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Astrocyte-derived SerpinA3N promotes 
neuroinflammation and epileptic seizures 
by activating the NF-κB signaling pathway 
in mice with temporal lobe epilepsy
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Abstract 

Impaired activation and regulation of the extinction of inflammatory cells and molecules in injured neuronal tis‑
sues are key factors in the development of epilepsy. SerpinA3N is mainly associated with the acute phase response 
and inflammatory response. In our current study, transcriptomics analysis, proteomics analysis, and Western blotting 
showed that the expression level of Serpin clade A member 3N (SerpinA3N) is significantly increased in the hip‑
pocampus of mice with kainic acid (KA)‑induced temporal lobe epilepsy, and this molecule is mainly expressed 
in astrocytes. Notably, in vivo studies using gain‑ and loss‑of‑function approaches revealed that SerpinA3N in astro‑
cytes promoted the release of proinflammatory factors and aggravated seizures. Mechanistically, RNA sequencing 
and Western blotting showed that SerpinA3N promoted KA‑induced neuroinflammation by activating the NF‑κB sign‑
aling pathway. In addition, co‑immunoprecipitation revealed that SerpinA3N interacts with ryanodine receptor type 
2 (RYR2) and promotes RYR2 phosphorylation. Overall, our study reveals a novel SerpinA3N‑mediated mechanism 
in seizure‑induced neuroinflammation and provides a new target for developing neuroinflammation‑based strategies 
to reduce seizure‑induced brain injury.
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Introduction
Temporal lobe epilepsy (TLE) is the most common type 
of chronic epilepsy in adults, affecting up to 70 million 
people worldwide [1–3]. The molecular mechanism of 
intractable epilepsy remains unclear. Many different neu-
robiological processes are considered potential targets 
for anti-epileptic therapy [4]. These processes include 
neurodegeneration, neurogenesis, neuroinflammation, 
changes in neuronal ion channels, neurotransmitter 
release or uptake, intracellular signaling cascades, meta-
bolic changes, and blood‒brain barrier integrity [3, 5–7].

Many of these processes are thought to be driven by 
epigenomic changes induced by epileptogenic insult [3]. 
Although in some hereditary or sporadic cases, we have 
found genes associated with epilepsy, these findings do 
not fully reveal the pathogenesis of epilepsy [8–10]. Iden-
tification of the causative gene of epilepsy may be chal-
lenging because the same epileptic phenotype may be 
associated with multiple genes [11]. High-throughput 
microarrays and RNA sequencing (RNA-seq) allow an 
analysis of gene expression in a comprehensive, unbiased, 
and genome-wide manner without presuming candidate 
genes to identify new genes and molecular pathways 
associated with the disease. Proteins are direct drug tar-
gets and are the main mediators of biological activities. 
Proteomics provides a global view of protein changes at 
the functional or network level. In the past two decades, 
this method has been widely used in animal models and 
patients with epilepsy and other diseases, and many dif-
ferentially expressed genes have been found [12–17]. 
However, concerns about the representativeness and 
repeatability of single microarray or RNA-seq analy-
sis [18] and proteomics analysis [19, 20] have also been 
raised, and the heterogeneity of different experimental 
designs, animal models, sample sites, acquisition times, 
and sample sizes may confuse the interpretation of the 
results.

Serpin clade A member 3 (SerpinA3) is a member of 
the serine protease inhibitor (Serpin) superfamily and 
is primarily used as a protease inhibitor for maintain-
ing cellular homeostasis [21]. This molecule is a stro-
mal cell acute phase glycoprotein that appears to be the 
only nuclear-bound secretory serpin [22]. For the human 
gene, the mouse serine protease inhibitor A3 family 
exists in 14 gene clusters located on chromosome 12F1 
(named serine protease inhibitors A3a-n) [21], which has 
70% homology with human genes [23]. Therefore, it is 
considered the functional ortholog of human SerpinA3 in 
the brain [24]. Recently, SerpinA3N/SerpinA3 has been 
found to be significantly upregulated in neurological dis-
eases, such as traumatic brain injury, Alzheimer’s disease, 
ischemic stroke, hippocampal stab injury, glioma, hypo-
thalamus inflammation, and plays an important role in 

the development of the disease [25–30]. Moreover, Serpi-
nA3N is mainly associated with the acute phase response 
and inflammatory response [31]. SerpinA3N reduces 
neuronal apoptosis and neuroinflammation by activating 
the Akt–mTOR pathway after stroke in the acute phase 
[27]. Pre-treatment of lymphocytes with SerpinA3N 
prevented GrB-mediated axonal and neuronal injury, 
as well as demyelination in multiple sclerosis [32]. Sin-
ensetin, a natural flavonoid with anti-inflammatory and 
antioxidant properties, attenuates IL-1β-induced carti-
lage damage and ameliorates osteoarthritis by regulating 
SerpinA3 [33]. However, it was also reported SerpinA3N 
knockout could attenuate airway hyperreactivity, miti-
gate inflammatory responses and reduce collagen deposi-
tion in lung tissues of neonatal mice with asthma [34]. In 
addition, another important role was found to be a new 
potential marker of reactive astrocyte proliferation and 
hypothalamic inflammation during CNS injury [31]. It 
was reported that SerpinA3N not only plays a key role in 
TMT-induced neuroinflammation and neurotoxicity, but 
also acts as a key target to exert anti-inflammatory effects 
[35]. However, the function and regulatory mechanism of 
SerpinA3N in epilepsy have not been clarified.

Here, we performed transcriptomics and proteom-
ics analysis of the same time segment, the same epilepsy 
model, and the same part of the sample and combined 
analysis to explore the mRNA and protein expression 
profiles in the hippocampus of mice with TLE to iden-
tify the key molecules in the pathogenesis of epilepsy. We 
found that SerpinA3N was highly expressed in the hip-
pocampus of mice with TLE and promoted hippocampal 
neuroinflammation, aggravated seizures, and neuronal 
loss. Our findings will help to elucidate the molecular 
mechanisms of KA-induced neuroinflammation and pro-
vide new options for its treatment.

Materials and methods
Animal and human samples
C57BL/6 mice, 8 weeks old and weighing 21–23 g, were 
purchased from Vital River Laboratory Animal Technol-
ogy Co., Ltd. (Beijing, China). The mice were housed in 
cages with a temperature of 20 ± 2  °C, relative humid-
ity of 60% ± 10%, and a 12-h light/dark cycle. All efforts 
were made to minimize the number of animals used and 
animal suffering in this study. Cortical specimens were 
obtained from patients with mesial TLE and traumatic 
brain injury who underwent surgical treatment in Beijing 
Tiantan Hospital. Control cortical tissue was taken from 
autopsy patients without a history of epilepsy or other 
neurological diseases. Written informed consent was 
obtained from each patient for the use of brain tissues for 
research purposes. The present research was approved by 
the Ethics Committee of Beijing Neurosurgical Institute, 
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Capital Medical University, Beijing, China (Process No. 
201902029 and KY 2021-067-02).

