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Objectives: Ischemic cerebral infarction (ICI) is a fatal neurovascular disorder. A

bioinformatics approach based on single-cell and bulk RNA-seq analyses was applied

to investigate the pathways and genes involved in ICI and study the expression profile of

these genes.

Methods: First, the aberrantly regulated “small-molecule ribonucleic acids” [microRNA

(miRNAs)] and messenger RNAs (mRNAs) were analyzed using transcriptome data

from the ischemic brain infarction dataset of the Gene Expression Omnibus (GEO)

database. In mouse cerebrovascular monocytes, the single-cell regulatory network

inference and clustering (SCENIC) workflow was used to identify key transcription

factors (TFs). Then, the two miRNA-TF-mRNA interaction networks were constructed.

Moreover, the molecular complex detection (MCODE) extracted the core sub-networks

and identified the important TFs within these sub-networks. Finally, whole blood samples

were collected for validation of the expression of critical molecules in ICI.

Results: We identified four cell types and 266 regulons in mouse cerebrovascular

monocytes using SCENIC analysis. Moreover, 112 differently expressed miRNAs and

3,780 differentially expressed mRNAs were identified. We discovered potential

biomarkers in ICI by building a miRNA-TF-mRNA interaction network. The

hsa-miR-518-5p/hsa-miR-3135b/REL/SOD2 was found to play a potential role in

ICI progression. The expression of REL and superoxide dismutase 2 (SOD2) was

significantly elevated in the ICI group in the clinical cohort (P < 0.05). Furthermore, a

REL expression was elevated in endothelial cells and fibroblasts at the single-cell level,

indicating that REL is a cell-specific regulon. Functional enrichment analyses revealed

that REL is primarily engaged in neurotransmitter activity and oxidative phosphorylation.

Conclusions: Our research uncovered novel biomarkers for ICI of neurovascular

disease. The hsa-miR-518-5p/hsa-miR-3135b may regulate the REL/SOD2 pathway in

ICI progression.
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INTRODUCTION

Stroke is a common and fatal neurovascular disease that has high
morbidity and mortality rates worldwide, accounting for ∼17
million new cases annually (1–5). Ischemic stroke (IS) accounts
for 80% of all stroke cases (6). Multiple emboli blocking the
intracerebral arteries result in irreversible functional deficiencies
in local brain tissue, eventually leading to ischemia and hypoxic
necrosis (7, 8). Ischemic cerebral infarction (ICI) is a fatal
neurovascular disorder (9). Due to its complexity, the molecular
pathways underlying the development of ICI are not well-known
at the transcriptome level. Exploring the regulatory network of
signaling pathways is critical to understanding the mechanism
by which ICI develops and to developing effective strategies for
preventing and treating ICI.

Single-cell RNA sequencing (scRNA-seq) is a technique
for obtaining whole-transcriptome expression profiles at the
single-cell level. It is based on the amplification of microscopic
whole-transcriptome RNA from isolated individual cells and
subsequent high-throughput sequencing to elucidate the
molecular regulatory mechanisms underlying specific biological
processes and disease pathogenesis (10). In recent years, the
scRNA-seq has gradually gained traction in the disciplines
of oncology, microbiology, and neuroscience (11–13). In
addition to studying changes in gene expression patterns at the
population level, the scRNA-seq can be used to study single-cell
gene expression, thus, resolving any bias arising due to cellular
heterogeneity. Therefore, scRNA-seq is particularly well-suited
for studying highly heterogeneous cell populations, such as
neural cells (14, 15). Using scRNA-seq, Gate et al. showed
that the T-cell receptor (TCR) signaling pathway is activated
in CD8+ terminally differentiated effector cells (TEMRA) in
the cerebrospinal fluid of patients with Alzheimer’s disease,
indicating that these cells contribute to the onset of neurological
symptoms through their cytotoxic role (16). Vanlandewijck et
al. used scRNA-seq to conduct a transcriptional investigation
of the constituent cell types of the cerebral vasculature and
discovered that endothelial cells, pericytes, and fibroblasts are
implicated in the formation of neurovascular disease lesions.
In this study, we attempted to address the dearth of molecular
studies on cerebrovascular cell types and to establish the
groundwork for future research on the molecular pathways
underlying cerebrovascular disorders (17). The single-cell
regulatory network infeAbegail Floresrence and clustering
(SCENIC) is a computational approach for identifying cell states
and constructing gene regulatory networks from scRNA-seq data
(18). The SCENIC can be used to identify critical transcription
factors (TFs) involved in the pathophysiology of ICI.

