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Down–regulating miR-217-5p Protects Cardiomyocytes
against Ischemia/Reperfusion Injury by Restoring
Mitochondrial Function via Targeting SIRT1
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Abstract— Downregulating miR-217-5p could protect cardiomyocytes against ischemia/
reperfusion (I/R) injury, but its role in restoring mitochondrial function of I/R-injured cardi-
omyocytes remained unclear. H9C2 cardiomyocyte-derived cell line with I/R injury was e-
stablished in vitro on the basis of hypoxia/reperfusion (H/R) model. Cell viability and apo-
ptosis were respectively detected by MTT assay and flow cytometry. Contents of lactate d-
ehydrogenase (LDH) and adenosine triphosphate (ATP) were determined. Flow cytometry
was performed to measure the production of reactive oxygen species (ROS) and mitochon-
drial membrane potential (MMP). Target gene and potential binding sites between miR-217-
5p and Sirtuin1 (SIRT1) were predicted by TargetScan and confirmed by dual-luciferase r-
eporter assay. Relative SIRT1 and expressions of autophagy-related and apoptosis-related
genes were measured by quantitative real-time polymerase chain reaction (qRT-PCR) and
Western blot. After I/R treatment, the viability of H9C2 cardiomyocyte-derived cell line and
ATP contents were reduced, but LDH and ROS contents were increased, at the same time,
cell apoptosis and the expressions of miR-217-5p, p62 and cleaved caspase-3 were increased,
whereas the expressions of SIRT1, LC3 (light chain 3), PINK1 (PTEN-induced kinase 1),
Parkin, Bcl-2, and c-IAP (inhibitor of apoptosis protein) were reduced. However, downreg-
ulating miR-217-5p expression reversed the effects of I/R. SIRT1 was predicted and verified
to be the target of miR-217-5p, and silencing SIRT1 reversed the effects of downregulating
miR-217-5p on I/R-injured cells. Downregulating miR-217-5p could help restore mitochon-
drial function via targeting SIRT1, so as to protect cardiomyocytes against I/R-induced injury.
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INTRODUCTION

Myocardial ischemia/reperfusion (I/R) injury was a
major challenge in myocardial infraction treatment, and
reperfusion is currently the only effective therapy for
treating myocardial infraction [1]. Factors such as
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oxidative stress, intracellular calcium overload, inflamma-
tion, and apoptosis have been found implicated in the
pathogenesis of myocardial I/R [2]. However, the specific
molecular mechanisms of myocardial I/R injury remained
poorly understood, which requires a better and comprehen-
sive study of I/R pathogenesis.

MicroRNAs (miRNAs) are single-strand RNAs with
18–25 nucleotides in length. MiRNAs have regulatory
effects on gene expressions by binding to mRNA targets
in the 3′-untranslated regions (3′-UTRs) [3], and they play
pivotal roles in myocardial I/R injury through regulating
multiple pathophysiological processes [4]. For example,
miR-24-3p protects H9C2 cells against I/R injury via acti-
vating Nrf2-Keap1 pathway [5]; upregulation of miR-
374a-5p also protects against I/R injury in vitro and
in vivo [6]; miR-206 protects against myocardial I/R injury
by targeting growth arrest DNA damage-inducible gene
45β (Gadd45β) [7].

The upregulation of miR-217-5p, which has been
found in the myocardial tissues of patients with chronic
heart failure, also promotes cardiac hypertrophy and dys-
function via targeting PTEN [8]. Xia et al. demonstrated
that downregulating the expressions of miR-217 and miR-
543 could mitigate inflammatory response and myocardial
injury in children with viral myocarditis via regulating
SIRT1/AMPK/NF-κB signaling pathway [9]. As for I/R
injury, Li et al. revealed that inhibition of miR-217 could
protect cardiomyocytes against I/R injury through sup-
pressing the activation of NF-κB and MAPK pathways
[10]. Moreover, dysfunction of mitochondria is closely
related to I/R injury [11]; however, the role of miR-217-
5p in the restoration of mitochondrial function to protect
cardiomyocytes against I/R injury remained unclear. The
present study established a hypoxia/reoxygenation (H/R)
model as a simulation of I/R injury in vitro [12] to inves-
tigate the molecular mechanisms through which miR-217-
5p restored mitochondrial function against myocardial I/R
injury, hoping to develop a potential strategy for treating
myocardial I/R injury.

MATERIAL AND METHODS

Cell Culture and Treatment

Rat H9C2 cardiomyocyte-derived cell lines were pur-
chased from American Type Culture Collection (ATCC;
CRL-1446; Rockville, MD, USA) and cultured in
Dulbecco’s modified eagle medium (DMEM; 01–057-1;
Biological Industries, Cromwell, CT, USA) containing

10% fetal bovine serum (FBS; S1620, Biowest, Nuaillé,
France) and 100 U/mL penicillin-streptomycin (P1400;
Solarbio, Beijing, China) at 37 °C with 5% CO2.

