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Bioinformatics identification and validation @
of pyroptosis-related gene for ischemic stroke

Xinying Shang'", Rui Wei'", Di Yang', Bawei Yu' and Wei Zhang"

Abstract

Background Ischemic stroke (IS) is one of the common and frequent diseases with extremely high lethality and
disability in the world, and there is no effective treatment at present. This study aimed to screen hub genes involved
in cerebral ischemia/reperfusion injury (CIRI) and pyroptosis, and explore promising intervention targets.

Methods CIRI-related genes (GSE202659 and GSE131193) and pyroptosis-related genes (PRGs) in mice were obtained
from the Gene Expression Omnibus (GEO) and GeneCards database. We screened for LASSO regression to construct
a prognostic model of GSE131193 and PRGs and examined by GSE137482. The functional enrichment analysis of
Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Set Enrichment Analysis (GSEA) and
Gene Set Variation Analysis (GSVA) were performed on pyroptosis-related differentially expressed genes (PRDEGs) of
GSE202659.The key modules for CIRI and pyroptosis were identified by Weight Gene Co-expression Network Analysis
(WGCNA). Subsequently, Protein-protein Interaction (PPI) network and the Cytoscape was constructed to screen out
hub genes. Used the starBase to predict miRNA interacting with hub genes and constructed mRNA-miRNA-INcRNA
interaction networks. CIRI-related Molecular Subtypes were constructed for hub genes. The relationship between
immune cells and hub genes was verified via CIBERSORT. Finally, we selected C57BL/6 mice to construct models to
confirm hub genes by enzyme linked immunosorbent assay (ELISA), reverse transcription-polymerase chain reaction
(RT-PCR), western blot, and Immunofluorescence.

Results A total of 272 PRGs and 35 PRDEGs were screened. An eight-gene risk prediction models were established
(AUC=0.868). GO, KEGG, GSEA and GSVA analyses revealed that PRDEGs were mainly involved in positive regulation
of cytokine production, and NOD-like receptor signaling pathway. And then, seven hub genes (Irf1, icam1, Tir2,

Tnf, Cebpb, Il1m, and Casp8) were identified by PPI. lcam1, Tnf, Cebpb, Il1rn, and Casp8 had high expression profiles

in Cluster2 by hierarchical clustering. The immune infiltration analysis results showed that among the hub genes,
Cebpb, Il1rn, and Casp8, showed a significant positive correlation with the degree of NK.Actived, and lcam1 showed a
significant negative correlation with B.Cells.Memory. The results of animal experiments significantly demonstrated an
upregulation of Irf1, lcam1, TIr2, Cebpb, and Il1rn.
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Conclusion Our finding indicated that Irf1, lcam1, Tir2, Cebpb, and Il1rn are hub genes associated with pyroptosis,
and these genes are all associated with different immune cells, so as to provide new targets for the prevention and

treatment of IS from the perspective of pyroptosis.
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Introduction

Cerebral stroke is a general term for localized cerebral
blood circulation disorders that cause neurological dys-
function. The Lancet Neurology [1] states that in 2019,
an estimated 12.2 million new cases of stroke occurred,
with a total of 101 million cases globally. Stroke can be
classified into two types: ischemic and hemorrhagic,
with ischemic stroke (IS) accounting for more than 70%
of all strokes [2]. IS are mainly caused by the occlusion
of the cerebral arteries, resulting in local or large-scale
hypoxia and ischemia of the patient’s brain tissue, which
leads to apoptosis of neuronal cells and tissue necrosis.
Early restoration of blood perfusion to the ischemic area
[3, 4] (e.g., pharmacological thrombolysis or mechani-
cal thrombolysis) is the main clinical treatment for IS;
however, after acute revascularization, reperfusion
injury that occurs at the site of ischemia forms a second-
ary blow to the brain tissues, namely, cerebral ischemia
reperfusion injury (CIRI). Despite significant advances in
IS therapeutic strategies, most patients have unsatisfac-
tory outcomes, which may be because of a lack of a clear
understanding of pathological processes involved in its
development.

Pyroptosis called one of programmed cell death for-
mally proposed by Cookson et al. in 2001 [5], which
relies on the activation of the cleavage of inflammatory
cysteine asparaginases and causes the release of mul-
tiple pro-inflammatory substances. The main manifes-
tations [6] are osmotic swelling of cells, rapid rupture
of membranes, and the release of cytoplasmic contents.
Pyroptosis [7] can be widely involved in the occurrence
and development of IS, accompanied by inflammasome
activation (e.g., NOD-like receptor thermal protein
domain associated protein 3 (NLRP3), etc.) and upregu-
lation of interleukin-1p (IL-1PB) and interleukin-18 (IL-
18) levels, so as to trigger a post-ischemic inflammatory
response that exacerbates brain tissue damage. There-
fore, we speculate that targeting key genes in the pyrop-
tosis pathway may reduce parenchymal injury, decrease
the level of inflammation, and ameliorate neurological
damage caused after IS. Stimulator of Interferon Genes
(STING) is an endoplasmic reticulum membrane protein
that has recently been described as an important intrin-
sic immune bridging protein related to neuroinflamma-
tion. Li et al. [8] found that STING can regulate NLRP3
mediated microglial pyroptosis after MCAO and so then
reduce neuroinflammation caused by CIRI. And Cas-
pase-1 inhibitors can inhibit the expression of gasdermin

D (GSDMD), inflammatory vesicles, caspase-1, and IL-1p
by targeting typical focal inflammatory response path-
ways thereby exerting a protective effect on the mem-
brane structure of neurons after cerebral ischemic injury
[9]. The above findings suggest that pyroptosis is a poten-
tial target for intervention in ischemic stroke. Although
we have gained some understanding of pyroptosis in
stroke, stroke remains the third leading cause of death
globally due to the absence of effective treatment [10].
We aimed to seek new genes involved in CIRI and pyrop-
tosis so as to providing new treatments for IS.

