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Circ-RHOJ.1 regulated myocardial cell proliferation  
and apoptosis via targeting the miR-124-3p/NRG-1 axis 
in myocardial ischemia/reperfusion injury 
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A b s t r a c t

Introduction: Myocardial ischemia/reperfusion (I/R) injury is a leading cause 
of cardiac dysfunction. Circular RNAs (circRNAs) are involved in the pathogen-
esis of myocardial I/R injury. However, the functions and underlying mecha-
nisms are unclear. The present study determined the role of circ-RHOJ.1 in 
regulating myocardial cell proliferation and apoptosis after I/R injury.
Material and methods: Myocardial cells isolated from Sprague-Dawley rats 
were identified with an immunofluorescence assay using cardiac troponin 
T antibody. Expression of circ-RHOJ.1, miR-124-3p and neuregulin-1 (NRG1) 
mRNA was assessed with real-time quantitative polymerase chain reaction. 
NRG1 protein expression was evaluated with western blot and immunofluo-
rescence assays. Dual-luciferase reporter assay was performed to confirm 
interaction between miR-124-3p and circ-RHOJ.1, and miR-124-3p and NRG1. 
Effects of circ-RHOJ.1 overexpression or miR-124-3p inhibition on cell prolif-
eration and apoptosis were evaluated using cell counting kit (CCK)-8 assay 
and flow cytometry. Cytokines levels were analyzed with an enzyme-linked 
immunosorbent assay.
Results: Myocardial cells were successfully isolated and had down-regulated 
expression of circ-RHOJ.1 and NRG1, and up-regulated expression of miR-
124-3p after I/R injury. circ-RHOJ.1 acted as a sponge for miR-124-3p, and 
NRG1 served as a target gene of miR-124-3p. circ-RHOJ.1 overexpression or 
miR-124-3p inhibition increased interleukin (IL)-10 levels and reduced IL-2, 
IL-6, and tumor necrosis factor-α levels in myocardial cells after I/R injury. 
Functional assay results illustrated that circ-RHOJ.1 overexpression or miR-
124-3p inhibition enhanced proliferation and inhibited apoptosis of myocar-
dial cells after I/R injury. 
Conclusions: Circ-RHOJ.1 served as a  molecular marker of myocardial I/R 
injury via regulation of miR-124-3p and NRG1 expression. 

Key words: circ-RHOJ.1, miR-124-3p, neuregulin 1, myocardial ischemia/
reperfusion injury, proliferation, apoptosis.
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Introduction

Myocardial ischemia/reperfusion (I/R) injury 
results in tissue injury within a short time period, 
and restoration of blood flow results in more seri-
ous myocardial ischemic injury [1, 2]. Myocardial 
I/R injury commonly occurs during cardiac sur-
gery, coronary artery bypass graft surgery and 
viscera recanalization after blood supply infarc-
tion. It prevents the myocardium from being re-
paired via reperfusion and has become a  major 
clinical problem [3]. Myocardial I/R injury is often 
accompanied with a systemic inflammatory reac-
tion and tissue injury through the generation of 
oxygen-free radicals, calcium overload, myocar-
dial energy metabolic disorders, apoptosis, acti-
vation of neutrophils and release of inflammatory 
factors [4]. Therefore, the process of myocardial 
I/R injury is associated with deteriorating inflam-
mation reaction. The rescue approaches for myo-
cardial I/R injury have been extensively studied 
[5] and further investigations are desirable to dis-
cover new strategies and targets to reduce myo-
cardial I/R injury.

Non-coding RNAs (ncRNAs) mainly include 
microRNAs (miRNAs), long non-coding RNAs 
(lncRNAs), and circular RNAs (circRNAs) [6, 7]. 
Emerging evidence has shown that ncRNAs are 
important regulators in a variety of diseases [8]. 
In recent years, circRNAs have attracted great 
attention. CircRNAs are formed via the head-to-
tail splicing of several exons of the target gene 
and usually manifest as covalently closed loop 
structures without 5¢ caps and 3¢ tails because 
of the process specificity  [9]. At present, several 
circRNAs have been shown to be differentially 
expressed in various diseases such as cancers, 
cardiovascular diseases, and neurologic diseases 
[10]. Recently, the dysregulated expression of cir-
cRNAs has also been identified in myocardial I/R 
injury [11].