A H/R model was established as previously described
for stimulating I/R injury in vitro [13]. Primary H9C2
cardiomyocyte-derived cell lines were first cultured in
DMEM supplemented with 10% FBS and 100 U/mL pen-
icillin-streptomycin at 37 °C with 5% CO2, and then incu-
bated in a hypoxia incubator (#27310; StemCell, Beijing,
China) with 95% N2 and 5% CO2 for 30 min. Finally,
H9C2 cardiomyocyte-derived cell lines were cultured in
fresh DMEM with 10% FBS at 37 °C with 5% CO2 for
another 2 h.

Cell Transfection

MiR-217-5p inhibitor (I; B03001) and its control (IC;
B04001) were purchased from Gene Pharma (Shanghai,
China); small interfering RNA for SIRT1 (siSIRT1;
SR30002) and negative control (siNC; SR3004) was syn-
thesized by Origene (Beijing, China). The H9C2 cardio-
myocyte-derived cell lines were cultured at a density of 5 ×
104 cells/well in a 24-well plate to 80% confluence. Then,
2-μg inhibitor and its control, 30 pmol siSIRT1 and siNC
were transfected into the cells using Lipofectamine 2000
reagent (11,668,027; Thermo Fisher Scientific, Waltham,
MA, USA). After transfection for 48 h, the cells were
harvested for subsequent studies. Transfection primer
sequences are listed in Table 1.

MTT Assay

The transfected H9C2 cardiomyocyte-derived cell
lines (5 × 103 cells/well) were seeded into 96-well plates.
For the detection of cell viability, 20 μL MTT reagent
(5 mg/mL; K017; Fine Biotech, Wuhan, China) was
added into the cells and incubated together at 37 °C for
4 h, and then the visible formazan crystals were solubilized
by 150 μL dimethyl sulfoxide (DMSO; 598–10, RJ
Matthews, Massillon, OH, USA). OD values at an
absorbance of 490 nm were recorded using a UV5
Spectrophotometer (Mettler Toledo, Columbus, OH,
USA).

Lactate Dehydrogenase Leakage Assay

After I/R stimulation, H9C2 cardiomyocyte-derived
cell lines (2 × 104 cells/well) were seeded into a 96-well
plate. After collection of cell supernatant, 60 μL lactate
dehydrogenase (LDH) detection reagent (A020–1-2;
Nanjing Jiancheng Bioengineering Institute, Nanjing,

384



Role of miR-217-5p in I/R Injury

China) was added to the supernatant for further incubation
at 37 °C in the dark. Mass LDH leakage was measured at
an absorbance at 490 nm using a fluorescence microplate
reader (TriStar2 LB942; Berthold Technologies GmbH,
Bad Wildbad, Germany).

Adenosine Triphosphate Measurement

The cardiomyocytes were washed by cold PBS twice,
collected, and centrifuged at 13,000×g for 15 min at 4 °C.
Proteins of H9C2 cardiomyocyte-derived cell lines were
subsequently extracted and its concentration was deter-
mined by bicinchoninic acid (BCA) protein kit (J63283;
Alfa Aesar, Shanghai, China). Two hundred microliters of
protein supernatant was then mixed with adenosine tri-
phosphate (ATP) assay kit (A095–1, Nanjing Jiancheng
Bioengineering Institute, China), and the fluorescence was
measured at 560-nm absorbance using a microplate reader
(TriStar2 LB942; Berthold Technologies GmbH,
Germany).

Detection of Cell Apoptosis by Flow Cytometry

Cell apoptosis was determined by Annexin V-FITC/
Propidium iodide (PI) apoptosis kit (A211; Vazyme, Nan-
jing, China) according to the instructions. Forty-eight
hours after the transfection, the H9C2 cardiomyocyte-de-
rived cell lines were harvested, washed with cold phos-
phate buffered saline (PBS) twice, and subsequently treat-
ed by 5 μLAnnexin V and PI together at room temperature
for 20 min in the dark. Cell apoptosis was analyzed by
Guava easyCyte Benchtop Flow Cytometer (BR168323;
Luminex, Austin, TX, USA) with Kaluza C Analysis Soft-
ware (Beckman Coulter, Indianapolis, IN, USA).

Reactive Oxygen Species Assay

The H9C2 cardiomyocyte-derived cell lines were cul-
tured in a 24-well plate for 24 h. The cells were observed
under a fluorescencemicroscope (BX51, Olympus, Tokyo,
Japan), then collected, and resuspended in the flushing

fluid at an adjusted density of 1 × 106 cells/well. Next,
the cells were washed by PBS and incubated with 10 μM
2′, 7′-dichlorofluroscein diacetate (DCFH-DA; AAT
Bioquest, Sunnyvale, CA, USA) in a serum-free DMEM
at 37 °C for 30 min in the dark. The cells were finally
analyzed using Guava easyCyte Benchtop Flow Cytometer
(Luminex, USA) with an emission filter of 525 nm and the
mean fluorescent intensity was measured.

