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Objective. With the growing incidence of ischemic stroke worldwide, there is an urgent need to identify blood biomarkers for
ischemic stroke patients. Thus, our aim was to identify potential circulating microRNA (miRNA) as a potential biomarker and
to explore its potential mechanism for ischemic stroke in rats. Methods. The mRNA dataset GSE97537 and miRNA dataset
GSE97532 were downloaded from the Gene Expression Omnibus (GEO) GSE97537 including 7 middle cerebral artery occlusion
(MCAO) rat brain tissues and 5 sham-operated rat brain tissues GSE97532 including 6 MCAO rat blood samples and 3 sham-
operated rat blood samples. Differentially expressed mRNAs and miRNAs with corrected p value ≤ 0.01 and fold change ≥2 or
≤0.05 were identified. To explore potential biological processes and pathways of differentially expressed mRNAs, functional
enrichment analysis was performed. The target mRNAs of differentially expressed miRNAs were predicted using DNA
Intelligent Analysis (DIANA)-microT tools. The target mRNAs and differentially expressed mRNAs were intersected. Results.
1228 differentially expressed mRNAs in MCAO rat brain tissues were identified. Highly expressed mRNAs were mainly
enriched in the inflammatory responses. Nine differentially expressed miRNAs were identified in MCAO rat blood samples. A
total of 673 target mRNAs were predicted to significantly bind these differentially expressed miRNAs. Among them, 54 target
mRNAs were differentially expressed in MCAO rat blood samples. Enrichment analysis results showed that these 54 target
mRNAs were closely related to neurological diseases and immune responses. Among all miRNA-mRNA relationship, miR-
3552-CASP3 interaction was identified, indicating that CASP3 might be mediated by miR-3552. Functional enrichment analysis
revealed that CASP3 was involved in the apoptosis pathway, indicating that miR-3552 might participate in apoptosis by CASP3.
Conclusion. Our findings reveal that circulating miR-3552 shows promise as a potential biomarker for ischemic stroke in rats.

1. Introduction

Stroke is the third leading cause of death after heart disease
and cancer, classified as ischemic (85%) and hemorrhagic
(15%) [1]. The world causes more than 6 million deaths each
year. Ischemic stroke occurs when cerebral blood flow is
interrupted, usually due to arterial thrombosis or embolism.
In addition to ischemia, reperfusion also impairs the brain
after ischemia, including inflammation and oxidative stress.
Ischemic stroke poses a major threat to patient health and
quality of life. However, the pathogenic mechanisms of ische-
mic stroke remain to be clarified, leading to an ideal clinical
treatment [2, 3]. Therefore, understanding the molecular
neuroinflammatory mechanism of ischemic stroke can sig-

nificantly enhance the development of treatment. Prognostic
blood biomarkers provide a novel strategy for the diagnosis
and prognosis of stroke [4]. Currently, the diagnosis of ische-
mic stroke usually relies on computed tomography. The diag-
nostic value of blood biomarkers in ischemic stroke remains
limited.

MicroRNAs (miRNAs), a class of noncoding RNAs, play
an essential role in neurological diseases, including ischemic
stroke [5]. Increasing evidence demonstrates that miRNAs
participate in various biological processes, such as prolifera-
tion, apoptosis, and inflammatory response [6–9]. MiRNAs
may regulate gene expression at the posttranscriptional level
by binding 3′-UTR of target mRNAs [10, 11]. Due to the sta-
bility of miRNAs in peripheral blood and specific expression
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patterns in cell types, miRNAs show promise as diagnostic
and prognostic markers of ischemic stroke [12]. Ischemic
stroke may affect the expression levels of circulating miRNAs
through various pathophysiological processes such as
immune and inflammatory responses [13]. Therefore, it is
necessary to explore the pathophysiological processes
involved in miRNAs. It has been reported that serum
miRNA-mRNA interactions play critical roles in the progres-
sion of ischemic stroke [14]. High-throughput sequencing
technology of miRNAs and mRNAs for ischemic stroke both
in animal models and Homo sapiens has been conducted
[15–17]. However, the relationships between miRNAs and
mRNAs remain to be clarified.

GEO, an online public database, is provided by the
National Center for Biotechnology Information in 2000,
which has become one of the most comprehensive gene
expression data resources available. Based on this database,
we performed a comprehensive analysis for gene expression
pattern both in the MCAO rat blood and tissues samples that
have been widely used as classical models for stroke.

