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Abstract. – OBJECTIVE: The aim of this study 
was to elucidate the potential function of mi-
croRNA-488-3p (miRNA-488-3p) in the patho-
genesis of acute myocardial infarction (AMI).   

MATERIALS AND METHODS: AMI mice con-
structed by ligation of the anterior descending 
coronary artery (LAD) were administrated with 
miRNA-488-3p mimics or negative control, re-
spectively. Infarct size and risk region of AMI 
mice were determined by triphenyltetrazolium 
chloride (TTC) staining. The serum level of lac-
tate dehydrogenase (LDH) release in mice was 
detected by enzyme-linked immunosorbent as-
say (ELISA). Subsequently, primary cardiomyo-
cytes were isolated from AMI mice administrated 
with miRNA-488-3p mimics or negative control. 
LDH release in both hypoxia-preconditioning 
primary cardiomyocytes and MCM cells was 
detected. Dual-Luciferase reporter gene assay 
was used to verify the potential target of miRNA-
488-3p. Furthermore, the regulatory effects of 
miRNA-488-3p and its target ZNF791 on AMI-in-
duced cardiomyocyte apoptosis were evaluated.  

RESULTS: MiRNA-488-3p was lowly ex-
pressed in AMI mice. Meanwhile, miRNA-488-3p 
expression decreased in hypoxia-precondition-
ing primary cardiomyocytes or MCM cells in a 
time-dependent manner. AMI mice overexpress-
ing miRNA-488-3p showed significantly smaller 
infarct size and risk region, as well as lower 
LHD release in serum. Overexpression of miR-
NA-488-3p markedly down-regulated the protein 
level of caspase3 in MCM cells. ZNF791 was 
predicted as the direct target of miRNA-488-
3p, which was negatively regulated by miRNA-
488-3p. Overexpression of ZNF791 reversed the 
protective role of miRNA-488-3p in AMI-induced 
cardiomyocyte apoptosis.  

CONCLUSIONS: MiRNA-488-3p is down-regu-
lated in AMI mice, which alleviates AMI-induced 
cardiomyocyte apoptosis via down-regulating 
ZNF791.
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Introduction
 
Acute myocardial infarction (AMI) is a critical 

disease worldwide. The incidence and mortality 
of AMI have continued to rise in China over the 
past few decades1. Vascular occlusion and plaque 
rupture resulted from coronary atherosclerosis 
are the leading causes of AMI. Clinically, this is 
characterized by endothelial damage, lipid accu-
mulation and atherosclerotic plaque formation. 
Excessive inflammation further leads to cardio-
myocyte necrosis and apoptosis, which are the 
reasons for cardiomyocyte damage and loss2. 
It is known that apoptosis mainly occurs in the 
ischemic area3. Cardiomyocyte apoptosis triggers 
cardiac remodeling and pathophysiology of heart 
failure following AMI. Prevention and reduction 
of cardiomyocyte apoptosis can improve cardiac 
dysfunction and cardiac remodeling at post-AMI. 
This has been confirmed as the key point in AMI 
treatment4. Therefore, it is necessary to uncover 
the mechanism of AMI-induced cardiomyocyte 
apoptosis, angiogenesis and myocardial fibrosis, 
and to search for novel therapeutic targets for 
AMI.

Micro-ribonucleic acids (miRNAs) are a class 
of non-coding RNAs with about 20-25 nucleo-
tides in length. They directly bind to the 3’UTR 
of target mRNAs, further degrading them or in-
hibiting their translation at post-transcriptional 
level5,6. MiRNAs have been identified to partici-
pate in cardiovascular physiology and pathology. 
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Meanwhile, they are involved in the regulation of 
cardiomyocyte growth and function, including 
cardiac muscle contraction, electrical conduc-
tion, cardiomyocyte phenotypes and neovascu-
larization7-10. Recent researches3,11-13 have shown 
that non-coding RNAs, including miRNAs, are 
involved in pathological events following AMI. 
Several miRNAs have been proved to exert pro-
tective roles in the heart. Previous studies14-20 have 
indicated that they can protect against apoptosis, 
hypertrophy, fibroblast activation and inflamma-
tory response. Recently, miRNA-488-3p has been 
reported differentially expressed in tumor tissues, 
exerting a vital role in disease progression21,22. 
However, the biological role of miRNA-488-3p in 
AMI has not been fully elucidated.

