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Abstract

Apelin is highly expressed in rat left ventricular hypertrophy Sprague Dawley rat models, and it plays

a crucial role in the cardiovascular system. The aim this study was to clarify whether apelin-13 pro-

motes hypertrophy in H9c2 rat cardiomyocytes and to investigate its underlying mechanism. The

cardiomyocyte hypertrophy was observed by measuring the diameter, volume, and protein content

of H9c2 cells. The activation of autophagy was evaluated by observing the morphology of autopha-

gosomes by transmission electronmicroscopy, observing the subcellular localization of LC3 by light

microscopy, and detecting the membrane-associated form of LC3 by western blot analysis. The

phosphatidylinositol 3-kinase (PI3K) signaling pathway was identified and the proteins expression

was detected usingwestern blot analysis. The results revealed that apelin-13 increased the diameter,

volume, and protein content of H9c2 cells and promoted the phosphorylation of PI3K, Akt, ERK1/2,

and p70S6K. Apelin-13 activated the PI3K-Akt-ERK1/2-p70S6K pathway. PI3K inhibitor LY294002, Akt

inhibitor 1701-1, ERK1/2 inhibitor PD98059 attenuated the increase of the cell diameter, volume, pro-

tein content induced by apelin-13. Apelin-13 increased the autophagosomes and up-regulated the

expressions of beclin 1 and LC3-II/I both transiently and stably. The autophagy inhibitor 3MA ame-

liorated the increase of cell diameter, volume, and protein content that were induced by apelin-13.

These results suggested that apelin-13 promotes H9c2 rat cardiomyocyte hypertrophy via PI3K-

Akt-ERK1/2-p70S6K and PI3K-induced autophagy.
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Introduction

Apelin is the endogenous ligand for APJ (putative receptor protein re-
lated to the angiotensin receptor AT1) and plays a crucial role in the
cardiovascular system [1]. Several apelin peptides, such as apelin-77,
apelin-36, apelin-17, apelin-13, and apelin-12, have been shown to be

present in vivo, all of which have different effects on the APJ receptor
due to their different sizes [2]. Apelin-13 that acts as a mature apelin
peptide, is the most commonly studied and has comparable affinity
and agonist activity with the native apelin receptor in human tissues
[3]. Apelin-13 is the predominant apelin isoform in human cardiac
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tissue [4] and plays a protective role in myocardial contraction, blood
pressure regulation [5,6], myocardial injury [7], and so on. In addition
to its protective role [8–10], apelin-13 promotes vascular smoothmus-
cle cell (VSMC) proliferation [11–13] and endothelial cell (EC) adhe-
sion [14–16]. In myocardial hypertrophy, an altered balance of apelin/
APJ is observed [17], but the regulatory mechanisms for the apelin sys-
tem in the hypertrophic cardiac system have not been fully investi-
gated. Moreover, apelin has been reported to prevent cardiac
hypertrophy induced by oxidative stress [18] or high-fat diets [19].
APJ-null mice displayed resistance to chronic pressure overload by
markedly reducing myocardial hypertrophy and heart failure [20–
22], indicating that the apelin/APJ system plays a complex role in myo-
cardial hypertrophy. Thus, it is important to explore the function and
regulatory mechanisms of apelin in myocardial hypertrophy.

At cellular and molecular levels, intracellular signal transduction
pathways play an important role in the development of myocardial
hypertrophy. Phosphatidylinositol 3-kinase (PI3K), Akt, ERK1/2,
and p70S6K are signal transduction proteins that are crucial for
many aspects of cell growth, survival and apoptosis, and are involved
in some pathological processes [23]. In the myocardial context, PI3K/
Akt indirectly regulates calcium channels [24], cardiac muscle contrac-
tion, andmyocardial hypertrophy [25,26]. It also mediates cell growth
and proliferation [27], protein synthesis [28], and apoptosis [29].