2. Materials and Methods

2.1. Expression Data and Data Preprocessing. The mRNA
dataset GSE97537 and miRNA dataset GSE97532 [18] were
retrieved from the GEO (https://www.ncbi.nlm.nih.gov/
geo) database. GSE97537 was generated on GPL1355
[Rat230_2] Affymetrix Rat Genome 230 2.0 Array platform.
A total of 7 brain samples fromMCAO rats and 5 brain sam-
ples from sham-operated rats were included in the GSE97537
dataset. GSE97532 was on the basis of GPL21572 [miRNA-4]
Affymetrix Multispecies miRNA-4 Array [ProbeSet ID ver-
sion] platform. Totally, of 6 blood samples from MCAO rats
and 3 blood samples from sham-operated rats were included
in the GSE97532 dataset.

Expression data of probes were annotated as correspond-
ing gene or miRNA symbols on the basis of GPL1355 or
GPL21572 platform, respectively. For one gene or miRNA
corresponding to multiprobes, the maximum expression
value was considered as the expression value of this gene or
miRNA. After that, the expression matrix was constructed.
For GSE97537 dataset, there were a total of 31099 probes in
each sample (Supplementary Table 1). After preprocessing,
15239 genes were obtained. A total of 1277 miRNAs were
included in GSE97532 dataset (Supplementary Table 2).
Following preprocessing, 541 miRNAs were retained for
further analysis.

2.2. Differential Expression Analysis. The differentially
expressed mRNAs between 7 MCAO rat brain tissues and 5
sham-operated rat brain tissues, and miRNAs between 6
MCAO rat blood samples and 3 sham-operated rat blood
samples were analyzed by Linear Models for Microarray Data
(limma) package (version 3.34.7; https://bioconductor.org/
packages/release/bioc/html/limma.html), respectively. Then,
fold change and corrected p value were generated by the
limma package [19]. The corrected p value ≤ 0.01 and log2|-
fold change| ≥2 or ≤0.05 were set as thresholds.

2.3. Functional Enrichment Analysis. Gene set enrichment
analysis (GSEA: http://software.broadinstitute.org/gsea/
index.jsp) was performed to explore potential functions asso-
ciated differentially expressed mRNAs [20]. p value = 0.01, q
value = 0.01, and Jacard >0.375 were set as the cut-off crite-
rion. Gene ontology (GO) database was used to annotate
gene functions [21]. GO function terms include molecular
function (MF), biological process (BP), and cellular compo-
nent (CC). Furthermore, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis [22] was performed
using the Database for Annotation, Visualization and Inte-
grated Discovery (DAVID; version 6.8; (https://david
.ncifcrf.gov/)) [23]. p value < 0.05 was considered to be signif-
icantly enriched.

2.4. RT-qPCR Assay. 14 rats were purchased from Shanghai
Experimental Animal Center (Shanghai, China). These rats
were randomly separated into MCAO (n = 11) and sham
operation (n = 3). The MCAO model was conducted, as pre-
viously described [18]. 24 hours after the reperfusion, the rats
were anesthetized. The blood and brain tissue samples were
collected. Total RNA was extracted using Trizol (solarbio,
Beijing, China), which was reverse transcribed into cDNA
utilizing reverse transcription kit (YEASEN, Shanghai,
China). RT-qPCR was carried out by qPCR kit (YEASEN).
The relative expression levels were determined with the
2–ΔΔCt method. Our research was approved by the Ethics
Committee of Hebei General Hospital.

2.5. miRNA Target Prediction. The targets of differentially
expressed miRNAs were predicted using DIANA-microT
tools that identify mRNA targets for mouse miRNAs [24].
Furthermore, the targeted mRNAs of the interested miRNA
was predicted using TargetScan [25], miRTarBase [26],
miRDB [27], miRanda [28], and miRMap [29] databases.
The miRNA-mRNA interaction network was visualized
using Cytoscape software [30].

3. Results

3.1. Identification of Differentially Expressed mRNAs between
MCAO Rat Brain Tissues and Sham-Operated Rat Brain
Tissues. The similarity test of the samples was carried out to
determine whether there was a difference in similarity
between the samples at the expression level. Using the corre-
lation coefficient matrix, we found the differences in tran-
scription levels between 7 MCAO rat brain tissues and 5
sham-operated rat brain tissues (Figure 1). Therefore, further
downstream analysis can be performed.

We identified 1228 differentially expressed mRNAs with
corrected p value ≤ 0.01 and fold change ≥2 or ≤0.05 between
MCAO rat brain tissues and sham-operated rat brain tissues,
including 829 up-regulated and 399 down-regulated mRNAs
(Figure 2, Supplementary Table 3).

