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Abstract. In recent years, the global incidence and mortality 
of myocardial infarction (MI) has increased and become 
one of the important diseases threatening public health. 
Long non‑coding (lnc)RNAs are a type of ncRNA that serve 
critical roles in the progression of various types of disease. The 
present study aimed to investigate the effect and mechanism 
of lncRNA cardiac autophagy inhibitory factor (CAIF) on 
cardiac ischemia/reperfusion (I/R) injury. CAIF was down‑
regulated in the myocardium of I/R rats and cardiomyocytes 
treated with hydrogen peroxide (H2O2). Further experiments 
demonstrated that CAIF overexpression inhibited I/R‑induced 
cardiac infarction and apoptosis in  vivo. CAIF decreased 
H2O2‑induced apoptosis and oxidative stress of cardiomyocytes. 
Mechanistically, CAIF sponged microRNA (miR)‑488‑5p; this 
interaction was confirmed by rescue experiments. Moreover, 
miR‑488‑5p targeted apoptosis and caspase activation inhibitor 
(AVEN) and inhibited its expression. In summary, the present 
data identified a novel CAIF/miR‑488‑5p/AVEN signaling 
axis as a key regulator of myocyte apoptosis, which may be a 
potential therapeutic target for the treatment of MI.

Introduction

Myocardial infarction (MI) is ischemic necrosis of myocar‑
dial tissue (1). It is the leading cause of death globally and 
~20% of patients experiencing an MI die within 1 year of the 
event (2). Thus, restoring blood supply as early as possible is 
key to decrease infarction volume and protect cardiac func‑
tion. Restoring blood supply is termed reperfusion in acute MI 
treatment (3). However, reperfusion/reoxygenation worsens 
myocardial tissue injury, known as ischemic‑reperfusion (I/R) 
injury (4,5).

Long non‑coding (lnc)RNAs, a class of ncRNA, are 
more >200 bp in length. lncRNAs were once considered 
to exhibit no biological function due to unclear functions 
and species (6). With the development of high throughput 
sequencing technology, the functions of lncRNAs have been 
identified (7‑9). lncRNAs are involved in a number of regula‑
tory processes, including chromosomal dose compensation, 
genomic imprinting, epigenetic regulation, cell differentia‑
tion and stem cell maintenance (10‑12). Abnormalities in 
lncRNAs are associated with cardiovascular disease in 
humans (13). Evidence suggests that lncRNAs are involved 
in the regulation of myocardial apoptosis (14‑16). However, 
the effect of lncRNAs on regulation of myocardial apop‑
tosis remains unclear. Cardiac autophagy inhibitory 
factor (CAIF) is a novel discovered lncRNA (17). CAIF 
suppresses MI by targeting the p53/myocardin‑dependent 
autophagy pathway  (18). In addition, CAIF is down‑
regulated in end‑stage cardiomyopathy (19). However, the 
precise role and underlying mechanisms of CAIF remain to 
be determined. 

MicroRNAs (miRNAs/miRs) are single‑stranded, nc 
endogenous RNA 18‑25 nucleotides in length that nega‑
tively regulate gene expression post‑transcription  (20,21). 
miRNAs serve an important role in a variety of physiological 
and pathological processes, including embryonic develop‑
ment (22,23), cell proliferation and differentiation (24,25), 
apoptosis, metabolism and tumorigenesis (26). Studies have 
reported differential expression of miRNAs in MI including, 
miR‑19a/19b, miR‑21, miR‑206 and miR‑483 (27,28). 

Apoptosis and caspase activation inhibitor (AVEN) is 
an anti‑apoptotic protein that controls apoptosis partially 
by abrogating caspase activation via binding to Bcl‑xL and 
apoptotic peptidase activating factor (Apaf)‑1. AVEN was 
demonstrated to mediate the protective effect of miR‑30b‑5p 
on hypoxia‑induced cardiomyocyte injury (29).

