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Abstract
We investigated the potential role of miR-490-3p in ischemia reperfusion (IR) injury. We first determined the expression of miR-
490-3p and autophagy-related 4B cysteine (ATG4B) in IR. Then, to explore whether miR-490-3p would affect autophagy,
apoptosis, and IR injury, we evaluated apoptosis, autophagy, and infarct size via gain- and loss-of-function experiments.
Furthermore, we used adenovirus to enhance or inhibit the expression of ATG4B, and then measured autophagy, apoptosis, and
IR injury. miR-490-3p was downregulated in the hearts during the process of IR, while ATG4B was upregulated. The inhibition of
miR-490-3p or overexpression of ATG4B could promote the expression of LC3II, increase the autolysosomes, inhibit the expres-
sion of p62, and reduce infarct size. On all accounts, the inhibition ofmiR-490-3p could promote autophagy to reducemyocardial IR
injury by upregulating ATG4B, a finding that provides new insights for the protective mechanism of autophagy in IR.
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Introduction

Ischemia reperfusion (IR) is a pathological condition caused
by the immediate recovery of perfusion of blood after the
restricted blood supply to organs [1]. The nature of the injury
caused by IR is very complex and influenced by various fac-
tors [2], and can lead to significant morbidity and mortality in
myocardial infarction and ischemic stroke; in addition, IR
injury represents a huge challenge for organ transplantation

and cardiothoracic surgery [1]. As a deleterious aspect of
myocardial reperfusion injury, reperfusion injury is a deadly
myocardial injury aroused by coronary blood flow restoration
after an ischemic episode [3]. Myocardial IR injury can cause
myocardial cell death (necrosis, apoptosis, and autophagy),
myocardial cell hypertrophy, cardiac fibrosis, and impaired
angiogenesis [4]. For instance, as an atypical serine/
threonine kinase, mammalian protein kinase or mechanism
target rapamycin (mTOR) plays an important role in ischemic
injury [5]. Before ischemia, endoplasmic reticulum stress–
induced autophagy has been elucidated to diminish following
deadly IR injury [6]. Additionally, B cell lymphoma-2/adeno-
virus E1B 19-kDa interacting protein 3 is implicated in car-
diomyocyte death upon IR injury, which can be attenuated by
stimulating autophagy [7]. Moreover, autophagy is regarded
as a protective mechanism in IR injury, since it regulates the
bulk degradation and recycling of cytoplasmic contents,
which can help maintain cellular homeostasis [8]. A previous
study also proved that some degree of IR injury is inevitable in
the process of heart transplantation, which can result in graft
failures and lower long-term survival rate of patients, while
certain microRNAs (miRNAs) proved to be essential regula-
tors of signaling pathways involved in IR injury [9].

miRNAs are small (22-nucleotide long) noncoding RNA
molecules that negatively regulate the mRNA expression of
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target genes via binding to the 3′untranslated region (3′UTR)
[10]. Moreover, previous work shows a pivotal role of
miRNAs in acute and chronic cardiovascular disease process-
es [4]. A prior study has proven that the downregulation of
miR-148b can reducemyocardial IR injury [11]. Additionally,
the importance of numerous autophagy-related (ATG) genes
including ATG4 is now recognized both in selective and in
nonselective types of autophagy [12]. For instance, research
findings now implicate ATG16L1 in the process of ischemic
kidney injury [13]. Another study showed that inhibition of
miR-665-3p reduced inflammation and cell death in intestinal
IR injury by negatively regulating the expression of ATG4B
[14]. In the current study, we aimed to investigate the function
of miR-490-3p in myocardial cell autophagy and in the pro-
cess of IR, as well as the regulatory relationship of miR-490-
3p and ATG4B, hoping to introduce a novel approach for
heart disease treatment.

Materials and Methods

Ethics Statement

The protocol of animal experiments was approved by the
Institutional Animal Care and Use Committee of Nanjing
Lishui People’s Hospital, Zhongda Hospital Lishui Branch,
Southeast University.

