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Abstract

Background: Cerebral ischemia-reperfusion injury (CIR) following a stroke results in secondary damage and is a leading cause of adult
disability. The present study aimed to identify hub genes and networks in CIR to explore potential therapeutic agents for its treatment.
Methods: Differentially expressed genes based on the GSE23163 dataset were identified, and weighted gene co-expression network
analysis was performed to explore co-expression modules associated with CIR. Hub genes were identified by intersecting immune gene
profiles, differentially expressed genes, and modular genes. Gene Ontology, Kyoto Encyclopedia of Genes and Genomes pathway, and
transcription factor-microRNA-gene regulatory network analyses were then conducted in selected crucial modules. Subsequently, their
expression levels in animal models were verified using real-time quantitative polymerase chain reaction and Western blotting. Finally,
potential drug molecules were screened for, and molecular docking simulations were performed to identify potential therapeutic targets.
Results: Seven hub genes—namely, Cc/3, Ccl4, Ccl7, Cxcll, Hspala, Cd14, and Socs3—were identified. Furthermore, we established
a protein interaction network using the STRING database and found that the core genes selected through the cytohubba plugin remained
consistent. Animal experiments showed that at the transcriptional level, all seven genes showed significant differences (p < 0.001, fold
change vs sham, 5-200). At the translational level, however, only Ccl3, Ccl4, Ccl7, Hspala, and Socs3 showed significant differences,
while Cxcll and Cd14 did not. Nifedipine, with the highest predicted score, was identified as a therapeutic agent and successfully docked
with the protein encoded by the hub genes. Conclusions: The expression of Ccl3, Ccl4, Ccl7, Hspala, and Socs3 was significantly
different in CIR tissues compared to normal tissues both at the transcriptional and translational levels. Systems biology approaches
indicated that these could be possible CIR marker genes, providing a stepping stone for further experimental studies.

Keywords: cerebral ischemia-reperfusion; differentially expressed gene; hub genes; ischemic stroke; molecular docking; nifedipine;
weighted gene co-expression network analysis

1. Introduction

Ischemic stroke is the dominant cause of acquired
adult disability and premature death, accounting for up to
75% of all strokes and 50% of stroke-related deaths [1,2].
Ischemic stroke commonly arises from a sudden reduction
or obstruction of cerebral blood flow; it interrupts the trans-
fer of oxygen and essential nutrients to the brain required to
maintain metabolism [3]. Currently, well-established thera-
peutic approaches for ischemic stroke are confined to intra-
venous thrombolysis and endovascular thrombectomy, the
efficacies of which are highly time-dependent [4—6]. Cere-
bral blood flow re-establishment via intravenous thrombol-
ysis and endovascular thrombectomy or both can salvage
the ischemic hypoxic state of brain tissue, but it also leads

to further tissue damage and dysfunction, known as cerebral
ischemia-reperfusion injury (CIR) [7].

Multiple signaling pathways and biological processes
that form a complex signaling network are involved in the
pathophysiology of CIR [8,9]. Of these, oxidative stress
and inflammation have been explored extensively. In par-
ticular, inflammation is a prime target for the development
of new stroke and CIR therapies [10]. However, the ex-
act role of inflammation in the pathophysiology of stroke
and CIR remains controversial. A severe inflammatory re-
sponse and infiltration of immune cells, such as neutrophils,
macrophages, and lymphocytes [10-13], caused by CIR
may result in systemic inflammatory responses or multi-
ple organ dysfunction syndromes [9,14]. In contrast, sev-
eral studies have argued that infiltration of certain immune

Copyright: © 2023 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/j.fbl2808179
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

cells (particularly regulatory T cells) might have a protec-
tive effect during CIR [15,16]. Therefore, understanding
the molecular mechanisms of immune cell infiltration dur-
ing CIR is required to unravel its precise molecular mecha-
nisms.

Recent advances in genomics and bioinformatics
have provided new perspectives on the molecular mech-
anisms of CIR. For instance, Cheng ef al. [17] reported
the TLR4/MYDS8S inflammatory signaling pathway as a
novel therapeutic target for CIR via high-throughput RNA-
sequencing transcriptome analysis. Zhang et al. [18] com-
pared differentially expressed circular RNAs in the brain
tissue of rats afflicted with CIR and reported circ-camk4
as a pivotal biomolecule in apoptosis signaling pathways.
However, these methods focus only on the effects of a sin-
gle transcription factor (TF)/molecule. Therefore, the rela-
tionships between the entire gene network and clinical dis-
ease cannot be established [19,20]. Nonetheless, these sit-
uations can be avoided using weighted gene co-expression
network analysis (WGCNA), an updated systems biology
method for identifying relationships between genes and
phenotypes based on RNA-sequencing or microarray data
[21]. The WGCNA can transform clusters of genes into co-
expression modules and identify genes, networks, and phe-
notypes that have high connectivity or correlation with one
another [20,22]. This method has widely been used to study
various biological processes and explore potential therapeu-
tic targets for many diseases [21,23,24].

This study aims to identify and validate hub genes
and networks in CIR based on the gene expression profil-
ing dataset GSE23163 from the Gene Expression Omnibus
(GEO) database. The findings of this study can contribute
to revealing the related molecular mechanisms and poten-
tial therapeutic targets of CIR.