Apart from single-cell technology, various bioinformatics
techniques have emerged as important tools to study complex
biological phenomena. The “small-molecule ribonucleic acids”
[microRNA (miRNAs)] are a class of non-coding, endogenous
single-stranded RNA molecules composed of 20–24 nucleotides

Abbreviations: AS, atherosclerosis; IS, ischemic stroke; scRNA-seq, single-

cell RNA-sequencing; SCENIC, single-cell regulatory network inference and

clustering; SOD2, superoxide dismutase 2; TF, transcription factor.

that regulate the expression of target genes in various
physiological and pathological processes (19). The miRNAs
serve as molecular markers for early diagnosis and prognosis,
as well as therapeutic targets for ICI (20–23). The miR-PC-
5P-12969 inhibits the production of amyloid and promotes IS
(24). In acute ICI, the serum miR-124 and other miRs are
inhibited, resulting in neuroinflammation and brain damage
(25). Additionally, miRNAs can contribute to ICI by modulating
TFs. Atherosclerosis (AS) has a significant role in the
pathophysiology of ICI (26). Li et al. showed that miR-NA-
663 governs the phenotypic metamorphosis of human vascular
smooth muscle cells by adversely regulating the expression of
its downstream TF, Jun B (27). The miRNA-23b can reduce
vascular smooth muscle cell proliferation and migration, and
the TF FoxO4 may be a direct target of miRNA-23b (28).
Thus, the miRNAs play a critical role in the development of
AS by controlling the proliferation, differentiation, and function
of vascular smooth muscle cells via TF regulation, potentially
altering the course of ICI. Therefore, single-cell sequencing
is critical for identifying miRNA-TF-gene regulatory networks
involved in ICI progression, which may reveal novel gene targets
and molecular markers for ICI diagnosis and therapy.

In this study, we analyzed bulk RNA-seq, as well as scRNA-
seq data, to identify a miRNA-TF-mRNA regulatory network that
may be vital to ICI progression. Our research aimed to uncover
novel biomarkers for ICI of neurovascular disease. The findings
of this study may provide new avenues for the prevention and
treatment of IS, as well as strategies to improve patient outcomes.

METHODS

Data Acquisition
First, the ICI dataset was retrieved from the Gene Expression
Omnibus (GEO) database. The GEO database is a repository
of raw data, including transcriptomic data from published
studies. From the GSE16561 dataset, transcriptomic data was
acquired from whole blood samples of 39 patients with ICI,
and 24 healthy individuals (29). Moreover, transcriptomic
data from 24 control blood samples were collected from the
GSE55937 dataset (30). The GSE98816, an scRNA-seq collection,
contains transcriptomic information of 3,186 cells derived from
mouse cerebrovascular tissue (17). Then, the expression of
differentially expressed TFs in mouse cerebrovascular tissue was
analyzed based on bulk RNA-seq data. Finally, to validate the
expression of differentially expressed genes (DEGs) identified
from bioinformatics analyses, whole blood samples were
collected from 24 patients with ICI and 22 healthy individuals at
our institution and were subjected to differential gene expression
analysis. The inclusion criteria are: patients with ischemic
cerebral infarction met the diagnostic criteria; patients with
cerebral infarction were confirmed by imaging and the onset
of the disease did not exceed 48 h; and informed consent was
provided and signed by the patients. The exclusion criteria
are: severe liver and kidney damage; cardiac diseases such as
myocardial infarction and heart failure; acute complications of
diabetes mellitus; acute infection combined with malignancy;
and cerebral hemorrhage or cardiogenic cerebral embolism. This
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study was approved by the Institutional Ethics Review Board
of The Xijing Hospital. Informed written consent was obtained
from all the patients. The following statistical criteria were used
for comparing differences between the two groups: ∗P< 0.05, ∗∗P
<0.01, and ∗∗∗P < 0.001.