The zinc finger (ZNF) family is one of the 
largest families in the human genome with 500-
600 members23,24. Although the specific functions 
of most ZNF genes remain unknown, they have 
been considered to encode transcriptional regula-
tors and participate in cell differentiation. Current 
studies25 have found that ZNF791 is a representa-
tive of the ZNF family.

In this work, we mainly explored the biologi-
cal role of miRNA-488-3p in AMI and the under-
lying mechanism. Our findings might provide a 
novel direction in the clinical treatment of AMI.

Materials and Methods 

Establishment of the AMI Model in Mice 
C57BL/6 mice with 8-week-old were anesthe-

tized by 1.0-1.5% isoflurane. Subsequently, the 
mice were connected to the mechanical ventila-
tion device, and a longitudinal incision was made 
to expose the heart. Muscles and tissues around 
the heart were then bluntly separated. Ligation of 
the anterior descending coronary artery (LAD) 
was performed using 7.0 suture. Meanwhile, mice 
in the control group were cut open without per-
forming LAD. During LAD procedures, mice 
were administrated with miRNA-488-3p mimics 
or negative control, respectively. This study was 
approved by the Animal Ethics Committee of 
Chongqing General Hospital Animal Center.

Cell Culture and Transfection
Primary cardiomyocytes and MCM cells were 

provided by the American Type Culture Collec-
tion (ATCC; Manassas, VA, USA). All cells were 
cultured in Dulbecco’s Modified Eagle’s Me-

dium/nutrient mixture F-12 (DMEM/F-12; Hy-
clone, South Logan, UT, USA) containing 15% 
fetal bovine serum (FBS; Hyclone, South Logan, 
UT, USA), 1% penicillin-streptomycin and 0.1 
mmol/L BrdU (Beyotime, Shanghai, China). Af-
ter centrifugation at 1000 rpm for 10 min, the cells 
were re-suspended in the above-mentioned medi-
um for 60 min. Subsequently, the supernatant was 
collected and transferred to a 65 mm dish. 48 h 
later, the cells were adherent to the culture dish. 

Cell transfection was performed according to 
the instructions of Lipofectamine 2000 (Invitro-
gen, Carlsbad, CA, USA). Transfected cells for 48 
h were harvested for the following experiments. 

Hypoxia Preconditioning 
Primary cardiomyocytes and MCM cells in 

the logarithmic growth phase were subjected to 
serum starvation for 3 h. Normoxia precondition-
ing under 20% O2 and 5% CO2, or hypoxia-pre-
conditioning under 2% O2, 5% CO2 and 93% N2 
were conducted. 

Quantitative Real Time-Polymerase 
Chain Reaction (qRT-PCR) 

Total RNA was extracted from cells using the 
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). 
Subsequently, extracted RNA was reverse tran-
scribed into complementary deoxyribonucleic acid 
(cDNA) using the AMV reverse transcription sys-
tem. SYBR® premixed Dimer EraserTM was used 
for mRNA expression analysis. Quantitative Real 
Time-Polymerase Chain Reaction (qRT-PCR) was 
performed using a StepOne (TM) system (Applied 
Biosystems, Foster City, CA, USA). QRT-PCR re-
action conditions were as follows: 94°C for 30 s, 
55°C for 30 s, and 72°C for 90 s, for a total of 40 
cycles. The relative expression level of the target 
gene was calculated by the 2-ΔΔCt method. U6 was 
used as an internal reference in quantitative analy-
sis of miRNA-488-3p expression. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used 
as an internal reference in quantitative analysis of 
large tumor suppressor kinase 2 expression. The 
experiment was repeated 3 times. Primer sequenc-
es used in this study were as follows: ZNF791, 
F: 5’-CGCCTAGGGCCCCGCGTTGCTC-3’, R: 
5’-GCTAGTGATGGTGGACAGGA-3’; miRNA-
488-3p, F: 5’-GATGCCCACATGCTCGACATG-3’, 
R: 5’-GGATTGATGTTTGGAGGCG-3’; U6: F: 
5’-GCTTCGGCAGCACATATACTAAAAT-3’, R: 
5’-CGCTTCAGAATTTGCGTGTCAT-3’; GAP-
DH: F: 5’-CGCTCTCTGCTCCTCCTGTTC-3’, R: 
5’-ATCCGTTGACTCCGACCTTCAC-3’.
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Dual-Luciferase Reporter Gene Assay
The transcript 3’untranslated region (3’UTR) 