Autophagy is a degradation pathway involving lysosomes and is
essential for survival, differentiation, development, and homeostasis.
Autophagy not only possesses these physiological functions but also
plays a role in the initiation and prevention of human diseases
[30,31]. In the heart, the level of autophagy is altered in response
not only to stress, such as ischemia/reperfusion [32–34], but also to
stress triggered by cardiovascular diseases, such as cardiac hyper-
trophy [35] and heart failure [30,36]. The PI3K/Akt and mTOR/
p70S6 kinase pathways contribute to survival signaling by inducing
cell autophagy. ERK1/2 and p70S6k also regulate autophagy [37–
39]. In myocardial hypertrophy, whether autophagy can be regulated
by PI3K, Akt, or p70S6k and how they regulate the process of myo-
cardial hypertrophy are still unknown.

In the present study, it is hypothesized that apelin-13 promotes
H9c2 rat cardiomyocyte hypertrophy via the PI3K-Akt-ERk1/
2-p70S6k and PI3K-induced autophagy pathways. By using H9c2
cells that are cardiac myoblasts from rat [40], we demonstrated that
apelin-13 increased the diameter, volume and protein content of
H9c2 cells and promoted the apoptosis of H9c2 cells. Apelin-13 acti-
vated the PI3K-Akt-ERk1/2-p70S6k pathway, and the PI3K inhibitor
LY294002, the Akt inhibitor 1701-1, and the ERK inhibitor PD98059
significantly inhibited the increase of the diameter, volume, and pro-
tein content of cells induced by apelin-13. The PI3K/Akt pathway
regulated autophagy induced by apelin-13 over a long period of
time, and class III phosphoinositide-3 kinases (PI3Ks) transiently regu-
lated autophagy induced by apelin-13. The autophagy inhibitor 3MA
blocked the hypertrophy induced by apelin-13, suggesting that
apelin-13 promotes hypertrophy in H9c2 rat cardiomyocytes via the
PI3K-Akt-ERK1/2-p70S6k and PI3K-induced autophagy pathways.

Materials and Methods

Cell culture

H9c2 cells (passage numbers 16–21) were purchased from the
American Type Culture Collection (ATCC, Manassas, USA) and
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Gaithersburg, USA) supplemented with 10% fetal bovine serum
(FBS) in a 5% CO2 humidified atmosphere incubator.

Cardiomyocyte hypertrophy detection

The morphology of H9c2 cells was observed using an inverted micro-
scope, and cardiomyocyte hypertrophy was evaluated by measuring
the diameter, volume, and protein content of the H9c2 cells. The
diameter and volume of the H9c2 cells were determined by a Scep-
terTM Handheld Automated Cell Counter (Millipore, Billerica,
USA), and the protein content was measured by using a BCA protein
assay kit (Hyclone, Rockford, USA).

The detail method has been described previously [22]. Briefly,
1 × 104 cells per well were seeded in 6-well cell culture plates. After
drug treatment, the cells were digested and collected by centrifugation
at 100 g for 5 min. Then, the cells were resuspended and appropriately
diluted in phosphate buffered saline (PBS) so that the concentration
was approximately 5 × 104–1 × 105 cells/ml, and the single-cell sus-
pension was placed in a 2-ml microcentrifuge tube. The diameter
and volume of the H9c2 cells were detected using a ScepterTMHand-
held Automated Cell Counter.

Transmission electron microscopy (TEM) analysis

The cells were collected and fixed with 5% glutaraldehyde in 0.1 M
phosphate buffer for 2 h and then washed three times with 0.1 M PBS,
followed by post-fixation with 1% osmic acid for 2 h. Then cells
were dehydrated with graded alcohol and embedded in acetone-
embedding liquid (1:1) for 12 h and then in embedding liquid for 12 h.
Ultrathin sections were then cut and stained with 3% uranyl acetate
and lead nitrate. The images were captured and analyzed using
an FEI Tecnai G2 Spirit transmission electron microscope (FEI,
Hillsboro, USA).

Immunofluorescence detection of the cell number

with punctate LC3

About 2 × 105 cells per well were seeded into 6-well culture plates.
When the cells grew to 80% confluence, they were washed twice
with PBS, fixed with 4% polyformaldehyde for 20 min, and then
blocked with bovine serum albumin (BSA) for 1 h at room temperature.
The cells were then incubated with the anti-LC3 primary antibody
(1:100; Epitomics, Burlingame, USA) for 2 h, washed 3 times with
PBS, and incubated with fluorescein-conjugated anti-rabbit IgG
secondary antibody (1:1000; Invitrogen, Carlsbad, USA). The number
of punctate LC3 structures per cell was then determined using immuno-
fluorescence to accurately measure the autophagosome number.