scRNA-seq Analysis
The GSE98816, a scRNA-seq collection, was used for scRNA-
seq analysis. The cells isolated from mouse cerebrovascular
tissue were clustered and annotated to facilitate subsequent
analysis of transcriptional regulation patterns in different cell
populations. Like previous research, the R package Seurat (v.
4.0) was used to perform quality control on the scRNA-seq data,
as well as data reduction, cell clustering, and cell annotation
(31–33). After identifying highly variable genes using the
“FindVariableFeatures” function, the principal component
analysis (PCA) was performed to extract gene expression
features from scRNA-seq data. The principal components
(PCs) that account for the majority of the true signal were
identified using JackStraw and Elbow plots. Then, cells were
grouped according to these selected PCs. Cell clustering
was performed using uniform manifold approximation
and projection (UMAP). In the cell clustering results, the
characteristic genes were identified for each cell cluster. Cell
annotation was performed using SingleR (v. 1.0), and marker
genes were annotated based on the results of previous studies
(34, 35).

SCENIC Analysis and Gene Regulatory
Network Construction
Core TFs in scRNA-seq were obtained using the SCENIC
method. The SCENIC is a computational approach for
identifying cell states and constructing gene regulatory networks
from scRNA-seq data (34). The SCENIC was used to analyze
the significant TFs in each cell population after acquiring the
annotation information and tissue origin of each cell. First, a gene
co-expression network was constructed using data from a gene
expression matrix of mouse cerebrovascular cells. Subsequently,
from this gene co-expression network, the “RcisTarget” package
in R was used to identify TF-mRNA regulatory networks with
direct regulatory linkages, and these TFs were classified as
regulons. Finally, a regulon activity score (RAS) was calculated
for each cell corresponding to each regulon, which represents
the regulatory activity of the associated regulon in each cell.
Subsequently, these newly discovered regulons were used for
further analysis.

Differential Analysis and Identification of
miRNA-mRNA Interactions
To identify genes that are dysregulated in IS, the “linear model”
function of the “limma” package in R was used to compare the
expression of mRNAs and miRNAs between the ICI and healthy
control (HC) groups (36, 37). Differentially expressed mRNAs
(DEmRNAs) and miRNAs (DEmiRNAs) were selected according
to P < 0.05. Subsequently, the miRWalk (<http://mirwalk.umm.
uni-heidelberg.de/>) open-source platform was used to identify
DEmiRNA-DEmRNA networks.

Identification of Molecular Interaction
Networks and Core Regulons
First, the TF-target gene pairs present in the miRNA-mRNA
network were predicted using the TRRUST (v2) database,
followed by the identification of the key TFs in the network
(38). Then, the core regulons were derived by conducting an
intersection analysis on these major TFs, and the regulons
were identified by SCENIC analysis. Finally, a network of
interactions between miRNAs, TFs (regulons), and mRNAs
were constructed. Protein-protein interaction (PPI) networks
were visualized using Cityscape (v. 3.9), with all proteins
corresponding to the nodes in this network. Furthermore, the
Molecular Complex Detection (MCODE) plug-in was used to
investigate and generate the core sub-networks of the gene
interaction network (degree cutoff = 2, node score cutoff = 0.2,
and maximum depth= 100).