MiRNAs, a  class of short RNA molecules with 
20–22 nucleotides, may modulate the expression 
of target genes by binding to the 3¢-untranslated 
regions (3¢-UTRs) [12]. Abnormal expression of 
miRNAs has been reported in several diseases 
such as neurodegenerative disorders, cancers and 
inflammation-related disorders [13]. MiR-124-3p 
was demonstrated to play an important role in I/R 
injury [14]. However, the molecular functions and 
mechanisms of miR-124-3p in myocardial I/R injury 
are incompletely understood. CircRNAs could serve 
as miRNA sponges and regulate the expression lev-
el of miRNAs [15]. Using the CircNet prediction tool, 
we found that miR-124-3p can potentially interact 
with circ-RHOJ.1 in the cardiovascular system. RHOJ 
belongs to the small G protein superfamily and is 
mainly expressed in vascular endothelial cells [16]. 
Several studies have shown that RHOJ played an 

important role in pathophysiological processes of 
certain cardiovascular diseases [17]. Recent studies 
further demonstrated that RHOJ promoted hypox-
ia-induced endothelial-to-mesenchymal transition 
[18]. Hence, we hypothesized that circ-RHOJ.1 may 
regulate the expression of miR-124-3p by acting as 
a sponge in myocardial I/R injury.

In the present study, we explored the role of 
circ-RHOJ.1 in regulating myocardial cell prolifera-
tion and apoptosis after I/R injury. The regulatory 
signaling pathways of circ-RHOJ.1 were further ex-
amined by in vitro mechanistic studies. The pres-
ent study may provide novel insights into the role 
of circRNAs in regulating I/R injury.

Material and methods

Animals

A total of 15 healthy Sprague-Dawley (SD) rats 
(3 days old, weighing 5–8 g, 7 male and 8 female) 
were provided by the Guangdong Medical Labora-
tory Animal Center (License number, SCXK (Mili-
tary) 2013-0002; Certification, 44007200053222). 
Rats were allowed to habituate for 7 days to re-
duce the stress according to the national standard 
before the experiment (food and water ad libitum, 
humidity of 50–60%, temperature of 20–25°C, 
light period from 7:00 AM to 7:00 PM). All the ani-
mal protocols in the present study were approved 
by Southern Medical University.

Isolation of rat myocardial cells

Animals were anesthetized with 5% isoflurane 
and were killed by cervical dislocation. Hearts 
were excised from neonatal rats under asep-
tic conditions and the ventricular muscles were 
sheared. The fragments were digested into single 
cells using 0.06% trypsin (HyClone). The cells were 
filtered using 180 mesh sieves. After centrifuga-
tion (800 ×g for 5 min), the cells were maintained 
in Dulbecco’s modified Eagle’s medium (Cat. No. 
SH30022.01B; DMEM; HyClone,) supplemented 
with 10% fetal bovine serum (Cat. No. SH30087.01; 
FBS; HyClone), 1% penicillin/streptomycin (Cat. 
No. SH30010; HyClone), and 0.1 mmol/mL of BrdU 
(Sigma) in 95% air and 5% CO

2 at 37°C.

Establishment of I/R myocardial cell model

The establishment of the I/R myocardial cell 
model was based on previous studies [19]. After 
2–3 days of myocardial cell culture in normoxic 
DMEM with 10% FBS, the cells were transferred to 
a hypoxic incubator in a humidified atmosphere 
that contained 95% N

2 – 5% CO2 for 3 h of hypoxia, 
and then subsequently reoxygenated for 24 h be-
fore further experimentation. For the sham group, 
incubated in normoxic conditions (95% air –  



Yan Liu, Xiao Ke, Wenyu Guo, Xiaoqing Wang, Changnong Peng, Zhiyong Liao, Qiang Liu, Yingling Zhou

734 Arch Med Sci 3, 1st May / 2022

5%  CO2), the total experimental time course for 
the other groups was followed.

Oligonucleotide transfection

MiR-124-3p mimic and inhibitor as well as 
negative control (NC) miRNAs were obtained from 
Gene Pharma (Shanghai, China). The myocardial 
cells were transfected with miR-124-3p mimic, 
inhibitor, or respective NC miRNAs using Lipo-
fectamine RNAiMAX (Cat. No. 13778075; Invitro-
gen) according to the manufacturer’s protocol.

