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Identification of miRNAs in
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epilepsy and drug-resistant
epilepsy via bioinformatics
analysis
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China, 2Department of Neurology, Yue Bei People’s Hospital, Shantou University Medical College,
Shaoguan, China, 3Medical Research Center and Clinical Laboratory Medicine, Yue Bei People’s Hospital,
Shantou University Medical College, Shaoguan, China

Background: Pediatric epilepsy (PE) is a common neurological disease. However,
many challenges regarding the clinical diagnosis and treatment of PE and drug-
resistant epilepsy (DRE) remain unsettled. Our study aimed to identify potential
miRNA biomarkers in children with epilepsy and drug-resistant epilepsy by
scrutinizing differential miRNA expression profiles.
Methods: In this study, miRNA expression profiles in plasma extracellular vesicles
(EV) of normal controls, children with drug-effective epilepsy (DEE), and children
with DRE were obtained. In addition, differential analysis, transcription factor (TF)
enrichment analysis, Gene ontology (GO) analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses, and target gene prediction
were used to identify specifically expressed miRNAs and their potential
mechanisms of action. Potential diagnostic markers for DRE were identified
using machine learning algorithms, and their diagnostic efficiency was assessed
by the receiver operating characteristic curve (ROC).
Results: The hsa-miR-1307-3p, hsa-miR-196a-5p, hsa-miR-199a-3p, and hsa-
miR-21-5p were identified as diagnostic markers for PE, with values of area
under curve (AUC) 0.780, 0.840, 0.832, and 0.816, respectively. In addition, the
logistic regression model incorporating these four miRNAs had an AUC value of
0.940, and its target gene enrichment analysis highlighted that these miRNAs
were primarily enriched in the PI3K-Akt, MAPK signaling pathways, and cell
cycle. Furthermore, hsa-miR-99a-5p, hsa-miR-532-5p, hsa-miR-181d-5p, and
hsa-miR-181a-5p showed good performance in differentiating children with
DRE from those with DEE, with AUC values of 0.737 (0.534–0.940), 0.737
(0.523–0.952), 0.788 (0.592–0.985), and 0.788 (0.603–0.974), respectively.
Conclusion: This study characterized the expression profile of miRNAs in plasma
EVs of children with epilepsy and identified miRNAs that can be used for the
diagnosis of DRE.
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1. Introduction

Epilepsy is a common, recurrent neurological disease in

children, affecting their brain development and threatening their

physical and mental health (1). According to statistics, pediatric

epilepsy (PE) affects the health of 65 million children worldwide.

The prevalence of PE ranges from 3.2/1,000 to 6.3/1,000 in

developed countries and 5/1,000 in China (1–3). PE primarily

affects children under the age of seven, with the highest

incidence occurring within the first year of life (4). Children with

epilepsy are less able to express themselves and have atypical

clinical symptoms at this age. During this critical period of brain

development, epilepsy that is not diagnosed early and treated

with timely interventions will cause brain damage and severe and

lasting neuropsychiatric disease (5). Currently, the early diagnosis

of epilepsy relies on electroencephalogram and imaging during

the seizure period. However, repeated and multiple monitoring is

required to confirm the diagnosis. Moreover, the pathogenesis of

epilepsy remains unclear. Therefore, the search for new biological

markers that can be used for the diagnosis of PE is crucial.

Currently, bioinformatics is widely used in identifying diagnostic

and prognostic biomarkers for multiple diseases. Based on

bioinformatics, several researchers have analyzed transcriptomic

data from public databases and combined them with clinical

information to identify prognostic biomarkers for a variety of

tumors, providing a new dimension for the elucidation of

tumorigenesis and treatment (6–8). Giambò et al. found that

pesticide exposure could induce genomic and epigenetic

alterations by integrating multiple datasets (9). Symonds et al.

suggested that epilepsy genomics plays a critical role in

understanding the mechanisms of disease and developing new

drug targets (10). Therefore, in this study we also explored the

potential pathogenesis of pediatric epilepsy and identified

potential diagnostic biomarkers via bioinformatics.

The primary treatment scheme for epilepsy is medication (11).

However, 1/3 of patients who fail to fully control their seizures

despite treatment with medications alone or a combination of

antiepileptic drugs develop drug-resistant epilepsy (DRE)

(11, 12). A study in 2018 revealed that 36% of 1,795 patients

newly diagnosed with epilepsy developed persistent DRE and

were less responsive to medication (13). DRE leads to stunted

growth and poor social adaptation in children, along with an

increased risk of death and a significant financial strain on

society and families. However, there is a lack of understanding of

the potential mechanisms underlying the pathogenesis of DRE

and the effective follow-up management schemes. In addition,

potential biological markers that can be used to predict response

to antiepileptic drugs are unavailable. Therefore, there is a need

for searching biological markers that can identify DRE at an

early stage to facilitate timely changes in treatment strategy and

to improve the patients’ quality of life.

MicroRNAs (miRNAs) are 19–25 nucleotides, small non-

coding RNAs, and are stably present in serum and tissues (14).

miRNAs are key regulators of normal physiological functions and

are crucially involved in cell growth and apoptosis, as well as
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tissue development and differentiation (15). MiRNA’s

mechanisms of action are well established. Mature miRNAs

degrade mRNA and reduce protein production primarily via

the binding of the 3’ region (non-coding) to the 5’ region

(non-coding) of mRNA (16). Some researchers have indicated

that miRNAs are important in the regulation of

neurodegenerative lesions and epileptic pathology (17, 18). In

recent years, miRNA has also been increasingly studied in

various central nervous system (CNS) diseases (19–21).

Furthermore, it has shown promising significance in the early

diagnosis and therapeutic assessment of Alzheimer’s disease,

psychiatric disorders, and depression (22–24). However, the

function of the miRNAs in the onset and progression of PE is

still not clear.

Extracellular vesicle (EV), a vesicular structure wrapped by a

cell-secreted lipid bilayer, is highly lipid soluble (25). EVs are

rich in miRNAs that can be transmitted between cells (26).

EV-derived miRNAs have an important role in the maintenance

of normal physiological functions (27). Additionally, EVs with a

diameter of 50–150 nm has good biocompatibility, can cross the

blood-brain barrier, and are considered good candidates for the

diagnosis of CNS disease (28). EVs have been also reported in

intercellular communication and their regulation is paramount.

Genc et al. reported that glioblastoma multiforme-derived

exosomes could cause neuronal damage (29). Wang et al.

summarized the potential of exosomes as biomarkers of

neurodegenerative lesions and the underlying mechanisms for

regulating oxidative stress (30). In addition, several investigators

have described the promise of EVs in the diagnosis of epilepsy

and as an adjunct to antiepileptic therapy (31, 32). In this

research, the characteristic expression profiles of miRNAs in

plasma circulating EVs of children with epilepsy and healthy

children were obtained from public databases using

bioinformatics approaches. In addition, biological markers that

can be used to differentiate children with epilepsy and those with

DRE were screened, and their potential biological functions were

explored.
2. Material and methods

2.1. Data downloading and processing

In this study, we take “pediatric epilepsy” and “exosomes” as

keywords for the retrieval in GEO datasets (https://www.ncbi.

nlm.nih.gov/geo/). Our exclusion criteria were (1) non-blood

samples and (2) non-mirRNA datasets. Expression data for

miRNAs from serum EVs were obtained from the GEO database,

GSE193842 (33). This cohort contained 10 healthy controls, 12

children with drug-effective epilepsy (DEE), and 13 children with

DRE. The Illumina NovaSeq 6000 platform provided the assay

data for this cohort. All patients included in the study underwent

a rigorous screening process. Ethical approval from the hospital

and informed consent from patients were obtained for this study.