Gene Set Enrichment Analysis
To understand the function of the DEGs, the “clusterProfiler”
package in R was used for functional enrichment analysis,
including the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) analyses (39). In
contrast, the gene set enrichment analysis (GSEA) was
performed to analyze the functional pathways involved
in the screening of dysregulated regulons in patients with
ICI (40). The reference gene set “c2.cp.v7.2.symbols.gmt
[Curated]” was obtained from MSigDB Collections (https://
www.gsea-msigdb.org/gsea/msigdb/), and P-values were
calculated using a random sample swap (n = 1,000).
The threshold for screening functional pathways was set
as follows: false discovery rate (FDR) <0.25 and adjusted
P-value <0.05.

Quantitative Real-Time PCR
The total RNA was extracted from whole blood samples
using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. The RNA was reverse-transcribed
to complementary DNA (cDNA) using a cDNA synthesis kit
(K1622; Fermentas,Waltham,MA), following themanufacturer’s
instructions. Finally, quantitative real-time PCR (qRT-PCR)
was performed using an ABI 7500 real-time PCR system
(Applied Biosystems, CA, USA), and amplification was
performed using SYBR Green (Prime Script RT Master Mix,
Takara, Tokyo, Japan). The Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene was used as an internal reference
gene for the normalization of gene expression levels. As with
previous research, the following gene-specific primers were
used: GAPDH, forward: 5′-AGAAGGTGGTGAAGCAGGC-
3′ and reverse: 5′-TCCACCACCCAGTTGCTG-3′; REL,
forward: 5′-GAATCAATCCATTCAATGTCCC-3′ and
reverse: 5′-AAGAGCAGTCGTCAAATTACC-3′; SOD2,
forward: 5′-GACAAACCTCAGCCCTAACG-3′ and
reverse: 5′-CGTCAGCTTCTCCTTAAACTTG-3′ (41, 42).
The gene expression levels were calculated using the
2 11CT method and normalized to the mRNA levels
of GAPDH.
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FIGURE 1 | Cell clustering and annotation processes in single-cell analysis. (A) The top twenty principal components (PCs) were ranked according to the extent of the

explanatory difference between them. According to the calculation, several PCs between 10 and 20 may cover all features of ICI. Here, 15 PCs are selected for the

following round of investigation. (B) The top 20 PCs were found to be significantly enriched for features with low P-values. (C) A tree was constructed during the

cell-clustering phase and nine distinct cell clusters were obtained. (D) The heat map shows the significant differences in the expression of marker genes in these nine

cell clusters. (E) UMAP visualized the distribution of nine cell clusters. (F) These four cell clusters were annotated as fibroblasts, endothelial cells, oligodendrocytes

and microglia, respectively.

Statistical Analysis
Statistical analysis and graphing were performed using R
software (version 4.0.2). Gene regulatory networks based
on SCENIC analysis were constructed using the pySCENIC
(v. 0.11) package in Python. The Pearson’s correlation
analysis was performed to calculate the correlation between
two measured variables. Statistical significance was set at
P <0.05.

RESULTS

Single-Cell Data Filtering and Cell
Fractionation
First, we filtered the mouse cerebrovascular scRNA-seq data
according to a set threshold (i.e., traits expressed in a minimum
of 3 cells and cells with a minimum of 500 traits expressed
were screened for inclusion in the study). A total of 3,186 cells
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FIGURE 2 | Variance analysis and PPI network construction. (A) A map of differentially expressed micro RNAs (DEmiRNAs) in the form of a volcano. The important

miRNAs were identified and tagged. (B) Differentially expressed messenger RNA (DE-mRNA) volcano map. The diagram labels important transcription factors (TFs)