Microarray-Based Analysis

Cardiac IR mice–related miRNA expression dataset
GSE50885 profiles and annotation files were retrieved from
the Gene Expression Omnibus database (https://www.ncbi.
nlm.nih.gov/geo/). The Affy package of the R software
(http://www.bioconductor.org/packages/release/bioc/html/
affy.html) was applied for standardized pretreatment of the
expression datasets, and the limma package (http://master.
bioconductor.org/packages/release/bioc/html/limma.html)
was used to screen the differentially expressed genes. Genes
with |logFoldChange (FC)| > 1 and p value < 0.05 were
identified as differentially expressed, and their heatmaps
were plotted using the pheatmap package (https://cran.r-
project.org/web/packages/pheatmap/index.html). Target
genes of the miRNAs were predicted using the StarBase
(http://starbase.sysu.edu.cn/) database after the IR
differential genes of miRNA were screened.

Dual-Luciferase Reporter Gene Assay

First, a synthetic ATG4B 3′UTR gene fragment was intro-
duced into the pGL3-reporter (Promega, Madison, WI,
USA) using the endonuclease sites XhoI and BamH I. The
complementary sequence mutation (Mut) site of the seed

sequence was designed based on the ATG4B wild-type
(WT) sequence using restriction endonucleases. After endo-
nuclease digestion, the target fragments were inserted into the
pGL3-reporter vector with the T4 DNA ligase. Subsequently,
the constructed luciferase reporter plasmids pGL3-ATG4B-
WT and pGL3-ATG4B-Mut were co-transfected with 490-
3p mimic or mimic-NC respectively to HEK293 cells
(ATCC, Manassas, VA, USA). After 48 h of transfection,
the cells were harvested and lysed. Next, luciferase activities
were measured respectively on a Luminometer TD-20/20 de-
tector (E5311, Promega, Madison, WI, USA) using a Dual-
Luciferase® Reporter Assay System kit (Promega, Madison,
WI, USA).

Cell Culture and Plasmid Delivery

HEK293 cells (ATCC, Manassas, VA, USA) were inoculated
in a 6-well plate (at a density of 1 × 105 cells/mL) and cultured
in a humidified incubator with 5% CO2 in air at 37 °C. The
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich
Chemical Company, St Louis, MO, USA) was replaced every
2 or 3 days, and cell growth was observed under an inverted
microscope. When cell confluence reached 75%, the cells
were treated with following plasmids according to the instruc-
tions of the Lipofectamine 2000 kit in 6-well plates: blank,
mimic-NC, miR-490-3p mimic, inhibitor-NC, and miR-490-
3p inhibitor. The plasmids we employed were purchased from
GenePharma Co., Ltd. (Shanghai, China). The protein expres-
sion of ATG4B was determined by western blot analysis after
48-h transfection.

