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Background: This study sought to explore the role and molecular mechanism of circ_0049271 in hypoxia-
reoxygenation (H/R)-induced cardiomyocyte injury. 
Methods: Significantly upregulated circular ribonucleic acids (circRNAs) in Gene Expression Omnibus 
(GEO) data sets were identified using a Venn diagram. A H9c2 (rat cardiomyocytes) cell model of acute 
myocardial infarction (AMI) was induced by 1% H/R. Quantitative reverse transcription-polymerase chain 
reaction was used to detect the expression levels of circ_0049271, miR-17-3p, and FZD4 in clinical blood 
samples and cells, and Cell Counting Kit-8 (CCK-8) was used to determine the proliferation rate of the cells 
in each group. Next, flow cytometry and Western blot were used to evaluate cell apoptosis. Biochemical 
tests and enzyme-linked immunosorbent assays (ELISAs) were then used to determine the activities/levels 
of the cell damage markers [i.e., creatine kinase (CK) and lactate dehydrogenase (LDH)], oxidative stress 
substances [i.e., malondialdehyde (MDA), reactive oxygen species (ROS), and superoxide dismutase (SOD)], 
and inflammatory factors [i.e., interleukin (IL)-1β, IL-6, and IL-8]. In addition, intermolecular interactions 
were verified using dual-luciferase reporter and RNA pull-down experiments. 
Results: Circ_0049271 was significantly upregulated in both the blood of the AMI patients and the H/
R-induced H9c2 cells. The knockdown of circ_0049271 increased the cell proliferation rate, decreased the 
apoptosis rate, inhibited oxidative stress (ROS and MDA were upregulated, and SOD was downregulated) 
and inflammatory responses (IL-1, IL-6, and IL-8 were downregulated), and relieved cell damage. However, 
the overexpression of circ_0049271 promoted H/R-induced H9c2 cell damage. Further experiments showed 
that miR-17-3p was a target of circ_0049271, and miR-17-3p was negatively correlated with circ_0049271 
in the AMI blood samples. Additionally, miR-17-3p was found to target FZD4. A further exploration also 
revealed that miR-17-3p knockdown or FZD4 overexpression reversed the effects of si-circ_0049271 on the 
H/R-induced H9c2 cells; that is, miR-17-3p knockdown or FZD4 overexpression promoted H/R-induced 
injury in the H9c2 cells. 
Conclusions: Circ_0049271 promoted cellular function damage (e.g., proliferation inhibition, apoptosis, 
oxidative stress, and inflammation) in H/R-induced H9c2 cardiomyocytes via the miR-17-3p/FZD4 signaling 
axis.
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Introduction

Acute myocardial infarction (AMI) is a heart-related 
disease with high morbidity and mortality, and the most 
serious cardiovascular disease in the world. In recent years, 
the incidence of AMI has increased year-by-year and has 
shown an increasing trend in younger individuals (1). With 
>790,000 AMI cases reported annually in the United States 
alone, AMI has become a prominent public health and 
social problem (1).

AMI is mainly caused by coronary occlusion, which 
not only results in the ischemic necrosis of cardiac tissue 
but also causes significant and irreversible damage to 
myocardial cells. The most prominent feature of AMI is 
myocardial damage caused by acute or persistent ischemia 
and hypoxia (2). Current clinical treatments for AMI 
include surgical interventions, interventional therapy, and 
thrombolysis. However, researchers have noted that these 
treatments can cause additional reperfusion injuries, such as 
myocardial cell death and microvascular system damage (3).  
There is accumulating evidence that myocardial infarction 
(MI) can lead to cardiac remodeling and further damage 
the heart (4). Inflammation and myocardial fibrosis are 
also key biological processes in cardiac remodeling after 
AMI (4). The inhibition of the cardiac inflammatory 
response has been shown to suppress infarction-induced 
cardiomyocyte apoptosis and inhibit myocardial fibrosis-
mediated ventricular remodeling (5). Due to the insufficient 
regenerative capacity of the body’s cardiomyocytes, it is 
important to develop effective alternatives to treat AMI and 
reduce cardiomyocyte loss.

Circular ribonucleic acid (circRNA) is an endogenous 

non-coding RNA characterized by a covalently closed cyclic 
structure. Due to its specific structure, circRNA has good 
stability, a long duration of action, and good resistance to 
RNA exonuclease (6). Additionally, circRNAs can adsorb 
micro RNAs (miRNAs) to regulate the expression of 
miRNAs and their downstream target genes. Through 
the above process, circRNAs perform extensive biological 
functions in various diseases, such as osteoporosis (7), 
cardiovascular diseases (8), nervous system diseases (9,10), 
and cancer (11). Thus, circRNAs have become a research 
hot spot in recent years, leading researchers to pay 
more attention to the important role of circRNAs in the 
pathophysiology of cardiovascular diseases. For example, 
Zhou et al. reported that circRNA ACR (Autophagy related 
cyclic) targets Pink1-mediated FAM65B phosphorylation to 
inhibit the autophagy and death of cardiomyocytes, thereby 
alleviating cardiomyocyte injury (12). Li et al. found that the 
knockdown of circRNA circ-BNIP3 reversed the effects of 
hypoxia on the viability and apoptosis on the H9c2 cells via 
the miR-27a-3p/BNIP3 pathway (13).