(Continued)
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FIGURE 2 | and genes in the protein-protein interaction (PPI) sub-network. (C) Network investigation of miRNA-TF-gene connections. The network diagram depicts

the connections between dysregulated miRNAs, TFs, and target genes. Dysregulated microRNAs are represented by the diamond, dysregulated genes are

represented by the oval, and transcription factors are represented by the inner quadrilateral. Increased regulation is shown by the color red, whilst lower regulation is

indicated by the color blue. (D) REL is the core TF in the PPI network. Subnetwork 1 of PPI and REL/superoxide dismutase 2 (SOD2) was regulated by the

hsa-miR-518a-5p and hsa-miR-3135b microRNAs. (E) RARA, CREB1, RBPJ, and STAT5A were shown to be the most critical TFs in PPI Subnetwork 2.

were obtained for subsequent analysis. We estimated the top
2,000 DEGs and analyzed their expression patterns using PCA.
The top 10–20 PCs were selected (Figure 1A). The JackStraw
plot also verified that the top 20 PCs were enriched in most
of the features with low P-values (Figure 1B). Fifteen PCs were
selected for further clustering analysis, the results of which
revealed nine-cell clusters (Figure 1C). The expression of the
marker genes for these nine-cell clusters is depicted as a heat
map in Figure 1D. The UMAP diagram depicts the clustering
of these nine-cell clusters (Figure 1E). Based on the results of
singleR and cell markers, the cell types were further classified
as fibroblasts, endothelial cells, oligodendrocytes, and microglia
(Figure 1F). Subsequently, we used SCENIC to identify 266
regulons, as well as the accompanying gene regulatory networks
in four cell groups.

miRNA-TF-mRNA Interactions Analysis
Bulk RNAs were analyzed for differences in their expression
between the ICI and HC groups based on GSE16561 and
GSE55937. We found 73 upregulated and 39 downregulated
miRNAs (Figure 2A), as well as 1,496 upregulated and 2,284
downregulated mRNAs, based on the filtering conditions
(Figure 2B). Moreover, we found 11,525 DEmiRNA-DEmRNA
interaction pairs using the prediction results of the miRWalk
database. Based on the prediction results of the TRRUST
database and the 266 regulons identified by SCENIC analysis,
we identified 20 regulons and their corresponding target
genes. Finally, the identified DEmiRNAs, DETFs, and DE gene
mRNAs were used to build the miRNA-TF-gene interaction
network (Figure 2C). Using MCODE, two key sub-networks
(Figures 2D,E) were identified in this network. The REL was
identified as the key TF in sub-network 1, while SOD2 was
identified as a target gene of REL (Figure 2D). Therefore,
the hsa-miR-518a-5p and hsa-miR-3135b were found to
control the expressions of REL and SOD2. Furthermore, TFs
[Retinoic Acid Receptor Alpha (RARA), Recombination Signal
Binding Protein For Immunoglobulin Kappa J Region (RBPJ),
CAMP Responsive Element Binding Protein 1 (CREB1),
and Signal Transducer and Activator of Transcription
5A (STAT5A)] and microRNAs (hsa-miR-601, hsa-miR-
320d, hsa-miR-3131, hsa-miR-4437, hsa-miR-518-3p, and
hsa-miR-3185) co-regulate mRNAs (CD36, CAV1, and
CDKN2B) in sub-network 2 (Figure 2E). Here, potential
mechanisms of ICI are uncovered based on miRNA-TF-mRNA
integration analysis.

Functional Pathways Enriched in the Core
Network
Next, enrichment analysis of mRNAs in sub-networks 1 and
2 was conducted to investigate the pathways involved in

the core sub-network. The findings revealed that the ICI
group had increased functions and pathways involved in viral
oncogenesis, DNA-binding transcriptional activator activity,
transcription factor complex, and myeloid cell differentiation
(Figure 3A). Then, we performed a functional enrichment
analysis of the downstream target genes of the transcription
factor REL based on the findings of SCENIC prediction.
The findings revealed that the downstream molecules of
REL were mostly enriched in the functional pathways of
the actin cytoskeleton, positive control of muscle tissue
development, eicosanoid biosynthetic process, and mitotic
nuclear division regulation (Figure 3B). The results of the
above enrichment analysis exemplify the potential functions
and pathways enriched by these TFs and guide the way for
further research.