Furthermore, the SVA package was utilized to perform
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background correction and normalization on the gene expression

data, ensuring accurate analysis of differential expression across

all groups.
2.2. Identification of differential expressed
miRNAs

The limma package was employed to assess the differentially

expressed miRNA (DEmiRNAs) between children with epilepsy

and healthy controls and between children with DEE and those

with DRE. The Benjamini–Hochberg method was employed to

measure the false discovery rate (FDR). FDR < 0.05 and log2FC

absolute value greater than or equal to 0.5 were used as

screening criteria for DEmiRNAs. The ggplot2 package was

utilized to present the outcomes of the differential analysis and

exhibit them via the volcano plot. The ComplexHeatmap package

was utilized for the purpose of visualizing heat maps, processing

normalization, and performing Euclidean distance clustering.

Conduct an analysis of the distinct and shared components of

the data across all groups utilizing the ComplexHeatmap

package, generate a visual representation of the findings, and

construct a Venn diagram utilizing the ggplot2 package and

VeenDiagram package.
FIGURE 1

Identification and functional enrichment analyses of the differentially express
miRNAs between children with epilepsy and normal controls. The blue dot
dots indicate miRNAs that have undergone up-regulation. (B) Heat map of d
controls. (C) Transcription factors (TFs) enrichment analysis of DEmiRNAs.
Pathway enrichment analysis of DEmiRNAs. The top ten enrichment pathway
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2.3. Prediction of target gene

TargetScan (http://www.targetscan.org/vert_71/), miRDB

(http://mirdb.org/), and miRTarBase (https://mirtarbase.cuhk.edu.cn/)

databases predicted the miRNAs potential target genes.
2.4. Functional enrichment analyses

The functional enrichment analysis tool (FunRich, http://

funrich.org/download) is a web tool employed for gene

functional enrichment and interaction network analysis. The

FnuRich-based tool analyzed the primary enrichment pathways

of differentially expressed miRNAs (DEmiRNAs) and the

potential transcription factors (TFs) regulating their expression.

Gene ontology (GO) analysis and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway enrichment analyses were carried

out with the R packages “org.Hs.eg.db” and “clusterProfiler”.
2.5. Bioinformatics and statistical analyses

STRING (https://cn.string-db.org/) database, which contains

rich data on protein-protein interaction (PPI), was used to
ed miRNA (DEmiRNAs). (A) Differential expression of plasma EV-derived
s denote miRNAs that have undergone down-regulation, while the red
ifferential miRNA expression between children with epilepsy and normal
TFs exhibiting P values below 0.05 were chosen for presentation. (D)
s were selected for display.
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construct network relationships for interactions between miRNA

target genes. In this study, miRNAs that can be used to

differentiate DRE were screened by LASSO regression model for

dimensionality reduction and a 10-fold cross-validation

procedure. In addition, ROC curves were plotted by the pROC

package, and their AUC values were calculated. Wilcoxon rank-

sum test was employed to analyze the differences in the non-

normally distributed variables. P < 0.05 signified a remarkable

difference.
3. Results

3.1. Identification of DEmiRNAs in children
with epilepsy and normal controls

Initially, miRNA expression was analyzed in plasma exosomes

derived from children with epilepsy and normal control children.

In total, 11 miRNAs were identified to be up-regulated, and 40

were down-regulated in children with epilepsy (Figure 1A). The

expression of DEmiRNAs in the two categories is shown in the
FIGURE 2

Identification and evaluation of markers for pediatric epilepsy (PE). (A) Expressio
Receiver Operating Characteristic (ROC) curves assessing the diagnostic efficie
to evaluate the diagnostic efficacy of a diagnostic model that was developed
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heatmap (Figure 1B). TF enrichment analysis revealed that these

DEmiRNAs may be regulated by POU2F1, EGR1, MEF2A,

HOXD8, NKX6-1, ARID3A, RORA, SP1, SP4, HOXA9, and

E2F1 TFs (Figure 1C). In addition, enrichment analysis

suggested that these DEmiRNAs were primarily enriched in the

IFN-gamma pathway, signaling events mediated by VEGFR1 and

VEGFR2, plasma membrane estrogen receptor signaling, and

PDGF receptor signaling network (Figure 1D).
3.2. Identification of diagnostic biomarkers
for PE

Initially, genes exhibiting zero expression level and a missing

rate exceeding 30% were eliminated. Subsequently, an AUC

analysis was conducted on the remaining genes, and the top four

miRNAs (hsa-miR-1307-3p, hsa-miR-196a-5p, hsa-miR-199a-3p,

and hsa-miR-21-5p) were identified as promising diagnostic

biomarkers for PE. In addition, further differential expression

analysis highlighted that the levels of expression of these four

miRNAs were remarkably higher in healthy controls than in
n of miRNAs between children with epilepsy and healthy control (HC). (B)
ncy of miRNAs. Area Under Curve, AUC. (C) A ROC analysis was conducted
through logistic regression. CI, confidence interval.
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children with epilepsy (Figure 2A). Subsequently, it was shown by

these four miRNAs’ ROC curves that they all exhibited excellent

performance in distinguishing children with epilepsy (hsa-miR-

1307-3p: AUC = 0.780; hsa-miR-196a-5p: AUC = 0.840; hsa-miR-

199a-3p: AUC = 0.832; and hsa-miR-21-5p: AUC = 0.816)

(Figure 2B). A diagnostic model based on these four miRNAs

was further constructed by logistic regression. The precise and

comprehensive parameters are presented in Supplementary

Table S1. ROC analysis revealed that the model had good

discrimination power with an AUC value of 0.94 (Figure 2C).
3.3. Target gene prediction and enrichment
analyses

MiRNAs exert regulatory functions in vivo by targeting

mRNAs. Three miRNA target gene prediction websites,

miRTarBase, TargetScan, and miRDB, were searched for the

prediction of the potential target genes of these miRNAs, thus

clarifying the possible role of these four miRNAs. Subsequently,

the prediction results from these three websites were intersected

to increase the predictive robustness. Hsa-miR-21-5p, hsa-miR-

196a-5p, hsa-miR-199a-3p, and hsa-miR-1307-3p had 150, 47, 25

and, 1 potential target genes, respectively (Figures 3A–D). GO
FIGURE 3

Target gene prediction of miRNA and enrichment analyses. (A) Target gene p
1307-3p. The target genes were predicted using three distinct databases, and
was visualized through a Venn diagram. (E) Gene ontology (GO) enrichment
(KEGG) enrichment analysis of target genes. The presented items of enrichme

Frontiers in Pediatrics 05
enrichment analysis highlighted that these target genes were

primarily involved in several biological processes including

regulation of neuron death, neuron death, regulation of myeloid

cell differentiation, and regulation of hemopoiesis. In addition,

these target genes, primarily located in the nuclear transcription

factor complex, ubiquitin ligase complex, and transcription factor

complex, were involved in multiple molecular functions such as

DNA-binding transcription activator activity, cytokine receptor

binding, and neurotrophin receptor binding. KEGG enrichment

analysis highlighted that these target genes were liked to the

PI3K-Akt, MAPK, and Ras signaling pathways, and

proteoglycans in cancer pathway (Figure 3F).

