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Abstract

Ischemia stroke and epilepsy are two neurological diseases that have significant patient and

societal burden, with similar symptoms of neurological deficits. However, the underlying

mechanism of their co-morbidity are still unclear. In this study, we performed a combined

analysis of six gene expression profiles (GSE58294, GSE22255, GSE143272, GSE88723,

GSE163654, and GSE174574) to reveal the common mechanisms of IS and epilepsy. In

the mouse datasets, 74 genes were co-upregulated and 7 genes were co-downregulated in

the stroke and epilepsy groups. Further analysis revealed that the co-expressed differen-

tially expressed genes (DEGs) were involved in negative regulation of angiogenesis and the

MAPK signaling pathway, and this was verified by Gene Set Enrichment Analysis of human

datasets and single cell RNA sequence of middle cerebral artery occlusion mice. In addition,

combining DEGs of human and mouse, PTGS2, TMCC3, KCNJ2, and GADD45B were

identified as cross species conserved hub genes. Meanwhile, molecular docking results

revealed that trichostatin A and valproic acid may be potential therapeutic drugs. In conclu-

sion, to our best knowledge, this study conducted the first comorbidity analysis of epilepsy

and ischemic stroke to identify the potential common pathogenic mechanisms and drugs.

The findings may provide an important reference for the further studies on post-stroke

epilepsy.

1. Introduction

Stroke, also known as cerebrovascular accident, is the main cause of death (64.4% of total

deaths) and disability (42.2% of disability-adjusted life years) worldwide in neurological disor-

ders [1]. Stroke is divided into ischemic stroke (IS), hemorrhagic stroke, and transient ische-

mic attack [2]. Post-stroke epilepsy (PSE) is one of the common complications of IS, occurring

in 87% of strokes [3]. Moreover, PSE increases the risk of death in stroke patients and leads to
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neurological dysfunction, poor prognosis, prolonged hospitalization, and delayed rehabilita-

tion of stroke survivors [4]. With the aging of the population and the development of medical

and health services, the number of PSE patients is increasing. Consequently, PSE imposes a

heavy burden to social medical care [5]. Therefore, further understanding the correlation

between IS and epilepsy will significantly improve the quality of life of PSE patients.

Epilepsy and IS share similar symptoms of neurological deficits such as spasticity, but

research on the common pathogenic mechanisms of these two diseases remains limited. From

a pathophysiological perspective, IS most commonly occurs due to vascular disorder, which is

usually caused by the occlusion of the arteries that results in reduced blood flow, and rarely

due to occlusion of the cerebral veins or venous sinuses [2]. Correspondingly, neurovascular

dysfunction such as increased blood-brain barrier (BBB) permeability is an important patho-

genesis of epilepsy [6]. In particular, the BBB limits the paracellular diffusion of ions (such as

Na +, K +, and Cl -), macromolecules, and polar solutes through tight and adherens junctions

between brain microvessel endothelial cells, but permits oxygen and carbon dioxide [7]. How-

ever, larger molecules can passively cross the BBB when its permeability is raised, which under

pathological circumstances prevents precise cellular and homeostatic connections in favor of

aberrant neuronal activity or convulsions [6]. IS has also been recognized as a major risk factor

for epileptic seizures in adulthood, as the BBB has been damaged [8]. However, research on

the treatment of PSE mainly focuses on antiepileptic drugs which are not recommended as

first-line preventive treatment drug [9]. Accordingly, exploring the co-pathogenesis of IS and

epilepsy may provide new insights for the treatment of PSE.

Transcriptome sequencing technology is a recent technology that has addressed the issue of

insufficient sample size of PSE patients and facilitated the research for co-pathogenesis of IS

and Epilepsy. In this study, we identified the differentially expressed genes (DEGs) of IS and

epilepsy in the mouse model and found a common biological pathway. Subsequently, cell

localization of DEGs in the single cell dataset of mouse middle cerebral artery occlusion

(MCAO) model was further carried out. After crossing with DEGs of IS and epilepsy in

human peripheral blood and mouse tissue, drug prediction and molecular docking were per-

formed in hub genes. The common regulatory pathway and hub gene of IS and epilepsy, as

well as potential therapeutic drugs, were identified through bioinformatics. A flow-diagram

illustrating our research process is presented in Fig 1.

2. Materials and methods

2.1 Datasets acquisition

Gene expression profiles were obtained from the Gene Expression Omnibus (http://www.ncbi.

nlm.nih.gov/geo/), an open-source database. As shown in Table 1, gene expression matrixes of

217 human and 18 mouse were collected in six datasets (GSE58294, GSE22255, GSE143272,

GSE88723, GSE163654, and GSE174574). In the Bulk RNA sequencing (Bulk RNA-seq), the

expression matrices of 3 sham mice and 3 MCAO mice were collected from GSE163654 and 3

sham mice and 3 kainate-induce seizures mice from GSE88723. In addition, single-cell RNA

sequencing (scRNA-seq) data of 3 sham mice and 3 MCAO mice were obtained from

GSE174574. Finally, expression matrices were extracted from GSE58294 and GSE22255 for 43

healthy individuals and 89 IS patients and from GSE143272 for 51 healthy individuals and 34

epilepsy patients.

