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Abstract
miRNAs regulate a variety of biological processes through pairing-based regulation of gene expression at the 3′ end of the noncoding 
region of the target miRNA. miRNAs were found to be abnormally expressed in ischemia/reperfusion injury models. High-throughput 
sequencing is a recently developed method for sequencing miRNAs and has been widely used in the analysis of miRNAs. In this study, 
ischemia/reperfusion injury models were intracerebroventricularly injected with 50 μg/kg apelin-13. High-throughput sequencing showed 
that 357 known miRNAs were differentially expressed among rat models, among which 78 changed to > 2-fold or < 0.5-fold. Quantita-
tive real-time polymerase chain reaction was selected to confirm the expression levels of four miRNAs that were differentially expressed, 
the results of which were consistent with the results of high-throughput sequencing. Gene Ontology analysis revealed that the predicted 
targets of the different miRNAs are particularly associated with cellular process, metabolic process, single-organism process, cell, and 
binding. Kyoto Encyclopedia of Gene and Genome analysis showed that the target genes are involved in metabolic pathways, mitogen-ac-
tivated protein kinase signaling pathway, calcium signaling pathway, and nuclear factor-κB signaling pathway. Our findings suggest that 
differentially expressed miRNAs and their target genes play an important role in ischemia/reperfusion injury and neuroprotection by 
apelin-13.

Key Words: nerve regeneration; RNA sequencing; microRNA; apelin; ischemia/reperfusion injury; neuroprotection; neuropeptide; 
high-throughput sequencing; neural regeneration 

Graphical Abstract

miRNA analysis of cerebral ischemia rats after apelin-13 reperfusion

Introduction
Apelin separated and purified from bovine stomach is com-
posed of apelin-13, -17, and -36, including 13, 17, and 36 
amino acids at the C-terminal, respectively (Tatemoto et al., 
1998; Kawamata et al., 2001). In the cardiovascular system, 
apelin has been found to protect myocardiocytes in a myo-
cardial injury model (Jia et al., 2006). Within the central ner-
vous system, apelin can alter blood pressure, feeding behav-
ior, and hormone release, suggesting that it plays a vital role 
in neurons (Tatemoto et al., 2001; Bao et al., 2016). Further-
more, apelin-13 was shown to display many more biological 
functions than apelin-36 (Simpkin et al., 2007). Khaksari et 

al. (2012) found that apelin-13 markedly decreased brain in-
farct volume and postischemic cerebral edema by inhibiting 
apoptosis in a rat focal stroke model. Our previous results 
also showed that apelin-13 had a neuroprotective effect 
against cerebral ischemia/reperfusion injury (IRI) through 
inhibiting neuronal apoptosis (Yan et al., 2015). However, 
the precise mechanisms by which apelin-13 exerts its neuro-
protective effects have not yet been revealed.
MicroRNAs (miRNAs) could mediate the expression of 
genes mainly via imperfect pairing with untranslated regions 
at the 3′ end of target mRNAs (Carrington and Ambros, 
2003; Bartel, 2004; Matinez and Peplow, 2016), thus regu-
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lating a variety of biological processes (Hwang and Mendell, 
2006; Zhao et al., 2007). miRNAs have been reported to be 
involved in the development and function of the brain (Sem-
pere et al., 2004). They have also been found to participate 
in the regulation of some drugs, which have been proven to 
exert neuroprotective effects in cerebral ischemia (Cao et al., 
2012; Shi et al., 2013). For example, miR-29b overexpression 
has been shown to reduce blood-brain barrier disruption after 
ischemic stroke (Wang et al., 2015). Solexa high-throughput 
sequencing (HiSeq) has recently been developed for the iden-
tification of miRNAs based on sequencing (Zhao et al., 2010; 
Xie et al., 2011). To date, HiSeq has been widely used for glob-
al miRNA profiling in a large number of organisms (Liu et al., 
2010; Farazi et al., 2011; Chen et al., 2012; Ji et al., 2012). How-
ever, it has not been reported whether apelin-13 reperfusion 
could cause changes of miRNA expression, as determined us-
ing HiSeq. Therefore, in this study, we test the hypothesis that 
apelin-13 reperfusion would cause the up- or downregulation 
of miRNAs, which subsequently play important roles through 
their targets in IRI and the neuroprotective effect of apelin-13. 
To evaluate the miRNA prolife after IRI and apelin-13 reper-
fusion, we performed HiSeq after apelin-13 reperfusion in 
a rat middle cerebral artery occlusion (MCAO) model. The 
obtained results should help to reveal the neuroprotective and 
therapeutic effects of apelin-13 on ischemic stroke by clarify-
ing the upstream regulatory mechanism of miRNAs. 