Mitochondrial Membrane Potential Assessment

Mitochondrial membrane potential (MMP) assess-
ment was performed using JC-1 Mitochondrial Membrane
Potential Assay Kit (10,009,172, Cayman Chemical, Ann
Arbor, MI, USA) as previously described [14]. The H9C2
cardiomyocyte-derived cell line samples were collected
after centrifugation, then resuspended in JC-1 staining
solution (10,009,908, Cayman Chemical), and further in-
cubated for 15 min. Subsequently, the cells were resus-
pended in 500-μL pre-heated incubation buffer. MMP
assessment was conducted using Guava easyCyte Bench-
top Flow Cytometer (Luminex, USA).

Target Gene Prediction and Dual-Luciferase Reporter
Assay

Target gene and potential binding sites between miR-
217 and SIRT1 were predicted by TargetScan 7.2 and
further confirmed using dual-luciferase reporter assay.

PMIR-REPORT Luciferase vector (AM5795; Ther-
mo Fisher Scientific, USA) with wild-type or mutated
SIRT1 sequences were cloned into the pMirGLO reporter
vector (E1330; Promega, Madison, WI, USA) to generate
SIRT1-WT (sequence: 5′-UGGCUACACUAAAG
AAUGCAGUA-3′) and SIRT1-MUT (sequence: 5′-
UGGCUACACUAAAGAGACUUUAAC-3 ′). The
H9C2 cardiomyocyte-derived cell lines were cultured in
24-well plates at 2.5 × 104 cells/well and co-transfected
with SIRT1-WT and SIRT1-MUT, miR-217-5p mimic
(B02003; Gene Pharma, Shanghai), or mimic control
(B04001; Gene pharma), using Lipofectamine 2000

Table 1. Sequence for transfection

Gene Sequences

rno-miR-217-5p mimic
rno-miR-217-5p mimic control

5′-UACUGCAUCAGGAACUGACUGG-3′
5′-UUCUCCGAACGUGUCACGUTT-3′

rno-miR-217-5p inhibitor
rno-miR-217-5p inhibitor control

5′-CCAGUCAGUUCCUGAUGCAGUA-3′
5′-UAGAACUUGCAUUGCAACCGG-3′

siSIRT1 5′-ACUUUCACAGGAAUGAAAGCC-3′
siNC 5′-UGCUUCGAACGUGUCACGU-3′
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reagent at 37 °c for 48 h. Finally, the firefly luciferase
activity was detected and normalized to that of Renilla in
a dual-luciferase reporter assay system (E1910; Promega,
USA).

RNA Isolation andQuantitative Real-Time Polymerase
Chain Reaction

Total RNAs were extracted from the cells using
Trizol reagent (A33250, Invitrogen, Madison, MI, USA)
according to the instructions and preserved in a − 80 °0
refrigerator. The RNA concentration was determined and
quantified by Nano Drop 2000 biological spectrometer
(catalog number: ND-LITE-PR; Thermo Fisher Scientific,
USA). One microgram of the total RNA was reverse-
transcribed into cDNA by First-strand cDNA Synthesis
Kit (E6300L; New England Biolabs, Ipswich, MA,
USA). Quantitative real-time polymerase chain reaction
(qRT-PCR) experiment was conducted using Phusion®
High-Fidelity PCR kit (New England BioLabs, Beijing,
China) in AriaMx real-time PCR System (G8830A,
Agilent, Santa Clara, CA, USA) under the following con-
ditions: at 95 °C for 5 min, followed by 38 cycles at 95 °C
for 15 s and at 60 °C for 30s. The primer sequences are
listed in Table 2. GAPDH and U6 were used as internal
references. Relative gene expressions were calculated by
2−ΔΔCT method [15].

Western Blot

The expressions of SIRT1 and autophagy-related
proteins (Light Chain 3, LC3; p62; PTEN-induced
kinase 1, PINK1; Parkin; Cleaved caspase-3; Bcl-2
and c-inhibitor of apoptosis, c-IAP) were determined
by Western blot as previously described [16]. The
proteins were lysed and extracted by RIPA buffer

(MB-077-0015; Rockland, Limerick, PA, USA) short-
ly after the cell collection. The protein concentrations
were measured by bicinchoninic acid (BCA) protein
kit (Alfa Aesar, China). Sample protein lysates
(30 μg) were electrophoresed by 10% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE; P1200; Solarbio, Beijing, China) and then
transferred into Amersham Hybond polyvinylidene
fluoride (PVDF) membranes (1,060,069, GE Health
Care, Pittsburgh, PA, USA), which were blocked by
5% non-fat milk for 2 h. The membranes were incu-
bated with the following primary antibodies: anti-
SIRT1 antibody (mouse, 1:1000, ab110304, Abcam,
Cambridge, UK), anti-LC3B antibody (rabbit, 1:2000,
ab192890, Abcam, UK), anti-p62 antibody (rabbit,
ab109012, 1:10000, Abcam, UK), anti-PINK1 anti-
body (rabbit, 1:1000, ab23707, Abcam, UK), anti-
Parkin antibody (rabbit, 1:1000, ab109199, Abcam,
UK), anti-cleaved caspase-3 antibody (rabbit, 1:500,
ab49822, Abcam, UK), anti-Bcl-2 antibody (rabbit,
1:1000, ab59348, Abcam, UK), anti-c-IAP antibody
(rabbit, ab2399, 1:200, Abcam, UK), and anti-β-actin
antibody (rabbit, ab8226, 1:2000, Abcam, UK) at 4
°C overnight, with β-actin as an internal control.
Then the membranes were incubated with secondary
horseradish peroxidase (HRP)-combined antibodies
goat anti-rabbit IgG H&L (HRP) (NBP2-30348H,
1:2000, Bio-Techne, Shanghai, China) and goat an-
ti-mouse IgG H&L (HRP) (NB7539, 1:2000, Bio-
Techne, China) at room temperature for 1 h, and
then washed by tris-buffer saline tween (TBST) for
three times. Next, the protein bands were collected
and analyzed by an enhanced chemiluminescence
(ECL) kit (SW2020; Solarbio, China). The gray

