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Background: The specific molecular mechanistic link between atherosclerotic plaques and ischemic stroke (IS) is not clear. The aim 
of this study is to explore the potential molecular relationship between atherosclerotic plaques and IS.
Methods: All data were downloaded from the Gene Expression Omnibus (GEO) database. Key hub differentially expressed mRNAs 
(DEmRNAs) related to atherosclerotic plaques and IS were identified by differential expression analysis and least absolute shrinkage 
and selection operator (LASSO) analysis. Subsequently, a diagnostic model was established based on the expression of key hub 
DEmRNAs and logistic regression. In order to understand the molecular mechanism of key hub DEmRNAs, the transcription factor 
(TF) regulatory network and mRNA-miRNA-lncRNA regulatory network were also constructed. In addition, functional enrichment 
analysis and single-sample Gene Set Enrichment Analysis (ssGSEA) analysis were also performed.
Results: Four key hub DEmRNAs (ADCY3, CLDN7, PPM1B and RRAS2) were identified by differential expression analysis and 
LASSO analysis. Moreover, the diagnostic model based on four key hub DEmRNAs has excellent diagnostic accuracy. We also found 
that Type 1 T helper cell may be associated with IS caused by atherosclerosis based on ssGSEA analysis. In the mRNA-miRNA- 
lncRNA regulatory network, we found that multiple signaling axes such as RRAS2-hsa-miR-3150b-3p-ILF3-AS1, PPM1B-hsa-miR 
-541-5p-LINC00294, CLDN7-hsa-miR-184-LINC00467 and ADCY3-hsa-miR-488-3p-URB1-AS1 may play an important role in the 
progression of IS. In addition, some signaling pathways, including chemokine signaling pathway, MAPK signaling pathway and 
cAMP signaling pathway, may be involved in regulating IS.
Conclusion: The identified key molecules, signaling pathways and immune cells may help to provide a theoretical basis for exploring 
the relationship between atherosclerotic plaque and the progression of IS.
Keywords: ischemic stroke, atherosclerotic plaques, diagnostic accuracy, Type 1 T helper cell, functional enrichment, mRNA-miRNA 
-lncRNA regulatory network

Introduction
Ischemic stroke (IS) is a general term for brain tissue necrosis caused by stenosis or occlusion of the blood supply arteries (carotid 
and vertebral arteries) of the brain and insufficient blood supply to the brain.1 IS has high morbidity, high disability rate and high 
mortality, which seriously endanger human physical and mental health.2 Moreover, with the aging of the population, the lifetime 
risk of stroke has increased.3 Early diagnosis and prevention of IS plays an important role in patient treatment. Atherosclerosis is 
a multifocal slowly progressive process. This chronic metabolic and inflammatory process is characterized by the formation of 
plaques.4 Atherosclerotic plaque is one of the important risk factors for IS.5 Atherosclerotic plaque instability and plaque surface 
irregularity are closely associated with a high risk of IS.6 Intracranial plaque enhancement is closely related to ipsilateral acute IS, 
and it is also helpful to diagnose the cause of stroke.7 At present, the relationship between atherosclerosis plaque and IS is deeply 
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concerned. Exploring the potential molecular association between atherosclerotic plaques and IS is helpful for the diagnosis and 
management of patients with IS.

In this study, atherosclerotic plaque and IS data were downloaded from the Gene Expression Omnibus (GEO) 
database.8 Then, hub differentially expressed mRNAs (DEmRNAs) associated with plaque and IS were identified by 
differential expression analysis. In order to understand the biological processes that the hub DEmRNAs may be involved 
in, gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis of the 
hub DEmRNAs were performed based on the GeneCodis4.0 database. Subsequently, the diagnostic model was estab-
lished through logistic regression. In addition, the mRNA-miRNA-lncRNA regulatory network was constructed to further 
understand the molecular mechanisms of key hub DEmRNAs. This study may lay the foundation for understanding the 
molecular link between atherosclerotic plaques and IS, and lay the molecular foundation for precision medicine in 
patients with IS.