Materials and Methods
Animals
Thirty specific-pathogen-free male Wistar rats aged 6–8 weeks 
and weighing about 300 g were purchased from Lukang Phar-
maceutical Co., Ltd., China [animal certification SCXK (Lu) 
20130001] as a model of MCAO. These rats were raised in 
standard cages where they were allowed free access to food 
and water. The environment was controlled at 22–26°C and 
50–60% humidity under a 12-hour light/dark cycle. The study 
protocol was approved by the Ethics Committee of Jining 
Medical University of China (approval number: 2017-KY-021).

Establishment of transient focal MCAO and apelin-13 
intervention
Eighteen rats were randomly and equally divided into three ex-
perimental groups: (1) sham group: filament was only inserted 
into the common carotid artery, but not into the middle cere-
bral artery; (2) IRI group: rats were exposed to 2-hour occlu-
sion followed by 24-hour reperfusion with 0.9% NaCl saline (10 
μL per rat); and (3) apelin-13 group: rats were treated with in-
tracerebroventricular injection of apelin-13 (50 µg/kg; Phoenix 
Pharmaceuticals, Inc., Burlingame, CA, USA) after ischemia at 
the beginning of reperfusion. Rats were kept in separate cages 
for 24 hours with free feeding. 

Transient focal MCAO was made by the intraluminal fila-
ment method (Longa et al., 1989; Xu et al., 2006; Vakili and 
Zahedi Khorasani, 2007; Wyman et al., 2009; Xin et al., 2015). 
All rats were anesthetized by the intraperitoneal injection of 
chloral hydrate (10%; 350 mg/kg). The rats were fixed and 
disinfected. The right common carotid, external carotid, and 
internal carotid arteries were isolated. Subsequently, the carotid 

arteries and external carotid arteries were ligated. A carotid ar-
tery was cut and filament was inserted at a depth of 18 mm. The 
skin incision was then sutured. Subsequently, the filament was 
removed after 2 hours of ischemia and 24 hours of reperfusion. 

RNA sequencing for miRNA
Total RNA from the hippocampus was obtained from the 
apelin-13, IRI, and sham groups using Trizol reagent (Invi-
trogen, Carlsbad, CA, USA). The quality and concentration 
of RNA were evaluated using BioSpec-nano (Shimadzu 
Corporation, Kyoto, Japan). Total RNA was then separated 
by denaturing polyacrylamide gel electrophoresis (15%) 
and sRNAs in the size range of 18–30 nucleotides (nt) were 
excised from the denaturing gel and recovered. Subsequent-
ly, proprietary (Solexa) adapters were ligated to the 3′- and 
5′-terminals of these sRNAs using T4 ligase. The ligated 
products were purified and subsequently reverse-transcribed 
into cDNA. The cDNA fragments were amplified by quan-
titative real-time polymerase chain reaction (qRT-PCR) to 
construct sRNA libraries, which were sequenced with a Sol-
exa sequencer (Illumina, San Diego, CA, USA).

Sequence analysis
The original data after sequencing were converted into raw 
data. The raw data were purged of contaminant reads and 
named clean reads, which were then analyzed for the length 
distribution using software developed by BGI (Beijing, Chi-
na). Subsequently, clean reads were screened in the NCBI 
GenBank (http://www.ncbi.nlm.nih.gov/GenBank/) and 
Rfam databases (http://rfam.sanger.ac.uk/) to determine the 
type of small RNA. The tag2repeat software (BGI) was used 
to annotate the repeat overlapping sequences as repeat-as-
sociated small RNA. The unique sRNA sequences were an-
alyzed to confirm conserved miRNA in the rat database of 
miRBase (http://www.mirbase.org/index.shtml). Those that 
could not be confirmed were predicted as novel miRNAs ac-
cording to the hairpin structure of miRNA precursor using 
Mireap software (BGI). 

