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Abstract. MicroRNA sequencing (miRNA-seq) was
performed in the present study to investigate miRNA expres-
sion profiles in infarcted brain areas following focal cerebral
ischemia induced by middle cerebral artery occlusion in rats.
In total, 20 miRNAs were identified to be upregulated and
17 to be downregulated in the infarct area. The expression
levels of six differentially expressed miRNAs (DEmiRs),
miR-211-5p, miR-183-5p, miR-10b-3p, miR-182, miR-217-5p
and miR-96-5p, were examined by reverse transcription-
quantitative polymerase chain reaction. Subsequently, a
miRNA-mRNA network was constructed. Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes analyses were
performed to investigate the functions of the mRNAs targeted
by these DEmiRs. The present study aimed to investigate the
association between miRNAs and cerebral ischemia to provide
potential insight into the molecular mechanisms underlying
ischemic stroke.

Introduction

Ischemic stroke, one of the leading causes of mortality and
disability, poses a public health concern worldwide. Over the
past two decades, accumulating evidence has demonstrated
the involvement of endothelial dysfunction, neuroinflam-
mation and oxidative stress in the development of ischemic
stroke (1,2); however, the association between microRNAs
(miRNAs) and stroke remains unclear.

miRNAs are small noncoding RNA molecules of 18-23
nucleotides in length. miRNAs are important regulators of
physiological and pathological processes, and have been
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reported to influence various diseases (3,4). miRNA networks
have been observed to be involved in various processes
including the regeneration of central and peripheral nervous
lesions, axonal regeneration, neural cell differentiation
and chronic pain (5-7). Previous studies demonstrated that
miRNAs may be used as biomarkers and therapeutic targets
to treat certain neurological diseases. Additionally, previous
studies demonstrated that miRNAs are involved in ischemic
stroke (8-18). miRNA-182 (miR-182) may regulate the expres-
sion levels of clock circadian regulator in the pineal gland of
neonatal rats following hypoxic-ischemic brain injury (16).
Chang and Lai (17) demonstrated that miR-96 may be used as
a biomarker for ischemia-reperfusion injured flaps. A previous
study identified that increased expression of miR-211 may
increase the risk of stroke by inhibiting angiopoietin-1, and
that mutations in the miR-211 binding site in the 3' untrans-
lated region (3'-UTR) of angiopoietin-1 may decrease the risk
of stroke (18).

In the present study, miRNA sequencing (miRNA-seq)
was performed to identify miRNA expression profiles in
infarcted brain areas of rats following focal cerebral ischemia
injury induced by middle cerebral artery occlusion (MCAO).
Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses were performed to demonstrate the
functions of the mRNAs targeted by differentially expressed
miRNAs (DEmiRs). Additionally, an miRNA-mRNA network
was constructed. The present study aimed to investigate the
association between miRNAs and cerebral ischemia.

Materials and methods

Rat MCAO model. In total, 20 specific pathogen free male
Sprague-Dawley rats (age, 7 weeks; weight, 200+20 g) were
obtained from The Experimental Animal Center of Anhui
Medical University (Hefei, China). All rats were allowed
free access to food and water. Animals were housed indi-
vidually at 18-22°C with 40-60% humidity and under a 12-h
light/dark cycle. Rats were randomly divided into the control
(sham surgery) and MCAO groups (n=10 in each group). A
focal cerebral ischemia rat model induced by MCAO was
established as previously described (19,20). All surgical proce-
dures were performed under anesthesia to minimize animal
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suffering, according to the National Institutes of Health
(NIH) Guide for Animal Care and Welfare (NIH publica-
tion no. 86-23) (21). Anesthesia was achieved by intravenous
administration of sodium pentobarbital at a concentration of
40 mg/kg. The present study was approved by The Animal
Experiments Ethics Committee of The Anhui University of
Chinese Medicine (Hefei, China).