2. Materials and Methods
2.1 Study Workflow

The overall workflow of this study is shown in Fig. 1.
Briefly, the GSE23163 dataset was collected from the GEO
database (http://www.ncbi.nlm.nih.gov/geo) and converted
into a suitable format for analysis, and differentially ex-
pressed genes (DEGs) were identified. Subsequently, the
dataset was subjected to WGCNA to delineate the mod-
ular gene nest most associated with CIR, followed by the
immune infiltration analysis. Then the pivotal genes were
identified by intersecting the prepared immune gene pro-
files, DEGs, and modular genes. The differential expres-
sion of pivotal genes was verified after successfully con-
structing a CIR animal model. Afterward, a protein interac-
tion network (modeling of microRNA-DEGs and transcrip-
tion factor (TF)-DEGs) was constructed. Finally, a molec-
ular docking simulation of potential small drug molecules
to treat CIR was performed.

2.2 Gene Expression Datasets

The gene expression profiling dataset GSE23163 (an-
notation platform GPL6885) contained 48 CIR and 16 sham
surgery samples. The downloaded raw data were converted
into gene names with the assistance of probes. Then, the se-
quencing data were log transformed and normalized using
the “sva” package into expression datasets that could be di-
rectly analyzed.

2.3 Identification of DEGs and Gene Set Enrichment
Analysis (GSEA)

The DEGs between the CIR and sham samples were
determined using the “limma” package. The p-values lower
than 0.05 and logFC absolute values >1 were defined as
significant, and the magnitude of logFC values and p-values
were visualized hierarchically as volcano plots and heat
maps. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGQG) analyses were performed on
CIR and normal samples using the GSEA 4.2.3 software
(Cambridge, MA, USA) http://www.gsea-msigdb.org/gsea
/index.jsp. The random combination was set at 1000 times.
To investigate the CIR-related risk signature’s molecular
characteristics and pathways, we conducted GSEA to dis-
play differences in 159 gene sets and 186 KEGG gene sets.
Gene sets that had enrichment scores with a normalized p-
value < 0.05 and a false discovery rate of <0.25 were con-
sidered significantly enriched.

2.4 Protein—Protein Interactions (PPI) and Gene
Regulatory Network Analyses

PPIs are a target of cell biology research and a pre-
requisite for systems biology studies. PPI networks are
defined as graphs where nodes and edges represent pro-
teins and their interactions, respectively [25,26]. To in-
vestigate the potential molecular mechanisms of CIR from
the perspective of protein interactions, a PPI network of
DEGs was constructed using the STRING database (http
s://string-db.org/) and visualized using Cytoscape (https:
/leytoscape.org/) [27]. The “cytohubba” (sorting by “de-
gree” size) and “MCODE” (basic cut-off, criterion degree
cutoff = 2, node score cutoff = 0.2, k-core = 2, maxi-
mum depth = 100) plugins were used to further validate
the plausibility of the hub genes [28]. TF-miRNA co-
regulatory interactions were collected from the RegNet-
work repository (http://www.regnetworkweb.org) to detect
miRNAs and TFs regulating the DEG of interest at the
post-transcriptional and transcriptional levels. The DEG-
miRNA network was validated using the experimentally
validated miRNA-target interactions databases TarBase and
miRTarBase, based on the selected genes, and checked on
the platform. The DEG-miRNA target genes were validated
using the JASPAR (https://jaspar.genereg.net/) and GEPTA
(http://gepia.cancer-pku.cn/) databases.
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Fig. 1. Study workflow. This study includes seven key stages. In phase I, an appropriate dataset was collected and converted into a

format suitable for analysis. In phase I, DEGs were delineated in the target dataset. In phase III, the modular gene nest most associated

with CIR was targeted by WGCNA. In Phase IV, the dataset was subjected to immune infiltration analysis. Subsequently, the prepared

immune gene profiles, DEGs, and modular genes were intersected to obtain pivotal genes. In Phase V, the differential expression of

pivotal genes was verified after successfully constructing a CIR animal model. In Phase VI, a protein interaction network (modelling
of miRNA-DEGs and TF-DEGs) was constructed. Finally, in Phase VII, the molecular docking simulation of potential small drug
molecules to treat CIR was performed. DEGs, differentially expressed genes; miRNA, microRNA; GEO, Gene Expression Omnibus;

GO, Gene Ontology; PPI, protein—protein interaction; cMap, Connectivity Map; KEGG, Kyoto Encyclopedia of Genes and Genomes;

GSEA, Gene Set Enrichment Analysis; WGCNA, Weight gene co-expression network analysis; qPCR, quantitative real-time PCR; IHC,

immunohistochemistry; IFC, immunofluorescence staining; WB, Western blotting.

2.5 WGCNA

The relevant network was built using the “WGCNA”
package to identify the key molecules of CIR. The main
steps were: (i) A power of 8 = 7 was selected according
to the scale-free topology criterion; (ii) Hierarchical clus-
tering trees were constructed based on the weighted cor-
relation coefficients of the genes, and the related modules
were merged; (iii) Identification of hub gene clusters based
on module-phenotype correlations; (iv) GO and KEGG en-
richment analyses according to the modular gene ensemble.

