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miR-217 and miR-543 downregulation mitigates inflammatory
response and myocardial injury in children with viral myocarditis
by regulating the SIRT1/AMPK/NF-kB signaling pathway
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Abstract. The aim of the present study was to investigate
the expression levels and roles of microRNA (miR)-217 and
miR-543 in viral myocarditis, and to examine their under-
lying mechanisms. Coxsackievirus B3 (CVB3) was used to
establish in vivo and in vitro models of viral myocarditis. The
levels of miR-217 and miR-543 were detected using reverse
transcription-quantitative PCR. The association between
miR-217 and miR-543 and sirtuin-1 (SIRT1) was predicted and
confirmed by TargetScan and dual-luciferase reporter assay.
Cell viability was detected using Cell Counting Kit-8 assay,
and cell apoptosis was measured by analyzing the expression
levels of Bcl-2 and Bax, and by flow cytometry. In addition,
the synthesis of various pro-inflammatory factors was deter-
mined by ELISA. In addition, superoxide dismutase (SOD)
activity and malondialdehyde (MDA) levels were measured
in cardiomyocytes following transfection and CVB infection.
miR-217 and miR-543 were found to be highly expressed
in the peripheral blood of pediatric patients with viral
myocarditis, in the peripheral blood and myocardial tissues
of viral myocarditis mice and in CVB3-infected cardiomyo-
cytes. SIRT1 was found to be a target of both miR-217 and
miR-543, and SIRT1 expression level was downregulated in
viral myocarditis. Further analysis indicated that the reduced
cell viability, increased cell apoptosis, enhanced synthesis of
inflammatory factors, increased MDA content and decreased
SOD activity associated with myocarditis were significantly
reversed after inhibition of miR-217 or miR-543. Importantly,
the present results showed that all the effects of miR-217 and
miR-543 inhibition on cardiomyocytes were significantly
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suppressed following SIRT1 knockdown. Collectively, the
present data indicated that miR-217 and miR-543 were signifi-
cantly upregulated in viral myocarditis, and downregulation
of miR-217 and miR-543 attenuated CVB3 infection-induced
cardiomyocyte injury by targeting SIRT1. miR-217 and
miR-543 may be potential therapeutic targets for developing
novel viral myocarditis treatments in the future.

Introduction

Viral myocarditis (VMC) is the most common type of myocar-
ditis, and it is mainly caused by Coxsackievirus B (CVB)
infection (1-3). In total, ~20% of sudden mortalities in infants
are due to viral myocarditis or fatal ventricular arrhythmias
caused by viral myocarditis (4,5). The prognosis of patients
with persistent viral myocarditis is poor, and the incidence
of viral myocarditis has increased in the past years (6). Viral
myocarditis is a serious threat to pediatric health (7). Chronic
inflammation of myocardial cells can cause myocardial cell
growth inhibition, hypertrophy, apoptosis and myocardial
fibrosis, thus causing dilated cardiomyopathy and heart
failure (8,9). The currently available treatments for viral
myocarditis remain unsatisfactory. Therefore, it is important
to study the molecular mechanism of the pathogenesis of viral
myocarditis and to identify new effective diagnostic and thera-
peutic targets.

MicroRNAs (miRNAs) are a class of small endogenous
non-coding RNAs that can post-transcriptionally regulate
gene expression by binding to the 3'-untranslated region (UTR)
of target mRNAs (10-12). miRNAs have been identified to
play important roles in the regulation of various biological
processes, including cell proliferation, differentiation and
apoptosis (13-15). In addition, miRNAs are considered to be
involved in the regulation of vascular proliferation, cardiac
development, heart failure and cardiac hypertrophy (16-18).
Several miRNAs, including miR-155, miR-21, miR-146a,
miR-208b, miR-499-5p and miR-148a, have been reported
to play important roles in the pathogenesis of viral myocar-
ditis (19-21).

Sirtuin 1 (SIRT1) is a NAD*-dependent deacetylase and
it is important for cell apoptosis (22). Previous studies have
indicated that SIRT1 plays an important role in the regulation
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of oxidative stress and inflammatory response (23-26). SIRT1
overexpression and SIRT1 activator SRT1720 treatment could
attenuate renal lipid content and expression of lipogenesis,
oxidative stress and inflammatory markers in mice (27).
SIRT1 controls acetaminophen hepatotoxicity by regulating
inflammation and oxidative stress (24). SIRT1 activation could
attenuate inflammation and premature senescence involved
in chronic lung diseases (28). In addition, a previous study
indicated that SIRTI1 attenuates endoplasmic reticulum
stress-induced cardiomyocyte apoptosis by regulating
PERK/elF2a, ATF6/CHOP, and IRE10/JNK pathways (29).
A number of other studies have also demonstrated the
important regulatory role of SIRT1 in cardiomyocyte apop-
tosis (30-32). In addition, SIRT1 has been found to be a target
of miR-543 (33,34) and miR-217 (35). Collectively, the present
results suggested that miR-543 and miR-217 may have a role
in viral myocarditis development by regulating the inflam-
matory response and cardiomyocyte apoptosis via SIRT1. To
the best of our knowledge, the expression levels and roles of
miR-543 and miR-217 in viral myocarditis, and the relation-
ship between miR-543, miR-217 and SIRT1 in cardiomyocytes
remain unclear.