Bioinformatics offers new tools for identifying poten-
tial biomarkers, and exploring disease mechanisms, and
so on. For example, Liu [11] found that there was a causal
relationship between blood pressure, certain circulat-
ing lipids, and the development of IS by Bioinformatics,
which has some guidance for clinical diagnosis and treat-
ment. Therefore, the identification and study of differ-
entially expressed pyroptosis-related genes (PRGs) in IS
can help recognize the role of pyroptosis in the develop-
ment and regression of IS, and may provide new ideas for
the clinical treatment of IS. In this study, we proposed to
mine the Gene Expression Omnibus (GEO) database and
GeneCards database to screen hub genes affecting CIRI
associated with pyroptosis and validate hub genes by ani-
mal experiments. Our findings will provide novel ideas
for further searching for promising intervention targets
of IS.

Material methods

Datasets and quality control

The GEOquery [12] (Version 2.56.0) package of R soft-
ware (Version 4.0.0, http://r-project.org/) was used to
download from the GEO (https://www.ncbi.nlm.nih.gov/
geo/) database [13] reliable sources of samples for mouse
CIRI-related expression profiling datasets GSE131193
[14] (GPL19057 Illumina NextSeq 500) and GSE202659
[15] (GPL24247 Illumina NovaSeq 6000), while mouse
cerebral ischemia injury-related dataset GSE137482
[16] (GPL19057 Illumina NextSeq 500) was manually
retrieved for model validation. The samples in these three
datasets were all from Mus musculus. 27 control sam-
ples and 27 cerebral ischemia-injury samples from these
three datasets were included in this study. The raw data
of these three datasets were read using the affy package
(Version 1.66.0) to obtain the gene expression matrices
of these two datasets. The GeneCards (https://www.gen
ecards.org/) database [17] was searched using pyroptosis
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as the keyword, and human-derived PRGs were identi-
fied. Subsequently, homologous gene conversion between
mice and humans was performed using the R package
biomaRt (Version 2.46.3) to obtain mouse-derived PRGs.

Differential molecular screening
The expression profiles of PRGs in the CIRI subgroups
were screened in GSE202659 for correlation analysis,
and gene expression correlations were visualized using R
packages corrplot (Version 0.92) and RColorBrewer (Ver-
sion 1.1-3) to explore the co-expression of PRGs.
GSE202659 was analyzed for differential expression
using DESeq2 package (Version 1.28.1), and genes sat-
isfying adj. p-value<0.05 and|log2FC| > log21.5 were
identified as differentially expressed genes (DEGs), spe-
cifically categorized as pyroptosis-related differentially
expressed genes (PRDEGs). Volcano plots of PRDEGs
were drawn using the ggplot2 package (Version 3.3.5),
ggrepel package (Version 0.9.2), and cowplot package
(Version 1.1.1); heatmaps of PRDEGs were drawn using
the pheatmap package (Version 1.0.12) and gplots pack-
age (Version 3.1.3) to demonstrate the differential expres-
sion of PRDEGs; and boxplots were drawn using the
ggpubr package (Version 0.5.0) to further demonstrate
the differential expression of PRDEGs between control
and CIRI groups.

One-way logistic regression analysis and LASSO regression
to construct models

The expression profiles of PRGs were screened in
GSE131193 for one-factor logistic regression analysis.
Risk and protective factors were initially identified in the
PRGs in the CIRI-grouped samples, and least absolute
shrinkage and selection operator (LASSO) regression
was commonly used to construct prognostic models. We
used the R package glmnet (Version 4.1-6) for LASSO
regression based on one-way logistic regression analysis
to further screen the influencing factors and construct
the model. GSE137482 was used as the validation dataset
to test the predictive performance of the model, and the
R packages ROCR (Version 1.0-11) and ggpubr (Version
0.5.0) were used to calculate the ROC values as well as to
show the differences in the risk scores of the samples in
GSE137482.

Functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were per-
formed on the PRDEGs using the clusterProfiler pack-
age (Version 3.16.1), respectively, after ID conversion of
mouse genes using the R package org.Mm.eg.db (Version
3.12.0) Pathway maps of KEGG enrichment results were
downloaded via the R package pathview (Version 1.28.1),
and adj. p-values<0.05 were considered statistically
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different. Gene Set Enrichment Analysis (GSEA) was
also performed on the gene expression matrices through
the clusterProfiler package (Version 3.16.1) and “m2.
cp.v2022.1. Mm.symbols.gmt” as the reference gene set,
false discovery rate (FDR) < 0.25 with p <0.05 was consid-
ered significantly enriched. Specific gene sets from the
KEGG database were selected using the R package msig-
dbr (Version 7.5.1), and the expression profiles were sub-
jected to Gene Set Variation Analysis (GSVA) using the
GSVA package (Version 1.36.3) and limma package [18],
which satisfied adj. p-value < 0.05 and|log2FC|>1 filtering
for the differential pathway.