2.6 Immuno-Infiltration Analysis

CIBERSORT is a gene expression profiling-based
method used for quantifying immune cell infiltration in tis-
sues. The CIBERSORT analysis is based on LM22, the an-
notated gene signature matrix comprising 22 functionally
defined immune cell subtypes. The 22 immune cell types
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included macrophage subsets (MO, M1, and M2), T cells
(CD8+ T cells, naive CD4+ T cells, memory resting CD4+
T cells, memory activated CD4+ T cells, Tth cells, regula-
tory T cells, and -y § T cells), natural killer cells (resting and
activated), mast cells (resting and activated), B cells (naive
and memory), dendritic cells (resting and activated), mono-
cytes, plasma cells, neutrophils, and eosinophils. In the
present study, we downloaded the LM22 gene matrix from
the CIBERSORT portal (http://cibersort.stanford.edu/). To
improve the accuracy of the inverse fold product algorithm,
the p-value and root mean square error of CIBERSORT
were counted for each sample file.

2.7 Identification and Validation of Target TF

The sequences of potential hub genes correspond-
ing to TF-binding sites were obtained from the UCSC
database (https://genome.ucsc.edu/). The sequence infor-
mation was then imported into JASPAR to retrieve possible
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Fig. 2. Identification of DEGs in CIR. Graphical visualization of the results of the variance analysis. (A,B) Gene expression profiles

of GSE23163 are visualized in (A) volcano plots and (B) heat maps. DEGs, differentially expressed genes; CIR, cerebral ischemia-

reperfusion injury; Con, Control group; Rep, Ischemia-reperfusion group.

TFs. Candidates that did not meet the inclusion criteria (p
< 0.000001) were eliminated based on their transcriptional
direction and binding power. Finally, expression correla-
tion was verified using the GEPIA database.

2.8 Identification and Molecular Docking Simulation of
Potential Therapeutic Molecules

The molecular docking simulations were performed
using the following steps. First, the up- and downregu-
lated DEGs were introduced into the clue.io platform to
screen the therapeutic molecules. Then, the two- and three-
dimensional structures of the compounds were extracted
from the PubChem database (https://pubchem.ncbi.nlm.n
th.gov/). Afterward, the structure of the protein receptor
encoded by the target gene was elucidated by screening
the molecules in the UniProt (https://www.uniprot.org/) and
PDB databases (https://www.rcsb.org/). Finally, CHEM
3D (PerkinElmer, Waltham, MA, USA) and AutoDock
Vina-1.5.7 (The Scripps Research Institute, SanDiego, CA,
USA) were used for the spatial processing of ligands and re-
ceptors, and PYMOL (http://www.pymol.org/pymol) was
used for docking and annotating the drug and protein
molecules.

2.9 Middle Cerebral Artery Occlusion and Reperfusion
(MCAO/R) Surgical Procedure

All animal experiments were performed in accordance
with protocols approved by the Ethics Committee of Nan-
jing Medical University and complied with the Guidelines

of Laboratory Animals for Biomedical Research published
by the National Institutes of Health (NIH publication, re-
vised in 2011).

Eight-week-old male C57BL/6J mice (n = 12) weigh-
ing 20-25 g were obtained from Beijing Weitong Lihua
Company (Beijing, China). The mice were housed under a
12-hour light/dark cycle with free access to food and water.
The MCAO/R model was established as described previ-
ously, with minor modifications [29]. Briefly, mice were
anesthetized with 2% isoflurane and placed on a heating
pad to maintain body temperature at 37 °C. The left com-
mon carotid and external carotid arteries were exposed and
ligated permanently to block blood flow. A small inci-
sion was made in the common carotid artery, from which
a monofilament nylon suture (final tip diameter 0.20 4
0.01 mm, Cat.1620A4, Beijing Cinontech Co. Ltd, Bei-
jing, China) was inserted and advanced towards the internal
carotid artery. The internal carotid artery was occluded at
the level of the middle cerebral artery branches for 60 min.
The suture was then carefully removed to allow reperfusion
for 24 h. Mice with excessive bleeding or that died within
24 h after reperfusion were excluded from the study data.

2.10 Neurological Deficit Score Evaluation

The neurological deficit score of ischemic mice was
evaluated 24 h after reperfusion based on the five-point
scale model established previously [30]. Score 0: no neu-
rological deficit. Score 1: failure to extend the contralateral
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forelimb. Score 2: circling the contralateral side. Score 3:
falling to the contralateral side. Score 4: no spontaneous
motor activity or death.

2.11 Measurement of Cerebral Infarct Volume Percentage
Using 2,3,5-Triphenyl Tetrazolium Chloride Staining

The mice were euthanized 24 h after reperfusion, and
their brains were quickly removed. Five 2 mm-thick con-
secutive coronal slices were made and incubated in 2%
2,3,5-Triphenyl tetrazolium chloride (Cat.T8877, Sigma-
Aldrich, St. Louis, MO, USA) solution at 37 °C for 30 min
in the dark. Afterward, the slices were imaged using a dig-
ital camera, and the infarct area of each slice was measured
using ImageJ software.1.8.0 (National Institutes of Health,
Bethesda, MD, USA). The percentage of each cerebral in-
farct volume was calculated according to the following for-
mula: total cerebral infarct volume/total brain volume X
100.
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2.12 RNA Extraction, Reverse Transcription, and
Real-Time Polymerase Chain Reaction (PCR)