The PPI network of these potential target genes was

constructed based on the STRING database, and the top 20

genes in terms of molecular connectivity were screened as the

key genes (Figure 4A). Subsequently, a miRNA–mRNA

regulatory network based on these 20 key genes and 4 miRNAs,

was built (Figure 4B). GO enrichment analysis highlighted that

these 20 key genes were also linked with the regulation of neuron

death, neuron death, and aging (Figure 4C). KEGG enrichment

analysis indicated that these 20 key genes were connected to

several carcinogenesis-related pathways such as microRNAs in

cancer, HIF-1 signaling pathway, proteoglycans in cancer, and

pancreatic cancer (Figure 4D).
rediction of miR-21-5p, (B) miR-196-5p, (C) miR-199a-3p, and (D) miR-
the intersection of the predicted target genes across all three databases
analysis of target genes. (F) Kyoto Encyclopedia of Genes and Genomes
nt exhibit a adjust P < 0.05.
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FIGURE 4

Identification of key target genes and miRNA–mRNA regulatory network construction. (A) Screening of top 20 genes in terms of molecular connectivity as
key target genes as per the protein-protein interaction (PPI) network, which was constructed by STRING database. Each entry’s numerical value indicates
the level of connectivity among its genes, with higher values indicating greater connectivity. (B) Regulatory network of key target genes and miRNAs. The
correlation between miRNA and gene suggests the presence of a regulatory association between the two entities. (C,D) GO and KEGG enrichment
analyses of key target genes. The presented items of enrichment exhibit a adjust P < 0.05.
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3.4. Identification of diagnostic biomarkers
for DRE

Early identification of DRE in children is essential in

developing precise treatment plans and improving prognosis,

thereby reducing the emotional and financial burden on families

and society. In this study, 42 DEmiRNAs between children with

DRE and normal healthy controls were identified. Among the 42

DEmiRNAs, nine miRNAs were aberrantly highly expressed and

33 miRNAs were down-regulated in children with DRE

(Figure 5A). In addition, DEmiRNAs in EVs between children

with DRE and those with DEE were analyzed, of which 12

miRNAs were upregulated and 20 were downregulated in

children with DRE (Figure 5B). Subsequently, the two sets of

results were intersected to identify specifically expressed miRNAs

(SEmiRNAs) in children with DRE, yielding 11 miRNAs
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(Figure 5C). TF enrichment analysis revealed that the major

transcription factors regulating these 11 miRNAs were EGR1,

SP1, SP4, MEF2A, POU2F1, MYF5, REST, ZEB1, ASCL2, and

IRF1 (Figure 5D). The pathway enrichment analysis proposed

that these miRNAs were primarily linked with the activation-

related pathways, including the TRAIL signaling pathway,

Glypican pathway, and PI3K signaling events mediated by Akt

(Figure 5E). Afterward, LASSO regression was used to further

screen potential miRNA markers capable of distinguishing

between children with DRE and those with DEE, yielding four

miRNAs with diagnostic potential (Figure 6A). ROC analysis

suggested that these four miRNAs, including hsa-miR-99a-5p,

hsa-miR-532-5p, hsa-miR- 181d-5p, and hsa-miR-181a-5p

performed well in differentiating children with DRE from those

with DEE, with AUC values of 0.737 (0.534–0.940), 0.737

(0.523–0.952), 0.788 (0.592–0.985), and 0.788 (0.603–0.974),
frontiersin.org
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FIGURE 5

Identification and enrichment analysis of differential expression miRNAs (DEmiRNAs) in children with drug-resistant epilepsy (DRE). (A) Differential
expression of plasma EV-derived miRNAs between children with DRE and healthy controls (HC). (B) Differential expression of plasma EV-derived
miRNAs between children with DRE and children with drug-effective epilepsy (DEE). The blue dots denote miRNAs that have undergone down-
regulation, while the red dots indicate miRNAs that have undergone up-regulation. (C) Identification of DEmiRNAs in children with DRE. Venn
diagrams depict the intersections of differentially expressed miRNAs between two distinct groups. (D) Enrichment analysis of transcription factors
(TFs) for differentially expressed miRNAs. (E) Pathway enrichment analysis of DEmiRNAs.
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respectively (Figure 6B). A diagnostic model according to these

four miRNAs was built, using logistic regression and the precise

and comprehensive parameters are presented in Supplementary

Table S2. ROC analysis showed a good diagnostic efficiency of

this model, with an AUC value of 0.891 (0.743–1.00)

(Figure 6C). Differential analysis suggested that hsa-miR-99a-5p,

hsa-miR-181d-5p, and hsa-miR-181a-5p were significantly

upregulated in plasma exosomes in children with DRE, whereas

hsa-miR-532-5p was upregulated in children with DEE

(Figure 6D).

The three miRNA target gene prediction websites: miRTarBase,

TargetScan, and miRDB were utilized for the prediction of the

potential target genes of these four miRNAs. It was suggested by

KEGG enrichment analysis that the target genes were primarily

enriched in microRNAs in cancer, MAPK signaling pathway,

autophagy, endocrine resistance, and EGFR tyrosine kinase

inhibitor resistance (Figure 7B). Subsequently, the PPI network

was built and the first 20 genes ranked by molecular connectivity

were screened as key genes (Figure 7C). The constructed

miRNA–mRNA network showed potential regulatory

relationships between hsa-miR-181-5p and multiple genes

(Figure 7D).
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4. Discussion

Although clinical manifestations and imaging data are

frequently employed in the diagnosis and treatment of epilepsy,

and are typically effective for patients who respond to

medication, the absence of validated laboratory diagnostic

markers for childhood epilepsy or drug-resistant epilepsy is a

notable limitation. miRNA, a new biomarker, has exhibited

strong clinical application potential in both early diagnosis and

prognostic assessment of diseases. MicroRNAs have

demonstrated potential as diagnostic or prognostic indicators in a

range of chronic pediatric illnesses (34). The dysregulation of

miRNA expression can be a significant contributor to the onset

of seizures and neuronal death in epilepsy. Additionally, the

identification of hsa-miR-146a-5p, hsa-miR-138-5p, and hsa-

miR-187-3p as potential diagnostic markers for childhood

epileptic encephalopathy holds promise for clinical applications

(35). There was remarkable downregulation of miR-15a-5p and

miR-194-5p in plasma of children with epilepsy, with high

specificity and sensitivity in the early diagnosis of PE (36, 37). In

addition, functional analysis revealed that miR-15a-5p and miR-

194-5p have a vital function in the proliferation and apoptosis of
frontiersin.org
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FIGURE 6

Identification of diagnostic markers in children with drug-resistant epilepsy (DRE). (A) LASSO regression was used to screen potential candidate miRNAs.
(B) ROC curves assessing the diagnostic potential of the miRNAs. (C) ROC curves assessing the diagnostic efficiency of the diagnostic model, which was
developed through logistic regression. CI, confidence interval. (D) Expression of four miRNAs in children with DRE and drug-effective epilepsy (DEE).
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hippocampal neuronal cells. Furthermore, plasma miR-9a-3p and

miR-106b-5p have been extensively studied as markers in

patients with epilepsy (38–41). EV, a unique pool of biomarkers,

is rich in miRNAs and can protect miRNAs from degradation.