qRT-PCR for differential miRNA
To evaluate the accuracy of data from HiSeq, qRT-PCR 
(Wang et al., 2011) was used to quantitatively detect several 
miRNAs differentially expressed among the sham group, 
IRI group, and apelin-13 group. In brief, RNAs were isolat-
ed and cDNA was reverse-transcribed using an NCode™ 
VILO™ miRNA cDNA Synthesis Kit (Invitrogen). The PCR 
amplification was performed in LightCycle 480II (Roche, 
Basel, Switzerland) with the NCode™ EXPRESS SYBR 
GreenER™ Kit (Invitrogen). The reaction procedure was 
performed as follows: 2 minutes at 50°C, 2 minutes at 95°C, 
and then 40 cycles of denaturation at 95°C for 15 seconds 
and annealing/extension at 60°C for 60 seconds. The nuclear 
RNA U6 was used as a loading control. All reactions were 
carried out in triplicate. The relative expression level of miR-
NA was calculated and normalized using the 2−ΔΔCT method. 

Prediction of target genes
The putative targets of miRNAs were predicted using RNA-
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hybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/). 
Two criteria were applied for the prediction. One was the 
absence of mismatch between 2 and 8 nt at the 5′ end. The 
other was that G-U was allowed, but no more than three 
of them. The required minimum free energy of the duplex 
formed by miRNA and the target was ≥ 75%.

qRT-PCR for predicted target genes
qRT-PCR was used to detect the predicted target genes that 
were differentially expressed. The quantitative PCR reaction 
was carried out with SuperReal PreMix Plus kit (Beijing 
Tiangen Biology Co., Ltd., Beijing, China). The process was 
performed on the LightCycle 480II (Roche) as follows: 95°C 
for 15 minutes; and then 40 cycles of 95°C for 10 seconds, 
60°C for 20 seconds, and 72°C for 20 seconds. The relative 
expression of target genes compared with β-actin was de-
termined using the 2−ΔΔCT method. The primers used in the 
current study are listed in Table 1. 

Gene Ontology (GO) enrichment analysis
GO enrichment analysis was used to predict miRNA targets. 
In this method, all of the target candidates were first as-
signed terms in the GO database (http://www.geneontology.
org/), and then the numbers of genes for each term were 
determined, after which a hypergeometric test was used to 
select significantly enriched GO terms. 

KEGG pathway analysis
We also utilized the Kyoto Encyclopedia of Gene and 
Genome (KEGG) pathway database to evaluate the main 
pathways associated with the miRNA targets. KEGG anal-
ysis might select significant metabolic pathways and signal 
pathways of target candidates based on all reference genes. 
A false discovery rate ≤ 0.05 was regarded as representing 
differential enrichment of the target candidates.

Statistical analysis
Data, expressed as the mean ± SD, were analyzed using Graph-
Pad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, 
USA). One-way analysis of variance followed by Tukey’s post 
hoc test was used for comparisons among multiple groups. A 
value of P < 0.05 was considered statistically significant. 

Results
Deep sequencing
After sequencing, we obtained numerous sequence reads. 
The length distribution of the sequence reads was evaluated. 
The mean read size was in the range of 18–28 nt (Figure 1). 

Table 4 Some of the predicted targets of miRNAs 

Function ID of gene Target genes

Transcriptional 
regulators

rno:83724 Nuclear receptor coactivator 2
rno:298573 Translation initiation factor eIF-4F

Immune 
response

rno:24498 Interleukin 6
rno:83785 Vascular endothelial growth factor, PGF

Cell signalling rno:500131 cAMP response element-binding protein 5
rno:304546 G protein-coupled receptor kinase 

interactor 2
Cell cycle rno:25405 Cyclin G1

rno:308106 Mitogen-activated protein kinase 4
rno:25729 Cyckin E

Apoptosis rno:83533 Programmed cell death 8
rno:24224 Apoptosis regulator BCL-2
rno:25402 Caspase 3