Delivery of GFP-LC3 into lysosome

Cells were transfected with a plasmid expressing GFP-LC3 using At-
tractene Transfection Reagent (Qiagen, Hilden, Germany) for 24 h at
37°C. Then, the cells were treated with different drugs (apelin-13;
LY294002; apelin-13+LY294002; and DMSO) for 24 h. After being
washed with Hanks’ Balanced Salt Solution, the cells were immediate-
ly stained with LysoTracker Red dye (Beyotime Biotechnology, Shang-
hai, China) for 30 min at 37°C, and the expression of GFP-LC3 in cells
was visualized using fluorescence microscopy.

LC3 turnover assays

About 2 × 105 cells per well were seeded in 6-well culture plates. When
the cells grew to 80% confluence, they were treated with different
drugs (apelin-13; LY294002; apelin-13+LY294002; and DMSO) for
24 h and then incubated with or without the lysosomal inhibitor hy-
droxychloroquine for 30 min, fixed with 4% polyformaldehyde for
20 min, and then blocked with BSA for 1 h at room temperature.
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Next, the cells were incubated with the anti-LC3 primary antibody
(1:100) for 2 h, washed 3 times with PBS, and then incubated with
Alexa 488-conjugated anti-rabbit IgG secondary antibody (Invitro-
gen). LC3 expression in cells was then detected by fluorescence
microscopy.

Western blot analysis

Cells were washed twice with ice-cold PBS and lysed with RIPA lysis
buffer containing phenylmethanesulfonyl fluoride (PMSF) (9:1).
After centrifugation at 1613 g for 30 min, the supernatants were col-
lected, and their protein concentrations were determined using a
BCA protein assay kit (Hyclone). Aliquots containing 30 µg of pro-
tein were electrophoresed in 12% SDS-polyacrylamide gels and
transferred to polyvinylidene fluoride (PVDF) membranes (Milli-
pore). The membranes were then blocked with BSA for 2 h at
room temperature. The proteins were detected with primary anti-
bodies against the following proteins: APLNR (C-17) (Santa Cruz
Biotechnology, Santa Cruz, USA), PI3K (Epitomics), p-PI3K (Bio-
world Technology, St Louis, USA), Akt1 (Epitomics), p-Akt(S473)
(Bioworld Technology), ERK1/2 (Abzoom Biolabs, Dallas, USA),
p-ERK1/2 (Santa Cruz Biotechnology), p70S6Kinase (N-term)
(Epitomics), p-p70S6 kinase α (A-6) (Santa Cruz Biotechnology),
LC3A/B (Epitomics), beclin-1 (H-300) (Santa Cruz Biotechnology),
and SQSTM1/p62 (Cell Signaling Technology, Beverly, USA). The
membranes were incubated with primary antibody for 2 h and

then with the corresponding horseradish peroxidase-conjugated
anti-rabbit or anti-mouse IgG secondary antibody. The densitomet-
ric analyses of the proteins were carried out using analysis software
(AlphaImager 2200, San Leandro, USA), and the protein levels were
quantified by calculating the ratio of their expression levels to that of
β-tubulin.

Figure 1. Apelin-13 has no effect on the expression of APJ The expression of APJ is up-regulated at 0.01 and 2 µM when cells were treated with different

concentrations of apelin-13 (A,B). The expression of APJ was not changed when cells were treated for different time (C,D). Four APJ shRNAs were designed and

synthesized to knock down the expression of APJ, and the most efficient shRNA, pGPU6/Neo-rat-399, was chosen for further study (E,F). The data are shown as the

mean ± SD, n = 4. *P < 0.05 vs. the control group.

