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Resistin-induced cardiomyocyte hypertrophy is inhibited by
apelin through the inactivation of extracellular signal-regulated
kinase signaling pathway in H9¢2 embryonic rat cardiomyocytes
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Abstract. It has been reported that resistin induces, whereas
apelin inhibits cardiac hypertrophy. However, the underlying
molecular mechanisms of apelin inhibiting resistin-induced
cardiac hypertrophy remain unclear. The aim of the current
study is to investigate the effects of apelin on resistin-induced
cardiomyocyte hypertrophy and elucidate the underlying
molecular mechanism. H9c2 cells were used in the present
study, and cell surface area and protein synthesis were evalu-
ated. Reverse transcription-quantitative polymerase chain
reaction was performed to analyze the expression levels of
hypertrophic markers, brain natriuretic peptide (BNP) and
-myosin heavy chain (3-MHC). In addition, western blotting
was conducted to examine phosphorylation of extracellular
signal-regulated kinase (ERK)1/2. Following treatment of
HOc2 cells with resistin, cell surface area, protein synthesis,
and BNP and B-MHC mRNA expression levels were increased.
Subsequent to co-treatment of H9c2 cells with apelin and
resistin, lead to the inhibition of resistin-induced hypertrophic
effects by apelin. In addition, treatment with resistin increased
phosphorylation of ERK1/2, whereas pretreatment with apelin
decreased phosphorylation of ERK1/2, which was increased
by resistin. These results indicate that resistin-induced cardiac
hypertrophy is inhibited by apelin via inactivation of ERK1/2
cell signaling.
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Introduction

Cardiac hypertrophy is the response to stress or disease, such
as hypertension, myocardial infarction (MI) and valvular
heart disease. The incidence of cardiac hypertrophy is ~0.2%
in adults. It is not gender, age, race or geographic specific (1). It
causes sudden cardiac death in young patients (2) and develops
into heart failure in the elderly. Heart failure may be respon-
sible for as many as 60% of cardiac hypertrophy-associated
deaths. Patients with cardiac hypertrophy are reported to have
a mortality rate of ~1.0% per year (3). The features of cardiac
hypertrophy include enlarged cardiomyocyte size, increased
protein synthesis, elevated fetal gene atrial natriuretic peptide,
brain natriuretic peptide (BNP) and -myosin heavy chain
(B-MHC) expression, and abnormal sarcomeric organization,
as well as heightened expression of fibronectin. There are
numerous cell signaling pathways associated with cardiac
hypertrophy and cardiac failure, including signal transducer
and activator of transcription 3, Akt, extracellular signal-regu-
lated kinase (ERK)1/2 and liver kinase B1/5' AMP-activated
protein kinase (4-6).

Resistin is an adipocyte-secreted adipokine, which has
been linked to obesity, diabetes, insulin resistance and cardiac
hypertrophy (7,8). Loss of resistin has been shown to improve
insulin sensitivity (9). In addition, treatment with resistin causes
glucose intolerance (10). Resistin is regulated by cytokines,
including endothelin, insulin, insulin-like growth factors and
peroxisome proliferator-activated receptor y (11,12). In rodents,
resistin is located within adipocytes, while human resistin is
primarily expressed in macrophages and neutrophils (13-15).
Human resistin is released in response to inflammatory
stimuli (16), and is found at elevated levels in autoimmune
disease and sepsis (17). Previous studies have shown that
resistin impairs cardiomyocyte glucose handling and induces
cardiac hypertrophy (8,10).