The above findings suggest that circRNAs might be 
the key targets of AMI-mediated cardiomyocyte injury. 
However, the current literature on AMI-related circRNAs 
is not comprehensive. In addition, circRNAs mainly 
function by adsorbing microRNAs. As endogenous small 
non-coding RNAs with a length of 19–25 nt, miRNAs 
can bind to the 3'-untranslated region of target genes to 
play a role in degrading messenger RNA (mRNA) and 
blocking mRNA translation (14). Several studies have 
shown that miRNAs are related to various diseases and 
injuries, including AMI (15) and spinal cord injury (16). 
For example, Yuan et al. discovered that an increase in miR-
21 level significantly reduced the MI area caused by AMI 
and inhibited cardiomyocyte apoptosis (17). MiR-17-3p 
was shown to target Par4 (Protease activated receptor 4)  
to regulate cell survival, growth, apoptosis, and EMT 
(Epithelial mesenchymal transition) and inhibit mouse 
cardiac fibroblast senescence (18). MiRNAs also play an 
important role in the progression of AMI. 

In this study, we first conducted a differential analysis to 
screen the highly expressed circRNAs in AMI, and total 6 
potential circRNAs (hsa_circ_0037516, chr16:15794592-
15794782+, chr3:16336362-1634509, hsa_circ_0049271, 
hsa_circ_0076767, and hsa_circ_0023461) were screened 
from GSE160717 and GSE169594 datasets. Ren et al found 
that circ_0023461 knockdown attenuated hypoxia-induced 
dysfunction in AC16 cells partly by targeting the miR-370-
3p/PDE4D axis (19). There are no studies about the effect 
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of chr16:15794592-15794782+, chr3:16336362-1634509 
and hsa_circ_0076767 on AMI. The bioinformatics analyses 
have found that circ_0049271 is abnormally expressed and 
plays a biological role in lung cancer (20,21) and systemic 
lupus erythematosus (22). Meanwhile, circ_0049271 might 
be related to diabetic foot ulcer infectious inflammation (23).  
We speculate that circ_0049271 may play a role in 
inflammation in myocardial injury, so we chose circ_ 
0049271 for further exploring the cardiomyocyte function 
and mechanism. Using Cell Counting Kit-8 (CCK-8) 
and apoptosis assays, the effects of circ_0049271 on the 
proliferation and apoptosis of AMI cells were evaluated. 
Further, the miRNAs and miRNA target genes interacting 
with circ_0049271 in the AMI and the molecular 
mechanism of action were also explored. We present the 
following article in accordance with the MDAR reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-6331/rc).

Methods

Clinical sample collection 

Blood samples were collected from AMI patients diagnosed 
and treated at Huizhou Third People’s Hospital from 
November 2021 to February 2022 and healthy (normal) 
volunteers during the same period. The study was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013). All the research procedures were 
approved by the Research Ethics Committee of Huizhou 
Third People’s Hospital (No. 2022-8). The blood samples 
were collected after the participants voluntarily signed the 
informed consent. Peripheral blood mononuclear cells 
(PBMCs) were immediately isolated from the blood samples 
using Ficoll density gradient centrifugation.

To be eligible for inclusion in this study, the patients had 
to meet the following inclusion criteria: (I) meet the World 
Health Organization’s diagnostic criteria for AMI; (II) have 
a clinical and imaging diagnosis of AMI; and (III) have signs 
or clinical symptoms of AMI. Patients were excluded from 
the study if they met any of the following exclusion criteria: 
(I) had an onset time >24 h; (II) had severe liver and kidney 
failure, a malignant tumor, a primary disease of the nervous 
system, or a mental illness; and/or (III) were a lactating or 
pregnant female.

Cell culture and transfection 

Rat cardiomyocytes H9c2, purchased from the National 

Collection of Authenticated Cell Cultures (Shanghai, 
China), were cultured in Dulbecco’s modified eagle medium 
with 10% fetal bovine serum (FBS, Gibco, USA) and 1% 
penicillin-streptomycin (Gibco, USA). The medium was 
placed in an incubator at 37 ℃ with 5% carbon dioxide. 
The cells were divided into the normal group and the 
hypoxia-reoxygenation (H/R) group. In the normal group, 
the H9c2 cells were cultured normally. Then we established 
the H/R-induced H9c2 cell model according to a previous 
study (24). Briefly, the H9c2 cells were maintained in 
serum-free DMEM (dulbecco’s modified eagle medium) 
without glucose and cultured in a hypoxic incubator which 
contained 1% O2, 5% CO2 and 94% N2 for 24 h. Then the 
cells were reoxygenated (95% air/5% CO2) in fresh DMEM 
with 10% FBS for 2 h.

GenePharma (China) designed and synthesized the 
circ_0049271 interference fragment (si-circ_0049271) and 
its control (si-NC, negative control siRNA), circ_0049271 
overexpression plasmid (circ_0049271), and its no-load 
control (Vector), the miR-17-3p mimic and its control (NC 
mimic), and the miR-17-3p inhibition agent (miR-17-3p 
inhibitor) and its control (NC inhibitor). After culturing to 
a logarithmic growth phase, the H9c2 cells were digested, 
collected and diluted to 2×l06 cells/mL. Subsequently, the 
cells were seeded in 6-well plates. When cell confluence 
reached about 70%, the above small RNAs or plasmids 
were transfected into the cells using Lipofectamine 2000 
(Invitrogen, USA). After 48 h of culture, the cells were 
collected.