Vector construction and transduction

Full lengths of NRG1 and circ-RHOJ.1 cDNA were 
produced by polymerase chain reaction (PCR) as-
say using PrimerSTAR Max DNA Polymerase Mix 
(Takara, Japan). The primers used were as follows: 
NRG1-KpnI-F: 5¢-cggggtaccgccaccATGGAGATTTATT- 
CCCCAGACATGTC-3¢, NRG1-XhoI-R: 5¢-ccgctcgag- 
TTATACAGCAATAGGGTCTTGGTTAGCG-3¢; circ-RH- 
OJ.1-EcoRI-F: 5¢-ccggaattcGAGGACTACAACCAGCT-
GAGGCCAC-3¢, circ-RHOJ.1-NotI-R: 5¢-ataagaat-
gcggccgcCGCTTTTGCGAGCTTCACACCATG-3¢. The 
PCR products were sub-cloned into pcDNA3.1+ 
vector (Invitrogen) to establish recombinant plas-
mids (pcDNA-NRG1 and pcDNA-circ-RHOJ.1). Myo-
cardial cells were transfected with pcDNA-NRG1 or 
pcDNA-circ-RHOJ.1 using Lipofectamine RNAiMAX 
reagent (Cat. No. 13778075; Invitrogen) as per the 
manufacturer’s instructions.

Immunofluorescence (IF) assay

The treated myocardial cells were fixed with 4% 
paraformaldehyde (Cat. No. P6148; Sigma, IL) for 
15 min and incubated with 0.5% Triton X-100 (Cat. 
No. 122H0766; Sigma) for 20 min at room tempera-
ture. After blocking with 10% normal goat serum 
(Thermo fisher Scientific) at 37°C for 30 min, the 
slides were incubated with primary antibodies, in-
cluding anti-cardiac troponin T antibody (Cat. No. 
ab8295, 1 : 200, Abcam) and anti-NGR1 antibody 
(Cat. No. bs-1463R, 1 : 200; Bioss) at 4°C overnight. 
The slides were treated with fluorescently conju-
gated secondary antibodies for 1 h at room temper-
ature. Nuclei were stained with 4¢-6-diamidino-2-
phenylindole (DAPI; Life Technologies). The results 
were obtained using a  fluorescence microscope 
(Leica, DMI6000B, magnification at 100× and 400×).

Cell counting kit-8 (CCK-8) assay

The treated myocardial cells were seeded into 
96-well plates at a density of 1 × 103 cells/ml and 
incubated with 10 ml of CCK-8 regent (Cat. No. 
C0037; Beyotime, China) at 37°C for 3 h. Cell vi-
ability was assessed using a  microplate reader 
at 450 nm wavelength (Thermo Fisher Scientific, 

Multiscan). The inhibition ratio (%) was calculated 
as follows: (1 – OD values of experimental group/
OD values of control group) × 100%.

Cell apoptosis analysis

Cell apoptosis was detected with Annexin V-flu-
orescein isothiocyanate (FITC) and propidium io-
dide (PI) apoptosis detection kit (keygen, KGA106). 
The treated myocardial cells were harvested and 
washed twice with pre-cold phosphate-buffered 
saline (PBS). Cells were fixed with 70% ethanol for 
4 h and incubated with annexin V-FITC and (PI) 
for 15 min at room temperature. The results were 
analyzed with flow cytometry (BD Biosciences, 
Franklin Lakes, NJ) at an excitation of 575 nm. An-
nexin V(+)/PI(−) and Annexin V(+)/PI(+) represent-
ed the cells in early and late apoptosis or necrosis, 
respectively.

Enzyme-linked immunosorbent assay 
(ELISA) 

For the determination of interleukin (IL)-10, IL-2, 
IL-6, and tumor necrosis factor (TNF)-α concentra-
tions, the treated myocardial cells were subjected 
to ELISA analysis using respective ELISA kits as 
per the instructions of manufacturers. The ELISA 
kits for detecting IL-10, IL-2, IL-2 and TNF-α were 
purchased from NeoBioscience (Shenzhen, China). 

