3, GSDMD, caspase-1 p20 (Fig. 10E),
IL-18 (Fig. 10F), and IL-1p (Fig. 10G) expression. In
addition, the immunostaining intensity of NLRP3 was
also decreased in the CA1, CA3, and DG (Supplemental
Fig. 6A) regions compared with that in the hippocampus
of PILO-treated mice. The pyroptosis associated indica-
tors in the hippocampus of PILO-treated mice treated
with high-dosage of SDUY-225 were decreased com-
pared with those in hippocampus of PILO-treated mice
pretreated with NS8593. Additionally, high-dose SDUY-
225 pretreatment in PILO-treated N2a cells also caused
a significant reduction in the expression of NLRP3,
GSDMD, caspase-1 p20 (Fig. 10H), IL-18 (Fig. 10I), and
IL-1p (Fig. 10]), suggesting that TRPM7 new inhibitor
SDUY-225 could alleviate pyroptosis in PILO-treated SE
models.

Compared with the PILO-treated group, the number
of neurons was increased in CAl, CA3, and DG (Sup-
plemental Fig. 7A) hippocampal regions in PILO-treated
mice after pretreatment with low-dose SDUY-225. Com-
pared with the untreated group, high-dose SDUY-225
pretreatment showed an increased number of neurons
in CA1l, CA3, and DG (Supplemental Fig. 7A) regions. In
addition, the decreased GFAP expression was observed
in CA1, CA3, and DG (Supplemental Fig. 7A) regions in
hippocampus of low-dosage of SDUY-225 pretreated SE
mice. Moreover, the high-dose SDUY-225 pretreatment
reduced GFAP expression in CAl, CA3, and DG (Sup-
plemental Fig. 7A) regions of the hippocampus compared
with those of untreated group.
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Fig. 9 TRPM7 conditional knockout mice reduced neuronal damage and pyroptosis and reversed PILO-treated neuronal hyperexcitability. A,

B The representative protein bands and analysis of TRPM7 in hippocampus of TRPM7-CKO mice (n=6). C, D The representative protein bands
and analysis of NLRP3, GSDMD, and caspase-1 p20 in hippocampus of TRPM7-CKO mice (n=6). E Representative 5 min EEG recording showing
seizure onset. The TRPM7-CKO mice were injected with PILO. F Left: The mean total duration of seizure activity in PILO-treated TRPM7-CKO mice
(n=6). Right: The score on the Racine scale. G, H Immunofluorescence analysis of NLRP3 (green) and NeuN (red) expression in hippocampus

of PILO-treated C57BL/6 J mice (100X lens), including the CA1, CA3 and DG regions (n=18). Scale bar: 100 um. DAPI (blue) was used to label
nucleus. I-K Immunofluorescence analysis of NeuN (red) and GFAP (green) expression in hippocampus (100 x lens) of PILO-treated TRPM7-CKO
mice, including the CA1, CA3, and DG regions (n=18). Scale bar: 100 um. DAPI (blue) was used to label nucleus. Full scans of all the blots are

in the Supplementary Note. * P<0.05; ** P<0.01; **** P<0.0001

Finally, we used EEG to determine the pharmacological
effect of SDUY-225 in an in vivo SE model. The duration
of seizure activity was diminished in a dose-dependent
manner in both the low- and high-dosage of SDUY-
225 (2.5 mg/kg i.v. and 5 mg/kg i.v.) groups particularly
in comparison to the PILO alone group (Fig. 10K). The
mean total period of epileptic seizures was decreased in
the SDUY-225-pretreatment group (5 mg/kg i.v.) com-
pared to the NS8593 (5 mg/kg i.v.) group (Fig. 10K).

Hence, this new TRPM?7 inhibitor lessened PILO-treated
SE and was more effective than NS8593.

Discussion

Our study provides a novel molecular mechanism of
pyroptosis in SE, highlighting the importance of TRPM7
specifically. Our main findings are as follows: (1) TRPM7
contributes to pyroptosis. (2) STAT3-TRPM7-Zn?**-
STATS3, as a signaling loop, triggered pyroptosis in SE. (3)
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Fig. 10 The TRPM?7 inhibitor, SDUY-225, alleviated pyroptosis, neuronal damage, and hyperexcitability in SE mice. A Synthesis of SDUY-225. B-D
Inhibitory effects of 225 on TRPM7 currents were investigated using whole-cell patch-clamp recordings. B Average TRPM7-mediated outward
currents at+80 mV extracted from ramp currents delivered at 0.5 Hz and plotted as a function of time (n=5). For clarity, data points are plotted
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vehicle. C Current-voltage (I/V) curves extracted from TRPM7 currents evoked in a representative cell by voltage ramps before (138 s, black)

