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Abstract. Non‑coding RNAs, including long non‑coding 
RNAs (lncRNAs) and microRNAs (miRNAs/miRs), have 
significant regulatory effects on a number of biological 
processes in myocardial ischemia/reperfusion (I/R) injury, 
including cell differentiation, proliferation and apoptosis. In 
the present study, the expression levels of lncRNAs, miRNAs 
and mRNAs were evaluated in a mouse model of myocardial 
I/R  injury. The potential functions of these differentially 
expressed genes were then analyzed via Gene Ontology and 
pathway analyses. Additionally, the interactions between 
lncRNA‑miRNA‑mRNA were predicted by constructing a 
competing endogenous RNA regulatory network. It was found 
that 14,366 lncRNAs, 151 miRNAs and 9,377 mRNAs were 
differentially expressed in mice hearts after I/R compared 
with the Sham group (fold change >2; P<0.05). The results 
indicated that these differentially expressed genes were 
involved in multiple molecular functions, including ‘guanosine 

diphosphate binding’, ‘RNA polymerase II carboxy‑terminal 
domain kinase activity’, ‘TATA‑binding protein‑class protein 
binding’, ‘nicotinamide adenine dinucleotide binding’ and 
‘protein phosphatase type 2A regulator activity’. The inter-
actions between lncRNA‑miRNA‑mRNA, including five 
lncRNAs, 38 miRNAs and 196 mRNAs, were predicted, 
specifically Gm12040‑mmu‑miR‑125a‑5p‑decapping mRNA 
1B, Rpl7l1‑ps1‑mmu‑miR‑124‑3p‑G protein‑coupled receptor 
146, Gm11407‑mmu‑miR‑190a‑5p‑homeobox and leucine 
zipper encoding (HOMEZ), 1600029O15Rik‑mmu‑miR‑132
‑3p‑HOMEZ and AK155692‑mmu‑miR‑1224‑3p‑activating 
transcription factor 6β. Collectively, these findings provided 
novel insights for future research on lncRNAs, miRNAs and 
mRNAs in myocardial I/R injury.

Introduction

Acute myocardial infarction is the leading cause of morbidity 
and mortality worldwide and >7 million new patients have 
been diagnosed with acute myocardial infarction worldwide 
annually  (1,2). The primary therapeutic strategy for acute 
myocardial ischemic injury is prompt and effective reperfu-
sion, including fibrinolytic therapy and primary percutaneous 
coronary intervention; however, reperfusion itself further 
induces myocardial injury (3). Moreover, the underlying mech-
anisms responsible for myocardial ischemia/reperfusion (I/R) 
injury are complicated and are yet to be completely elucidated; 
therefore, myocardial I/R injury remains an ongoing unmet 
clinical issue.

Previous studies have reported that non‑coding RNAs 
serve an important role in regulating pathophysiological 
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processes of myocardial I/R injury, including cell differen-
tiation, proliferation, apoptosis, necrosis and autophagy (4‑7). 
Non‑coding RNAs are functional RNAs that are transcribed 
from non‑coding DNAs and have important regulatory func-
tions, although they lack the potential of protein coding (8). 
Among non‑coding RNAs, both microRNAs (miRNAs/miRs) 
and long non‑coding RNAs (lncRNAs) have gained increased 
attention for their roles in myocardial I/R injury (9). miRNAs 
are 20‑25 nucleotides in length and can inhibit the transla-
tion of mRNAs or induce degradation of post‑transcriptional 
RNAs (10). It has been revealed that a number of miRNAs, such 
as hsa‑miR‑124‑3 and hsa‑miR‑9‑1, are involved in myocardial 
I/R injury (11). Furthermore, lncRNAs, ≥200 nucleotides in 
length, can regulate miRNA functions by acting as endog-
enous sponges; and miRNAs have also been shown to bind 
and regulate lncRNAs stability (12,13). For example, the mito-
chondrial dynamic‑related lncRNA has been reported to act as 
an endogenous sponge by binding to miR‑361, downregulating 
its expression and inhibiting mitochondrial fission and apop-
tosis in cardiomyocytes (14,15). Despite these findings, the 
comprehensive expression profiles of lncRNAs, miRNAs and 
mRNAs, as well as their individual potential functions and the 
regulatory networks among them, are not well characterized in 
myocardial I/R injury.