Materials and Methods
Data Acquisition
Only GSE146882 dataset was found by retrieving mRNA data of atherosclerosis induced IS in GEO database. IS mRNA 
data were retrieved from the GEO database, and it was found that GSE16561 was the dataset with the largest sample size. 
Only GSE28829 dataset was found by retrieving mRNA data of early and advanced atherosclerotic plaque in GEO 
database. Carotid plaque data was retrieved from the GEO database, and it was found that the GSE207252 dataset 
contained mRNA and lncRNA, which involved a more comprehensive set of genes. Four microarray datasets 
(GSE207252, GSE146882, GSE28829 and GSE16561) were downloaded from the GEO database (https://www.ncbi. 
nlm.nih.gov/geo/). GSE207252 dataset (platform: GPL23178) includes four carotid atherosclerotic plaque tissue samples 
and four surrounding control tissue samples. GSE146882 dataset (platform: GPL23178) includes 10 blood samples of IS 
induced by atherosclerosis and 10 blood samples of matched control groups. The GSE28829 dataset (platform: GPL570) 
includes 13 early atherosclerotic plaque tissue samples and 16 advanced atherosclerotic plaque tissue samples. 
GSE16561 dataset (platform: GPL570) includes 39 blood samples from IS and 24 blood samples from matched control 
groups. The GSE207252, GSE146882 and GSE28829 datasets were used to search for differentially expressed genes in 
the same direction. The diagnosis model is constructed in the GSE146882 dataset and verified in the GSE16561 dataset. 
In addition, GSE95204 dataset (platform: GPL18058) was also downloaded from the GEO database to identify 
differentially expressed miRNAs. GSE95204 dataset includes three blood samples from IS and three blood samples 
from matched control groups.

Identification of Hub DEmRNAs
The “limma” package was used to identify DEmRNAs in the GSE207252, GSE146882 and GSE28829 datasets. The 
screening criterion for DEmRNAs was set to P < 0.05. Subsequently, the intersection of DEmRNAs with the same 
differential expression direction in GSE207252, GSE146882 and GSE28829 datasets was defined as the hub 
DEmRNAs. Then, in order to understand the biological processes that the hub DEmRNAs may be involved in, GO 
and KEGG functional enrichment analysis of the hub DEmRNAs was performed based on the GeneCodis4.0 database 
(https://genecodis.genyo.es/). P < 0.05 was considered statistically significant.

Construction of Diagnostic Model
The glmnet package (version 3.0) was used for LASSO analysis of hub DEmRNAs to reduce overfitting. Subsequently, 
a diagnostic model was established based on the expression of key hub DEmRNAs and logistic regression in the 
GSE146882 dataset. The area under the receiver operating characteristic (ROC) curve (AUC) is an evaluation index for 
the performance of the model. ROC analysis was performed using the pROC package (http://web.expasy.org/pROC/). 
AUC >0.7 indicates good diagnostic accuracy.9 In addition, ROC was also used to analyze the potential diagnostic value 
of key hub DEmRNAs in IS.
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Construction of Transcription Factor (TF) Regulatory Network and mRNA-miRNA- 
lncRNA Regulatory Network
The TF regulatory network of key hub DEmRNAs was constructed based on the TRRUST database (https://www. 
grnpedia.org/trrust/). In addition, the mRNA-miRNA-lncRNA regulatory network was also constructed. The miRNAs 
targeting key hub DEmRNAs are predicted based on the ENCORI database (http://starbase.sysu.edu.cn/index.php). 
Meanwhile, differential expression analysis of miRNA data in the GSE95204 dataset was performed (P < 0.05). 
Subsequently, the predicted miRNAs were intersected with differentially expressed miRNAs (DEmiRNAs), and 
miRNA negatively targeted to key hub DEmRNAs were selected. Similarly, lncRNAs associated with miRNAs 
negatively targeting key hub DEmRNAs were predicted based on ENCORI database. Then, the lncRNAs related to 
the key hub DEmRNAs were further screened through correlation analysis (P < 0.05). Finally, a mRNA-miRNA-lncRNA 
regulatory network was constructed.