The present study aimed to explore the role of CAIF in MI 
progression. Cardiomyocytes were treated with 200 µM H2O2 
for 4 h to establish cardiomyocyte injury in vitro and female 
C57BL/6 mice were purchased for MI model establishment 
in vivo. Flow cytometry and TUNEL assays were performed 
to analyzed cell apoptosis. CAIF, miR‑488‑5p and AVEN 
levels were measured by PCR or western blot. The present 
study may provide a potential target for the diagnosis of infarct 
heart diseases.
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Materials and methods

Mouse model of MI. A total of 24 female C57BL/6 mice 
(weight, 20.12±1.28 g; age, 12 weeks) were purchased from 
Beijing Vital River Laboratory Animal Technology Co., Ltd. 
(Beijing, China) and housed in a 12/12‑h light/dark cycle at 
22‑26˚C and 50‑70% humidity with ad  libitum access to 
food and water. The mice were divided into Sham, I/R, I/R + 
Ad‑nc and I/R + Ad‑CAIF groups (all n=6). For I/R treatment, 
mice were anesthetized with 1% pentobarbital (60 mg/kg) 
and were intubated and attached to a small animal ventilator. 
Following thoracotomy, the intercostal muscle was separated 
in the 3rd and 4th intercostal space to expose the heart. The 
middle of the left anterior descending coronary artery was 
ligated with a 5‑0 surgical suture. Following 30 min ischemia, 
the surgical suture was removed for reperfusion. Mice were 
euthanized with intraperitoneal injection of 3% pentobarbital 
(180 mg/kg). Cessation of breathing and loss of the righting 
reflex were considered to indicate mortality. The mice in the 
I/R + Ad‑nc group were injected with 100 µl Ad‑nc via the tail 
vein, and the mice in the I/R + Ad‑CAIF group were injected 
with 100 µl Ad‑CAIF 7 days before I/R. The mice in the sham 
group were only exposed by thoracotomy without ligation. In 
the I/R group, the heart was harvested at 0, 1, 4 or 8 h after 
reperfusion for the further analysis. The study was approved 
by the Ethics Committee of Guilin People's Hospital.

Isolation of primary cardiomyocytes. A total of 10 female 
neonatal mice (weight, 19.58±1.34  g; age, 1‑3  days) were 
purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. and euthanized using CO2 (displace‑
ment rate, 60% volume/min) followed by cervical dislocation 
according to AVMA guidelines (30). Cessation of breathing 
and movement were considered to indicate mortality. Then, the 
mice were sterilized with alcohol and the heart was removed. 
Then, 1 0.10% collagenase and 1 ml 0.08% trypsin were added 
into a 15 ml centrifuge tube. The chopped tissue was digested 
at 37˚C for 10 min and centrifuged at 4˚C (710.4 x g, 10 min). 
After that, the supernatant was discarded to remove endothelial 
cells. Then, 1 ml 0.1% II collagen proteinase was added to the 
15 ml tube and digested for 10 min at 37˚C. After centrifuging 
at 4˚C (710.4 g, 10 min), the supernatant was transferred to 
a new 50 ml centrifuge tube and 1 ml DMEM/F12, supple‑
mented with 10% FBS (both Procell), was added. This process 
was repeated 6‑7 times. The cell suspension was centrifuged at 
4˚C and 200 x g for 5 min, then cells were collected and inocu‑
lated into a sterile 35‑mm petri dish and cultured for 120 min 
(37˚C, 5% CO2). The non‑adherent cells were inoculated into a 
new gelatin‑coated petri dish (DMEM/F12 supplemented with 
10% FBS) and cultured for 24 h (37˚C, 5% CO2) to obtain 
cardiomyocytes.

H2O2 treatment. As oxidative stress injury is an important part 
of I/R injury (31). H2O2 was used to simulate oxidative injury 
in cardiomyocytes. Cardiomyocytes were treated with 200 µM 
H2O2 for 4 h at 37˚C to establish cardiomyocyte injury, as 
previously described (32,33).

Oligonucleotide transfection. Adenovirus overexpressing 
CAIF (Ad‑CAIF), small interfering CAIF (si‑CAIF) and their 

negative control were obtained from Hanbio Biotechnology 
Co., Ltd. miR‑488‑5p mimic and mimic control (50 nM), 
inhibitor and inhibitor control (50 nM) were purchased from 
Shanghai GenePharma Co., Ltd. Oligonucleotides were trans‑
fected using a Lipofectamine® 3000 kit (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
instructions at room temperature. At 48 h post‑transfection, 
cells were harvested for subsequent experiments. Sequences 
were as follows: miR‑488‑5p mimic: 5'CCC​AGA​TAA​TGG​
CAC​TCT​CAA3'; mimic control: 5'CCT​GAG​TCC​GAC​AAT​
TAC​GTA​C3'; miR‑488‑5p inhibitor: 5'TTG​AGA​GTG​CCA​
TTA​TCT​GGG3' and inhibitor control, 5'CTA​GGG​ATA​
CCG​TTT​ATC​ATA​AC3'.