In the present study, the expression profiles of lncRNAs, 
miRNAs and mRNAs in mice hearts after myocardial I/R 
were investigated using microarray analysis. The poten-
tial functions of these differentially expressed genes were 
analyzed via bioinformatics, including Gene Ontology (GO) 
and pathway analyses. Moreover, lncRNA‑miRNA‑mRNA 
regulatory networks were constructed using competing 
endogenous RNA (ceRNA) analysis. The results provided 
a series of novel areas for future research on lncRNAs, 
miRNAs, mRNAs and their interactions in the process of 
myocardial I/R injury, which is important to further under-
stand the underlying mechanisms and potential therapies for 
myocardial I/R injury.

Materials and methods

Animals. A total of 24 male C57BL/6J mice (age, 8 weeks, 
20‑25g) were purchased from the Department of Experimental 
Animals of Shandong University (Jinan, China). All animal 
procedures were in accordance with the US National Research 
Council Committee Guidelines (16) and were approved by the 
Animal Use and Care Committee of Shandong University. All 
mice were housed in a temperature‑controlled room under a 
12‑h light‑dark circadian cycle with temperature of 21.0±1.0˚C, 
humidity of 55.0±5.0% and had free access to standard chow 
and water.

The mice were randomly divided into sham‑operation 
(Sham) group (n=12) and I/R group (n=12). Among them, four 
mice in Sham group and four mice in the I/R group were used 
for microarray analysis. The other eight mice in each group 
were used to assess the success of the I/R model and the results 
of microarray analysis.

Mouse model of myocardial I/R  injury. The myocardial 
I/R model was performed in mice as previously described (17). 
Mice were anesthetized with 1.5%  isoflurane mixed with 

100% oxygen. Following the skin incision, mice hearts were 
exposed via a left thoracotomy in the third or fourth intercostal 
space. Ischemia was performed by ligating the left anterior 
descending artery with an 8‑0 silk ligature at 1.5‑2.0 mm 
below the tip of the left auricle. Mice in the Sham group under-
went the same procedure without occlusion of the left anterior 
descending artery. After 45 min of occlusion, the suture was 
untied for reperfusion, and the chest cavity and skin incision 
were closed. After 90 min of reperfusion, mice were sacrificed 
by cervical dislocation and the heart was quickly removed 
and cut into eight 1‑2 mm thick slices from the apex to the 
base. The peripheral region of infarct region was selected as 
the area at risk (18). In addition, the two adjacent slices below 
the site of occlusion were collected. One slice was used for 
2, 3, 5‑triphenyltetrazolium chloride (TTC) staining as a refer-
ence for infarct area. Then, myocardial samples of 3x3x3 mm 
were collected from the area at risk from the other slice based 
on the reference of TTC staining. Blood samples (~1 ml) were 
obtained using the retrobulbar technique (19). Blood samples 
were centrifuged at 1000 x g for 20 min at 4˚C to collect 
plasma.

Detection of myocardial I/R injury. In order to evaluate the 
success of the myocardial I/R procedure, the infarct area 
was determined using staining with 1% TTC (cat. no. 17779; 
SigmaAldrich; Merck  KGaA). Fresh myocardial slices of 
1‑2 mm were incubated with 1% TTC at 37˚C protected from 
light for 30 min and then observed using an Olympus SZ61 
stereoscopic microscope (Olympus Corporation) at x10 magni-
fication. In addition, plasma lactate dehydrogenase (LDH) 
and creatine kinase‑MB (CK‑MB) levels were detected using 
ELISA kits (cat. nos. SEB864Ra and SEA479Ra, respectively; 
Cloud‑Clone Corp.), according to the manufacturer's instruc-
tions.

RNA extraction. RNA was extracted from myocardial tissue 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). The quantification and quality of RNA were measured 
using NanoDrop ND‑1000 (Thermo Fisher Scientific, Inc.), 
and the integrity of RNA was further tested by 1% dena-
turing agarose gel electrophoresis. For spectrophotometry, 
the optical density (OD) A260/A280 ratio was ~2.0 for pure 
RNA (ratios between 1.8 and 2.1 are acceptable) (20) and the 
OD A260/A230 ratio was >1.8.