Bioinformatics analysis

AMI-related circRNA expression datasets (GSE169594 
and GSE160717) were obtained from the Gene Expression 
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/) (Table 1). We performed a differential analysis of the 
circRNA expression data in the AMI and corresponding 
control samples in the GSE data sets using limma package. 
A (log fold change) >1 was used as the cut-off criterion to 
define DE-circRNAs. The intersection of the upregulated 
DE-circRNAs from the GSE169594 data set (191 DE-
circRNAs) and GSE160717 data set (201 DE-circRNAs) 
was then analyzed and screened by Venny 2.1.0 (https://
bioinfogp.cnb.csic.es/tools/venny/) (25).

Quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR) 

The cell nucleus RNA and cytoplasm RNA were separated 

https://atm.amegroups.com/article/view/10.21037/atm-22-6331/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-6331/rc
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://bioinfogp.cnb.csic.es/tools/venny/
https://bioinfogp.cnb.csic.es/tools/venny/
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in accordance with the instructions of the Cytoplasmic and 
Nuclear RNA Purification Kit (Cat. 21000, Norgen Biotek, 
Canada). Briefly, the cells were lysed using Lysis Buffer 
J and then centrifuged to separate cell fractions (pellet: 
nuclear fraction; supernatant: cytoplasmic fraction). 

The supernatant and pellet were mixed with Buffer SK 
and absolute ethyl alcohol, respectively. Then combined 
the two mixtures with the centrifuge columns. Washed the 
columns with Wash Solution A. Finally, eluted the nuclear 
RNA and cytoplasmic RNA from centrifuge columns using 
Elution Buffer E.

The Trizol reagent was used to extract the total RNA 
from the cells and PBMCs of the peripheral blood. 
The concentration and purity of the RNA were then 
detected using NanoDrop. Subsequently, complementary 
deoxyribonucleic acid was prepared in accordance with the 
PrimeScript RT kit’s instructions (Takara, Japan). Finally, 

the expression levels of circ_0049271, miR-17-3p, and 
FZD4 were determined according to the fluorescence 
polymerase chain reaction (PCR) kit’s instructions (Takara, 
Japan). U6 or glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as the internal control, and the 
experiment was replicated 6 time. For the experimental 
data obtained by qRT-PCR, the 2-ΔΔCt method was used to 
calculate the relative expression level of target gene. The 
sequences of the primer used for this step are shown in  
Table 2.

CCK-8 

A CCK-8 kit (Beyotime, China) was used to measure the 
cell proliferation rate. Specifically, in accordance with the 
instructions of the CCK-8 kit, the cells were digested, 
collected, and seeded in a 96-well plate at 1×104 cells/well. 
After the cells adhered to the wall, different treatments were 
performed. After 0 and 24 h of treatment, the cells were 
assayed following the instructions of the CCK-8 kit. Then, 
20 μL of CCK-8 reagent and the cells were incubated at  
37 ℃ for 2–4 h, and the optical density (OD) was measured 
at 450 nm using an enzyme-labeled-instrument to calculate 
the cell proliferation rate. Additionally, 6 duplicate wells 
were set up in the experiment, and the experiment was 
repeated 3 times.

Flow cytometry

After being digested by trypsin, the H9c2 cells were 
collected in centrifuge tubes. Next, the cells were rinsed 
twice with pre-cooled sterile phosphate-buffered saline 
(PBS). Subsequently, the cell concentration was adjusted 
to 5×105 cells/mL, and the apoptosis was measured in 
accordance with the instructions of the Annexin V—
Fluorescein Isothiocyanate (FITC) Apoptosis Detection 
Kit (Beyotime, China). Finally, apoptotic cells marked with 
positive FITC and positive/negative PI were detected by 
flow cytometry.

Biochemical tests

The culture supernatant of the cells was collected after 
centrifugation at 2,000 r/min for 10 min at 4 ℃. Next, 
the cells were digested with trypsin and collected into 
centrifuge tubes. The cells were then washed twice with 
pre-cooled sterile PBS to obtain the cell suspension, and 
then underwent homogenization. Subsequently, the cell 

Table 1 The basic information of the GEO data sets (GSE169594 
and GSE160717)

GEO 
accession

Samples Experiment type Platforms

GSE169594 MCS, 4. AMI, 4. Non-coding RNA 
profiling by array

GPL21825

GSE160717 NC, 3. AMI, 3. Non-coding RNA 
profiling by array

GPL21825

GEO, Gene Expression Omnibus; MCS, mild coronary stenosis; 
AMI, acute myocardial infarction; NC, normal control.

Table 2 qRT-PCR primers

RNA Sequences (5' to 3')

Circ_0049271 F: AACTTCGCTGAGCAGATTGG 

R: GCATGGGGTTCCAGAAGATA

Mir-17-3p F: GCTCTGAUGUUCACGGAAGUG

R: GTGCAGGGTCCGAGGT

FZD4 F: TTCACACCGCTCATCCAGTACG

R: ACGGGTTCACAGCGTCTCTTGA

GAPDH F: GTCTCCTCTGACTTCAACAGCG

R: ACCACCCTGTTGCTGTAGCCAA

U6 F: CTCGCTTCGGCAGCACAT

R: TTTGCGTGTCATCCTTGCG

qRT-PCR, quantitative reverse transcription-polymerase chain 
reaction.
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slurry was collected by centrifugation. Finally, the activities 
of creatine kinase (CK) and lactate dehydrogenase (LDH) 
in the culture supernatant and the level of malondialdehyde 
(MDA), reactive oxygen species (ROS), and superoxide 
dismutase (SOD) in the cells were detected in accordance 
with the instructions of the corresponding biochemical kit 
(Jiancheng, Nanjing).