2.2 Differential expression analysis

R software (v4.1.0, R Foundation, Vienna, Austria) was used for all analysis and visualization

in this study. All the raw matrices of Bulk RNA-seq were combined with the corresponding
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RNA probes after normalization to form a new profiling matrix, using the limma package. The

criterion for screening the DEGs was |log2 (fold change)| > 0.3 and P value less than 0.05. Sub-

sequently, a heatmap and volcano plot were created using the heatmap and ggplot2 packages,

respectively. The annular heatmap was created using the OmicCircos package. Lastly, Venn

analysis was performed using Venn the diagram website (http://www.bioinformatics.com.cn/).

Fig 1. The flowchart of data preparation and analysis.

https://doi.org/10.1371/journal.pone.0286426.g001

Table 1. Detailed information of the gene expression matrixes and platform.

GEO Dataset Platform Disease Species Control experimental Country

GSE143272 GPL10558 Epilepsy Human 51 34 India

GSE58294 GPL570 IS Human 69 23 USA

GSE22255 GPL570 IS Human 20 20 Portugal

GSE88723 GPL6096 Epilepsy Mouse 3 3 Germany

GSE163654 GPL16570 IS Mouse 3 3 Canada

GSE174574 GPL21103 IS Mouse 3 3 China

https://doi.org/10.1371/journal.pone.0286426.t001
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2.3 Protein interaction network and pathway enrichment analysis

The express analysis method of Metascape website (http://metscape.ncibi.org) was performed

to analyze protein interaction networks and pathway for DEGs [10]. Pathway enrichment

analysis was conducted using the ClueGO v2.5.9 app of Cytoscape v3.8.2 software with P

value < 0.05. Moreover, MCODE v1.6.1 plugin was used to identified highly interconnected

clusters in DEGs. Gene set enrichment analysis (GSEA) was performed using the GSEA soft-

ware (http://www.broadinstitute.org/gsea/). After screening for pathways with a P

value < 0.05, gseaplot2 package was applied to plot the GSEA pathway enrichment graph.

2.4 Drug screening and molecular docking

Based on the hub DEGs, our study predicted FDA-approved drugs and experimental com-

pounds included in DSigDB database (http://tanlab.ucdenver.edu/DSigDB). The screening cri-

terion was an adjusted P value < 0.05 and combined score>3000, and the ranking was based

on the comprehensive score. Thereafter, three PDBQT files were we specified: proteins rigid of

DEGs, flexible, and ligands of drugs with the highest score. Ultimately, the AutoDock 4 soft-

ware was used to conduct molecular docking.

2.5 ScRNA-seq data processing

Before data analysis, scRNA-seq data were analyzed using the Seurat package for unsupervised

graph-based clustering. For the screening criteria, only cells with 500–6,000 UMI (unique

molecular identifiers) and<35% of mitochondrial genes were included; otherwise, they were

considered as low-quality cells and excluded from subsequent analysis. The quality-controlled

data were normalized using the Normalize Data function, and 2000 highly variable genes were

selected using the Find Variable Features function. The data were integrated using the mutual

principal component analysis function of Seurat. The first 20 principal components were

selected for visualization of dimensionality reduction using t-distributed stochastic neighbor

embedding. The cell types were identified by the marker genes, using SingleR package. And

the expression of hub genes were visualized using FeaturePlot and VlnPlot.

3. Results

3.1 Identification and function enrichment of hub genes in mouse Bulk

RNA-seq

GSE163654 and GSE88723 were analyzed, and heatmaps were plotted based on the differential

genes between the experimental and sham group mice (Fig 2A and 2B). Among them, 324

genes were upregulated and 299 genes were downregulated in the IS group, and 724 genes

were upregulated and 592 genes were downregulated in the epilepsy group (Fig 2C). Venn dia-

grams showed that 74 genes were co-upregulated and 7 genes were co-downregulated in the

stroke and epilepsy groups. After analysis of these 81 genes in the Metascape website, these

hub genes were highly enriched in positively regulating cell death, skeletal muscle cell differen-

tiation, and positively regulating smooth muscle cell proliferation and the MAPK signaling

pathway (Fig 3A). In the protein interaction network, Cluster 1 (Fosb, Fos, Fosl2, Jun, Junb,

Ccl7, Nfil3, and Phf21b) was enriched in transcription by RNA polymerase II; Cluster 3

(Adamts1, Adamts9, and Thbs1) was enriched in the negative regulation of angiogenesis; and

Cluster 4 (Dusp1, Dusp6, Vcl) was enriched in the MAPK signaling pathway (Fig 3B). In addi-

tion, we also performed GSEA analysis of human Bulk RNA-seq separately, and the results

indicated that angiogenesis as well as the MAPK signaling pathway are important common
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pathways between IS and epilepsy (Fig 3C and 3D). The location where the 81 genes partici-

pate in MAPK pathway are shown in S1 Fig.