3.2. Gene Enrichment and Functional Annotation of
Differentially Expressed mRNAs. After obtaining differen-
tially expressed mRNAs, we first used GSEA software to
perform enrichment analysis on differentially expressed
mRNAs to elucidate their functions. Herein, the results with
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p value = 0.01, q value = 0.01, and Jacard >0.375 were consid-
ered to be significantly enriched. The similar gene functions
were annotated on the basis of the GO database. We found
that among the differentially expressed mRNAs, highly
expressed mRNAs in MCAO rat brain tissues were mainly
enriched in the inflammatory responses, as shown in
Figure 3. The top ten gene enrichment and functional anno-
tation results of differentially expressed mRNAs are listed in
Supplementary Table 4.

3.3. Pathway Enrichment Analysis of Differentially Expressed
mRNAs. Based on gene enrichment analysis, we performed
pathway enrichment analysis to identify functional features
of differentially expressed mRNAs. The online KEGG path-
way enrichment analysis tool DAVID was used for pathway
enrichment analysis. The results showed that 1288 differen-
tially expressed mRNAs were enriched into 85 pathways.
Among them, genes that were highly expressed in MCAO
rat brain tissues were mainly enriched in pathways related
to immune and inflammatory responses (Figure 4(a)).
Among all enriched pathways, leukocyte transendothelial
migration and natural killer cell-mediated cytotoxicity were
significantly enriched. The differentially expressed mRNAs
in leukocyte transendothelial migration and natural killer
cell-mediated cytotoxicity pathways were, respectively,
shown in Figures 4(b) and 4(c).

We further analyzed whether these enriched pathways
were expressed in MCAO rat brain tissues. The results
showed that 26 signaling pathways were significantly positive
in MCAO rat brain tissues (Table 1), and 6 pathways were

significantly negative in MCAO rat brain tissues (Supple-
mentary Table 5).

3.4. Differentially Expressed miRNAs between MCAO Rat
Blood Samples and Sham-Operated Rat Blood Samples. Nine
differentially expressed miRNAs were identified between
MCAO rat blood samples and sham-operated rat blood
samples (Table 2), including rno-mir-191b, rno-mir-743a,
rno-miR-128-2-5p, rno-miR-383-5p, rno-miR-3552, rno-
miR-107-5p, rno-miR-137-3p, rno-mir-194-1, and rno-mir-
429.

3.5. miRNA Target Prediction. After identification of differ-
entially expressed miRNAs, target genes of differentially
express miRNAs were predicted using DIANA Tools. A total

C4 C2 C3 C1 C5 IR
6

IR
1

IR
3

IR
5

IR
4

IR
2

IR
7

C4
C2
C3
C1
C5
IR6
IR1
IR3
IR5
IR4
IR2
IR7

Sample type

Sa
m

pl
e t

yp
e

Sample type
IR
C

0.95

0.96

0.97

0.98

0.99

1

Figure 1: Sample hierarchical clustering analysis. Based on the gene
expression matrix, the correlation coefficients between samples were
calculated. After construction of the correlation coefficient matrix,
the Euclidean distance of the correlation coefficients between the
samples was obtained to conduct the heat map.
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Figure 2: Hierarchical clustering analysis of differentially expressed
mRNAs. The differentially expressed mRNAs were used to
construct expression matrix. Data was normalized by scores. The
samples and mRNAs were clustered on the basis of the Euclidean
distance.
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of 673 genes were predicted to significantly bind these differ-
entially expressed miRNAs (Supplementary Table 6).

3.6. Intersection of Differentially Expressed mRNAs and
Predicted Targets of Differentially Expressed miRNAs. Differ-
entially expressed mRNAs and predicted targets of differen-
tially expressed miRNAs were overlapped. We found that
54 out of target genes of differentially expressed miRNAs
were differentially expressed in MCAO rat blood samples.
Enrichment analysis results showed that these 54 target
mRNAs were closely related to neurological diseases and
immune responses (Figure 5(a)).

Notably, we found that CASP3 was significantly highly
expressed in MCAO rat brain tissues, while rno-miR-3552
was significantly lowly expressed in MCAO rat blood sam-
ples. It was predicted that CASP3 was one of the target genes
of miR-3552. Furthermore, CASP3 was involved in the apo-
ptosis pathway, as shown in Figures 5(b)–5(d).

3.7. Validation of rno-miR-3552 and Prediction of Its
Targeted mRNAs. After validation using RT-qPCR, we found
that rno-miR-3552 was significantly down-regulated both in
blood and brain tissue samples of MCAO rats (Figure 6(a)).
For the targeted mRNAs of rno-miR-3552, we searched Tar-
getScan, miRTarBase, miRDB, miRanda, and miRMap data-
bases to predict the corresponding miRNA-mRNA
regulatory relationship pairs. Cytoscape [6] software was to
construct miRNA-mRNA regulatory network. The results
are shown in Figure 6(b). We found that Esrrg, Gng7, Nalcn,
Clasp2, Faim2, Mast3, and Pip5k1c could be potential targets
of rno-miR-3552.