Acquisition and analysis of microarray data. The Arraystar 
Mouse lncRNA array  v3.0 (8x60K; Arraystar Inc.) was 
designed to profile lncRNAs and mRNAs in the mouse 
genome. A total of 35,923 lncRNAs and 24,881 mRNA were 
collected from authoritative data sources, including RefSeq 
(https://www.ncbi.nlm.nih.gov/refseq/)  (21), University of 
California Santa Cruz Known Genes (https://genome.ucsc.
edu/)  (22), Ensembl (http://ensemblgenomes.org/)  (22), 
Fantom5 Cat, Gencode and BIGTranscriptome (23,24). The 
7th generation miRCURY LNA™ miRNA array (Exiqon; 
Qiagen) was designed to profile miRNA in the mice genome, it 
contains 3,100 capture probes, covering all human, mouse and 
rat miRNAs annotated in the miRBase 19.0 (http://microrna.
sanger.ac.uk/) (25), as well as all viral miRNAs related to 
these species.
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The Agilent Feature Extraction software (version 11.0.1.1; 
Agilent Technologies, Inc.) was used to analyze acquired micro-
array images. Quantile normalization and subsequent data 
processing were performed using the GeneSpring GX v12.1 
software package (Agilent Technologies Inc.). After quan-
tile normalization of the raw data, lncRNAs, miRNAs and 
mRNAs, of which ≥4/8  samples had flags in Present or 
Marginal (‘All Targets Value’) which indicated good quality 
of data, were selected for further data analysis. Differentially 
expressed lncRNAs, miRNAs and mRNAs with statistical 
significance between the two  groups were identified via 
P‑value filtering (P<0.05) and fold change filtering (fold 
change >2). Hierarchical clustering and combined analysis 
were performed using the Multiple Experiment Viewer 4.9.0 
(http://mev.tm4.org/) (26).

Reverse transcription‑quantitative (RT‑q)PCR. RT‑qPCR was 
performed to assess the results of the microarray analysis. 
Total RNAs, extracted from four samples in the Sham group 
and four samples in the I/R group using miRcute miRNA 
isolation kit (cat. no. DP501; Tiangen Biotech. Co.) for miRNA 
and TRIzol (cat. no. DP405; Tiangen Biotech. Co.) for mRNA 
and lncRNA, were reverse transcribed with a High‑Capacity 
RNA‑to‑cDNATM kit (cat.  no.  4387406; Invitrogen; 
Thermo Fisher Scientific, Inc.) at 42˚C for 60 min followed by 
95˚C for 3 min. RT‑qPCR was performed with the IQ‑SYBR® 
Green Supermix in a CFX96 apparatus (Bio‑Rad 
Laboratories, Inc.). The following thermocycling conditions 
were used: initial denaturation at 95˚C for 10 min, followed by 
40 cycles at 95˚C for 10 sec and 60˚C for 60 sec, and final 
extension at 72˚C for 5 min. Both β‑actin and U6 small nuclear 
(sn)RNA were used as housekeeping genes for normalization. 
The expression levels of lncRNA, miRNA and mRNA were 
measured in terms of CT and then normalized to β‑actin and 
U6 snRNA using the 2‑ΔΔCq method (27). The primers used for 
RT‑qPCR were as follows: lncRNA‑AK087886 forward, 
5'‑ACTTACGTCTGCGACCACG‑3' and reverse, 3'‑GGCGG 
AACAAACTTCAACCT‑5'; miRNA‑30e‑3p forward, 5'‑GCC 
TTTCAGTCGGATGTTTACAGC‑3' and reverse, 3'‑GCATGT 
TGTCACAGCTTGTGT‑5'; mRNA‑Olfml1 forward, 5'‑GCC 
GAGCACCCATCTATCAA‑3' and reverse, 3'‑GCCACCGG 
AACTGTAGACAA‑5'; U6 snRNA forward, 5'‑CTCGCTTCG 
GCAGCACA‑3' and reverse, 5'‑AACGCTTCACGAATTT 
GCGT‑3'; β‑actin forward 5'‑CTGTCTGGCGGCACCAC 
CAT‑3' and reverse, 3'‑GCAACTAAGTCATAGTCCGC‑5'.