Total RNA from the cortex tissues of the removed
brains was isolated using TRIzol reagent (Cat.9208,
Takara, Takara Bio, Inc., Otsu, Shiga, Japan), following
the manufacturer’s protocol. Total RNA (500 ng) was
reversely transcribed into cDNA using PrimeScriptTM RT
Master Mix (Cat. RRO36A; Takara, Japan). Real-time
PCR was performed on the system using SYBR Green dye
(Cat.11199ES03, Yeasen, Shanghai, China). The following
primer pairs for murine were used: C-C motif chemokine
ligand 3 (Ccl3; Mus): 5-CCAGCCAGGTGTCATTTT-3’,
5’-GCATTCAGTTCCAGGTCAG-3';  Ccl4 (Mus):5'-
AACCTAACCCCGAGCAA-3', 5-AAACAGCAGGAA
GTGGGA-3'; Ccl7 (Mus):5-CAGAAGTGGGTCGAGG
AG-3’, 5-AAGAACAGCGGTGAGGAA-3'; CXC
motif chemokine ligand 1 (Cxcll; (Mus):5'-
AACCGAAGTCATAGCCACA-3', 5-GGGGACACCTT
TTAGCATC-3'; Cdl4 (Mus):5'-CTGTCTTTCACTGGG
CTGA-3/, 5'-GCTCATCTGGGCTAGGG-3’; Suppres-


https://www.imrpress.com

Gene

0.9

0.6

Cell composition

Jibraiit

Immunoinfiltrating Cell

Group EF Con E3 Rep

| ?

jh#tﬁﬂiﬁﬂHaLiﬂL_ﬁ

A

O 2 © > o @ @

S F L@ L RS & 0 F S @ofs"
P S oo @ E R RL S
S e TS O EF S SR
A/é\é‘ N TP @ D ? 5 > {(/0% & o
g, ¢ ¥ K K K G N F

o X ¢ & & & & 279

P V\+/ W QO X (\&\ Nl ®® e

&

Fig. 4. Immune infiltration analysis and intersection dataset. To accurately evaluate the composition of immune cells and the

establishment of key molecules in the microenvironment after ischemia reperfusion. (A) Venn diagram of the intersection of the brown

module (MEbrown), immune genes, and DEGs. (B) The proportion of 22 types of immune cells corresponding to immune infiltration

analysis. *p < 0.05, **p < 0.01, ****p < 0.0001.

sor of cytokine signaling (Socs3; Mus):5'-GTCGG
TCGCCTCTCCTC-3/, 5'-ATCTGCCCCTGGCTCAC-
3';  Hspala (Mus):5-GCTTGTGTCGGGTCCTTC-3’,
5'-TGCTGTCACTTCACCTCCA-3'; Gapdh (Mus):5'-
AGGTCGGTGTGAACGGATTTG-3', 5-TGTAGACCA
TGTAGTTGAGGTCA-3'.

2.13 Protein Expression Analysis in Brain Tissue

Total protein was extracted from tissues according
to the instructions for Radioimmunoprecipitation Assay
Lysis Buffer (Beyotime, Shanghai, China). Next, total
protein concentration was measured using the BCA as-
say (Beyotime, China). Total proteins were separated by
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophore-
sis on 12.5% polyacrylamide gels and electrophoretically
transferred to PVDF membranes, which were subsequently
sealed with 5% BSA. The membranes were incubated
overnight at 4 °C with diluted primary antibodies for Ccl3
(1:1000 dilution, Affinity Biosciences, Cincinnati, OH,
USA), Ccl4 (1:1,000 dilution, Affinity Biosciences, USA),
Ccl7 (1:1,000 dilution, Affinity Biosciences, USA) Cxcll
(1:1000 dilution, Affinity Biosciences, USA), Hapala
(1:1000 dilution, Wanleibio, Shenyang, China), Cd14
(1:1000 dilution, Wanleibio, China), and Socs3 (1:1000
dilution, Wanleibio, China). The membranes were then
further incubated with secondary antibody (ZSGB-BIO,
Beijing, China) for 1 hour at room temperature. Finally,
the protein bands were analyzed and quantified using Im-
agel software (National Institutes of Health, Bethesda, MD,
USA).

The Human Protein Atlas Database (HPAD; https:
/Iwww.proteinatlas.org/) was used to verify the immuno-
histochemistry of brain tissues and fluorescence staining of
cells. This database is helpful for systematically studying
the transcription and translation levels of coding genes in
different tissue types. The localization of target genes in
tissues and cell protein expression was further analyzed.

3. Results
3.1 CIR-Related Immune Genes

A total of 25 DEGs associated with CIR were iden-
tified in the GSE23163 dataset, of which 23 were upregu-
lated, and 2 were downregulated. Genes with a |logFC| of
>2 were additionally labeled in the volcano plot, namely
CCl4 and Timp1. The difference in expression between the
CIR and sham groups was also observed in the heatmap
(Fig. 2).

Based on WGCNA, the gene nests were divided into
six modules, each with a specific color. The correlation co-
efficients of the modules were 0.69 (MEblue, p < 0.001),
0.76 (MEbrown, p < 0.001), —0.69 (MEturquoise, p <
0.001),-0.63 (MEgreen, p < 0.001),-0.65 (MEyellow, p <
0.001), and 0.8 (MEgrey, p < 0.001). The MEbrown mod-
ule comprising 47 genes contained the most relevant gene
set for CIR (Fig. 3).