3.8. Functional Enrichment Analysis of Targeted mRNAs
Regulated by rno-miR-3552. To explore the function of
targeted mRNAs regulated by rno-miR-3552, functional
enrichment analysis was presented. GO annotation analysis
results showed the top ten BP (Figures 7(a) and 7(b)), CC
(Figures 7(c) and 7(d)), and MF (Figures 7(e) and 7(f)).
The details are listed in Supplementary Table 7. The top ten
KEGG pathway analysis results (Figure 8(a)) are as follows:
inositol phosphate metabolism (Figure 8(b)),
phosphatidylinositol signaling system (Figure 8(c)), Fc gamma
R-mediated phagocytosis (Figure 8(d)), circadian entrainment
(Figure 8(e)), glutamatergic synapse (Figure 8(f)), cholinergic
synapse (Figure 9(a)), serotonergic synapse (Figure 9(b)),
morphine addiction (Figure 9(c)), GABAergic synapse
(Figure 9(d)), and choline metabolism in cancer (Figure 9(e)).

4. Discussion

In this study, to improve the accuracy of results, we first con-
firmed the significant difference in similarity betweenMCAO
rat brain tissues and sham-operated rat brain tissues. We
identified 1228 differentially expressed mRNAs in MCAO
rat brain tissues. The results showed that 829 highly
expressed mRNAs were mainly enriched in inflammatory
response. More importantly, pathway enrichment analysis
results showed that inflammatory response such as leukocyte
transendothelial migration and natural killer cell-mediated
cytotoxicity was significantly activated in MCAO rat brain
tissues. It has been confirmed that inflammation is a key
parameter of the pathophysiology of stroke [31, 32]. Espe-
cially in ischemic stroke, neuroinflammation leads to neuro-
degeneration and brain injury [33]. Therefore, our results

Table 1: Six significantly negative signaling pathways in MCAO rat brain tissues.

Pathways p value q value Size

Calcium signaling pathway 0.00311675 0.1688712 22

Neuroactive ligand-receptor interaction 0.00837752 0.1688712 24

Pancreatic secretion 0.01135395 0.1688712 13

Vascular smooth muscle contraction 0.01165795 0.1688712 10

Salivary secretion 0.01431112 0.1688712 11

Long-term depression 0.02892722 0.2844509 13

Table 2: Nine differentially expressed miRNAs between MCAO rat blood samples and sham-operated rat blood samples.

miRNA logFC Average expression t Adjusted p value

rno-mir-191b -0.667804 0.73125867 -4.2646122 0.002752

rno-mir-743a 0.629253 0.63185717 4.0304575 0.003796

rno-miR-128-2-5p -0.6348807 1.05558633 -3.9963437 0.003981

rno-miR-383-5p -0.8783367 3.81765167 -3.9650254 0.004159

rno-miR-3552 -0.5392907 0.640782 -3.7367906 0.005745

rno-miR-107-5p -0.7065244 0.56472678 -3.6573127 0.006441

rno-miR-137-3p 0.52626167 0.5438935 3.6122412 0.006875

rno-mir-194-1 0.640289 0.6326905 3.59409531 0.007058

rno-mir-429 0.57579073 0.4865613 3.41499271 0.009174
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represent the targeted mRNAs of rno-miR-3552. Red expresses up-regulation, and blue indicates down-regulation.
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indicated that these differentially expressed mRNAs could be
involved in inflammatory response during ischemic stroke.

In this study, we identified 9 differentially expressed miR-
NAs in MCAO rat blood samples. Circulating miRNAs, as
noninvasive biomarkers, show potential as potential bio-
markers for the early detection of ischemic stroke [13, 34].

The miRNA target prediction results showed that 54 target
mRNAs of differentially expressed miRNAs were differen-
tially expressed in MCAO rat brain tissues. Among all
miRNA-mRNA relationships, miR-3552-CASP3 interaction
aroused our attention. Our results showed that miR-3552
was down-regulated in MCAO rat blood samples, and
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CASP3 was up-regulated in MCAO rat brain tissues. CASP3
has been confirmed as a blood biomarker for the early detec-
tion of stroke [35]. The results indicated that CASP3 could be
regulated by miR-3552. Functional enrichment analysis
revealed that CASP3 may be involved in the process of apo-