Construction of IR Mouse Model

A total of 255 C57BL/6 adult male mice (aged 6 weeks,
weighing 19–25 g) were purchased from the Institute of
Laboratory Animals Science, Chinese Academy of Medical
Sciences & Peking Union Medical College (Beijing, China).
The mice were anesthetized with 1% sodium pentobarbital
(P3761, Sigma-Aldrich Chemical Company, St Louis, MO,
USA) and ventilated with an HX-300S animal ventilator. A
small incision was made on the left side of the chest, and the
pericardial sac was removed from the chest. Next, the adeno-
virus (2 × 1010 m.o.i.) or miR-490-3p agomir/antagomir
(80 mg/kg body weight) and corresponding control treatments
were introduced via a catheter from the left ventricular apex
into the aortic root, while the aorta and pulmonary artery were
cross-clamped. The clamp was held for 20 s when the cardiac
output was circulated in closed system. Afterwards, the chest
was closed, and the mice were returned to their cages for
recovery after removal of air and blood. The employed ade-
noviral vectors and miR-490-3p agomir/antagomir were pur-
chased from GenePharma Co., Ltd. (Shanghai, China).
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The mice were subjected to IR operation 5 days after ade-
novirus or miR-490-3p agomir/antagomir injection. Next, the
mice were anesthetized, and their chests were opened to ex-
pose the heart for identifying the left anterior descending cor-
onary artery (LAD). A suture line was passed under the left
pinna of the LAD, and the artery was blocked by applying a
vinyl tube with a ligature, with occlusion of the LAD by tight-
ening the trap and fixing it using a hemostat. After a 45-min
ischemia, the ligature was released, and the heart was reper-
fused. Sham operations were performed with the same proce-
dures except that the trap remained untied. Subsequently, the
mice were divided into the following 17 groups (n = 15 each):
(1) normal (mice without any treatment), (2) sham (sham-op-
erated mice), (3) oe-NC (mice injected with empty adenovirus
vector), (4) oe-ATG4B (mice injected with adenovirus vector
harboring overexpressed ATG4B), (5) sh-NC (mice injected
with adenovirus vector harboring shRNA), (6) sh-ATG4B
(mice injected with adenovirus vector harboring silenced
ATG4B), (7) IR (mice induced with IR only), (8) IR +
agomir-NC (mice injected with agomir-NC and induced with
IR), (9) IR + miR-490-3p agomir (mice injected with miR-
490-3p agomir and induced with IR), (10) IR + antagomir-NC
(mice injected with antagomir-NC and induced with IR), (11)
IR + miR-490-3p antagomir (mice injected with miR-490-3p
antagomir and induced with IR), (12) IR + oe-NC (mice
injected with empty adenovirus vector and induced with IR),
(13) IR + oe-ATG4B (mice injected with adenovirus vector
harboring overexpressed ATG4B and induced with IR), (14)
IR + sh-NC (mice injected with adenovirus vector harboring
shRNA and induced with IR), (15) IR + sh-ATG4B (mice
injected with adenovirus vector harboring silenced ATG4B
and induced with IR), (16) IR + miR-490-3p antagomir +
sh-NC (mice injected with miR-490-3p antagomir + adenovi-
rus vector harboring shRNA and induced with IR), and (17)
IR + miR-490-3p antagomir + sh-ATG4B (mice injected with
miR-490-3p antagomir + adenovirus vector harboring si-
lenced ATG4B and induced with IR). After a 3-h reperfusion,
5 mice in each group were randomly selected, anesthetized
with 1% sodium pentobarbital, and then euthanatized. The
heart of the euthanized mice was quickly excised, fixed for
24 h by immersion in 4% paraformaldehyde, and then cut into
paraffin sections.

Index of Myocardial Function

After the mouse models were established for 7 days, 5 mice in
each group were randomly selected and anesthetized with 1%
sodium pentobarbital for cardiac ultrasound using a small an-
imal ultrasound system with a probe frequency of RMV 704
(40 MHz). The probe acquired a left ventricular M-mode ul-
trasound image through the parasternal long axis and the short
axis. The following data were measured and recorded: left
ventricular end-diastolic dimension (LVEDD), left ventricular

end-systolic dimension (LVESD), left ventricular end-
diastolic volume (LVEDV), and left ventricular end-systolic
volume (LVESV). The left ventricular ejection fraction (LVEF)
and left ventricular fractional shortening (LVFS) were calculated
using following formula: LVEF = [(LVEDV-LVESV)/
LVEDV] × 100, LVFS = [(LVEDD-LVESD)/LVEDD] × 100.
The average of three consecutive cardiac cycles was used for
these measurements.

Terminal-Deoxynucleoitidyl Transferase–Mediated
Nick End Labeling Assay

The aforementioned paraffin sections were dewaxed, hydrated,
and sliced. Each section was added with 1% proteinase K dilu-
tion (50 μL) and incubated for 30 min at 37 °C. The sections
were added with 0.3% H2O2 methanol solution to eliminate
endogenous peroxidase (POD) activity, and incubated at
37 °C for a further 30 min. Afterwards, the sections were added
with TUNEL reaction solution, incubated in a humid chamber
at 37 °C for 1 h, added with converter-POD (50 μL), and
incubated in a wet box at 37 °C for 30 min. Next, the tissue
pieces were added with 2% diaminobenzidine color solution,
incubated at room temperature for 15 min, and then observed
under a microscope. Hematoxylin was added for
counterstaining, and distilled water was used to terminate the
reaction. The sections were then dehydrated with gradient eth-
anol, cleared by xylene, and sealed with a neutral gum. These
sections were observed under an optical microscope (× 200),
with positive cells showing brownish yellow nuclei and healthy
cells as blue. A total of 10 visual fields of each section were
randomly selected, and the positive cells and myocardial cells
were counted respectively. The averaged values were taken,
and the ratio of brown-yellow cells and blue cells was regarded
as the apoptotic index of myocardial cells.