RNA extraction and real-time quantitative 
PCR (qRT-PCR) assay

Total RNA was extracted using TRIzol reagent 
(Cat. No. 9109; Takara, Japan) from the treated 
myocardial cells. cDNA was synthesized with the 
Reverse Transcription kit (Takara, Japan). The am-
plification of circ-RHOJ.1, NRG1, and miR-124-3p 
was performed using SYBR GREEN PCR Master Mix 
(Applied Biosystems). The relative expression lev-
els were analyzed using the 2–DDCt method. The se-
quences of primers used are shown in Table I. 

Western blot assay

Proteins were extracted using radioimmuno-
precipitation assay (RIPA) buffer (Beyotime). The 
concentrations of proteins were determined with 
bicinchoninic acid (BCA) kit (Thermo Scientific). 
Proteins (40 μg) were isolated with 8% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto polyvinyl difluo-
ride (PVDF) membranes (Cat. No. IPVH00010; 
MILLIPORE). The membranes were blocked with 
5% skimmed milk (BD Biosciences) and treated 
with primary antibodies against glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; 1 : 1000, 
KC-5G5) and NRG1 (Cat. No. ab180808; 1 : 10000, 
Abcam) overnight at 4°C. The membranes were in-
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cubated with horseradish peroxidase-conjugated 
secondary antibodies (1 : 2000, Southern Biotech, 
4050-05) for 2 h and treated with enhanced che-
miluminescent reagents (Cat. No. WBKLS0500; 
MILLIPORE). The signals were examined with med-
ical X-ray films (XBT-1, Eastman Kodak Company, 
NY, USA).

Plasmid construction and dual luciferase 
activity assay

HEK293T cells were provided by the Chinese 
Academy of Sciences (Shanghai, China) and 
maintained in DMEM containing 10% FBS and 
1% penicillin/streptomycin in 95% air and 5% 
CO

2 at 37°C, and the HEK293T cells were used 
for the luciferase reporter assay. The binding 
sites between miR-124-3p and circ-RHOJ.1 were 
predicted by StarBase V3.0 (starbase.sysu.edu.
cn/starbase2/index.php), and the binding sites 
between miR-124-3p and NGR 3¢-UTR were pre-
dicted by TargetScan (http://www.targetscan.
org/vert_72/). Wild-type (WT) and mutant (MUT) 
variants of NRG1 as well as circ-RHOJ.1 were in-
serted into the luciferase vector psi-CHECK2 
(Promega, Madison, USA) to generate report-
er plasmids. The primers used were as follows: 
circ-RHOJ.1-XhoI-F, 5¢-ccgctcgagGAGGACTACAAC-
CAGCTGAGGCCACTC-3¢ and circ-RHOJ.1-NotI-R: 
5¢-ataagaatgcggccgcCGCTTTTGCGAGCTTCACAC-
CATGC-3¢; NRG1-XhoI-F: 5¢-ccgctcgagAACCTA-
AATAAACACATAGATTCACCTG-3¢ and NRG1-NotI-R: 
5¢-ataagaatgcggccgcCTGTGGTTGGTTGGTCGT-
CATATGAG-3¢. HEK293T cells were seeded into 
24-well plates and transfected with circ-RHOJ.1 or 
NRG1 3¢-UTR WT/MUT and miR-124-3p mimic or 
miR-124-3p inhibitor using Lipofectamine 2000 
(Invitrogen, Shanghai, China). After 48 h, the flu-
orescence intensity was assessed with the Dual 
Luciferase Assay System (Cat. No. E1910; Prome-
ga) according to the manufacturer’s instructions.

Statistical analysis

Data are expressed as mean ± standard devia-
tion (SD). GraphPad (Version 7.0, GraphPad Prism 
Software, La Jolla, CA, USA) was used to perform 
statistical analysis with one-way analysis of vari-
ance or Student’s t-test. A value of p < 0.05 was 
considered as significant.

Results

Isolation and identification of rat 
myocardial cells

Under an inverted microscope, myocardial cells 
appeared round or oval in shape. After 24 h, most 
myocardial cells adhered to the surface and gradu-
ally extended cellular pseudopods. The morphol-
ogy of adherent cells was irregular (polygonal- and 
triangular-shaped cells). After 3 days, the cells 
formed clusters that were joined by dendrites 
(Figure 1 A). The results of IF staining showed that 
cardiac troponin T (cTnT) expression was high and 
mainly localized in the cytoplasm of the myocardial 
cells, thereby confirming the staining characteris-
tics of myocardial cells (Figure 1 B).