Therefore, EV-derived miRNAs are good candidates for disease

markers, and EVs in plasma can be used as markers for specific

diagnoses of CNS diseases. In addition, miRNAs have higher

stability in vesicles than mRNAs. Therefore, miRNAs in EVs

may serve as diagnostic and prognostic markers for neurological

disease (42–44). Results of a study suggested that miRNA

biomarkers derived from plasma EVs may serve as viable

diagnostic indicators for both childhood epilepsy and drug-

resistant epilepsy (33).

This study analyzed the plasma exosome-derived miRNA

expression profiles of children with epilepsy and normal healthy

controls. In contrast to prior studies (33), our study employed a

standardized approach to normalize TPM data using the SVA

and limma package and screened for differentially expressed

genes based on FDR values and P-values. This comprehensive

analysis of miRNA expression profiles allowed for the

identification of potential miRNA markers in children with

epilepsy and drug-resistant epilepsy from various perspectives.

Additionally, we utilized the LASSO regression technique to

identify miRNAs with diagnostic potential in a rigorous and

scientific manner. In addition, we selected miRNAs with

relatively high expression abundance as candidate markers in our
Frontiers in Pediatrics 08
study. This methodology takes into account the intricacy of the

statistical model and exclusively chooses the most pertinent

variables. This approach enabled us to isolate miRNAs that

exhibited both statistical disparities and physiological significance

in epilepsy. Moreover, we anticipated the target genes of the

distinct miRNAs and established regulatory networks utilizing

various databases, which facilitated the exploration of the

potential functions of these miRNAs. Additionally, we conducted

an analysis of transcription factor enrichment to elucidate the

upstream regulatory factors of the miRNAs, thereby facilitating

the identification of potential causes for their differential

expression. Our approach was characterized by a higher degree

of specificity and comprehensiveness, enabling us to identify

miRNAs that were not only statistically significant but also

physiologically relevant. In total, 51 DEmiRNAs in children with

epilepsy were screened based on differential analysis. TF

enrichment analysis highlighted that SP1 and SP4 were

considerably enriched for transcripts involved in regulating these

miRNAs. In addition, SP1 and SP4 are involved in regulating

epileptogenesis and could be potential therapeutic targets (45–

48). In this study, four miRNAs (miR-1307-3p, miR-196a-5p,

miR-199a-3p, and miR-21-5p) that can distinguish epileptic

children from normal children were identified. Research by

Johnson et al. suggested that the reduced expression of miR-

1307-3p in the saliva of children who experienced concussion

predicted a significantly high probability of conversion to
frontiersin.org
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FIGURE 7

Target gene enrichment analysis and miRNA regulatory network construction. (A) GO enrichment analysis of target genes. (B) KEGG enrichment analysis
of target genes. (C) Screening of top 20 genes in terms of molecular connectivity as key target genes as per the protein-protein interaction (PPI) network,
which was constructed by STRING database. Each entry’s numerical value indicates the level of connectivity among its genes, with higher values
indicating greater connectivity. (D) Regulatory network of key target genes and miRNAs. The correlation between miRNA and gene suggests the
presence of a regulatory association between the two entities.
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persistent concussion (49). Li et al. reported that miR-199a-3p is

dysregulated in neurons of children with epilepsy, which is

regulated by lncRNA-TUBG1 and associated with neuron

apoptosis and biological behaviors (50). Moreover, miR-21-5p

has been implicated in a variety of neurological disease, i.e.,

epilepsy, dementia, Alzheimer’s disease, and autism, along with

regulating apoptosis of hippocampal neurons (17, 51–53). It has

been suggested by the findings that these four miRNAs may be

crucially involved in epileptogenesis. The diagnostic model

constructed on these four miRNAs showed good potential in

differentiating children with epilepsy, with an AUC value of 0.94.

Three miRNA target gene prediction databases were incorporated

for the prediction of the potential target genes of these four

miRNAs and their potential functions. KEGG enrichment

analysis of the target genes revealed their main involvement in

the PI3K-Akt signaling pathway, MAPK signaling pathway, and
Frontiers in Pediatrics 09
cell cycle, all of which have been confirmed to be involved in

epileptogenesis by several studies (54–58).

Approximately 1/3 of patients with epilepsy eventually develop

DRE (59). Currently, both early diagnosis and treatment of DRE

are unsatisfactory. In this research, four miRNAs (miR-99a-5p,

miR-532-5p, miR-181d-5p, and miR-181a-5p) that could be used

to diagnose DRE were identified based on LASSO regression. A

diagnostic model incorporating these four miRNAs had an AUC

value of 0.891. miR-99a-5p in cerebrospinal fluid was confirmed

to be a marker of neurological disease in a study by Yoon et al.

(60). The involvement of miR-532-5p in the onset and

progression of Alzheimer’s disease and its neuroprotective role in

post-ischemic stroke had been suggested by several research

studies (61–63). MiR-532 was also found to be significantly

dysregulated in serum within a time frame of 200 min following

a solitary seizure (64). In addition, miR-181a-5p is associated
frontiersin.org

https://doi.org/10.3389/fped.2023.1199780
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Ruan et al. 10.3389/fped.2023.1199780
with the onset of several neurological disease and can be involved

in the induction of seizures in epileptic mice (65, 66). The

researchers also detected dysregulated expression of miR-181a in

the hippocampus and plasma of patients with epilepsy, which

may be involved in epileptogenesis by regulating the

inflammatory response and may serve as a potential diagnostic

marker for epilepsy (65, 67–73). It has been revealed by these

results that the mentioned miRNAs have a role in the onset and

progression of both epilepsy and DRE.