Growth rno:81810 TGF-beta receptor type-2
rno:24596 Nerve growth factor receptor

Oncogene rno:25530 Ras-related protein Rab-12
rno:24842 Tumor protein P53

Kinases and 
phosphatases

rno:140583 Serine/threonine-protein kinase Chk1

Table 2 Type and frequency of sRNAs

Type Sham group IRI group Apelin-13 group

miRNA 77.74(7,999,994) 75.65(7,145,027) 48.87(4,748,516)
rRNA 0.66(67,695) 4.72(446,009) 31.57(3,067,081)
scRNA 0.03(3,193) 0.02(1,621) 0.18(17,020)
snRNA 0.03(2,683) 0.04(4,209) 0.60(58,710)
snoRNA 0.12(12,168) 0.11(9,955) 0.18(17,088)
srpRNA 0(105) 0.00(417) 0.11(10,330)
tRNA 0.37(38,077) 0.37(34,723) 1.14(110,506)
non-coding 

RNAs
21.05(10,290,391) 19.09(1,802,601) 17.35(1,686,450)

Data are expressed as percent (number). 

Table 3 Some of the differentially expressed miRNAs (miR) 

miR name
Fold-change 
(log2 IRI/Sham)

Fold-change 
(log2 Apelin-13/IRI)

rno-miR-1298 –4.68030117 2.85954145
rno-miR-143-3p –2.68957124 –1.19465424
rno-miR-150-5p –1.66403761 1.13812975
rno-miR-223-3p –3.89521765 2.04671493
rno-miR-27-5p –3.25634716 2.85118290
rno-miR-34c-5p –2.45792307 2.85118290
rno-miR-381-5p –2.93321422 –2.263009280
rno-miR-455-3p –1.68917240 –1.00235879
rno-miR-448-3p –2.67825830 –1.41102238
rno-miR-503-3p 1.37168616 –4.28910029
rno-miR-328a-5p 3.52869711 –1.80647354
rno-miR-875-3p 3.68745525 –2.01805367
rno-miR-879-5p 2.12548679 –2.64465271

Table 1 Primer sequences used for gene amplification in the rat 
model

Primer 
name Forward sequence Reverser sequence

β-Actin 5′-tgg aat cct gtg gca tcc atg 
aac-3′

5′-taa aac gca gct cag taa cag 
tcc g-3′

Atf3 5′-ctc ctg ggt cac tgg tgt tt-3′ 5′-tca gtt cgg cat tca cac tc-3′
Timp3 5′-gct gtg caa ctt tgt gga ga-3′ 5′-ttg ctg atg ctc ttg tct gg-3′
Socs3 5′-ctt cag ctc caa gag cga gt-3′ 5′-gtt ccg tcg gtg gta aag aa-3′
Abca4 5′-tca tgc agt gct tcc tgt tc-3′ 5′-cag tgc cct ttc ttc tct gg-3′
Aspg 5′-tgc tac tgc aga agg gtg tg-3′ 5′-ccc tgt cct caa gac tct gc-3′
Singlec5 5′-ccc cta acc tcc aag tca ca-3′ 5′-agg gac tca ccc tct tgg a-3′
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Those 22 nt in size were the most abundant group of small 
RNAs, followed by those sequences 23 and 21 nt in length. 
These results are consistent with those previously reported 
(Agarwal et al., 2016; Hong et al., 2016). miRNAs with a se-
quence length of 22 bp also formed the largest class. 

The type and number of sRNAs were searched according 
to sequence similarity using several databases (miRNAs, 
rRNAs, scRNAs, sn/snoRNAs, srpRNAs, tRNAs, and oth-
er noncoding RNAs). miRNAs constituted the majority of 
sRNAs in the sham group (7,999,994/10,290,391 = 77.74%), 
IRI group (7,145,027/9,444,562 = 75.65%), and apelin-13 
group (4,748, 516/9,715,707 = 48.87%) (Table 2), suggesting 
that these miRNAs could be functional and represent another 
level of regulation in IRI and neuroprotection by apelin-13. 