Epilepsy models and video‑EEG monitoring
Based on our previous research experience [36], 0.3 µl of 
kainic acid (KA) (1 µg/L, Sigma-Aldrich, St. Louis, MO, 
USA) was stereotactically injected into the right amyg-
dala (0.94 mm posterior to the bregma, 2.75 mm lateral 
to the midline, and 4.75 mm ventral to the bregma) by a 
stereotaxic apparatus (David Kopf Instruments, Tujunga, 
CA, USA). The animals in the sham group were injected 
with the same volume of saline, but all other steps were 
the same. The development of seizures was evaluated 
by Racine’s scale assessment [37]. To maximize the suc-
cess rate of the model and reduce the mortality rate, we 
injected diazepam (6  mg/kg, ip), when the mice experi-
enced Racine stage 4/5 seizures and status epilepticus 
(SE) for 60  min. The sham-operated controls received 
the same volume of an intra-amygdala saline injection. 
Three weeks after KA or saline injection, three screws 
with EEG recording wires were implanted into the right 
frontal bone and bilateral suboccipital bone and fixed 
with dental cement. One week later, 7 d of uninterrupted 
video-EEG monitoring was performed. The mice were 
decapitated immediately or perfused transcardially with 
PBS and 4% paraformaldehyde after anesthesia with an 
appropriate amount of isoflurane. We stored the brain 
tissues in a − 80 °C freezer or fixed them with PBS and 4% 
paraformaldehyde for future analysis.

Drug administration
Triptolide (PG490) (CAT#S3604, Selleck Chemicals, 
Texas, USA) is a triepoxide diterpene compound that 
is an immunosuppressant extracted from the Chinese 
herbal medicine Tripterygium wilfordii. This molecule is 
an NF-κB inhibitor that inhibits NF-κB transcriptional 
activity, disrupts the p65/CBP interaction, and reduces 
p65 protein levels. Two weeks after empty virus, Serpi-
nA3N overexpression (OE), and SerpinA3N knockdown 
AVV injection, KA was injected into the right amygdala 
to induce epilepsy. The sham-operated control animals 
received saline injections. PG490 (300  µg/kg) or 0.5% 
dimethyl sulfoxide (DMSO) was injected intraperito-
neally half an hour before KA injection, once a day from 
day 2 to day 7.

Transcriptome and quantitative proteomics analysis
Transcriptome analysis was performed by SHBIO Bio-
technology Corporation (Shanghai, China) and BGI-Tech 
(Shenzhen, China). Quantitative proteomics analysis was 
performed by Jingjie PTM Bio Lab Co., Ltd. (Hangzhou, 
China). Detailed procedures are described in the supple-
mentary materials and methods.

Construction and stereotactic injection of SerpinA3N 
overexpression and silencing adeno‑associated virus (AAV)
A vector harboring SerpinA3N (OE-SerpinA3N) or short 
hairpin RNA targeting SerpinA3N (shRNA) was con-
structed by VectorBuilder (Guangzhou, China) and Han-
bio Tech Co., Ltd., (Shanghai, China), respectively. The 
expression of SerpinA3N was driven by the GFAP pro-
moter. The serotype AAV9 was selected for investigation 
in this study because in previous studies they have been 
characterized to exhibit the greatest propensity astro-
cytes in various CNS regions including the spinal cord 
by various constitutive promoters or glial-specific pro-
moters [38–42]. Detailed procedures are described in the 
supplementary materials and methods. A total of 0.5  μl 
of AAV was infused into the right dorsal hippocampus 
(2.1  mm posterior to the bregma, 1.5  mm lateral to the 
midline, and 1.75 mm ventral to the bregma) through a 
syringe pump (KDS Legato 100, KD Scientific, USA) at 
a speed of 0.1  μl/min. The needle was held in place for 
5 min and then slowly withdrawn.

Quantitative polymerase chain reaction (qPCR) analysis
Total RNA was extracted and purified using a QIAGEN 
RNeasy Mini Kit (Cat# 74106, QIAGEN, GmBH, Ger-
many) following the manufacturer’s instructions. The 
total RNA was then subjected to quality inspection using 
a Nanodrop ND-2000 spectrophotometer (Nanodrop 
Technologies). Reverse transcription was performed 
using a first-strand cDNA synthesis kit according to the 
manufacturer’s instructions (Cat#KR116-02, Tiangen, 
Beijing, China). qPCR was performed with RealStar 
Green Fast Mixture (Cat#A304-10, GenStar BioSolu-
tions Co., Ltd., Beijing, China) in a 20  µl system con-
taining 10  µl of RealStar Green Fast Mixture, 0.25  µl of 
each primer (20 µM), 1 µl of cDNA sample, and 8.5 µl of 
 ddH2O using the QuantStudio™ 5 Real-Time PCR Sys-
tem (Thermo Fisher Scientific) under the following con-
ditions: 95  °C for 2 min followed by 40 cycles of 15 s at 
95 °C and 30 s at 60 °C. The primer sequences are listed 
in Additional file 5: Table S4. Each sample was analyzed 
in triplicate. The PCR products were confirmed by melt-
ing curve analysis. Relative expression levels were nor-
malized to Gapdh using the  2−ΔΔCt method.

Western blot analysis and co‑immunoprecipitation (Co‑IP)
Samples were harvested and homogenized. A standard 
procedure was carried out as described previously [43]. 
Briefly, total protein was extracted from hippocampal or 
cortical tissue, and 50–70  µg of total protein was sepa-
rated by MOPS-PAGE, transferred to PVDF membranes, 
blocked with 5% skim milk at room temperature for 2 h, 
and incubated in a 4  °C refrigerator after adding the 
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corresponding antibody overnight. Co-IP was conducted 
according to the manufacturer’s instructions (abs955, 
Absin Bioscience, Inc., China). Fresh hippocampal tis-
sue was lysed with 300 µl of lysis buffer for 20 min on ice, 
and the cell lysates (approximately 280 μl) were incubated 
with 5 μl of protein agarose A/G beads at 4 °C for 45 min. 
The supernatant was collected and incubated with 5.0 μg 
corresponding antibody or IgG overnight on a rotating 
plate; 5 μl of agarose A/G beads was then added to each 
sample and incubated at 4  °C for 1  h. Finally, the pre-
cipitate was washed three times with washing buffer and 
subjected to Western blot analysis. Detailed procedures 
are described in the supplementary materials and meth-
ods. Protein band density was scanned with an Epson 
V330 Photo scanner (Seiko Epson Co.) or a ChemiDoc 
imaging system (Bio-Rad) and quantified using ImageJ 
software. Uncropped Western blots are provided in the 
Supplementary Material.

