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Melatonin elicits protective effects on OGD/R-insulted
HO9c2 cells by activating PGC-10/Nrf2 signaling
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Abstract. Melatonin (Mel) elicits beneficial effects on
myocardial ischemia/reperfusion injury. However, the
underlying mechanism of Mel against oxygen-glucose depri-
vation/reperfusion (OGD/R)-induced H9c2 cardiomyocyte
damage remains largely unknown. The aim of the present
study was to investigate the biological roles and the potential
mechanisms of Mel in OGD/R-exposed H9¢2 cardiomyocytes.
The results of the present study demonstrated that Mel signifi-
cantly elevated the viability and reduced the activity of lactate
dehydrogenase and creatine kinase myocardial band in a dose-
and time-dependent manner in OGD/R-insulted H9¢c2 cells. In
addition, Mel suppressed OGD/R-induced oxidative stress in
HOc2 cells, as demonstrated by the decreased reactive oxygen
species and malondialdehyde levels, as well as the increased
activities of superoxide dismutase, catalase and glutathione
peroxidase. Mel exerted an antioxidant effect by activating
the peroxisome proliferator-activated receptor gamma
coactivator-la (PGC-la)/nuclear factor erythroid 2-related
factor 2 (Nrf2) signaling. Mel reduced the expression of
OGD/R-enhanced pro-inflammatory tumor necrosis factor-a
(TNF-a), interleukin (IL)-6, IL-1p, IL-8 and monocyte
chemotactic protein-1. Mel also abolished the OGD/R-induced
increase in H9¢2 apoptosis, as evidenced by mitochondrial
membrane potential restoration and caspase-3 and caspase-9
inactivation, as well as the upregulation of Bcl-2 and down-
regulation of cleaved caspase-3 and Bax. The Mel-induced
antiapoptotic effects were dependent on PGC-1a/TNF-a
signaling. Overall, the results of the present study demon-
strated that Mel alleviated OGD/R-induced H9c2 cell injury
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via the inhibition of oxidative stress and inflammation by
regulating the PGC-1a/Nrf2 and PGC-1o/TNF-a signaling
pathways, suggesting a promising role for Mel in the treatment
of ischemic heart disease.

Introduction

Cardiovascular diseases (CVDs) are a common threat to
human health and were the leading cause of human mortality
between 2009 and 2011 worldwide (1,2). Ischemic heart
disease, which accounts for a large subset of CVDs, leads
to hypoxia and, ultimately, cardiomyocyte death (3). Timely
reperfusion is the main therapeutic strategy to resuscitate the
ischemic or hypoxic myocardium (4). Unfortunately, reperfu-
sion also elicits a number of adverse reactions, including
ischemia/reperfusion (I/R) injury (5,6). An increasing body
of evidence suggests that apoptosis is initiated shortly after
the onset of ischemia and becomes markedly enhanced during
reperfusion (7,8). Therefore, strategies aimed at preventing or
delaying cardiomyocyte apoptosis may be advisable for the
treatment of ischemic heart disease, especially myocardial I/R
injury.

Multiple biological processes and cell signaling path-
ways are involved in myocardial I/R injury. The increased
generation of oxygen free radicals is a major contributor to the
initiation and development of I/R injury (9). Excessive reac-
tive oxygen species (ROS) production causes the opening of
the mitochondrial permeability transition pore, DNA damage
and lipid peroxidation, leading to apoptosis (10). Peroxisome
proliferator-activated receptor y (PPARY) coactivator-la
(PGC-10) has been demonstrated to suppress oxidative stress
and delay the progression of heart failure (11). Nuclear factor
erythroid 2-related factor 2 (Nrf2) promotes the transcrip-
tion of key antioxidant genes, such as heme oxygenase-1
(HO-1) and NADPH quinone oxido reductase 1 (NQOI), to
prevent cardiomyocyte damage from oxidative stress (12).
PGC-1a/Nrf2 signaling is as a potential target for cardiopro-
tection in myocardial I/R injury (13). Several pro-inflammatory
cytokines in the serum have also been demonstrated to be
upregulated during myocardial I/R injury, including tumor
necrosis factor-a (TNF-a) (14). TNF-a contributes to
post-ischemic myocardial dysfunction by directly inhibiting
contractility and inducing cardiomyocyte apoptosis (15).
The PPARY/PGC-1a/TNF-a pathway has been implicated
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in the attenuation of oxygen-glucose deprivation/reperfusion
(OGD/R)-induced myocardial injury (16). Therefore, the use
of antioxidant and anti-inflammatory compounds is consid-
ered to be a promising therapeutic strategy for ischemic heart
disease.