Expression of REL in Mouse
Cerebrovascular Cells
We analyzed the expression of key regulons in the gene
interaction network in mouse cerebrovascular cells. Firstly, TFs
in endothelial cells and fibroblasts were sorted for presentation
according to the regulon specificity score (RSS) (Figures 4A,B).
The t-Distributed Stochastic Neighbor Embedding (tSNE) plots
in Figures 4C,D show the distribution of REL expression in
endothelial cells and fibroblasts. Furthermore, the expression
of REL is presented in the tSNE plot (Figure 4E). Figure 4F
depicts the motifs of the downstream target genes of REL. The
results revealed that REL is highly expressed in both endothelial
cells and fibroblasts. However, REL is potentially regulated
by hsa-miR-518-5p/hsa-miR-3135b (Figure 2D). We concluded
that hsa-miR-518-5p/hsa-miR-3135b-regulated REL/SOD2 plays
a potential role in ICI progression.

Expression of REL/SOD2 in Clinical
Cohorts
The qRT-PCR was performed on blood samples from ICI
and HC to further validate the results of the bioinformatic
analysis in a clinical cohort. The expressions of REL and
SOD2 were significantly higher in the ICI group than in
the HC group (P < 0.05) (Figure 5A). Additionally, results
of PCA revealed a positive correlation between SOD2 and
REL expressions (r = 0.325, P = 0.027) (Figure 5B). These
findings confirm that REL and SOD2 are dysregulated in the
ICI group.

GSEA in Samples With Upregulated REL

Expression
The GSEA was performed to further explore the pathways
associated with REL expression. The results revealed
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FIGURE 3 | GO and KEGG enrichment analysis. (A) Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of genes from

PPI subnetwork 1 and subnetwork 2 gene. (B) Based on the results of the single-cell regulatory network inference and clustering (SCENIC) analysis, GO functional

enrichment analysis was performed for genes downstream of the transcription factor REL. The size of the dot indicates the number of genes.
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FIGURE 4 | The findings of the SCENIC investigation of REL. (A) The regulon specificity score was used to rate the various regulators in endothelial cells. (B) The

regulon specificity score was used to rank the various regulators in fibroblasts. (C) In the tSNE map, endothelial cells are visible. (D) Fibroblasts are visualized in the

tSNE map. (E) REL was discovered to be significantly expressed in endothelial cells and fibroblasts. As can be seen, endothelial cells have greater levels of REL

expression than fibroblasts. (F) Base distribution in REL-functioning motifs.
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FIGURE 5 | REL and SOD2 expression in clinical cohorts. (A) There was a substantial difference in REL and SOD2 expression between the healthy controls (HC) and

Ischaemic cerebral infarction (ICI) groups. The ICI group had greater levels of REL and SOD2 expression than the HC group, and the results were statistically

significant (P = 0.05). **means the p-value is less than 0.01, ***means the p-value is less than 0.001. (B) Pearson correlation analysis revealed a strong positive

correlation between SOD2 and REL expression (r = 0.325, P = 0.027). (C) In samples with high REL expression, gene set enrichment analysis (GSEA) reveals up-

and downregulated functional pathways.

that neuroactive ligand-receptor interaction and pyruvate
dehydrogenase (PDH) complex regulation pathways were
upregulated in samples with increased REL expression, but the

cytosolic Fibroblast growth factor receptor 1 (FGFR1) fusion
mutant signaling pathway was downregulated (Figure 5C).
These findings imply that REL may be associated with the

Frontiers in Neurology | www.frontiersin.org 9 April 2022 | Volume 13 | Article 852013

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Zhao and Jiang scRNA-Analysis of Ischemic Cerebral Infarction

action of numerous neurotransmitters and their receptors, thus,
affecting neurological and psychiatric symptoms. Additionally,
REL may be involved in changes in oxidative phosphorylation,
which is associated with ICI.