Apelin is an endogenous peptide ligand for the
G protein-coupled apelin receptor (APJ). Apelin and APJ
are expressed in the heart (18,19). Apelin is synthesized as
a 77-amino acid peptide processed into various C-terminal
fragments, including apelin-36, -19, -17, -13, -12, and
[Pyrl]-apelin-13. Apelin-13 is the most stable amongst
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them (20,21). Deficiency of apelin exacerbates MI adverse
remodeling and ischemia-reperfusion (I/R) injury (21).
Treatment with apelin promotes myocardial angiogenesis and
improves cardiac function in post-MI mice (22). Recent studies
have shown that apelin ameliorates high fat diet-induced
cardiac hypertrophy (23). Although resistin has been reported
to induce cardiac hypertrophy, while apelin is reported to
inhibit cardiac hypertrophy, it is not known whether apelin
inhibits resistin-induced cardiomyocyte hypertrophy via inac-
tivation of the ERK signaling pathway.

The aim of the current study was to investigate the
effects of apelin on ERK cell signaling in the inhibition of
resistin-induced cardiomyocyte hypertrophy in H9c2 cells.

Materials and methods

Reagents. Apelin-13 was obtained from Phoenix
Pharmaceuticals, Inc. (Burlingame, CA, USA). Recombinant
human resistin was purchased from Peprotech (Rocky Hill, NJ,
USA). The H9c2 cells (rat cardiomyoblast cells) were obtained
from the American Type Culture Collection (Manassas,
VA, USA). Fetal calf serum was purchased from Zhejiang
Tianhang Biological Technology (Huzhou, Zhejiang, China),
and polyclonal rabbit anti-rat phosphorylated (p)-ERK1/2 anti-
body (cat. no. 9101S) and polyclonal rabbit anti-rat ERK1/2
antibody (cat. no. 9102S) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). A UNIQ-10 column
Trizol kit was obtained from Shanghai Sangon Biotech Co.,
Ltd. (Shanghai, China). PrimeScript® RT Master Mix Perfect
Real Time and SYBR® Premix Ex Tag™ II were obtained
from Biotechnology Co., Ltd. (Tokyo, Japan).

H9c2 cell culture. H9c2 cells were cultured in Dulbecco's
modified Eagle's medium containing 10% fetal bovine serum
(Zhejiang Tianhang Biological Technology) with 1% penicillin
and 1% streptomycin at a temperature of 37°C. When the cells
reached 70-80% confluence, they were passaged according to
a 1:2 proportion and the medium was changed every 2 days.
Cells were seeded into a 35-mm dish at a density of 1x10°.
Cells were cultured in serum-free medium (GE Healthcare
Life Sciences, Logan, UT, USA) at 37°C overnight and
pretreated with 100 nM apelin for 2 h, followed by treatment
with 50 ng/ml resistin for 1 or 48 h.

Determination of cell surface area. Briefly, 8x10* cells were
seeded into a 35-mm dish. Cells were cultured at 37°C with
serum-free medium for 18 h and pretreated with 100 nM
apelin for 2 h, then treated with 50 ng/ml resistin for 48 h.
The cell surface area was measured using ImageJ version 1.49
software (National Institutes of Health, Bethesda, MD, USA).
Using an inverted microscope, five observation fields of cells
were selected at random and 10 of the cells in each observa-
tion field were selected for measurement of their cell surface
areas (24).

Protein synthesis measurement. Briefly, 1x10° cells were
seeded into a 35-mm dish. Cells were cultured with serum-free
medium for 18 h and pretreated with apelin at 100 nM for 2 h,
and treated with resistin for a further 48 h. Cells were digested
with 0.25% trypsin (Beyotime Institute of Biotechnology,
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Beijing, China) for 1 min and counted under an inverted
microscope. The cells were collected and lysed with 100 ul
tissue lysis buffer (CWBio, Beijing, China). Protein concentra-
tions were measured using a bicinchoninic acid (BCA) protein
assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA)
according to the manufacturer's instructions. Cell protein
synthesis was expressed as the relative protein content, which
was determined by dividing the total protein quantity by the
cell number (24).