Immunofluorescence (IF) analysis
A standard procedure was carried out as described 
previously [36]. Briefly, coronal sections (8  μm) were 
prepared at the level of the dorsal hippocampus (1.90–
2.50  mm posterior to the bregma). Paraffin sections 
were dried, washed, permeabilized, blocked in 5% goat 
serum, and incubated overnight at 4  °C with antibodies 
against goat anti-SerpinA3N (RD; AF4709), mouse anti-
NeuN (Millipore; MAB377), rabbit anti-Olig2 (Abcam; 
ab109186), rabbit anti-GFAP (Abcam; ab4648), rabbit 
anti-IBA1 (Huabio; ET1705-78), rabbit anti-phospho-
RYR2 (Ser2808) (Biorbyt; orb1093816), and mouse anti-
RYR2 (Thermo Fisher Scientific, MA3-916), followed by 
an Alexa Fluor 680-, 594-, or 488-conjugated secondary 
antibody (Thermo Fisher Scientific, A-21057, A-11058, 
A-11001, A-11008) for 1 h at room temperature. Finally, 
the cells were incubated with mounting medium (with 
DAPI) (Cat#S2110, Solarbio, Beijing, China) at room 
temperature for 15  min. Histological images were cap-
tured using a Pannoramic MIDI scanner (3D Histech, 
Hungary). The experiment was repeated in triplicate. 

ImageJ software was used to manually count positive 
cells in the same size field of view.

Nissl staining
Coronal sections  (25  μm) from the level of the dorsal 
hippocampus (1.80–3.0  mm posterior to bregma) were 
analyzed. Tissue sections were stained with cresyl vio-
let (Cat#C0117, Beyotime Institute of Biotechnology, 
Jiangsu, China) according to the manufacturer’s protocol. 
Brain sections were stained with 1% toluidine blue for 
10 min at 37  °C. The slides were then rinsed in distilled 
water 2 times for 2  min each time, dehydrated in 95% 
ethanol 2 times for 2 min each time, clarified in xylene for 
5  min, and coverslipped with neutral balsam. The total 
cell numbers in the CA3, CA1, and dentate hilus areas of 
the hippocampus were counted from three nonoverlap-
ping 400 × fields of each section (Olympus BX41, Olym-
pus Optical Co., Ltd., Japan) using a computer-assisted 
image analysis system (Leica Qwin Analysis software 
V2.8). All procedures were conducted by a pathologist 
who was blinded to the grouping to avoid any bias in cell 
counting. Five coronary sections were collected, and a 
total of three sections per animal were used for quantifi-
cation. ImageJ software was used to manually count posi-
tive cells in the same size field of view.

Microarray datasets of epilepsy and bioinformatics analysis
The microarray datasets (GSE122228, GSE73878, 
GSE71058, and GSE127871) were obtained by search-
ing the Gene Expression Omnibus (GEO) database. 
Detailed sample information is described in Additional 
file 6: Table S5. GEO2R was used to screen for differen-
tial expression between the hippocampus of epileptic and 
control mice. A fold change cutoff ≥ 1.5 with a p value 
cutoff < 0.05 was considered to be statistically significant.

Statistical analysis
All data are presented as the mean ± standard error of 
the mean (SEM). Statistical analysis was performed using 
GraphPad Prism 8.0 Software. The effects of treatments 

(See figure on next page.)
Fig. 1 Differential expression of proteins and mRNAs in the hippocampus of mice with TLE. A Experimental timeline of the transcriptomics 
and proteomics. B An EEG time–frequency spectrogram of a typical mouse SRS of chronic epilepsy. C, D Immunostaining and quantitative 
analysis for NeuN, GFAP, and Iba1 cells number in the CA3 region of the hippocampus from the KA‑induced epileptic mice at 35 d after surgery 
(scale bar = 100 µm; n = 4). Normalized to the sham level. E, F Western blotting and densitometric quantitative analysis of GFAP and Iba1 
in the hippocampus from the KA‑induced epileptic mice at 35 d after surgery (n = 4). Normalized to the sham level. GAPDH served as the internal 
control. G Heatmap showing the clustering of the differential expression of proteins and mRNAs (top 1000) in the hippocampus of the mice 
with TLE. The color scale shows proteins or mRNAs that are upregulated (red) or downregulated (blue) relative to the mean expression of all 
samples. H UpSet diagram showing the intersection between the differential expression of proteins and mRNAs in the hippocampus of the mice 
with TLE. I Fold changes of the 19 differentially expressed genes in transcriptomics and proteomics. J The fold changes in the expression levels of 4 
mRNAs tested by transcriptomics, proteomics and qPCR (n = 3–4). All data are shown as the mean ± SEM. *p < 0.05; **p < 0.01. SRS: spontaneous 
recurrent seizures; KA: kainic acid; TLE: temporal lobe epilepsy
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Fig. 1 (See legend on previous page.)
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Fig. 2 SerpinA3N was highly expressed in TLE mice and mainly expressed in hippocampal astrocytes. A The expression of SerpinA3N 
was determined by qPCR in the hippocampus of epileptic mice at 1, 10, and 35 d after KA injection (n = 4). Normalized to the sham level. Gapdh 
served as the internal control. B, D Western blotting and densitometric quantitative analysis of SerpinA3N in the hippocampus of epileptic 
mice at 1, 10, and 35 d after KA injection (n = 3). Normalized to the sham level. GAPDH served as the internal control. C, E Western blotting 
and densitometric quantitative analysis of SerpinA3 in the temporal cortex of autopsy patients and TBI and TLE patients (n = 3). Normalized 
to autopsy patients’ level. GAPDH served as the internal control. F, H Immunostaining of SerpinA3N with the cell markers GFAP, Iba1, NeuN, 
and Olig2 in the hippocampal CA3 region of epileptic mice at 1 day after KA injection and the hippocampus of TLE patients. Scale bar = 50 μm. G, 
I Percentage of cells that are double‑positive for SerpinA3N and GFAP/Iba1/NeuN or Olig2 among the total cells that are positive for GFAP/Iba1/
NeuN or Olig2. All data are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. KA: kainic acid; TBI: traumatic brain injury; TLE: temporal lobe 
epilepsy
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were analyzed using Student’s t test when comparing two 
groups and by one-way ANOVA or two-way ANOVA fol-
lowed by Dunnett’s multiple comparisons test when com-
paring more than two groups. Significance was accepted 
at p < 0.05.