Identification of conserved miRNAs 
miRNAs are generally known to be conserved across species. 
In the current study, 296 miRNAs were downregulated and 
61 miRNAs were upregulated in IRI model compared with 
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Figure 1 Sequence length of short sRNAs from apelin-13 model 
detected by Solexa sequencer.
A length of 22 nt was the most common for sRNAs, followed by 23 and 
21 nt.  

Figure 2 Known miRNAs are differentially expressed among the 
models.
A total of 296 downregulated and 61 upregulated miRNAs are differ-
entially expressed between IRI model and sham model. Moreover, 197 
downregulated and 155 upregulated miRNAs were detected in ape-
lin-13 model compared with IRI model. Overall, 298 downregulated 
and 38 upregulated miRNAs were found to be differentially expressed 
between apelin-13 model and sham model. IRI: Ischemia/reperfusion 
injury. 

Figure 3 Four differentially expressed miRNAs quantified using 
quantitative real-time polymerase chain reaction.
The expression of three miRNAs (Rno-miR-27b-5p, Rno-miR-143-5p, 
and Rno-miR-455-3p) was downregulated in IRI model, but upregu-
lated after apelin-13 reperfusion. However, the expression of Rno-miR-
873-3p was upregulated in IRI model, but downregulated in apelin-13 
model. Data are expressed as the mean ± SD and were analyzed by one-
way analysis of variance followed by Tukey’s post hoc test. *P < 0.05, 
**P < 0.01, vs. sham group; $P < 0.05, $$P < 0.01, vs. IRI group. IRI: 
Ischemia/reperfusion injury.  

Figure 4 Expression of target genes quantified using quantitative 
real-time polymerase chain reaction. 
Quantitative real-time polymerase chain reaction was used to deter-
mine the expression levels of six targets. Four predicted targets (Af3, 
Timps, Socs3, and Aspg) were upregulated in IRI model compared with 
their levels in sham model, but downregulated after apelin-13 reper-
fusion. Two targets, Abca4 and Siglec5, were decreased in IRI model 
and increased in apelin-13 model. Data are expressed as the mean ± SD 
and were analyzed by one-way analysis of variance followed by Tukey’s 
post hoc test. **P < 0.01, vs. sham group; $$P < 0.01, vs. IRI group. IRI: 
Ischemia/reperfusion injury. 
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their levels in sham model (Figure 2). Overall, 197 downregu-
lated and 155 upregulated miRNAs were detected in apelin-13 
model compared with IRI model. Some of the miRNAs that 
differed in their expression levels among sham, IRI, and ape-
lin-13 groups are listed in Table 3. Compared with the sham 
group, Rno-miR-27-5p, Rno-miR-34c-5p, Rno-miR-143-3p, 
Rno-miR-223-3p, Rno-miR-448-3p, and Rno-miR-1298 were 
most markedly downregulated in IRI model, exceeding two-
fold change. However, these miRNAs were clearly upregulat-
ed in apelin-13 model. Rno-miR-328a-5p, Rno-miR-503-3p, 
Rno-miR-875-3p, and Rno-879-5p were most markedly up-
regulated in IRI model, but were downregulated in apelin-13 
model. These results indicate that these miRNAs might play 
vital roles in the neuroprotection by apelin-13.

qRT-PCR for differential expression of miRNAs
To validate the sequencing data, several differentially ex-
pressed miRNAs were selected for amplification using qRT-
PCR. The expression of three miRNAs, Rno-miR-27b-5p, 
Rno-miR-143-5p, and Rno-miR-455-3p, was downregulated 
in IRI model, but upregulated after apelin-13 reperfusion. 
The reverse pattern was noted for the expression of rno-
miR-873-3p (Figure 3). Generally, there was good consis-
tency between the results of qRT-PCR and HiSeq.