However, there are still some limitations to this study. We used

a relatively small sample size for the present study. The findings

from this study require confirmation by a larger prospective

cohort study. It is worth noting that the sample size used for the

model is consistent across various experimental groups, which

may not be representative of real-world scenarios where the

likelihood of having a child with epilepsy is lower. Furthermore,

the absence of a distinct test dataset raises the possibility that the

model may have exhibited overfitting tendencies. In addition, this

study was a comprehensive bioinformatics study based on

published data. The GEO data does not provide insight into

whether the DEE or DRE groups exhibited varying frequencies of

structural and/or genetic epilepsies. The absence of information

regarding the specific type of epilepsy diagnosed in the patients

may introduce bias into the results. Therefore, further in vivo

and in vitro experiments are needed to validate this result in the

future.
5. Conclusion

In conclusion, this research presented the miRNA expression

profiles in characteristic plasma EVs among children with

epilepsy and DRE by bioinformatics approaches. Overall, this

study gives a novel understanding of the onset mechanism of

epilepsy and DRE.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author.
Frontiers in Pediatrics 10
Ethics statement

The studies involving human/animal participants were

reviewed and approved by the Ethics Committee of the

Children’s Hospital of Zhejiang University School of Medicine

(2021-IRB-129). Written informed consent to participate in this

study was provided by the participants’ legal guardian/next of kin.
Author contributions

YR, JL and ZY conceived and designed this study. YR, XD, XX

and JL analyzed the data and drawn all pictures. YR, JL, XD and

XX wrote the manuscript, and ZY revised the manuscript. All

authors contributed to the article and approved the submitted

version.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fped.2023.

1199780/full#supplementary-material
References
1. Singh G, Sander JW. The global burden of epilepsy report: implications for low-
and middle-income countries. Epilepsy Behav. (2020) 105:106949. doi: 10.1016/j.
yebeh.2020.106949

2. Tenney JR. Epilepsy-work-up and management in children. Semin Neurol. (2020)
40:638–46. doi: 10.1055/s-0040-1718720

3. Lin Y, Hu S, Hao X, Duan L, Wang W, Zhou D, et al. Epilepsy centers in China:
current status and ways forward. Epilepsia. (2021) 62:2640–50. doi: 10.1111/epi.17058

4. Symonds JD, Elliott KS, Shetty J, Armstrong M, Brunklaus A, Cutcutache I, et al.
Early childhood epilepsies: epidemiology, classification, aetiology, and socio-economic
determinants. Brain. (2021) 144:2879–91. doi: 10.1093/brain/awab162

5. Abdel-Mannan O, Hughes E, Dunkley C. Epilepsy deaths in children:
improvements driven by data and surveillance in pediatrics. Epilepsy Behav. (2020)
103:106493. doi: 10.1016/j.yebeh.2019.106493
6. Candido S, Tomasello BMR, Lavoro A, Falzone L, Gattuso G, Libra M. Novel insights
into epigenetic regulation of IL6 pathway: in silico perspective on inflammation and
cancer relationship. Int J Mol Sci. (2021) 22:10172. doi: 10.3390/ijms221810172

7. Qi C, Lei L, Hu J, Wang G, Liu J, Ou S. Serine incorporator 2 (SERINC2)
expression predicts an unfavorable prognosis of low-grade glioma (LGG): evidence
from bioinformatics analysis. J Mol Neurosci. (2020) 70:1521–32. doi: 10.1007/
s12031-020-01620-w

8. Candido S, Tomasello B, Lavoro A, Falzone L, Gattuso G, Russo A, et al.
Bioinformatic analysis of the LCN2-SLC22A17-MMP9 network in cancer: the role
of DNA methylation in the modulation of tumor microenvironment. Front Cell Dev
Biol. (2022) 10:945586. doi: 10.3389/fcell.2022.945586

9. Giambo F, Leone GM, Gattuso G, Rizzo R, Cosentino A, Cina D, et al. Genetic
and epigenetic alterations induced by pesticide exposure: integrated analysis of gene
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fped.2023.1199780/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2023.1199780/full#supplementary-material
https://doi.org/10.1016/j.yebeh.2020.106949
https://doi.org/10.1016/j.yebeh.2020.106949
https://doi.org/10.1055/s-0040-1718720
https://doi.org/10.1111/epi.17058
https://doi.org/10.1093/brain/awab162
https://doi.org/10.1016/j.yebeh.2019.106493
https://doi.org/10.3390/ijms221810172
https://doi.org/10.1007/s12031-020-01620-w
https://doi.org/10.1007/s12031-020-01620-w
https://doi.org/10.3389/fcell.2022.945586
https://doi.org/10.3389/fped.2023.1199780
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Ruan et al. 10.3389/fped.2023.1199780
expression, microRNA expression, and DNA methylation datasets. Int J Environ Res
Public Health. (2021) 18:8697. doi: 10.3390/ijerph18168697

10. Symonds JD, Zuberi SM, Johnson MR. Advances in epilepsy gene discovery and
implications for epilepsy diagnosis and treatment. Curr Opin Neurol. (2017) 30:193–9.
doi: 10.1097/WCO.0000000000000433

11. Katyayan A, Diaz-Medina G. Epilepsy: epileptic syndromes and treatment.
Neurol Clin. (2021) 39:779–95. doi: 10.1016/j.ncl.2021.04.002

12. Verrotti A, Moavero R, Panzarino G, Di Paolantonio C, Rizzo R, Curatolo P. The
challenge of pharmacotherapy in children and adolescents with epilepsy-ADHD
comorbidity. Clin Drug Investig. (2018) 38:1–8. doi: 10.1007/s40261-017-0585-1

13. Chen Z, Brodie MJ, Liew D, Kwan P. Treatment outcomes in patients with newly
diagnosed epilepsy treated with established and new antiepileptic drugs: a 30-year
longitudinal cohort study. JAMA Neurol. (2018) 75:279–86. doi: 10.1001/
jamaneurol.2017.3949

14. Cai Y, Yu X, Hu S, Yu J. A brief review on the mechanisms of miRNA regulation.
Genom Proteom Bioinform. (2009) 7:147–54. doi: 10.1016/S1672-0229(08)60044-3

15. Saliminejad K, Khorram Khorshid HR, Soleymani Fard S, Ghaffari SH. An
overview of microRNAs: biology, functions, therapeutics, and analysis methods.
J Cell Physiol. (2019) 234:5451–65. doi: 10.1002/jcp.27486

16. Liu B, Li J, Cairns MJ. Identifying miRNAs, targets and functions. Brief
Bioinform. (2014) 15:1–19. doi: 10.1093/bib/bbs075

17. Juźwik CA, Drake S, Zhang Y, Paradis-Isler N, Sylvester A, Amar-Zifkin A, et al.
microRNA dysregulation in neurodegenerative diseases: a systematic review. Prog
Neurobiol. (2019) 182:101664. doi: 10.1016/j.pneurobio.2019.101664

18. Karnati HK, Panigrahi MK, Gutti RK, Greig NH, Tamargo IA. miRNAs: key
players in neurodegenerative disorders and epilepsy. J Alzheimers Dis. (2015)
48:563–80. doi: 10.3233/JAD-150395

19. Baloun J, Bencurova P, Totkova T, Kubova H, Hermanova M, Hendrych M, et al.
Epilepsy miRNA profile depends on the age of onset in humans and rats. Front
Neurosci. (2020) 14:924. doi: 10.3389/fnins.2020.00924