ptosis. As a previous study, CASP3 is overactivated in ische-
mic stroke, leading to cell apoptosis [36]. Inhibiting CASP3
can reduce the volume of cerebral infarction and improve
neurological deficits and edema [37]. Neuronal apoptosis is
involved in the pathogenesis of ischemic stroke [38]. It has
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Figure 8: KEGG pathways enriched by targeted mRNAs of rno-miR-3552. (a) The top ten KEGG pathways. (b) Inositol phosphate
metabolism; (c) phosphatidylinositol signaling system; (d) Fc gamma R-mediated phagocytosis; (e) circadian entrainment; (f)
glutamatergic synapse.
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been confirmed that CASP3 is essential for the neuronal apo-
ptosis through chromatin condensation and DNA fragmenti-
zation [39]. Increasing evidence suggests that CASP3 is a
therapeutic target for ischemic stroke. For example, atorva-
statin improves cognitive activity via CASP3 in ischemic
stroke [40]. Our results indicated that miR-3552 could be
involved in apoptosis via targeting CASP3 in ischemic stroke.

Since miRNAs could circulate in the body through blood
vessels, they can regulate gene expression in various tissues,

including brain [41–43]. The changes in CASP3 mRNA
expression in the blood might be regulated by circulating
miR-3552. During cerebral ischemia, the blood-brain barrier
destruction occurs due to ischemic vascular endothelial dys-
function that is controlled by various signaling pathways [44,
45]. Although miRNAs are not translated into proteins, they
can regulate the expression and function of protein-coding
genes [46]. Our study found that CASP3 was highly
expressed in brain tissue, which was consistent with previous

(a) (b)

(c) (d)

(e)

Figure 9: KEGG pathways enriched by targeted mRNAs of rno-miR-3552. (a) cholinergic synapse; (b) serotonergic synapse; (c) morphine
addiction; (d) GABAergic synapse; (e) choline metabolism in cancer.
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studies. The dysregulation of miR-3552 expression could be
closely related to the pathophysiology of the neurological
dysfunction via CASP3. The regulatory relationship between
miR-3552 and CASP3 suggests that miR-3552 in circulating
blood can be used as a molecular marker of ischemic stroke.
To further analyze the role of miR-3552 in ischemic stroke,
its targeted mRNAs were predicted. Functional enrichment
analysis revealed that these mRNAs were mainly enriched
in several pathways related with ischemic stroke such as ino-
sitol phosphate metabolism [47] and phosphatidylinositol
signaling system [48].

Our findings reveal that circulating miRNA-3552 shows
promise as a potential biomarker for ischemic stroke in rats.
Furthermore, miR-3552 could participate in the develop-
ment of ischemic stroke through CASP3. However, further
studies should be required to validate the miR-3552-CASP3
relationships in the ischemic stroke.

5. Conclusion

In this study, we comprehensively analyzed mRNA expres-
sion profile in MCAO rat brain tissues and miRNA expres-
sion profile in MCAO rat blood samples. Functional
enrichment analysis revealed that differentially expressed
mRNAs were mainly enriched in inflammatory response.
The relationships among miRNA in blood and mRNA in
brain tissues were predicted. CASP3 could be a target of cir-
culating miR-3552, which provides a novel insight into the
biological functions of miR-3552 as a potential biomarker
for ischemic stroke.

Abbreviations

GEO: Gene expression omnibus
MCAO: Middle cerebral artery occlusion
DIANA: DNA intelligent analysis
miRNAs: MicroRNAs
limma: Linear models for microarray data
GSEA: Gene set enrichment analysis
GO: Gene ontology
KEGG: Kyoto Encyclopedia of Genes and Genomes
DAVID: Database for Annotation, Visualization and Inte-

grated Discovery.

Data Availability

The data used to support the findings of this study are
included within the supplementary information file(s).

Conflicts of Interest

The authors declare no conflicts of interest.

Acknowledgments

This work was funded by the HeBei Natural Science Founda-
tions (H2017307016).

Supplementary Materials

Supplementary Table 1: a total of 31099 probes in GSE97537
dataset. Supplementary Table 2: a total of 1277 miRNAs in
GSE97532 dataset. Supplementary Table 3: 1228 differen-
tially expressed mRNAs between MCAO rat brain tissues
and sham-operated rat brain tissues. Supplementary Table
4: the top ten gene enrichment and functional annotation
results of differentially expressed mRNAs. Supplementary
Table 5: 26 significantly positive signaling pathways in
MCAO rat brain tissues. Supplementary Table 6: 673 target
genes of differentially expressed miRNAs. Supplementary
Table 7: the top ten functional enrichment analysis results
of targeted mRNAs regulated by rno-miR-3552.
(Supplementary Materials)

References

[1] R. L. Jayaraj, S. Azimullah, R. Beiram, F. Y. Jalal, and G. A.
Rosenberg, “Neuroinflammation: friend and foe for ischemic
stroke,” Journal of Neuroinflammation, vol. 16, no. 1, p. 142,
2019.