NRG1 and circ-RHOJ.1 expression was 
down-regulated and miR-124-3p showed 
up-regulated expression in myocardial cells 
after I/R injury

To evaluate the effects of NRG1, circ-RHOJ.1, 
and miR-124-3p expression on myocardial cells 
after  I/R injury, we analyzed the expression lev-
els of these molecules in sham and I/R groups. In 
comparison with the sham group, the I/R group 
showed a  significant decrease in the expression 
levels of NRG1 and circ-RHOJ.1 and a  significant 
increase in miR-124-3p expression level in the 
myocardial cells after I/R injury (Figures 2 A–C). 
Consistently, the protein expression level of NRG1 

Table I. Sequences of primers in this study

Gene Primer sequences

GAPDH Forward: 5’-TATGATGATATCAAGAGGGTAGT-3’
Reverse: 5’-TGTATCCAAACTCATTGTCATAC-3’

NRG1 Forward: 5’-CCTGCAAACTGCTCCTAAAC-3’
Reverse: 5’-GAGTTCCTCCGCTTCCATAA-3’

circ-RHOJ.1 Forward: 5’-GCCCGTTTGCTGTATATGAA-3’
Reverse: 5’-GGTTGTAGTCCTCCGCTT-3’

18srRNA Forward: 5’-CCTGGATACCGCAGCTAGGA-3’
Reverse: 5’-GCGGCGCAATACGAATGCCCC-3’

miR-124-3p Forward: 5’-ACACTCCAGCTGGGTAAGGCACGCGGTGAAT-3’
Reverse: 5’-CTCAACTGGTGTCGTGGA-3’

U6 Forward: 5’-CTCGCTTCGGCAGCACA-3’
Reverse: 5’-AACGCTTCACGAATTTGCGT-3’
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was significantly downregulated in myocardial 
cells after I/R injury as compared with the cells 
from the sham group (Figure 2 D). The results of IF 
assay further revealed that NRG1 expression was 
dramatically reduced in the I/R group as compared 
with the sham group (Figure 2 E).

NRG1 was a target gene of miR-124-3p

To investigate whether NRG1 is a target gene of 
miR-124-3p, we explored the upstream sequence of 
NRG1 based on the University of California Santa 
Cruz Genomics Institute (https://genome.ucsc.edu/
goldenPath/help/hgTracksHelp.html) and identi-
fied the binding sites of NRG1 gene promoter and 
miR-124-3p using STARBASE 2.0. We generated WT 
and MUT NRG1 3¢-UTR luciferase reporter plasmids 
and found that the luciferase activity of the WT 3¢-
UTR was significantly inhibited after miR-124-3p 
mimics treatment as compared with control group, 
while the luciferase activity of the WT 3¢-UTR was 
significantly increased after miR-124-3p inhibitor 
treatment (Figure 3 A). Similar findings were also 
observed in the myocardial cells (Figure 4 A).

Circ-RHOJ.1 served as a sponge for miR-124-3p

One of the important mechanistic actions of cir-
cRNAs was acting as a competing endogenous RNA 
(ceRNA) for miRNAs. Thus, we predicted the possible 
binding sites between circ-RHOJ.1 and miR-124-3p  
using bioinformatic software (STARBASE 2.0: star-
base.sysu.edu.cn). The results of dual-luciferase 

reporter assay demonstrated that circ-RHOJ.1 may 
interact with miR-124-3p by acting as a ceRNA (Fig-
ure 3 B). Consistent findings were also observed in 
the myocardial cells (Figure 4 B).