Screening and correlation analysis of hub genes

We performed WGCNA (Version 1.70-3) analysis on
GSE131193, constructed a PRG-based co-expression net-
work, obtained modules and genes associated with the
CIRI phenotype. We also used the VennDiagram package
(Version 1.7.3) to show the intersecting genes between
the related module genes and PRDEGs and used the
STRING database to construct protein-protein Interac-
tion (PPI) networks for the intersecting genes. Cytoscape
[19] was used to visualize the PPI network, the topologi-
cal properties of the nodes and edges in the network were
analyzed using the Network Analyzer [20] tool, and the
subnetworks were filtered using MCODE [21]. We then
searched for mouse miRNA interaction data with tar-
get genes using the starBase database (Version 2.0, http
s://starbase.sysu.edu.cn/) [22] to obtain miRNA-mRNA
and miRNA-IncRNA regulatory relationship pairs.
The intersecting genes between related module genes
and PRDEGs were mapped to the interworking data to
extract the mRNA-miRNA-IncRNA ternary regulatory
relationships, and the network was topologically ana-
lyzed and visualized using Cytoscape. Expression pro-
files of PRDEGs in samples that experienced stroke were
extracted from GSE131193 for CIRI-related molecular
isoform construction and analysis. The R package pheat-
map (Version 1.0.12) was used for expression differences.
The R package ggpubr (Version 0.5.0) was used to dem-
onstrate correlations.

Immune cell infiltration correlation analysis

We obtained a mouse immune cell signature gene set
from the literature [23], uploaded the gene expression
matrix data from GSE131193 to CIBERSORT, and fil-
tered the output of samples that were not expressed in
half of the samples to derive the immune cell infiltra-
tion matrix. Heatmaps were plotted using the R language
pheatmap package (Version 1.0.12), and calculated the
correlations between immune cell infiltration and hub
genes. Then the results of the correlation analysis are pre-
sented using the R package linkET (Version 0.0.7.1) [24].
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Middle cerebral artery occlusion (MCAO) construction and
neurobehavioral scoring

SPF-grade C57BL/6 male mice (6—8 weeks) were pur-
chased by Kunming Medical University, weighing
20-25 g. All experiments have been approved by Kun-
ming Medical University (No. kmmu20221789). Four
mice were used in each group. The mice were anesthe-
tized using isoflurane (RWD, R510-22-10), and the right
middle cerebral artery was blocked by inserting a Guang-
zhou Jialing wire tether (L1800). The wire tether was
removed 2 h after the ischemia. In the sham group, only
the ICA was ligated without blocking the middle cerebral
artery.

We scored the neurological deficits in all C57BL/6 mice
participating in the experiment according to the Beder-
son method [25]. The specific criteria were as follows:
score 0 indicated that the mice had normal neurologi-
cal function without ischemia; score 1 indicated that the
mice underwent inward flexion to the left forelimb; score
2 indicated that the mice walked in the left direction; and
score 3 indicated that the mice circled to the left in a tail-
chasing-like manner. If the score was higher than one,
the mice continued to participate in subsequent experi-
ments. Mice that died or scored 0 after MCAO model-
ing were excluded, and the number of mice required for

Table 1 Primer sequences for RT-PCR

Gene Sequences (5’-3")

GAPDH F: CCTCGTCCCGTAGACAAAATG; R:
TGAGGTCAATGAAGGGGTCGT

Irf1 F: ACCCTGGCTAGAGATGCAGATTA;
R TTGTTGATGTCCCAGCCGT

lcam1 F: GTACTGTACCACTCTCAAAATA-
ACTGG; R: TGGGGCTTGTCCCTTGAGT

Tir2 F: CCAAAGTCTAAAGTCGATCCGG; R:
AGCCCATTGAGGGTACAGTCGT

TNF F: CCCTCACACTCACAAACCACG R:
CTTTGAGATCCATGCCGTTG

Cebpb F: TGGACAAGCTGAGCGACGAG; R:
TTGAACAAGTTCCGCAGGGT

Mm F: CTCTCCTTCTCATCCTTCTGTTTCA;
R: TCCTTGTAAGTACCCAGCAATGAG

casp8 F: CTTGAAGGAAGGGAAGAGTTGG;
R: CACTGTCTTGTTCTCTTGGCGA

Caspase-1 F: GGCTGACAAGATCCTGAGGG; R:
TAGGTCCCGTGCCTTGTCC

I-18 F: GTAATGAAAGACGGCACACCG; R:
CAGGCTTGTGCTCTGCTTGTG

IL-18 F: CCATGTCAGAAGACTCTTGCGT; R:
CAAAGTTGTCTGATTCCAGGTCTC

NLRP3 F: ATGACTTTCCAGGAGTTCTTCGG; R:
CCAAAGAGGAATCGGACAACAA

GSDMD F: AGTGCTCCAGAACCAGAACCG; R:

TCACCACAAACAGGTCATCCC

ASC F: CTATCTGGAGTCGTATGGCTTGG; R:
CAAAGTGTCCTGTTCTGGCTGT
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this experiment was determined using the difference-in-
difference method.

TTC staining

The whole brains of the mice were immediately removed
after modeling and transferred to the refrigerator at
-20 °C for freezing for 15 min, and they were sectioned
into 6 coronal slices. The slices were placed into 5 ml
of 2% TTC staining solution (Sigma, T8877-10G) for
30 min at 37 °C. And then, take Photographs after 24 h
of immobilization, and the data was analyzed by using
Image] software. We used this formula to calculate: rela-
tive infarct area (%) = infarct area/total brain area x100%.

HE staining

The brain tissue was buffer-fixed with 0.9% saline and 4%
paraformaldehyde and embedded in paraffin. The thick-
ness of every paraffin section was approximately 5 pm.
And then, using hematoxylin and eosin staining kit (Bey-
otime, C0105S) and photographed under a microscope
for histopathological analysis.

Nissl staining

The 5 um paraffin sections of the brain were dewaxed
and rehydrated, stained with Nissl Staining Solution
(Beyotime, C0117), and subsequently photographed and
analyzed under a microscope.

Reverse transcription-polymerase chain reaction (RT-PCR)
After MCAO, a portion of fresh brain tissue was trans-
ferred to enzyme-free EP tubes, TRIZOL reagent (Invit-
rogen, 15596026) was added to the tubes, and the tissue
samples were crushed thoroughly cDNA was extracted
(Thermo Fisher, K1622), amplified via PCR (Roche,
4913914001), and analyzed using the 27P*“* method.
GAPDH is an internal reference in each group in four
independent experiments. The sequences of primers
were shown as Table 1.