20. Sun P, Liu DZ, Jickling GC, Sharp FR, Yin K-J. MicroRNA-based therapeutics in
central nervous system injuries. J Cereb Blood Flow Metab. (2018) 38:1125–48. doi: 10.
1177/0271678X18773871

21. Zetterberg H, Burnham SC. Blood-based molecular biomarkers for Alzheimer’s
disease. Mol Brain. (2019) 12:26. doi: 10.1186/s13041-019-0448-1

22. Goh SY, Chao YX, Dheen ST, Tan E-K, Tay SS-W. Role of microRNAs in
Parkinson’s disease. Int J Mol Sci. (2019) 20:5649. doi: 10.3390/ijms20225649

23. Sarkar A, Sarmah D, Datta A, Kaur H, Jagtap P, Raut S, et al. Post-stroke
depression: chaos to exposition. Brain Res Bull. (2021) 168:74–88. doi: 10.1016/j.
brainresbull.2020.12.012

24. Mayo S, Benito-León J, Peña-Bautista C, Baquero M, Cháfer-Pericás C. Recent
evidence in epigenomics and proteomics biomarkers for early and minimally invasive
diagnosis of Alzheimer’s and Parkinson’s diseases. Curr Neuropharmacol. (2021)
19:1273–303. doi: 10.2174/1570159X19666201223154009

25. Van Niel G, D’angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. (2018) 19:213–28. doi: 10.1038/nrm.2017.125

26. Hu W, Liu C, Bi Z-Y, Zhou Q, Zhang H, Li L-L, et al. Comprehensive landscape
of extracellular vesicle-derived RNAs in cancer initiation, progression, metastasis and
cancer immunology. Mol Cancer. (2020) 19:102. doi: 10.1186/s12943-020-01199-1

27. Zhang J, Li S, Li L, Li M, Guo C, Yao J, et al. Exosome and exosomal microRNA:
trafficking, sorting, and function. Genom Proteom Bioinform. (2015) 13:17–24. doi: 10.
1016/j.gpb.2015.02.001

28. Tran PHL, Xiang D, Tran TTD, Yin W, Zhang Y, Kong L, et al. Exosomes and
nanoengineering: a match made for precision therapeutics. Adv Mater. (2020) 32:
e1904040. doi: 10.1002/adma.201904040

29. Genc S, Pennisi M, Yeni Y, Yildirim S, Gattuso G, Altinoz MA, et al. Potential
neurotoxic effects of glioblastoma-derived exosomes in primary cultures of cerebellar
neurons via oxidant stress and glutathione depletion. Antioxidants. (2022) 11:1225.
doi: 10.3390/antiox11071225

30. Wang X, Zhou Y, Gao Q, Ping D, Wang Y, Wu W, et al. The role of exosomal
microRNAs and oxidative stress in neurodegenerative diseases. Oxid Med Cell Longev.
(2020) 2020:3232869. doi: 10.1155/2020/3232869

31. Upadhya D, Shetty AK. Promise of extracellular vesicles for diagnosis and
treatment of epilepsy. Epilepsy Behav. (2021) 121:106499. doi: 10.1016/j.yebeh.2019.
106499

32. Khalyfa A, Sanz-Rubio D. Genetics and extracellular vesicles of pediatrics sleep
disordered breathing and epilepsy. Int J Mol Sci. (2019) 20:5483. doi: 10.3390/
ijms20215483

33. Wang Y, Wang Y, Chen Y, Hua Y, Xu L, Zhu M, et al. Circulating microRNAs
from plasma small extracellular vesicles as potential diagnostic biomarkers in pediatric
epilepsy and drug-resistant epilepsy. Front Mol Neurosci. (2022) 15:823802. doi: 10.
3389/fnmol.2022.823802

34. Paul S, Ruiz-Manriquez LM, Ledesma-Pacheco SJ, Benavides-Aguilar JA,
Torres-Copado A, Morales-Rodriguez JI, et al. Roles of microRNAs in chronic
Frontiers in Pediatrics 11
pediatric diseases and their use as potential biomarkers: a review. Arch Biochem
Biophys. (2021) 699:108763. doi: 10.1016/j.abb.2021.108763

35. Unalp A, Coskunpinar E, Gunduz K, Pekuz S, Baysal BT, Edizer S, et al.
Detection of deregulated miRNAs in childhood epileptic encephalopathies. J Mol
Neurosci. (2022) 72:1234–42. doi: 10.1007/s12031-022-02001-1

36. Li N, Pan J, Liu W, Li Y, Li F, Liu M. MicroRNA-15a-5p serves as a potential
biomarker and regulates the viability and apoptosis of hippocampus neuron in
children with temporal lobe epilepsy. Diagn Pathol. (2020) 15:46. doi: 10.1186/
s13000-020-00944-w

37. Niu X, Zhu HL, Liu Q, Yan JF, Li ML. MiR-194-5p serves as a potential
biomarker and regulates the proliferation and apoptosis of hippocampus neuron in
children with temporal lobe epilepsy. J Chin Med Assoc. (2021) 84:510–6. doi: 10.
1097/JCMA.0000000000000518

38. Roncon P, Soukupova M, Binaschi A, Falcicchia C, Zucchini S, Ferracin M, et al.
MicroRNA profiles in hippocampal granule cells and plasma of rats with pilocarpine-
induced epilepsy–comparison with human epileptic samples. Sci Rep. (2015) 5:14143.
doi: 10.1038/srep14143

39. Lin Q, Chen J, Zheng X, Zhang Y, Tao X, Ye J. Circular RNA circ_ANKMY2
regulates temporal lobe epilepsy progression via the miR-106b-5p/FOXP1 axis.
Neurochem Res. (2020) 45:3034–44. doi: 10.1007/s11064-020-03151-7

40. Zheng D, Li M, Li G, Hu J, Jiang X, Wang Y, et al. Circular RNA circ_DROSHA
alleviates the neural damage in a cell model of temporal lobe epilepsy through
regulating miR-106b-5p/MEF2C axis. Cell Signal. (2021) 80:109901. doi: 10.1016/j.
cellsig.2020.109901

41. Wang J, Yu JT, Tan L, Tian Y, Ma J, Tan CC, et al. Genome-wide circulating
microRNA expression profiling indicates biomarkers for epilepsy. Sci Rep. (2015)
5:9522. doi: 10.1038/srep09522

42. Kanninen KM, Bister N, Koistinaho J, Malm T. Exosomes as new diagnostic
tools in CNS diseases. Biochim Biophys Acta. (2016) 1862:403–10. doi: 10.1016/j.
bbadis.2015.09.020

43. Jung M, Schaefer A, Steiner I, Kempkensteffen C, Stephan C, Erbersdobler A, et al.
Robust microRNA stability in degraded RNA preparations from human tissue and cell
samples. Clin Chem. (2010) 56:998–1006. doi: 10.1373/clinchem.2009.141580