Prediction of targets of miRNAs
Analysis of the predicted targets of miRNAs may aid our 
understanding of the regulatory role of abnormal miRNAs. 
In the present study, for known miRNAs that were differen-
tially expressed, a total of 34,252 putative targets that were 
mapped to 259,856 sites were predicted. A number of pre-
dicted targets of miRNA are listed in Table 4, such as eIF-
4F, interleukin 6, PGF, cyclin G1, cyclin E, nerve growth 
factor receptor, TGF-β receptor, BCL-2, caspase 3, Rab-12, 
and P53. It was shown that miRNAs probably regulate the 
role of apelin-13 by changing inflammatory factors, apop-

Figure 6 KEGG pathway analysis 
of predicted target genes.
(A) The predicted target genes that 
were annotated for the MAPK sig-
naling pathway; (B) the predicted 
targets involved in the JAK-ATAT 
signaling pathway. Red represents 
the predicted targets of miRNAs 
in the current study. KEGG: Kyoto 
Encyclopedia of Genes and Ge-
nomes; MAPK: mitogen-activated 
protein kinase. 

 A   

 B   

tosis factors, and transcription factors. However, bioinfor-
matic predictions for targets must be subjected to further 
verification via in vitro and vivo experiments. Therefore, the 
in-depth analysis of targets was performed to reveal the reg-
ulatory mechanisms of differently expressed miRNAs.

To determine whether there were changes in the expres-
sion of targets, qRT-PCR was used to quantify the target 
expression level of four miRNAs (Rno-miR-27b-5p, Rno-
miR-143-5p, Rno-miR-455-3p, and Rno-miR-873-3p). The 
sequences of the primers used are listed in Table 1. Four 
predicted targets (Af3, Timps, Socs3, and Aspg) were upreg-
ulated in IRI model compared with those in sham model, 
but were downregulated after apelin-13 reperfusion. The 
expression of two targets, Abca4 and Siglec5, was decreased 
in IRI model and increased to nearly normal in apelin-13 
model (Figure 4). It was indicated that the predicted targets 
are involved in IRI and neuroprotection by apelin-13.

GO analysis
To obtain further insight into the functions of different 
miRNAs, we evaluated the targets of the miRNAs in GO. 
miRNA targets were assigned to 51 categories as follows: 23 
were associated with biological processes, 15 were associated 
with cellular components, and 13 were involved in molec-
ular functions. The top 17 GO terms are shown in Figure 
5. The majority of targets were enriched in the categories of 
metabolic process, cellular process, single-organism process, 
cell, organelle, cell part, and binding, indicating that ape-
lin-13 probably exerts its neuroprotective effect by altering 
an extensive range of physiological processes. 

KEGG pathway analysis
The KEGG pathway analysis indicated that the predicted tar-
gets of the miRNAs are involved in 304 biological processes, 
such as metabolic pathway, signal transduction, and disease. 
The top pathway was metabolic pathways, containing 2,190 
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targets accounting for 10.41% of the total. The second was 
olfactory transduction, in which there were 1,479 targets ac-
counting for 7.03%, followed by biosynthesis of secondary me-
tabolites (786 accounting for 3.74%), pathways in cancer (768 
accounting for 3.65%), and regulation of actin cytoskeleton (740 
accounting for 3.52%). The predicted targets of miRNAs were 
annotated as being involved in the MAPK signaling pathway 
or JAK-ATAT signaling pathway (Figure 6). These results in-
dicate that some underlying biological processes participate in 
apelin-13 reperfusion and provide meaningful clues to research 
the targets of miRNAs in apelin-13 neuroprotection. 

Discussion
As HiSeq has been shown to have pronounced advantages 
compared with the use of a microarray, an increasing num-
ber of studies have used this method to evaluate the regu-
lation of miRNA under different conditions (Wyman et al., 
2009; Vaz et al., 2010). In the present study, Rno-miR-1298, 
Rno-miR-223-3p, Rno-miR-27-5p, and Rno-miR-381-5p 
were markedly downregulated in IRI model, but upregulat-
ed after apelin-13 reperfusion. Rno-miR-328a-5p, Rno-miR-
875-3p, and Rno-miR-879-5p were clearly upregulated in 
IRI model, but downregulated after apelin-13 reperfusion. 
This indicates that these abnormal miRNAs should be in-
volved in IRI and the neuroprotective effect of apelin-13. 
Furthermore, several different miRNAs in the present study 
have also been reported to play important roles in other 
diseases. For example, Mmu-miR-27a-5p by upregulation of 
MCPIP1, which decreased the secretion of IL-6, IL-1β, and 
IL-10, inhibited the inflammatory response in macrophage 
cells induced by lipopolysaccharide (Cheng et al., 2015). 
It has also been shown that the overexpression of miR-
223 may protect the brain from neuronal death induced 
by global ischemia and excitotoxic injury by regulating the 
glutamate receptor subunits GluR2 and NR2B (Harraz et al., 
2012). miR-381 had a major role in glioma progression by 
targeting LRRC4 (Tang et al., 2011). Several other miRNAs 
have not been reported to be associated with the central 
nervous system, but were found to be abnormally expressed 
in the current study, suggesting that they specifically partici-
pate in the neuroprotection mediated by apelin-13.