[2] A. Selvamani, M. H. Williams, R. C. Miranda, and F. Sohrabji,
“Circulating miRNA profiles provide a biomarker for severity
of stroke outcomes associated with age and sex in a rat model,”
Clinical Science, vol. 127, no. 2, pp. 77–89, 2014.

[3] H. Zhang, Q. Zhang, and Z. Liao, “Microarray data analysis of
molecular mechanism associated with stroke progression,”
Journal of Molecular Neuroscience, vol. 67, no. 3, pp. 424–
433, 2019.

[4] A. K. Saenger and R. H. Christenson, “Stroke biomarkers:
progress and challenges for diagnosis, prognosis, differentia-
tion, and treatment,” Clinical Chemistry, vol. 56, no. 1,
pp. 21–33, 2010.

[5] L. Huang, Q. Ma, Y. Li, B. Li, and L. Zhang, “Inhibition of
microRNA-210 suppresses pro-inflammatory response and
reduces acute brain injury of ischemic stroke in mice,” Exper-
imental Neurology, vol. 300, pp. 41–50, 2018.

[6] N. Wei, L. Xiao, R. Xue et al., “MicroRNA-9 mediates the cell
apoptosis by targeting Bcl2l11 in ischemic stroke,” Molecular
Neurobiology, vol. 53, no. 10, pp. 6809–6817, 2016.

[7] Q. Zhang, K. Zhang, C. Zhang et al., “MicroRNAs as big regu-
lators of neural stem/progenitor cell proliferation, differentia-
tion and migration: a potential treatment for stroke,” Current
Pharmaceutical Design, vol. 23, no. 15, pp. 2252–2257, 2017.

[8] A. D. Gaudet, L. K. Fonken, L. R. Watkins, R. J. Nelson, and
P. G. Popovich, “MicroRNAs: roles in regulating neuroinflam-
mation,” The Neuroscientist, vol. 24, no. 3, pp. 221–245, 2017.

[9] J. C. Pena-Philippides, E. Caballero-Garrido, T. Lordkipanidze,
and T. Roitbak, “In vivo inhibition of miR-155 significantly
alters post-stroke inflammatory response,” Journal of Neuroin-
flammation, vol. 13, no. 1, p. 287, 2016.

[10] D. Z. Liu, G. C. Jickling, B. P. Ander et al., “Elevating
microRNA-122 in blood improves outcomes after temporary
middle cerebral artery occlusion in rats,” Journal of Cerebral
Blood Flow and Metabolism, vol. 36, no. 8, pp. 1374–1383,
2016.

[11] O. Singer, R. A. Marr, E. Rockenstein et al., “Targeting BACE1
with siRNAs ameliorates Alzheimer disease neuropathology in
a transgenic model,” Nature Neuroscience, vol. 8, no. 10,
pp. 1343–1349, 2005.

10 BioMed Research International

http://downloads.hindawi.com/journals/bmri/2020/4501393.f1.zip


[12] S. Juzenas, G. Venkatesh, M. Hübenthal et al., “A comprehen-
sive, cell specific microRNA catalogue of human peripheral
blood,” Nucleic Acids Research, vol. 45, no. 16, pp. 9290–
9301, 2017.

[13] S. Tiedt, M. Prestel, R. Malik et al., “RNA-Seq identifies circu-
lating miR-125a-5p, miR-125b-5p, and miR-143-3p as poten-
tial biomarkers for acute ischemic stroke,” Circulation
Research, vol. 121, no. 8, pp. 970–980, 2017.

[14] J. Bao, S. Zhou, S. Pan, and Y. Zhang, “Molecular mechanism
exploration of ischemic stroke by integrating mRNA and
miRNA expression profiles,” Clinical Laboratory, vol. 64,
no. 4, pp. 559–568, 2018.

[15] T. L. Barr, Y. Conley, J. Ding et al., “Genomic biomarkers and
cellular pathways of ischemic stroke by RNA gene expression
profiling,” Neurology, vol. 75, no. 11, pp. 1009–1014, 2010.

[16] S. Uhlmann, E. Mracsko, E. Javidi et al., “Genome-wide analy-
sis of the circulating miRNome after cerebral ischemia reveals
a reperfusion-induced microRNA cluster,” Stroke, vol. 48,
no. 3, pp. 762–769, 2017.

[17] C. Tian, Z. Li, Z. Yang, Q. Huang, J. Liu, and B. Hong, “Plasma
microRNA-16 is a biomarker for diagnosis, stratification, and
prognosis of hyperacute cerebral infarction,” PLoS One,
vol. 11, no. 11, article e0166688, 2016.