3.2 Identification of hub genes expressed in IS by scRNA-seq

To further obtain the cellular localization of key pathway genes, we selected Thbs1, Adamts9,

Adamts1, Dusp6, Dusp1, and Vcl in Cluster 3 and Cluster 4 as key genes for scRNA-seq analy-

sis in the MCAO mouse model. Base on the marker genes, uniform manifold approximation

and projection analysis of the MCAO group and the sham group identified nine cell clusters,

including astrocytes, endothelial cells, epithelial cells, fibroblasts, granulocytes, microglia,

monocytes, NK cells and oligodendrocytes (Fig 4A–4C). The expression of the six genes in var-

ious cell clusters and groups was further analyzed, and the results were visualized in uniform

manifold approximation and projection (Fig 4D and 4E). Thbs1 was mainly expressed in

endothelial cells, microglia, monocytes, and astrocytes, and its expression was higher in

Fig 2. Discovery of DEGs in mouse Bulk RNA-seq. (A) Cluster heatmap for DEGs in GSE163654 dataset. Red represents high gene expression and blue

represents low expression. (B) Cluster heatmap for DEGs in GSE88723 dataset. Yellow represents high gene expression and blue represents low expression. (C)

Number of DEGs up or down regulated in IS and epilepsy. (D) Venn diagrams of overlap in co-DEGs between IS and epilepsy.

https://doi.org/10.1371/journal.pone.0286426.g002
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monocytes. Adamts9 was significantly expressed mainly in endothelial cells. Adamts1 and

Dusp6 were significantly expressed in endothelial cells, microglia, monocytes, epithelial cells

and astrocytes, with Adamts1 expression being significantly higher in endothelial cells and

microglia, and Dusp6 expression being significantly higher in endothelial cells, microglia, and

Fig 3. Identification and function enrichment of hub genes in mouse Bulk RNA-seq. (A) Pathway analysis and protein

interaction network of DEGs. The vertical axis from top to bottom represents the P-value from small to large. The color

of the proteins corresponds to the pathway. (B) The top four clusters and their corresponding protein. (C) GSEA analysis

of human Bulk RNA-seq in IS. (D) GSEA analysis of human Bulk RNA-seq in epilepsy.

https://doi.org/10.1371/journal.pone.0286426.g003
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monocytes. Dusp1 was widely and significantly expressed in all the 9 types of cells. Vcl was sig-

nificantly expressed mainly in endothelial cells and astrocytes. In addition, the expression lev-

els of most hub genes in the MCAO group were higher than those in the Sham group,

Fig 4. The scRNA-seq reveals the expression of hub genes in mouse brain. (A) Cluster analysis of scRNA-seq in GSE174574 dataset. Red

represents the cells in the MCAO group and blue represents the cells in the Sham group. (B) Identification of cell clusters obtained in (A).

Different colors represent different cell clusters, and a total of 9 cell clusters are identified. (C) Top 5 marker genes of 9 cell types. (D)

Distribution of hub genes expression in different cell clusters and groups. Red represents the high expression of genes. (E) Quantified

expression of hub genes in different cell clusters and groups. The red on the left shows expression of hub genes in MCAO group, and the green

on the right in Sham group.

https://doi.org/10.1371/journal.pone.0286426.g004
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especially of Thbs1, Adamts9 and Adamts1. Collectively, all of these key pathway genes are

expressed to varying degrees in endothelial cells, which was consistent with our results of path-

way enrichment in Bulk RNA-seq.

3.3 Identification of cell subtypes within endothelial cells

In order to discern the intracellular subtypes associated with IS within endothelial cells, we

partitioned the endothelial cells into seven distinct clusters, designated as EC0 through EC6

(Fig 5A). Following this, we conducted a comparative analysis of the various subtypes present

in both the MCAO and Sham cohorts (Fig 5B). Our observations revealed that the Sham

Fig 5. Identification of cell subtype within endothelial cells. (A) Identification of subtypes of endothelial cells. The seven subtypes were named EC0-EC6. (B)

The number distribution of different subtypes of cells in MCAO group and Sham group. The number of cells identified on the vertical axis and the cell

subtypes on the horizontal axis. (C) GO/KEGGG functional enrichment of the 69 marker genes based on EC1. (D) Quantified expression of hub genes in

different subtypes and groups.

https://doi.org/10.1371/journal.pone.0286426.g005
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group predominantly comprised EC0 cells with a paucity of EC1 cells, whereas the MCAO

group exhibited a substantial upsurge in the number of EC1 cells with an almost negligible

presence of EC0 cells. To further elucidate the functional role of the EC1 (Ctla2a+, Tmem252

+), we executed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) enrichment analyses on the 69 marker genes correlated with EC1, with the outcomes

delineated in Fig 5C. These genes were highly enriched in perinuclear region of cytoplasm,

positive regulation of cell death, blood vessel development, etc. Subsequently, we explored the

expression patterns of pivotal genes across diverse endothelial cell subtypes (Fig 5D). Our

results indicate that the expression of cardinal genes within the EC1 subtype was markedly ele-

vated in the MCAO group as compared to the Sham group, shedding light on the potential

role of EC1 in the context of ischemic stroke.