Table 2. Primers of qRT-PCR

Gene Primers

miR-217-5p
Forward 5′-CTGGGTCGTATCCAGTGCAA-3′
Reverse 5′-GTCGTATCCAGTGCGTGTCG-3′
SIRT1
Forward 5′-TGATTGGCACCGATCCTCG-3′
Reverse 5′-CCACAGCGTCATATCATCCAG-3′
U6
Forward 5′-CTCGCTTCGGCAGCACATATACT-3′
Reverse 5′-ACGCTTCACGAATTTGCGTGTC-3′
β-Actin
Forward 5′-ACCCACACTGTGCCCATCTAC-3′
Reverse 5′-TCGGTGAGGATCTTCATGAGGTA-3′
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values of the strips were calculated by ImageJ (ver-
sion 5.0; Bio-Rad, Hercules, CA, USA).

Statistical Analysis

All the experiments were independently performed at
least three times. The data were expressed as mean ± stan-
dard deviation (SD). Statistical analysis was conducted
using SPSS 19.0 software (Chicago, IL, USA). Student’s
t test and one-way ANOVA followed by Dunnett’s post
hoc test were applied to analyze statistical significance,
which was defined as a p < 0.05.

RESULTS

Downregulating miR-217-5p Reversed the Effects of I/
R on the Viability, Apoptosis, and Contents of LDH,
ATP, and ROS of H9C2 Cardiomyocyte-Derived Cell
Lines

After I/R treatment, H9C2 cardiomyocyte-derived
cell lines were transfected miR-217-5p inhibitor to explore
the effects of I/R and miR-217-5p. We found that H9C2
cardiomyocyte-derived cell line viability was decreased
after I/R treatment (Fig. 1a, P < 0.001) but was increased
after the transfection with miR-217-5p inhibitor (Fig. 1a, P
< 0.01), suggesting that downregulating miR-217-5p could
reverse the effects of I/R on the cell viability of H9C2.

As shown in Fig. 1b and c, after I/R treatment, LDH
content was significantly increased and ATP content was
reduced, whereas the opposite results were observed after
downregulation of miR-217-5p (Fig. 1b and c, P < 0.01),
indicating that downregulating miR-217-5p could reversed
the effects of I/R on LDH and ATP contents of the H9C2
cardiomyocyte-derived cell lines.

The data of flow cytometry demonstrated that the
apoptosis of H9C2 cardiomyocyte-derived cell lines was
high after I/R treatment (Fig. 1d and e, P < 0.001) but was
reduced after downregulating miR-217-5p (Fig. 1d and e,
P < 0.001). This demonstrated that downregulating miR-
217-5p could reverse the effects of I/R on H9C2 cardio-
myocyte-derived cell line apoptosis.

Reactive oxygen species (ROS) content was deter-
mined by DCFH-DA fluorescence assay and flow cytom-
etry. In Fig. 1f and g, it could be observed that ROS content
of H9C2 cardiomyocyte-derived cell lines was evidently
increased after I/R treatment, but downregulating miR-
217-5p reduced ROS content of H9C2 cardiomyocyte-
derived cell lines (Fig. 1f and g, P < 0.001). These two
findings showed that downregulating miR-217-5p could

reverse the effects of I/R on ROS content in H9C2 cardio-
myocyte-derived cell lines.

Downregulating miR-217-5p Reversed the Effects of I/
R onMMP and Expressions of miR-217-5p and SIRT1
of H9C2 Cardiomyocyte-Derived Cell Lines

Flow cytometry was performed to examine the effects
of I/R and downregulation of miR-217-5p on MMP. As
shown in Fig. 2a and b, MMP was reduced after I/R
treatment but was restored by downregulation of miR-
217-5p (Fig. 2a and b, P < 0.001), indicating that the
downregulation of miR-217-5p could reverse the effects
of I/R onMMP of H9C2 cardiomyocyte-derived cell lines.