Therefore, the aim of the present study was to investigate
the expression levels and role of miR-217 and miR-543 in viral
myocarditis, and to explore their underlying mechanism.

Materials and methods

Clinical samples. In total, 30 children (female to male ratio,
13:17; age range, between 9 months and 12 years) with viral
myocarditis and healthy volunteers were enrolled at Wuhan
Children's Hospital between May 2015 and May 2017. Blood
samples (500 ul) were collected from each participant.
Informed consent was obtained from each patient and the
parents or the legal guardians of the patients. The present study
was approved by The Ethics Committee of Wuhan Children's
Hospital.

Animal experiments. In total, 40 male BALB/C mice
(weight, 18-22 g; age, 4 weeks) were obtained from Vital
River Laboratories Co., Ltd. Mice were housed at 25+5°C,
with 50-70% humidity, with a 12-h dark/light cycle and free
access to food and water. The in vivo animal experiments were
carried out according to the to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (36). This
study was approved by The Animal Ethics Committee of
Tongji Medical College, Huazhong University of Science and
Technology.

The mice were divided into two groups: i) Control group
(mice were not infected and were intraperitoneally injected
with 0.2 ml PBS); and ii) CVB3 infection group (1 h after
intraperitoneal injection with 10° TCID50 of CVB3 virus,
the mice were injected with 0.2 ml PBS). The CVB3 strain
used in the present study was obtained from The Center for
Endemic Disease Control of China. The CVB3 was amplified
in HeLa cells (American Type Culture Collection) according
to a previous study (37). Mice in the CVB3 infection group
were injected with CVB3 for three days, and sacrificed on
day 21. At day 21, the peripheral blood was collected and
stored at -20°C. After the mice were sacrificed by decapita-
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tion, myocardial tissues were harvested and stored in liquid
nitrogen until use.

Cell culture and infection. Embryonic rat heart-derived HOC2
cells and HeLa cells were obtained from The American Type
Culture Collection. All cells were grown in DMEM (Gibco;
Thermo Fisher Scientific, Inc.) containing 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.), 1% streptomycin-penicillin
solution and maintained at 37°C with 5% CO,.

CVB3 infection in H9C2 cells was performed by
treating H9C?2 cells with 10* PFU/ml CVB3 virus. H9C2
cells were randomly divided into the following groups:
i) Control group, normal H9c2 cells without any treatment;
ii) CVB3 group, H9C?2 cells treated with 10* PFU/ml CVB3
virus, as previously described (38); iii) CVB3 + inhibitor
control-1 group, H9C2 cells were transfected with the
inhibitor control of miR-217 for 48 h and then treated with
10* PFU/ml CVB3 virus; iv) CVB3+ miR-217 inhibitor
group (CVB3 + miR-217 inhibitor), HOC2 cells were trans-
fected with miR-217 inhibitor for 48 h and then treated with
10* PFU/ml CVB3 virus; v) CVB3 + miR-217 inhibitor +
SIRT1-small interfering (si) RNA group (CVB3 + miR-217
inhibitor + SIRT1-siRNA), HOC2 cells were co-transfected
with miR-217 inhibitor and SIRT1-siRNA for 48 h and
then treated with 10* PFU/ml CVB3 virus; vi) CVB3 +
inhibitor control-2 group, H9C2 cells were transfected
with the inhibitor control of miR-543 for 48 h and then
treated with 10* PFU/ml CVB3 virus; vii) CVB3+ miR-543
inhibitor group (CVB3 + miR-543 inhibitor), HOC2 cells
were transfected with the miR-543 inhibitor for 48 h and
then treated with 10* PFU/ml CVB3 virus; viii) CVB3 +
miR-543 inhibitor + SIRT1-siRNA group (CVB3 + miR-543
inhibitor + SIRT1-siRNA), HOC2 cells were co-transfected
with miR-543 inhibitor and SIRT1-siRNA for 48 h and then
treated with 10* PFU/ml CVB3 virus for 48 h.