Enzyme linked immunosorbent assay (ELISA)

We collected mouse serum and detected the levels of IL-
153 (Beyotime, PI301) and IL-18 (Beyotime, PI553) sepa-
rately by using ELISA kits.

Western blot

BCA method was used, protein uploading, gel electro-
phoresis, membrane transfer, 5% milk powder blocked
for 2 h, plus primary antibody (NLRP3 (Proteintech,
68102-1-Ig), Caspase-1 (Cell Signaling Technology,
83383), GSDMD (Affinity, AF4012), Irfl (Cell Signaling
Technology, 8478), and a-Tubulin (Abcam, ab7291) were
incubated overnight (at least 12 h) at 4 °C, and the sec-
ondary antibodies (Proteintech, SA00001-2, SA00001-1)
were incubated for 2 h. The development solution was
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added dropwise in a chemiluminescence imager (GE,
Amersham Imager 600) to develop and take pictures for
semi-quantitative analysis of the grayscale of the target
protein bands and the a-Tubulin protein bands using
Image J software.

Immunofluorescence

Brain sections were deparaffinized for antigen repair,
followed by 10% goat serum (Solarbio, SL038) incuba-
tion for 2 h, addition of primary antibodies IrfI (Cell
Signaling Technology, 8478) and NeuN (Cell Signaling
Technology, 94403) incubated at 4 ‘C overnight, addi-
tion of fluorescent secondary antibodies (Proteintech,
SA00013-2, SA00001 -1), incubated at room temperature
and protected from light for 2 h, and sealed with DAPI
sealer (Sigma-Aldrich, F6057). Fluorescence microscope
(Olympus, BX53) was used for observation and image
acquisition.

Statistical description

All bioinformatic data calculations and statistical analy-
ses were performed using R software (Version 4.0.0).
For comparisons of continuous variables between the
two groups, Student’s t-tests were used to estimate the
statistical significance of normally distributed wvari-
ables. All animal experimental data were expressed as
mean *standard deviation (SD) using GraphPad Prism
software (Version 9.5), in which comparisons between
two groups were first tested for normal distribution and
then t-tested. If not specifically specified, all statistical
P-values are bilateral. When p<0.05, all data were con-
sidered statistically significant.

Results

Variance analysis

Gene expression matrices of GSE202659 and GSE131193
were processed using the GEO data platform. After
data preprocessing, we obtained expression profiles of
272 pyroptosis-related genes from GeneCards and uti-
lized the STRING database to analyze their interaction
network. The interactions were generated between 257
genes under the condition that the combined score was
>0.4 (Fig. 1B). The PRGs of the GSE202659 data were
analyzed for correlation using the R software, and the top
56 genes in the correlation ranking were mapped using
a correlation heat map (Fig. 1C). The results showed
that nearly 37% of the selected PRGs had a positive cor-
relation of >0.6 between gene pairs, and more than 23%
had a negative correlation of >-0.6 between gene pairs.
Subsequent differential expression analysis of the gene
expression matrix of the GSE202659 data extracted 31
upregulated genes and four downregulated genes (35
corrplots) compared to the normal samples, and the top
eight genes with the most significant differences were
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annotated by volcano plots (Fig. 1E). The heatmap shows
the PRDEGs in GSE202659 in the control and CIRI
groups, respectively (Fig. 1D). Subsequently, intergroup
expression analysis of PRDEGs was performed and fil-
tered according to a p-value<0.05, with 33 of the genes
visualized in box plots (Fig. 1F).

Risk modeling based on PRDEGs

After one-way logistic analysis, 272 PRGs in GSE131193
were screened for 29 significant variable genes based
on a p-value<0.05, followed by 10-fold cross-validation
and minimum criterion and feature selection using the
LASSO regression model (Fig. 2A, A=0.00126), which
finally identified Stxbp2, Vtn, Atg3, Priml, Mettl14,
Birc3, Etsl, and Prdml as modeled significant genes.
The GSE137482 was used to validate the prognostic risk
model by calculating the risk score, constructing the
ROC curve (Fig. 2B), and obtaining an AUC of 0.868,
which proved that the constructed model has good pre-
diction performance on the external dataset with high
robustness. Finally, the risk scores of the control and
CIRI groups in GSE137482 were visualized in a box plot
(Fig. 2C), which showed that the risk score was higher in
the CIRI group than in the control group.

Enrichment analysis of PRDEGs

The 35 PRDEGs were analyzed by GO and KEGG (Sup-
plementary Tables 1,2) enrichment analysis. The GO
results showed that PRGs were mainly related to posi-
tive regulation of cytokine production, membrane rafts
(Fig. 3A), while the KEGG results showed that PRGs
were enriched in the NOD-like receptor signaling path-
way, lipid and atherosclerosis (Fig. 3B). The two most
significant pathways, the NOD-like receptor signal-
ing pathway and lipid and atherosclerosis, were also
mapped by KEGG database search, and the corrected
p-value of the enrichment results of the two pathways
was less than 0.01 (Fig. 3C, E). The GSEA enrichment of
GSE202659 was performed by selecting “m2.cp.v2022.1.
Mm.symbols.gmt” as the reference gene set, with FDR
of <0.25 and p<0.05 as significantly enriched pathways
(Supplementary Table 3). GSEA analysis showed that
PRGs in GSE202659 were present in up-regulated path-
ways such as the tumor necrosis factor (TNF) signaling
pathway (p<0.05), rheumatoid arthritis (p<0.05), and
prion diseases (p< 0.05) and were significantly enriched
in downregulated pathways (Fig. 3D). Furthermore,
these PRGs were significantly enriched in the down-
regulated calcium signaling (p< 0.01) and Rap1 signaling
pathways (p< 0.05) (Fig. 3F). Performing GSVA analysis
(Supplementary Table 4) on pathways within GSE202659
showed that the differential pathways in GSE202659
were KEGG_PRION_DISEASES (p<0.01), KEGG_SYS-
TEMIC_LUPUS_ERYTHEMATOSUS (p<0.01), and
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KEGG_ECM_RECEPTOR_INTERACTION  (p<0.05)
(Fig. 3G).