sequence of ZNF791 was first cloned into vector 
pGL3 containing Luciferase reporter gene, name-
ly ZNF791 WT. ZNF791 MUT was constructed 
by mutating the core binding sequences using a 
site-directed mutagenesis kit (Thermo Fisher Sci-
entific, Waltham, MA, USA). Subsequently, the 
cells were co-transfected with miRNA-488-3p 
mimic/negative control and ZNF791 WT/MUT. 
At 48 h, the cells were lysed for determining Lu-
ciferase activity.

Western Blot
Total protein in cells or tissues was extracted 

using radio-immunoprecipitation assay (RIPA; 
Beyotime, Shanghai, China). The concentration 
of extracted protein was determined by the bi-
cinchoninic acid (BCA) method. Protein samples 
were electrophoresed on polyacrylamide gels 
and transferred onto polyvinylidene difluoride 
(PVDF) membranes (Millipore, Billerica, MA, 
USA). After blocking with 5% skimmed milk, 
the membranes were incubated with primary an-
tibodies (Abcam, Cambridge, MA, USA) at 4°C 
overnight. After rinsing with Tris-Buffered Saline 
and Tween 20 solution (TBST; Sigma-Aldrich, St. 
Louis, MO, USA), the membranes were incubated 
with corresponding secondary antibody (Abcam, 
Cambridge, MA, USA). Immunoreactive bands 
were exposed by enhanced chemiluminescence 
(ECL; Thermo Fisher Scientific, Waltham, MA, 
USA) and analyzed by Image Software (NIH, 
Bethesda, MD, USA).

Determination of Lactate 
Dehydrogenase (LDH) Release

The supernatant of cultured cells was collect-
ed for determination of LDH level. LDH release 
was measured in strict accordance with the Cy-
toTox 96 non-radioactive cytotoxicity assay kit 
(Sigma-Aldrich, St. Louis, MO, USA). The serum 
level of LDH was determined by enzyme-linked 
immunosorbent assay (ELISA; Novus Biologi-
cals, Littleton, CO, USA). 

Determination of Infarct Size
Mouse heart was sliced into 2-mm sections, 

weighed and incubated with triphenyltetrazoli-
um chloride (TTC; Solarbio, Beijing, China) for 
15 min in the dark. After washing with Phos-
phate-Buffered Saline (PBS; Gibco, Grand Is-
land, NY, USA) three times, the sections were 
fixed with 4% paraformaldehyde and captured 

under a microscope (Nikon, Tokyo, Japan). Risk 
region (including the infarct zone and infarct 
border zone) was not stained blue by Evans Blue 
(Sigma-Aldrich, St. Louis, MO, USA), whereas 
infarct border zone was stained red with TTC. 
Infarct area was pale. Infarct size = (AMI area 
per section/section area × section weight) ∑/left 
ventricular weight × 100%. 

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 20.0 (SPSS, Chicago, IL, USA) and 
GraphPad (Version X; La Jolla, CA, USA) were 
used for all statistical analysis. Experimental data 
were represented as mean ± standard deviation 
(SD). The t-test was used to compare the differ-
ences between the two groups. One-way analysis 
of Variance (ANOVA) was applied to compare the 
differences among different groups, followed by 
the Post-hoc test. p<0.05 was considered statisti-
cally significant.

Results 

MiRNA-488-3p Was Down-
Regulated at Post-AMI 

24 h after LAD, infarct size and risk region 
in AMI mice were determined by TTC staining. 
Significantly higher infarct size/risk region and 
risk region/left ventricle were observed in AMI 
mice relative to controls (Figure 1A, 1B). The se-
rum level of LDH was markedly higher in AMI 
mice, suggesting the successful construction of 
the AMI model in mice (Figure 1C). QRT-PCR 
data revealed that miRNA-488-3p level decreased 
at post-AMI in a time-dependent manner (Figure 
1D). Hypoxia is the leading factor for cardiomyo-
cyte apoptosis following AMI. Subsequently, pri-
mary cardiomyocytes extracted from AMI mice 
and MCM cells were subjected to hypoxia condi-
tioning. At 3, 6 and 12 h, LDH release decreased 
gradually in hypoxia-preconditioning primary 
cardiomyocytes and MCM cells (Figure 1E, 1F). 