Melatonin (Mel; N-acetyl-5-methoxytryptamine), which
is mainly produced by the pineal gland, is a powerful endog-
enous antioxidant due to its direct free-radical scavenging and
indirect antioxidant activities (17,18). Due to its amphiphilic
property, Mel can easily penetrate all morphophysiological
barriers and enter all subcellular compartments to influence
the physiological functions of the majority of organs, including
the heart (19). Previous studies have indicated that Mel serves
a pivotal role in the treatment of myocardial I/R injury (20-24).
Mel exerts its cardioprotective effects through its antioxidant
and antiapoptotic properties (22-24) and the preservation
of mitochondrial function (25). However, the underlying
mechanisms through which Mel prevents OGD/R-induced
cardiomyocyte damage remain to be further elucidated.

The present study aimed to investigate the potential protec-
tive effects of Mel on OGD/R-induced H9¢2 cardiomyocyte
injury and the underlying molecular mechanisms.

Materials and methods

Cell culture. A H9c2 rat cardiomyocyte cell line was purchased
from American Type Culture Collection (cat. no. CRL-1446)
and cultured in Dulbecco's modified Eagle's medium (DMEM,;
Thermo Fisher Scientific, Inc.) supplemented with 10%
fetal bovine serum (Thermo Fisher Scientific, Inc.), 2 mM
glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin
(all from Merck KGaA) at 37°C in a humidified incubator
containing 5% CO,.

Cell transfection. The small interfering RNA (siRNA) duplexes
corresponding to rat PGC-la (siPGC-1a), Nrf2 (siNrf2) and
the negative control siRNA (siNC) were purchased from Santa
Cruz Biotechnology, Inc. siRNAs (100 nM) were transfected
into H9¢2 cells using Lipofectamine® 2000 reagent (Thermo
Fisher Scientific, Inc.), according to the manufacturer's instruc-
tions. In brief, H9¢2 cells (5x10°) were plated in a 6-well plate
and cultured for 24 h. When the cells reached 80% confluence,
Lipofectamine 2000 was added to the medium without serum
and incubated for 5 min atroom temperature. The diluted siRNA
was gently mixed with the medium containing Lipofectamine
2000 and incubated for 20 min at room temperature prior to
adding the mixture to each well containing cells and medium.
The transfected cells were cultured at 37°C in a CO, incubator
for 24 h prior to subsequent experiments. Untransfected cells
were used as a blank control, and cells transfected with siNC
were used as a negative control.

OGDI/R cell model and Mel treatment. H9c2 cells were
transfected with siPGC-1a, siNrf2 or siNC mimic 24 h prior
to OGD stimulation. For the OGD/R experiments, when
the transfected H9c2 cells reached 70-80% confluence,
the culture medium was replaced by glucose-free DMEM
(Thermo Fisher Scientific, Inc.) and the cells were cultured in
an anaerobic chamber (95% N, and 5% CO,) at 37°C for 4 h.
The cells were then incubated with normal culture medium
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under normoxic conditions (95% air and 5% CO,) at 37°C
for the indicated duration (6, 12, 24 and 48 h) as reperfusion.
Different concentrations of Mel (0.01, 0.1, 1 and 10 mM;
Merck KGaA) or 1 pug/ml TNF-a antibody (cat. no. 11948;
Cell Signaling Technology, Inc.) was added into the culture
medium at the initiation of reperfusion. Untreated cells were
used as the control.

Cell viability assay. Cell viability was measured by Cell
Counting Kit-8 (CCK-8; Beyotime Institute of Biotechnology)
according to the manufacturer's instructions. In brief,
HOc2 cells were seeded into 96-well plates at a density of
1x10* cells/well. Following treatment, 10 ul CCK-8 solution
was added to each well and incubated for 2 h at 37°C. The
absorbance was measured at 450 nm using a microplate reader
(Bio-Rad Laboratories, Inc.) to calculate the number of viable
cells.