miRNA-seq and bioinformatics. Total RNA was extracted
from infarcted areas of three rats following MCAO and from
corresponding regions of the brain of three control rats with
the mirVana™ miRNA Isolation kit (cat no. AM1561; Thermo
Fisher Scientific, Inc., Waltham, MA, USA). RNA concentra-
tion and purity were measured using a spectrophotometer
(ND-2000; NanoDrop Technologies; Thermo Fisher Scientific,
Inc., Wilmington, DE, USA), and RNA integrity was assessed
with an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.,
Santa Clara, CA, USA). A small RNA (sRNA) library (length,
~21 nucleotides) was generated using the NEBNext® Multiplex
Small RNA Library Prep Set for Illumina® (Set 2; New England
BioLabs, Inc., Ipswich, MA, USA) according to the manufac-
turer's protocols. Following quality control using an Agilent
2100 Bioanalyzer and Qubit® 2.0 fluorometer (Invitrogen;
Thermo Fisher Scientific, Inc.), SRNA-seq was performed
with a HiSeq 2000 Sequencing System (Illumina Inc., San
Diego, CA, USA). Prior to analyzing the sequencing data,
data quality was assessed and filtered with FASTX software
(v.0.0.13; http://hannonlab.cshl.edu/fastx_toolkit/index.html).
Subsequently, Bowtie (version 0.7.10) was used to map clean
reads to the rat genome assembly Rnor_6.0 (ftp:/ftp.ensembl.
org/pub/release-83/fasta/rattus_norvegicus/dna/Rattus_norvegicus.
Rnor_6.0.dna.toplevel.fa) and miRBase (version 21) was used
for annotation of the miRNAs (22). miRNA counts were
standardized to transcripts per million reads (23), and the
differential expression of miRNAs was analyzed using edgeR
(version 3.8.5) (24). Volcano plot analysis was performed using
R Software (version 5.50; Mathsoft Engineering and Education,
Inc.). Hierarchical clustering was performed using Cluster3.0
(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm)
with euclidean distance function and Java TreeView (Oracle
Corporation; https:/sourceforge.net/projects/jtreeview/files/).
DEmiRs targets were predicted using miRanda (version
3.3a) (25). The miRNA-seq experiments were performed in
triplicate.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). The expression levels of six DEmiRs that were
randomly selected from the list of 37 DEmiRs, including
miR-211-5p, miR-183-5p, miR-10b-3p, miR-182, miR-217-5p
and miR-96-5p, were assessed by RT-qPCR. cDNA was
synthesized using the Mir-X™ miRNA First-Strand Synthesis
kit (Clontech Laboratories, Inc., Mountainview, CA, USA)
and the reaction was performed at 37°C for 1 h followed
by an incubation at 85°C for 5 min. qPCRs were performed
using the Mir-X™ miRNA RT-qPCR SYBR kit (Clontech
Laboratories, Inc.) in triplicate. The forward primers used
were the following: miR-211-5p, TTCCCTTTGTCATCCTTT
GCCT; miR-183-5p, TATGGCACTGGTAGAATTCACT;
miR-10b-3p, ACAGATTCGATTCTAGGGGAA; miR-182,
TTTGGCAATGGTAGAACTCACACCG; miR-217-5p,
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TACTGCATCAGGAACTGACTGG; miR-96-5p, TTTGGC
ACTAGCACATTTTTGCT. The reverse primer was provided
by Mir-X™ miRNA First-Strand Synthesis kit. The forward
and reverse primers for U6 were provided in the Mir-X™
miRNA First-Strand Synthesis kit (Clontech Laboratories,
Inc.). gPCRs were performed using the following thermo-
cycling conditions: Initial denaturation at 95°C for 30 sec,
followed by 40 cycles at 95°C for 105 sec and 60°C for 20 sec.

U6 was used as an internal reference. The sequences of
mature miRNAs were used as miRNA-specific 5' primers. The
results were calculated using the 224%4 method (26).

Functional analysis of DEmiRs. The mRNAs targeted by the
DEmiRs were predicted with miRanda. GO and KEGG (27-29)
data enrichment analyses were performed using the mRNAs
targeted by the DEmiRs to examine the biological functions,
‘biological processes’, ‘cellular components’, ‘molecular
functions’ and signaling pathways enriched.

miRNA-mRNA network. The association between all DEmiRs
and their targets was investigated, and the expression levels of
the aforementioned six DEmiRs were examined by RT-qPCR.
Subsequently, the miRNA-mRNA network was constructed
using Cytoscape software (version 2.8.3; http://cytoscape.
github.io/).

Hematoxylin and eosin (HE) staining. Animal tissues were
fixed with 4% paraformaldehyde for 24 h at room temperature.
Samples were embedded in paraffin and cut into 4-ym-thick
sections. Subsequently, the sections were incubated with
hematoxylin for 5 min at room temperature and with eosin for
2 min at room temperature. Stained sections were visualized
using a light microscope (magnification, x200).