Analysis of Immune Cell Infiltration
Gene sets for labeling activated CD8 T cells, activated dendritic cells, macrophages, natural killer T cells and other 
immune cell types were obtained from Charoentong’s study.10 The ssGSEA algorithm is used to quantify the relative 
abundance of each immune cell infiltration in the immune microenvironment of IS. The Wilcoxon test was used to 
compare the difference of immune cell infiltration between the control group and the IS group in the GSE146882 dataset. 
In addition, Spearman correlation analysis was used to evaluate the correlation between ADCY3, CLDN7, PPM1B and 
RRAS2 and differential immune cells.

Real-Time Polymerase Chain Reaction (PCR) Verification
All included individuals received color ultrasound, MRI, and other examinations. Patients diagnosed with IS comply with 
the Chinese guidelines for the diagnosis and treatment of acute IS. In addition, patients with a history of cardiovascular 
and cerebrovascular diseases, combined with serious liver and kidney diseases, malignant blood diseases or tumors were 
excluded. A total of 32 blood samples (including 7 IS patients without plaque, 3 healthy control individuals, 7 individuals 
with plaque without IS, and 15 IS patients with plaque) were obtained with written consent, which was approval by the 
ethics institute of our hospital. The clinical information of the samples included in this study is shown in Table S1. 
RNAliquid ultrafast whole blood (liquid sample) total RNA extraction kit (Beijing Huitian Oriental Technology Co., 
LTD, RN2602) was used to extract total RNA in blood samples. The FastKing cDNA first-strand synthesis kit 
(TIANGEN, KR116) and SuperReal PreMix Plus (SYBR Green) (TIANGEN, FP205) were used for reverse transcription 
and real-time PCR validation, respectively. GAPDH and ACTB were internal reference genes. The 2−ΔΔCT method was 
used for relatively quantitative analysis of gene expression data. Subsequently, the value of the diagnostic model was 
further evaluated based on data from 15 IS patients with plaque and 3 healthy control individuals.

Statistical Analysis
R software was used for statistical analysis of all data. The “limma” package was used to identify DEmRNAs in the 
GSE207252, GSE146882 and GSE28829 datasets. The glmnet package (version 3.0) was used for LASSO analysis of 
hub DEmRNAs to reduce overfitting. The Wilcoxon test was used to compare the difference of immune cell infiltration 
between the control group and the IS group in the GSE146882 dataset.

Results
Identification of Hub DEmRNAs
In GSE207252 dataset, 2029 DEmRNAs were identified in carotid atherosclerotic plaque tissues compared with the 
control group, of which 1286 were up-regulated and 743 were down regulated. Volcano plot and heatmap of the top 25 
up- or down-regulated DEmRNAs are shown in Figure 1A and B. In GSE146882 dataset, 9985 DEmRNAs were 
identified in IS compared with the control group, of which 4377 were up-regulated and 5581 were down-regulated. 
Volcano plot and heatmap of the top 25 up- or down-regulated DEmRNAs are shown in Figure 1C and D. In GSE28829 
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Figure 1 Identification of DEmRNAs in GSE207252, GSE146882 and GSE28829 datasets. (A) Volcano plot of DEmRNAs in GSE207252 dataset; (B) Heatmap of the top 25 
up- or down-regulated DEmRNAs in GSE207252 dataset; (C) Volcano plot of DEmRNAs in GSE146882 dataset; (D) Heatmap of the top 25 up- or down-regulated 
DEmRNAs in GSE146882 dataset; (E) Volcano plot of DEmRNAs in GSE28829 dataset; (F) Heatmap of the top 25 up- or down-regulated DEmRNAs in GSE28829 dataset. 
Abbreviations: DEmRNAs, differentially expressed mRNAs; IS, ischemic stroke.
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dataset, 4590 DEmRNAs were identified in advanced atherosclerotic plaque tissue compared with the early athero-
sclerotic plaque tissue, of which 2234 were up-regulated and 2356 were down-regulated. Volcano plot and heatmap of the 
top 25 up- or down-regulated DEmRNAs are shown in Figure 1E and F. Subsequently, the intersection of DEmRNAs 
with the same differential expression direction in GSE207252, GSE146882 and GSE28829 datasets was defined as the 
hub DEmRNAs. Finally, 13 hub DEmRNAs were obtained, of which 5 were up-regulated and 8 were down-regulated 
(Figure 2A and B). To understand the potential biological functions of hub DEmRNAs, we performed GO and KEGG 
functional enrichment analysis. GO functional enrichment analysis found that hub DEmRNAs were mainly enriched in 
signal transduction, response to stimulus, positive regulation of canonical Wnt signaling pathway and Golgi apparatus 
(Figure 2C). KEGG function analysis showed that hub DEmRNAs were significantly enriched in chemokine signaling 
pathway, MAPK signaling pathway, cAMP signaling pathway and other signaling pathways (Figure 2D and Table S2).