Reverse Transcription Quantitative Polymerase Chain
Reaction

Total RNA was extracted from tissues and cells using TRIzol
(Invitrogen, Carlsbad, CA, USA). After measuring the absor-
bances at 260 nm and 280 nm for measuring RNA concentration
in Nanodrop 2000 (Thermo Fisher Scientific Inc., Waltham,
MA, USA), the total RNA was reverse transcribed into cDNA
using a PrimeScript™ RT reagent with gDNA Eraser kit
(RRO37A, Takara Bio Inc., Otsu, Shiga, Japan) following the
manufacturer’s instructions. In the meantime, the miRNA was
reverse transcribed using a miScript RT kit (Qiagen company,
Hilden, Germany). The specific primers were miR-490-3p (5′-
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGT
TGAGCAGCATGG-3′) and U6 (5′-AACGCTTCACGAAT
TTGCGT-3′). The expression of miR-490-3p and other genes
was detected using the SYBR® Premix Ex Taq™ (Tli RNaseH
Plus) kit (RR820A, Takara Bio Inc., Otsu, Shiga, Japan)

J. of Cardiovasc. Trans. Res. (2021) 14:173–183 175



following the manufacturer’s instructions. RT-qPCR was per-
formed on an ABI7500 qPCR machine (Thermo Fisher
Scientific Inc., Waltham, MA, USA). β-Actin was regarded as
the internal reference for genes, and U6 was taken as the internal
reference for miR-490-3p. The expression levels were calculated
using the 2−ΔΔCt method [15]. The primers used in the reaction
(Table 1) were supplied by GenePharma Co., Ltd. (Shanghai,
China).

Western Blot Analysis

The heart tissues from each group were lysed with
phenylmethylsulfonyl fluoride and phosphatase inhibitor to
isolate the total protein content. Protein (50 μg) was dissolved
in 2 × sodium dodecyl sulfate (SDS) loading buffer and boiled
at 100 °C. After 5 min, each sample was subjected to 10%
SDS-polyacrylamide gel electrophoresis, and the proteins
were transferred to a polyvinylidene fluoride membrane using
the wet transfer method. The samples were blocked with 5%
skimmilk powder at room temperature for 1 h, after which the
PVDF membrane was incubated with the primary rabbit anti-
ATG4B (ab225882, dilution ratio of 1:2000), light chain 3B
(LC3B) (ab51520, dilution ratio of 1:3000), p62 (ab91526,
dilution ratio of 1:1000), and β-actin (ab8226, dilution ratio
of 1:1000) (all from Abcam, Cambridge, MA, USA). The
membrane was then incubated with horseradish peroxidase–
labeled secondary antibodies (mouse, HS201-01; rabbit,
HS101-01, both from TransGen Biotech Co., Ltd., Beijing,
China) for 1 h. The images were obtained by Bio-Rad image
analysis system (Bio-Rad, Richmond, CA, USA) and ana-
lyzed with the Quantity One v4.6.2 software (Bio-Rad,
Richmond, CA, USA). The ratio of the corresponding protein
band gray value and the β-actin protein band gray value was
regarded as the relative protein content.

Transmission Electron Microscope

TEMwas performed as previously described [16]. The mouse
heart tissues were immersed in 4% paraformaldehyde at 4 °C

and then fixed with 0.1 M sodium cacodylate buffer solution
containing 1.5% glutaraldehyde at 4 °C. The tissues were then
fixed with 1% osmium tetroxide, dehydrated with ethanol,
treated with propylene oxide, and embedded in EMbed 812/
Araldite (Electron Microscopy Sciences, Fort Washington,
PA, USA). The sections were mounted on a grid of copper
troughs coated with parlodion, stained with uranyl acetate and
lead citrate, and photographed using a Philips CM100 electron
microscope (FEI, Hillsboro, OR, USA).