3.4 Identification and function enrichment of hub genes in human Bulk

RNA-seq

After combining GSE22255 and GSE58294, 2272 differential genes were found in IS patients,

of which 980 genes were upregulated and 1292 genes were downregulated (Fig 6A and 6C). In

the analysis of GSE143272, 338 differential genes were found, of which 162 genes were upregu-

lated and 176 genes were downregulated in epilepsy patients (Fig 6B and 6D). Venn analysis of

the DEGs in IS and epilepsy patients revealed 62 hub genes (Fig 6E). Finally, the expression

matrices of these 62 hub genes in IS and epilepsy were displayed in heatmaps (Fig 6F and 6G).

GO enrichment analysis revealed the biological pathways in which these 62 hub genes were

involved and mainly included acute inflammatory response, specific granules, neutrophil-

mediated immunity, primary lysosomes, and negative regulation of intrinsic apoptotic signal-

ing pathways (Fig 7A). Subsequent Kyoto Encyclopedia of Genes and Genomes analysis sug-

gested that these genes may be involved in thyroid cancer, NF-κB signaling pathway,

transcriptional misregulation in cancer, IL-17 signaling pathway, and TNF signaling pathway

(Fig 7B).

3.5 Conservative genetic screening and molecular docking

There were four intersecting genes between 81 DEGs in the mouse data set and 62 DEGs in

the human data set (Fig 8A). Subsequently, these four genes were localized; they were PTGS2

on human chromosome 1, TMCC3 on human chromosome 12, KCNJ2 on human chromo-

some 17, and GADD45B on chromosome 19 (Fig 8B). Using the DSigDB database, we identi-

fied small molecule compounds that may bind to PTGS2, TMCC3, KCNJ2, and GADD45B.

Accordingly, the protein structures of PTGS2, TMCC3, KCNJ2, and GADD45B in the PDB

database were investigated. Further, the small molecule compounds with the lowest binding

energy were identified for potential target drugs. Among them, trichostatin A could bind to

TMCC3, KCNJ2, and GADD45B, and valproic acid could bind to KCNJ2 and GADD45B (Fig

8C and 8D).

4. Discussion

Epilepsy and IS are common neurological disorders in the elderly, and IS is also a cause of sei-

zures in the elderly and epilepsy is a common complication after IS [2, 8]. The incidence of IS

is increasing annually; accordingly, the co-pathogenesis of IS and epilepsy is gaining increasing

attention [11]. To explore the co-pathogenesis of IS and epilepsy, this study conducted a joint

analysis of human samples and mouse samples through bioinformatics. The mouse sequencing

analysis identified angiogenesis and the MAPK signaling pathway as the common signal path-

way involved in IS and epilepsy. Subsequent sc-RNA seq analysis was further carried out for
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Fig 6. Discovery of DEGs in human Bulk RNA-seq. (A) Volcano plot for DEGs in GSE22255 and GSE58294 dataset. (B) Volcano plot for DEGs in

GSE143272 dataset. (C) The number of up and down regulated DEGs in (A). (D) The number of up and down regulated DEGs in (B). (E) Venn diagrams of

overlap in co-DEGs between IS and epilepsy. (F) Cluster heatmap for DEGs in GSE22255 and GSE58294 dataset. Red represents high gene expression and blue

represents low expression. (G) Cluster heatmap for DEGs in GSE143272 dataset. Yellow represents high gene expression and blue represents low expression.

https://doi.org/10.1371/journal.pone.0286426.g006
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cell localization of hub genes involved in these pathways. The combination of DEGs in mouse

samples and human samples identified hub genes involved in IS and epilepsy and potential

therapeutic drugs. Along with the findings of functional enrichment analysis of mouse DEGs,

the results support that negative regulation of angiogenesis and the MAPK pathway may be a

shared biological pathway between IS and epilepsy.

Blood-brain barrier (BBB) alteration is a common pathology of IS, and it serves as the

mechanism for secondary damage and the development of hemorrhagic transformation [12].