Construction of Diagnostic Model in GSE146882 Dataset
Four key hub DEmRNAs (ADCY3, CLDN7, PPM1B and RRAS2) were selected by LASSO analysis (Figure 3A and B). Then, 
a diagnostic model was established based on the expression of ADCY3, CLDN7, PPM1B and RRAS2 and logistic regression in 
the GSE146882 dataset. ROC analysis results showed that the AUC value of the diagnostic model was 1, which implied that the 
diagnostic model composed of ADCY3, CLDN7, PPM1B and RRAS2 had excellent diagnostic accuracy (Figure 3C). We also 

Figure 2 Identification of hub DEmRNAs. (A) Venn diagram of up-regulated DEmRNAs in GSE207252, GSE146882 and GSE28829 datasets; (B) Venn diagram of down- 
regulated DEmRNAs in GSE207252, GSE146882 and GSE28829 datasets; (C) Bubble plot of GO functional enrichment analysis of hub DEmRNAs; (D) KEGG functional 
enrichment analysis of hub DEmRNAs. *P <0.05; **P <0.01. 
Abbreviations: GO, gene ontology; BP, biological process; CC, cellular component; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes; 
DEmRNAs, differentially expressed mRNAs.
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validate the diagnostic accuracy of the diagnostic model in the GSE16561 dataset. The results showed AUC values, sensitivity 
and 1-specificity of 0.916, 0.769 and 0.917, respectively. In addition, compared with AUC=0.5, the P of this model was 2.96e- 
35. This result once again implied that the diagnostic model has high diagnostic accuracy (Figure 3D). In addition, ROC was 
also used to analyze the potential diagnostic value of ADCY3, CLDN7, PPM1B and RRAS2 in IS. The results show that 
ADCY3, CLDN7, PPM1B and RRAS2 also have very good diagnostic accuracy in IS (Figure S1). Notably, the diagnostic 
accuracy of the diagnostic model is better than that of the single key hub DEmRNA. Therefore, the diagnostic model composed 
of ADCY3, CLDN7, PPM1B and RRAS2 may be a novel signature for the diagnosis of IS.

Construction of TF Regulatory Network and mRNA-miRNA-lncRNA Regulatory 
Network
TF associated with RRAS2 and CLDN7 was identified based on the TRRUST database. The TF regulatory network was 
visualized using Cytoscape (Figure 4A). The results showed that CLDN7 was correlated with CTBP1, ELF3, HDAC1 
and RUNX3, and RRAS2 was correlated with BTF3. Subsequently, 127 DEmiRNAs were identified based on the 
GSE95204 dataset, of which 33 were up-regulated and 94 were down-regulated (Figure 4B). Then, 127 DEmiRNAs were 
intersected with the miRNAs predicted in ENCORI database, and the miRNAs that were negatively targeted to ADCY3, 
CLDN7, PPM1B and RRAS2 were selected. A total of 10 miRNAs (hsa-miR-124-3p, hsa-miR-9-3p, hsa-miR-184, hsa- 
miR-431-5p, hsa-miR-423-5p, hsa-miR-488-3p, hsa-miR-5194, hsa-miR-3150b-3p, hsa-miR-325 and hsa-miR-541-5p) 