Measurement of lactate dehydrogenase (LDH) and creatine
kinase myocardial band (CK-MB) activity. The levels of LDH
and CK-MB in the supernatant of H9c2 cells were assessed
using commercial kits (Nanjing Jiancheng Bioengineering
Institute) according to the manufacturer's instructions.
Briefly, H9¢c2 cells were subjected to 4 h of OGD followed
by reperfusion for 24 h. Different concentrations of Mel
(0.01,0.1, 1 and 10 mM) were added to the culture medium at
the initiation of reperfusion and incubated for the indicated
durations (6, 12, 24 and 48 h). The cells were harvested and
centrifuged at 250 x g at room temperature for 2 min. A total
of 100 ul working solution was added to each well and reacted
for 30 min at room temperature. The reaction was stopped
by adding 50 ul stop solution to each well. Absorbance was
measured at 450 and 340 nm using a microplate reader
(Bio-Rad Laboratories, Inc.).

Flow cytometry to determine apoptosis. Apoptosis was
measured using an Annexin V-fluorescein isothiocya-
nate (FITC) and propidium iodide (PI) detection kit (BD
Biosciences). Briefly, following the indicated treatments,
HO9c2 cells were harvested, washed thrice with cold PBS and
resuspended in binding buffer (BD Biosciences), followed by
staining with 5 ul Annexin V-FITC in the dark for 10 min at
37°C. The cells were then incubated with 10 ul PI solution
in the dark for 30 min. The apoptotic cells were determined
by flow cytometry (BD FACScalibur; BD Biosciences) and
analyzed using CellQuest software (BD Biosciences).

Measurement of mitochondrial membrane potential (MMP).5,5',
6,6'-Tetracholoro-1,1'3,3'-tetraecthybenzimidazole-carbocyanide
iodine (JC-1; Beyotime Institute of Biotechnology) was used
to measure the MMP of H9¢2 cells according to the manufac-
turer's instructions. Briefly, following the indicated treatments,
HOc2 cells were harvested and resuspended in 1 ml culture
medium (DMEM + FBS) with JC-1 fluorescent dye. Following
incubation at 37°C for 20 min, the cells were centrifuged at
600 x g at 4°C for 3 min, and the supernatant was removed. The
cells were resuspended in 1X JC-1 buffer for observation under
a fluorescent microscope at x100 magnification (Carl Zeiss AG).
In each sample, five random fields were selected for observation
and analysis.
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Measurement of caspase-3 and caspase-9 activity. The activity
of caspase-3 and caspase-9 in H9c2 cells subjected to different
treatments was measured by Caspase Activity kits (Beyotime
Institute of Biotechnology) using the substrate peptides
acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA) and
acetyl-Leu-Glu-His-Asp p-nitroanilide (Ac-LEHD-pNA),
respectively. In brief, following treatment, the cells were lysed
using RIPA lysis buffer (Beyotime Institute of Biotechnology),
and the supernatants were mixed with buffer (Beyotime
Institute of Biotechnology) containing the substrate peptides
and incubated at 37°C for 2 h. The release of pNA was
quantified by determining the absorbance at 405 nm using a
microplate reader (Bio-Rad Laboratories, Inc.). The caspase
activity was expressed as a relative percentage of the control
value.

Determination of ROS production. Intracellular ROS levels
were monitored using 2'7'-dichlorofluorescein diacetate
(DCFH-DA; Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. In brief, following the indicated
treatments, H9c2 cells were loaded with 10 M DCFH-DA at
37°C for 30 min and washed with PBS thrice. Absorbance was
measured at 485 and 525 nm using a fluorescent microplate
reader (Carl Zeiss AG) to determine the intensity of DCF
fluorescence.

Measurement of malondialdehyde (MDA) production and
superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GSH-Px) activity levels. The MDA content
and SOD, CAT and GSH-Px activity levels were measured
using commercial kits (Nanjing Jiancheng Bioengineering
Institute) according to the manufacturers' instructions. In brief,
following the indicated treatments, H9c2 cells were lysed
using RIPA lysis buffer (Beyotime Institute of Biotechnology)
and the supernatants were collected to determine MDA
content and SOD, CAT and GSH-Px activity levels. The absor-
bance was measured at 530 (MDA), 450 (SOD), 405 (CAT)
and 412 (GSH-Px) nm using a microplate reader (Bio-Rad
Laboratories, Inc.).