CIRI gene hub gene screening

Data preprocessing yielded a gene expression matrix for
GSE131193, from which we extracted clinical informa-
tion from 272 genes, 12 control samples, and 12 CIRI
samples. We clustered the samples in GSE131193 using
Pearson’s correlation coefficients. We removed outlier
samples based on the sample clustering results (Fig. 4A).
When =10 (scale-free distribution), the gene associa-
tion was maximally consistent with the scale-free dis-
tribution R2=0.8623843. Consequently, we set the soft
threshold of 10 to build the scale-free network Fig. 4C).
Finally, seven modules were identified (Fig. 4B). The
brown and lime green modules were highly correlated
with the pathology grade; therefore, they were selected
as clinically important modules for further analysis
(Fig. 4D). The PRDEGs were utilized for intersection
analysis with the brown and lime green module genes
(Fig. 4E), and 15 intersecting genes were obtained. PPI
network was performed through the STRING database
(Fig. 4F), which yielded 13 intersecting genes with pro-
tein interactions, including Tnf, Tir2, Casp8, Icam1l, Ilirn,
Irfl, Cebpb, Treml, Clec5a, Chill, Osm, Ptx3, and Prtn3.
A larger line represents a greater degree of the node, and
a thicker line represents a greater number of edge media-
tors. Subsequently, a bar graph was constructed to dem-
onstrate the number of interactions occurring for each
intersecting gene (Fig. 4G). Subnetwork construction was
performed using MCODE, which clusters the network to
construct functional modules (Fig. 4H), revealing dense
regions of potential biological functions. Irfl, Icaml,
Tlr2, Tnf, Cebpb, ll1rn, and Casp8 were identified as hub
genes.

CeRNA interaction network and correlation analysis
A ceRNA network was constructed using the star-
Base database for seven hub genes. The miRNAs with
interworking relationships were retrieved through the
seven hub genes, IncRNA-generating relationships were
retrieved based on the miRNAs, and an interworking
network was constructed based on the interworking rela-
tionships (Fig. 5A). Correlation analysis was subsequently
demonstrated using corrplot in GSE131193 for the 35
PRDEGs obtained in GSE202659 (Fig. 5C), showing the P
value and correlation coefficient of the PRDEGs, respec-
tively.Construction of CIRI-related Molecular Subtypes.
Twelve samples from the CIRI group in GSE131193
were extracted, and the CIRI samples were classified by
hierarchical clustering into two subtypes, Clusterl and
Cluster2 (Fig. 5B), and the expression of PRDEGs in the
subtypes was demonstrated by a heat map. Subsequently,
the expression of 35 PRDEGs between subtypes was ana-
lyzed (Fig. 5D), which demonstrated significantly differ-
ent PRDEGs with p<0.05, and the genes screened were
Ptx3, Tubb6, Myd88, Ilirn, Cdi4, Icaml, Vim, Stat3,
Epha?2, Nfe2l2, Pecaml, Treml, Tnf, Ripkl, Casp8, Birc3,
Cebpb, Osm, Ezh2, Slcl16a4, Apafl. Genes such as Vim
in GSE131193 have a high expression profile in Clus-
ter2, whereas the Slc16a4 gene has the property of being
highly expressed in the Cluster1 isoform.

CIRl immune infiltration analysis

We chose 12 samples of CIRI group in GSE131193
to immune cell infiltration analysis according to the
CIBERSORT algorithm, (Fig. 5E). Only cells expressed
in most samples, such as memory B cells, CD4 naive T
cells, Th2 cells, and M2 macrophages, were retained
in the heat map. As shown, cells such as CD4 naive T
cells, monocytes, and M0 macrophages showed a high
degree of infiltration in CIRI samples. Subsequently, the
GSE131193 hub genes, Irfl, Icaml, Tir2, Tnf, Cebpb,
Il1rn, and Casp8, were extracted and correlated with 11
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immune cells. The results showed that Cebpb (r=0.76),
IlIrn (r=0.72), and Casp8 (r=0.69) were positively cor-
related with the degree of NK cell activation. Casp8
(r=-0.38), Icaml (r=-0.72), Tlr2 (r=-0.53), Tnf (r=-0.46),
Cebpb (r=-0.46), ll1rn (r=-0.44), Irf1 (r=-0.57), and mem-
ory B cells were negative correlation (Fig. 5F).

The MCAO model and pyroptosis

After 24 h of ischemia/reperfusion treatment, mice in
the MCAO group showed significantly higher scores for
neurological deficits and weakened neurological function
(p<0.05, Fig. 6A), and the volume of cerebral infarcts was
obviously larger than that of the sham group ("p<0.01,
Fig. 6B-C). HE staining showed that after the induction
of CIRIL neurons in the cerebral cortex were disorga-
nized, swollen, and reduced in size. The nuclei were fixed

and deeply stained. However, the nucleoli were not obvi-
ous, and the number of necrotic cells increased (Fig. 6E).
Nissl staining revealed a loss of Nissl bodies in mice after
MCAO (Fig. 6F).The relative mRNA expression levels of
pyroptosis-related genes (caspase-1, NLRP3, GSDMD,
IL-1f,IL-18, and ASC) were upregulated after MCAO
(p<0.05, “p<0.01, *p<0.0001, Fig. 6D).The levels of
IL-1f5 and IL-18 in the serum were increased by ELISA
compared with the Sham group (" 'p<0.001,’p< 0.0001,
Fig. 6G, H).The protein levels of Pyroptosis-related genes
(GSDMD, caspase-1, and NLRP3) in the MCAO group
were highly increased(p<0.05, “p<0.01, “p<0.001,
Fig. 6L, ]).