Figure 3 Construction of a diagnostic model. (A) LASSO analysis coefficient distribution diagram; (B) LASSO analysis parameter diagram; (C) ROC analysis of diagnostic 
model in GSE146882 dataset; (D) ROC analysis of diagnostic model in GSE16561 dataset. 
Abbreviations: ROC, receiver operating characteristic; AUC, area under the curve.
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were obtained, involving 12 miRNA-mRNA pairs (Table S3). Similarly, lncRNAs associated with these 10 miRNAs 
were predicted based on ENCORI database. Then, the correlation between these lncRNAs and ADCY3, CLDN7, PPM1B 
and RRAS2 was analyzed based on the GSE146882 dataset. The lncRNAs associated with ADCY3, CLDN7, PPM1B 
and RRAS2 were screened (P < 0.05), and finally 13 lncRNAs were obtained (Table S4). PPM1B and LINC00847 have 
the highest correlation (0.85). Subsequently, the mRNA-miRNA-lncRNA regulatory network was constructed based on 
13 lncRNAs, 10 miRNAs, ADCY3, CLDN7, PPM1B and RRAS2 (Figure 4C). In the mRNA-miRNA-lncRNA 
regulatory network, we found that multiple signaling axes such as RRAS2-hsa-miR-3150b-3p-ILF3-AS1, PPM1B-hsa- 
miR-541-5p-LINC00294, CLDN7-hsa-miR-184-LINC00467 and ADCY3-hsa-miR-488-3p-URB1-AS1 may play an 
important role in the progression of IS.

Analysis of Immune Cell Infiltration in IS
Through ssGSEA analysis, it was found that only Type 1 T helper cell had differences between the control group and the 
IS group (Figure 4D). Subsequently, the correlations of ADCY3, CLDN7, PPM1B, RRAS2, and Type 1 T helper cell 
were analyzed. The results showed that Type 1 T helper cell was significantly positively correlated with PPM1B and 

Figure 4 Construction of regulatory networks and analysis of immune cell infiltration. (A) TF regulatory network. Orange and blue represent mRNAs and TF, respectively. 
(B) Volcano plot of DEmiRNAs in GSE95204 dataset. Ten DEmiRNAs negatively targeted with ADCY3, CLDN7, PPM1B and RRAS2 were marked. (C) mRNA-miRNA- 
lncRNA regulatory network. Circles, V-shapes represent mRNAs and miRNAs, respectively. Red and green represent up- and down-regulated, respectively. Purple diamonds 
represent lncRNAs. (D) SSGSEA analysis showed that Type 1 T helper cell had infiltration differences between the control group and the IS group. (E) Spearman correlation 
analysis was used to evaluate the correlation between ADCY3, CLDN7, PPM1B and RRAS2 and Type 1 T helper cell. *P <0.05. 
Abbreviations: TF, transcription factor; DEmiRNAs, differentially expressed miRNAs; IS, ischemic stroke.
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RRAS2 (Figure 4E). This implies that PPM1B and RRAS2 may play a role in the immune regulatory mechanism of IS 
by regulating Type 1 T helper cell.

Expression Validation of ADCY3, CLDN7, PPM1B and RRAS2 by Real-Time PCR
In order to verify the results of bioinformatics analysis, the expression of ADCY3, CLDN7, PPM1B and RRAS2 in blood 
samples of each group was detected by real-time PCR. The primers used for real-time PCR verification are shown in 
Table 1. Compared with no plaque stroke group, ADCY3 and CLDN7 tended to be up-regulated in plaque and stroke 
group, while PPM1B and RRAS2 tended to be down-regulated (Figure 5). Similarly, compared with the healthy control 
group, ADCY3 and CLDN7 tended to be up-regulated in no stroke plaque group, while PPM1B and RRAS2 tended to be 
down-regulated (Figure 5). The expression trends of ADCY3, CLDN7, PPM1B and RRAS2 in real-time PCR validation 
were consistent with the results of public database analysis, but lacked significance. Subsequently, the diagnostic value of 
the models constructed by ADCY3, CLDN7, PPM1B and RRAS2 was evaluated again based on data from 15 IS patients 
with plaque and 3 healthy control individuals. The ROC result found that the AUC value was 0.8, which further indicates 
that the model has high diagnostic accuracy (Figure 6). The lack of significance of real-time PCR results may be caused 
by the small sample size. Therefore, it is necessary to collect a large number of samples for further research.