Hematoxylin-Eosin Staining

The mouse heart tissues were dewaxed, hydrated, sliced, and
then stained with hematoxylin. Next, the tissues were differ-
entiated with 70% ethanol containing 0.25% HCl for 1 min,
returned to blue color with 2% sodium bicarbonate solution,
stained with eosin and dehydrated with gradient ethanol, and
cleared by xylene. Histomorphological changes in myocardial
cells were observed under an optical microscope after sealing.
A total of 5 view fields were randomly selected for photogra-
phy, and the surface area of mouse myocardial cells in HE
staining in each group was measured with a fully automatic
morphometric apparatus (HPIAS 21000, China).

Evans Blue and 2,3,5-Triphenyl Tetrazolium Chloride
Staining

Three hours after reperfusion, 5 mice were randomly selected
from each group and subjected to Evans Blue (EB) and TTC
staining following a previously reported method [17]. In brief,
after reperfusion, the blood flow of the coronary artery was
blocked, followed by myocardial staining. Then, 2 mL EB
solution (2%) was injected into the left atrium to distinguish
ischemic myocardial tissues from nonischemic myocardial
tissues, and the hearts were immediately removed. The non-
cardiac tissues, left ventricle (LV), and right ventricle were
removed, and the residual blood was washed off using cold
saline. The heart was frozen at − 20 °C for 10 min after re-
moval of excess moisture, and then sliced into 1.5-mm-thick
sections oriented vertical to cardiac axis. The blue area indi-
cated the IR zone, and the light red areas referred to the area at
risk (AAR). After capturing micrographs, the slices were im-
mersed in 1% TTC in phosphate buffer solution (pH = 74.4)
and incubated at 37 °C for 20 min. After final fixation with
10% formalin for 24 h, samples were photographed, with
areas of infarct size (IS) white-colored and non-IS areas brick
red in color. The percentage of IS was quantified as (IS/
AAR) × 100%; the percentage of AAR was expressed as
(AAR/LV) × 100%; and the percentage of IS in LV was sum-
marized as (IS/LV) × 100% using the Image-Pro Plus
software.

Table 1 The primer sequences of RT-qPCR

Gene Primer sequences (5′-3′)

miR-490-3p F: TGCGGTTCAAGTAATTCAGGA

R: CCAGTGCAGGGTCCGAGGT

U6 F: TCGCACAGACTTGTGGGAGAA

R: CGCACATTAAGCCTCTATAGTTACTAGG

ATG4B F: TTCCTCTGTGGGGTTGATGC

R: GCAGTGTGTACCCTACCACC

β-Actin F: TGTTACCAACTGGGACGACA

R: CTTTTCACGGTTGGCCTTAG
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Statistical Analysis

All data were analyzed using the SPSS 21.0 software (IBM
Corp., Armonk, NY, USA). Measurement data were de-
scribed as mean ± standard deviation. Comparisons between
two groups with normal distribution and equal variance were
carried out using the unpaired t test. One-way analysis of
variance (ANOVA) was applied to compare the data between
multiple groups, followed by Tukey’s post hoc test. A value of
p < 0.05 indicated statistical significance.

Results

miR-490-3p Was Poorly Expressed in IR Hearts

Initially, we performed a differential gene expression analysis
on the miRNA dataset GSE50885 of IR model mice to study
the miRNAs related to myocardial cell function during IR.
Subsequently, we plotted a heatmap of the top 10 differential-
ly expressedmiRNAs according to their p values in an ascend-
ing order (Fig. 1a), which illustrated that miR-490-3p present-
ed with the largest FC in IR mice, and its expression in IR
mice was lower than in normal mice (logFC = − 2.23). To

verify the results of the biological analysis, we constructed a
mouse model of myocardial IR using LAD ligation. By testing
the cardiac function of the model mice, LVESD and LVEDD
were significantly increased in the IRmice compared with that
in the normal and sham-operated mice, while LVEF and
LVFSwere significantly decreased (Fig. 1b–e), indicating that
the model was successfully constructed. RT-qPCR was ap-
plied to detect the expression of miR-490-3p in the mouse
model, which showed that the expression of miR-490-3p
was significantly decreased in the IR mice when compared
with that in the normal and sham-operated mice (Fig. 1f).
These results were consistent with the biological analysis,
confirming that miR-490-3p expression was downregulated
in the hearts during IR process.