Reverse transcription-quantitative polymerase chain reaction
RT-qPCR). Total RNA was extracted from collected cells
using the UNIQ-10 column TRIzol kit and digested with
DNase I. The RNA concentration was measured with
NanoDrop 1000 (Thermo Fisher Scientific, Waltham, MA,
USA). RNA (1 ug) was reverse transcribed into cDNA using
the PrimeScript® RT Master Mix Perfect Real Time kit. PCR
was performed with the SYBR® Premix Ex Taq™ II kit using
an Applied Biosystems® 7500 Fast Real-Time PCR System
(Thermo Fisher Scientific, Inc.). The cycling conditions for
gPCR were as follows: 95°C for 30 sec, and 40 cycles at 95°C
for 5 sec followed by 60°C for 31 sec. 18S rRNA gene
expression served as a control and qPCR data analysis was
performed with the AACq method (25). The BNP, B-MHC and
18S primers were designed and synthesized by Shanghai
Sangon Biotech Co., Ltd. and were as follows: Forward,
5-GGAGCATTGAGTTGGCTCTC-3' and reverse, 5-CCA
GCTCTCCGAAGTGTTTC-3' for BNP; forward, 5'-CACCCG
CGAGTACAACCTTC-3' and reverse, 5'-CCCATACCCACC
ATCACACC-3' for B-MHC; forward, 5'-CACCCGCGAGTA
CAACCTTC-3' and reverse, 5'-CCCATACCCACCATC
ACACC-3' for 18S.

Western blot analysis. After the cells reached 80-90% conflu-
ence, they were washed twice with 1X phosphate-buffered
saline, digested with 0.25% trypsin for 1 min and centrifuged
at 1,000 x g for 5 min at 4°C. Cells were added with 100 pul
lysis buffer (CWBio) and placed in ice for 20 min. The lysates
were centrifuged at 10,000 x g for 15 min at 4°C and the super-
natant was isolated. The protein concentration was determined
by BCA assay and 5X Laemmli's buffer (CWBio) was added
to samples. The lysates were heated at 95°C for 5 min and
separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The proteins were transferred onto polyvinyli-
dene fluoride membranes (Merck Millipore, Billerica, MA,
USA) at 200 mA for 30 min, and blocking was performed with
Tris-buffered saline and Tween-20 (TBST) buffer (20 mM
Tris-HCI, 150 mM NaCl and 0.1 % Tween-20) containing
5% non-fat milk for 1 h at room temperature. The membranes
were incubated in TBST buffer containing 5% non-fat milk
with the following primary antibodies: Polyclonal rabbit
anti-rat p-ERK (1:1,000) and polyclonal rabbit anti-rat ERK
(1:1,000) and polyclonal rabbit anti-rat (3-actin (cat. no. 4967S;
1:1,000; Cell Signaling Technology, Inc.) at 4°C overnight.
After incubation with the primary antibodies, horseradish
peroxide-conjugated anti-rabbit secondary antibodies [cat.
no. 111-035-003 (polyclonal goat anti-rabbit); 1:10,000; Jackson
ImmunoResearch, Inc., West Grove, PA, USA) were incubated
at room temperature for 1 h. The blots were visualized with an
enhanced chemiluminescence kit (Beijing ComWin Biotech,
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Beijing, China) using a FluorChem™ Q Quantitative Western
Blot Imaging System (Bio-Techne, Minneapolis, MN, USA).
The densitometry of the bands was quantified using NIH
Image] version 1.49 software.

Statistical analysis. All experiments data were expressed as
mean + standard deviation and performed at least three times.
All statistical analyses were performed by one-way analysis
of variance followed by the Bonferroni post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

Apelin inhibits resistin-induced H9c2 cell size increase.
Resistin treatment was used to induce cardiomyocyte hyper-
trophy. H9c2 cells were treated with (50 ng/ml) resistin for
48 h. Resistin significantly increased the cell surface area
when compared with the control group (P<0.01; Fig. 1).
Pretreatment of cardiomyocytes with 100 nM apelin, signifi-
cantly decreased the cell surface area that had been increased
by resistin compared with the resistin group (P<0.01; Fig. 1).