MiR-124-3p inhibitor enhanced  
the proliferation and inflammatory 
response and inhibited apoptosis  
of myocardial cells after I/R injury

To explore the biological role of miR-124-3p in 
myocardial cells after I/R injury, cells were treated 
with miR-124-3p inhibitor or NC inhibitor after 
I/R injury. NRG1 expression markedly increased 
in cells treated with miR-124-3p inhibitor as 
compared with those treated with NC inhibitor 
(Figures 5 A, B). We examined the effects of miR-
124-3p inhibitor on levels of cytokines including 
IL-10, IL-2, IL-6, and TNF-α, and myocardial cells 
after I/R injury showed a  decrease in the IL-10 
concentration and an increase in the concentra-
tions of IL-2, IL-6, and TNF-α (Figure 6). Cells were 
treated with miR-124-3p inhibitor after I/R injury, 
and IL-10 expression was significantly increased 
and concentrations of IL-2, IL-6, and TNF-α were 
significantly reduced in the miR-124-3p inhibitor 
transfection group as compared with the NC in-
hibitor group (Figure  5  C). We detected the ef-
fects of these treatments on cell proliferation 
and found that miR-124-3p inhibitor treatment 
significantly increased the proliferative ability of 
myocardial cells after I/R injury as compared with 
NC inhibitor treatment (Figure 5 D). In addition, 

Day 1 Day 2 Day 3

cTnT DAPI Merged

A

B

Figure 1. Isolation and identification of rat myocardial cells. A – The morphology of the extracted myocardial cells was 
observed under a microscope on days 1, 2, and 3. Magnification, 100×, scale bars, 50 μm. B – Localization and expres-
sion of cTnT was evaluated with immunofluorescence assay in the extracted myocardial cells. cTnT is stained green 
and nuclei are stained blue (DAPI). Magnification, 400×, scale bars, 10 μm (down)
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Figure 2. Expression of circ-RHOJ.1, miR-124-3p, and 
NRG1 in myocardial cells after I/R injury. Expression 
levels of NRG1 (A), circ-RHOJ.1 (B), and miR-124-3p 
(C) were assessed with qRT-PCR assay in sham group 
and I/R group, ***p < 0.001 versus sham group. D – 
Western blot assay was carried out to measure NRG1 
expression in sham group and I/R group. GAPDH was 
used as a reference. Relative protein expression level 
of NRG1 was analyzed based on the protein gray val-
ues, *p < 0.05 versus sham group. E – Immunofluo-
rescence assay was used to analyze NRG1 expression 
in sham group and I/R group. Green indicates NGR1 
and blue (DAPI) indicates nuclei. Magnification, 400×, 
scale bars, 10 μm. All the data are presented as mean 
± SD (n = 3)
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flow cytometer assay results showed that the 
apoptotic rate in myocardial cells was significant-
ly reduced following miR-124-3p inhibitor treat-
ment as compared with NC inhibitor treatment 
(Figure 5 E). 

Overexpression of circ-RHOJ.1 accelerated 
the proliferation and inflammatory 
response and suppressed apoptosis  
of myocardial cells after I/R injury 

To explore the biological role of circ-RHOJ.1 
after I/R injury, we overexpressed circ-RHOJ.1 
in myocardial cells after I/R injury through the 
transfection of circ-RHOJ.1 plasmid. The results re-
vealed that the overexpression of circ-RHOJ.1 sig-
nificantly downregulated the expression of miR-
124-3p and upregulated the expression of NRG1 
in myocardial cells after I/R injury (Figures 7 A, B). 
IL-10 expression was increased and IL-2, IL-6, and 
TNF-α expression was markedly decreased in the 
cells overexpressing circ-RHOJ.1 as compared with 
those treated with NC (Figure 7 C). The effects 
of circ-RHOJ.1 on cell proliferation and apoptosis 
were assessed with CCK-8 assay and flow cytom-
etry, respectively. CCK-8 results indicated that the 

overexpression of circ-RHOJ.1 significantly pro-
moted cell proliferation as compared with con-
trol cells (Figure 7 D). Flow cytometry results also 
showed that the overexpression of circ-RHOJ.1 
significantly inhibited the apoptosis of myocardial 
cells after I/R injury (Figure 7 E). 