Inhibition of miR-490-3p Expression Promoted
Autophagy, Inhibited Apoptosis, and Relieved
Myocardial Injury in IR Mice

After confirming that miR-490-3p expression was downregu-
lated during IR, we shifted our focus on investigating whether
miR-490-3p affected autophagy, apoptosis, and myocardial
injury induced by IR. Consequently, we overexpressed or si-
lenced miR-490-3p in IR model mice with the heart pump,
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and later examined apoptosis, autophagy, and IS.Western blot
analysis demonstrated that, in comparisonwith sham-operated
mice, IR mice presented with an increased expression of
autophagy-associated protein LC3II in the heart tissues of
mice and a decreased p62 protein expression. A similar trend
was observed in miR-490-3p antagomir-treated IR mice com-
pared with that in antagomir-NC-treated IR mice (Fig. 2a).

Additionally, the TUNEL assay showed that the apoptosis
in the heart tissues increased in IR mice compared with that in
sham-operated mice, and likewise in IR mice treated with
miR-490-3p agomir compared with that in IR mice treated
with agomir-NC, while apoptosis was lower in IRmice treated
with miR-490-3p antagomir (Fig. 2b). Moreover, TEM obser-
vation revealed that the number of autolysosomes was in-
creased in the heart tissues in IR mice when compared with
that in normal or sham-operated mice, and were further

increased in IR mice that were treated with miR-490-3p
antagomir, but decreased in the mice treated with miR-490-
3p agomir (Fig. 2c).

Furthermore, HE demonstrated significantly increased
myocardial injury (evidenced by increased necrotic area and
neutrophilic inflammation, worsened myocardium and inter-
stitial edema, and broken and split myocardial fibers) in IR
mice compared with that in sham-operated mice, and likewise
in IR mice treated with miR-490-3p agomir compared with
those treated with agomir-NC, while these effects were res-
cued bymiR-490-3p antagomir (Fig. 2d). In the meantime, the
detection of IS in the heart tissue by EB/TTC staining revealed
no white infarcted areas in normal and sham-operated mice,
but significantly increased IS/AAR in IR mice compared with
that in sham-operated mice and likewise in IR mice treated
with miR-490-3p agomir compared with that in IR mice
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myocardial tissues detected by TUNEL (× 200). c Autophagy in myocar-
dial tissues detected by TEM (× 20,000). d The pathological condition of
myocardial tissues detected by HE staining (× 200). e The myocardial IS
of myocardial tissues detected by TTC: AAR is in light red, IS area is in

white, non-IS area is brick red; the percentage of IS was quantified as (IS/
AAR) × 100%, *p < 0.05 vs. the IR group (IR-modeled mice), #p < 0.05
vs. the IR + agomir-NC group (mice treated with agomir-NC and induced
with IR), &p < 0.05 vs. the IR + antagomir-NC group (mice treated with
antagomir-NC and induced with IR). The data are measurement data and
described as mean ± standard deviation. One-way ANOVA was used for
the data analysis between multiple groups. Tukey’s post hoc test was
used. n = 5. The experiment was repeated three times independently
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treated with agomir-NC. However, we saw significantly de-
creased IS/AAR in IR mice treated with miR-490-3p
antagomir (Fig. 2e). These results indicated that the inhibition
of miR-490-3p expression could promote autophagy, inhibit
apoptosis, and alleviate myocardial injury in IR mice.

miR-490-3p Targeted ATG4B and Regulated
the Expression of ATG4B

As a posttranscriptional regulator, miRNA can inhibit mRNA
expression of genes by targeting the 3′UTR. The StarBase
database predicted the target genes of miR-490-3p, showing
that the autophagy-related gene ATG4B could be a potential
target gene of miR-490-3p (Fig. 3a). ATG4B contains a C-
terminal immunoglobulin-like receptor sequence motif that is
important for binding and cleavage of ATG8 family proteins
[18]. HsAtg4B, as the only enzyme reported to cleave effi-
ciently LC3 precursors and LC3-PE, is considered to have
important functions in mammalian autophagy by processing
and uncoupling of LC3 [19, 20]. We hypothesized that miR-
490-3p might affect myocardial injury in IR by regulating the
ATG4B expression.