44. Kahraman M, Laufer T, Backes C, Schrors H, Fehlmann T, Ludwig N, et al.
Technical stability and biological variability in MicroRNAs from dried blood spots:
a lung cancer therapy-monitoring showcase. Clin Chem. (2017) 63:1476–88. doi: 10.
1373/clinchem.2017.271619

45. Zhao MW, Qiu WJ, Yang P. SP1 activated-lncRNA SNHG1 mediates the
development of epilepsy via miR-154-5p/TLR5 axis. Epilepsy Res. (2020)
168:106476. doi: 10.1016/j.eplepsyres.2020.106476

46. Kim JE, Kang TC. CDDO-Me attenuates astroglial autophagy via Nrf2-, ERK1/
2-SP1- and src-CK2-PTEN-PI3K/AKT-mediated signaling pathways in the
hippocampus of chronic epilepsy rats. Antioxidants. (2021) 10:655. doi: 10.3390/
antiox10050655

47. Zhang H, Yu S, Xia L, Peng X, Wang S, Yao B. NLRP3 inflammasome activation
enhances ADK expression to accelerate epilepsy in mice. Neurochem Res. (2022)
47:713–22. doi: 10.1007/s11064-021-03479-8

48. Gibbs SA, Proserpio P, Francione S, Mai R, Cardinale F, Sartori I, et al. Clinical
features of sleep-related hypermotor epilepsy in relation to the seizure-onset zone: a
review of 135 surgically treated cases. Epilepsia. (2019) 60:707–17. doi: 10.1111/epi.
14690

49. Johnson JJ, Loeffert AC, Stokes J, Olympia RP, Bramley H, Hicks SD.
Association of salivary microRNA changes with prolonged concussion symptoms.
JAMA Pediatr. (2018) 172:65–73. doi: 10.1001/jamapediatrics.2017.3884

50. Li C, Zheng X, Liu P, Li M. Clinical value of lncRNA TUG1 in temporal lobe
epilepsy and its role in the proliferation of hippocampus neuron via sponging miR-
199a-3p. Bioengineered. (2021) 12:10666–73. doi: 10.1080/21655979.2021.2001904

51. Li X, Giri V, Cui Y, Yin M, Xian Z, Li J. LncRNA FTX inhibits hippocampal
neuron apoptosis by regulating miR-21-5p/SOX7 axis in a rat model of temporal
lobe epilepsy. Biochem Biophys Res Commun. (2019) 512:79–86. doi: 10.1016/j.bbrc.
2019.03.019

52. Zhang X, Li X, Li B, Sun C, Zhang P. miR-21-5p protects hippocampal neurons
of epileptic rats via inhibiting STAT3 expression. Adv Clin Exp Med. (2020)
29:793–801. doi: 10.17219/acem/121929

53. Gill PS, Dweep H, Rose S, Wickramasinghe PJ, Vyas KK, Mccullough S, et al.
Integrated microRNA-mRNA expression profiling identifies novel targets and
networks associated with autism. J Pers Med. (2022) 12:920. doi: 10.3390/
jpm12060920

54. Duan W, Chen Y, Wang XR. MicroRNA155 contributes to the occurrence of
epilepsy through the PI3K/akt/mTOR signaling pathway. Int J Mol Med. (2018)
42:1577–84. doi: 10.3892/ijmm.2018.3711

55. Pottoo FH, Salahuddin M, Khan FA, Al Dhamen MA, Alsaeed WJ, Gomaa MS,
et al. Combinatorial regimen of carbamazepine and imipramine exhibits synergism
against grandmal epilepsy in rats: inhibition of pro-inflammatory cytokines and
PI3K/akt/mTOR signaling pathway. Pharmaceuticals. (2021) 14:1204. doi: 10.3390/
ph14111204
frontiersin.org

https://doi.org/10.3390/ijerph18168697
https://doi.org/10.1097/WCO.0000000000000433
https://doi.org/10.1016/j.ncl.2021.04.002
https://doi.org/10.1007/s40261-017-0585-1
https://doi.org/10.1001/jamaneurol.2017.3949
https://doi.org/10.1001/jamaneurol.2017.3949
https://doi.org/10.1016/S1672-0229(08)60044-3
https://doi.org/10.1002/jcp.27486
https://doi.org/10.1093/bib/bbs075
https://doi.org/10.1016/j.pneurobio.2019.101664
https://doi.org/10.3233/JAD-150395
https://doi.org/10.3389/fnins.2020.00924
https://doi.org/10.1177/0271678X18773871
https://doi.org/10.1177/0271678X18773871
https://doi.org/10.1186/s13041-019-0448-1
https://doi.org/10.3390/ijms20225649
https://doi.org/10.1016/j.brainresbull.2020.12.012
https://doi.org/10.1016/j.brainresbull.2020.12.012
https://doi.org/10.2174/1570159X19666201223154009
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1186/s12943-020-01199-1
https://doi.org/10.1016/j.gpb.2015.02.001
https://doi.org/10.1016/j.gpb.2015.02.001
https://doi.org/10.1002/adma.201904040
https://doi.org/10.3390/antiox11071225
https://doi.org/10.1155/2020/3232869
https://doi.org/10.1016/j.yebeh.2019.106499
https://doi.org/10.1016/j.yebeh.2019.106499
https://doi.org/10.3390/ijms20215483
https://doi.org/10.3390/ijms20215483
https://doi.org/10.3389/fnmol.2022.823802
https://doi.org/10.3389/fnmol.2022.823802
https://doi.org/10.1016/j.abb.2021.108763
https://doi.org/10.1007/s12031-022-02001-1
https://doi.org/10.1186/s13000-020-00944-w
https://doi.org/10.1186/s13000-020-00944-w
https://doi.org/10.1097/JCMA.0000000000000518
https://doi.org/10.1097/JCMA.0000000000000518
https://doi.org/10.1038/srep14143
https://doi.org/10.1007/s11064-020-03151-7
https://doi.org/10.1016/j.cellsig.2020.109901
https://doi.org/10.1016/j.cellsig.2020.109901
https://doi.org/10.1038/srep09522
https://doi.org/10.1016/j.bbadis.2015.09.020
https://doi.org/10.1016/j.bbadis.2015.09.020
https://doi.org/10.1373/clinchem.2009.141580
https://doi.org/10.1373/clinchem.2017.271619
https://doi.org/10.1373/clinchem.2017.271619
https://doi.org/10.1016/j.eplepsyres.2020.106476
https://doi.org/10.3390/antiox10050655
https://doi.org/10.3390/antiox10050655
https://doi.org/10.1007/s11064-021-03479-8
https://doi.org/10.1111/epi.14690
https://doi.org/10.1111/epi.14690
https://doi.org/10.1001/jamapediatrics.2017.3884
https://doi.org/10.1080/21655979.2021.2001904
https://doi.org/10.1016/j.bbrc.2019.03.019
https://doi.org/10.1016/j.bbrc.2019.03.019
https://doi.org/10.17219/acem/121929
https://doi.org/10.3390/jpm12060920
https://doi.org/10.3390/jpm12060920
https://doi.org/10.3892/ijmm.2018.3711
https://doi.org/10.3390/ph14111204
https://doi.org/10.3390/ph14111204
https://doi.org/10.3389/fped.2023.1199780
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Ruan et al. 10.3389/fped.2023.1199780
56. Hodges SL, Lugo JN. Therapeutic role of targeting mTOR signaling and
neuroinflammation in epilepsy. Epilepsy Res. (2020) 161:106282. doi: 10.1016/j.
eplepsyres.2020.106282