Shang et al. BMC Medical Genomics (2025) 18:53

Page 10 of 15

A830036E02Rik
b TN 5 Sl GSEI31193
mmu-miR-466d-5p S Subtype m s
R 405  p— =, Izmﬁausterl
>7e" L e _J_
Tme2s0-ps X ¥ N\ ; £ e i Cluster2
49334080 12Ri mmuiR-6353 e 1 91 > S 47 un
 Miri24a-The o mmu-miR-15a-3p = 080 20 oo z ﬁ?jz o
/7 mpu-miRe5624-3p DU \ )57 o5t % 104 028 G
/ Aission mmR-G342 = o = R0
/ / mAUMRATTIID | @ mmumiR- 101a-3p it 000 =i . agl -
/ i 083-5p mmu-miR-15b-5p - 0521 052 & 0 5% eZZ‘al
iR \ »Ilmnu-mﬂl-lwz v X o e o
1110038812 L&m s mmu-iiR-16:5p 03— 054 003 oo =0, Y asy
(g 71243 \ | o i e e 2 ﬁ?%
| Sntig12 f mmu-nv|i|1-185-5p"1 S R A ) 02/ iﬁr
m’,mm_‘w—‘ \ 03 BT 3 052 \:57 046 W&‘flx
\Gm.‘sm :‘ mmuemiR-212:3p -14 T - 051 ,‘:’?‘
M|’3hg\mjmu_mm_761 mmu-ml'.R-l}Z—lF% 3 > B e T
G253 i 2143p mmu-miR-1443p iR -495-3p 22 . e Y:rf
L e esp mmf:f;“i,:j;’;;;f;;" VAL e e B R Y
2703 TR -3 0003014k g ¢ 2 ¢ ¢ ¢ g 2 8 8 g 8
Sriie1 (/[ mm-mig181-5p / mmu-miR-297b-3p 2 0% ¥ 3 3 § 3 03 %8 35 3 8
moikioss @) / mmuemiR410-3p 203 2 3 3 3 3 3 3 3 3 3
547, / 8 8 ¥ o8 2 B B B B o8 ¥
mmu-miR-673-5p Trer) Cébpd
Gmpoto 877 zsgfoAcgply;;
Subtype E Clusterl
EI Cluster2
0.6
400001
=
=}
0.2 'g
23
8
| T
53]
200001
0.2
0.6 -
-
0_._‘é‘..__;$-$ =T .___0&—"_—_-__**__
. IR GG ST A NGO g S P T g
F QR SIS % S F Lo K &
TP S %‘%c‘?e‘%lf&& WX T 0 @;\ S
0.00 0.05 | 0.00 0.06 | 0.00 0.06 | 0.04 GSM3767329 04
0.04 0.03 | 0.00 0.00 | 0.01 | 0.04 0.02 GSM3767319) a.cesenory (][] 150|150/ 0/
0.00 0.05 | 0.00 0.00 | 0.02 | 0.00 0.00 GSM3767321 MoMacrophage [ [l 0 [ I W
0.00 0.05 0.00 | 0.02 | 0.02 GSM37673231 0.2 Mi.Maerophage [ [ ]| (][] ][]
0.00 0.00 | 0.00 | 0.02 0.02 GSM3767325
M2.Macrophage
0.04 0.00 005 0.02 | 0.04 GSM3767327 0.1 voge 0] 0|00 0 W
0.00 | 0.00 | 0.03 001 | 0.05 |GSM3767324] | TCellsCD4Naive = |[T] I 04
0.05 0.00 | 0.03 | 0.04 GSM3767320 Thicells| s [ | [ DDDD 0'0
0.00 0.05 | 0.04 0.03 0.00 GSM3767326 el :
0.00 0.03 0.02 0.05 GSM3767318 celis| w [0 HEHEm 0.4
0.05 | 0.05 0.02 | 0.05 0.00 GSM3767322 thacelis | w | 1 (] O[] )]
0.00 0.05 | 0.03 | 0.02 0.00 GSM3767328
o = = 2 5 5 5 5 T > = Monocyte....-ll
o 2 £ B g £ 2 R & £~ © NK Actived
AEE N EEE N scivss [
Z ¢ = = < 3
§ é § § % 7 % @ § (<& g DC.Immature | [] I:I 0= D D O
3 =3 =3 = R g =
] S S S z o - @ £ o E o
508 % % £ Eped £= %

Fig. 5 Construction of a ceRNA interaction network and immune infiltration analysis of CIRI based on hub genes. (A) Construction of a ceRNA interac-
tion network based on hub genes. (B) Heatmap of the expression of 35 PRDEGs in GSE131193 in both subtypes. (C) Correlation analysis of PRDEGs in
GSE131193. (D) Heatmap of 21 significant PRDEGs in GSE131193 expressed in two isoforms. *p < 0.05, **p < 0.01. (E) Heatmap of 11 immune cell infiltra-
tions in 12 CIRI samples in GSE131193. (F) Correlation of 11 immune cell infiltrations in GSE131193 with hub genes correlation heatmap



Shang et al. BMC Medical Genomics (2025) 18:53

Page 11 of 15

#
A i B Sham  MCAO C 40 - D 516’ _} + Sham
. . ‘ _lo ;E 1o I o MCAO
1 ®
g 34 o . c g 30 glz8 MT
n 5]
3, LI £ E ‘
& 2 < 20 k]
g 5 ¢
: D ® 3 :
Z 14 = 104 Z
® s
£
0- L& . 0- &
Sham MCAO Sham MCAO