Reverse transcription‑quantitative (RT‑q)PCR. RNA was 
extracted from tissue and cells using an Beyozol RNA extrac‑
tion kit (Beyotime Institute of Biotechnology) according to 
the manufacturer's instructions. A total of 500 ng RNA was 
reverse‑transcribed into cDNA using a Reverse Transcription 
kit (Takara Bio, Inc.) according to the manufacturer's instruc‑
tions. RT‑qPCR was performed using a SYBR‑Green kit 
(Takara) and a PCR Detection system (Applied Biosystems) 
according to the manufacturer's instructions. The RT‑qPCR 
conditions consisted of initial denaturation at 95˚C for 30 sec, 
followed by 40 cycles of denaturation at 95˚C for 5 sec and 
annealing at 60˚C for 30 sec. The expression of miR‑488‑5p 
was normalized to U6, while the expression of CAIF and 
AVEN mRNA were normalized to GAPDH. The 2‑ΔΔCq 
method (34) was applied to calculate the relative expression 
levels. The primer sequences were as follows: CAIF forward, 
5'‑CTT​CAC​TCC​TGC​AAA​TGT​GTT‑3', reverse, 5'‑TTA​TAG​
TGG​GAT​GGG​CAG​TTT‑3'; miR‑488‑5p forward: 5'‑CCC​
AGA​TAA​TGG​CAC​TC‑3', reverse, 5'‑GAA​CAT​GTC​TGC​
GTA​TCT​C‑3'; AVEN forward: 5'‑GCG​CCG​GTT​GAA​GAT​
GAC​A‑3', reverse: 5'‑TGC​AGA​GCT​AAG​GAG​GAC​ACT‑3'; 
GAPDH forward: 5'‑TCG​GAG​TGA​ACG​GAT​TTG​GC‑3', 
reverse, 5'‑TGA​CAA​GCT​TCC​CGT​TCT​CC‑3'; U6 forward, 
5'‑AGT​AAG​CCC​TTG​CTG​TCA​GTG‑3' and reverse: 5'‑CCT​
GGG​TCT​GAT​AAT​GCT​GGG‑3'.

Western blotting. Total protein was extracted from cells with 
RIPA buffer (Beyotime). BCA kit was used to detect protein 
concentration and 12% SDS‑PAGE was performed to separate 
proteins (40 µg) in samples. Then, the separated proteins were 
transferred to PVDF membranes and blocked with 5% non‑fat 
milk at room temperature for 2 h. The proteins on PVDF 
membranes were labeled with primary antibodies (AVEN, 
ab133285, 1:800; GAPDH, ab8245, 1:2500; both Abcam) at 4˚C 
overnight and horseradish peroxidase‑conjugated secondary 
goat‑anti‑rabbit IgG (1:1,000, cat. no. ab150077, Abcam) at 
room temperature for 2 h. ECL kit (Beyotime Institute of 
Biotechnology) was used to visualize the blots. Images were 
recorded with the Luminescent Image Analyzer LAS‑4000 
system (Fujifilm) and quantified by the Gel‑Pro Analyzer 4.0 
software (Media Cybernetics, Inc.).

Flow cytometry. A total of ~1x106 cardiomycoytes/ml were 
collected and centrifuged at centrifuged at 4˚C and 710.4 g for 
5 min and the culture medium was discarded. The cells were 
washed with 3 ml PBS and centrifuged at 4˚C and 710.4 g for 
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5 min, cells were fixed with precooled 70% ethanol at 4˚C for 2 h. 
Then, cells were incubated with FITC‑Annexin V (300 ng/ml; 
4˚C) for 10 min to label apoptotic cells. The samples were 
further incubated with PI (Procell Life Science & Technology 
Co., Ltd.) at 4˚C for 5 min. The apoptotic cells were detected 
using a Fortessa flow cytometer (BD Biosciences). FlowJo10 
(BD Biosciences) was used to analyze the flow cytometry data.