In Fig. 2c and d, after I/R treatment, miR-217-5p
expression was increased and SIRT1 expression was re-
duced, while the miR-217-5p inhibitor inhibited the miR-
217-5p expression and promoted SIRT1 expression in the
I/R + I group compared with I/R group (Fig. 2c and d, P <
0.01). The results suggested that downregulation of miR-
217-5p could reverse the effects of I/R on the expressions
of miR-217-5p and SIRT1 of H9C2 cardiomyocyte-de-
rived cell lines.

Downregulating miR-217-5p Reversed the Effects of I/
R on Protein Expressions of SIRT1 and Autophagy-
Related and Apoptosis-Related Genes

After I/R treatment and miR-217-5p inhibitor trans-
fection, the expressions of SIRT1 and autophagy-related
and apoptosis-related genes were determined by
conducting Western blot. In Fig. 3a–c, we found that the
expressions of SIRT1, LC3-II, Mito-LC3-II, PINK1,
Parkin, Bcl-2, and c-IAP were reduced but those of LC3-
I, p62, and C Caspase-3 were increased after I/R treatment;
however, these effects were reversed by downregulation of
miR-217-5p (Fig. 3a–c, P < 0.001). Also, as shown in Fig.
3d, we found that LC3-II/LC3-I ratio was reduced after I/R
treatment, while downregulating miR-217-5p reversed
such an effect (Fig. 3d, P < 0.001).

SIRT1 Was the Target of miR-217-5p, and Silencing
SIRT1 Reversed the Effects of Downregulation of miR-
217-5p on SIRT1 Expression of I/R-Treated H9C2
Cardiomyocyte-Derived Cell Lines

TargetScan predicted that SIRT1 was the target of
miR-217-5p because it contained the complementary bind-
ing sites at 3′-UTRs (Fig. 4a). The prediction was further
verified by dual-luciferase reporter vectors containing their
3′-UTRs, and we observed that the relative luciferase
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activity of SIRT1-WT-mimic (M) group was reduced as
compared with SIRT-WT-mimic control (MC) group (Fig.
4b, P < 0.001), whereas that in SIRT-MUT-M group was
not affected as compared with SIRT-MUT-MC group.

Thus, SIRT1 was confirmed to be the target of miR-217-
5p.

The mRNA and protein expressions of SIRT1 were
measured after transfecting miR-217-5p inhibitor and

Fig. 1. Downregulation of miR-217-5p reversed the effects of I/R on viability, apoptosis, and contents of LDH, ATP, and ROS of H9C2 cardiomyocyte-
derived cell line. A, The viability of H9C2 cardiomyocyte-derived cell line after I/R treatment and miR-217-5p inhibitor (I) transfection was measured by
MTT assay. B, LDH content of H9C2 cardiomyocyte-derived cell line after I/R treatment and miR-217-5p inhibitor (I) transfection was measured by LDH
detection kit. C, ATP content in H9C2 cardiomyocyte-derived cell line after I/R treatment and miR-217-5p inhibitor (I) transfection were detected by ATP
detection kit. D, e apoptosis of H9C2 cardiomyocyte-derived cell line after I/R treatment and miR-217-5p inhibitor (I) transfection was detected by flow
cytometry. F, g ROS content of H9C2 cardiomyocyte-derived cell line after I/R treatment and miR-217-5p inhibitor (I) transfection were quantified by
DCFH-DA assay and flow cytometry. All experiments were performed in triplicate and the data were expressed as mean ± standard deviation (SD). ***P <
0.001, vs. control; ^^P < 0.01, ^^^P < 0.001, vs. I/R + IC. LDH, lactate dehydrogenase; ATP, adenosine triphosphate; ROS, reactive oxygen species; I/R,
ischemia/reperfusion; IC, inhibitor control.
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siSIRT1 into the I/R-treated H9C2 cardiomyocyte-de-
rived cell lines. We observed that after transfection of
miR-217-5p inhibitor into I/R-injured H9C2 cardio-
myocyte-derived cell lines, SIRT1 mRNA and protein
expressions were both increased (Fig. 4c–e, P < 0.001).
Silencing SIRT1, however, reduced both mRNA and
protein expressions of SIRT1 of I/R-treated H9C2 car-
diomyocyte-derived cell lines (Fig. 4c–e, P < 0.001).

Silencing SIRT1 Reversed the Effects of
Downregulation of miR-217-5p on Viability, Apoptosis,
and LDH, ATP, and ROS Contents of I/R-Injured
H9C2 Cardiomyocyte-Derived Cell Lines

After the transfection of miR-217-5p inhibitor and
siSIRT1 into I/R-treated H9C2 cardiomyocyte-derived cell
lines, the viability, apoptosis, and contents of LDH, ATP,
and ROS of the cells were determined. As shown in Fig. 4f,
the viability of I/R-injured cells was increased after down-
regulation of miR-217-5p but was then reduced after si-
lencing SIRT1 (Fig. 4f, P < 0.01). This indicated that
silencing SIRT1 reversed the effects of downregulating

miR-217-5p on the viability of I/R-injured H9C2 cardio-
myocyte-derived cell lines.