Cell transfection. H9C2 cells were seeded into six-well plates
(1x108 cells/well) and cultured at 37°C for 24 h. Then, HOC2
cells were transfected with the 100 nM inhibitor control of
miR-217 inhibitor (inhibitor control-1: 5'-GCCUCCGGCUUC
GCACCUCU-3"), 100 nM inhibitor control of miR-543 inhib-
itor (inhibitor control-2: 5'-CAGUACUUUUGUGUAGUA
CAA-3"), 100 nM miR-217 inhibitor (5-UACUGCAUCAGG
AACUGAUUGGA-3"), 100 nM miR-543 inhibitor (5'-AAG
AAGUGCACCGCGAAUGUUU-3"), 1 uM control-siRNA
(cat. no. sc-36869; Santa Cruz Biotechnology, Inc.), 1 uM
SIRT1-siRNA (cat. no. sc-40986; Santa Cruz Biotechnology,
Inc.), 100 nM miR-217 inhibitor + 1 yuM SIRTI1-siRNA or
100 nM miR-543 inhibitor + 1 yM SIRT1-siRNA by using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. After 48 h of
cell transfection, transfection efficiency was detected using
reverse transcription-quantitative (RT-q)PCR.

RT-qPCR. Total RNA from blood samples and cells was
collected using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
Total RNA was reverse transcribed into cDNA using the
PrimeScript RT Reagent Kit (Takara Bio, Inc.) according to
the manufacturer's protocol. The temperature protocol for the
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Figure 1. Expression of miR-217 and miR-543 in viral myocarditis. Expression levels of (A) miR-217 and (B) miR-543 in the blood samples from healthy vol-
unteers and in the blood from pediatric patients with viral myocarditis were detected using reverse transcription-quantitative PCR. The levels of (C) CK-MB
and (D) LDH in the blood of healthy control mice and CVB3-infected mice. Expression levels of (E) miR-217 and (F) miR-543 in the blood samples of healthy
control mice and CVB3-infected mice. Expression levels of (G) miR-217 and (H) miR-543 in the myocardial tissues of healthy control mice and CVB3-infected
mice. Data are presented as the mean + SD. “P<0.01 vs. corresponding control.
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Figure 1. Contiued. Expression of miR-217 and miR-543 in viral myocarditis. Expression levels of (I) miR-217 and (J) miR-543 in H9C2 cells infected with
CVB3. Data are presented as the mean + SD. “P<0.01 vs. corresponding control. VMC, viral myocarditis; miR, microRNA; CVB3, Coxsackievirus B3;

CK-MB, creatine kinase; LDH, lactate dehydrogenase.
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Figure 2. SIRT1 is a target of miR-217 and miR-543. TargetScan predicted the binding sites of (A) miR-217 and (B) miR-543 in the 3'UTR of SIRTI. Luciferase
activity following (C) miR-217 and (D) miR-543 overexpression was determined using a dual-luciferase reporter assay. “P<0.01 vs. mimic control. UTR,
untranslated region; WT, wild-type; MUT, mutant; SIRT1, sirtuin 1; miR, microRNA.

reverse transcription reaction was as follows: 25°C for 5 min,
42°C for 60 min and 80°C for 2 min. cDNAs were analyzed
by RT-qPCR using SYBR Premix Ex Taq (Takara Bio, Inc.)
according to the manufacturer's instructions. The amplifica-
tion conditions were as following: Initial denaturation at 95°C
for 5 min, followed by 40 cycles of 95°C for 15 sec and 60°C
for 30 sec. The primer sequences used for the RT-qPCR
were as follows: miR-543 forward 5-CAGTGCTAAAAC
ATTCGCGG-3' and reverse 5-TATGGTTGTTCACGA
CTCCTTCAC-3"; miR-217 forward 5'-TACTGCATCAGG
AACTGACTGGA-3"; and reverse 5-GTGCAGGGTCCGA
GGT-3'"; U6 forward 5-GCTTCGGCAGCACATATACTA
AAAT-3" and reverse 5'-CGCTTCACGAATTTGCGTGT
CAT-3"; SIRT1 forward 5~ AATCCAGTCATTAAAGGTCTA
CAA-3'" and reverse 5-TAGGACCATTACTGCCAGAGG-3";
GAPDH forward 5-CTTTGGTATCGTGGAAGGACTC-3'
and reverse 5'-GTAGAGGCAGGGATGATGTTCT-3'. U6
and GAPDH were used as the internal controls to normalize

the expression level of miRNA and mRNA, respectively.
The relative gene expression was calculated using the 244
method (39).