Enzyme-linked immunosorbent assays (ELISAs)

The cell suspension was collected. The contents of IL-
1β, IL-6, and IL-8 in the suspension were determined in 
accordance with the instructions of the ELISA kit (Shanghai 
Enzyme-linked Biotechnology Co., Ltd., China). Finally, 
microplate readers were used to measure the OD at 450 nm 
(OD450).

Western blot

Radio immunoprecipitation assay lysis buffer (RIPA) cell 
lysate (Solebo, China) was used to extract the total protein 
of the cells, and the concentration of the extracted protein 
was determined using a bicinchoninic acid kit. Next, 20 μg 
of the proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The proteins were 
then transferred onto polyvinylidene fluoride membranes, 
blocked in 5% non-fat dry milk for 1–3 h, and primary 
antibodies [Bax, Bcl-2 (B-cell lymphoma-2), c-caspase-3, 
and GAPDH, Cell Signal Tech, USA] were added for 
incubation overnight at 4 ℃. Subsequently, the membranes 
were washed 3 times with tris-buffered saline and incubated 
in the secondary antibody dilution buffer for 1 h at ambient 
temperature. After washing the membranes 3 more times, 
enhanced chemiluminescence reagent (Solebo, China) was 
dripped onto the membranes. Subsequently, the membranes 
were placed in a gel imaging system to conduct protein 
development and image collection. ImageJ software was 
used to analyze the gray level of the protein bands, and 
GAPDH was used as the internal control to calculate the 
relative protein expression.

Dual-luciferase reporter gene

CircMIR 1.0 software and Targetscan 7.0 (http://www.
targetscan.org/vert_70/) were used to predict the binding 
sites of circ_000049271 and miR-17-3p and miR-17-3p 
and FZD4, respectively. The wild-type (WT) or mutant 

(MUT) fragment of circ_0049271 or FZD4 was constructed 
into the dual-luciferase reporter plasmids (GP-miRGLO) 
(GenePharma). After the confluence reached about 80%, 
the 293T cells were co-transfected with the luciferase 
reporter plasmids and miR-17-3p mimic or NC mimic. 
The luciferase activity was measured using a dual-luciferase 
reporter kit 48 h after transfection (Promega, USA).

RNA pull-down 

Biotinylated miR-17-3p (miR-17-3p-bio) and biotinylated 
control miR-NC (miR-NC-bio) were constructed. 
Specifically, the cell extracts (2 μg) were incubated with 
biotinylated RNA (100 pmol) for 1 h, and agarose beads 
(Invitrogen) were added for another 1 h of incubation. 
RNA was extracted, and the expression level of FZD4 
or circ_0049271 in the precipitated complex was further 
detected using qRT-PCR.

Statistical analysis 

All the results are expressed as the mean ± standard 
deviation (SD). The SPSS v26.0 software was used to 
perform the 1-way analyses of variance for comparisons 
among multiple groups and the t-test analyses for 
comparisons between 2 groups. Pearson correlation 
was used to analyze the correlations of the expression of 
circ_0049271, miR-17-3p, and FZD4 in the clinical blood 
samples. A P value <0.05 was used as the criterion for 
determining significant statistical difference.

Results

Circ_0049271 was significantly upregulated in the blood 
and H/R-induced H9c2 cells of the AMI patients 

A differential analysis was performed on the AMI-related 
circRNA expression GEO data sets of GSE169594 and 
GSE160717. Next, 191 and 201 DE-circRNAs were 
screened from the GSE169594 and GSE160717 data sets 
(see Tables S1,S2). The intersections of the significantly 
upregulated circRNAs in the GSE169594 and GSE160717 
data sets were analyzed using a Venn diagram (Figure 1A).  
The results of the intersections identified 6 potential 
circRNAs (i.e., hsa_circ_0037516, chr16:15794592-
15794782+, chr3:16336362-1634509, hsa_circ_0049271, 
hsa_circ_0076767, and hsa_circ_0023461), from which, 
circ_0049271 was selected for the further cell experiments.

http://www.targetscan.org/vert_70/
http://www.targetscan.org/vert_70/
https://cdn.amegroups.cn/static/public/ATM-22-6331-Supplementary.pdf
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Next, qRT-PCR was used to detect circ_0049271 
expression in the AMI clinical blood samples and hypoxia-
induced H9c2 cells. As a result, the circ_0049271 expression 
levels in the blood sample of the patients in the AMI group 
and H9c2 cells in the H/R group were significantly higher 
than those in the corresponding Normal group and Control 
group (Figure 1B,1C, P<0.01). In addition, the circ_0049271 
maintained a stable closed-loop structure after RNase R 
(Ribonuclease R) treatment (Figure 1D), which suggests that 
circ_0049271 is significantly highly expressed in AMI.