Dual luciferase reporter assay. Bioinformatics analysis 
using mirDB (mirdb.org/) and TargetScan 7.1 (targetscan.
org/vert_71/) was used to predict binding sites. The predicted 
binding sites of miR‑488‑5p on CAIF and AVEN mRNA 
were cloned into pGL3 luciferase reporter vector (Promega 
Corporation) and named CAIF‑wild‑type  (WT) and 
AVEN‑WT, respectively. Vectors with mutated sequences at 
the predicted binding sites were also synthesized and named 
CAIF‑mutant (MUT) and AVEN‑MUT, respectively. The cells 
were co‑transfected with miR‑488‑5p mimics or miR‑control 
and MUT or WT vectors using a Lipofectamine®  3000 
kit (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions at room temperature. 
TRL‑SV40 vector served as an internal reference. At 48 h 
post‑transfection, the luciferase activity was detected using 
a dual‑luciferase assay kit and normalized to Renilla lucif‑
erase activity (Promega Corporation). The sequences were as 
follows: miR‑488‑5p sequences: mimic, CCC​AGA​TAA​TGG​
CAC​TCT​CAA; inhibitor: TTG​AGA​GTG​CCA​TTA​TCT​GGG.

2,3,5‑Triphenyltetrazolium chloride (TTC) staining and 
evaluation of infarcted and viable myocardium. Hearts were 
harvested following reperfusion treatment. Perpendicular to 
the long axis of the heart, the heart was cut into short‑axis 
slices (4 mm) from the apex to the bottom of the heart, then 
the slices were placed in a 37˚C water bath within a mass frac‑
tion of 1% TTC phosphate buffer for 20 min and fixed in a 
volume fraction of 10% formaldehyde at room temperature for 
6 h. The fixed sections were removed, dried and photographed 
(Canon EOS 800D).

TUNEL staining. To detect apoptotic cells in cultured myocar‑
dial cells and tissue, TUNEL staining was performed. The 
cells and tissue slices were fixed with paraformaldehyde (4%) 
at room temperature for 1 h. TUNEL kit (Sigma‑Aldrich; 
Merck KGaA) was applied to label apoptotic cells according 
to the manufacturer's instruction. TUNEL staining was 
performed at 37˚C for 2 h. PBS was used for rinsing. Then, 
200 ml DAPI (1 µg/ml, Sigma‑Aldrich; Merck KGaA) was 
applied to label nuclei at room temperature for 20 min. Neutral 
gum was used to mounting. Images were captured in six fields 
of view/sample using an inverted fluorescence microscope 
(Nikon Corporation; scale bar, 100 µm). The apoptotic cells 
were counted manually.

Reactive oxygen species (ROS) detection. 2',7'‑dichlorofluo‑
rescin diacetate (DCFH) (Sigma‑Aldrich; Merck KGaA) was 
used to detect the levels of ROS. Briefly, at the indicated 
time points, cardiomyocytes were rinsed with PBS (4˚C). 
Then, the cells (3x104) were incubated with DCFH (10 µM) 
at 37˚C for 30 min in the dark. The fluorescence intensity of 
harvested cells was detected via flow cytometry. The cells 

were stimulated with 488 nm excitation light by flow cytom‑
etry. The cells were fully washed with fresh culture medium 
without serum three times to fully remove DCFH that did not 
enter the cells. The fluorescence intensity was detected on the 
flow cytometer within 1 h. The acquired data were analyzed 
with Flowjo_V10 (35).

MDA and LDH levels determination. The MDA and LDH 
levels of the cells were determined using Malondialdehyde 
(MDA) assay kit (cat. A003‑1‑2; Jiancheng) and Lactate dehy‑
drogenase assay kit (cat. A020‑1‑2; Jiancheng) according to 
the instructions.

RNA pull‑down assay. AmpliScribe™ T7‑Flash™ Biotin‑RNA 
Transcription kit (cat. no. ASB71110; Epicentre; Illumina, Inc.) 
was used to transcribe and purify biotin‑labeled RNA probe 
in vitro according to manufacturer's protocol. 1x107 cardiomy‑
coytes was subjected to RNA extraction using RNA extraction 
kit (Beyotime Institute of Biotechnology) at room temperature 
for 2 h. The biotin‑labeled probe was incubated with 500 µl 
cell RNA. The mixture was incubated with streptavidin 
agarose beads (Invitrogen; Thermo Fisher Scientific, Inc.) 
at room temperature for 1 h. Following strict washing with 
detergent/combined buffer, the complex were collected and 
centrifuged at 4˚C and 10,000 g for 15 min and the recovered 
samples were analyzed. The results were determined using 
RT‑qPCR.