Table 1. Apelin-13 promotes cardiomyocyte hypertrophy by APJ

Group Diameter
(μm/cell)

Volume
(103 μm3/cell)

Protein
(pg/cell)

Control 13.87 ± 1.24 1.42 ± 0.39 676 ± 23
Apelin-13 16.47 ± 1.41* 2.37 ± 0.63* 944 ± 76*

Apelin-13+pGPU6/
Neo-rat-399

14.30 ± 1.00# 1.43 ± 0.35# 487 ± 57#

Apelin-13+pCDNA-APJ 17.20 ± 0.90# 2.67 ± 0.39# 996 ± 84#

Apelin-13+pGPU6-shNC 16.70 ± 0.20 1.85 ± 0.09 941 ± 60
Apelin+pCDNA 16.15 ± 1.60 2.21 ± 0.47 943 ± 74
pGPU6/Neo-rat-399 12.80 ± 0.90* 1.11 ± 0.22* 391 ± 69*

pCDNA-APJ 15.70 ± 0.33* 2.08 ± 0.23* 832 ± 54*

pGPU6-shNC 13.10 ± 0.30 1.17 ± 0.08* 1074 ± 138*

pCDNA 14.62 ± 0.44 1.64 ± 0.15 477 ± 146

Apelin-13: 2 μM; time: 96 h; pGPU6/Neo-rat-399: APJ shRNA plasmid; and
pGPU6-shNC: negative-shRNA plasmid. The data are expressed as the
mean ± SD of six independent experiments. *P < 0.05 vs. control group;
#P < 0.05 vs. apelin-13 group.
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Figure 2. Apelin-13 activates the PI3K-Akt-ERK1/2-p70S6K pathway in H9c2 rat cardiomyocytes Apelin-13 up-regulated PI3K and enhanced the

phosphorylation of PI3K (p-PI3K), the phosphorylation of Akt (p-Akt), the phosphorylation of ERK1/2 (p-ERK1/2), and the phosphorylation of p70S6K (p-p70S6K)

(A). LY294002 (25 µM) decreased the enhancement of p-PI3K, p-Akt, p-ERK1/2, and p-p70S6K that were induced by apelin-13 (B–G). 1701-1 (10 µM)

significantly blocked the up-regulation of p-Akt, p-ERK1/2, and p-p70S6K that were induced by apelin-13. PD98059 (10 µM) significantly attenuated the high

levels of p-ERK1/2 and p-p70S6K that were induced by apelin-13. The data are shown as the mean ± SD, n = 4. *P < 0.05 vs. the control group; #P < 0.05 vs. the

apelin-13-treated group.
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Statistical analysis

Data are presented as the mean ± SD of the indicated number of mea-
surements. A one-way ANOVA test was used to determine signifi-
cance. P < 0.05 was considered to be statistically significant.

Results

Apelin-13 has no effect on the expression of APJ in

cardiomyocytes

Apelin-13 acts as the ligand of the APJ receptor and may regulate the
expression of APJ. To detect the change of APJ expression in cells trea-
ted with apelin-13, cells were treated with different concentrations of
apelin-13 (0, 0.001, 0.01, 0.1, 1, and 2 µM) for 24 h. Western blot
analysis results showed that apelin-13 up-regulated the expression of
APJ at 0.01 and 2 µM (Fig. 1A,B). Then cells were stimulated with
apelin-13 (2 µM) for different time (0, 24, 48, 72, and 96 h), andwest-
ern blot analysis results showed that the APJ expression did not change
(Fig. 1C,D). These results suggested that apelin-13 does not affect the
expression of APJ (Fig. 1).

Apelin-13 (2 µM) was used to stimulate H9c2 cells for 96 h and
cardiomyocyte hypertrophy was detected by measuring the diameter,
volume, and the protein content of cells (Table 1). The results showed
that 2 µM of apelin-13 alone significantly increased the cell diameter,
volume, and protein content compared with the control group. To fur-
ther explore the role of APJ in heart induced by apelin-13, four APJ
shRNAs were designed and synthesized to knock down the expres-
sion of APJ. The most efficient APJ shRNA, pGPU6/Neo-rat-399,
was chosen for further study (Fig. 1E,F). The results showed that
APJ shRNA blocked the increase of the cell diameter, volume, and
protein content that was induced by apelin-13, while APJ shRNA
treatment alone had little effect on these factors compared with the
control group (Table 1). Thus, the role of APJ in the cardiomyocyte
hypertrophy is controversial.

Apelin-13 promotes cardiomyocyte hypertrophy via the

PI3K-Akt-ERK1/2-p70S6K pathway

PI3k, Akt, ERK1/2, and p70S6K are crucial to many aspects of cell
growth, survival, and apoptosis, and are involved in some processes
that contribute to pathology [23], especially myocardial hypertrophy.