[18] A. Takuma, A. Abe, Y. Saito et al., “Gene expression analysis of
the effect of ischemic infarction in whole blood,” International
Journal of Molecular Sciences, vol. 18, no. 11, p. 2335, 2017.

[19] M. E. Ritchie, B. Phipson, D. Wu et al., “limma powers differ-
ential expression analyses for RNA-sequencing and microar-
ray studies,” Nucleic Acids Research, vol. 43, no. 7, article e47,
2015.

[20] A. Subramanian, P. Tamayo, V. K. Mootha et al., “Gene set
enrichment analysis: a knowledge-based approach for inter-
preting genome-wide expression profiles,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 102, no. 43, pp. 15545–15550, 2005.

[21] M. Ashburner, C. A. Ball, J. A. Blake et al., “Gene ontology: tool
for the unification of biology,” Nature Genetics, vol. 25, no. 1,
pp. 25–29, 2000.

[22] M. Kanehisa and S. Goto, “KEGG: kyoto encyclopedia of genes
and genomes,” Nucleic Acids Research, vol. 28, no. 1, pp. 27–
30, 2000.

[23] D. W. Huang, B. T. Sherman, and R. A. Lempicki, “Systematic
and integrative analysis of large gene lists using DAVID bioin-
formatics resources,” Nature Protocols, vol. 4, no. 1, pp. 44–57,
2009.

[24] M. Kiriakidou, P. T. Nelson, A. Kouranov et al., “A combined
computational-experimental approach predicts human micro-
RNA targets,” Genes & Development, vol. 18, no. 10, pp. 1165–
1178, 2004.

[25] V. Agarwal, G. W. Bell, J. W. Nam, and D. P. Bartel, “Predict-
ing effective microRNA target sites in mammalian mRNAs,”
eLife, vol. 4, 2015.

[26] C. H. Chou, S. Shrestha, C. D. Yang et al., “miRTarBase update
2018: a resource for experimentally validated microRNA-
target interactions,” Nucleic Acids Research, vol. 46, no. D1,
pp. D296–d302, 2018.

[27] N.Wong and X.Wang, “miRDB: an online resource for micro-
RNA target prediction and functional annotations,” Nucleic
Acids Research, vol. 43, no. D1, pp. D146–D152, 2015.

[28] D. Betel, M. Wilson, A. Gabow, D. S. Marks, and C. Sander,
“The microRNA.org resource: targets and expression,” Nucleic

Acids Research, vol. 36, no. Database issue, pp. D149–D153,
2008.

[29] C. E. Vejnar and E. M. Zdobnov, “MiRmap: comprehensive
prediction of microRNA target repression strength,” Nucleic
Acids Research, vol. 40, no. 22, pp. 11673–11683, 2012.

[30] P. Shannon, A. Markiel, O. Ozier et al., “Cytoscape: a software
environment for integrated models of biomolecular interac-
tion networks,” Genome Research, vol. 13, no. 11, pp. 2498–
2504, 2003.

[31] I. Perez-de-Puig, F. Miró-Mur, M. Ferrer-Ferrer et al., “Neu-
trophil recruitment to the brain in mouse and human ischemic
stroke,” Acta Neuropathologica, vol. 129, no. 2, pp. 239–257,
2015.

[32] H. A. Seifert, L. A. Collier, C. B. Chapman, S. A. Benkovic,
A. E. Willing, and K. R. Pennypacker, “Pro-inflammatory
interferon gamma signaling is directly associated with stroke
induced neurodegeneration,” Journal of Neuroimmune Phar-
macology, vol. 9, no. 5, pp. 679–689, 2014.

[33] S. E. Khoshnam, W. Winlow, and M. Farzaneh, “The interplay
of microRNAs in the inflammatory mechanisms following
ischemic stroke,” Journal of Neuropathology and Experimental
Neurology, vol. 76, no. 7, pp. 548–561, 2017.

[34] M. Karakas and T. Zeller, “A biomarker ocular: circulating
microRNAs toward diagnostics for acute ischemic stroke,”
Circulation Research, vol. 121, no. 8, pp. 905–907, 2017.

[35] A. Bustamante, E. López-Cancio, S. Pich et al., “Blood bio-
markers for the early diagnosis of stroke,” Stroke, vol. 48,
no. 9, pp. 2419–2425, 2017.

[36] B. Chen, G. Wang, W. Li et al., “Memantine attenuates cell
apoptosis by suppressing the calpain-caspase-3 pathway in
an experimental model of ischemic stroke,” Experimental Cell
Research, vol. 351, no. 2, pp. 163–172, 2017.