GO and pathway analysis. The GO database (http://www.
geneontology.org) was used to identify significantly over-
represented ‘biological processes’. The pathway analysis was 
based on the Kyoto Encyclopedia of Genes and Genomes 
database (KEGG; http://www.genome.ad.jp/kegg/), which was 
performed to evaluate the potential module function.

ceRNA network analysis. lncRNAs were selected from 
the top ten up‑ and downregulated lncRNAs for ceRNA 
analysis with rigorous standards, including fold change >2, 
P<0.05, raw intensity >2,000, exon sense overlapping and 
natural antisense. Then, the lncRNA‑miRNA‑mRNA ceRNA 
network was constructed based on the ceRNA hypothesis that 
all types of RNA transcripts, such as mRNAs, transcribed 

pseudogenes and lncRNAs, could communicate via a new 
‘language’ mediated by miRNA binding sites (‘microRNA 
response elements’) (28). To construct the ceRNA network, the 
interaction between the miRNAs and lncRNAs was predicted 
using Arraystar miRNA target prediction software  (29) 
based on TargetScan 7.2 (http://www.targetscan.org/vert_72/) 
and miRanda (http://www.microrna.org/microrna/home.
do) (30‑32). High‑confidence miRNA‑lncRNA pairs had a 
TargetScan cumulative weighted context score <‑0.3, total 
context score <‑0.3, miRanda energy score <‑10 and struc-
ture score >140. Interactions between miRNAs and mRNAs 
were predicted using TargetScan and miRDB (http://www.
mirdb.org/) (miRDB score >70). Hypergeometric distribution 
was performed for each ceRNA pair separately (P<0.05) and 
the interactions were then combined with the microarray data 
to construct the ceRNA relationship. The ceRNA network 
was visualized using Cytoscape v2.8.3 software (https://cyto-
scape.org/).

Statistical analysis. The data relating to infarct size, LDH, 
CK‑MB and RT‑qPCR were presented as the mean ± SEM 
from at least three independent experiments. An unpaired 
Student's t‑test was used to analyze the data between the 
two groups. P<0.05 was considered to indicate a statistically 
significant difference. Statistical analysis was performed using 
GraphPad Prism 6 software (GraphPad Software, Inc.).

Results

Infarct size, and LDH and CK‑MB levels in myocardial 
I/R  injury. TTC staining was used to evaluate infarct size 
(% of left ventricle), which was significantly higher in the 
myocardial I/R group compared with the Sham group (Fig. 1A; 
11.7 vs. 2.3%). It was also identified that the distal area from the 
site of occlusion was more severe than the proximal area after 
I/R injury. Moreover, the levels of plasma LDH and CK‑MB 
were significantly increased in the myocardial I/R  group 
compared with the Sham group (Fig. 1B and C).

Differentially expressed RNAs in myocardial I/R  injury. 
The integrity of RNAs for microarray analysis was assessed 
using NanoDrop ND‑1000 (Table SI) and denaturing agarose 
gel electrophoresis (Fig.  S1). Using microarray analysis, 
14,366 differentially expressed lncRNAs were identified in 
the myocardial I/R group compared with the Sham group 
(fold change >2 and P<0.05) (data not shown). Among them, 
9,259 lncRNAs (64.45%) were upregulated and 5,107 lncRNAs 
(35.55%) were downregulated. A total of 151 miRNAs were 
also differentially expressed; 98  (64.90%) were upregu-
lated and 53  (35.10%) were downregulated. In addition, 
9,377 mRNAs were differentially expressed; 6,472 (69.02%) 
were upregulated and 2,905 (30.98%) were downregulated. 
Hierarchical clustering analysis identified significant changes 
in the cardiac expression of lncRNAs, miRNAs and mRNAs 
in the myocardial I/R group compared with the Sham group 
(Fig. 2A‑C). The top ten up‑ and downregulated lncRNAs, 
miRNAs and mRNA are presented in Tables SII‑SIV, respec-
tively.