Statistical analysis. Data are presented as the mean + standard
error of the mean. Data were analyzed using Student's t-test.
P<0.05 was considered to indicate a statistically significant
difference. DEmiRs were identified using the following
thresholds: P<0.05; log, Ifold changel>1. Data were analyzed
by SPSS (version 22.0) and presented as the mean + standard
error of the mean.

Results

HE staining. HE staining results suggested that the control
group presented healthy tissues, whereas MCAO models
presented an infarcted region in the striatum (Fig. 1A and B,
respectively). In the lesion area, a large number of cells in
the brain were observed to be necrotic following MCAO
compared with the control, based on the presence of nuclear
fragmentation and vacuolation (Fig. 1C and D).

Identification of DEmiRs in focal cerebral ischemia induced
by MCAO. miRNA-seq was performed to identify the differ-
ential expression of miRNAS in the infarcted areas. In total,
37 DEmiRs were identified in the infarcted region, including
20 upregulated and 17 downregulated DEmiRs (n=3, P<0.05,
log, Ifold changel>1). Volcano plot analysis and hierarchical
clustering analysis of DEmiRs are presented in Fig. 2A and B,
respectively.
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Figure 1. MCAO-induced rat cerebral injuries, as detected by hematoxylin and eosin staining. (A) Section of the brain of a rat in the control group. (B) Section
of the brain of a rat following MCAO. Magnification of the area corresponding to the injury region in the (C) control group and in the (D) MCAO group.

MCAO, middle cerebral artery occlusion.
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Figure 2. RNA-seq data corresponding to the DEmiRNAs between the MCAO model and control groups. (A) Hierarchical cluster of DEmiRNAs in the control
vs. model groups. Green in the heat map represents downregulation and red represents upregulation. The average signals of the DEmiRNAs in each group
were clustered using a Euclidean distance function. miRNAs exhibiting similar expression patterns are clustered together. n=3 in each group. (B) Volcano
plots of transformed P-values (log,,) against log,fold changes corresponding to transcripts per million reads in the two conditions examined. Blue and red dots
represent differentially expressed miRNAs, whereas grey dots represent miRNAs that are not differentially expressed. RNA-seq, RNA sequencing; miRNA,

microRNA; DEmiRNAs, differentially expressed microRNAs.

Differential expression levels of DEmiRs assessed by RT-gPCR
analysis. In order to confirm the sequencing results and to avoid
the systematic bias caused by targeted selection, RT-qPCR
analysis was performed. Therefore, six DEmiRs were randomly
selected, including miR-211-5p, miR-183-5p, miR-10b-3p,
miR-182, miR-217-5p and miR-96-5p, and their expression levels
were assessed using RT-qPCR. miR-10b-3p and miR-217-5p

were significantly downregulated, whereas miR-211-5p,
miR-183-5p, miR-182 and miR-96-5p were upregulated in the
infarcted area of MCAO rats compared with the control (Fig. 3).
These findings were consistent with the results of miRNA-seq.

GO and KEGG analyses of the mRNAs targeted by the
DEmiRs. GO analysis was performed to identify the most
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Figure 3. Levels of expression of six miRs assessed by reverse transcription-quantitative polymerase chain reaction. n=3 in each group. 'P<0.05 vs. sham
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Figure 4. GO terms enriched in genes targeted by the differentially expressed microRNAs. GO, Gene Ontology.

enriched GO classes based on the number of genes involved
in a specific pathway, and the 30 most enriched GO terms
based on the corrected P-value of the target mRNAs regulated
by the identified miRNAs (Figs. 4 and 5, respectively). The
enriched GO terms included ‘regulation of yddT-cell differ-
entiation’, and ‘integral components of the cytoplasmic and
luminal sides of the endoplasmic reticulum membrane’. In
addition, enriched KEGG classes and pathways were identi-
fied using the genes targeted by the DEmiRs (Figs. 6 and 7,
respectively). The genes targeted by the DEmiRs were identi-
fied to be involved in 42 subclasses of pathways included in

six categories: ‘Human diseases’, ‘metabolism’, ‘genetic infor-
mation processing’, ‘organismal systems’, ‘cellular processes’
and ‘environmental information processing’ (Fig. 6). ‘Ras
signaling pathway’, ‘endocytosis’, ‘phospholipase D signaling
pathway’, ‘microRNAs in cancer’ and ‘thyroid hormone
signaling pathway’ were the most enriched KEGG pathways