Discussion
IS is closely related to the occurrence of atherosclerotic plaque. In this study, four key hub DEmRNAs (ADCY3, 
CLDN7, PPM1B, RRAS2) related to atherosclerotic plaque and IS were identified by differential expression analysis and 
LASSO analysis. Adenylate cyclase 3 (ADCY3) encodes adenylyl cyclase, which catalyzes cAMP synthesis, and its 
expression in hypothalamic primary cilia can regulate body weight.11 An oncology study showed that LINC00319, as 
a microRNA-335-5p sponge, accelerates tumor growth and metastasis of gastric cancer by up regulating ADCY3.12 

Moreover, ADCY3 is also an effective target for the prevention of unstable carotid plaque formation.13 Claudin 7 
(CLDN7) is an important member of the claudin family, which is involved in tight junctions and maintenance of 
intercellular adhesion.14,15 Zika virus (ZIKV) infection is associated with a series of neuropathologies. Down-regulation 
of CLDN7 reduced the susceptibility of the human cerebral microvascular endothelial cell line hCMEC/D3 to ZIKV 
infection.16 Protein phosphatase, Mg2+/Mn2+ dependent 1B (PPM1B), a member of the protein phosphatase 2C family, is 
a key regulator of cellular and tissue aging.17 PPM1B expression levels were also negatively correlated with gastro-
cnemius muscle atrophy after denervation.18 RAS related 2 (RRAS2) mutations may play an important role in Noonan 
syndrome with hydrocephalus and neuropathy.19 RRAS2 also plays an important regulatory role in platelet activation and 
thrombus stability in vivo.20 RRAS2 is aberrantly expressed in central nervous system tumors and correlated with the 
degree of malignancy, which suggests that the abnormal expression of RRAS2 may be an early event of neural cell 

Table 1 Primers Used for Real-Time PCR

Primer Name Primer Sequence (5’ to 3’)

GAPDH-F (Internal reference) 5-GGAGCGAGATCCCTCCAAAAT-3

GAPDH-R (Internal reference) 5-GGCTGTTGTCATACTTCTCATGG-3
ACTB-F (Internal reference) 5-CATGTACGTTGCTATCCAGGC-3

ACTB-R (Internal reference) 5-CTCCTTAATGTCACGCACGAT-3

ADCY3-F 5-GGAATTGGACTGGTGTTGGAC-3
ADCY3-R 5-GATCTGGGCGGTTATGAGCA-3

CLDN7-F 5-AGTTAGGAGCCTTGATGCCG-3

CLDN7-R 5-CACACAAATCGACCCCTCCA-3
PPM1B-F 5-ATGGTGCTGGGAATGGTTTAC-3

PPM1B-R 5-TCCAGCTGCCCTAAAGTCTTC-3

RRAS2-F 5-TAAAGGATCGTGATGAGTTCCCA-3
RRAS2-R 5-AATTTCCTGATAACCCGGACAAG-3
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transformation.21 Through ROC analysis, we also found that ADCY3, CLDN7, PPM1B and RRAS2 have very good 
diagnostic accuracy in IS. In addition, a diagnostic model was established based on ADCY3, CLDN7, PPM1B and 
RRAS2. ROC analysis results showed that the diagnostic model had excellent diagnostic accuracy. Notably, the 
diagnostic accuracy of the diagnostic model is better than that of the single key hub DEmRNA. Therefore, the diagnostic 
model composed of ADCY3, CLDN7, PPM1B and RRAS2 may be a novel signature for the diagnosis of IS. Therefore, 
we speculated that ADCY3, CLDN7, PPM1B and RRAS2 play important regulatory roles in IS caused by atherosclerotic 
plaques, and exploring their molecular mechanisms is beneficial to the diagnosis and management of IS.