Results
Identification of differential expression of proteins 
and mRNAs in the hippocampus of mice with TLE 
by transcriptomics and proteomics
Following the experimental procedure described in 
Fig. 1A, intra-amygdala kainic acid injection successfully 
induced a mouse model of temporal lobe epilepsy. Mice 
with spontaneous recurrent seizures (SRS) were selected 
by video-EEG monitoring for subsequent experiments. 
The EEG time–frequency spectrogram of a typical mouse 
SRS is shown in Fig.  1B. Western blotting and immu-
nofluorescence staining were used to detect molecular 
pathological changes in the hippocampus at 35 d after SE. 
Compared with those in the sham group, neurons in the 
CA3, CA1, and DG regions were significantly lost, and 
the number of GFAP- and IBA1-positive cells was sig-
nificantly increased (Fig. 1C, D and Additional file 1: Fig. 
S1A, B). Similarly, the protein levels of GFAP and IBA1 in 
the hippocampus of the mice with TLE were significantly 
increased (Fig. 1E, F).

To identify the relationship between transcripts and 
proteins related to temporal lobe epilepsy, we per-
formed transcriptomic and proteomic analysis of the 
hippocampus in the mice with SRS at 35 d after KA injec-
tion and detected a total of 46,868 transcript sequences 
and 6085 proteins (Additional file  2: Tables S1, Addi-
tional file  3: Table  S2). We obtained 2164 differentially 
expressed genes and 691 proteins (FC ≥ 1.5 or FC ≤ 0.667, 
p value < 0.05). As shown in the heatmap with clustering 
of proteins and transcript sequences (top 1000) in the 
hippocampus, there were obvious differences between 
the sham mice and the mice with TLE (Fig.  1G). The 
combined analysis of the two groups obtained 19 dif-
ferentially expressed molecules with the same expres-
sion trend at the protein level and gene level (Fig. 1H, I). 
qPCR was used to analyze the mRNA levels of randomly 
selected Serpina3n, Serpina1b, Serpina1d, and Itih1 in 

the KA 35 d mice. The mean levels of Serpina3n mRNA 
were increased most significantly (Additional file  1: Fig. 
S2A). Based on transcriptomics, proteomics and qPCR 
mean fold change (Fig. 1J), we speculate that SerpinA3N 
plays an important role in TLE.

SerpinA3N was highly expressed in the hippocampus 
of mice with TLE and mainly expressed in hippocampal 
astrocytes
To fully explore the SerpinA3N expression pattern in dif-
ferent periods of TLE, we used an intra-amygdala injec-
tion KA-induced mouse model for qPCR and Western 
blotting analyses of SerpinA3N expression. As shown 
in Fig. 2A, B, D, the RNA and protein expression levels 
of SerpinA3N was upregulated in the SE-experienced 
mice at 1, 10, and 35 d after KA injection. In addition, 
we obtained transcriptomic expression data of the hip-
pocampus of epileptic models from the GEO database 
(GSE73878, GSE122228). The results showed that the 
expression level of Serpina3n increased in SE-expe-
rienced mice 7, 14, 28, and 60 d after KA injection by 
GEO2R (Additional file  1: Fig. S2B). SerpinA3N shares 
70% homology with SerpinA3 in human [23], West-
ern blotting showed that the expression of SerpinA3 in 
the hippocampus of patients with TLE and the cortex of 
patients with traumatic brain injury was higher than that 
in autopsy patients (Fig. 2C, E). By analyzing the differ-
ential expression of GSE71058 and GSE127871, we found 
that the expression level of SerpinA3 was higher in TLE 
patients with hippocampal sclerosis (HS) than in those 
without HS (Additional file  1: Fig. S2C). A significant 
positive correlation was found between the number of 
seizures per month and the expression level of SerpinA3 
(Additional file  1: Fig. S2D, E), which seems to indicate 
that SerpinA3 can be used as a biomarker for the severity 
of seizures.

To clarify the cell localization and spatial distribution 
pattern of SerpinA3N in the hippocampus, we simultane-
ously stained SerpinA3N/SerpinA3 in the four main neu-
ral cell types of the central nervous system (astrocytes, 
neurons, microglia and oligodendrocytes) by immuno-
fluorescence staining in the hippocampus at 35 d after 
KA injection and in TLE patients. Immunofluorescence 

(See figure on next page.)
Fig. 3 SerpinA3N overexpression aggravates KA‑induced neuroinflammation and increases the number of hippocampal astrocytes and microglia 
in vivo. A The mRNA levels of TNF‑α, Il‑1β, Il‑18, Il‑6, and NF‑κB in the hippocampus of SerpinA3N‑overexpressing mice at 35 d post‑SE, 
as determined by qPCR (n = 4). Normalized to the NC + veh level. GAPDH served as the internal control. B, C Western blotting and densitometric 
quantitative analysis of TNF‑α, IL‑1β and IL‑18 in the hippocampal CA3 area of SerpinA3N‑overexpressing mice at 35 d post‑SE (n = 4). Normalized 
to the NC + veh level. GAPDH served as the internal control. D, E Representative fluorescence micrographs of GFAP and IBA1 expression 
in the hippocampus CA3 of SerpinA3N‑overexpressing mice with or without KA treatment for 35 days. Scale bar = 50 μm. F, G The panels show 
the cell counts of cells positive for GFAP and IBA1 (n = 4). All data are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. SE: status 
epilepticus; NC: empty AAV vectors; Veh: vehicle; KA: kainic acid; OE: AAV vectors containing overexpression serpina3n
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Fig. 3 (See legend on previous page.)
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analysis showed that SerpinA3N was expressed mainly in 
hippocampal astrocytes, although we could also detect a 
minor expression of the protein in microglia, oligoden-
drocytes and neurons in mice with TLE (Fig. 2F), as well 
as in the hippocampus of TLE patients (Fig.  2G). More 
interestingly, SerpinA3N/SerpinA3 was present in almost 
all astrocytes in the hippocampus of the mice with TLE 
and the patients (Fig.  2H, I). Compared with the sham 
group, the number of SerpinA3N and GFAP double-pos-
itive cells increased significantly in hippocampal tissues 
at 1, 10, and 35 d after KA injection (Additional file  1: 
Fig. S3A, B). The above results fully show that the expres-
sion of SerpinA3N/SerpinA3 is upregulated in mice and 
patients with TLE and is expressed in almost all hip-
pocampal astrocytes.

Astrocyte‑derived SerpinA3N promotes the inflammatory 
response in the hippocampus of mice with TLE
As shown in previous research reports, SerpinA3N is 
mainly related to the acute phase response and tissue 
inflammatory response [31]. Astrocytes (especially reac-
tive astrocytes) can produce cytokines such as IL-1β, 
IL-6, TNF-α [44]. Our study shows that SerpinA3N is 
most widely distributed in hippocampal astrocytes. In 
this study, we constructed a SerpinA3N OE and short 
hairpin RNA (shRNA) AAV delivery system in astro-
cytes. Additional file 1: Fig. S4 shows the schematic rep-
resentation of a modified AAV vector for the delivery of 
SerpinA3N overexpression and knockdown. The in vivo 
biological functions of SerpinA3N were investigated by 
SerpinA3N overexpression and knockdown in astrocytes 
using an AAV9 delivery system. The results of fluores-
cence observation on brain slices showed that injected 
AAV virus (AAV9-mCherry) had transduced the hip-
pocampus and expression was seen only in the astro-
cytes (Additional file 1: Fig. S5A, B). qPCR and western 
blotting results showed that the application of OE-Serpi-
nA3N and shRNA-SerpinA3N significantly increased and 
decreased the expression of SerpinA3N in the hippocam-
pus, respectively (Additional file 1: Fig. S5C–E).