(Fig. 7).
Construction of the miRNA-mRNA network. The mRNAs

targeted by the DEmiRs were identified following miRanda
analysis. Subsequently, an miRNA-mRNA network was
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Figure 5. Top 30 most significant GO terms enriched in genes targeted by the differentially expressed microRNAs. GO, Gene Ontology.

constructed using all DEmiRs and their target mRNAs (data
not shown). The miRNA-mRNA network generated using the
six aforementioned DEmiRs was generated using Cytoscape
(Fig. 8). Various miRNAs, possibly involved in ischemic
injury, targeted numerous genes in the miRNA-mRNA
network constructed. miRNAs regulating >100 genes may
serve important roles in ischemic stroke (Table I). Additionally,
target genes regulated by >10 DEmiRs are listed in Table II.
Notably, receptor-type tyrosine-protein phosphatase F inter-
acting protein o 1 (PPFIA1) was identified to be regulated
by 24 miRNAs present in the constructed miRNA-mRNA
network.

Discussion

miRNAs are important regulators of physiological and
pathological processes, including ischemic and hypoxic
damage (8-18). The present study aimed to identify miRNAs
involved in ischemic injury and to examine their association
with MCAO-induced stroke. The present results suggested that
20 miRNAs were upregulated and 17 were downregulated in
brain infarcted areas. Notably, recent studies demonstrated

that various miRNAs identified in the present study may
be involved in multiple biological processes. For example,
miR-96, miR-182 and miR-183 were identified to be associ-
ated with cochlear cell fate and homeostasis in a mouse
model (30). Additionally, the expression levels of miRNA-183
were used as a predictor of recurrence and prognosis in
patients with colorectal cancer (31). Furthermore, miR-182
may inhibit smooth muscle cell dedifferentiation via fibroblast
growth factor 9 and platelet-derived growth factor receptor 3
signaling (32). A previous study identified that anti-miR182
may be used as a therapeutic strategy to treat high-grade
serous ovarian carcinoma (33). miR-182 was identified to
regulate the expression of clock circadian regulator in the
pineal gland of neonatal rats following hypoxic-ischemic
brain injury (16). miR-182 was observed to activate the
RAS/mitogen-activated protein kinases signaling pathway by
inhibiting RAS p21 protein activator 1 and sprouty-related
EVHI domain containing 1 in human oral cavity squamous
cell carcinoma (34). Chang and Lai (17) demonstrated that
miR-96 may be used as a biomarker of ischemia-reperfusion
injury in skin tissues. A recent study observed that miR-96
may represent a potential anticancer therapeutic target to
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Figure 6. KEGG terms enriched in genes targeted by the differentially expressed microRNAs. KEGG, Kyoto Encyclopedia of Genes and Genomes.
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treat glioblastoma (35). miR-96 was previously observed to
serve as an oncosuppressor gene by targeting NUAK family
kinase 1 in pancreatic cancer (36). Additionally, a previous
study identified that an increased expression of miR-211 may

increase the risk of stroke by inhibiting angiopoietin-1, but the
risk may be reduced in response to mutations in the 3'-UTR
of angiopoietin-1 (18). miR-10b was identified to promote the
migration and invasion of human cancer cells by increasing
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Figure 8. miRNA-mRNA network constructed using six differentially expressed miRNAs that were confirmed by reverse transcription-quantitative poly-
merase chain reaction. Red indicates upregulated miRNAs and green indicates downregulated miRNAs. Pink elliptical nodes represent mRNAs.

the expression levels of Jun proto-oncogene, AP-1 transcrip-  were observed to be promoted by transforming growth factor
tion factor subunit via neurofibromin 1 and ras homolog family =~ § and may increase migration of human glioma cells by
member C (37). Similarly, the expression levels of miR10a/b  targeting phosphatase and tensin homolog (38). Furthermore,
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Table I. Differentially expressed miRNAs regulating genes with degrees >100.

A, Upregulated miRNAs

miRNA ID MCAO group, TPM Control group, TPM log, fold change P-value Degree
rno-miR-6328 3.342325 0.50154693 2.736396 0.014408 791
rno-miR-6321 12.46518 0.00000000 s 0.000246 403
rno-miR-211-5p 106.0241 18.9583318 2.483488 0.008072 284
rno-miR-183-5p 1,293.749 37.5922773 5.104978 0.001003 174
rno-miR-182 1,084.191 49.5397822 4451888 0.000846 150
rno-miR-96-5p 176.9584 4.8116489 5.200735 0.001077 120
B, Downregulated miRNAs

miRNA ID MCAO group, TPM Control group, TPM log, fold change P-value Degree
rno-miR-653-3p 0.727656 9.03609878 -3.63437 0.003726 461
rno-miR-3547 6.158764 34.6958647 -2.49405 0.005801 306
rno-miR-10b-3p 0.00000000 0.37617954 0.00000000 0.034244 166
rno-miR-217-5p 2.659196 14.5212507 -2.4491 0.001864 140

TPM, transcripts per million reads; miRNA/miR microRNA. Degree refers to the mean number of miRNAs connected.