ZNF791 Was the Target Gene 
of MiRNA-488-3p

Binding sequences between miRNA-488-
3p and ZNF791 were predicted by TargetScan 
(www.targetscan.org). The results showed that 
ZNF791 was the candidate target gene of miR-
NA-488-3p (Figure 2A). Transfection of miR-
NA-488-3p mimics significantly up-regulated the 
mRNA level of ZNF791 in MCM cells (Figure 2B).  
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Figure 1. MiR-488-3p was down-regulated at post-AMI. A, Infarct size/risk region in AMI and control mice determined by 
TTC staining at 24 h after LAD. B, Risk region/left ventricle in AMI and control mice determined by TTC staining at 24 h 
after LAD. C, Serum level of LDH in AMI and control mice at 24 h after LAD. D, Relative level of miR-488-3p at 0, 6, 12 and 
24 h following AMI. E, Serum level of LDH at 0, 3, 6 and 12 h in hypoxia-preconditioning primary cardiomyocytes extracted 
from AMI mice. F, Serum level of LDH at 0, 3, 6 and 12 h in hypoxia-preconditioning MCM cells. 
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Figure 2. ZNF791 was the target gene of miR-488-3p. A, Binding sequences between miR-488-3p and ZNF791 predicted by 
TargetScan. B, Transfection efficacy of miR-488-3p mimics in MCM cells was verified. C, Luciferase activity in MCM cells 
co-transfected with miR-488-3p mimic/negative control and ZNF791 WT/MUT. D, Relative level of ZNF791 at 0, 6, 12 and 
24 h following AMI. E, Protein and mRNA levels of ZNF791 in MCM cells transfected with miR-488-3p mimic or negative 
control. F, Transfection efficacy of ZNF791 overexpression plasmid in MCM cells was verified.
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Furthermore, Luciferase activity decreased sig-
nificantly in MCM cells co-transfected with 
miRNA-488-3p mimics and ZNF791 WT. This 
verified the binding relationship between miR-
NA-488-3p and ZNF791 (Figure 2C). Within 
the first 24 h following AMI, ZNF791 level in-
creased gradually in AMI mice (Figure 2D). Both 
the mRNA and protein levels of ZNF791 were 
remarkably down-regulated after overexpression 
of miRNA-488-3p in MCM cells (Figure 2E). To 
further reveal the potential function of ZNF791 at 
post-AMI, ZNF791 overexpression plasmid was 
constructed and its transfection efficacy was ver-
ified (Figure 2F). 

MiRNA-488-3p Suppressed 
AMI-Induced Cardiomyocyte Apoptosis 

Western blotting showed that the protein lev-
el of caspase3 was markedly up-regulated by 
hypoxia conditioning in MCM cells relative to 
those with normoxia treatment (Figure 3A). Af-
ter transfection of ZNF791 overexpression plas-
mid in hypoxia-preconditioning MCM cells, the 

level of caspase3 was significantly up-regulated 
(Figure 3B). Conversely, overexpression of miR-
NA-488-3p in hypoxia-preconditioning MCM 
cells down-regulated caspase3 expression (Fig-
ure 3C). To elucidate the function of miRNA-
488-3p in vivo, AMI mice were administrated 
with miRNA-488-3p mimic or negative control, 
respectively. AMI mice overexpressing miRNA-
488-3p presented remarkably lower infarct size/
risk region, risk region/left ventricle and serum 
level of LDH (Figure 3D-3F). The above results 
suggested that miRNA-488-3p overexpression al-
leviated AMI-induced cardiomyocyte apoptosis 
and reduced infarct size. 