Western blotting. Total protein from cells was harvested using
a RIPA tissue/cell lysis buffer (cat. no. RO010; Beijing Solarbio
Science & Technology Co., Ltd.). Bicinchoninic acid assay
(Thermo Fisher Scientific, Inc.) was performed to determine the
protein concentrations. Equal amount of protein (25 pg/lane)
was separated by 12% SDS-PAGE and transferred to PVDF
(Roche). Then, after blocking with 5% non-fat milk for 1 h at
room temperature, the membranes were incubated with the
following primary antibodies: SIRT1 (1:1,000; cat. no. 9475; Cell
Signaling Technology, Inc.), phosphorylated (p)-AMP-activated
protein kinase-a (p-AMPK-a; 1: 1,000; cat. no. 50081; Cell
Signaling Technology, Inc.), AMPK-a (1:1,000; cat. no. 5831;
Cell Signaling Technology, Inc.), p65 (1:1,000; cat. no. 8242;
Cell Signaling Technology, Inc.), p-NF-kB p65 (p-p65; 1:1,000;
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Figure 3. Expression of SIRT1 in viral myocarditis. (A) Expression levels of SIRT1 in blood samples from healthy volunteers and from pediatric patients with
viral myocarditis were detected using reverse transcription-quantitative PCR. SIRT1 (B) mRNA and (C) protein levels were detected in the blood of healthy
control mice and CVB3-infected mice. SIRT1 (D) mRNA and (E) protein levels were detected in the myocardial tissue of healthy control and CVB3-infected
mice. (F) mRNA and (G) protein levels of SIRT1 in HIC2 cells infected with CVB3. Data are presented as the mean + SD. “P<0.01 vs. corresponding control.
VMC, viral myocarditis; miR, microRNA; CVB3, Coxsackievirus B3; SIRT1, sirtuin 1.

cat. no. 3033; Cell Signaling Technology, Inc.), Bax (1:1,000; cat.
no. 14796; Cell Signaling Technology, Inc.), Bcl-2 (1:1,000; cat.
no. ab196495; Abcam), and (-actin (1:1,000; cat. no. 4970; Cell
Signaling Technology, Inc.), overnight at 4°C, followed by incu-
bation with horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G secondary antibody (1:2,000; cat. no. 7074;
Cell Signaling Technology, Inc.) at room temperature for 1 h.
An ECL system (Pierce; Thermo Fisher Scientific, Inc.) was
used to visualize protein bands according to the manufacturer's
instructions and proteins were quantified using Quantity One
Image software (version 4.6; Bio-Rad Laboratories, Inc.).

CCK-8 assay. After treatment, CCK-8 assay was used to
analyze cell viability. Sells were seeded in 96-well plates

(Corning Inc.) and incubated for 48 h at 37°. Subsequently,
10 pg/ml CCK-8 solution was added to each well, and the cells
were then incubated at 37° for 4 h. The optical density was
detected at a wavelength of 450 nm using a micro-plate reader
(Thermo Fisher Scientific, Inc.).

Cell apoptosis assay. The Annexin V-FITC/propidium
iodide (PI) apoptosis detection kit (cat. no. 70-AP101-100;
MultiSciences) was used to analyze cell apoptosis. Following
indicated treatments, cells were collected with 0.25% trypsin,
washed with PBS, and then stained with 5 ul Annexin V-FITC
and 5 u1 PI for 30 min at room temperature in the dark. Finally,
flow cytometry (BD Biosciences) was performed to analyze
cell apoptosis, and data were analyzed using WinMDI software
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Figure 4. miR-217 and miR-543 negatively regulate the expression of SIRT1 in H9C2 cells. H9C2 cells were transfected with (A) miR-217 or (B) miR-543
inhibitors, and the levels of miR-217 and miR-543 in HI9C2 cells were detected using RT-qPCR analysis. HOC2 cells were transfected with control-siRNA or
SIRT1-siRNA, and the (C) mRNA and (D) protein expression levels of SIRT1 were detected using RT-qPCR and western blotting. HOC2 cells were transfected
with inhibitor control-1, miR-217 inhibitor or miR-217 inhibitor + SIRT1-siRNA, and the (E) mRNA and (F) protein expression levels of SIRT1 were detected
using RT-qPCR and western blotting. HO9C2 cells were transfected with inhibitor control-1, miR-543 inhibitor or miR-543 inhibitor + SIRT1-siRNA, and the
(G) mRNA and (H) protein expression levels of SIRT1 were detected using RT-qPCR and western blotting. “P<0.01 vs. corresponding control; #P<0.01 vs.
corresponding miR inhibitor. siRNA, small interfering RNA; miR, microRNA; SIRT1, sirtuin 1; RT-qPCR, reverse transcription-quantitative PCR; inhibitor
control-1, miR-217 inhibitor control; inhibitor control-2, miR-543 inhibitor control.