Apelin decreases resistin-induced cardiomyocyte protein
synthesis increase. To analyze whether resistin treatment
increases protein synthesis in H9c2 cells and whether the
increase is inhibited by apelin treatment, cultured cardio-
myocytes were exposed to resistin in the presence and absence
of apelin for 48 h. Resistin significantly increased protein
synthesis in cardiomyocyotes compared with the control
group (P<0.01; Fig. 2). Apelin treatment decreased the protein
synthesis that had been increased by resistin as compared with
the resistin group (P<0.01; Fig. 2).

Apelin decreases the resistin-induced increased expression of
BNP and -MHC mRNA. As BNP and 3-MHC are cardiomyo-
cyte hypertrophy markers, the effect of apelin on expression
of BNP and f-MHC mRNA induced by resistin in H9c2 cells
was investigated. Resistin treatment increased the expression
of BNP and -MHC at the mRNA level compared with the
control group (P<0.01; Fig. 3A and B). Apelin co-treatment
with resistin suppressed resistin-induced increase of BNP
and f-MHC mRNA expression as compared with the resistin
group (P<0.01; Fig. 3A and B).

Apelin decreases phosphorylation of ERK1/2 that is increased
by resistin. To elucidate the underlying molecular mechanism
by which apelin inhibits resistin-induced cardiomyocyte
hypertrophy, western blot analysis was performed to detect
the phosphorylation of ERK1/2 upon apelin and resistin
co-treatment. Treatment with resistin decreased phosphory-
lation of ERK1/2 compared with the control cells (P<0.01;
Fig. 4), whereas total ERK1/2 protein expression remained
unchanged. By contrast, pretreatment of apelin suppressed
expression of p-ERK1/2 as compared with the resistin group
(P<0.01; Fig. 4).

Discussion

Previous studies have indicated that resistin induces cardiac
hypertrophy (8), while apelin inhibits cardiac hypertrophy (23);
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Figure 1. Effects of apelin on cell surface area, which was increased by
resistin. Data are presented as the mean + standard deviation. “P<0.01 vs. the
Con group, “P<0.01 vs. the Res group. Con, control; Res, resistin; Ape, apelin.
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Figure 2. Effects of apelin on protein synthesis, which was increased by
resistin. Cell protein contents were measured and normalized to the cell
number. Data represent the mean + standard deviation. "P<0.01 vs. the Con
group, "P<0.01 vs. the Res group. Con, control; Res, resistin; Ape, apelin.

however, the underlying molecular mechanisms by which
apelin inhibits resistin-induced cardiac hypertrophy remain
largely unknown. To the best of our knowledge, this is the
first study to investigate apelin suppressing resistin-induced
cardiomyocyte hypertrophy via the inactivation of the ERK1/2
signaling pathway. In the current study, resistin increased cell
size, protein synthesis and the expression of hypertrophic
markers, BNP and 3-MHC at the mRNA level, whereas apelin
suppressed these effects that were induced by resistin. This
indicated that resistin-induced cardiomyocyte hypertrophy
may be inhibited by apelin.

Resistin is a secreted adipokine. Resistin function is asso-
ciated with obesity, diabetes and insulin resistance. Treatment
with resistin impairs glucose tolerance and insulin action,
whereas loss of resistin function improves insulin resis-
tance (9,26,27) and Resistin promotes endothelial dysfunction
and I/R myocardial injury (28-30). Hyperresistinemia may
contribute to the impairment of cardiac contractility and
diabetic cardiac function (31). Overexpression of resistin in
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Figure 3. Effects of apelin on the resistin-induced increase of BNP and $-MHC mRNA expression. (A) BNP and (B) B-MHC mRNA levels were examined by
reverse transcription-quantitative polymerase chain reaction. Data are presented as the mean =+ standard deviation. ‘P<0.01 vs. the Con group, “P<0.01 vs. the