To clarify the effect of SerpinA3N on the inflammatory 
response of the hippocampus, we detected the expres-
sion levels of inflammation-related molecules in mice 

after SerpinA3N overexpression and knockdown. qPCR 
results showed that the expression levels of Tnf-α, Il-1β, 
Il-18, Il-6, and Nf-κb were increased in the hippocam-
pus of epileptic mice and SerpinA3N-overexpressing 
mice, and SerpinA3N knockdown reversed these changes 
(Figs.  3A, 4A), indicating that KA and SerpinA3N can 
induce the upregulation of inflammatory factors alone. 
Furthermore, SerpinA3N overexpression exacerbated the 
upregulation of these mRNAs in the mice at 35 d after 
KA injection, SerpinA3N knockdown reversed these 
changes (Figs. 3A, 4A). In addition, Western blotting was 
used to further confirm the results (Figs. 3B, 4B).

More, immunofluorescence staining of GFAP and 
IBA1 showed that the distribution and number of astro-
cytes and microglia were affected in the hippocampus 
by KA-induced SE or SerpinA3N. Compared with the 
sham treatment, KA-induced SE or SerpinA3N overex-
pression alone increased the number of astrocytes or 
microglia in the hippocampus CA3 (Figs. 3D–G; 4D-G). 
KA-induced increases in a number of astrocytes and 
microglia were partially inhibited by SerpinA3N knock-
down (Fig. 3D–G). More astrocytes and microglia were 
observed in the hippocampus CA3 of the mice over-
expressing SerpinA3N at day 35 after SE (Fig.  4D–G). 
These results showed that SerpinA3N could enhance 
the inflammatory response and increase the number of 
astrocytes and microglia in epileptic mice.

SerpinA3N promotes seizures and neuronal loss in mice 
with TLE
Video-EEG monitoring were performed to explore 
whether SerpinA3N influenced the occurrence and 
development of epilepsy. Additional file  1: Fig. S6A 
shows typical behavioral changes within 1  h after KA 
injection. Overexpression or knockdown of Serpi-
nA3N did not accelerate or alleviate the progression 
of seizures after KA injection (Additional file  1: Fig. 
S6B). The frequency and duration of SRSs from 28 to 
35 d after KA injection in mice with TLE with or with-
out overexpression and knockdown of SerpinA3N 
were analyzed. Typical EEG time–frequency spectro-
grams of SRS after KA injection for 28–35 d are shown 

Fig. 4 SerpinA3N knockdown alleviates KA‑induced neuroinflammation and decreases the number of hippocampal astrocytes and microglia 
in vivo. A The mRNA levels of Tnf‑α, Il‑1β, Il‑18, Il‑6, and Nf‑κb in the hippocampus of SerpinA3N knockdown mice at 35 d post‑SE, as determined 
by qPCR (n = 4). Normalized to the Scr + veh level. GAPDH served as the internal control. B, C Western blotting and densitometric quantitative 
analysis of TNF‑a, IL‑1β and IL‑18 in the hippocampus of SerpinA3N knockdown mice at 35 d post‑SE (n = 4). Normalized to the Scr + veh level. 
GAPDH served as the internal control. D, E Representative fluorescence micrographs of GFAP and IBA1 expression in the hippocampal CA3 area 
of SerpinA3N knockdown mice with or without KA treatment for 35 days. Scale bar = 50 μm. F, G The panels show the cell counts of cells positive 
for GFAP and IBA1 (n = 3). All data are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. SE: status epilepticus; Scr: scrambled AAV vectors; 
veh: vehicle; KA: kainic acid; ShRNA: AAV vectors containing short hairpin RNA targeting SerpinA3N

(See figure on next page.)
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in Additional file  1: Fig. S6C. Figure  5A, C  shows the 
number of seizures per day in mice with TLE. Knock-
down of SerpinA3N partially reversed the frequency of 
KA-induced seizures (Fig. 5B). In contrast, overexpres-
sion of SerpinA3N increased the frequency of seizures 
(Fig. 5D). In addition, knockdown of SerpinA3N short-
ened the average duration of epilepsy, but there was no 
significant difference (Additional file 1: Fig. S6D). How-
ever, overexpression of SerpinA3N resulted in a signifi-
cant prolongation of the average duration of epilepsy 
(Additional file 1: Fig. S6D).

Nissl staining was used to observe the effects of Serpi-
nA3N on hippocampal neuronal loss. Mice at 35 d after 
SE and SerpinA3N overexpression alone without KA 
treatment resulted in neuronal loss in the hippocam-
pus (Fig.  5E–H). This finding may be due to the dam-
age caused to hippocampal neurons by inflammation 
induced by SerpinA3N overexpression. Knockdown of 
SerpinA3N partially inhibited KA-induced neuronal 
loss in the CA1, CA3 and DG (Fig. 5E, F). In contrast, 
overexpression of SerpinA3N pretreatment aggravated 
the loss of hippocampal neurons, and the neuronal loss 
of CA3 and DG was more obvious (Fig. 5G, H). In con-
clusion, behavioral analysis and Nissl staining showed 
that SerpinA3N promoted SRS severity and aggravated 
hippocampal neuron loss in mice with TLE.

SerpinA3N activates the NF‑κB signaling pathway in mice 
with TLE
To clarify the mechanism by which SerpinA3N promotes 
the hippocampal inflammatory response in mice with 
TLE, we performed RNA-seq analysis of hippocampal 
tissue after 14 d of overexpression of SerpinA3N. The 
heatmap analysis showed that there were significant dif-
ferences between the two groups after overexpression of 
SerpinA3N, and the differentially expressed genes were 
mainly upregulated genes (Fig.  6A). Compared with 
NC group, 2260 differentially expressed genes (FC ≥ 2 
or FC ≤ 0.5, p < 0.05) were identified, with 1993 upregu-
lated and 267 downregulated genes (Fig.  6B) (Addi-
tional file 4: Table S3). KEGG pathway analysis revealed 

that inflammatory pathways were significantly enriched, 
including the NF-κB signaling pathway, TNF signal-
ing pathway, and NOD-like receptor signaling pathway 
(Fig. 6C). Similarly, GSEA also found that gene sets asso-
ciated with inflammation were significantly enriched 
(Fig.  6D). Among them, the enrichment score of the 
NF-κB signaling pathway was the highest. We speculate 
that SerpinA3N may promote inflammatory responses 
in mice with TLE by activating the NF-κB signaling 
pathway.