(version 2.5; Purdue University Cytometry Laboratories; ELISA. To measure the production of inflammatory cytokines
www.cyto.purdue.edu/flowcyt/software/Catalog.htm). interleukin (IL)-6 and IL-1f in cell culture medium, the
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Figure 5. Role of miR-217 and miR-543 on CVB3-infected H9C2 cells. HOC2 cells were transfected with miR-217 or miR-543 inhibitors, miR-217
or miR-543 inhibitor controls, miR-217 inhibitor + SIRT1-siRNA, or miR-543 inhibitor + SIRT1-siRNA for 48 h and then treated with 10* PFU/ml
CVB3 virus for 48 h. Effects of (A) miR-217 and (B) miR-543 on cell viability of CVB3-infected HOC2 cells. Effect of (C) miR-217 and (D) miR-543
on cell apoptosis of CVB3-infected HOC2 cells. Effects of (E) miR-217 and (F) miR-543 on Bax and Bcl-2 protein expression levels in CVB3-infected
H9C2 cells. "P<0.05, “P<0.01 vs. corresponding control; ¥P<0.05, ¥4P<0.01 vs. corresponding miR inhibitor. “P<0.05, #P<0.01 vs. CVB3. CVB3,
Coxsackievirus B3; miR, microRNA; SIRT1, sirtuin 1; siRNA, small interfering RNA; inhibitor control-1, miR-217 inhibitor control; inhibitor con-

trol-2, miR-543 inhibitor control.

culture supernatants of H9C2 cells were collected, and the
level of IL-6 (cat. no. abl00772), and IL-1p (cat. no. abl00768)
was detected by using ELISA kits (Abcam) following the
manufacturer's instructions.

MDA and SOD detection. The SOD activity (cat. no. ab118970)
and the level of MDA (cat. no. Ab118970) were determined
by using commercially available kits (Abcam) following the
manufacturer's protocols.

Automatic biochemical analysis. The contents of creatine kinase
(CK-MB) and lactate dehydrogenase (LDH) in the peripheral
blood of mice in different groups were detected according to the
manufacturer's protocols (Beckman Coulter, Inc.).

Dual-luciferase reporter assay. TargetScan software
(version 7.1; www.targetscan.org/vert_71) was used to predict
the putative target genes of miR-217 and miR-543. SIRT1 was
found to be a potential target of both miR-217 and miR-543.
To confirm the targets and the putative binding sites, the
wild-type (WT) 3'UTR of SIRTI1 or the mutant (MUT)
3'UTR SIRT1 were cloned into the dual-luciferase reporter
vector pmiR-RB-REPORT (Guangzhou RiboBio Co., Ltd.)
following the manufacturer's instructions. The QuikChange
Site-Directed Mutagenesis kit (Agilent Technologies, Inc.) was
used to make a point mutation in the miR-217 and miR-543
binding domain on the 3'UTR of SIRTI1. HOC2 cells were
co-transfected with 100 ng WT-SIRT1 or 100 ng MUT-SIRT1
and 50 nM miR-217 and miR-543 mimic or 50 nM mimic
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Figure 6. Effects of miR-217 and miR-543 on oxidative stress in CVB3-infected HOC2 cells. HOC2 cells were transfected with miR-217 or miR-543 inhibitors,
miR-217 or miR-543 inhibitor controls, miR-217 inhibitor + SIRT1-siRNA, or miR-543 inhibitor + SIRT1-siRNA for 48 h and then treated with 10* PFU/ml
CVBS3 virus for 48 h. Effects of (A) miR-217 and (B) miR-543 on MDA levels in CVB3-infected HIC2 cells. Effect of (C) miR-217 and (D) miR-543 on SOD
activity in CVB3-infected HOC2 cells. “P<0.01 vs. corresponding control; “P<0.05, “4P<0.01 vs. corresponding miR inhibitor; “P<0.05, #P<0.01 vs. CVB3.
CVB3, Coxsackievirus B3; miR, microRNA; SIRT, sirtuin 1; siRNA, small interfering RNA; SOD, superoxide dismutase; MDA, malondialdehyde; inhibitor
control-1, miR-217 inhibitor control; inhibitor control-2, miR-543 inhibitor control.

control using Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.) following the manufacturer's protocol.
After 48 h, luciferase activity was determined by using a
Dual-luciferase® reporter assay system (Promega Corporation)
according to the manufacturer's protocol. Firefly luciferase
activity was normalized to Renilla luciferase activity.

Statistical analysis. All data are presented as the mean + SD
from >3 independent experiments. All statistical analyses were
performed using SPSS 17.0 software (SPSS, Inc.). Two groups
were compared using Student's t-test. One-way ANOVA
followed by Tukey's post hoc test was used to compare
multiple groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

miR-217 and miR-543 are upregulated in viral myocarditis.
The levels of miR-217 and miR-543 were detected in the
blood samples collected from children with viral myocar-
ditis and in the blood samples from healthy volunteers
using RT-qPCR, and the results indicated that the levels of
miR-217 and miR-543 in the blood samples from children
with viral myocarditis was significantly higher than that
in the blood samples from the healthy volunteers (P<0.01;
Fig. 1A and B).In addition, the levels of miR-217 and miR-543
in the blood and myocardial tissues of CVB3-infected

mice were detected. As shown in Fig. 1C and D, CVB3
infection significantly increased the levels of CK-MB and
LDH in the blood of CVB3 infected mice (both P<0.01;
Fig. 1C and D), indicating the successful establishment of
an in vivo model of viral myocarditis (37). As expected, the
levels of miR-217 and miR-543 in the blood and myocardial
tissues of CVB3-infected mice were significantly increased
compared with the control group (all P<0.01; Fig. 1E-H).
In addition, an in vitro model of viral myocarditis was
also established in the present study, and, compared with
the control group, the levels of miR-217 and miR-543 were
significantly increased in H9C2 cells infected with CVB3
(both P<0.01; Fig. 11 and J). Collectively, the present results
suggested that miR-217 and miR-543 may play an important
role in the development of viral myocarditis.