Res group. Con, control; Res, resistin; Ape, apelin.
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Figure 4. Effects of apelin on the p-ERK1/2 expression, which was increased by resistin. (A) Representive western blot. (B) The expression of p-ERK1/2 was
normalized to ERK. Data are presented as the mean + standard deviation. "P<0.01 vs. the Con group, “P<0.01 vs. the Res group. p, phosphorylated; ERK,

extracellular regulted kinase; Con, control; Res, resistin; Ape, apelin.

vivo using adeno-associated virus serotype 9 significantly
decreases left ventricular contractility and induces oxidative
stress, fibrosis, apoptosis and myocardial remodeling in normal
rats (32). Furthermore, overexpression of resistin induces
cardiac hypertrophy in neonatal rat cardiomyocytes through
activation of oxidative stress, insulin receptor substrate 1
(IRS1)/mitogen-activated protein kinase (MAPK) (8),
AMPK/mechanistic target of rapamycin/p70S6 kinase
and apoptosis signal-regulating kinase 1/c-Jun N-terminal
kinases/IRS1 signaling pathways (33). In the current study,
HO9c2 cells were used as a model and treated with resistin to
induce cardiomyocyte hypertrophy. Treatment with resistin
also induced an increase in ERK1/2 phosphorylation, indi-
cating that resistin induces cardiomyocyte hypertrophy via
activation of the ERK signaling pathway.

The adipokine, apelin is an endogenous ligand for the
G protein-coupled receptor APJ. Apelin and APJ are expressed
in the heart. Adipocytes secrete apelin and cardiomyocytes
also secrete apelin (34). Human studies have demonstrated
that the apelin-AJP system is downregulated in the hypertro-
phic heart (35,36). Apelin treatment abolishes development of
cardiac hypertrophy, as well as preventing fibrosis progres-
sion and cardiac contractile dysfunction (37). In addition,

apelin gene therapy increases myocardial vascular density
and ameliorates diabetic cardiomyopathy via upregulation
of sirtuin 3 (38). Previous studies demonstrated that apelin
treatment contributes to cardioprotection in cardiac I/R injury,
as well as angiotensin II- or isoproterenol-induced cardiac
remodeling (39,40). In the absence of apelin, stretch signals
through the apelin receptor are mediated via B-arrestins
resulting in detrimental cardiac hypertrophy (41). Notably,
apelin knockout mice display impaired cardiac contractility
with aging and developed progressive heart failure induced by
pressure overload (19). Furthermore, apelin knockout mice and
APJ knockout mice showed only modest declines in cardiac
function (42). It has been demonstrated that ERK1/2 signaling
is necessary for promoting hypertrophic growth. ERK1
and ERK?2 are regulated by MAPK kinases (MEK) 1 and
MEK?2, and ERK1/2 proteins are phosphorylated by MEK1/2
at a threonine and adjacent tyrosine residue. The ERK1/2
signaling pathway has been associated with the development
of cardiac hypertrophy and cardiac failure (43). The present
study demonstrated that resistin increases phosphorylation
of ERK1/2, whereas apelin decreases the phosphorylation
of ERK1/2, which was increased by resistin. These results
indicate that resistin-induced cardiomyocyte hypertrophy is
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inhibited by apelin via inactivation of the ERK1/2 signaling
pathway.

In conclusion, resistin exposure causes increased BNP and

f-MHC mRNA expression levels, greater cell surface area and
protein synthesis, as well as increased ERK1/2 phosphoryla-
tion, while apelin inhibits these resistin-induced effects. These
findings indicate that apelin inhibits resistin-induced cardio-
myocyte hypertrophy via inactivation of the ERK1/2 signaling
pathway. The present results provide novel insight, presenting
apelin as a useful treatment for cardiac hypertrophy.
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