57. Wei TH, Hsieh CL. Effect of acupuncture on the p38 signaling pathway in
several nervous system diseases: a systematic review. Int J Mol Sci. (2020) 21:4693.
doi: 10.3390/ijms21134693

58. Ferrer I. Cell signaling in the epileptic hippocampus. Rev Neurol. (2002)
34:544–50. PMID: 12040499

59. Wu CC, Tsai MH, Chu YJ, Weng WC, Fan PC, Lee WT. The role of targeted
gene panel in pediatric drug-resistant epilepsy. Epilepsy Behav. (2020) 106:107003.
doi: 10.1016/j.yebeh.2020.107003

60. Yoon H, Belmonte KC, Kasten T, Bateman R, Kim J. Intra- and inter-
individual variability of microRNA levels in human cerebrospinal fluid: critical
implications for biomarker discovery. Sci Rep. (2017) 7:12720. doi: 10.1038/s41598-
017-13031-w

61. Mu J, Cheng X, Zhong S, Chen X, Zhao C. Neuroprotective effects of miR-532-
5p against ischemic stroke. Metab Brain Dis. (2020) 35:753–63. doi: 10.1007/s11011-
020-00544-z

62. Shi Y, Yi Z, Zhao P, Xu Y, Pan P. MicroRNA-532-5p protects against cerebral
ischemia-reperfusion injury by directly targeting CXCL1. Aging. (2021)
13:11528–41. doi: 10.18632/aging.202846

63. Ludwig N, Fehlmann T, Kern F, Gogol M, Maetzler W, Deutscher S, et al.
Machine learning to detect Alzheimer’s disease from circulating non-coding RNAs.
Genom Proteom Bioinform. (2019) 17:430–40. doi: 10.1016/j.gpb.2019.09.004

64. Surges R, Kretschmann A, Abnaof K, Van Rikxoort M, Ridder K, Frohlich H,
et al. Changes in serum miRNAs following generalized convulsive seizures in
human mesial temporal lobe epilepsy. Biochem Biophys Res Commun. (2016)
481:13–8. doi: 10.1016/j.bbrc.2016.11.029
Frontiers in Pediatrics 12
65. Xiaoying G, Guo M, Jie L, Yanmei Z, Ying C, Shengjie S, et al. Circhivep2
contributes to microglia activation and inflammation via miR-181a-5p/SOCS2
signalling in mice with kainic acid-induced epileptic seizures. J Cell Mol Med.
(2020) 24:12980–93. doi: 10.1111/jcmm.15894

66. Wang H, Wang X, Zhang Y, Zhao J. LncRNA SNHG1 promotes neuronal injury
in Parkinson’s disease cell model by miR-181a-5p/CXCL12 axis. J Mol Histol. (2021)
52:153–63. doi: 10.1007/s10735-020-09931-3

67. Ma Y. The challenge of microRNA as a biomarker of epilepsy. Curr
Neuropharmacol. (2018) 16:37–42. doi: 10.2174/1570159X15666170703102410

68. Hu C, Wang S, Liu L. Long non-coding RNA small nucleolar RNA host gene 1
alleviates the progression of epilepsy by regulating the miR-181a/BCL-2 axis in vitro.
Life Sci. (2021) 267:118935. doi: 10.1016/j.lfs.2020.118935

69. Kong H, Wang H, Zhuo Z, Li Z, Tian P, Wu J, et al. Inhibition of miR-181a-5p
reduces astrocyte and microglia activation and oxidative stress by activating SIRT1 in
immature rats with epilepsy. Lab Invest. (2020) 100:1223–37. doi: 10.1038/s41374-020-
0444-1

70. Huang Y, Liu X, Liao Y, Luo C, Zou D, Wei X, et al. MiR-181a influences the
cognitive function of epileptic rats induced by pentylenetetrazol. Int J Clin Exp
Pathol. (2015) 8:12861–8. PMID: 26722477

71. Ghafouri-Fard S, Hussen BM, Abak A, Taheri M, Jalili Khoshnoud R. Aberrant
expression of miRNAs in epilepsy. Mol Biol Rep. (2022) 49:5057–74. doi: 10.1007/
s11033-022-07188-5

72. Abdel Raouf H, Kholoussi NM, Eissa E, El Nady HG, Fayed DB, Abdelkawy
RFM. MicroRNAs as immune regulators of inflammation in children with epilepsy.
Int J Mol Cell Med. (2020) 9:188–97. doi: 10.22088/IJMCM.BUMS.9.3.188

73. Liu X, Wu Y, Huang Q, Zou D, QinW, Chen Z. Grouping pentylenetetrazol-induced
epileptic rats according to memory impairment and MicroRNA expression profiles in the
hippocampus. PLoS One. (2015) 10:e0126123. doi: 10.1371/journal.pone.0126123
frontiersin.org

https://doi.org/10.1016/j.eplepsyres.2020.106282
https://doi.org/10.1016/j.eplepsyres.2020.106282
https://doi.org/10.3390/ijms21134693
https://doi.org/10.1016/j.yebeh.2020.107003
https://doi.org/10.1038/s41598-017-13031-w
https://doi.org/10.1038/s41598-017-13031-w
https://doi.org/10.1007/s11011-020-00544-z
https://doi.org/10.1007/s11011-020-00544-z
https://doi.org/10.18632/aging.202846
https://doi.org/10.1016/j.gpb.2019.09.004
https://doi.org/10.1016/j.bbrc.2016.11.029
https://doi.org/10.1111/jcmm.15894
https://doi.org/10.1007/s10735-020-09931-3
https://doi.org/10.2174/1570159X15666170703102410
https://doi.org/10.1016/j.lfs.2020.118935
https://doi.org/10.1038/s41374-020-0444-1
https://doi.org/10.1038/s41374-020-0444-1
https://doi.org/10.1007/s11033-022-07188-5
https://doi.org/10.1007/s11033-022-07188-5
https://doi.org/10.22088/IJMCM.BUMS.9.3.188
https://doi.org/10.1371/journal.pone.0126123
https://doi.org/10.3389/fped.2023.1199780
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Identification of miRNAs in extracellular vesicles as potential diagnostic markers for pediatric epilepsy and drug-resistant epilepsy via bioinformatics analysis
	Introduction
	Material and methods
	Data downloading and processing
	Identification of differential expressed miRNAs
	Prediction of target gene
	Functional enrichment analyses
	Bioinformatics and statistical analyses

	Results
	Identification of DEmiRNAs in children with epilepsy and normal controls
	Identification of diagnostic biomarkers for PE
	Target gene prediction and enrichment analyses
	Identification of diagnostic biomarkers for DRE

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher's note
	Supplementary material
	References