‘s
]

e

sham SR S R oo i ; el Bu S, Sham S
3 e = - o iw x —
‘2 ’_4 s , E .
McAO| . o ‘.'v g o - 5 4 > . 7 : MCAO
G H 1 J s Sham o MCAO
= _ # - 1.5+ -
g 700 2 704 o -
= ok £ 70 & QY'
2 g 0}3’ K ; " o 3
g 560 % 5 = 130kDa g &
2 g - £ _ 107 i
g ] NLRP3 100kDa S
e 2] -
3 5 3S 5 & a a
g 5 fEEE 55kDa g3
£ 280+ £ -55kDa 2 & 05
E E Caspase-1 ' -
3 g 40kDa 2 %
é 1404 & -70kDa
® @ a-Tubulin 55kDa
5 o 3

Sham  MCAO

Sham  MCAO

GSDMD NLRP3

Caspase-1

Fig. 6 Validation of the MCAO model and pyroptosis in sham and MCAO groups. (A) Neurobehavioral scores. (B) TTC staining. (C) Percentage of cerebral
infarction. (D) RT-PCR of pyroptosis-related genes. (E) HE staining. (F) Nissl staining. (G) /L-15 in mouse serum. (H) /-18 in mouse serum. (I, J) Western
blot of pyroptosis-related genes in sham (left) and MCAO (right) groups (to a-Tubulin). Compared with the Sham group, *p <0.05, **p < 0.01, ***p < 0.001,

*p<0.0001,n=4

RT-PCR, Western blot, and Immunofluorescence
verification of hub gene expression profiles

The relative mRNA expression levels of the seven hub
genes shown that compared to the sham group, Irfl,
Icaml, Tir2, Cebpb, and Il1rn were highly expressed in
the MCAO group (*p< 0.05, *p<0.0001, ns, not statisti-
cally significant, Fig. 7A). Furthermore, immunofluores-
cence and western blot demonstrated an upregulation of
Irfl significantly in the cortical area of CIRI in mouse of
the MCAO group (Fig. 7B-E).

Discussion

IS are a common acute cerebrovascular disease with high
lethality and disability worldwide and is a major impedi-
ment to the recovery process of IS [26], mainly involv-
ing oxidative stress, inflammatory response, autophagy,
apoptosis, and the toxic effects of excitatory amino acids.
Attenuation of CIRI is key to the clinical treatment of
IS. Previous studies have shown a relationship between
pyroptosis and the development of IS; however, no exact
target or therapeutic mechanism for pyroptosis in IS
brain tissue has been identified. Pyroptosis may serve as
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a potential target for the treatment of ischemic stroke.
Therefore, mining the hub genes involved in IS pyrop-
tosis based on bioinformatics and animal experiments is
important to further explore the pathogenesis of IS from
the perspective of pyroptosis.

In this study, the GO and KEGG analyses of GSE202659
and GSE131193 revealed that CIRI pyroptosis genes
were mainly involved in membrane raft, positive regu-
lation of cytokine production, ubiquitin-like protein
ligase binding, Salmonella infection pathway, Lipid and
atherosclerosis, and NOD - like receptor signaling path-
way. And we performed GSEA and GSVA analyses on
all genes, and the results were similar to the above, sug-
gesting that pyroptosis is closely related to CIRI and that
pyroptosis-associated pathways may be involved in IS.
We performed WGCNA analysis based on PRGs. Sub-
sequently, STRING and Cytoscape were applied to con-
struct and visualize PPI network with GSE131193 and
PRDEGs. Seven hub genes related to CIRI were screened,
namely, Irfl, Icaml, Tlr2, Tnf, Cebpb, Il1rn, and Casp8.
Subsequently, we conducted a series of correlation analy-
ses. We performed immune cell infiltration analysis and

found a significant positive correlation between Cebpb,
Il1rn, and Casp8, and the degree of NK-activated infil-
tration while a highly significant negative correlation
between Icam1 and memory B cells. We hypothesize that
the upregulation of the hub genes may play an indispens-
able role the development of pyroptosis in CIRI. Provid-
ing evidence to corroborate this hypothesis, our animal
experiment results suggested that the mRNA levels of
these five hub genes (Irfl, Icam1, Tir2, Cebpb, and Il1rn),
especially the most pronounced trend was in Irf1, were
consistent with our analytical findings.

Interferon regulatory factor 1 (IrfI) was the first effi-
cient regulator with the function of regulating the tran-
scriptional expression of interferon. The encoded protein
plays a role in apoptosis, cell proliferation, DNA damage
response, and immune response. This suggests a poten-
tial role for IRFI in inflammation and immunity.JRFI
deficiency leads to mucosal inflammation and reduced
mucosal bacterial levels in TNFa-primed colon [27].
It has been found that in the natural immune response
[28, 29], activation of the pyroptosis pathway acti-
vates GSDMD of the gasdermin family, which mediates
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pyroptosis to antagonize and clear pathogenic bacterial
infections. Additionally, Fan et al. [30] found the nonclas-
sical NF-kB pathway makes the development of athero-
sclerotic heart disease in an IRF-1-dependent manner
through activation of GSDMD, which promotes endo-
thelial pyroptosis. And clinically, IRF-1 immunoreactiv-
ity in inflammatory cells and brain neurons in IS patients
who died 1-2 days [31]. A recent study has found that
Irfl is upregulated in transcranial magnetic stimulation
effect of IS via bioinformatics analysis [32], which is con-
sistent with our previous findings. In general, these find-
ings indicated Irfl may be a significant involvement in
CIRI and pyroptosis, but the function of Irfl is currently
unknown.