Effects of Circ_0049271 on the proliferation and apoptosis 
of the H/R-induced H9c2 cells

Circ_0049271 knockdown or overexpression was performed 
in the H/R-induced myocardial H9c2 cells to explore the 
function of circ_0049271 in H/R-induced myocardial H9c2 
cell injury (Figure 2A). Cell proliferation was detected by 
CCK-8, and apoptosis was detected by flow cytometry 

and Western Blot. The CCK-8 results showed that the si-
circ_0049271 group exhibited a significantly increased 
proliferation level in the H9c2 cells compared to the si-
NC group. However, the proliferation level of cells in the 
circ_0049271 group was significantly lower than that in the 
Vector group (Figure 2B, P<0.05). Additionally, the flow 
cytometry results indicated that circ_0049271 knockdown 
significantly reduced the apoptosis rate of the cells (P<0.05). 
However, the overexpression of circ_0049271 significantly 
increased cell apoptosis (P<0.01) (Figure 2C,2D). The 
Western blot results showed that the expression level of 
the pro-apoptotic proteins (i.e., Bax and c-caspase-3) was 
significantly decreased, and the expression level of the 
anti-apoptotic Bcl-2 in the cells after si-circ_0049271 
knockdown was significantly increased. After circ_004927 
overexpression, the protein expression of Bax, c-caspase-3, 
and Bcl-2 showed the opposite results to those produced 
by the si-circ_0049271 knockdown (Figure 2E). These 
outcomes suggested that the knockdown of circ_0049271 

Figure 1 Circ_0049271 was significantly upregulated in the blood and hypoxia-induced H9c2 cells of the AMI patients. (A) A Venn diagram 
showed the significant upregulation of differential circRNA expression in both the GSE169594 and GSE160717 data sets; (B,C) qRT-PCR 
was used to detect the circ_0049271 expression in the AMI clinical samples (B) and hypoxia-induced H9c2 cells (C); (D) qRT-PCR was used 
to determine the circ_0049271 expression level after RNase R treatment, **, P<0.01. H/R, hypoxia-reoxygenation; RNase R, Ribonuclease R; 
AMI, acute myocardial infarction; qRT-PCR, quantitative reverse transcription-polymerase chain reaction.
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Figure 2 Effects of circ_0049271 on the proliferation and apoptosis of the H9c2 cells with H/R-induced myocardial injury. (A) qRT-PCR 
was used to detect the circ_0049271 expression level in the cells after the knockdown or overexpression of circ_0049271; (B) CCK-8 was 
used to detect cell proliferation; (C,D) Flow cytometry was used to detect cell apoptosis; (E) Western blot was used to detect the protein 
expression of Bax, c-caspase-3, and Bcl-2. *, P<0.05, **, P<0.01. si-NC group, H9c2 cells transfected with the negative control of siRNA. si-
circ_0049271 group, H9c2 cells transfected with the circ_0049271 siRNA. Vector group, H9c2 cells transfected with the negative control 
plasmid. circ_0049271 group, H9c2 cells transfected with the circ_0049271 overexpression plasmid. si-NC, negative control siRNA; PI, 
isoelectric point; FITC, Fluorescein Isothiocyanate; H/R, hypoxia-reoxygenation; qRT-PCR, quantitative reverse transcription-polymerase 
chain reaction; CCK-8, Cell Counting Kit-8.
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promoted proliferation and inhibited apoptosis in the H/
R-induced myocardial injury cells (i.e., the H9c2 cells).

Effects of circ_0049271 on the damage, oxidative stress, 
and inflammatory response of the H/R-induced H9c2 cells

It was previously reported that the level of myocardial 
enzymes (CK and LDH) were abnormally increased 
during myocardial hypoxia-ischemia (26). In this study, we 
measured the level of related substances to assess whether 
circ_0049271 could improve H/R-induced injury, oxidative 
stress, and inflammatory responses in the H9c2 cells. The 
level of myocardial enzymes (CK and LDH), oxidative 
stress substances (ROS, MDA, and SOD) and inflammatory 
factors (IL-1β, IL-6, and IL-8) were determined. The 
results revealed that after the knockdown of circ_0049271, 
the activities of LDH and CK and the level of ROS, 
MDA, IL-1β, IL-6, and IL-8 in the H/R-induced H9c2 
cells were significantly decreased, while SOD activity was 
significantly increased. However, the opposite trend was 
observed when circ_0049271 was overexpressed in the H/
R-induced H9c2 cells; that is, the activities of LDH and CK 
and the level of ROS, MDA, IL-1β, IL-6, and IL-8 were 
significantly increased, while SOD activity was significantly 
decreased (Figure 3A-3H, P<0.05). Thus, the knockdown 
of circ_0049271 was shown to significantly alleviate the 
damage, oxidative stress, and inflammatory response of the 
H/R-induced H9c2 cells.