Box line plot demonstrated significant infiltration in
11 of the 22 immune cells in CIR mice compared to that
in normal control mice. However, medium B cell memory,
T cell CDS, T cell CD4 naive, T cell CD4 memory rest-
ing, T cell regulatory Tregs, monocytes, macrophages M2,
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molecules, expression correlation of transcription factors and regulated genes is verified in public databases. (A) Binding site of JUNB.
(B) Binding site of TBP. (C) Binding site of ZNF384. (D) Binding site of ZNF460. (E-H) Correlations of the expression levels of (E)
JunB and Ccl4; (F) Thp and Ccl7; (G) Znf384 and Cdi4; (H) and Znf460 and Socs3 genes in myocardial tissue.

dendritic cells resting, activated dendritic cells, eosinophils, =~ module genes (n =47 phenotypically related genes) identi-
and neutrophils were not infiltrated (Fig. 4). The intersec- fied seven pivotal genes, including Ccl3, Ccl4, Ccl7, Cxcll,
tion of the immune gene dataset (containing 1793 known  Hspala, Cdl4, and Socs3.

immune-related genes), DEGs (n = 25), and MEbrown
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Fig. 7. PPI and TF-gene- miRNA networks. Constructing and visualizing regulatory networks through Cytoscape. (A) PPI network

constructed using identified DEGs. Nodes represent DEGs, and edges represent the connection between DEGs. The depth of the color

and the size of the circle reflects the degree of connectivity. (B) The pale-yellow nodes represent genes, the orange nodes represent

TFs, the blue nodes represent miRNA, and the connecting lines represent the regulatory relationship between them. PPI, protein-protein

interaction; TF, transcription factor; miRNA, microRNA; DEGs, differentially expressed genes.

Fig. 8. Molecular docking simulations with nifedipine. Molecular docking of the screened small molecules for possible therapeutic

use with the proteins encoded by each target gene, and if a stable binding site can be formed, it indicates a possible therapeutic effect.

(A) CCL3. (B) CCL4. (C) CCL7. (D) CD14. (E) CXCLI. (F) HSPAIA. (G) SOCS3.
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Table 1. GO and KEGG pathway enrichment analysis of DEGs in the CIR and CON samples.

NAME SIZE ES NES NOM p-value  FDR g-value LEADING EDGE
GOBP_EOSINOPHIL CHEMOTAXIS 15 0.9095553 2.5891242 <0.0001 <0.0001 tags = 47%, list = 0%, signal =47%
GOBP_EOSINOPHIL MIGRATION 19 0.8402558 2.585179 <0.0001 <0.0001 tags = 37%, list = 0%, signal = 37%
GOBP_ESTABLISHMENT OF PIGMENT GRANULE LOCALIZATION 20 —0.7178649  -2.1726959 <0.0001 <0.0001 tags = 45%, list = 8%, signal = 49%
GOBP_MODULATION_OF EXCITATORY POSTSYNAPTIC POTENTIAL 29 —0.7099049 -2.31776 <0.0001 <0.0001 tags = 72%, list = 21%, signal = 91%
GOBP_MYDS88 DEPENDENT TOLL LIKE RECEPTOR_SIGNALING PATHWAY 20 0.74633956 2.3537517 <0.0001 <0.0001 tags = 45%, list = 4%, signal = 47%
GOBP_NEUTROPHIL CHEMOTAXIS 72 0.7066228 2.996933 <0.0001 <0.0001 tags = 39%, list = 8%, signal = 42%
GOBP_PIGMENT _GRANULE LOCALIZATION 22 —0.7173519  —2.1862688 <0.0001 <0.001 tags = 45%, list = 8%, signal = 50%
GOBP_POSITIVE REGULATION OF ACUTE_INFLAMMATORY RESPONSE 22 0.7284434 2.3110445 <0.0001 <0.001 tags = 50%, list = 6%, signal = 53%
GOBP_POSITIVE REGULATION_OF CYTOKINE PRODUCTION_INVOLVED IN . .

- - - - - - - - 16 0.714022 2.0749276 <0.0001 0.002 tags = 75%, list = 15%, signal = 88%
INFLAMMATORY RESPONSE
GOBP_POSITIVE REGULATION_OF EXCITATORY_ POSTSYNAPTIC POTENTIAL 21 —0.7254008  —2.1654482 <0.0001 <0.0001 tags = 71%, list = 21%, signal = 90%
GOBP_POSITIVE_REGULATION_OF INTERLEUKIN 1 BETA PRODUCTION 37 0.7422596 2.7434237 <0.0001 <0.0001 tags = 46%, list = 7%, signal = 49%
GOBP_POSITIVE REGULATION_OF INTERLEUKIN_ 8 PRODUCTION 43 0.71923137 2.7636735 <0.0001 <0.0001 tags = 40%, list = 7%, signal = 42%
GOBP_POSITIVE_REGULATION _OF LEUKOCYTE_ADHESION TO VASCULAR . .