SIRTI is a target of miR-217 and miR-543. To examine the
role of miR-217 and miR-543 in viral myocarditis, the putative
targets of these two miRNAs were investigated. TargetScan
was used to predict the potential targets of miR-217 and
miR-543, and SIRT1 was found to be a potential target of
both miR-217 and miR-543 (Fig. 2A and B). Results from the
luciferase reporter assay indicated that the luciferase activity
was significantly reduced in HOC2 cells co-transfected with
miR-217 and miR-543 mimics and SIRT1-WT reporter plas-
mids, but co-transfection with miR-217 and miR-543 mimic
and SIRT1-MUT reporter plasmids did not alter the luciferase
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Figure 7. Effects of miR-217 and miR-543 on inflammatory response in CVB3-infected HOC2 cells. H9C2 cells were transfected with miR-217 or miR-543
inhibitors, miR-217 or miR-543 inhibitor controls, miR-217 inhibitor + SIRT1-siRNA, or miR-543 inhibitor + SIRT1-siRNA for 48 h and then treated
with 10* PFU/ml CVB3 virus for 48 h. Effects of (A) miR-217 and (B) miR-543 on IL-1f levels in CVB3-infected H9C?2 cells. Effect of (C) miR-217 and
(D) miR-543 on IL-6 levels in CVB3-infected H9C2 cells. “P<0.01 vs. corresponding control; “4P<0.01 vs. corresponding miR inhibitor; 7P<0.01 vs. CVB3.
CVB3, Coxsackievirus B3; miR, microRNA; SIRT1, sirtuin 1; siRNA, small interfering RNA; IL, interleukin; inhibitor control-1, miR-217 inhibitor control;

inhibitor control-2, miR-543 inhibitor control.

activity (both P<0.01; Fig. 2C and D). Collectively, the present
results indicated that SIRT1 was a target of both miR-217 and
miR-543.

SIRTI is downregulated in viral myocarditis. As shown
in Fig. 3A, the mRNA level of SIRT1 in the blood samples
from children with viral myocarditis was significantly lower
compared with healthy volunteers (P<0.01; Fig. 3A). Compared
with the control group, the mRNA levels of SIRT1 in the blood
(P<0.01; Fig. 3B) and myocardial tissues (P<0.01; Fig. 3D)
of CVB3-infected mice were significantly decreased. The
protein levels of SIRT1 in the blood (Fig. 3C) and myocardial
tissues (Fig. 3E) of CVB3-infected mice were also mark-
edly decreased. In addition, SIRT1 mRNA (P<0.01; Fig. 3F)
and protein (Fig. 3G) expression levels were also reduced in
HOC?2 cells infected with CVB3. The present results further
suggested that miR-217 and miR-543 may play critical roles in
the development of viral myocarditis.

miR-217 and miR-543 downregulation increases cell prolif-
eration and suppresses cell apoptosis in CVB3-infected
H9C?2 cells. To investigate the effect of miR-217 and
miR-543 on myocarditis, H9C2 cells were transfected with
the inhibitor control of miR-217 inhibitor, inhibitor control
of miR-543 inhibitor, miR-217 inhibitor, miR-543 inhibitor,
miR-217 inhibitor + SIRT1-siRNA or miR-543 inhibitor +
SIRT1-siRNA for 48 h. Subsequently, H9C2 cells were infected

with CVB3 virus. miR-217 inhibitor and miR-543 inhibitor
significantly reduced the expression levels of miR-217 and
miR-543 in HOC2 cells, respectively (P<0.01; Fig. 4A and B).
SIRT1-siRNA significantly inhibited the mRNA (P<0.01;
Fig. 4C) and protein (Fig. 4D) expression of SIRT1 in HOC2
cells. miR-217 inhibitor (P<0.01; Fig. 4E) and miR-543
inhibitor (P<0.01; Fig. 4G) significantly increased the mRNA
expression of SIRT1 in H9C2 cells, and these effects were
reversed by SIRT1-siRNA (both P<0.01; Fig. 4E and G). The
protein expression levels of SIRT1 increased after transfection
with miR inhibitors and decreased following SIRT1-siRNA
transfection (Fig. 4F and H).