Western blot analysis. Following treatment, H9c2 cells were
washed twice with PBS, lysed in RIPA buffer (Beyotime
Institute of Biotechnology) and centrifuged at 1,000 x g
at 4°C for 3 min. The supernatants were collected and quanti-
fied for protein concentration using a BCA kit (Beyotime
Institute of Biotechnology). Equal amounts (30 ug/lane) of
protein from each sample were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
onto polyvinylidene difluoride membranes (EMD Millipore).
The membranes were blocked with 5% non-fat milk in TBST
buffer (50 mM Tris, pH 7.4, 250 mM NaCl, 0.1% Tween-20)
for 1 h at room temperature and probed with antibodies
against PGC-1a (1:1,000; cat. no. ab54481), Nrf2 (1:2,000;
cat. no. ab137550), HO-1 (1:1,000; cat. no. ab189491) and
NQOI (1:1,000; cat. no. ab97385; all from Abcam), caspase-3
(1:1,000; cat. no. 14220), cleaved (cl)-caspase-3 (1:1,000;
cat. no. 9664), cytochrome c (1:1,000; cat. no. 11940), Bax
(1:1,000; cat. no. 5023), Bcl-2 (1:1,000; cat. no. 3498), TNF-a.
(1:1,000; cat. no. 6945) and B-actin (1:1,000; cat. no. 4967,
all from Cell Signaling Technology, Inc.) overnight at 4°C.
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Following washing with TBST thrice, the membranes were
incubated with horseradish peroxidase-conjugated anti-rabbit
IgG (1:2,000; cat. no. 7074; Cell Signaling Technology, Inc.) for
1 h at room temperature and visualized by enhanced chemi-
luminescence reaction reagents (EMD Millipore). Protein
band densities were quantified using Quantity One software
(Bio-Rad Laboratories, Inc.). The results were normalized to
the internal control B-actin and calculated as fold-changes
compared with the control group in each experiment.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). Total RNA was extracted from H9c2 cells
following indicated treatments using TRIzol® reagent (Thermo
Fisher Scientific Inc.). Complementary DNA was synthesized
by RT reaction with PrimeScript RT Master Mix (Takara
Biotechnology Co., Ltd.). The reverse transcription protocol
used was 37°C for 15 min and 85°C for 30 sec. qPCR assay
was performed using SYBR Premix Ex Taq kit (Takara
Biotechnology Co., Ltd.) according to the manufacturer's
instructions. The amplification conditions were as follows:
95°C for 10 min, followed by 40 cycles of 95°C for 10 sec and
60°C for 60 sec. Reactions were conducted on the ABI Prism
7500 Real-Time PCR System (Thermo Fisher Scientific, Inc.).
The mRNA levels were calculated using the 2244 method (26).
GAPDH was used for normalization. The primers used were
as follows: TNF-a forward, 5'-CCTCTTCTCATTCCTGC
TCG-3' and reverse, 5'-GGTATGAAATGGCAAATCGG-3";
interleukin (IL)-6 forward, 5'-CTGCGCAGCTTTAAG
GAGTTC-3' and reverse, 5-TCTGAGGTGCCCATGCT
ACA-3'; IL-1p forward, 5'-CAACCAACAAGTGATATTCTC
CATG-3'and reverse, 5'-GATCCACACTCTCCAGCTGCA-3;
IL-8 forward, 5-GGCAGCCTTCCTGATTTCTG-3' and
reverse, 5'-CTTGGCAAAACTGCACCTTCA-3'"; monocyte
chemotactic protein-1 (MCP-1) forward, 5'-CTCTCGCCT
CCAGCATGAA-3" and reverse, 5-GGGAATGAAGGTGGC
TGCTA-3'; GAPDH forward, 5'-CCATCACCATCTTCCAG
GAG-3' and reverse, 5-CCTGCTTCACCACCTTCTTG-3'.

Enzyme-linked immunosorbent assay (ELISA). Following the
indicated treatments, the culture media were collected and
centrifuged at 600 x g at room temperature for 5 min. The
levels of TNF-a, IL-6, IL-1f3, IL-8 and MCP-1 in the superna-
tants were determined using commercially available ELISA
kits (R&D systems, Inc.) according to the manufacturer's
instructions and expressed as pg/ml.

Statistical analysis. The data are presented as the mean + SD
from three independent experiments. The results were
compared by one-way analysis of variance, followed by least
significant difference post-hoc test using SPSS 16.0 software
(SPSS, Inc.). P<0.05 was considered to indicate a statistically
significant difference.