Fig 7. Function enrichment of DEGs in human Bulk RNA-seq. (A) The biological pathways involved in DEGs obtained by GO enrichment analysis

and the interrelationships between pathways. (B) KEGG pathway analysis of DEGs.

https://doi.org/10.1371/journal.pone.0286426.g007
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Meanwhile, epilepsy is clearly induced by permeability alterations and neurovascular unit dys-

function caused by BBB damage [6, 13]. Regulation of angiogenesis can maintain the stability

of BBB and can therefore reduce secondary IS damage and decrease PSE seizures [14]. The

MAPK signaling pathway is also involved in the etiology of IS and epilepsy. The hub gene of

Fig 8. Conservative genetic screening and molecular docking. (A) Venn diagrams of overlap in intersecting genes between co-DEGs

from the datasets of human origin and of mouse origin. (B) Chromosomal localization of intersecting genes. (C) Small molecule

compounds that may bind to PTGS2, TMCC3, KCNJ2 and GADD45B in DSigDB database. (D) Docking simulation of proteins and small

molecule compounds.

https://doi.org/10.1371/journal.pone.0286426.g008
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this pathway, Dusp1, has previously been identified as a hub gene in IS, and consistent findings

were obtained in the current study [15]. The occurrence of IS mostly involved an immunologi-

cal inflammatory response and oxidative stress-related pathways [16, 17]. In addition, several

studies have reported that the MAPK and NF-κB pathways jointly participate in oxidative

stress and inflammatory response in IS [18, 19]. In the pathogenesis of epilepsy, the MAPK

pathway is mainly related to neuroinflammation [20]. Wang et al. recently reported that the

MAPK signaling pathway regulates the decrease in phosphorylated myelin basic protein in the

hippocampus and may facilitate the prevention of demyelination in epilepsy [21]. In the cur-

rent study, GSEA enrichment of human samples demonstrated that angiogenesis and MAPK

signaling were associated with IS and epilepsy.

Combining the above results, we infer that vascular development and MAPK signaling are

important in IS and epilepsy. Thus, six hub pathway genes (Thbs1, Adamts9, Adamts1, Dusp6,

Dusp1, Vcl) were analyzed by scRNA-seq to further explore the pathogenesis of the disease.

The expression of related genes in endothelial cells, monocytes, microglia, and astrocytes dif-

fered significantly between the MCAO and control groups. Notably, these hub genes were all

significantly expressed in endothelial cells, and mostly higher in MCAO group, indicating that

endothelial cell changes play a role in the pathogenesis of IS. Endothelial cells are an essential

component of the BBB, supporting our hypothesis [22]. Endothelial cell inflammation, its

interactions with other cells and a variety of cytokines secreted by endothelial cell are partly

responsible for the acute thrombotic even advancing and inflammatory response that occurs

during IS [23, 24]. Analysis of subtypes of endothelial cells showed that many EC1 appeared

after IS, with relatively high hub gene expression levels. These endothelial cells exhibit apopto-

tic states and are associated with perinuclear region of cytoplasm, positive regulation of cell

death, blood vessel development, etc. Notably, these genes are also enriched in regulation of

neuron death and negative regulation of neuron apoptotic process, which mean that EC1 may

also have a neuroprotective effect. Furthermore, MAPK signaling pathway-related genes were

found to be highly expressed in monocytes, microglia, and astrocytes, indicating an immune

inflammatory response following IS. Monocyte infiltration is a cause of neural injure after IS,

which can be eased when p38 MAPK and NF-κB pathways was restricted [25]. Activation and

polarization of microglia and astrocytes are regarded as a double-edged sword for neurological

recovery. Microglia can be in a pro-inflammatory condition, which can lead to additional

brain injury, meanwhile, they can also release cytokines that are anti-inflammatory and neuro-

trophic, which aid in stroke healing [26]. Similarly, astrocytes aid in the repair of nerves after a

stroke and prevent lesions from spreading, but they inevitably increase brain damage by taking

part in the inflammatory response [27]. The regulation of MAPK signaling pathway is benefi-

cial to control the activation of microglia and astrocytes in both the ischemic penumbra of the

hippocampus and the hippocampus cerebral cortex following IS [28]. In addition, the mono-

cyte infiltration and activation of microglia usually occur after epileptic states, which can cause

damage to the nervous system to some extent and can be controlled when the MAPK pathway

is downregulated [20, 29]. However, due to the lack of scRNA-seq of epilepsy, this study was

not in-depth here.

In consideration of species conservation, we jointly analyzed the sequencing results of

human peripheral blood samples and mouse tissue samples, and four genes (GADD45B,

TMCC3, TPGS2, and KCNJ2) were identified as hub genes in IS and epilepsy. Studies show

that Gadd45b improves neurogenesis by increasing brain-derived neurotrophic factor and

alters the production of pro-inflammatory cytokines in IS [30]. Another study combining

scRNA-seq with Bulk RNA-seq also revealed Gadd45b as a specific gene for microglia in the

early stages of IS [31]. In addition, Xiao et al. reported that Gadd45b is involved in the regula-

tion of epilepsy through DNA demethylation [32]. Concurrently, KCNJ2 is a potassium
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channel-related protein that has been found to selectively regulate the proinflammatory

response, resulting in reduced infarct size in MCAO models [33]. However, the involvement

of TMCC3 and TPGS2 in IS and epilepsy has not been elucidated.