~ - - - - - - - 20 0.7151746 2.2081444 <0.0001 <0.001 tags = 40%, list = 7%, signal = 43%
ENDOTHELIAL CELL
GOBP_POSITIVE_REGULATION OF LYMPHOCYTE CHEMOTAXIS 16 0.7077763 2.1062818 <0.0001 0.0014 tags = 25%, list = 0%, signal = 25%
GOBP_REGULATION_OF LYMPHOCYTE CHEMOTAXIS 20 0.75301516 2.3239057 <0.0001 <0.001 tags = 30%, list = 0%, signal = 30%
GOBP_RESPONSE _TO_PROTOZOAN 15 0.80573744 2.3104577 <0.0001 <0.001 tags = 40%, list = 2%, signal = 41%
GOBP_T HELPER 17 CELL DIFFERENTIATION 22 0.71492696 2.2967973 <0.0001 <0.001 tags = 27%, list = 2%, signal = 28%
GOBP_TOLERANCE_INDUCTION 17 0.71679676 2.1241786 <0.0001 0.0011 tags = 53%, list = 12%, signal = 60%
GOCC_CLATHRIN_VESICLE COAT 19 —0.71680665  —2.1362166 <0.0001 <0.001 tags = 68%, list = 22%, signal = 87%
GOCC_CYTOCHROME_COMPLEX 24 —0.70855844  -2.1915617 <0.0001 <0.001 tags = 67%, list = 17%, signal = 81%
GOCC_NADH DEHYDROGENASE COMPLEX 33 —0.7028937  -2.3509545 <0.0001 <0.0001 tags = 79%, list = 22%, signal = 101%
GOCC_PHAGOPHORE ASSEMBLY SITE 15 -0.7261254  -2.0345428 <0.0001 0.0023 tags = 60%, list = 17%, signal = 72%
GOMF_CCR_CHEMOKINE RECEPTOR BINDING 25 0.7649167 2.5623467 <0.0001 <0.0001 tags = 44%, list = 7%, signal = 47%
GOMF_CHEMOKINE ACTIVITY 30 0.75560206 2.6236312 <0.0001 <0.0001 tags = 50%, list = 7%, signal = 54%
GOMF_CHEMOKINE RECEPTOR_BINDING 40 0.72412103 2.7034452 <0.0001 <0.0001 tags = 43%, list = 7%, signal = 46%
GOMF_NADPLUS NUCLEOSIDASE ACTIVITY 20 0.8115572 2.5249987 <0.0001 <0.0001 tags = 60%, list = 8%, signal = 65%
KEGG_LEISHMANIA INFECTION 47 0.69171065 2.636909 <0.0001 <0.0001 tags = 38%, list = 7%, signal = 41%
KEGG _NOD_LIKE RECEPTOR_SIGNALING PATHWAY 40 0.68140006 2.507385 <0.0001 <0.0001 tags = 38%, list = 7%, signal = 40%
KEGG_SYSTEMIC_LUPUS_ERYTHEMATOSUS 32 0.66511315 2.3349216 <0.0001 <0.0001 tags = 47%, list = 10%, signal = 52%
KEGG_TYPE I DIABETES MELLITUS 19 0.70135003 2.153117 <0.0001 <0.001 tags = 37%, list = 4%, signal = 38%

DEGs, differentially expressed genes; CIR, Cerebral ischemia-reperfusion; CON, control; ES, enrichment score; NES, normalized enrichment score; NOM p-value, nominal p value; FDR, false discovery rate; GO, Gene

Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular component; MF, molecular function.
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3.2 GO and KEGG Enrichment Analysis of Mebrown
Module and Gene Sets

GO analysis (Fig. 5) demonstrated that the genes in
the MEbrown module were involved in biological processes
such as “cellular response to biotic stimulus”, “regulation
of ERK1 and ERK?2 cascade”, “regulation of inflammatory
response”, “response to chemokines”, “cellular response
to chemokines”, and “cell junction assembly”. The cellu-
lar component GO terms of these genes were enriched in
“membrane rafts”, “membrane microdomains”, “receptor
complexes”, “stress fibers”, and “contractile actin filament
bundles”. The molecular function terms were mainly en-
riched in “chemokine activity”, “protein tyrosine/threonine
phosphatase activity”, “protein folding chaperone”, and
“transmembrane receptor protein tyrosine kinase activity”.

KEGG analysis identified the enrichment of the path-
ways involved in “stress fibers”, “membrane rafts”, “mem-
brane microdomains”, “membrane regions”, and “recep-
tor complexes”. The enrichment scores for CIR mice vs
control mice were obtained by screening the genes based
on their |normalized enrichment scores (NES)| >0.7, p <
0.05, and g < 0.25). The GSEA (Supplementary Fig. 1)
identified enrichment of biological processes terms related
to “regulation of acute inflammatory response”, “regula-
tion of eosinophils chemotaxis”, “regulation of eosinophils
migration”, “regulation of lymphocyte chemotaxis”, and
“positive regulation of interleukin 1 S production”. The
identified cellular components terms were “clathrin-coated
vesicle”, “cytochrome complex”, “NADH dehydrogenase
complex”, and “phagophore assembly site”. The molec-
ular function terms were “ccr chemokine receptor bind-
ing”, “chemokine activity”, “chemokine receptor binding”,
and “NADH+ nucleosidase activity”. The KEGG-enriched
pathways were related to “type 1 diabetes mellitus”, “sys-
temic lupus erythematosus”, “the nod-like receptor signal-
ing pathway”, and “Leishmania infection”. These results
indicated a considerable similarity between the results of
the enrichment analysis of the MEbrown module and gene

set, supporting the reliability of the results (Table 1).

3.3 Prediction and Validation of TFs

Mining the binding sites for TFs using the UCSC
database, followed by the screening of TFs using the JAS-
PAR database, identified seven significant TFs. These TFs
included JUNB, BACH2, TBP, ZNF384, RELA, PATZI,
ZNF460, and ZNF24. Of these, JUNB (R = 0.51, p <
0.001), TBP (R =0.54, p < 0.001), ZNF384 (R=0.62,p <
0.001), and ZNF460 (R = 0.5, p < 0.001) were strongly
correlated with gene expression in the myocardial tissue

(Fig. 6).