In addition, the results of CCK-8 assay suggested that the
decreased cell viability caused by CVB3 infection was signifi-
cantly reversed following transfection with miR-217 inhibitor
(P<0.05; Fig. 5A) and miR-543 inhibitor (P<0.05; Fig. 5B), and
these changes were significantly eliminated by SIRT1-siRNA
(both P<0.05; Fig. 5A and B). Cell apoptosis assay indicated
that the increased cell apoptosis caused by CVB3 infection
was significantly decreased by miR-217 inhibitor (P<0.01;
Fig. 5C) and miR-543 inhibitor (P<0.01; Fig. 5D), and these
changes were significantly suppressed by SIRT1-siRNA (both
P<0.01; Fig. 5C and D). In addition, the decrease in the protein
expression levels of Bcl-2 and Bax caused by CVB3 infection
was significantly reversed by miR-217 inhibitor (Fig. SE) and
miR-543 inhibitor (Fig. 5F), and these changes were suppressed
by SIRT1-siRNA.
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Figure 8. Effects of miR-217 and miR-543 on the SIRT1/AMPK-a/NF-kB pathway in CVB3-infected H9C2 cells. HOC2 cells were transfected with miR-217 or
miR-543 inhibitors, miR-217 or miR-543 inhibitor controls, miR-217 inhibitor + SIRT1-siRNA, or miR-543 inhibitor + SIRT1-siRNA for 48 h and then treated
with 10* PFU/ml CVB3 virus for 48 h. Effects of miR-217 on the (A) protein and (B) mRNA expression levels of SIRT1, (C) p-AMPK-a/AMPK-a ratio and
(D) p-p65/p65 ratio in CVB3-infected H9C2 cells. Effects of miR-217 on the (E) protein and (F) mRNA expression levels of SIRT1, (G) p-AMPK-a/AMPK-a
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p-, phosphorylated; AMPK-a, AMP-activated protein kinase-a; CVB3, Coxsackievirus B3; miR, microRNA; SIRT1, sirtuin 1; siRNA, small interfering RNA;
inhibitor control-1, miR-217 inhibitor control; inhibitor control-2, miR-543 inhibitor control.
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miR-217 and miR-543 downregulation decreases oxidative
stress in CVB3-infected H9C?2 cells. To assess the oxidative
stress, the level of MDA (an indicator of lipid peroxidation) (40)
and the activity of SOD (an enzyme involved in the removal
of free radicals) (41) were determined. The presented findings
suggested that compared with the control group, CVB3 infec-
tion significantly enhanced the level of MDA (P<0.01) and
inhibited SOD activity (P<0.01) in H9C2 cells. Compared with
the CVB3 infection group, miR-217 inhibitor significantly
decreased MDA levels (P<0.05; Fig. 6A) and increased SOD
activity (P<0.01; Fig. 6C), and these changes were suppressed
by SIRT1-siRNA. miR-543 served a similar role in regulating
MDA level and SOD activity (Fig. 6B and D).

miR-217 and miR-543 downregulation reduces inflammatory
response in CVB3-infected H9C?2 cells. To study the effect
of miR-217 inhibitor and miR-543 inhibitor on inflamma-
tory response in CVB3-infected HOC2 cells, the levels of
IL-1p and IL-6 were measured by ELISA. It was found that,
compared with the control group, the levels of IL-1p and IL-6
in CVB3-infected H9C2 cells increased significantly (P<0.01).
The increased levels of IL-1f and IL-6 in CVB3-infected
HOC2 cells were significantly reduced by miR-217 inhibitor
(both P<0.01; Fig. 7A and C) and miR-543 inhibitor (both
P<0.01; Fig. 7B and D). Notably, the effects of miR-217 and
miR-543 inhibitors were suppressed by SIRT1-siRNA.

Effect of miR-217 and miR-543 downregulation on the
SIRTI/AMPK-a/NF-xB pathway in CVB3-infected H9C2
cells. The activity of the SIRTI/AMPK-a/NF-kB pathway
in CVB3-infected H9C2 cells was then analyzed. As shown
in Fig. 8, CVB3 infection markedly inhibited SIRT1 protein
(Fig. 8A and E) expression and significantly reduced SIRT1
mRNA (P<0.01; Fig. 8B and F) levels, decreased p-AMPK-a
protein level and p-AMPK-a/AMPK-a ratio (Fig. 8A,
C, E and G), and promoted the phosphorylation level of
p65 protein and p-p65/p65 ratio (Fig. 8A, D, E and H) in
H9C2 cells. Compared with the CVB3 group, miR-217
(Fig. 8A-D) and miR-543 (Fig. 8E-H) inhibition notably
increased SIRT1 and p-AMPK-a expression levels, and
p-AMPK-0/AMPK-a ratio, and decreased p-p65 protein level
and p-p65/p65 ratio. SIRT1 siRNA significantly reversed the
effects of miR-217 and miR-543 inhibition on the activity of
the SIRT1/AMPK-a/NF-«xB pathway (P<0.01; Fig. 8).