Type 1 T helper cell produce interferon gamma, IL-2, and TNF-β, which activate macrophages and are responsible for 
cell-mediated immunity and phagocytic dependent protective.22 Serum Type 1 T helper cell cytokines were significantly 
reduced in patients with acute stroke.23 Reduced interferon gamma production seriously affects the antimicrobial defense 

Figure 5 Expression validation of ADCY3, CLDN7, PPM1B and RRAS2 by real-time PCR. (A) Relative expression level of ADCY3; (B) Relative expression level of CLDN7; 
(C) Relative expression level of PPM1B; (D) Relative expression level of RRAS2.
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ability after stroke.24 Liu et al found that Type 1 T helper cell significantly decreased in peripheral blood after IS through 
xCell algorithm analysis.25 In addition, single-cell sequencing found that T cells are abnormal in atherosclerotic plaques 
and are associated with the most pronounced dysfunction in plaques.26,27 In this study, through ssGSEA analysis, it was 
found that only Type 1 T helper cell had differences between the control group and the IS group. Moreover, Type 1 
T helper cell was significantly positively correlated with PPM1B and RRAS2. This implies that PPM1B and RRAS2 may 
play a role in the immune regulatory mechanism of IS by regulating Type 1 T helper cell.

In this study, KEGG analysis found multiple significantly enriched signaling pathways, such as chemokine signaling 
pathway, MAPK signaling pathway and cAMP signaling pathway. Chemokine signaling pathway is associated with IS 
progression.28 Chemokines play a key role in the initiation and progression of atherosclerosis. Chemokines mediate 
immune cell recruitment and control cell homeostasis and activation of different immune cell types and subpopulations. 
Its production and activation of its receptors form a positive feedback mechanism that recruits monocytes, neutrophils, 
and lymphocytes into atherosclerotic plaques.29 Chemokines can also promote the recruitment of T cells.30 Chemokine 
CCL2 is involved in the destruction of blood–brain barrier after acute cerebral hemorrhage.31 MAPK signaling pathway 
may be involved in mediating neuronal apoptosis in IS.32 MAPK signaling pathway is also involved in regulating 
inflammation, oxidative stress, cognitive impairment and neuronal damage in IS.33 Moreover, MAPK signaling pathway 
may also be involved in the regulation of atherosclerotic plaque stability.34 A previous study showed that Ginsenoside 
Rb1 may improve the functional recovery after stroke by regulating cAMP/PKA/CREB signaling pathway to stimulate 
axon regeneration and brain repair.35 CAMP also plays a role in immune regulation of acute IS.36 In addition, cAMP also 
plays a role in the formation and progression of atherosclerosis.37,38 In KEGG functional enrichment analysis, we found 
that ADCY3 may be involved in regulating chemokine signaling pathway, PPM1B and RRAS2 may be involved in 
regulating MAPK signaling pathway, and RRAS2 and ADCY3 may also be involved in regulating cAMP signaling 
pathway. Therefore, we speculated that ADCY3, PPM1B and RRAS2 may play important regulatory roles in IS through 
multiple signaling pathways, such as chemokine signaling pathway, MAPK signaling pathway and cAMP signaling 
pathway. At the same time, it also implies that atherosclerotic plaque and IS have an important link in the molecular 
regulatory mechanism.

Figure 6 ROC analysis of diagnostic model based on data from 15 IS patients with plaque and 3 healthy control individuals. 
Abbreviations: ROC, receiver operating characteristic; AUC, area under the curve.
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In the TF regulatory network, it was found that CLDN7 was correlated with C-terminal binding protein 1 (CTBP1), 
E74-like ETS transcription factor 3 (ELF3), histone deacetylase 1 (HDAC1) and RUNX family transcription factor 3 
(RUNX3), and RRAS2 was correlated with basic transcription factor 3 (BTF3). Previous studies have shown that the 
expression level and enzyme activity of HDAC1 decreased after stroke, and inhibition of HDAC1 promoted the infarct 
volume, neuronal loss, DNA damage, neuronal apoptosis, and levels of reactive oxygen species and inflammatory 
cytokines after stroke.39,40 Moreover, HDAC1 is involved in regulating plaque formation in atherosclerotic mice.41 

Studies have shown that RUNX3 is also involved in regulating coronary atherosclerosis progression and stroke.42,43 Up 
to now, there is no relevant study on CTBP1, ELF3 and BTF3 in the progression of atherosclerotic plaque and stroke. 
Therefore, we speculated that the role of CLDN7 in ischemic stroke may be regulated by HDAC1 and RUNX3, and the 
specific mechanism needs further study.