[37] A. P. Shabanzadeh, P. M. D'Onofrio, P. P. Monnier, and P. D.
Koeberle, “Targeting caspase-6 and caspase-8 to promote neu-
ronal survival following ischemic stroke,” Cell Death & Dis-
ease, vol. 6, no. 11, article e1967, 2015.

[38] M. P. Mattson, C. Culmsee, and Z. F. Yu, “Apoptotic and anti-
apoptotic mechanisms in stroke,” Cell and Tissue Research,
vol. 301, no. 1, pp. 173–187, 2000.

[39] X. Ye, T. Shen, J. Hu et al., “Purinergic 2X7 receptor/NLRP3
pathway triggers neuronal apoptosis after ischemic stroke in
the mouse,” Experimental Neurology, vol. 292, pp. 46–55, 2017.

[40] J. Yang, Y. Pan, X. Li, and X. Wang, “Atorvastatin attenuates
cognitive deficits through Akt1/caspase-3 signaling pathway
in ischemic stroke,” Brain Research, vol. 1629, pp. 231–239,
2015.

[41] P. Li, F. Teng, F. Gao, M. Zhang, J. Wu, and C. Zhang, “Iden-
tification of circulating microRNAs as potential biomarkers
for detecting acute ischemic stroke,” Cellular and Molecular
Neurobiology, vol. 35, no. 3, pp. 433–447, 2015.

[42] J. C. van Kralingen, A. McFall, E. N. J. Ord et al., “Altered
extracellular vesicle microRNA expression in ischemic stroke
and small vessel disease,” Translational Stroke Research,
vol. 10, no. 5, pp. 495–508, 2019.

[43] W. Xiang, C. Tian, J. Lin et al., “Plasma let-7i and miR-15a
expression are associated with the effect of recombinant tis-
sue plasminogen activator treatment in acute ischemic
stroke patients,” Thrombosis Research, vol. 158, pp. 121–
125, 2017.

[44] Y.Wang, J. Huang, Y. Ma et al., “MicroRNA-29b is a therapeu-
tic target in cerebral ischemia associated with aquaporin 4,”

11BioMed Research International



Journal of Cerebral Blood Flow andMetabolism, vol. 35, no. 12,
pp. 1977–1984, 2015.

[45] K. J. Yin, M. Hamblin, and Y. E. Chen, “Non-coding RNAs in
cerebral endothelial pathophysiology: emerging roles in
stroke,” Neurochemistry International, vol. 77, pp. 9–16, 2014.

[46] S. Sepramaniam, J. R. Tan, K. S. Tan et al., “Circulating micro-
RNAs as biomarkers of acute stroke,” International Journal of
Molecular Sciences, vol. 15, no. 1, pp. 1418–1432, 2014.

[47] C. O. Diekman, C. P. Fall, J. D. Lechleiter, and D. Terman,
“Modeling the neuroprotective role of enhanced astrocyte
mitochondrial metabolism during stroke,” Biophysical Journal,
vol. 104, no. 8, pp. 1752–1763, 2013.

[48] Y. S. Kim, A. Yoo, J. W. Son et al., “Early activation of phos-
phatidylinositol 3-kinase after ischemic stroke reduces infarct
volume and improves long-term behavior,” Molecular Neuro-
biology, vol. 54, no. 7, pp. 5375–5384, 2017.

12 BioMed Research International


	Circulating miRNA-3552 as a Potential Biomarker for Ischemic Stroke in Rats
	1. Introduction
	2. Materials and Methods
	2.1. Expression Data and Data Preprocessing
	2.2. Differential Expression Analysis
	2.3. Functional Enrichment Analysis
	2.4. RT-qPCR Assay
	2.5. miRNA Target Prediction

	3. Results
	3.1. Identification of Differentially Expressed mRNAs between MCAO Rat Brain Tissues and Sham-Operated Rat Brain Tissues
	3.2. Gene Enrichment and Functional Annotation of Differentially Expressed mRNAs
	3.3. Pathway Enrichment Analysis of Differentially Expressed mRNAs
	3.4. Differentially Expressed miRNAs between MCAO Rat Blood Samples and Sham-Operated Rat Blood Samples
	3.5. miRNA Target Prediction
	3.6. Intersection of Differentially Expressed mRNAs and Predicted Targets of Differentially Expressed miRNAs
	3.7. Validation of rno-miR-3552 and Prediction of Its Targeted mRNAs
	3.8. Functional Enrichment Analysis of Targeted mRNAs Regulated by rno-miR-3552

	4. Discussion
	5. Conclusion
	Abbreviations
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