The microarray data was assessed by randomly detecting the 
gene expression levels of lncRNA‑AK087886, miRNA‑30e‑3p 

https://www.spandidos-publications.com/10.3892/mmr.2020.11300


ZHANG et al:  DIFFERENTIALLY EXPRESSED RNAs AND ASSOCIATED ceRNA NETWORKS IN MYOCARDIAL I/R INJURY2490

Figure 1. Myocardial I/R injury in male C57BL/6J mice. (A) Myocardial infarct area was determined using TTC staining in the Sham and I/R groups. Arrow 
indicates infarct area. Scale bar, 2 mm. (B) Plasma levels of LDH in the Sham group and I/R group. (C) Plasma levels of CK‑MB in the Sham group and 
I/R group. Data are presented as the mean ± SEM of 4‑5 samples in each group. *P<0.05 vs. Sham group. TTC, 1% 2, 3, 5triphenyltetrazolium chloride; I/R, 
ischemia/reperfusion; LDH, lactate dehydrogenase; CK‑MB, creatine kinase‑MB.

Figure 2. Heat maps constructed to determine hierarchical clustering of lncRNAs, miRNAs and mRNAs in myocardial I/R injury. Differentially expressed 
(A) lncRNAs, (B) miRNAs and (C) mRNAs in the Sham group and I/R group. Red represents upregulation and green represents downregulation. lncRNAs, 
long non‑coding RNAs; miRNAs, microRNAs; I/R, ischemia/reperfusion.
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and mRNA‑Olfml1 using RT‑qPCR, which were in the top 
ten up‑ and downregulated lncRNAs, miRNAs and mRNAs, 
and the results demonstrated that the expression levels in the 
I/R group were significantly lower compared with those of the 
Sham group (Fig. 3).

GO and pathway analysis. The up‑ and downregulated 
genes were analyzed individually according to GO analysis, 
including ‘Biological Process’, ‘Molecular Function’ and 
‘Cellular Component’. The top ten molecular functions asso-
ciated with up‑ and downregulated genes according to the 
enrichment score [‑log10 (P‑value)] are listed in Table SV. The 
upregulated genes were mainly involved in ‘guanosine diphos-
phate binding’, ‘RNA polymerase II carboxy‑terminal domain 
kinase activity', ‘TATA‑binding protein‑class protein binding’, 
‘NAD+ binding’ and ‘protein phosphatase type 2A regulator 
activity’. The downregulated genes were mainly involved in 
‘proline‑rich region binding’, ‘sodium ion binding’, ‘armadillo 
repeat domain binding’, ‘alkali metal ion binding’ and ‘peroxi-
some proliferator activated receptor binding’.

Pathway analysis was performed to identify the potential 
module function of the differentially expressed genes in 
myocardial I/R  injury, according to KEGG. The pathway 
enrichment analysis demonstrated that these upregulated 
genes were involved in 104 pathways and downregulated genes 
were involved in 29 pathways. The top ten module functions 
associated with up‑ and downregulated genes according to the 
enrichment score [‑log10 (P‑value)] are listed in Table SVI. 
Upregulated genes mainly participated in pathways related 
to ‘Alzheimer's disease’, ‘sphingolipid signaling pathway’, 
‘protein processing in endoplasmic reticulum', ‘non‑alcoholic 
fatty liver disease’ and ‘Parkinson's disease’. Downregulated 
genes mainly participated in pathways of ‘endocytosis’, ‘bacte-
rial invasion of epithelial cells’, ‘type II diabetes mellitus’, 
‘oxytocin signaling pathway’ and ‘arrhythmogenic right 
ventricular cardiomyopathy’.

ceRNAs regulatory network analysis. In total, five lncRNAs, 
including Gm11407, AK155692, 1600029O15Rik, Rpl7l1‑ps1 
and Gm12040, were selected from the top ten up‑ and downreg-
ulated lncRNAs for ceRNA analysis after they were screened 
using rigorous standards, including fold change, P‑value, raw 
intensity, exon sense overlapping and natural antisense. Then, 
the lncRNA‑miRNA‑mRNA ceRNA regulatory network 