Discussion

The present study suggested that miR-217 and miR-543 were
significantly upregulated in viral myocarditis. SIRT1, a target
of miR-217 and miR-543, was significantly downregulated
in viral myocarditis. CVB3 infection significantly reduced
HOC2 cell proliferation, induced H9C2 cell apoptosis, upregu-
lated the production of IL-6, IL-1§3, and MDA content, and
inhibited SOD activity. Compared with the CVB3 infection
group, downregulation of miR-217 and miR-543 significantly
increased cell proliferation, reduced cell apoptosis, decreased
the synthesis of IL-6, IL-1p, decreased the level of MDA, and
increased SOD activity. The effects of miR-217 and miR-543
inhibition on CVB3-infected cells were reversed by SIRT1
knockdown. The present results suggested that miR-217 and

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 45: 634-646, 2020

miR-543 may be novel therapeutic targets for treating viral
myocarditis.

Viral myocarditis is a clinically common disease in children
and its incidence is increasing (42). The clinical manifestations
of viral myocarditis are not typical, and if the diagnosis and
treatment are not timely, the prognosis of pediatric patients
can be seriously affected (42). Therefore, it is urgent to find
new effective diagnostic markers and therapeutic targets for
viral myocarditis. Numerous previous studies have shown that
miRNAs play important roles in the occurrence and develop-
ment of viral myocarditis (19-21). In the present study, it was
found that the levels of miR-217 and miR-543 in blood samples
from children with viral myocarditis were significantly higher
than that in blood samples from healthy volunteers. It was
also found that miR-217 and miR-543 were upregulated in
both in vivo and in vitro model of viral myocarditis induced
by CVB3 infection (37,38). The present findings suggested a
potential role for miR-217 and miR-543 in viral myocarditis.
Then, to examine the role of miR-217 and miR-543 in viral
myocarditis, the relationship between SIRT1, miR-217 and
miR-543 was investigated in cardiomyocytes using H9C2 cells,
and the present results indicated that SIRT1 was a direct target
of both miR-217 and miR-543 in H9C2 cells. Additionally,
SIRT1 was found to be downregulated in patients with viral
myocarditis, and in mice and H9C2 cells infected with CVB3.

Pathological changes of cardiomyocytes are the main path-
ological alterations occurring in viral myocarditis, and these
changes are due to direct viral and immune-mediated damages
to cardiomyocytes (43). In addition, the present study investi-
gated the effects of miR-217 and miR-543 on CVB3-infected
HOC2 cells. In line with a previous study (38), it was found
that CVB3 infection significantly inhibited HOC2 cell viability
and induced cell apoptosis. miR-217 and miR-543 inhibition
significantly promoted H9C2 cell viability and inhibited
HO9C?2 cell apoptosis. Inflammatory response and oxidative
stress play a key role in the pathological development of viral
myocarditis. Continuous chronic inflammation can induce
myocardial cell necrosis, cardiac hypertrophy and cardio-
myocyte apoptosis, which can lead to heart failure (44). In the
present study, the effects of miR-217 and miR-543 inhibition
on inflammatory response and oxidative stress were examined
in CVB3-infected HOC2 cells. The present findings suggested
that inhibition of miR-217 and miR-543 significantly decreased
CVB3-mediated upregulation of IL-6, IL-13 and MDA, and
reversed CVB3-mediated inhibition of SOD activity, indi-
cating the potential of miR-217 and miR-543 inhibition in
suppressing the inflammatory response and oxidative stress in
CVB3-infected HOC2 cells. A previous study demonstrated
that the activation of the AMPKa-SIRT1 pathway prevents
NF-xB inflammation (45). Therefore, to examine the molecular
mechanism of miR-217 and miR-543 in CVB3-infected HOC2
cells, the SIRT1/AMPK-o/NF-«kB pathway was investigated in
the present study. The present results showed that CVB3 infec-
tion significantly inhibited SIRT1 protein and mRNA levels,
decreased p-AMPK-a protein level and p-AMPK-o/AMPK-a
ratio, and promoted p-p65 protein level and p-p65/p65 ratio in
HOC2 cells, and these alterations were significantly reversed
by miR-217 and miR-543 inhibition. Notably, the effects of
miR-217 and miR-543 inhibition on CVB3-infected HOC2
cells were suppressed following SIRT]1 silencing.
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Collectively, the present study suggested that miR-217 and
miR-543 were significantly upregulated in viral myocarditis,
and miR-217 and miR-543 inhibition may attenuate viral
myocarditis by inhibiting the apoptosis of cardiomyocytes and
preventing the inflammatory response and oxidative stress by
targeting SIRT1. The present results suggested that miR-217
and miR-543 may be novel potential therapeutic targets for the
treatment of viral myocarditis.
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