LDH and ATP contents of I/R-injured H9C2 cardio-
myocyte-derived cell lines after the transfection of miR-
217-5p inhibitor and siSIRT1 were subsequently mea-
sured. We found that LDH content was reduced and ATP
content was increased after downregulating miR-217-5p
(Fig. 4g and h, P < 0.01). However, silencing SIRT1
increased LDH content and decreased ATP content (Fig.
4g and h, P < 0.01), showing that silencing SIRT1 reversed
the effects of downregulating miR-217-5p on LDH and
ATP contents of I/R-injured H9C2 cardiomyocyte-derived
cell lines.

Flow cytometry was performed to detect apoptosis of
I/R-injured H9C2 cardiomyocyte-derived cell lines after
the transfection of miR-217-5p inhibitor and siSIRT1. In
Fig. 5a, the cell apoptosis was reduced after downregula-
tion of miR-217-5p, whereas silencing SIRT1 increased
the cell apoptosis (Fig. 5a, P < 0.001), indicating that
silencing SIRT1 reversed the effects of downregulation
of miR-217-5p on the apoptosis of I/R-injured H9C2 car-
diomyocyte-derived cell lines.

Fig. 2. Downregulation of miR-217-5p reversed the effects of I/R on mitochondrial membrane potential (MMP) and expressions of miR-217-5p and SIRT1
of H9C2 cardiomyocyte-derived cell line. A, bMMP of H9C2 cardiomyocyte-derived cell line after I/R treatment and miR-217-5p inhibitor (I) transfection
was assessed by flow cytometry. C, d relative expressions of miR-217-5p and SIRT1 in H9C2 cardiomyocyte-derived cell line after I/R treatment and miR-
217-5p inhibitor (I) transfection were measured by quantitative real-time polymerase chain reaction (qRT-PCR). U6 (for miR-217-5p) and β-actin (for
SIRT1) were internal controls. All experiments have been performed in triplicate and the data were expressed as mean ± standard deviation (SD). ***P <
0.001, vs. control; ^P < 0.05, ^^^P < 0.001, vs. I/R + IC. SIRT1, Sirtuin 1.
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After the transfection of miR-217-5p inhibitor and
siSIRT1, ROS content of I/R-injured H9C2 cardiomyo-
cyte-derived cell lines was decreased after downregulation
of miR-217-5p (Fig. 5b, P < 0.001), while silencing SIRT1
increased ROS content of the cells (Fig. 5b, P < 0.001).
This showed that silencing SIRT1 reversed the effects of
downregulating miR-217-5p on ROS content of I/R-in-
jured H9C2 cardiomyocyte-derived cell lines.

Silencing SIRT1 Reversed the Effects of
Downregulating miR-217-5p on MMP of I/R-Treated
H9C2 Cardiomyocyte-Derived Cell Lines

Flow cytometrywas performed to evaluate the effects of
downregulating miR-217-5p and silencing SIRT1 on mito-
chondrial membrane potential of I/R-injured H9C2

cardiomyocyte-derived cell lines. In Fig. 5c mitochondrial
membrane potential of I/R-treated H9C2 cardiomyocyte-de-
rived cell lines was increased but then decreased after silenc-
ing SIRT1 in the I/R-treated H9C2 cardiomyocyte-derived
cell lines (Fig. 5c, P < 0.001). Therefore, it could be conclud-
ed that silencing SIRT1 reversed the effects of downregula-
tion of miR-217-5p on mitochondrial membrane potential of
I/R-injured H9C2 cardiomyocyte-derived cell lines.

Silencing SIRT1 Reversed the Effects of
Downregulation of miR-217-5p on the Expressions of
Autophagy-Related and Apoptosis-Related Genes of I/
R-Injured H9C2 Cardiomyocyte-Derived Cell Lines

The expressions of autophagy-related and apoptosis-
related genes of I/R-treated H9C2 cardiomyocyte-derived cell

Fig. 3. Downregulation of miR-217-5p reversed the effects of I/R on expressions of SIRT1 and autophagy-related and apoptosis-related genes. A–c relative
protein/β-actin expressions of SIRT1, LC3-I, LC3-II,Mito-LC3-II, p62, PINK1, Parkin, cleaved (C) caspase-3, Bcl-2, and c-IAP after I/R treatment andmiR-
217-5p inhibitor (I) transfection were measured by Western blot. β-actin was an internal control. D LC3-II/LC3-I ratio after I/R treatment and miR-217-5p
inhibitor (I) transfection was quantified. All experiments have been performed in triplicate and the data were expressed as mean ± standard deviation (SD).
***P < 0.001, vs. control; ^^^P < 0.001, vs. I/R + IC. LC3, light chain 3; PINK1, PTEN-induced kinase 1; Bcl-2, B cell lymphoma 2; c-IAP, cellular inhibitor
of apoptosis protein.
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lines after the transfection of miR-217-5p inhibitor and
siSIRT1 were determined. As shown in Fig. 6a–c, after the
transfection of miR-217-5p inhibitor into I/R-treated cells, the
expressions of LC3-II, Mito-LC3-II, PINK1, Parkin, Bcl-2,

and c-IAP were increased but those of LC3-I, p62, and C
Caspase-3 were reduced, whereas silencing SIRT1 resulted in
opposite effects (Fig. 6a–c, P < 0.001). In addition, as shown
in Fig. 6d, LC3-II/LC3-I ratio of I/R-injured H9C2