was constructed, which included five lncRNAs, 38 miRNAs 
and 196 mRNAs. The lncRNA‑miRNA‑mRNA regulatory 
networks included 239 nodes and 678 edges (Fig. 4). The 
higher the number of nodes and edges these RNAs possessed, 
the increased significant effects they may have in myocardial 
I/R injury. Blue, red and green nodes represented lncRNAs, 
miRNAs and mRNAs, respectively. The edges between 
the nodes represented the interactions between RNAs. 
Furthermore, the nodes of the top ten miRNAs and mRNAs 
with the highest degree are presented in Table SVII. The nodes 
with the highest degrees in lncRNAs, miRNAs and mRNAs 
were Rpl7l1‑ps1 (degree=12, indicating 12 edges or targets 
were directly connected to Rpl7l1‑ps1), mmu‑miR‑330‑3p 
(degree=67) and plexin A4 (Plxna4; degree=7), respectively. 
According to the rank scores of ceRNA5 pathways among 
the top 5 differentially expressed lncRNA and miRNA and 
mRNA  (33), the following ceRNA network were chosen: 
Gm12040‑mmu‑miR‑125a‑5p‑decapping mRNA 1B (Dcp1b), 
Rpl7l1‑ps1‑mmu‑miR‑124‑3p‑G protein‑coupled receptor 146 
(Gpr146), Gm11407‑mmu‑miR‑190a‑5p‑homeobox and leucine 
zipper encoding (HOMEZ), 1600029O15Rik‑mmu‑miR‑132
‑3p‑HOMEZ and AK155692‑mmu‑miR‑1224‑3p‑activating 
transcription factor 6β (Atf6b).

Discussion

In the present study, the expression profiles of lncRNAs, 
miRNAs and mRNAs were investigated in mice hearts after 
I/R injury. It was found that, compared with Sham hearts, 
14,366  lncRNAs, 151  miRNAs and 9,377  mRNAs were 
differentially expressed in the area at risk of I/R  hearts. 
The GO and KEGG pathway analyses demonstrated the 
functions and pathways associated with these differen-
tially expressed genes in myocardial I/R injury. Moreover, 
the interactions between lncRNA, miRNA and mRNA 
were constructed using ceRNA network analysis, which 
included five lncRNAs, 38 miRNAs and 196 mRNAs. The 
lncRNAs, miRNAs and mRNAs with the highest degree 
were lncRNA Rpl7l1‑ps1, miRNA  mmu‑miR‑330‑3p and 
mRNA Plxna4. These interactions were indicated by 
Gm12040‑mmu‑miR‑125a‑5p‑Dcp1b, Rpl7l1‑ps1‑mmu‑mi
R‑124‑3p‑Gpr146, Gm11407‑mmu‑miR‑190a‑5p‑HOMEZ, 
16 0 0 0 29 O15 R i k‑m mu‑m i R‑132 ‑3p ‑HOM E Z  a nd 
AK155692‑mmu‑miR‑1224‑3p‑Atf6b. Thus, the present study 

Figure 3. Validation of microarray data using reverse transcription‑quantitative PCR. Relative expression levels of (A) one lncRNA, (B) one miRNA and 
(C) one mRNA were assessed in the Sham and I/R mice hearts. Data are presented as the mean ± SEM of four samples in each group. *P<0.05 vs. Sham group. 
lncRNAs, long non‑coding RNAs; miRNAs, microRNAs; I/R, ischemia/reperfusion; Olfml1, olfactomedin like 1.
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provides a novel insight into the regulatory mechanisms and 
possible functions of a number of lncRNAs, miRNAs and 
mRNAs in myocardial I/R injury.

In the present study, the differently expressed lncRNAs, 
miRNAs and mRNAs after myocardial I/R injury in mice 
were analyzed, providing valuable information to explore the 
potential roles of RNAs in myocardial I/R injury in future 
studies. Furthermore, a number of novel lncRNAs, miRNAs 
and mRNAs, which had not been reported in previous 
studies regarding myocardial I/R  injury, were screened, 
such as Gm11407, AK155692, 1600029O15Rik, Rpl7l1‑ps1, 
Gm12040, miR‑3068, miR‑5624, Gm20594, Ndufb6 and 
Fdft1. In addition, the role of numerous RNAs screened by 
the present study have not been comprehensively examined 
in myocardial I/R injury. Among them, miR‑33, as the top 
upregulated miRNA in the present study, has been revealed to 
suppress cardiac remodeling via regulation of adaptive fibrotic 
response in patients with heart failure (34). However, whether 
miR‑33 has a role in inhibiting cardiac remodeling following 
myocardial I/R injury requires further investigation. It was 
also previously reported that the expression of miR‑378a, 