CCAAT enhancer binding protein beta (Cebpb) is
involved in apoptosis, immune regulation, inflammatory
response, and energy metabolism of tumor cells through
the recognition and binding of the regulatory regions of
target genes. Kim Newton [33] found that Cebpb regu-
lates the expression of pro-inflammatory genes by tar-
geting the enhancer region, which in turn affects the
activation state of microglia, and accelerate neurode-
generative lesions. Meanwhile, Li [34]found that Cebpb
is upregulated in MCAO, which is in agreement with
the results of our study, and microRNA-381-3p confers
protection against IS by suppressing Cebpb. Subsequent
research [35] has found that down-regulation of Cebpb in
in vivo and in vitro studies suppressed pyroptosis-associ-
ated activation of NLRP3 inflammatory vesicles and ame-
liorated lupus nephritis-associated impairment of renal
structure and function. Therefore, the influence of Cebpb
on the progression of neurological diseases may be linked
to its role in activating pyroptosis and immune pathways,
and there is limited literature. In addition, one study [36]
has found that in prostate cancer patients and mouse
models, c/ebpp is a key transcription factor, whose acti-
vation can cause NK cell mitochondrial dysfunction and
increase the accumulation of reactive oxygen species,
thereby affecting its anti-tumor effector function, which
also supports our findings. But the function of Cebpb in
CIRI NK-activated infiltration is still presently unknown.

Interleukin 1 Receptor Antagonist (//Irn), also known
as IL-1RA, competitively binds to the IL-1B recep-
tor to exert an anti-inflammatory effect and regulate
immune status. Zheng et al. [37] found that raleukin, a
recombinant IL-1RA, effectively prevented medication-
related osteonecrosis of the jaw in vivo through alleviat-
ing NLRP3 inflammasome activation and pyroptosis. A
clinical study [38] found elevated I/1rn expression in the
plasma of patients after stroke. And the results of our
animal experiments also showed that Ilirn expression
was upregulated after CIRI, but the mechanism of //1rn’s
role in relation to IS pyroptosis and immunity has not yet
been clarified.
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Intercellular Cell Adhesion Molecule-1 (Icaml) plays
important roles in mediating cell-cell adhesion, which
would shift from a lower level in the resting state to a
higher expression level when stimulated by a variety of
inflammatory factors, and is mainly involved in leukocyte
transport and immune cell recruitment [39]. For exam-
ple, ICAMI1 expression was upregulated in damaged
cerebrovascular endothelial cells after stroke, and neutro-
phils interacted with integrin MB2 and ICAM1 across the
BBB to further cause brain injury [40]. Therefore, we can
seek to develop new stroke drugs from the perspective of
Icam1. Luo [41] has found that anti-B2-glycoprotein I (an
anti-phospholipid antibody) can be observed to induce
neutrophil pyroptosis, which enhanced the expression of
ICAM-1 and IL-8 in endothelial cells in cerebral infarc-
tion. The trend of Icaml above literatures was respec-
tively consistent with our previous results. However, the
molecular mechanism of ICAM-1 in CIRI and pyroptosis
has not been clarified. Liu found that moderate-to-severe
SLE patients with high ICAM-1 expression mediated less
B cell activation and IgG production [42]. Our results
also showed that there is a highly significant negative
correlation between Icami and memory B cells, but and
more functional studies are required to confirm.

Toll Like Receptor 2 (Tlr2) is a member of the Toll
like receptor family, which recognizes damage associ-
ated molecular patterns (DAMPs) and triggers immune
responses [43]. Tlr2 plays a key role in the pathologi-
cal process of IS, and its expression is upregulated after
stroke, which in turn triggers an inflammatory response
and exacerbates brain damage [44]. The trend of T/r2 was
consistent with our findings. Many studies have shown
that neuroprotection is achieved in CIRI by inhibiting
the TLR2/NF-kB-mediated inflammatory pathway. For
example, cyclovibuxine D(CVB-D) is widely used to treat
cardiovascular diseases in the clinical. Iu et al. [45] found
that CVB-D could inhibit neuroinflammatory responses
and reduce oxidative stress by inhibiting the TLR2/4-
NEF-«B signaling pathway on permanent IS in rats. At the
same time, it has been found [46] that glycolysis inhibi-
tors can inhibit pyroptosis and oxidative stress by down-
regulating TLR2 expression, which in turn ameliorates
allergic airway inflammation. It follows that T/r2 may
play a role in CIRI through the pyroptosis pathway, which
is still presently unknown, and therefore more experi-
ments are needed to study it.

Although this study identified key genes (Irfl, Icaml,
Tlr2, Cebpb, and IlIrn) that are closely associated with
pyroptosis and CIRI, and verified upregulation of gene
expression in MCAOQO, there are some limitations to this
study. The scope of analysis in this study focused on the
gene level and has not yet explored protein expression
in depth. Future research will further validate the func-
tion of these genes through experiments in vivo and vitro
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such as western blot and immunofluorescence staining.
In addition, as only a mouse model was used, the appli-
cability of the conclusion to human stroke still needs
to be verified by more clinical samples. And we plan to
increase the sample size to dig deeper into the biological
mechanisms so as to further validate the findings of this
study.

Conclusions

In summary, a comprehensive analysis of bioinformat-
ics and animal experiments revealed that the Irfl, Icam1,
Tlr2, Cebpb, and Il1rn genes are the hub genes for pyrop-
tosis in CIRI. The immune infiltration analysis was also
investigated. This provides a new idea for future research
on the prevention and treatment of IS from the perspec-
tive of pyroptosis, and none of which have been sufficient
research on CIRI. But our research still requires addi-
tional basic experimental and clinical validation to con-
firm its results.
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