Statistical analysis. Data are expressed as the mean ± SD of 
three independent repeats. GraphPad 6.0 software (GraphPad 
Software, Inc.) was used for statistical analysis. Comparisons 
between two groups were performed by unpaired t‑test. 
Comparisons between multiple groups were performed by one 
way ANOVA followed by post hoc Tukey's test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

CAIF expression is decreased in myocardium following I/R 
and in cardiomyocytes following H2O2 treatment. To detect 
whether CAIF serves a role in cardiac I/R injury, mouse I/R 
and oxidative stress models using H2O2 treated cardiomyocytes 
were established. RT‑qPCR indicated that CAIF expression in 
cardiomyocytes significantly decreased from 1 h post‑H2O2 

treatment (Fig. 1A). CAIF levels in the myocardium of mice 
decreased during ischemia and reperfusion further inhibited 
its expression (Fig. 1B). These results indicated that CAIF was 
downregulated in MI.

CAIF overexpression inhibits H2O2‑induced oxidative stress 
injury in cardiomyocytes. MI is accompanied by oxidative 
stress and cardiomyocyte apoptosis (36). An oxidative stress 
injury model was established in vitro via H2O2 treatment. The 
efficiency of Ad overexpressing CAIF was assessed; RT‑qPCR 
indicated that Ad‑CAIF significantly promoted CAIF expres‑
sion (Fig.  2A). Flow cytometry and TUNEL assay were 
performed to evaluate apoptosis of cardiomyocytes. CAIF 
significantly inhibited apoptosis of cardiomyocytes compared 
with the negative control group (Fig. 2B‑D). Furthermore, 
release of lactate dehydrogenase (LDH) and malonaldehyde 
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(MDA) in cell culture medium was assessed. H2O2 treatment 
significantly elevated the levels of LDH and MDA, while 
CAIF overexpression suppressed this (Fig. 2E and F). ROS 
activity was evaluated. H2O2 significantly promoted ROS 
activity of cardiomyocytes; this effect was decreased by CAIF 
overexpression (Fig. 2G). These results indicated that CAIF 
overexpression relieved the oxidative stress injury in MI.

CAIF decreases MI and apoptosis. Animals were injected 
with Ad‑CAIF via the tail vein and I/R was performed 7 days 
later. RT‑qPCR showed that the levels of CAIF significantly 
increased in the myocardium following Ad‑CAIF admin‑
istration (Fig. 3A). Compared with sham group, the infarct 
area was significantly increased in the I/R group; this effect 
was decreased by CAIF (Fig.  3B). TUNEL staining was 
used to evaluate apoptosis. CAIF significantly inhibited the 
I/R‑induced increase in myocardium apoptosis (Fig.  3C). 
These results indicated that CAIF overexpression relieved MI 
progression in vivo.

CAIF sponges miR‑488‑5p. mirDB was used to predict the 
potential target genes of CAIF; the results showed that there 
was a complementary binding site with miR‑488‑5p in the 
sequence of CAIF (Fig. 4A). Luciferase reporter assay showed 
that miR‑448‑5p decreased the luciferase activity of cardio‑
myocytes transfected with reporter vector carrying CAIF‑WT 
but not CAIF‑MUT (Fig. 4B). RNA pull‑down assay further 
demonstrated that CAIF directly bound to miR‑488‑5p 
(Fig. 4C). Expression levels of miR‑488‑5p were evaluated 
following CAIF overexpression or knockdown. The results 
indicated that CAIF overexpression significantly decreased 
miR‑488‑5p levels, whereas CAIF knockdown increased 
them (Fig. 4D). These results indicated a direct interaction 
between miR‑488‑5p and CAIF. These results indicated that 
miR‑488‑5p was negatively regulated by CAIF in MI.

miR‑488‑5p overexpression reverses the protective effect 
of CAIF. To confirm the interaction between miR‑488‑5p 
and CAIF, rescue experiments were performed. RT‑qPCR 
indicated that miR‑488‑5p mimic restored expression levels 

of miR‑488‑5p decreased by CAIF (Fig. 5A). Apoptosis assay 
showed that CAIF treatment decreased H2O2‑induced cardio‑
myocyte apoptosis, but this effect was partially reversed by 
miR‑488‑5p overexpression (Fig. 5B‑D). The levels of LDH 
and MDA as well as ROS activity were detected. CAIF inhib‑
ited release of LDH and MDA as well as ROS activity, while 
miR‑488‑5p partially reversed this effect (Fig. 5E‑G). These 
results confirmed the interaction between miR‑488‑5p and 
CAIF. These results indicated that CAIF relieved the oxidative 
stress injury in MI via regulating miR‑488‑5p expression.