which was indicated to be downregulated in the present study, 
is altered at an earlier stage in kidney I/R injury compared 
with kidney injury molecule‑1 (35). As biomarkers for the 
diagnosis of diseases, RNAs are important in early detection 
compared with protein molecules  (36). However, whether 
miR‑378a is useful for the early diagnosis of acute myocardial 
infarction is yet to be elucidated. Pyruvate dehydrogenase 
kinase 4 (Pdk4), the mRNA that was significantly increased 
in the present study, has been shown to promote metabolic 
remodeling of cardiomyocytes in late pregnancy (37), but, 
there is currently no evidence that Pdk4 can improve energy 
metabolism after myocardial I/R injury. It has been revealed 
that farnesyl‑diphosphate farnesyltransferase 1 (Fdft1), one of 
the top ten downregulated mRNAs, is closely associated with 
lipid metabolism in obesity‑related type 2 diabetes and cardio-
vascular disease (38,39). However, the relationship between 
Fdft1 and lipid metabolism disorder in myocardial I/R injury 
has not been previously reported. Therefore, the expression 
profiles of differentially expressed lncRNAs, miRNAs and 
mRNAs identified in the present study may provide potential 
targets for future research regarding myocardial I/R injury.

Figure 4. Competing endogenous RNA network related to myocardial ischemia/reperfusion injury. Blue, red and green nodes represented lncRNAs, miRNAs 
and mRNAs, respectively. lncRNAs, long non‑coding RNAs; miRNAs, microRNAs.
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To the best of our knowledge, the present study was 
the first to predict the lncRNA‑miRNA‑mRNA ceRNA 
interactions in myocardial I/R  injury. It was found that 
Rpl7l1‑ps1, mmu‑miR‑330‑3p and Plxna4 were the lncRNA, 
miRNA and mRNA with the highest degree nodes, respec-
tively, indicating their potential role in myocardial I/R injury. 
Currently, there is no report on the role of Rpl7l1‑ps1 in any 
disease. Previous studies on miR‑330‑3p have shown that it 
is involved in tumors, such as lung cancer, gastric cancer and 
pancreatic cancer, with the exception of one study, which 
revealed that miR‑330‑3p enhanced hypertrophic response of 
cardiomyocytes (40‑43). Combined with the present results, 
these findings indicate that miR‑330‑3p may participate in 
myocardial I/R injury by interacting with lncRNAs and mRNAs. 
Plxnax4 has been reported to serve a role in Alzheimer's 
disease and modulation of tau phosphorylation, however it has 
not been examined in myocardial I/R injury or other cardiac 
diseases, and thus further investigation is required (44). The 
lncRNA‑miRNA‑mRNA ceRNA interactions were demon-
strated by Gm12040‑mmu‑miR‑125a‑5p‑Dcp1b, Rpl7l1‑ps1‑mm
u‑miR‑124‑3p‑Gpr146, Gm11407‑mmu‑miR‑190a‑5p‑HOMEZ, 
16 0 0 029 O15 R i k‑m mu‑m i R‑132 ‑3p ‑HOM E Z  a nd 
AK155692‑mmu‑miR‑1224‑3p‑Atf6b in the present study. 
Furthermore, a previous study suggested that Gpr146 was 
involved in constructing the C‑peptide signaling complex in 
microvascular diseases of diabetes, which could attenuate 
cardiac contractile dysfunction in myocardial I/R injury (45,46). 
Thus, in line with the present result, lncRNA Rpl7l1 may 
regulate Gpr146 via  mmu‑miR‑124‑3p and participate in 
the cardiac protective mechanisms in myocardial I/R injury. 
It has been shown that Atf6b can regulate the pressure over-
load‑induced cardiac hypertrophic response, which indicates 
the possible role of AK155692‑mmu‑miR‑1224‑3p‑Atf6b 
in myocardial I/R  injury  (47). However, to the best of our 
knowledge, there are currently no reports on Dcp1b and 
HOMEZ, and additional studies are required to predict 
the functions of Gm12040‑mmu‑miR‑125a‑5p‑Dcp1b, 
Gm11407‑mmu‑miR‑190a‑5p‑HOMEZ or 1600029O15Rik‑m
mu‑miR‑132‑3p‑HOMEZ.