Results

Mel inhibits OGD/R-induced H9c2 cell injury. First, the poten-
tial effects of Mel on the viability of OGD/R-treated H9c2 cells
were explored. CCK-8 assay results demonstrated that OGD/R
significantly reduced the viability of H9¢c2 cells compared
with that of the control group. Mel (0.01, 0.1, 1 and 10 mM)
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Figure 1. Mel protects H9¢c2 cells from OGD/R-induced injury. (A-C) H9c2 cells were subjected to 4 h of OGD followed by reperfusion for 24 h. Mel (0.01,
0.1, I and 10 mM) was added to the culture medium at the initiation of reperfusion. (A) The viability of H9c2 cells was measured by CCK-8 assay. H9c2 cell
injury was evaluated by measuring (B) LDH and (C) CK-MB activity. (D-F) H9¢2 cells were subjected to 4 h of OGD, followed by reperfusion for the indicated
durations (6, 12, 24 and 48 h). Mel (1 mM) was added to the culture medium at the initiation of reperfusion. (D) CCK-8 assay was conducted to determine
cell viability. The activity of (E) LDH and (F) CK-MB was measured using commercial kits. Data are expressed as the mean + SD from three independent
experiments. "P<0.05 vs. control; “P<0.05 vs. OGD/R. Mel, melatonin; OGD/R, oxygen-glucose deprivation/reperfusion; CCK-8, Cell Counting Kit-8; LDH,
lactate dehydrogenase; CK-MB, creatine kinase myocardial band; OD, optical density.

significantly attenuated the decrease in OGD/R-stimulated
HOc2 cell viability (Fig. 1A). Next, the activity levels of LDH
and CK-MB, two indicators of cardiomyocyte injury, were
measured using commercial kits. A notable OGD/R-induced
increase in the activity levels of LDH and CK-MB was
observed in H9¢2 cells, whereas Mel (0.01, 0.1, 1 and 10 mM)
significantly prevented injury (Fig. 1B and C). In addition,
Mel markedly enhanced cell viability (Fig. 1D) and decreased
LDH and CK-MB activity (Fig. 1E and F) in OGD/R-exposed
H9c2 cells. These results indicated that Mel protected
HO9c2 cells from OGD/R-induced damage. Mel (1 mM) treat-
ment for 24 h was chosen for subsequent experiments due to
the observed effects against OGD/R-induced H9c2 cell injury.

Mel suppresses OGD/R-induced apoptosis of H9c2 cells.
OGD/R can result in cardiomyocyte apoptosis (27). Flow
cytometry results demonstrated that OGD/R increased the
percentage of apoptotic cells compared with that in the control
group, whereas Mel reduced the OGD/R-induced apoptosis
of H9c2 cells (Fig. 2A and B). The MMP in H9c2 cells
subjected to OGD/R was decreased; however, this effect was
markedly attenuated in the presence of Mel (Fig. 2C). To
assess the involvement of caspase activation in the inhibi-
tion of OGD/R-induced apoptosis by Mel, the activity levels
of caspase-3 and caspase-9 in the mitochondria-mediated
apoptosis pathway were examined. Caspase-3 and caspase-9
activity levels were enhanced by OGD/R exposure compared
with the control group (Fig. 2D and E). However, Mel signifi-
cantly reduced the OGD/R-induced caspase-3 and caspase-9
activity. Consistent with the change in caspase-3 activity, the
protein expression levels of cl-caspase-3 and cytochrome c
were increased in OGD/R-insulted H9c2 cells. Mel reversed

the upregulation of cl-caspase-3 and cytochrome c expres-
sion induced by OGD/R (Fig. 2F). Western blot analysis also
revealed significant upregulation of Bax and downregulation
of Bcl-2 following OGD/R insult in H9c2 cells, which was
reversed by Mel treatment (Fig. 2F). These results suggested
that Mel inhibited OGD/R-induced H9c2 cell apoptosis.

Mel reduces OGD/R-induced oxidative stress in H9c2 cells.
OGD/R induces oxidative stress (28). As demonstrated in
Fig. 3A, OGD/R promoted intracellular ROS production in
HO9c2 cells compared with that in the control group. Of note,
Mel significantly inhibited OGD/R-induced ROS genera-
tion. In addition, the content of MDA, which is an indicator
of lipid peroxidation, was significantly reduced by Mel in
OGD/R-insulted H9c2 cells (Fig. 3B). Compared with the
OGD/R group, Mel also significantly increased the activity of
endogenous antioxidant enzymes, including SOD (Fig. 3C),
CAT (Fig. 3D) and GSH-Px (Fig. 3E) in H9c2 cells. These
results demonstrated that Mel exerted an antioxidant effect in
OGD/R-insulted H9¢c2 cells.