3.4 PPI and TF-Gene Regulatory Network

The constructed PPI network contained 21 nodes and
61 connection lines. We identified the central genes accord-
ing to the “degree” method and found that Cxc// had the
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highest linkage value, followed by Ccl3, Ccl4, Ccl7, Cdi4,
Socs3, and Timpl. These results are concordant with the
results obtained by the intersection of the modules and im-
mune infiltration data. Moreover, the set of hub genes iden-
tified by the cytohubba and MCODE plugins also contained
these seven genes (Fig. 7).

Additionally, we determined the network of action be-
tween TFs, miRNAs, and hub genes. The node color and
size were based on the strength of the relationship in the
TF database. The TF-miRNA co-regulatory network com-
prised 133 nodes and 167 edges, where the nodes comprised
seven hub genes, 72 miRNAs, and 54 TFs (Fig. 7).

3.5 Screening of Compound Molecules and Molecular
Docking Simulation

The triggering and antagonistic drug molecules were
identified based on the similarity between the expression
profiles of DEG and small molecules. The closer the score
value is to 100, the more similar the DEG is to the small-
molecule treatment record, and the closer it is to —100, the
more dissimilar the DEG is to the small-molecule treat-
ment record. Chaetocin, auranofin, menadione, calyculin,
rilmenidine, guanabenz, escitalopram, and nifedipine were
the highest-scoring compounds (Supplementary Table 1).
Nifedipine, the most likely CIR antagonist, successfully
molecularly docked with proteins encoded by Ccl3, Ccl4,
Ccl7, Cdl4, Cxcll, Hspala, and Socs3, with molecular
binding energies of —5.4, -7.7, —4.2, -5.0, —6.0, —4.7, and
—5.3 kcal/mol, respectively (Fig. 8).

3.6 Validation of DEG Expression 24 h after CIR in Vivo

The representative 2,3,5-triphenyl tetrazolium chlo-
ride staining images, infarct volume percentage, and neu-
rological deficit score 24 h after MCAO/R are shown in
Fig. 9. The mean percentage of cerebral infarct volume
was 33.12%, and the average neurological deficit score was
2.33 in the MCAO/R group. The real-time PCR revealed
remarkably higher expression of all DEGs (including Cc/3,
Ccl4, Ccl7, Cxcll, Cdi4, Socs3, and Hspala) in the cortex
tissues of the MCAO/R group than that in the cortex tis-
sues of the sham group. Each DEG showed a significant
statistical difference with p < 0.0001. Ir vivo validation
results were consistent with those of our previous bioinfor-
matic analysis (Fig. 9 and Supplementary Fig. 2). At the
translational level, Western blot (WB) was used to detect
the changed proteins of target protein expression. Com-
pared with the normal group, the expression levels of Cc/3,
Ccl4, Ccl7, Hspala, and Socs3 were significantly changed
in the CIR group; however, there were no significant dif-
ferences in the expressions of Cxcll and Cdi4 (Fig. 10).
In addition, the immunohistochemistry results of CD14,
SOCS3, and HSPA1A in human brain tissues and their lo-
calization in brain cells in the database clearly distinguished
their expression levels and distribution in the nucleoplasm
(Supplementary Fig. 3).
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Fig. 9. Evaluation of animal models and real-time PCR results of hub gene expression validation. Tissues from successfully

constructed ischemia-reperfused mice were subjected to RNA extraction, reverse transcription, and PCR to verify the differences in

expression of individual genes. (A) The schematic representation of the model used in this study. (B) 2,3,5-Triphenyltetrazolium chloride

staining images of brain sections. (C) proportion of infarct volume (n = 6), and (D) neurological deficit scores 24 h after middle cerebral

artery occlusion and reperfusion (n = 6). (E) Expression of hub genes estimated using real-time PCR (n = 6, The data are shown as the

means £ SEM, ****p < 0.0001, unpaired ¢-test).

4. Discussion

In this study, 25 DEGs and 6 gene modules were
collected and constructed from 48 CIR samples and 16
sham surgery samples using the WGCNA method. After
intersecting the immune gene dataset, 25 DEGs, and the
most relevant gene set, 7 genes, namely Ccl3, Ccl4, Ccl7,
Cxcll, Hspala, Cdl4, and Socs3, were considered pivotal.
GSEA showed that the gene sets were significantly related
to the acute inflammatory response, eosinophil chemotaxis,
eosinophil migration, regulation of lymphocyte chemo-
taxis, and positive regulation of interleukin 1 3 produc-
tion. A PPI network was constructed using 21 nodes and

&% IMR Press

61 connection lines. We screened eight potential drug small
molecules, including chaetocin, auranofin, menadione, ca-
lyculin, rilmenidine, guanabenz, escitalopram, and nifedip-
ine, for the treatment of CIR and performed their molecular
docking simulations. Finally, we validated the above re-
sults in a murine CIR model and performed real-time PCR
to verify the expression of the selected genes.