miRNAs were reported to play critical roles by controlling 
a number of targets of mRNAs (Zhao et al., 2007; Liu et al., 
2010; Li and Tang, 2016). Thus, the identification of poten-
tial targets should be significant in shedding light on miRNA 
regulation. In the present study, 34,252 targets of conserved 
miRNAs were predicted and these genes were mapped on 
259,856 loci. We found many predicted target genes associ-
ated with inflammation, apoptosis, anti-apoptosis, prolifera-
tion, and immune response. For example, the inflammatory 
factors encoded by genes that were predicted to be target 
genes here included tumor necrosis factor-α, interleukin-6, 
prostaglandin F, and intercellular adhesion molecule-1. 
Some apoptosis-related genes and anti-apoptotic genes 
were also found, including caspase 3, Bcl-2, p53, and HSP. 
Furthermore, our lab has focused on the neuroprotective ef-
fects of apelin-13 in rat cerebral ischemic models and found 

many differentially expressed genes (Xin et al., 2015; Yan et 
al., 2015). In this study, we also verified that the expression 
of Af3, Timps, Socs3, and Aspg was downregulated in ape-
lin-13 model compared with their levels in IRI model. The 
expression of Abca4 and Siglec5 was upregulated after ape-
lin-13 reperfusion. We are currently selecting more targets 
to validate whether they are targets of miRNAs.

GO analysis indicated that the predicted targets of different 
miRNAs participate in a number of biological processes. Spe-
cifically, this analysis revealed that approximately 34.8% of the 
predicted targets were associated with catalytic activity in the 
molecular function group, approximately 80% of the predicted 
targets were associated with a cellular component, and 38% of 
the predicted targets could respond to stimuli in the biological 
process group. In the KEGG pathway analysis, the most rep-
resented pathways included regulation of actin cytoskeleton, 
mitogen-activated protein kinase signaling pathway, calcium 
signaling pathway, and especially nuclear factor-κB signaling 
pathway and Wnt signaling pathway. Xu et al. (2012) found 
that matrine has neuroprotective effects against focal cerebral 
ischemia via inhibition of the nuclear factor-κB signaling 
pathway. The Wnt signaling pathway also plays important 
roles in neuronal migration, synaptic differentiation, synaptic 
plasticity, and cerebral ischemia (Cerpa et al., 2009). 

Although numerous different miRNAs were detected, and 
their putative targets and signaling pathways were predicted 
via a bioinformatic approach, there is still a need for further 
experimental validation of whether they do indeed participate 
in the regulation of IRI and apelin-13 reperfusion. This will 
thus be the focus of our future research. Therefore, we plan to 
perform further experiments to verify the biological functions 
of these miRNAs in vitro and in vivo, as well as to determine 
the relationship between miRNA and their targets. 

In summary, our results illustrate for the first time the 
miRNA profile after apelin-13 reperfusion of a rat MCAO 
model, as determined using HiSeq. We identified 352 differ-
entially expressed miRNAs that could be used as potential 
regulators of IRI and the neuroprotection by apelin-13, 
among which 78 showed a change of expression greater than 
twofold change. Moreover, the predicted targets of different 
miRNAs were further evaluated using GO and KEGG anal-
yses. These analyses indicated that the targets are mainly in-
volved in biological processes and metabolic pathways. Our 
results revealed the abnormally expressed miRNAs and shed 
light on the regulatory mechanism behind apelin-13 neuro-
protection, thereby providing an experimental foundation 
for the study of nerve regeneration in ischemic stroke. 
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