and after (340 s, red) 225 application (3 uM). D Concentration-response curve obtained by plotting the average TRPM7 amplitudes obtained

from data shown in (B). E The representative protein bands of NLRP3, GSDMD, and caspase-1 p20 expression in hippocampus of PILO-treated
C57BL/6 J mice after 225 (low-dosage and high-dosage) or NS8593 pretreatment (n=6). F, G ELISA analysis of IL-18 (F) and IL-13 (G) in hippocampus
homogenates of PILO-treated C57BL/6 J mice after 225 (low-dosage and high-dosage) or NS8593 pretreatment (n=6). H The representative protein
band of NLRP3, GSDMD, and caspase-1 p20 expression in PILO-treated N2a cells after 225 (low-dosage and high-dosage) or NS8593 pretreatment
(n=6).1, JELISA analysis of IL-18 (I) and IL-13 (J) in supernatants of PILO-treated N2a cells after 225 (low-dosage and high-dosage) or NS8593
pretreatment. (n=5). K Representative 5 min EEG recording showing seizure onset. The mean total duration of seizure activity in PILO-treated
C57BL/6 J mice after 225 (low-dosage and high-dosage) or NS8593 pretreatment (n=6). Full scans of all the blots are in the Supplementary Note.

*P<0.05;**P < 0.01; ***P < 0.001; *** P<0.0001

The new inhibitor of TRPM7, SDUY-225, reversed neu-
ronal damage and hyperexcitability in SE.

The pyroptosis-related proteins NLRP3, caspase-1, and
IL-1P have been observed to be up-regulated in the pen-
tylenetetrazole (PTZ) kindling model, amygdala kindling
model, PILO model, as well as in the hippocampus of
temporal lobe epilepsy patients [10, 11, 50, 51]. The pro-
tein levels of IL-18 and GSDMD-N were also increased
in the PTZ kindling model [12]. Here we show that the
expression of pyroptosis-related indicators was increased
in models of SE. Meanwhile, GFAP expression was

increased and NeuN expression were reduced in PILO-
treated SE mice, suggesting that neuronal damage and
death occurred in this model. Therefore, our in vivo and
in vitro data strongly show that pyroptosis is a crucial cell
death modality in SE.

TRPM?7 is a nonselective cation channel and abun-
dantly expressed in brain, kidney, spleen, and heart [52].
TRPM?7 is permeable to extracellular divalent cations
including Zn**, Ca?* and Mg®*. TRPM?7 participates in
a range of physiological processes including synaptogen-
esis and neurite outgrowth, regulation of synapse density,
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synaptic plasticity, the maintenance of cognitive func-
tions, and the differentiation and survival of neurons [53].
Moreover, an association of TRPM7 with Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral
sclerosis (ALS) [19]. Jeong’s group firstly found the up-
regulation of TRPM7 protein in PILO-treated epileptic
rats [54]. TRPM7 inhibitors, carvacrol and 2-APB, sup-
pressed TRPM7 expression and reduced glial activation
and neuronal death [21]. Here, TRPM7 was up-regulated
in PILO-treated N2a cells, Mg**-free treated hippocam-
pal neurons, and the hippocampus of PILO-treated SE
animal models, indicating that TRPM?7 is vital target dur-
ing epileptogenesis.

One of our impressive findings is that TRPM7 con-
tributes to pyroptosis. By manipulating the expression
level of TRPM7 with si-RNA and an overexpression
plasmid, we show that TRPM7 acts as an upstream sig-
nal to induce pyroptosis. In addition, pretreating with
the TRPM7 inhibitor NS8593, and transfection with
AAV-sh-TRPM7 reversed the up-regulation of pyrop-
tosis-related proteins in PILO-treated SE mice, suggest-
ing that TRPM7 participates in pyroptosis in SE both
in vivo and in vitro. Similarly, the NLRP3 inflammasome
inhibitor MCC950 was been observed to reduce the up-
regulation of cleaved-caspase-1, IL-1p, and IL-18 in hip-
pocampus of KA-treated SE mice [55]. Thus, NS8593 and
NLRP3 inflammasome inhibitor MCC950 can reduce the
hyperexcitability both in PILO-treated hippocampal neu-
rons and SE mice, revealing that TRPM7 and NLRP3 are
potential pharmacological targets for the treatment of SE.