Circ_0049271 serves as a sponge for MiR-17-3p 

To explore the mechanism of action of circ_0049271, 
we localized circ_0049271 and found that it was mainly 
distributed in the cytoplasm (Figure 4A). Further, the results 
of the circbank (http://www.circbank.cn/searchCirc.html) 
database revealed a relationship between circ_0049271 
and miR-17-3p. The luciferase reporter gene experiments 
confirmed that the co-transfection of the miR-17-3p 
mimic significantly reduced the luciferase activity of the 
circ_0049271-WT vector but did not affect the luciferase 
activity of the circ_0049271-MUT vector (Figure 4B). 
Additionally, the RNA pull-down experiments confirmed 
the targeting relationship between circ_0049271 and miR-
17-3p (Figure 4C). Further, in contrast to circ_0049271, the 
miR-17-3p expression level in the cells of the H/R group 
was much lower than that in the Control group (Figure 4D).  
The miR-17-3p expression level was significantly increased 
when circ_0049271 was decreased in the H9c2 cells, while 

the miR-17-3p level was significantly decreased after 
circ_0049271 overexpression (Figure 4E). Additionally, 
circ_0049271 was negatively correlated with miR-17-3p 
expression in the AMI clinical blood samples (Figure 4F). 
Thus, circ_0049271 served as a sponge for miR-17-3p in 
the cytoplasm of the AMI cells, and miR-17-3p was lowly 
expressed in AMI.

FZD4 acts as a target of MiR-17-3p

The targeting relationship between miR-17-3p and FZD4 
was predicted by the TargetScan database (https://www.
targetscan.org/vert_80/) and further examined by dual-
luciferase reporter and RNA pull-down experiments 
(Figure 5A-5C). The qRT-PCR results showed that the 
expression level of FZD4 was significantly higher in the 
cells of the H/R group than the Control group (Figure 5D).  
Additionally, miR-17-3p in the cells was knocked down or 
overexpressed by transfection (Figure 5E). The transfection 
results revealed a negative association between the 
mRNA and protein expression levels of FZD4 and the 
miR-17-3p level in the cells (Figure 5F-5H). FZD4 was 
also negatively correlated with miR-17-3p in the AMI 
clinical blood samples (Figure 5I). In addition, the FZD4 
expression level in the cells was significantly reduced after 
the knockdown of circ_0049271, while the overexpression 
of circ_0049271 markedly upregulated the expression level 
of FZD4 (Figure 5J). According to the Pearson correlation 
analysis, circ_0049271 was positively correlated with 
FZD4 expression level in the AMI clinical blood samples  
(Figure 5K). These results suggested that FZD4 not only 
acted as the target gene of miR-17-3p but was also highly 
expressed in AMI. Further, FZD4 may also function as an 
oncogene in AMI.

MiR-17-3p knockdown or FZD4 overexpression reverses 
the effects of si-circ_0049271 on the H/R-induced H9c2 
cells

To verify whether circ_0049271 plays a role in AMI 
through miR-17-3p/FZD4, the H/R-induced H9c2 cells 
were treated as follows. Circ_0049271 and miR-17-3p were 
simultaneously knocked down (si-circ_0049271 + miR-
17-3p inhibitor group), while circ_0049271 was knocked 
down, and FZD4 was upregulated (si-circ_0049271 + 
FZD4 group). The treatment results showed that after the 
knockdown of circ_0049271, the FZD4 protein expression 
level was increased by further inhibiting the miR-17-3p 

https://www.targetscan.org/vert_80/
https://www.targetscan.org/vert_80/
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expression or overexpression of FZD4 in the H/R-induced 
H9c2 cells (Figure 6A,6B). In sequence, the proliferation, 
apoptosis, injury, oxidative stress, and inflammatory 
response of the cells in each group were detected, and the 
results indicated that the further inhibition of miR-17-
3p expression or the overexpression of FZD4 significantly 

reduced the cell proliferation rate (Figure 6C). Additionally, 
the further inhibition of miR-17-3p expression or the 
overexpression of FZD4 increased the cell apoptosis rate, 
promoted the expression of pro-apoptotic-related proteins 
(c-caspase-3 and Bax), and inhibited the expression of anti-
apoptosis-related protein Bcl-2 (Figure 6D-6G). Further, 

Figure 3 Effects of circ_0049271 on injury, oxidative stress, and inflammatory response in the H/R-induced H9c2 cells. (A-E) A biochemical 
test was used to determine the level of the myocardial enzymes [LDH (A) and CK (B)] and oxidative stress substances [ROS (C), MDA (D), 
SOD (E)] in the H/R-induced H9c2 cells after the knockdown or overexpression of circ_0049271; (F-H) ELISA was used to detect the level 
of inflammatory factors (IL-1β, IL-6, and IL-8) in the H/R-induced H9c2 cells after the knockdown or overexpression of circ_0049271. **, 
P<0.01; *, P<0.05. LDH, lactate dehydrogenase; si-NC, negative control siRNA; CK, creatine kinase; ROS, reactive oxygen species; MDA, 
malondialdehyde; SOD, superoxide dismutase; IL, interleukin; H/R, hypoxia-reoxygenation; ELISA, enzyme-linked immunosorbent assay.
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H/R-induced H9c2 cell damage, oxidative stress (ROS and 
MDA) and inflammatory responses were also promoted by 
some other different treatments, which included increasing 
the activity of the myocardial enzymes (CK and LDH), and 
regulating the secretion of the oxidative stress substances 
and inflammatory factors (Figure 6H-6O). To sum up, the 
knockdown of miR-17-3p or the overexpression of FZD4 
reversed the pro-proliferation, anti-apoptosis, anti-oxidative 
stress, and anti-inflammatory effects of si-circ_0049271 on 
the H/R-induced H9c2 cells.