Discussion

Ischemia is the pathological manifestation of 
insufficient blood supply caused by a blood sup-
ply disorder [20]. Diseases caused by tissue isch-
emia are known as ischemic diseases, which are 
common in a variety of tissues and organs. Timely 
myocardial reperfusion therapy such as throm-
bolysis and percutaneous coronary intervention 
(PCI) may reconstruct the coronary artery and re-
duce the area of myocardial necrosis. This serves 
as a key treatment strategy for acute myocardial 
infarction (AMI) [20]. However, recent studies have 
found that the sudden opening of coronary arter-
ies and the recovery of blood flow may lead to 
abnormal vascular endothelial cell function and 
activation of relevant inflammatory factors that 
may aggravate the injury of ischemic myocardium 
and lead to reperfusion injury [21]. About 40–50% 

Figure 3. NRG1 is a target gene of miR-124-3p and 
circ-RHOJ.1 serves as a sponge for miR-124-3p. A – 
HEK293T cells were co-transfected with psi-CHECK2 
or luciferase plasmids containing the wild-type or 
mutated NRG1 3’-UTR or NC and miR-124-3p, NC 
inhibitor, or miR-124-3p inhibitor for 24 h. The rela-
tive luciferase intensities were measured with dual 
luciferase reporter assay, **p < 0.01; ***p < 0.001. B – 
HEK293T cells were co-transfected with psi-CHECK2 
or luciferase plasmids containing the circ-RHOJ.1 and 
pcDNA or negative control (NC) and miR-124-3p, for 
24 h. Dual luciferase reporter assay was carried out 
to verify the interaction between circ-RHOJ.1 and 
miR-124-3p, *p < 0.05; **p < 0.01 versus mimics NC + 
pcDNA group; p < 0.05 versus mimics + pcDNA group. 
All the data are presented as mean ± SD (n = 3)
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Figure 4. NRG1 is a target gene of miR-124-3p 
and circ-RHOJ.1 serves as a sponge for miR-124-
3p. A – Myocardial cells were co-transfected with 
psi-CHECK2 or luciferase plasmids containing 
the wild-type or mutated NRG1 3’-UTR or NC and 
miR-124-3p, NC inhibitor, or miR-124-3p inhibitor 
for 24 h. The relative luciferase intensities were 
measured with dual luciferase reporter assay, ***p 
< 0.001. B – Myocardial cells were co-transfected 
with psi-CHECK2 or luciferase plasmids contain-
ing the circ-RHOJ.1 and pcDNA or negative con-
trol (NC) and miR-124-3p, for 24 h. Dual lucifer-
ase reporter assay was carried out to verify the 
interaction between circ-RHOJ.1 and miR-124-3p,  
*p < 0.05; ***p < 0.001 versus mimics NC + pcDNA 
group; &p < 0.05 versus mimics + pcDNA group. All 
the data were presented as mean ± SD (n = 3)
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of cases of necrotic myocardium were shown to 
be related to reperfusion injury [22]. Therefore, 
reduction in reperfusion injury has become one 
of the most important goals of AMI prevention 
and treatment. Both cTnT and cardiac troponin I 
(cTnTI) are identified as biochemical markers of 
myocardial injury [23]. In our study, we found that 
cTnT expression was high in the isolated myocar-
dial cells, suggestive of the successful isolation of 
rat myocardial cells.

The expression profiles of abnormal circRNAs 
were shown to be closely associated with the 
initiation and progression of various human dis-
eases, including cancer, diabetes, atherosclerotic 
vascular diseases and systemic diseases [24]. Cir-
cRNAs were shown to be involved in myocardial 
I/R injury. For instance, autophagy-related circular 
RNA could attenuate myocardial I/R injury through 
the inhibition of autophagy [11]. In addition, cir-
cRNAs were differentially expressed in a  liver I/R 
injury model [25] and silencing of circ_008018 
expression resulted in protective effects against 
cerebral I/R injury through regulating miR-99a ex-
pression [26]. In our study, we demonstrated that 
circ-RHOJ.1 expression was significantly downreg-
ulated in myocardial cells after I/R injury and circ-

RHOJ.1 could accelerate proliferation and inhibit 
apoptosis of myocardial cells after I/R injury. Re-
cent studies have also shown that miR-124-3p had 
significant effects on I/R injury [14]. In our study, 
similar results were obtained regarding the effects 
of miR-124-3p in myocardial I/R injury.

MiRNA response elements (MREs) are also con-
sidered as circRNAs, indicating that circRNAs may 
serve as miRNA sponges and reduce their levels to 
restore the function of their targeted genes [27]. 
In our study, we proved that circ-RHOJ.1 negatively 
regulates miR-124-3p expression by serving as 
a sponge and that NRG1 is a target gene of miR-
124-3p. NRG1, a member of the epidermal growth 
factor family, could induce the growth and differ-
entiation of skeletal muscle cells and play a crucial 
role in heart protection [28]. As miR-124-3p sup-
pressed the NRG1 expression via targeting the 3¢-
UTR, restoration of circ-RHOJ.1 induced miR-124-3p  
suppression, which could subsequently lead to 
the activation of NRG1 after myocardial I/R injury. 
Therefore, the circ-RHOJ.1/miR-124-3p/NRG1 axis 
may participate in myocardial I/R injury.