DISCUSSION

The major miRNA-TF-mRNA regulatory network in the ICI
was investigated employing a bioinformatic approach that
integrated single-cell analysis with bulk RNA-seq data. This study
uncovered novel biomarkers for ICI of neurovascular disease.
The hsa-miR-518-5p/hsa-miR-3135b/REL/SOD2 was identified
as a potential player in ICI progression. The expression of the
key molecules was also validated in clinical samples and at the
single-cell level.

In this study, we first tried to construct two miRNA-TF-
mRNA interaction networks and then found that REL was
the key transcription factor. A miRNA-TF-mRNA interaction
network was established and then two major sub-networks
from this network were constructed. We also uncovered
novel biomarkers for ICI of neurovascular disease. The
hsa-miR-518-5p/(hsa-miR-3135b)/REL/SOD2 was identified as
a key pathway involved in the course of ICI in sub-network
1. The RARA, CREB1, RBPJ, and STAT5A were identified
as TFs involved in ICI progression in another network sub-
network (sub-network 2). The REL and SOD2 expression were
higher in the ICI group than in the clinical cohort. The
REL expression was also enhanced in endothelial cells and
fibroblasts at the single-cell level, indicating that it is a cell-
specific regulon. Functional enrichment analyses revealed that
REL is implicated in neurotransmitter activity and oxidative
phosphorylation pathways.

No previous study has elucidated the direct role of miRNA-
518 and miR-3135b in ICI. The hsa-miRNA-518 and its target
gene Early growth response factor 1 (EGR1) are implicated
in the regulation of cell proliferation, death, and angiogenesis
(43). The EGR1 serves as a pro-inflammatory factor in
experimental animal models and is implicated in post-ischemic
inflammation, inflammation-induced blood-brain barrier (BBB)
dysfunction, and ischemic brain injury, suggesting that it plays
a role in ICI progression (44–47). The peroxisome proliferator-
activated receptor alpha (PPAR) mRNA may also be targeted
by miR-518 (48). The PPAR suppresses the expression of
the pro-inflammatory factor EGR1, which is important for
lipid homeostasis and inflammation (44, 49). In a model of
experimental IS, the PPARic stroke exped the (ul13) infarct
volume (43, 44). The miR-518 may play a role in the evolution
of ICI by regulating PPAR and EGR1. Human endothelial
cells exposed to acrolein, an unsaturated aldehyde capable of
generating oxidative stress and inflammation, showed higher
expression ofmiR-518 (50). As a result, we postulate thatmiRNA-
518 is implicated in IS-related inflammation and vascular
endothelial dysfunction. In individuals with severe hypertension,
miR-3135b expression was found to be dramatically increased
(51, 52). Additionally, miR-3135b is linked to coronary artery
calcification and is an excellent marker for the diagnosis of

obstructive coronary artery disease (53). In contrast, diabetes,
hypertension, atherosclerosis, and other metabolic disorders are
all risk factors for ICI (26, 54–56). As a result, we postulate
that miR-3135b has a role in ICI as well. Moreover, based
on the increased expression of REL and SOD2 in patients
with ICI compared to healthy controls, we postulated that
hsa-miR-518-5p and hsa-miR-3135b were downregulated in ICI.
The hsa-miR-518-5p and hsa-miR-3135b, which are differentially
expressed in IS, are implicated in ICI progression via the
regulation of the core TF, REL, and its target gene SOD2 in the ICI
regulatory network. Therefore, based on our study and previous
studies showing the significance of miR-518 and miR-3135b in
IS-related pathogenic processes, we suggest that both may affect
the development of ICI through various pathways.