Fig. 4. SIRT1 was the target of miR-217-5p, and silencing SIRT1 reversed the effects of downregulation of miR-217-5p on SIRT1 expression, cell viability,
and LDH and ATP contents in I/R-treated H9C2 cardiomyocyte-derived cell line. A predicted target gene and binding sites of miR-217-5p and SIRT1 at 3′-
UTR and SIRT1 wild-type and mutated 3′-UTR (SIRT1 3′-UTR WT; SIRT1 3′-UTR MUT) were listed. B dual-luciferase reporter assay confirmed that
SIRT1 was the target gene of miR-217-5p. C–e relative mRNA (c) and protein/β-actin expressions (d, e) of SIRT1 in I/R-injured H9C2 cardiomyocyte-
derived cell line after transfection of miR-217-5p inhibitor and siSIRT1 were measured by qRT-PCR and Western blot. β-actin was an internal control. F
H9C2 cardiomyocyte-derived cell line viability after transfection of miR-217-5p inhibitor and siSIRT1 were measured by MTT assay. G LDH content in
H9C2 cardiomyocyte-derived cell line after transfection of miR-217-5p inhibitor and siSIRT1was detected.HATP content in H9C2 cardiomyocyte-derived
cell line after transfection of miR-217-5p inhibitor and siSIRT1 was measured. All experiments have been performed in triplicate and the experimental data
were expressed as mean ± standard deviation (SD). +++P < 0.001, vs. MC; **P < 0.01, ***P < 0.001, vs. I/R; ^^P < 0.01, ^^^P < 0.001, vs. I/R + I + siNC.
siSIRT1, small interfering RNA for SIRT1; NC, negative control; MC, mimic control.
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cardiomyocyte-derived cell lines was significantly increased
after downregulation of miR-217-5p, while silencing SIRT1
reduced the LC3-II/LC3-I ratio (Fig. 6d, P < 0.001).

DISCUSSION

In the present study, the H/R-treated H9C2 cardio-
myocyte-derived cell lines were cultured in vitro to

simulate myocardial I/R injury in vivo. The viability and
apoptosis of H/R-injured H9C2 cardiomyocyte-derived
cell lines were detected to explore the effects of I/R injury
on miR-217-5p expression and the effect of downregula-
tion miR-217-5p on the H9C2 cardiomyocyte-derived cell
lines. The results showed that the viability of H9C2 car-
diomyocyte-derived cell lines was reduced by H/R treat-
ment, whereas the apoptosis of H9C2 cardiomyocyte-de-
rived cell lines was increased, but downregulation of miR-

Fig. 5. Silencing SIRT1 reversed the effects of downregulation of miR-217-5p on cell apoptosis, ROS content, and MMP in I/R-injured H9C2
cardiomyocyte-derived cell line. A H9C2 cardiomyocyte-derived cell line apoptosis after transfection of miR-217-5p inhibitor and siSIRT1 was detected
by flow cytometry.BROS content in H9C2 cardiomyocyte-derived cell line after transfection ofmiR-217-5p inhibitor and siSIRT1wasmeasured by DCFH-
DA assay and flow cytometry.Cmitochondrial membrane potential in H9C2 cardiomyocyte-derived cell line after transfection of miR-217-5p inhibitor and
siSIRT1 was assessed by flow cytometry. All experiments have been performed in triplicate and the experimental data were expressed as mean ± standard
deviation (SD). ***P < 0.001, vs. I/R; ^^^P < 0.001, vs. I/R + I + siNC. DCFH-DA: 2’, 7’-dichlorofluroscein diacetate.
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217-5p caused opposite effects, suggesting that downreg-
ulation miR-217-5p might increase viability and reduce
apoptosis of the H9C2 cardiomyocyte-derived cell lines
after I/R injury.

In cardiac I/R injury, excessive mitochondrial fission,
together with mitophagy defection, oxidative stress,
dyshomeostasis on calcium, and programmed cell death
are modulated by ER-mitochondria microdomains [17].
Study found that mitochondrial dysfunction, which is char-
acterized by the loss of mitochondrial membrane potential
and altered mitochondrial biogenesis and clearance, plays a
key role in multiple cardiovascular diseases and could
reduce ATP production [18]. Production of mitochondrial
ROS is related to the oxidative damage caused by I/R
injury in several pathological situations such as heart attack
and stroke [19], and LDH is indicative of the degree of
myocardial injury [20]. Previous study demonstrated that I/
R consist of several distinct phases of cellular injury in-
cluding ATP depletion, accumulation of LDH during is-
chemia, and production of ROS during reperfusion [21]. In
the present study, we found that LDH and ROS contents

were increased but ATP and mitochondrial membrane
potential were decreased, whereas downregulation of
miR-217-5p caused opposite effects, suggesting that I/R
treatment could aggravate injury to H9C2 cardiomyocyte-
derived cell lines, but downregulation of miR-217-5p
could ameliorate myocardial I/R injury by the restoration
of mitochondrial functions.