Mel elicits an antioxidant effect via the activation of
PGC-1a/Nrf2 signaling in OGD/R-insulted H9c2 cells.
PGC-1a knockdown reduced the expression of Nrf2, HO-1
and NQO-1, whereas Nrf2 knockdown suppressed HO-1 and
NQO-1 expression in OGD/R-stimulated H9c2 cells (Fig. 4A).
OGD/R led to an upregulation of PGC-la, Nrf2, HO-1 and
NOQI expression in H9¢2 cells. Mel further enhanced the
levels of PGC-1a, Nrf2, HO-land NOQI1 in OGD/R-insulted
HOc2 cells (Fig. 4B). In addition, the Mel-induced decrease
in ROS generation in OGD/R-exposed H9¢2 cells was attenu-
ated by PGC-1a or Nrf2 silencing (Fig. 4C). PGC-1a or Nrf2
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knockdown counteracted the Mel-induced increase in the
viability of OGD/R-exposed H9c2 cells (Fig. 4D). PGC-1a or
Nrf2 knockdown also reversed the Mel-mediated reduction
in apoptosis in OGD/R-insulted H9¢2 cells (Fig. 4E). These
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Mel represses the OGD/R-induced expression and release
of pro-inflammatory cytokines in H9c2 cells. To examine
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Figure 2. Mel prevents OGD/R-induced apoptosis in H9¢2 cells. H9c2 cells were subjected to 4 h of OGD, followed by reperfusion for 24 h. Mel (1 mM)
was added to the culture medium at the initiation of reperfusion. (A) Flow cytometry was performed to analyze apoptosis. (B) Percentage of apoptotic
cells in (A). (C) Measurement of MMP with JC-1 fluorescent staining. (D) Caspase-3 and (E) caspase-9 activities were determined using commercial kits.
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whether Mel serves an inhibitory role in OGD/R-induced
inflammation, the expression and release of several
pro-inflammatory cytokines in H9¢2 cells was measured by
RT-qPCR and ELISA. The RT-qPCR results revealed that
the expression of TNF-a (Fig. 5A), IL-6 (Fig. 5B), IL-1p
(Fig. 5C), IL-8 (Fig. 5D) and MCP-1 (Fig. SE) were consider-
ably higher in the OGD/R-exposed H9¢2 cells compared with
those in the control cells, and that Mel partially reversed the
OGD/R-induced increase in the TNF-a, IL-6, IL-1p, IL-8
and MCP-1 levels. Consistently, the production of TNF-a
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Figure 3. Mel reduces oxidative stress in OGD/R-exposed H9c2 cells. H9¢2 cells were subjected to 4 h of OGD followed by reperfusion for 24 h. Mel (1 mM)
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(Fig. 5F), IL-6 (Fig. 5G), IL-1B (Fig. 5H), IL-8 (Fig. 5I)
and MCP-1 (Fig. 5J) was significantly suppressed by Mel in
OGD/R-treated H9c2 cells. These results demonstrated that
Mel reduced the levels of pro-inflammatory cytokines in
OGD/R-exposed H9c2 cells.

Mel prevents the OGD/R-induced apoptosis of H9c2 cells by
regulating the PGC-1a/TNF-a signaling pathway. PGC-la
can decrease TNF-a production in myotubes via TNF-a
stimulation (29). TNF-a is implicated in OGD/R-induced
H9c2 cell apoptosis (27). As demonstrated in Fig. 6A,
siPGC-la transfection led to an upregulation of TNF-a
expression in OGD/R-exposed HO9¢c2 cells. OGD/R induced
a significant increase in PGC-1a and TNF-a expression in
HOc2 cells, whereas Mel further increased PGC-1a expression
but reduced the level of TNF-a (Fig. 6B). In OGD/R-insulted
HO9c2 cells, the Mel-mediated decrease in the production of
TNF-a was reversed by PGC-1a knockdown. However, the
addition of the TNF-a antibody reduced TNF-a produc-
tion (Fig. 6C). In addition, PGC-1la silencing resulted in a
decrease in the Mel-induced enhancement in the viability
of OGD/R-exposed H9c2 cells, which was rescued by the
addition of the TNF-a antibody (Fig. 6D). Incubation with
the TNF-a antibody reversed the PGC-1a depletion-induced
increase in OGD/R-stimulated H9¢2 cell apoptosis (Fig. 6E).
These results revealed that Mel exerted an anti-apoptotic
effect in OGD/R-treated H9c2 cells via the PGC-1a/TNF-a
signaling pathway.