Based on molecular docking in the current study, two small molecule compounds, trichos-

tatin A and valproic acid, may serve as candidate drugs for IS and epilepsy. A recent study

revealed that trichostatin A improved IS by decreasing autophagy and lysosomal dysfunction

in ischemic penumbra neurons [34]. Interestingly, George et al. showed that trichostatin A

combined with sodium valproate helped improve PSE-induced neurologic impairment in

immature mice [35]. Meanwhile, the favorable treatment effect of valproic acid in epilepsy has

been well confirmed. Similarly, it has been shown that valproic acid can decrease microglial

activation and diminish glial scar formation to relieve IS [36]. Therefore, we hypothesize that

trichostatin A combined with valproic acid might be a promising treatment option for PSE.

This study has some limitations. First, although we performed a co-analysis of human and

mouse sequencing data to eliminate interspecies differences, the hub genes and drugs must be

validated in animal models and patient groups. Second, the main goal of this study was to find

the common pathogenesis of IS and epilepsy; therefore, the generalizability of the findings to

PSE still needs to be confirmed by sequencing data from relevant models or patients. Finally,

owing to the lack of epileptic scRNA-seq data, the expression level of hub genes in epilepsy

cells needs to be further explored. Despite these limitations, to our best knowledge, this is the

first study to investigate the collective hub genes and biological mechanism of IS and epilepsy.

In addition, the small molecule compounds trichostatin A and valproic acid were identified as

potential treatment modalities for IS and epilepsy. The study findings provide a novel insight

for further research into the management of PSE.
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14. Greene C, Hanley N, Reschke CR, Reddy A, Mäe MA, Connolly R, et al. Microvascular stabilization via

blood-brain barrier regulation prevents seizure activity. Nature Communications. 2022; 13(1):2003.

https://doi.org/10.1038/s41467-022-29657-y PMID: 35422069.

15. Zhang Q, Chen W, Chen S, Li S, Wei D, He W. Identification of key genes and upstream regulators in

ischemic stroke. Brain Behav. 2019; 9(7):e01319. https://doi.org/10.1002/brb3.1319 PMID: 31168961.

16. Yang K, Zeng L, Yuan X, Wang S, Ge A, Xu H, et al. The mechanism of ferroptosis regulating oxidative

stress in ischemic stroke and the regulation mechanism of natural pharmacological active components.

Biomed Pharmacother. 2022; 154:113611. https://doi.org/10.1016/j.biopha.2022.113611 PMID:

36081288.

17. Simats A, Liesz A. Systemic inflammation after stroke: implications for post-stroke comorbidities.

EMBO Mol Med. 2022; 14(9):e16269. https://doi.org/10.15252/emmm.202216269 PMID: 35971650.

18. Islam MS, Shin H-Y, Yoo Y-J, Kim R, Jang Y-J, Akanda MR, et al. Olanzapine Ameliorates Ischemic

Stroke-like Pathology in Gerbils and HO-Induced Neurotoxicity in SH-SY5Y Cells via Inhibiting the

MAPK Signaling Pathway. Antioxidants (Basel). 2022; 11(9). https://doi.org/10.3390/antiox11091697

PMID: 36139770.

19. Ge J-W, Deng S-J, Xue Z-W, Liu P-Y, Yu L-J, Li J-N, et al. Imperatorin inhibits mitogen-activated protein

kinase and nuclear factor kappa-B signaling pathways and alleviates neuroinflammation in ischemic

stroke. CNS Neurosci Ther. 2022; 28(1):116–25. https://doi.org/10.1111/cns.13748 PMID: 34674376.

20. Kim J-E, Park H, Choi S-H, Kong M-J, Kang T-C. Roscovitine Attenuates Microglia Activation and

Monocyte Infiltration via p38 MAPK Inhibition in the Rat Frontoparietal Cortex Following Status Epilepti-

cus. Cells. 2019; 8(7). https://doi.org/10.3390/cells8070746 PMID: 31331032.

21. Wang P, Ma K, Yang L, Zhang G, Ye M, Wang S, et al. Predicting signaling pathways regulating demye-

lination in a rat model of lithium-pilocarpine-induced acute epilepsy: A proteomics study. Int J Biol

Macromol. 2021; 193(Pt B):1457–70. https://doi.org/10.1016/j.ijbiomac.2021.10.209 PMID: 34742844.

22. Suprewicz Ł, Tran KA, Piktel E, Fiedoruk K, Janmey PA, Galie PA, et al. Recombinant human plasma

gelsolin reverses increased permeability of the blood-brain barrier induced by the spike protein of the

SARS-CoV-2 virus. Journal of Neuroinflammation. 2022; 19(1):282. https://doi.org/10.1186/s12974-

022-02642-4 PMID: 36434734.