Results of the dual-luciferase reporter gene assay in
HEK293 cells showed that luciferase activity was inhibited
in cells co-transfected with miR-490-3p mimic and pGL3-

ATG4B-WT when compared with the cells co-transfected
with mimic-NC and pGL3-ATG4B-WT, while there were
no significant differences in luciferase activity in cells co-
transfected with miR-490-3p mimic and ATG4B-Mut (Fig.
3b). We then further performed a series of experiments to
detect whether miR-490-3p could inhibit the protein expres-
sion of ATG4B in HEK293 cells. This showed decreased
ATG4B expression in cells treated with miR-490-3p mimic
compared with that in cells treated with mimic-NC, but in-
creased expression in cells treated with miR-490-3p inhibitor
comparedwith that in cells treated with inhibitor-NC (Fig. 3c).
The expression of ATG4B was significantly increased in IR
mice compared with that in the normal or sham-operated
mice, while was decreased in IR mice treated with miR-490-
3p agomir (Fig. 3d). These findings indicated that miR-490-3p
could target ATG4B and regulate the expression of ATG4B.

miR-490-3p Inhibition Promoted Autophagy
and Alleviated Myocardial Injury by Upregulating
ATG4B in IR Mice

To verify whether miR-490-3p functioned via ATG4B in IR
mice, we employed adenovirus to induce overexpression or
inhibition of ATG4B in the mice. The results of RT-qPCR
showed that ATG4B was upregulated in IR mice treated with
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oe-ATG4B, but downregulated in IR mice treated with sh-
ATG4B compared with IR mice treated with NC (Fig. 4a).
The results of western blot analysis and TUNEL assay re-
vealed that the protein expression of p62 and apoptosis was
significantly decreased in IR mice treated with oe-ATG4B in
comparison with IR mice treated with oe-NC, while the pro-
tein expression of LC3II was elevated. However, IR mice
treated with sh-ATG4B or miR-490-3p antagomir + sh-
ATG4B exhibited opposite trends compared with the mice
treated with NC (Fig. 4b, c).

The results of TEM and EB/TTC assays further revealed
that the number of autolysosome was increased, and IS/AAR
was decreased in the heart tissues of IR mice treated with oe-
ATG4B compared with that of IR mice treated with oe-NC,
while opposite trends were observed when comparing IRmice
treated with sh-ATG4B and IR mice treated with sh-NC as
well as between IRmice treated withmiR-490-3p antagomir +
sh-ATG4B and IRmice treated with miR-490-3p antagomir +
sh-NC (Fig. 4d, e).

Meanwhile, HE staining demonstrated that myocardial injury
was alleviated in IR mice treated with oe-ATG4B. Myocardial
injury in mice was worsened in IRmice treated with sh-ATG4B
compared with that in IRmice treated with sh-NC, and similarly

in IR mice treated with miR-490-3p antagomir + sh-ATG4B
compared with IR mice treated with miR-490-3p antagomir +
sh-NC (Fig. 4f). Above all, it was indicated that miR-490-3p
inhibition promoted autophagy and alleviated myocardial injury
by upregulating ATG4B in IR mice.

Discussion

IR injury remains a main challenge in organ transplantation
and cardiothoracic surgery [1]. Autophagy is an essential pro-
cess in the development and differentiation of cells, with ef-
fects in tumor suppression, and is probably associated with
extended life span [12]. Moreover, autophagy is a protective
mechanism in IR injury [8], and certain miRNAs also partic-
ipate in IR injury [21]. Therefore, in the current study, we
aimed to investigate the role of miR-490-3p in IR injury and
myocardial cell autophagy. Our findings demonstrated that
miR-490-3p inhibition promoted autophagy to reduce IR in-
jury by upregulating ATG4B.