The inflammatory response is a crucial process 
in myocardial I/R injury, and the inflammatory re-
sponse may involve the release of a variety of cyto-
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Figure 5. miR-124-3p inhibitor enhances the pro-
liferation and inflammatory response and inhib-
its apoptosis of myocardial cells after I/R injury.  
A, B – Relative mRNA and protein expression levels 
of NRG1 were examined with qRT-PCR and west-
ern blot assays in myocardial cells after I/R inju-
ry, respectively. **p < 0.01, ***p < 0.001 versus I/R 
+ NC inhibitor group. C – The concentrations of  
IL-10, IL-2, IL-6, and TNF-α were analyzed with  
ELISA assay in miR-124-3p inhibitor-treated myo-
cardial cells after I/R injury, *p < 0.05, **p < 0.01 vs. 
I/R + NC inhibitor group
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Figure 5. Cont. D – CCK-8 assay was used to examine the effect of miR-124-3p inhibitor on the viability of myocardial cells 
after I/R injury, *p < 0.05 versus I/R + NC inhibitor group. E – The effect of miR-124-3p inhibitor on the apoptosis rate of 
myocardial cells after I/R injury was determined with flow cytometry, **p < 0.01 versus I/R + NC inhibitor group. All the 
data are presented as mean ± SD (n = 3)
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kines such as TNF-α, IL-6, IL-10, and IL-2 [29, 30]. 
Previous studies have confirmed that TNF-α could 
induce myocardial I/R through inflammatory re-
sponses [31]. In our study, we demonstrated that 
circ-RHOJ.1 overexpression or miR-124-3p inhibitor 
significantly increased the IL-10 level and signifi-
cantly reduced IL-2, IL-6, and TNF-α levels in myo-
cardial cells after I/R injury. Previous studies have  
shown that interferon regulatory factor 9 serves 
as a pivotal mediator in hepatic I/R injury by in-
creasing the levels of pro-inflammatory cytokines 
and chemokines (TNF-α and IL-6) and decreasing 
levels of the anti-inflammatory cytokine IL-10 [32]. 
Therefore, we suggest that circ-RHOJ.1 and miR-
124-3p may act as crucial mediators in myocardial 
I/R injury by inhibiting the inflammatory response.

In the current study, several limitations should 
be addressed. Based on the prediction results, the 
interaction between circ-RHOJ.1 and miR-124-3p 
was confirmed in our study. However, the targets 
of circ-RHOJ.1 may not be limited to miR-124-3p, 
and other targets of circ-RHOJ.1 may be explored in 
future studies. In addition, miR-124-5p co-exists si-
multaneously in similar amounts with miR-124-3p,  
and miR-124-5p is also known for its role in certain 
cardiac diseases [33], though miR-124-5p was not 

predicted to interact with circ-RHOJ.1. Hence, fur-
ther investigations may be needed to determine 
the role of miR-124-5p in regulating inflamma-
tory responses in I/R injury. Moreover, the use of 
human cardiomyocytes may provide more direct 
evidence for circ-RHOJ.1 in I/R injury. The present 
study also lacks in vivo animal studies as well as 
clinical sample examination to further consolidate 
the role of circ-CHOJ.1 in the pathophysiology of 
I/R injury. 

In conclusion, our data showed the downregu-
lation of circ-RHOJ.1 and NRG1 and the up-regu-
lation of miR-124-3p in myocardial cells after I/R 
injury. Further mechanistic studies revealed that 
circ-RHOJ.1 enhanced proliferation and inhibited 
apoptosis and inflammatory responses of myocar-
dial cells after I/R injury by targeting miR-124-3p/
NRG1. The role of circ-RHOJ.1 in regulating I/R in-
jury may require further confirmation by in vivo 
animal studies and clinical investigations. The 
present study may advance our understanding of 
circRNAs-mediated I/R injury.
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