Additionally, TRPM7- mediated Ca** overload trig-
gered neuronal death and subsequent pathological con-
ditions [16, 17]. Here, we found that TRPM?7 triggered
pyroptosis via Zn**. Most Zn>* exists in the Zn** -bound
proteins, and free Zn?" is mainly localized in the presyn-
aptic vesicles of neurons [56]. Under pathological condi-
tions, free Zn" is released from presynaptic terminals of
neurons and enter postsynaptic neurons via multiple ion
channels [57]. Zn?* induces accumulation of toxic free
radicals, leading to neuronal death [58]. We found that
Zn*" accumulated in the hippocampus of PILO-treated
SE mice with TSQ staining, suggesting that Zn** might
act as a core factor that contributes to the development
of SE. Additionally, TRPM?7 contributes to the accumu-
lation of Zn** in mouse cortical neurons, and inhibiting
TRPM7 with 2-APB or sh-RNA reduced Zn>*-induced
neuronal damage [59]. We also showed that chelating
Zn** with TPEN suppressed the levels of these pyrop-
tosis related factors, suggesting that TRPM7-mediated
Zn** could be partially responsible for pyroptosis. Inter-
estingly, treating TRPM?7-overexpressed N2a cells with
the Fe?* chelator DFX and Cu*' chelator TTM did not
affect the levels of pyroptosis associated molecules,
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denying the possibility that pyroptosis could be triggered
partially via TRPM7-mediated Fe’* or Cu?". Therefore,
we first establish that TRPM7-mediated Zn>* contributes
to pyroptosis in SE.

STAT3 is a latent transcription factor that mediates
many important cellular functions including prolifera-
tion, differentiation, migration, apoptosis, and immu-
nity [60-63]. After phosphorylation on residue Y705,
p-STAT3 translocates to the nucleus to interact with
specific regions, contributing to the transcription of tar-
get genes [64]. The levels of STAT3 and p-STAT3 protein
as well as STAT3 phosphorylation (p-STAT3/STAT3)
are increased in the hippocampus of PILO-treated ani-
mal models of epilepsy [41, 43]. We observed that the
protein levels of STAT3 and p-STAT3/STAT3 were also
enhanced in the SE model. Moreover, the protein levels
of STAT3 and p-STAT3/STAT3 were further increased
in TRPM7-overexpressed N2a cells, and this increase
could be abolished by TPEN, while not be affected by
DEX and TTM. These finding suggested that TRPM7-
mediated Zn** promotes the expression and activation
of STAT3 in SE. Meanwhile, STAT3 knockdown down-
regulated the mRNA levels of TRPM7 and NLRP3 in
PILO-treated N2a cells. P-STAT3 could be recruited to
the promoter regions of Trpm7 and Nirp3 in N2a cells.
Moreover, inhibiting STAT3 phosphorylation with Stattic
decreased the NLRP3 protein level in PILO-treated N2a
cells. Therefore, p-STAT3 can translocate to the nucleus
and interact directly with Trpm?7 and Nlrp3 promoters to
increase their transcriptions in SE.

Here, NS8593 alleviated neuronal damage and pyrop-
tosis while reversing neuronal hyperexcitability in PILO-
treated mice models of SE. Thus, the inhibition of TRPM7
could reverse neuronal damage, pyroptosis, and hyper-
excitability in SE. However, NS8593 not only negatively
modulates the TRPM7 channel, but also can affect small
conductance Ca?*-activated K* (SK), and the TRPM3
channel [33]. Going forward, more specific inhibitors of
TRPM7 should be applied. SDUY-225 was a new com-
pound designed according to the structure of NS8593,
and the ICy, value of SDUY-225 was distantly lower than
that of NS8593, indicative of higher potency. Our data
indicated that SDUY-225 treatment was far superior to
NS8593 in reversing neuronal damage, pyroptosis, and
hyperexcitability in SE. Hence, the inhibition of TRPM7
by SDUY-225 is a promising strategy for SE treatment.

Conclusions

Based on our findings, we propose a simplified schematic
model describing a novel mechanism by which TRPM?7-
induced pyroptosis in SE (Fig. 11). In models of epilepsy,
the expression of STAT3 and p-STAT3 are up-regu-
lated, p-STAT3 was translocated into nucleus acts as a
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Fig. 11 A proposed schematic describes the mechanism of TRPM7-induced pyroptosis in SE. The up-regulated TRPM7 in SE cells increases

the influx and accumulation of Zn?*, which induces ROS generation to further induces the activation of JAK2/STAT3 pathway. Then p-STAT3
translocates to the nuclear to promote the transcription and expression of NLRP3 and TRPM7. The activation of NLRP3 inflammasome triggers
caspase-1 activation, which cleaves and activates the IL-18 and IL-13, and GSDMD. GSDMD-N terminal oligomerizes and form pores in plasma
membrane where mature IL-13 and IL-18 are released. Inhibiting TRPM7 with NS8593, p-STAT3 inhibitor Stattic and NLRP3 inflammasome inhibitor
MCC950 could reserve the hyperexcitability in SE models in vivo and in vitro
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