Discussion

With the advancement and popularization of high-
throughput technology, researchers have discovered that 
circRNA is a non-coding circular endogenous RNA molecule 

produced by special alternative splicing (27). CircRNA 
plays a significant role in various human diseases, including 
cardiovascular disease (28). It has been reported that some 
circRNAs [e.g., circ_0060745 (29), circSAMD4A (30), 
circCDYL (31), and circ_LAS1L (32) affect myocardial cell 
injury in AMI. At present, the corresponding mechanisms 
of the above circRNAs have been explored. In our study, 
the significantly upregulated circRNAs in the AMI-related 
data sets GSE169594 and GSE160717 were intersected, 
and 6 common significantly upregulated circRNAs (i.e., 
hsa_circ_0037516, chr16: 15794592-15794782+, chr3: 
16336362-1634509, hsa_circ_0049271, hsa_circ_0076767, 
and hsa_circ_0023461) were identified. Ren et al. found that 
circ_0023461 expression was upregulated in AMI patients 
and hypoxia-induced AC16 cells, and the knockdown of 
circ_0023461 targeted the miR-370-3p/PDE4D axis to 

Figure 4 Circ_0049271 served as a sponge for miR-17-3p. (A) qRT-PCR showing circ_0049271 expression levels in the cytoplasm and 
nucleus. (B) Dual luciferase experiments were used to verify the targeting relationship between circ_0049271 and miR-17-3p, **, P<0.01 
vs. miR-17-3p group; (C) RNA pull-down experiments were used to verify the targeting relationship between circ_0049271 and miR-17-
3p; (D,E) qRT-PCR was used to detect the miR-17-3p expression level in the H/R-induced H9c2 cells of H/R group (D) and the miR-17-
3p expression levels in the H9c2 cells after the knockdown or overexpression of circ_0049271 (E); (F) a Pearson correlation analysis was 
performed to evaluate the correlation between circ_0049271 and miR-17-3p expression in the AMI clinical blood samples. **, P<0.01; *, 
P<0.05. NC, negative control; WT, wild-type; MUT, mutant; H/R, hypoxia-reoxygenation; si-NC, negative control siRNA; qRT-PCR, 
quantitative reverse transcription-polymerase chain reaction; AMI, acute myocardial infarction.
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Figure 5 FZD4 acts as the target of miR-17-3p. (A) The targeting sites were predicted by the TargetScan Online website. (B) Dual-
luciferase experiments were used to verify the targeting relationship between miR-17-3p and FZD4; (C) RNA pull-down experiments were 
used to confirm the targeting relationship between miR-17-3p and FZD4; (D-F) qRT-PCR was used to detect the mRNA expression level 
of FZD4 in the H/R group cells (D), verify the efficiency of the knockdown or overexpression of miR-17-3p in the cells (E), and measure 
the mRNA expression level of FZD4 after the knockdown or overexpression of miR-17-3p in the cells (F); (G,H) Western blot was used to 
detect the FZD4 protein expression level after the knockdown or overexpression of miR-17-3p in cells; (I) a Pearson correlation analysis 
was conducted to analyze the correlation between miR-17-3p and FZD4 expression in the AMI clinical blood samples; (J) qRT-PCR was 
used to determine the mRNA expression level of FZD4 after the knockdown or overexpression of circ_0049271 in the cells; (K) a Pearson 
correlation analysis was conducted to analyze the correlation between circ_0049271 and FZD4 expression in the AMI clinical blood samples. 
**, P<0.01; *, P<0.05. NC, negative control; WT, wild-type; MUT, mutant; si-NC, negative control siRNA; H/R, hypoxia-reoxygenation; 
qRT-PCR, quantitative reverse transcription-polymerase chain reaction; AMI, acute myocardial infarction.
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Figure 6 MiR-17-3p knockdown or FZD4 overexpression reversed the effects of si-circ_0049271 on the H/R-induced H9c2 cells. (A,B) 
Western blot was used to detect the protein expression levels of FZD4 in each group of cells; (C) CCK-8 was used to measure the proliferation 
rate of each group of cells; (D,E) flow cytometry was used to determine the apoptosis rates of the cells; (F,G) Western blot was used to detect 
the protein expression levels of the apoptosis-related proteins (i.e., Bax, Bcl-2, and c-caspase-3) in the cells of each group; (H,I) biochemical 
tests were used to determine the activities of LDH and CK in each group of cells; (J-L) biochemical tests were used to determine the levels 
of the oxidative stress substances (i.e., ROS, MDA and SOD) in the cells of each group; (M-O) ELISA was used to detect the levels of the 
inflammatory factors (i.e., IL-1β, IL-6, and IL-8) in the cells of each group. **, P<0.01; *, P<0.05. NC, negative control; PI, isoelectric point; 
FITC, Fluorescein Isothiocyanate; LDH, lactate dehydrogenase; CK, creatine kinase; ROS, reactive oxygen species; MDA, malondialdehyde; 
SOD, superoxide dismutase; IL, interleukin; H/R, hypoxia-reoxygenation; ELISA, enzyme-linked immunosorbent assay.
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alleviate hypoxia-induced AC16 cell dysfunction (19). 
However, to date, no studies have examined the functions 
of the other circRNAs in AMI. In this study, the role and 
mechanism of circ_0049271 in AMI were explored.