miR‑488‑5p directly targets AVEN. To elucidate the precise 
mechanism of CAIF and miR‑488‑5p in I/R injury, the 
downstream genes regulated by miR‑488‑5p were inves‑
tigated. AVEN was predicted to be a potential target of 
miR‑488‑5p via Targetscan. Fig. 6A shows the binding site 
between miR‑488‑5p and CAIF. Luciferase assay showed that 
miR‑448‑5p decreased luciferase activity of cardiomyocytes 
transfected with reporter vector carrying AVEN‑WT but not 
AVEN‑MUT (Fig. 6B). RT‑qPCR and western blotting indi‑
cated that miR‑488‑5p inhibited mRNA and protein expression 
levels of AVEN, whereas miR‑488‑5p promoted AVEN 
expression (Fig. 6C and D). RNA pull‑down assay further 
demonstrated that AVEN can directly bound to miR‑488‑5p 
(Fig. 6E). These results indicated that miR‑488‑5p serves role 
in MI via targeting AVEN.

Discussion

MI, which is caused by blockage of coronary arteries and leads 
to apoptosis or necrosis of myocardial cells due to persistent 
ischemia and hypoxia, has one of the highest mortality rates 
in the world (2). Apoptosis is a process of spontaneous cell 
death controlled by genes (7). Following MI, myocardial cell 
apoptosis is an important factor leading to ventricular func‑
tion weakening and myocardial remodeling (37). Therefore, 
inhibiting apoptosis of cardiomyocytes in the early stage of MI 
may effectively control its progression. 

Zhuo et al (38) found an association between CAIF and 
MI and demonstrated that lncRNAs inhibit autophagy of 

Figure 1. CAIF is downregulated in I/R injury. (A) Expression of CAIF was detected in primary mouse cardiomyocytes following H2O2 stimulation. 
**P<0.01 vs. 0 h. (B) Mice underwent I/R injury for 2 h. The expression of CAIF was detected at different time points. **P<0.01 vs. sham. CAIF, cardiac 
autophagy inhibitory factor; I/R, ischemia/reperfusion.
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myocardial cells and attenuate MI by blocking p53‑mediated 
myocardin transcription. The expression of myocardin is 
upregulated by H2O2 and I/R and myocardin knockdown 

inhibits autophagy and weakens MI. p53 regulates autophagy 
and myocardial I/R injury by regulating expression of 
myocardin  (39). CAIF binds directly to p53 protein and 

Figure 2. CAIF overexpression inhibits H2O2‑induced apoptosis and oxidative stress of cardiomyocytes. (A) CAIF expression was detected by reverse 
transcription‑quantitative PCR after myocardial cells were infected with Ad‑CAIF. (B) Oxidative stress model was constructed using H2O2 treatment and 
apoptosis was detected by TUNEL staining. (C) Apoptosis in each group was detected by (D) flow cytometry. (E) LDH and (F) MDA content were determined 
by ELISA. (G) Intracellular ROS activity was determined by flow cytometry. *P<0.05 and **P<0.01. CAIF, cardiac autophagy inhibitory factor; Ad, adenovirus; 
LDH, lactate dehydrogenase; MDA, malonaldehyde; ROS, reactive oxygen species; nc, negative control.
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Figure 3. CAIF inhibits I/R‑induced myocardium infarction and apoptosis. (A) CAIF expression was detected by reverse transcription‑quantitative PCR 
following injection of Ad‑CAIF. (B) 2,3,5‑triphenyltetrazolium chloride staining was performed to detect infarct area. (C) TUNEL staining was used to 
detect apoptosis of cardiomyocytes. Magnification, x100. **P<0.01. CAIF, cardiac autophagy inhibitory factor; Ad, adenovirus; I/R, ischemia/reperfusion; 
nc, negative control; IA/ARR, infarct area/area at risk.