Table II. Genes regulated by miRNAs with degrees >10.

Gene Ensembl Number of

symbol gene ID targeting DEmiRNAs Gene name

PPFIA1 ENSRNOGO00000020857 24 PTPREF interacting protein o 1

SLC7A1 ENSRNOG00000000924 12 Solute carrier family 7 member 1

NTRK2 ENSRNOG00000018839 11 Neurotrophic receptor tyrosine kinase 2
KDM4B ENSRNOG00000049221 11 Lysine demethylase 4B

ST3GALI1 ENSRNOG00000008209 10 ST3 B-galactoside alpha-2,3-sialyltransferase 1
TBC1D2 ENSRNOG00000023348 10 TBC1 domain family member 2

MCF2L ENSRNOG00000028426 10 MCE.2 cell line derived transforming sequence like
VPS37C ENSRNOG00000046439 10 VPS37C subunit of ESCRT-1

TAS1R2 ENSRNOGO00000061876 10 Taste 1 receptor member 2

For specific genes, degree refers to the mean number of miRNAs connected.

a previous study observed that miR-217 may inhibit osteo-
genic differentiation by regulating runt related transcription
factor 2 (39), and miR-217 may inhibit the invasion and prolif-
eration of gastric cancer and osteosarcoma cells (40,41). In the
present study, the DEmiRs exhibiting the highest number of
associations in the miRNA-mRNA network were miR-6328,
miR-653-3p, miR-6321 and miR-3547. The role of miR-6328,
miR-653-3p, miR-6321 and miR-3547 in the development of
stroke remains unclear.

The miRNA-mRNA network proposed in the present
study revealed that PPFIA1 may be regulated by 24 DEmiRs.
PPFIAL is a gene encoding liprin-al protein, which is involved
in cell adhesion, integrin expression and cell-matrix interac-
tion (42). Previous studies identified that liprin-o protein may

be associated with synapse maturation and synaptic vesicular
transport (43,44). PPFIA1 may serve as a tumor suppressor
and regulates cell motility by interacting with inhibitor of
growth family member 4 (45). A whole-genome association
study identified that PPFIA1 may serve a role in acute lung
injury induced by severe trauma (46). A previous study
reported that solute carrier family 7 member 1 gene expression
was required in insulin-stimulated L-arginine transport and
was associated with human umbilical vein relaxation (47). It
was observed that lysine demethylase 4B may be involved in
mitochondrial-mediated apoptosis in colorectal cancer (48,49).
miR-17 may target and downregulate the expression level of
TBCI1 domain family member 2, inhibiting cellular trafficking
in HeLa cells (50).
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In the present study, miRNA-seq was performed to identify
the miRNAs exhibiting differential expression in infarcted
brain areas following MCAO; however, the principal limitations
of the present study include the use of only one software for
target prediction, miRanda, which may lead to false positives.
Further studies using a high number of prediction models are
required to understand the molecular mechanism underlying the
role of miRNAs in ischemic stroke following MCAO. Although
the molecular mechanisms underlying the identified DEmiRs
were not examined in the present study, our results suggested
that they may be involved in the development of ischemic
stroke. Therefore, further studies investigating the function of
the miRNAs identified in the present study are required. In
the future, the present research group aim to investigate the
molecular mechanism underlying miR-211 function in ischemic
stroke. The present data enrichment analysis performed on the
genes targeted by the DEmiRs suggested that miR-211 may
regulate cell proliferation and apoptosis via the cyclic guano-
sine monophosphate-dependent protein kinase (cGMP-PKG)
signaling pathway, since the analysis of the target genes revealed
that phosphoinositide-3-kinase regulatory subunit 5 was a
predicted target of miR-211, which was demonstrated to regu-
late apoptosis via the cGMP-PKG pathway (51,52). Collectively,
the present study investigated the association between miRNAs
and cerebral ischemia and provided insight into the molecular
mechanisms underlying stroke.
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