PLOS ONE Angiogenesis and the MAPK pathway may be a shared biological pathway between IS and epilepsy

PLOS ONE | https://doi.org/10.1371/journal.pone.0286426 October 4, 2023 15 / 16

https://doi.org/10.1161/CIR.0000000000001052
http://www.ncbi.nlm.nih.gov/pubmed/35078371
https://doi.org/10.1212/WNL.0000000000200609
http://www.ncbi.nlm.nih.gov/pubmed/35508394
https://doi.org/10.1002/ana.26212
https://doi.org/10.1002/ana.26212
http://www.ncbi.nlm.nih.gov/pubmed/34505305
https://doi.org/10.1111/epi.17210
http://www.ncbi.nlm.nih.gov/pubmed/35218208
https://doi.org/10.3390/pharmaceutics14071376
https://doi.org/10.3390/pharmaceutics14071376
http://www.ncbi.nlm.nih.gov/pubmed/35890272
https://doi.org/10.1038/nrdp.2018.24
http://www.ncbi.nlm.nih.gov/pubmed/29722352
https://doi.org/10.1002/14651858.CD005398.pub4
http://www.ncbi.nlm.nih.gov/pubmed/35129214
https://doi.org/10.1038/s41467-019-09234-6
http://www.ncbi.nlm.nih.gov/pubmed/30944313
https://doi.org/10.1016/j.amjmed.2021.07.027
https://doi.org/10.1016/j.amjmed.2021.07.027
http://www.ncbi.nlm.nih.gov/pubmed/34454905
https://doi.org/10.3389/fimmu.2022.897022
http://www.ncbi.nlm.nih.gov/pubmed/35795678
https://doi.org/10.3389/fncel.2022.863836
https://doi.org/10.3389/fncel.2022.863836
http://www.ncbi.nlm.nih.gov/pubmed/35755780
https://doi.org/10.1038/s41467-022-29657-y
http://www.ncbi.nlm.nih.gov/pubmed/35422069
https://doi.org/10.1002/brb3.1319
http://www.ncbi.nlm.nih.gov/pubmed/31168961
https://doi.org/10.1016/j.biopha.2022.113611
http://www.ncbi.nlm.nih.gov/pubmed/36081288
https://doi.org/10.15252/emmm.202216269
http://www.ncbi.nlm.nih.gov/pubmed/35971650
https://doi.org/10.3390/antiox11091697
http://www.ncbi.nlm.nih.gov/pubmed/36139770
https://doi.org/10.1111/cns.13748
http://www.ncbi.nlm.nih.gov/pubmed/34674376
https://doi.org/10.3390/cells8070746
http://www.ncbi.nlm.nih.gov/pubmed/31331032
https://doi.org/10.1016/j.ijbiomac.2021.10.209
http://www.ncbi.nlm.nih.gov/pubmed/34742844
https://doi.org/10.1186/s12974-022-02642-4
https://doi.org/10.1186/s12974-022-02642-4
http://www.ncbi.nlm.nih.gov/pubmed/36434734
https://doi.org/10.1371/journal.pone.0286426


23. Zhang X, Gong P, Zhao Y, Wan T, Yuan K, Xiong Y, et al. Endothelial caveolin-1 regulates cerebral

thrombo-inflammation in acute ischemia/reperfusion injury. EBioMedicine. 2022; 84:104275. https://doi.

org/10.1016/j.ebiom.2022.104275 PMID: 36152520.

24. Cui J, Li H, Chen Z, Dong T, He X, Wei Y, et al. Thrombo-Inflammation and Immunological Response in

Ischemic Stroke: Focusing on Platelet-Tregs Interaction. Front Cell Neurosci. 2022; 16:955385. https://

doi.org/10.3389/fncel.2022.955385 PMID: 35846566.

25. Gao C, Jia W, Xu W, Wu Q, Wu J. Downregulation of CD151 restricts VCAM-1 mediated leukocyte infil-

tration to reduce neurobiological injuries after experimental stroke. Journal of Neuroinflammation. 2021;

18(1):118. https://doi.org/10.1186/s12974-021-02171-6 PMID: 34022890.

26. Wang Y, Leak RK, Cao G. Microglia-mediated neuroinflammation and neuroplasticity after stroke. Front

Cell Neurosci. 2022; 16:980722. https://doi.org/10.3389/fncel.2022.980722 PMID: 36052339.

27. Zhou M, Zhang T, Zhang X, Zhang M, Gao S, Zhang T, et al. Effect of Tetrahedral Framework Nucleic

Acids on Neurological Recovery via Ameliorating Apoptosis and Regulating the Activation and Polariza-

tion of Astrocytes in Ischemic Stroke. ACS Appl Mater Interfaces. 2022; 14(33):37478–92. https://doi.

org/10.1021/acsami.2c10364 PMID: 35951372.

28. Xu H, You M, Xiang X, Zhao J, Yuan P, Chu L, et al. Molecular Mechanism of Epimedium Extract

against Ischemic Stroke Based on Network Pharmacology and Experimental Validation. Oxidative Med-

icine and Cellular Longevity. 2022; 2022:3858314. https://doi.org/10.1155/2022/3858314 PMID:

36338345.

29. Kim J-E, Park H, Lee J-E, Kang T-C. CDDO-Me Inhibits Microglial Activation and Monocyte Infiltration

by Abrogating NFκB- and p38 MAPK-Mediated Signaling Pathways Following Status Epilepticus. Cells.