First, Western blot analysis showed that overexpression 
of SerpinA3N without KA treatment and KA-induced 
SE at 35 d increased the protein levels of NF-κB (p65), 
p-NF-κB (p65), and p-IKKα + β in the hippocampus, and 
SerpinA3N knockdown reversed these changes (Fig. 6E–
H), indicating that KA and SerpinA3N can induce the 
upregulation of inflammatory factors alone. Furthermore, 
SerpinA3N overexpression exacerbated the alterations 
in the expression of these proteins in the mice after SE, 
while SerpinA3N knockdown prevented the SE-induced 
increase in NF-κB (p65), p-NF-κB (p65), and p-IKKα + β 
expression in the mice at 35 d after SE (Fig. 6E–H). There 
was no significant change in the protein expression level 
of IKKα + β in all groups.

Triptolide (PG490) is widely used as a specific inhibi-
tor of the NF-κB signaling pathway. We injected PG490 
intraperitoneally within 7 d after KA-induced epilepsy 
and evaluated the effect of PG490 on neuroinflammation 
by Western blotting. Post-treatment with PG490 success-
fully inhibited the protein levels of NF-κB (p65), p-NF-κB 
(p65), upstream p-IKKα + β, and downstream TNF-α, 
IL-1β, and IL-18 (Additional file  1: Fig. S7A, B). Serpi-
na3n knockdown also inhibited the SE-induced increase 
in protein expression levels, whereas Serpina3n overex-
pression had the opposite effect (Additional file  1: Fig. 
S7A, B). In addition, multiple studies have shown that 
triptolide significantly decreased the seizure severity and 
reduced the glial activation and apoptosis of neurons by 
inhibiting NF-κB [45–48]. These results suggest that Ser-
pinA3N exerts a proinflammatory effect by activating the 
NF-κB signaling pathway.

(See figure on next page.)
Fig. 5 SerpinA3N aggravates seizures and KA‑induced hippocampal neuronal loss in vivo. A, B SRS number and the mean daily frequency 
of the epileptic mice with or without SerpinA3N knockdown from 28 to 35 d post‑SE by video monitoring (n = 6). C, D SRS number 
and the mean daily frequency of the epileptic rats with or without overexpression of SerpinA3N from 28 to 35 d post‑SE by video monitoring 
(n = 6). E, G Representative Nissl staining photomicrographs of the ipsilateral hippocampus in response to AAV vectors and/or KA injection 
from SerpinA3N‑overexpressing and SerpinA3N knockdown mice with or without KA treatment for 35 days (n = 3–4). F, H The panels show 
the counts of cells in the CA1, CA3, and DG regions of the hippocampus ipsilateral to the AAV vectors and/or KA injection side (n = 3–4). All data 
are shown as the mean ± SEM. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001. SRS: spontaneous recurrent seizures; SE: status epilepticus; AAV: 
adeno‑associated virus; KA: kainic acid; HIP: hippocampus
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SerpinA3N interacts with ryanodine receptor 2 (RYR2) 
and elevates its protein level
To further understand the mechanism of SerpinA3N in 
epilepsy, we predicted the proteins that interact with Ser-
pinA3N through the HitPredict database (http:// www. 
hitpr edict. org/). The results showed that only RYR2 
might interact with SerpinA3N (Fig. 7A), which was con-
firmed in mice at 1 day after SE by Co-IP (Fig. 7B).

Immunofluorescence double-staining results con-
firmed that SerpinA3N and RYR2 were colocalized 
in hippocampal astrocytes at 1  day after SE (Fig.  7C). 
As shown in Fig.  7D–G, the protein level of RYR2 and 
p-RYR2 (S2808) were increased in the mice at 35 d after 
SE and at 14 d after overexpression of SerpinA3N with-
out KA treatment. Immunofluorescence staining was 
performed on the hippocampi of mice 35 days after KA 
injection using antibodies against RYR2 or p-RYR2, and 
GFAP or NeuN (Fig.  7H, I  and Additional file  1: Figs. 
S8–10). The results showed a significant increase in 
double-positive cells for  RYR2+ and  GFAP+ in various 
regions of the hippocampus, but a decrease in double-
positive cells for  RYR2+ and  NeuN+. However, the total 
number of  RYR2+-positive cells did not change signifi-
cantly. Additionally, there was a significant increase in 
the number of p-RYR2+ and  GFAP+ double-positive 
cells, a decrease in p-RYR2+ and  NeuN+ double-positive 
cells in CA3 and CA1, and a slight increase in the DG 
area. This may be associated with an increase in astro-
cytes and a decrease in neurons during epilepsy. Fur-
thermore, it is noteworthy that p-RYR2 is predominantly 
expressed in astrocytes as compared to neurons. These 
results suggest an interaction between SerpinA3N and 
RYR2 in astrocytes and SerpinA3N activated RYR2 pro-
tein phosphorylation.

Discussion
In this study, we performed transcriptomics and pro-
teomics analysis on the hippocampus of mice with 
TLE, and identified that SerpinA3N was significantly 
upregulated in TLE. SerpinA3N promoted hippocampal 

inflammation and activation of astrocytes and microglia 
in epileptic mice and aggravated seizures and neuronal 
loss. This effect may occur through the activation of the 
NF-κB signaling pathway and RYR2 protein phospho-
rylation to promote hippocampal inflammation and glial 
cell activation. Our findings reveal a new mechanism by 
which SerpinA3N mediates the activation of epileptic 
glial cells and exacerbates inflammation in patients with 
epilepsy and provide a basis for developing strategies 
based on reducing inflammation to prevent the develop-
ment of epilepsy.