Figure 4. CAIF sponges miR‑488‑5p. (A) MUT Binding site (red) between CAIF and miR‑488‑5p. (B) Luciferase reporter experiment was performed to detect 
binding between CAIF and miR‑488‑5p. (C) RNA pull‑down assay was performed to confirm the interaction between CAIF and miR‑488‑5p. (D) Reverse 
transcription‑quantitative PCR was used to detect the expression of miR‑488‑5p. **P<0.01. CAIF, cardiac autophagy inhibitory factor; miR, microRNA; 
WT, wild‑type; MUT, mutant; nc, negative control; si, small interfering.
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blocks p53‑mediated myocardin transcription, which leads 
to decreased myocardin expression (40,41). Myocardial cell 
apoptosis and oxidative stress are involved in a series of 

pathological changes, including ventricular remodeling and 
heart failure, following MI (42‑44). Among these, myocardial 
cell apoptosis is an important factor in MI, which leads to 

Figure 5. miR‑488‑5p reverses the effect of CAIF on cardiac ischemia/reperfusion injury. (A) Detection of miR‑488‑5p expression via reverse transcrip‑
tion‑quantitative PCR. (B) Apoptosis of cardiomyocytes was detected by (C) flow cytometry. (D) TUNEL staining of the cardiomyocytes. (E) LDH and 
(F) MDA content were determined by ELISA. (G) ROS activity was assessed by flow cytometry. **P<0.01. CAIF, cardiac autophagy inhibitory factor; 
miR, microRNA; LDH, lactate dehydrogenase; MDA, malonaldehyde; ROS, reactive oxygen species; nc, negative control.

Figure 6. miR‑488‑5p targets AVEN directly. (A) Binding site (red) between miR‑488‑5p and AVEN. (B) Luciferase reporter experiment was performed to 
detect binding between AVEN and miR‑488‑5p. (C) Reverse transcription‑quantitative PCR and (D) western blotting were used to detect mRNA and protein 
expression levels of miR‑488‑5p, respectively. (E) RNA pull‑down assay was performed to confirm the interaction between AVEN and miR‑488‑5p. **P<0.01. 
miR, microRNA; AVEN, apoptosis and caspase activation inhibitor; WT, wild‑type; MUT, mutant; nc, negative control.
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the infarction but also promotes myocardial remodeling (45). 
In the present study, CAIF inhibited the infarct area and 
apoptosis of cardiomyocytes in vivo, and protected cultured 
cardiomyocytes from H2O2‑induced apoptosis.

lncRNAs serve as sponges of miRNA molecules, binding 
with miRNA via endogenous competition to inhibit degrada‑
tion of mRNA (46,47). Abnormally expressed miRNAs are 
widely used in clinical diagnosis and treatment of tumors. 
miRNAs affect cardiovascular development, diseases and 
other pathophysiological processes (48,49) by regulating cell 
differentiation, migration and proliferation. In the present 
study, miR‑488‑5p was sponged by CAIF in MI, indicating that 
miRNAs serve an important role in MI and may be a promising 
research direction. To the best of our knowledge, the number 
of studies of miR‑488‑5p is low. miR‑488‑5p is expressed at 
low levels and sponged by small nucleolar host gene 1 in acute 
myeloid leukemia (50). In addition, miR‑488‑5p acts as a tumor 
suppressor and is lost during melanoma development (51).

miRNAs target downstream mRNAs to inhibit their expres‑
sion, thus participating in the regulation of cell processes. For 
example, downregulated miR‑26a‑5p induced the apoptosis 
of endothelial cells in coronary heart disease via targeting 
PTEN (52). MiR‑103b promoted apoptosis in stored platelets via 
targeting ITGB3 (53). Here, bioinformatics analysis predicted 
AVEN as a potential target of miR‑488‑5p. AVEN binds 
with the apoptosis regulator Bcl‑xL and Apaf‑1 (29). AVEN 
impairs Apaf‑1‑mediated activation of caspases, thus inhibiting 
proteolytic activation of caspases and suppressing apoptosis. 
Moreover, a previous study indicated that AVEN is involved 
in hypoxia‑induced cardiomyocyte injury as a target gene of 
miR‑30b‑5p (54). However, the present study did not perform 
rescue experiments to confirm the interaction between AVEN 
and miR‑488‑5p and CAIF; this should be assessed in future.

In conclusion, the present study observed downregulated 
CAIF in the myocardium and cardiomyocytes following I/R 
and H202 treatment, respectively. CAIF inhibited I/R injury via 
the miR‑488‑5p/AVEN signaling axis. It remains to be verified 
whether the diagnostic and therapeutic potential of CAIF can 
be applied to clinical treatment.
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