2020; 9(5). https://doi.org/10.3390/cells9051123 PMID: 32370011.

30. Adamski MG, Li Y, Wagner E, Yu H, Seales-Bailey C, Soper SA, et al. Expression profile based gene

clusters for ischemic stroke detection. Genomics. 2014; 104(3):163–9. https://doi.org/10.1016/j.ygeno.

2014.08.004 PMID: 25135788.

31. Zhang K, Zhang Q, Deng J, Li J, Li J, Wen L, et al. ALK5 signaling pathway mediates neurogenesis and

functional recovery after cerebral ischemia/reperfusion in rats via Gadd45b. Cell Death & Disease.

2019; 10(5):360. https://doi.org/10.1038/s41419-019-1596-z PMID: 31043581.

32. Xiao X-L, Wu X-L, Yang P-B, Hu H-B, Chen Y, Min L, et al. Status epilepticus induced Gadd45b is

required for augmented dentate neurogenesis. Stem Cell Research. 2020; 49:102102. https://doi.org/

10.1016/j.scr.2020.102102 PMID: 33279798.

33. Gao T, Raza SA, Ramesha S, Nwabueze NV, Tomkins AJ, Cheng L, et al. Temporal profiling of Kv1.3

channel expression in brain mononuclear phagocytes following ischemic stroke. Journal of Neuroin-

flammation. 2019; 16(1):116. https://doi.org/10.1186/s12974-019-1510-8 PMID: 31153377.

34. Lingling D, Miaomiao Q, Yili L, Hongyun H, Yihao D. Attenuation of histone H4 lysine 16 acetylation

(H4K16ac) elicits a neuroprotection against ischemic stroke by alleviating the autophagic/lysosomal

dysfunction in neurons at the penumbra. Brain Res Bull. 2022; 184:24–33. https://doi.org/10.1016/j.

brainresbull.2022.03.013 PMID: 35351588.

35. George S, Kadam SD, Irving ND, Markowitz GJ, Raja S, Kwan A, et al. Impact of trichostatin A and

sodium valproate treatment on post-stroke neurogenesis and behavioral outcomes in immature mice.

Front Cell Neurosci. 2013; 7:123. https://doi.org/10.3389/fncel.2013.00123 PMID: 23966909.

36. Kuo T-T, Wang V, Wu J-S, Chen Y-H, Tseng K-Y. Post-stroke Delivery of Valproic Acid Promotes Func-

tional Recovery and Differentially Modifies Responses of Peri-Infarct Microglia. Front Mol Neurosci.

2021; 14:639145. https://doi.org/10.3389/fnmol.2021.639145 PMID: 34122007.

PLOS ONE Angiogenesis and the MAPK pathway may be a shared biological pathway between IS and epilepsy

PLOS ONE | https://doi.org/10.1371/journal.pone.0286426 October 4, 2023 16 / 16

https://doi.org/10.1016/j.ebiom.2022.104275
https://doi.org/10.1016/j.ebiom.2022.104275
http://www.ncbi.nlm.nih.gov/pubmed/36152520
https://doi.org/10.3389/fncel.2022.955385
https://doi.org/10.3389/fncel.2022.955385
http://www.ncbi.nlm.nih.gov/pubmed/35846566
https://doi.org/10.1186/s12974-021-02171-6
http://www.ncbi.nlm.nih.gov/pubmed/34022890
https://doi.org/10.3389/fncel.2022.980722
http://www.ncbi.nlm.nih.gov/pubmed/36052339
https://doi.org/10.1021/acsami.2c10364
https://doi.org/10.1021/acsami.2c10364
http://www.ncbi.nlm.nih.gov/pubmed/35951372
https://doi.org/10.1155/2022/3858314
http://www.ncbi.nlm.nih.gov/pubmed/36338345
https://doi.org/10.3390/cells9051123
http://www.ncbi.nlm.nih.gov/pubmed/32370011
https://doi.org/10.1016/j.ygeno.2014.08.004
https://doi.org/10.1016/j.ygeno.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25135788
https://doi.org/10.1038/s41419-019-1596-z
http://www.ncbi.nlm.nih.gov/pubmed/31043581
https://doi.org/10.1016/j.scr.2020.102102
https://doi.org/10.1016/j.scr.2020.102102
http://www.ncbi.nlm.nih.gov/pubmed/33279798
https://doi.org/10.1186/s12974-019-1510-8
http://www.ncbi.nlm.nih.gov/pubmed/31153377
https://doi.org/10.1016/j.brainresbull.2022.03.013
https://doi.org/10.1016/j.brainresbull.2022.03.013
http://www.ncbi.nlm.nih.gov/pubmed/35351588
https://doi.org/10.3389/fncel.2013.00123
http://www.ncbi.nlm.nih.gov/pubmed/23966909
https://doi.org/10.3389/fnmol.2021.639145
http://www.ncbi.nlm.nih.gov/pubmed/34122007
https://doi.org/10.1371/journal.pone.0286426