Here, we first reported the abnormal transcript and 
protein profiles of the hippocampus in the chronic 
phase of TLE in mice and obtained 19 differentially 
expressed molecules with the same expression trend at 
the protein and gene level. Among them, such as FLNC 
and FLNA, have been reported in our previous work 
[49]. SerpinA3N was significantly dysregulated in the 
KA 35 d mice. It is worth noting that there is no linear 
relationship between the number of transcripts from 
the same locus and the number of proteins. In addi-
tion to the quantitative regulation of transcripts, there 
are many other important regulation pathways in the 
expression level of protein. In this study, SerpinA3N is 
upregulated by 1.53-fold at the mRNA level and 19.75-
fold at the protein level. The expression value of Serpi-
nA3N in GSE73878 and GSE122228 increased by less 
than 1.5-fold, which is similar to our transcriptomic 
analysis. In the central nervous system, astrocytes serve 
as the primary source of SerpinA3N, which has been 
identified as a marker for reactive astrocytes, where its 
expression is upregulated by IL-1, TNF, oncostatin M, 
IL-6 soluble, and IL-6 receptor complexes [21, 27, 50]. 
Physiologically, the basal level of SerpinA3 expression 
in the brain is very low, but immunohistochemical anal-
ysis reveals the presence of SerpinA3 in activated astro-
cytes during aging, both in human and monkeys [51, 
52]. In the pathological process of epilepsy, astrocytes 
are abnormally activated to become reactive astrocytes. 
In addition, under the stimulation of inflammatory 

Fig. 6 SerpinA3N activates the NF‑κB signaling pathway in mice with TLE. A Heatmap with clustering of differentially expressed genes (top 
1000) in the hippocampus of mice with SerpinA3N overexpression at 14 d after AAV vector injection. The color scale shows genes that are 
upregulated (red) or downregulated (blue) relative to the mean expression of all samples (n = 3). B The numbers of differentially expressed genes. 
C KEGG pathway enrichment analysis (ranked by p value). Dot size represents the number of genes in each KEGG pathway. The gene ratio (x‑axis) 
is the percentage of significant genes over the total genes in a given pathway. D GSEA of differentially expressed genes. In each enrichment plot, 
the green curve corresponds to the ES curve, which is the running sum of the weighted ES. The FDR estimates the statistical significance of a single 
gene set’s enrichment score. E–H Western blotting and densitometric quantitative analysis of NF‑κB (p65), p‑NF‑κB (p65), p‑IKKα + β, and IKKα + β 
in response to AAV vectors and/or KA injection from SerpinA3N‑overexpressing and SerpinA3N knockdown mice with or without KA treatment 
for 35 days. GAPDH served as the internal control (n = 4). All data are shown as the mean ± SEM. Ns represents no significance. *p < 0.05, **p < 0.01, 
***p < 0.001. AAV: adeno‑associated virus; KEGG: Kyoto Encyclopedia of Genes and Genomes; GSEA: gene set enrichment analysis; ES: enrichment 
score; KA: kainic acid

(See figure on next page.)
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factors, reactive astrocytes will produce and secrete a 
large amount of SerpinA3N. Therefore, compared with 
the physiological state, the increase of SerpinA3N pro-
tein level in the brain tissue of epileptic mice is abnor-
mally significant. Previous studies have shown that 
SerpinA1 has anti-inflammatory activity and can be 
quickly triggered in response to inflammation in the 
body [53–56]. It can also reduce the production of pro-
inflammatory factors such as TNF-a and IL-8 [57, 58]. 
During inflammation, circulating levels can increase 
by up to threefold for the SerpinA1 and by 4- to 5-fold 
for the SerpinA3 [59]. Based on previous research find-
ings, we think that in the pathological changes of epi-
lepsy, the activation of astrocytes and the stimulation of 
inflammatory factors result in an upregulation of Ser-
pinA3N expression, which plays a more dominant role 
in promoting neuroinflammation compared to the anti-
inflammatory effects of SerpinA1. However, further 
research is needed to confirm this hypothesis.

SerpinA3N has been reported in a large number of 
studies. Relatively consistent, the expression of Serpi-
nA3N or SerpinA3 was upregulated in aging mice and 
mice with pineal inflammation, diabetes, traumatic brain 
injury, Alzheimer’s disease, aneurysmal subarachnoid 
hemorrhage, glioma, colon cancer and other diseases [21, 
26–32, 60–62]. Our results showed that the expression 
level of SerpinA3N increased in TLE mice and patients 
with TLE. SerpinA3N, as a marker of reactive astrocytes, 
has been controversial [27]. Xi et  al. found that Serpi-
nA3N was only expressed in astrocytes of the hippocam-
pus in TMT-induced brain injury [35]. However, recent 
studies have shown that SerpinA3N is also expressed in 
neurons and oligodendrocytes [27, 63, 64]. In our study, 
SerpinA3N was expressed mainly in hippocampal astro-
cytes, although we could also detect a minor expression 
of the protein in microglia, oligodendrocytes and neu-
rons in the hippocampus of mice and patients with TLE 
and was expressed in almost all astrocytes. To our knowl-
edge, this is the first study to explore the temporal and 
spatial expression patterns of SerpinA3N in epilepsy. We 
hypothesized that SerpinA3N may serve as a potential 

biomarker for epilepsy and play an important role in 
epilepsy.

Neuroinflammation is an intrinsic brain response 
involving innate immune mechanisms that activate glial, 
neuronal and microvascular systems [65–67]. Brain 
inflammation might contribute to the onset and perpetu-
ation of seizures in a variety of epilepsies [65]. In animal 
models of epilepsy, targeted specific anti-inflammatory 
therapy has anti-epileptic activity and can ameliorate 
disease [66, 68]. Interestingly, SerpinA3N/SerpinA3 has 
opposite effects in different diseases. For example, Serpi-
nA3N accelerates tissue repair in a diabetic mouse model 
of delayed wound healing [62], relieves neuronal apopto-
sis and the impairment of spatial learning and memory 
function in mice after hippocampal stab injury [29], and 
attenuates neuropathic pain by inhibiting T cell-derived 
leukocyte elastase [69]. These findings demonstrate the 
key role of SerpinA3N in neuroprotection. In addition, 
some studies have shown that elevated expression of 
SerpinA3N can aggravate tissue damage and show poor 
prognosis. For example, SerpinA3 knockdown in  vitro 
showed decreased glioma or colon cancer cell prolifera-
tion, invasion, and migration, and its expression showed 
a positive correlation with poor patient prognosis [26, 
30, 60, 70]. Hypothalamic inflammation is thought to 
contribute to obesity, and diet-induced obesity markedly 
increases hypothalamic expression of SerpinA3N [28]. To 
our knowledge, the function and regulatory mechanism 
of SerpinA3N in epilepsy have not been elucidated.