Mitophagy refers to an autophagic response specifi-
cally targeting damaged and cytotoxic mitochondria, and is
involved with several cardiovascular disorders [22]. Sev-
eral proteins, such as LC3, p62, PINK-1, and Parkin, have
been found to play pivotal roles inmitophagy by increasing
p62 expression and reducing the expressions of LC3,
PINK-1, and Parkin [23, 24]. Autophagosomes could fur-
ther damage mitochondria through interaction with LC3 or
LC3-related proteins and autophagy adaptors or receptors
[25]. P62, a selective cargo autophagy receptor that degen-
erates misfolded proteins, affects the balance between
mitophagy and recognize and binds ubiquitinated proteins
through binding to LC3 [26, 27]. Several types of
mitophagy will be activated to damage mitochondria by

Fig. 6. Silencing SIRT1 reversed the effects of downregulation of miR-217-5p on expressions of autophagy-related and apoptosis-related genes in I/R-
injured H9C2 cardiomyocyte-derived cell line. A–c relative protein/β-actin expressions of LC3-I, LC3-II, Mito-LC3-II, p62, PINK1, Parkin, cleaved (C)
caspase-3, Bcl-2, and c-IAP after transfection of miR-217-5p inhibitor and siSIRT1 were measured byWestern blot. β-actin was an internal control.D LC3-
II/LC3-I ratio after transfection of miR-217-5p inhibitor and siSIRT1 was quantified. All experiments have been performed in triplicate and the data were
expressed as mean ± standard deviation (SD). ***P < 0.001, vs. I/R; ^^^P < 0.001, vs. I/R + I + siNC.
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reducingmembrane potential dependent on PTEN-induced
putative kinase-1 (PINK-1) [28]. Parkin, together with
PINK-1, is indispensable for mitophagy, and PINK-1-
Parkin axis is a core mechanism of neurons mitophagy
[29]. In our study, after I/R treatment, the p62 expression
was significantly increased and those of expressions of
LC3, PINK1, and Parkin were decreased, whereas down-
regulation of miR-217-5p produced opposite results. To
our best knowledge, we were the first to demonstrate that
downregulation of miR-217-5p could reverse the effects of
I/R on mitophagy.

Apoptosis plays an important role in I/R patho-
genesis, and generally prolonged ischemia will in-
crease necrosis and reperfusion will promote cell
apoptosis [30]. Bcl-2, caspase-3, and c-IAP play
key roles in cell apoptosis [31]. Bcl-2 and its family
of proteins could regulate cell apoptosis through reg-
ulating mitochondrial permeability [32]. Caspase-3 is
a marker of apoptosis because its activity is required
for major apoptosis-related morphological and bio-
chemical events, and increasing the expression of
caspase-3 will induce cell apoptosis [33]. C-inhibitor
of apoptosis (c-IAP) protein dose not binds to
caspases, but it indirectly regulates caspase activation
[34]. The present study found that after I/R treat-
ment, cleaved caspase-3 expression was increased,
but those of Bcl-2 and c-IAP were reduced, whereas
downregulation of miR-217-5p caused opposite ef-
fects, suggesting that downregulation of miR-217-5p
could reversed the effects of I/R on the apoptosis of
cardiomyocytes, which was also consistent with a
previous study [35].

Sirtuin 1 (SIRT1), which is a NAD-dependent
deacetylase, plays a protective role in several diseases
including in cardiovascular diseases [36]. SIRT1 cardio-
myocyte-specific deletion could sensitize myocardium to
ischemia and reperfusion injury [37], and SIRT1 can in-
crease autophagy and reduce apoptosis of cardiomyocytes
against hypoxic stress [38]. For its effects onmitochondrial
function of cardiomyocytes, Wu et al. found that SIRT1
plays a key role in protecting Icariin-pretreated
cardiomyocytes against I/R injury [39]. In addition, as
Rao et al. showed that SIRT1 is the target of miR-217,
and silencing SIRT1 attenuated the effects of downregula-
tion of miR-217 on the neurons treated by oxygen-glucose
deprivation and reoxygenation (OGD/R) [40], the present
study found that SIRT1 was the target of miR-217-5p, and
that silencing SIRT1 reversed the effects of downregulat-
ing miR-217-5p on I/R-treated cells through the restoration
of mitochondrial function in I/R-injured cells.

There were also some limitations in our present study,
as we only explored the effects of downregulation of miR-
217-5p on reversing I/R-induced injury in vitro, but its
efficacy in vivo remained unclear. Thus, further studies
were required to validate our findings in vivo.

In conclusion, downregulation of miR-217-5p could
protect cardiomyocytes against I/R injury in vitro though
restoring mitochondrial function via targeting SIRT1, in-
dicating that miR-217-5p could be a therapeutic target for
the diagnosis and prognosis of I/R injury.
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