The miRNAs can form gene regulatory networks by
targeting TFs (57). The miRNAs may contribute significantly
to the development of AS by controlling the proliferation,
differentiation, and function of vascular smooth muscle cells
through TF regulation, thereby affecting the course of ICI (26–
28). Similar to previous findings, the current study showed
that hsa-miR-518-5p and hsa-miR-3135b regulate the expression
of their target gene SOD2 by targeting the core TF REL,
which forms the key regulatory network for ICI development.
In this study, REL and SOD2 were highly expressed in
patients with cerebral infarction at the bulk RNA, single-cell
RNA, and clinical levels. Previous research indicates that v-
rel reticuloendotheliosis viral oncogene homolog A (RELA)
may enhance inflammatory responses and apoptosis in cerebral
hemorrhage, however, c-REL may exert the opposite effect (58).
Additionally, RELA, RELB, and c-REL, all of which are involved
in the production of pro-inflammatory cytokines, are related
to NF-κB-mediated inflammatory disorders (59). Inhibition
of NF-κB activation prevented cerebral ischemia/reperfusion
injury in rats (60). Inflammation is a risk factor for ICI and
is associated with poor patient prognosis (61, 62). Therefore,
we postulate that REL may affect the course of ICI and,
hence, affect patient prognosis. Similarly, one study discovered
that SOD2 is a mitochondrial enzyme with increased mRNA
expression in patients with type 2 diabetes mellitus and those
with Parkinson’s disease (63). The SOD2 is involved in a
variety of biological processes, including inflammation, glucose
metabolism, and lipid metabolism, all of which contribute to
the development of ICI (64–66). In this study, SOD2 was
identified as a target gene of REL in the ICI gene regulatory
network. We found that REL might be involved in the
activity of various neurotransmitters and their receptors, which
may affect neurological and psychiatric symptoms. Therefore,
we postulate that REL and ROS contribute significantly to
ICI progression.

Along with the major sub-network hsa-miR-518-5p/hsa-
miR-3135b/REL/SOD2, we identified a sub-network containing
the transcription factors RARA, CREB1, RBPJ, and STAT5A.
Previous studies have found that activation of RARA can
exert neuroprotective effects after ischemic brain injury. Tanka
et al. found a significant increase in phosphorylated CREB
levels in the peri-infarct region after focal cerebral ischemia
(67). The RBPJ is an important transcription factor of the
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Notch signaling pathway (68). Activation of the Notch signaling
pathway is associated with atherogenesis and inflammatory
responses, which are risk factors for ICI (26, 69, 70). After
cerebral ischemia, activated STAT5 could improve the hypoxia
tolerance of neurons and inhibit apoptosis, as well as participate
in the protective effect of brain tissue (71). Similar to previous
studies, we found that RARA, CREB1, RBPJ, and STAT5A may
be critical transcription factors implicated in the development
of ICI.

We studied the miRNA-TF-gene interaction network (hsa-
miR-518-5p/hsa-miR-3135b regulates the REL/SOD2 pathway),
which may play a critical role in ICI progression. Our research
uncovered novel biomarkers for ICI of neurovascular disease.
The findings of this shed light on the mechanism of ICI
development and are expected to facilitate the identification
of novel targets and therapeutic strategies for the treatment
of ICI. There are certain limitations to the present study.
In the future, the sample size for inclusion in the study
should be further expanded. Since the findings of this study
are mostly based on bioinformatic analysis, the identified
signaling pathways still require experimental validation,
including elucidation of their mechanisms of action, in vitro and
in vivo.

CONCLUSION

Our research uncovered novel biomarkers for ICI of
neurovascular disease. The REL/SOD2 pathway is important in
the formation of ICI as a key network route and may be regulated
by hsa-miR-518-5p/hsa-miR-3135b. This study’s findings
provide insight on the potential relevance of the REL/SOD2

pathway in IS, paving the way for additional research into
ICI mechanisms.
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