Studies have shown that miRNAs and lncRNAs play a key role in IS.44,45 Moreover, dysregulation of miRNAs and 
lncRNAs are also associated with the growth, instability and rupture of atherosclerotic plaques.46–49 Overexpression of hsa- 
miR-126-3p and -5p can reduce the expression of pro-inflammatory cytokines and adhesion molecules, and alleviate the 
destruction of the blood–brain barrier after IS.50 Hsa-miR-126-5p is also involved in the regulation of endothelial cell 
apoptosis and atherosclerosis, and its expression is decreased in areas of plaque blood flow disorder.51,52 In order to explore 
miRNAs and lncRNAs that may affect RRAS2, PPM1B, CLDN7 and ADCY3, we constructed a mRNA-miRNA-lncRNA 
regulatory network. In the mRNA-miRNA-lncRNA regulatory network, we found that multiple signaling axes such as 
RRAS2-hsa-miR-3150b-3p-ILF3-AS1, PPM1B-hsa-miR-541-5p-LINC00294, CLDN7-hsa-miR-184-LINC00467 and 
ADCY3-hsa-miR-488-3p-URB1-AS1. Oncology studies have shown that hsa-miR-3150b-3p and hsa-miR-541-5p can 
regulate the proliferation, invasion and migration of cancer cells by targeting related genes.53–56 A study showed that hsa- 
miR-184 expression was down-regulated after IS, and increased levels of hsa-miR-184 reduced brain injury.57 The up- 
regulated expression of hsa-miR-488-3p inhibited the death of neuron cells and the ischemic cerebral infarction in IS 
mice.58 Hsa-miR-488-3p is also involved in regulating the activation of astrocytes in IS.59 In this study, we also found that 
hsa-miR-3150b-3p, hsa-miR-541-5p, hsa-miR-184 and hsa-miR-488-3p were abnormally expressed in IS. Therefore, we 
speculate that hsa-miR-3150b-3p, hsa-miR-541-5p, hsa-miR-184 and hsa-miR-488-3p may target the regulation of RRAS2, 
PPM1B, CLDN7 and ADCY3 in the progression of IS. In addition, most studies on ILF3-AS1, LINC00294, LINC00467, 
and URB1-AS1 focus on oncology, so further studies are needed to understand their potential role in IS.

However, there is still a certain degree of limitations in this study. First of all, the lack of significance of real-time 
PCR results may be caused by the small sample size. Therefore, a large number of samples need to be collected for 
further study. Secondly, although the established diagnostic model has a high AUC value, it lacks clinical validation. 
Therefore, clinical samples need to be collected for later validation. Thirdly, the specific molecular mechanism of the 
identified key molecules, signaling pathways and immune cells is still unclear, and a large number of experiments in vivo 
and in vitro are needed to study.

Conclusion
In this study, four key hub DEmRNAs related to atherosclerotic plaque and IS were identified by differential 
expression analysis and LASSO analysis. Then, a diagnostic model with high diagnostic value was established 
based on ADCY3, CLDN7, PPM1B and RRAS2. We also found that Type 1 T helper cell may be associated with 
IS caused by atherosclerosis based on ssGSEA analysis. In addition, some signaling pathways, including chemo-
kine signaling pathway, MAPK signaling pathway and cAMP signaling pathway, may be involved in regulating IS. 
In order to further understand the molecular mechanism of ADCY3, CLDN7, PPM1B and RRAS2, the TF 
regulatory network and mRNA-miRNA-lncRNA regulatory network were constructed. In conclusion, this study 
may help to provide a theoretical basis for exploring the relationship between atherosclerotic plaque and the 
progression of IS.
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