We identified seven immune infiltration-associated
genes for CIR: Ccl3, Ccl4, Ccl7, Cxcll, Hspala, Cdl14, and
Socs3. Cxcll, a member of the CXC chemokine family, is
involved in inflammation, cell growth, and tumorigenesis
[31-33]. CXCL1 is secreted by neutrophils, macrophages,
and epithelial cells and serves as a neutrophil chemoattrac-
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Fig. 10. Western blotting results of hub gene expression validation. Genes that reflect differential expression in PCR validation are
validated at the translational level and presented quantitatively. (A) The expression levels of CCL3, CCL7, HSPA1A, CCL4, SOCS3,
CD14 and CXCLI1 were assessed by western blotting. (B) The protein levels were quantified by normalizing to the GAPDH levels (n =
6, The data are shown as the means == SEM, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance, unpaired #-test).

tant [34]. Kaltenmeier ef al. [35] speculated that CXCL1
plays a critical role in signaling neutrophil trafficking and
migration during hepatic ischemia-reperfusion injury. In
contrast, Gelderblom et al. [36] reported that CXCL1 lev-
els in brain tissue were significantly elevated in mice with
acute ischemic stroke. This finding is consistent with that
of the present study. Furthermore, CXCL1 overexpression
leads to neutrophil infiltration, resulting in disruption of
the blood-brain barrier integrity through elastase secretion
[37]. The potential of CXCLI1 as a novel therapeutic target
for CIR is evident. Shi ef al. [38] reported that miRNA-
532-5p upregulation reduced CIR injury by inhibiting the
CXCLI1/CXCR2/NF-xB signaling pathway. Blockade of
the T cell Ig domain and mucin domain-1 was reported
to ameliorate CIR by reducing the number of neutrophils,
macrophage functionality, and CXCL1 levels [39]. Al-
though these studies suggest the therapeutic potential of
CXCL1, additional studies are required to confirm the spec-
ulations and validate CXCLI1 as a promising therapeutic tar-
get in CIR.

The CCL is a member of the CC chemokine family
[40]. CCLn (n denotes different numbers) is closely in-
volved in inflammation and immune responses [41]. CCL7,
also known as monocyte chemoattractant protein-3, serves
as a chemoattractant for leukocytes, including monocytes,
eosinophils, basophils, DC, natural killer cells, and T lym-
phocytes [42,43]. Owing to the low number of reports,
the role of CCL7 in CIR remains unclear. To date, only
one study has investigated CCL7 expression and function
in CIR [40]. The study reported a notable increase in Ccl7
mRNA levels in mice with CIR, paralleling leukocyte in-
filtration and accumulation following a stroke [44]. These
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findings are consistent with the results of the present study.
CCL3 is an active inflammatory mediator in ischemic brain
injury and serves as a chemoattractant for monocytes and
neutrophils at inflammatory sites [45]. CCL3 upregulation
is associated with monocytes and microglial infiltration in
the ischemic brain [46]. CCL4 serves as a chemoattractant
for monocytes at inflammatory sites [47]. Unfortunately,
there have been no studies on the mechanisms of CCL3 and
CCLA4 in the CIR. We speculate that CCL3 and CCL4 might
play roles similar to those of CCL7 in CIR; however, further
investigation of CCL3, CCL4, and CCL7 in CIR is required.

SOCS3 is a regulator of the Janus kinase-signal trans-
ducer and activator of the transcription 3 signaling path-
way [48]. Janus kinases-signal transducer and activator of
transcription 3 signaling is activated after cerebral ischemia
and induces an inflammatory response [49]. However, it
remains controversial whether Janus kinases-signal trans-
ducer and activator of transcription 3 activation has a neuro-
protective effect similar to Socs3. Liang et al. [50] reported
that the expression of SOCS3 increased in CIR, and over-
expression of SOCS3 inhibited STAT3 phosphorylation and
inflammatory factor expression, exhibiting a neuroprotec-
tive effect. This finding of Liang ef al. [50] is consis-
tent with that of our study. Furthermore, Gly'4-humanin,
a derivative of humanin, imparts a neuroprotective effect
by alleviating apoptosis via reduced SOCS3 expression and
increased STAT3 expression [51]. However, to understand
the precise underlying mechanisms, further investigations
are required.

The monocyte differentiation antigen, CD14, is a pat-
tern recognition receptor that binds directly to lipopolysac-
charide [52]. Previously, we considered CD14 to be a
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monocyte marker. However, CD14 is a multifunctional re-
ceptor and is involved in various biological processes, in-
cluding inflammation [53], cancer [54], and atherosclero-
sis [55]. CD14 is activated by inducible nitric oxide syn-
thase in microglia and has been speculated to facilitate in-
flammatory responses after ischemic stroke via activation
of the NF-xB pathway [53]. Moreover, CD14 deficiency
has worsened stroke outcomes [56]. Therefore, we specu-
lated that CD14 might be an important modulator of CIR.
Further investigations of the molecular mechanisms under-
lying CD14 in CIR are required.

This study had several limitations. First, all data were
obtained from the same dataset, and the sample size of the
cited datasets was relatively small. Second, the experimen-
tal validation of upstream transcription factors has not been
updated and is ongoing. Finally, the potential therapeutic
chemicals for CIR were screened using a database. There-
fore, the findings of the present study should be validated
using further experiments.

5. Conclusions

In this study, we performed WGCNA on data from
the GEO database to identify hub genes involved in CIR.
We found that several hub genes, Cxcll, Ccl3, Ccl4, Ccl7,
Socs3, Cdl14, and Hspala, are differentially expressed in
CIR and normal tissue. Simultaneously, an experiment in-
cluding transcription and translation level assays was car-
ried out to confirm the status of these hub genes. The
expression levels of Ccl3, Ccl7, and Hspala in CIR tis-
sues were considerably greater than those in normal tissues,
while Ccl/4, and Socs3 were the opposite of the former. Fur-
ther, bioinformatic approaches were used to build regula-
tory networks of biomarkers and to search for possible ther-
apeutic agents. This may provide insight into the treatment
of ischemia-reperfusion injury in humans.
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