Discussion

The main results of the present study were as follows: i) Mel
exhibited cardioprotective effects in OGD/R-stimulated H9c2
cardiomyocytes, as confirmed by the increased cell viability
and decreased LDH and CK-MB activity levels; ii) Mel reduced

OGD/R-induced H9c2 cell apoptosis via the intrinsic apoptotic
pathway; iii) Mel alleviated OGD/R-induced oxidative stress
in H9c¢2 cells; iv) the antioxidant effects of Mel were medi-
ated by activating PGC-1a/Nrf2 signaling in OGD/R-exposed
HOc2 cells; v) Mel inhibited OGD/R-induced inflammatory
response in H9c2 cells; vi) Mel elicited its antiapoptotic
effects in OGD/R-insulted H9c2 cells via the regulation of the
PGC-1a/TNF-a signaling pathway. Overall, Mel was demon-
strated to inhibit OGD/R-induced H9¢2 cardiomyocyte injury
by inhibiting oxidative stress and inflammation.

Myocardial I/R injury is mainly caused by cardiomyocyte
damage or death. LDH and CK-MB are constitutively expressed
in myocardial cells and cannot shuttle across cytoplasmic
membranes in the normal physiological state; however, they
are released when cells are damaged or dead (30). Therefore,
the activity of LDH and CK-MB in the culture media repre-
sents the extent of OGD/R-caused H9c2 cell injury. In the
present study, decreased viability and increased LDH and
CK-MB activity was observed in OGD/R-treated H9c2 cells.
Mel protected the H9c2 cells from OGD/R-induced damage.
Cardiomyocyte apoptosis serves a primary role in the patho-
genesis of myocardial I/R injury (31). Myocardial apoptosis is
a complicated process mediated by a series of enzymes and
molecules, including the opening of the mitochondrial perme-
ability transition pore, release of cytochrome ¢ and activation
of caspases (32). The Bcl-2 family of proteins have emerged as
the key regulatory components of the apoptotic process; the
Bcl-2 family comprises antiapoptotic proteins (such as Bcl-2
and Bcl-xL) and proapoptotic molecules (such as Bax and
Bak), which function primarily to protect or disrupt the integ-
rity of the mitochondrial membrane and control the release
of proapoptotic proteins (33). Mitochondrial dysfunction and
MMP loss are early events in the apoptotic process (34). I/R
stimulation leads to the opening of the mitochondrial perme-
ability transition pore and release of cytochrome c from the
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intermembrane space of mitochondria (35). Once released,
cytochrome c binds to the cytosolic protein Apafl facilitating
the formation of the apoptosome complex, which results in the
activation of caspase-9 and subsequent activation of caspase-3;
the activation of caspase-3 triggers apoptosis (36). In the
present study, OGD/R led to a significant increase in the activity
levels of caspase-3 and caspase-9, loss of MMP and apoptosis
in HO9¢2 cells. However, Mel reduced the apoptotic rate and
the activity levels of caspase-3 and caspase-9 and attenuated
the loss of MMP. Mel decreased the levels of proapoptotic
cl-caspase-3, cytochrome ¢ and Bax and enhanced the anti-
apoptotic Bcl-2 expression in OGD/R-exposed H9c2 cells.
These results suggested that Mel exerted antiapoptotic effects
in OGD/R-injured cardiomyocytes.

Myocardial I/R injury induces oxidative stress, which causes
apoptosis in cardiovascular cells (37). Excessive amounts of
ROS during the reperfusion period may damage cell struc-
ture and facilitate myocardial apoptosis (38). MDA, which

is a secondary product of lipid peroxidation, is a biomarker
of oxidative stress and indicates free radical production and
consequent tissue damage (39). Antioxidant enzymes, such as
SOD, CAT and GSH-Px, act as a compensatory mechanism
for hyperoxidation that protects against oxidative injury (40).
However, myocardial I/R leads to the collapse of the antioxi-
dant system and increases the vulnerability of the myocardium
to oxygen free radicals (41). The results of the present study
demonstrated that the myocardial protective effect of Mel was
mediated by the inhibition of oxidative stress, as indicated by
the reduction of ROS production and MDA content, and the
enhancement of cellular antioxidant enzymes, including CAT,
SOD and GSH-Px. Mitochondria are the principal sites of
ROS production (42). PGC-1a and Nrf2 are the major regula-
tors of mitochondrial biogenesis and activity (43,44). PGC-la
and Nrf2 regulate the expression of certain antioxidant-related
genes, which remove ROS through sequential enzymatic
reactions (11,12). A previous study has demonstrated that
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Figure 5. Mel reduces the level of pro-inflammatory cytokines in OGD/R-insulted