We found that circ_0049271 expression was significantly 
increased in the blood of the AMI patients and the H/
R-induced H9c2 cells. Further, we found that circ_0049271 
knockdown alleviated the proliferation inhibition and 
pro-apoptotic effects of the H/R-induced H9c2 cells, 
reducing the release of the oxidative stress substances and 
inflammatory factors, and improving cell damage. However, 
the overexpression of circ_0049271 produced the opposite 
effects to that of circ_0049271 knockdown. Given the 
crucial role of apoptosis and the injury of cardiomyocytes 
in AMI, it may be that circ_0049271 is involved in the 
pathogenesis of AMI.

As the target of circRNA, miRNA is the most widely 
studied non-coding RNA. Specifically, miRNA regulates 
cell proliferation, differentiation, and apoptosis by 
degrading target genes or inhibiting the translation (33). 
Further, miRNAs are involved in cardiac development, 
cardiac function regulation, cardiac remodeling, and 
cardiomyocyte apoptosis in the cardiovascular system (34). 
MiRNAs are also abnormally expressed in cardiovascular 
diseases (e.g., AMI, angina pectoris, and myocarditis) (35). A 
study has shown that miRNA-499, miRNA-1, miRNA-133, 
and miRNA-208 can serve as markers of myocardial injury 
in AMI (36). MiR-17-92 consists of 6 mature miRNAs 
(i.e., miR-17, miR-18a, miR-19a, miR-20a, miR-19b1, and 
miR-92a-1) and is one of the most widely studied miRNA 
clusters (29). Shi et al. showed that miR-17-3p promotes 
cardiomyocyte hypertrophy, proliferation, and survival and 
functional recovery after cardiac ischemia/reperfusion (37). 
Meanwhile, Yuan et al found that inhibition of miR-17-
3p aggravated H/R-induced H9c2 injury, and promoted 
the expression of inflammatory mediators including 
tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β  
and phosphorylated NF-κB subunit p65 (38). The 
present study found that the expression level of miR-
17-3p was significantly decreased in in the blood of the 
AMI patients and H/R-induced H9c2 cells. MiR-17-3p  
expression was also found to be negatively correlated 
with circ_0049271 expression. The targeting relationship 
between circ_0049271 and miR-17-3p was confirmed by 
dual-luciferase and RNA pull-down experiments. Based 
on the above outcomes in this study, we speculated that 
circ_0049271 might function through miR-17-3p.

FZD4, a member of the frizzled gene family, encodes the 
transmembrane receptor of the Wnt/β-catenin signaling 
protein (39). Studies have shown that FZD4 is not only 
abnormally expressed in various cancers (e.g., gastric cancer, 
breast cancer, non-small cell lung cancer, and liver cancer) 
but is also associated with the malignant behaviors of 
these cancers (40,41). In addition, FZD4 is also regulated 
by circRNA-miRNA. Notably, Zhou et al. found that the 
downregulation of circ_0004712 mediated the miR-331-
3p/FZD4 pathway to inhibit the progression of ovarian  
cancer (42). Zhang et al. discovered that circ-ACAP2 
promoted colorectal cancer progression by targeting the 
miR-143-3p/FZD4 axis (43). There are few studies on 
the function of FZD4 in cardiac injury. A study found 
that elevated Wnt2 and Wnt4 activate β-catenin/NF-
κB signaling to promote cardiac fibrosis by cooperation 
of FZD4/2 and LRP6 in fibroblasts, which contributes 
to adverse outcome of patients with AMI (44). In our 
study, we observed that FZD4 expression was significantly 
upregulated in the blood of AMI patients and H/
R-induced H9c2 cells. Further, FZD4 expression was 
found to be positively correlated with circ_0049271 and 
negatively correlated with miR-17-3p. In addition, the 
targeting relationship between miR-17-3p and FZD4 
was further clarified by dual-luciferase and RNA pull-
down experiments. FZD4 expression was observed to be 
significantly upregulated after circ_0049271 and miR-
17 were knocked down simultaneously. The functional 
verif ication in this study showed that miR-17-3p 
knockdown or FZD4 overexpression reversed the effects of 
si-circ_0049271 on the proliferation, apoptosis, oxidative 
stress, and inflammation of the H/R-induced H9c2 cells. 
Thus, we conjecture that miR-17-3p/FZD4 is the key 
molecular mechanism for circ_0049271 affecting H/
R-induced H9c2 cell injury.

The present study had some limitations. First, it only 
explored the function and mechanism of circ_0049271 
in the induced AMI model cell-H9c2 cells and did not 
establish multiple AMI cell models for further verifications. 
Second, the AMI animal model was not established to verify 
the function and mechanism of circ_0049271. Thus, further 
experiments need to be conducted to examine the function 
and mechanism of circ_0049271.

Conclusions

The expression of circ_0049271 and FZD4 was upregulated 
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while that of miR-17-3p was significantly downregulated in 
the blood of the AMI patients and H/R-induced H9c2 cells. 
In addition, the knockdown of circ_0049271 regulated the 
miR-17/FZD4 axis to promote cell proliferation, inhibit cell 
apoptosis and the secretion of oxidative stress substances 
and inflammatory factors, and improve the damage of 
the H/R-Induced H9c2 cells. Taken together, our results 
suggest that circ_0049271 could serve as a potential 
therapeutic target for AMI.
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