MiRNA-488-3p Suppressed 
AMI-Induced Cardiomyocyte Apoptosis 
Via ZNF791

A series of rescue experiments were conducted 
to elucidate the role of miRNA-488-3p/ZNF791 
following AMI. Down-regulation of caspase3 due 
to miRNA-488-3p overexpression in MCM cells 
was reversed by overexpression of ZNF791 (Fig-

Figure 3. MiR-488-3p suppressed AMI-induced cardiomyocyte apoptosis. A, Relative level of caspase3 in hypoxia-pre-
conditioning or normoxia-preconditioning MCM cells. B, Relative level of caspase3 in hypoxia-preconditioning MCM cells 
transfected with ZNF791 overexpression plasmid or negative control. C, Relative level of caspase3 in hypoxia-preconditioning 
MCM cells transfected with miR-488-3p mimic or negative control. D, Risk region/left ventricle in AMI mice administrated 
with miR-488-3p mimic or negative control. E, Infarct size/risk region in AMI mice administrated with miR-488-3p mimic or 
negative control. F, Serum level of LDH in AMI mice administrated with miR-488-3p mimic or negative control.
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ure 4A). Similarly, the protective effects of miR-
NA-488-3p on reducing infarct size/risk region, 
risk region/left ventricle and serum level of LDH 
were partially reversed by ZNF791 overexpres-
sion (Figure 4B-D). The above findings illustrat-
ed that miRNA-488-3p protected cardiomyocytes 
from AMI damage via targeting ZNF791. 

Discussion

Apoptosis is important programming for 
regulating cell death. It is active cell death pro-
grammed and regulated by some genes, also 
known as programmed death27. Reduction of car-
diomyocyte apoptosis in infarct area contributes 
to improving cell survival and adverse events of 
AMI. In this study, we first established the AMI 
model in mice. The role of miRNA-488-3p at post-
AMI was explored as well. Furthermore, we pre-
dicted and analyzed the target gene downstream 
of miRNA-488-3p in the performances of AMI. 

MiRNA-488-3p has been found to act as a 
tumor suppressor in prostate cancer and gastric 
cancer28,29. However, its role in AMI has not been 
fully elucidated. In this work, miRNA-488-3p 
expression was significantly down-regulated in 
AMI mice, which decreased in hypoxia-precon-
ditioning primary cardiomyocytes and MCM 

cells in a time-dependent manner. Several miR-
NAs have been found dysregulated following 
AMI30. They may suppress cell apoptosis and re-
duce tissue damage, therefore alleviating patho-
logical lesions following AMI. Current studies31 
have reported that overexpression of miR-210 in 
AMI mice suppresses cardiomyocyte apopto-
sis through down-regulating PP2C β to activate 
the PI3K/AKT pathway. MiR-182 has been con-
firmed down-regulated in the ischemia-reper-
fusion rat model. Meanwhile, it inhibits cardio-
myocyte apoptosis by down-regulating BNIP332. 
In this work, overexpression of miRNA-488-3p 
remarkably decreased infarct size/risk region, 
risk region/left ventricle and LDH release in AMI 
mice. Overexpression of miRNA-488-3p mark-
edly decreased caspase3 expression, suggesting 
that miRNA-488-3p could suppress AMI-induced 
apoptosis. 

The underlying mechanism of miRNA is 
mainly related to its target genes33. MiRNA can 
negatively mediate gene expression by directly 
binding to the 3’UTR of target genes, thereby 
inducing mRNA dysregulation and translational 
inhibition34. In this study, we predicted the down-
stream gene of miRNA-488-3p using TargetScan. 
The results predicted that ZNF791 was a potential 
target gene for miRNA-488-3p. Their binding re-
lationship was confirmed by Dual-Luciferase re-

Figure 4. MiR-488-3p sup-
pressed AMI-induced car-
diomyocyte apoptosis via 
ZNF791. Hypoxia-precon-
ditioning MCM cells were 
transfected with negative 
control, miR-488-3p mimic or 
miR-488-3p mimic+ZNF791 
overexpression plasmid, re-
spectively. A, Relative level 
of caspase3. B, Infarct size/
risk region. C, Risk region/left 
ventricle and D, Serum level 
of LDH.
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porter gene assay. In addition, ZNF791 was found 
significantly up-regulated in AMI, and its level 
was negatively regulated by miRNA-488-3p. In 
hypoxia-preconditioning cells, ZNF791 overex-
pression up-regulated caspase3 level. A series of 
rescue experiments were conducted to elucidate 
the role of miRNA-488-3p/ZNF791 in AMI. No-
tably, ZNF791 overexpression partially reversed 
the protective role of miRNA-488-3p in AMI.

Conclusions

We found that miRNA-488-3p is down-reg-
ulated in AMI mice, which alleviates AMI-in-
duced cardiomyocyte apoptosis via down-regu-
lating ZNF791.
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