+

HOc2 cells. H9¢2 cells were subjected to 4 h of OGD followed by reperfusion

for 24 h. Mel (1 mM) was added to the culture medium at the initiation of reperfusion. (A-E) The mRNA expression levels of (A) TNF-a, (B) IL-6, (C) IL-1f,
(D) IL-8 and (E) MCP-1 were analyzed by reverse transcription-quantitative PCR. (F-J) The release of (F) TNF-a, (G) IL-6, (H) IL-1p, (I) IL-8 and (J) MCP-1
in the supernatants was measured by ELISA. Data are expressed as the mean + SD from three independent experiments. “P<0.05 vs. control; “P<0.05 vs.

OGD/R. Mel, melatonin; OGD/R, oxygen-glucose deprivation/reperfusion; TN
protein.

Mel ameliorated myocardial I/R injury by activating the 5'
AMP-activated protein kinase/PGC-1a/SIRT3 signaling
pathway (23). In addition, Mel protected H9c2 cells against
OGD/R-induced oxidative damage through the Nrf2/NQO1
pathway (24). A compound hydroxysafflor yellow A that inter-
feres with the PGC-1a/Nrf2 pathway serves an antioxidant
role in isoproterenol-damaged HO9c2 cells (13). Consistent
with these findings, the results of the present study demon-
strated that the repressive effects of Mel on ROS generation
and apoptosis in OGD/R-insulted H9c2 cells were attenuated
by the knockdown of PGC-1la or Nrf2, which suggested that
Mel inhibited oxidative stress and apoptosis in H9c2 cells by
activating thePGC-10/Nrf2 signaling pathway.

F-a, tumor necrosis factor-a; IL, interleukin; MCP, monocyte chemotactic

I/R injury induces the production and release of several
pro-inflammatory cytokines and chemokines (27,45,46).
TNF-a upregulation in an ischemic region induced TNF-a
expression in the neighboring normal myocardium, which
resulted in amplified cytokine effects (47). Of note, TNF-a
induces the activation of nuclear factor-«B and subsequent
upregulation of other inflammatory mediators (48). TNF-a
is a pro-inflammatory cytokine that has a potent pro-apop-
totic function through binding to its cell surface receptor
TNFR1 (49). A neutralizing antibody against TNF-a has
been demonstrated to exert antiapoptotic effects in cardio-
myocytes (50). OGD/R resulted in a significant increase in
the levels of TNF-a, IL-6 and MCP-1 in H9c2 cells (46).
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antibody; si, small interfering RNA; NC, negative control.

Yang et al (16) reported that several pro-inflammatory
cytokines, including TNF-a, IL-1§3, IL-6 and IL-8, are
upregulated by OGD/R in H9c2 cells. Consistently with
these results, high levels of TNF-a, IL-6, IL-1p, IL-8 and
MCP-1 were observed in OGD/R-treated H9c2 cells. Mel
reversed the increase in these pro-inflammatory mediators.
Recently, the PPARY/PGC-1a/TNF-a signaling pathway
has been implicated in the inflammatory response of
OGD/R-insulted H9¢c2 cells (16). In the present study, the
Mel-mediated reduction in TNF-a release and apoptosis
was counteracted by PGC-la knockdown and rescued by
TNF-a antibody treatment in OGD/R-exposed H9c2 cells.
These data indicated that Mel suppressed the apoptosis of
OGD/R-damaged HO9c2 cells through the PGC-10/TNF-a
signaling pathway.

In conclusion, the results of the present study demon-
strated that Mel inhibited OGD/R-induced oxidative stress,
inflammation and apoptosis in H9¢2 cells. Mechanistically,
the Mel-induced protection of H9c2 cells was dependent on
the PGC-1a/Nrf2 and PGC-1a/TNF-a signaling pathways.
Overall, this study provided a deep insight into the protective
effects of Mel against myocardial I/R injury.
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