Previous studies have investigated the expression profiles 
of lncRNAs, mRNAs and miRNAs in myocardial I/R injury, 
the majority of which have focused on the interactions between 
two  types of RNA. For example, Liu et  al  (18) identified 
151 differentially expressed lncRNAs and 110 mRNAs in the 
infarct region after myocardial I/R injury in mice, and function 
analysis revealed that these differentially expressed transcripts 
were associated with ‘immune response’, ‘spermine catabolic 
process’, ‘taxis’, ‘cytokine‑cytokine receptor interaction’, ‘the 
chemokine signaling pathway’ and ‘nucleotide oligomeriza-
tion domain‑like receptor signaling pathway’. Moreover, 
Wu et al (48) reported that 168 lncRNAs and 126 mRNAs 
were differentially expressed after myocardial infarction in 
mice, and these differentially expressed genes were enriched 
in 41 signaling pathways, including ‘complement and coagu-
lation cascades’, ‘cytokine‑cytokine receptor interaction’ 
and ‘chemokine signaling pathways’. Gao  et  al  (49) also 
demonstrated that 1,197 lncRNAs and 2,066 mRNAs were 
upregulated, whereas 1,403  lncRNAs and 2,871  mRNAs 
were downregulated after ischemic heart failure in rats, 
which were closely related to the ‘mitogen‑activated protein 

kinase‑signaling pathway’, ‘T cell receptor signaling pathway’, 
‘prion diseases’ and ‘cell adhesion molecules’. In addi-
tion, Liu et al (50) investigated the time‑course of lncRNA 
and mRNA expression in the peripheral blood of patients 
with acute ST‑segment elevation myocardial infarction and 
percutaneous coronary intervention. These authors reported 
135 RNAs that were significantly associated with myocardial 
I/R injury, and that mRNA SH2 domain containing 3C and 
general transcription factor IIH subunit 4 may be the most 
responsive transcriptional regulators in the early‑phase of 
myocardial I/R injury (50). The present study expanded on 
these findings by investigating the interactions between three 
types of RNA, and in line with previous studies, provided a 
potential research area for future studies on non‑coding RNAs 
in myocardial I/R injury.

The present results provided information on RNAs 
that could be used for the diagnosis and prognosis of acute 
myocardial infarction. lncRNAs and miRNAs have been 
identified as possible biomarkers for diagnosis and prognosis 
of diseases, especially in cancer (51,52). A previous study also 
revealed that lncRNA HOX transcript antisense RNA acted 
as a potential biomarker for the prognosis of patients with 
squamous cell carcinoma of the head and neck (53). Moreover, 
Zhong et al  (54) reported that lncRNAs, including taurine 
upregulated 1, SPRY4 intronic transcript 1 and hepatocellular 
carcinoma upregulated lncRNA, may serve as moderate predic-
tors of survival in human cancer. However, biomarkers for the 
diagnosis of myocardial infarction are still mainly focused on 
protein molecules, including plasma troponin and CK‑MB (55). 
High‑sensitive cardiac troponin I has been used to improve the 
sensitivity of the diagnosis of acute myocardial infarction, but 
at the cost of lower specificity (56). Therefore, identifying novel 
biomarkers for the accurate diagnosis of myocardial infarction 
is of great significance. Currently some miRNAs, such as miR‑1, 
miR‑499 and miR‑133, have been revealed as biomarkers for 
the diagnosis of acute myocardial infarction (57). miR‑208a, 
expressed specifically in cardiomyocytes, also has a high sensi-
tivity and specificity for myocardial infarction diagnosis (58). 
However, additional lncRNAs and miRNAs that could be used 
as potential biomarkers for the diagnosis and prognosis of acute 
myocardial infarction are yet to be elucidated.

In conclusion, the present results demonstrated the 
expression profiles of differentially expressed lncRNAs, 
miRNAs and mRNAs, as well as predicted their functions 
and potential pathways in myocardial I/R injury. Furthermore, 
the lncRNA‑miRNA‑mRNA ceRNA interaction networks, 
including five lncRNAs, 38 miRNAs and 196 mRNAs, were 
predicted in myocardial I/R injury. However, a limitation of the 
present study was that intervention experiments of RNAs were 
not included, and further verifications on the potential functions 
of these RNAs in myocardial I/R injury were not performed.
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