Preliminary findings in this project showed the expression
of miR-490-3p was downregulated, while that of ATG4B was
upregulated in the process of IR. As small endogenous non-
coding RNAs, the miRNAs possess the ability to regulate
gene expression by binding to complementary 3′UTR se-
quences [22]. A previous study further demonstrated that
miR-125b acts as a biomarker implicated in renal IR injury
[23]. ATG4B is an important enzyme for autophagy in mam-
mals [24]. Furthermore, downregulated ATG4B inhibits au-
tophagy induced by rapamycin [25]. Our results with the dual-
luciferase reporter gene assay indicated that ATG4B was a
potential target gene of miR-490-3p. A previous study has
demonstrated that miR-665-3p knockdown can promote au-
tophagic activity by upregulating ATG4B expression, thus
alleviating intestinal IR injury [14]. Another research results
show that doxorubicin-induced autophagy in pancreatic can-
cer is accompanied by diminished miR-137 expression, and

�Fig. 4 miR-490-3p inhibition promoted autophagy and alleviated
myocardial injury by upregulating ATG4B in IR mice. a Expression of
ATG4B determined by RT-qPCR. b Expression of autophagy-related
proteins (LC3II and p62) in myocardial tissues normalized to GAPDH
detected bywestern blot analysis. cApoptosis of the heart tissues detected
by TUNEL (× 200). d Autophagy of the heart tissues detected by TEM (×
20,000). e IS in the heart tissues detected by TTC. f The pathological
condition of the heart tissue detected by HE staining (× 200). *p < 0.05
vs. the oe-NC group (mice treated with oe-NC) or the IR + oe-NC group
(mice treated with oe-NC and induced with IR), #p < 0.05 vs. the sh-NC
group (mice treated with sh-NC) or the IR + sh-NC group (mice treated
with sh-NC and induced with IR), &p < 0.05 vs. the IR + miR-490-3p
antagomir + sh-NC group (mice treated with miR-490-3p antagomir + sh-
NC and induced with IR). The data are measurement data presented as
mean ± standard deviation. The comparison between two groups was
independent sample t test, and Tukey’s post hoc test was used. The ex-
periment was repeated three times independently
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Fig. 5 miR-490-3p inhibition promoted autophagy to reduce myocardial
IR injury by targeting ATG4B. In IR mice, low expression of miR-490-
3p promoted LC3II expression and inhibited p62 expression by

enhancing the expression of ATG4B, thereby promoting autophagy in
myocardial cells. The autophagy reduced myocardial cell apoptosis to
alleviate myocardial injury after reperfusion

J. of Cardiovasc. Trans. Res. (2021) 14:173–183 181



overexpressed ATG5, a target gene of miR-137, can reverse
the enhanced apoptosis and suppressed autophagy induced by
overexpressed miR-137 [26].

Additionally, present research revealed that miR-490-3p
inhibition promoted autophagy and inhibited cell apoptosis
to reduce IR injury by upregulating ATG4B, as evidenced
by increased LC3II and decreased p62 expression, in addition
to reduced IS and apoptosis. LC3II is an essential protein in
autophagy [27]. In addition, ATG4B is essential for the prim-
ing of a majority of LC3 subfamily isoforms (LC3B, LC3B2,
and LC3C) [28]. In accordance with our results, a previous
study also demonstrated that miR-204 expression decreases in
cardiomyocyte autophagy induced by IR in parallel with up-
regulated LC3II [29]. Similar to LC3II protein, p62 is also
regarded as a multifunctional protein associated with autoph-
agy [30]. Moreover, a recent study proved that ATG4B ex-
pression correlates with that of p62, since ATG4B knockdown
damages the formation of autophagosome and the delivery of
p62 to lysosomes [28, 31, 32]. In summary, our findings dem-
onstrated an important role of miR-490-3p in IR. More spe-
cifically, miR-490-3p inhibition can promote autophagy and
inhibit apoptosis to alleviate myocardial IR injury by elevating
the expression of ATG4B (Fig. 5). These promising results
merit further investigation to identify the underlying mecha-
nisms of the various specific miRNAs in myocardial IR
injury.
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