Our current study also found elevated expression of 
proinflammatory cytokines, including TNF-α, IL-1β, 
IL-18, IL-6 and NF-κB in mice with TLE. This result is 
consistent with our previous findings [36]. The expres-
sion of proinflammatory cytokines was more significant 
increased in TLE mice after overexpression of Serpi-
nA3N. Neuroinflammation can increase the number of 
glial cell [71, 72], astrocytes in the hippocampus of epi-
leptic rats are activated in latency and chronic states, and 
astrocyte cell bodies and processes are severely hyper-
trophic [36]. SerpinA3N has long been considered a 
marker of reactive astrocytes, although this is controver-
sial. In this study, immunofluorescence staining showed 

(See figure on next page.)
Fig. 7 SerpinA3N interacts with RYR2 and promotes its protein levels. A PPI network constructed by the HitPredict website. B Detection 
of the interaction between SerpinA3N and RYR2 by Co‑IP. C Representative fluorescence micrographs of RYR2, SerpinA3N, and GFAP expression 
in the hippocampal CA3 region of mice at 1 day after KA injection (scale bar (left) = 50 μm. Scale bar (right) = 20 μm). D, E Western blotting 
and densitometric quantitative analysis for RYR2 and p‑RYR2 (S2808) in the hippocampus of mice at 35 d after KA injection. GAPDH served 
as the internal control (n = 3). F, G Western blotting and densitometric quantitative analysis of RYR2 and p‑RYR2 (S2808) in the hippocampus 
of the SerpinA3N‑overexpressing mice at 7 d post‑SE. GAPDH served as the internal control (n = 3). H, I Dual immunofluorescence analysis 
with anti‑RYR2 (red), anti‑p‑RYR2 (red) and anti‑GFAP antibodies (green) in hippocampal astrocytes of sham and epileptic mice at 35 d after KA 
injection. (Scale bar = 50 μm; n = 3). All data are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus the sham group. PPI: protein–
protein interaction; Co‑IP: co‑immunoprecipitation
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that SerpinA3N significantly increases the number of 
astrocytes and microglia. Histopathological features of 
HS most commonly described in mesial TLE-HS patients 
include severe neuronal loss, mainly in the CA1 and CA4 
hippocampal subregions, and reactive glial proliferation 
[36, 73]. Behavioral analysis and Nissl staining showed 
that SerpinA3N promoted SRS severity and aggravated 
hippocampal neuron loss in mice with TLE. Overexpres-
sion of SerpinA3N alone can cause the release of a large 
number of inflammatory factors, so it can increase the 
number of astrocytes and microglia and aggravate neu-
ron loss.

The mechanism by which SerpinA3N promotes the 
inflammatory response is not clear. SerpinA3N upregu-
lated IL-5, IL-13 and IL-4 in bronchoalveolar lavage fluid 
and lung tissues of asthmatic mice [34] and promoted 
the expression of CCL2 and CXCL10 and induced an 
increase in the number of reactive astrocytes and the 
expression of proinflammatory cytokines [35]. Interest-
ingly, SerpinA3N expression in N42 neurons was upregu-
lated by palmitic acid, leptin, as well as proinflammatory 
cytokines, and be blocked by the NF-κB inhibitor BAY11 
[28]. These results indicate that there may be positive 
feedback between proinflammatory cytokines and Ser-
pinA3N. Consistent with previous studies [74, 75], we 
found that the key proteins of the NF-κB signaling path-
way were significantly activated in mice with TLE or in 
mice overexpressing SerpinA3N without KA treatment. 
In epileptic mice after NF-κB inhibitor treatment or pre-
treatment with SerpinA3N knockdown, the expression 
levels of proinflammatory cytokines were decreased. 

These results suggest that SerpinA3N promotes the 
release of proinflammatory cytokine by activating the 
NF-κB signaling pathway.

In addition, we confirmed the interaction between 
SerpinA3N and RYR2 through Co-IP, and immunofluo-
rescence staining showed that SerpinA3N and RYR2 
had co-localization in astrocyte cytoplasm. SerpinA3N 
increased the total protein levels of RYR2 and p-RYR2 
(S2808). RYR2 regulates intracellular calcium concen-
tration and is also an important regulator of  Ca2+ signal 
transduction and  Ca2+-dependent function in immune 
cells, which is used to regulate the human immune 
response [10, 76]. Dantrolene, a selective ryanodine 
receptor antagonist, could prevent pentylenetetra-
zole-induced seizures in mice by reducing the phos-
phorylation of RYR2 [77], which led to an increase in 
inflammation levels [78]. Knockdown of RYR2 also inhib-
ited the increase in proinflammatory cytokines, including 
IL-1β, IL-6, and TNF-α, in rats with asthma and spinal 
cord injury [79, 80]. Heliox preconditioning could reduce 
cytoplasmic  Ca2+ elevation by downregulating p-RYR2, 
thereby inhibiting necroptosis in the brain and exerting 
neuroprotective effects on hypoxic–ischemic encepha-
lopathy [81]. However, loss of RYR2 has been shown to 
impair dendritic spine remodeling dependent on neu-
ronal activity and trigger compensatory neuronal hyper-
excitability [75], which also seems to be related to the 
mechanism of seizures. In our study, we found that the 
protein levels of RYR2 and p-RYR2 (S2808) increased in 
mice with TLE or overexpressing SerpinA3N without KA 
treatment. Double-positive cells for  RYR2+ and  GFAP+ 

Fig. 8 A schematic diagram showing the number of glial cells and pro‑inflammation effects of SerpinA3N. Schematic model showing 
astrocyte‑derived SerpinA3N promoting neuroinflammation and seizures by activating NF‑κB signaling pathway in epileptic mice with KA‑induced
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in various regions of the hippocampus, but a decrease in 
double-positive cells for  RYR2+ and  NeuN+. Addition-
ally, the number of p-RYR2+ and  GFAP+ double-positive 
cells was increased in hippocampus of TLE mice. Fur-
thermore, it is noteworthy that p-RYR2 is predominantly 
expressed in astrocytes as compared to neurons. Based 
on the above results, we believe that SerpinA3N inter-
acts with RYR2 and promotes inflammation by activating 
RYR2 phosphorylation.

Overall, these results suggest that increased SerpinA3N 
expression in epileptic mice leads to increased hippocam-
pal neuroinflammation by activating the NF-κB signaling 
pathway and RYR2 phosphorylation (Fig. 8). SerpinA3N 
is often considered as a marker of reactive astrocytes, but 
this study found that SerpinA3N was expressed in four 
neuronal cell types in the hippocampus of epileptic mice. 
Specific manipulation of SerpinA3N in astrocytes can 
aggravate nerve injury and neuroinflammation, which is 
similar to TMT-induced neurotoxic injury, hypothalamic 
inflammation, and glioma, but this study cannot exclude 
astrocytes whether other nerve cells have the same or 
opposite effect.

As the basis of living matter, protein presents different 
positions in different tissue cells and performs different 
functions. Localization of the same protein in different 
subcellular regions can exert different functions, and 
even opposite effects [82]. It has been shown in previous 
studies that the cellular localization of SerpinA3N in the 
nervous system is significantly different in different dis-
ease states. Therefore, we speculate that under different 
stimuli, the different localization of SerpinA3N cells may 
be the main reason for the functional differences, which 
is what we will study next. Moreover, epilepsy-induced 
neuroinflammation in the hippocampus is not fully 
understood. By inhibiting SerpinA3N-mediated neuro-
inflammation, reducing the number of glial cells and the 
release of proinflammatory cytokines may be an effective 
means to inhibit the pathological progression of epilepsy.
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