A specific PI3K inhibitor LY294002, a specific Akt inhibitor 1701-1,
and a specific ERK1/2 inhibitor PD98059 were used to stimulate
H9c2 cells and then their effects on the expressions of PI3K, p-PI3K,
Akt, p-Akt, ERK1/2, p-ERK1/2, p70S6K, and p-p70S6K in H9c2 rat
cardiomyocytes induced by apelin-13 were detected. Western blot
analysis results showed that apelin-13 up-regulated PI3K expressing and
enhanced the phosphorylation of PI3K, Akt, ERK1/2, and p70S6K
(Fig. 2A). The PI3K-specifiic inhibitor LY294002 (25 µM) inhibited
the PI3K, Akt, ERK1/2, and p70S6K phosphorylation enhancement in-
duced by apelin-13 (Fig. 2C–G). The Akt-specific inhibitor 1701-1
(10 µM) significantly blocked the up-regulation of p-Akt, p-ERK1/2,
and p-p70S6K expressions induced by apelin-13 (Fig. 2B–G). The
ERK inhibitor PD98059 (10 µM) significantly attenuated the high
level of p-ERK1/2 and p-p70S6K induced by apelin-13 (Fig. 2C–G).
These data suggested that apelin-13 can activate the PI3K-Akt-ERK1/
2-p70S6K pathway in H9c2 rat cardiomyocytes.

The PI3K-Akt-ERK1/2-P70S6K pathway is involved in

H9c2 rat cardiomyocyte hypertrophy induced by

apelin-13

LY294002 (25 µM), 1701-1 (10 µM), and PD98059 (10 µM) were
used to stimulate H9c2 rat cardiomyocytes, and the changes of the
diameter, volume, and protein content of theH9c2 rat cardiomyocytes
induced by apelin-13 (2 µM, 96 h) were detected. The results showed
that 2 µM of apelin-13 alone significantly increased the cell diameter,
volume, and protein content, compared with the control group (P <
0.05). Compared with the apelin-13 (2 µM)-alone group, the groups
that were pre-incubated with 25 µM of LY294002, 10 µM of 1701-1,
or 10 of µM PD98059 prior to the addition of 2 µM apelin-13 dis-
played a significant reduction in cell diameter, volume, and protein
content (Table 2). These results showed that LY294002, 1701-1,
and PD98059 all blocked the increase of diameter, volume, and pro-
tein content of H9c2 rat cardiomyocytes induced by apelin-13.

Apelin-13 induces cardiomyocyte autophagy via the

PI3K pathway

Autophagy is a process by which cells recycle cytoplasm and defective
organelles during stress situations such as nutrient starvation. Autop-
hagy is not only a physiological process but also a pathological pro-
cess, and it has been reported that autophagy is altered in cardiac
hypertrophy [35]. Autophagy may be related to the process of cardiac
hypertrophy that is induced by apelin-13. Different concentrations of
apelin-13 (control, 0.001, 0.01, 0.1, 1, and 2 µM) were used to simu-
late H9c2 rat cardiomyocytes for 24 h, and western blot analysis re-
sults showed that the expressions of the autophagy markers LC3-II/I
and beclin-1 were increased and that the level of the substrate protein
p62 was decreased in a concentration-dependent manner (Fig. 3A,B).
siRNAwas used to knock down the APJ receptor and results showed
that APJ siRNA reversed the increase of LC3-II/I and beclin-1 that was
induced by apelin-13 (Fig. 3C,D). Apelin-13 was then used to stimu-
late cells for different time (0, 3, 6, 12, and 24 h) and results showed
that apelin-13 up-regulated the expressions of LC3-II/I and beclin-1
and reduced the level of p62 at 12 and 24 h (Fig. 3E,F). These results
suggested that apelin-13 induces cardiomyocyte autophagy for an ex-
tended time. Interestingly, the expression of beclin-1 exhibited an early
increase at 3 h. So there may be another way to increase the expression
of beclin-1 transiently. Then apelin-13 was used to stimulate cells for a
short time (0, 15 min, 30 min, 1, 2, and 4 h). Results showed that
apelin-13 increased the expression of beclin-1 at 30 min and decreased
the expression of p62 at 15 min, but increased the expression of

Table 2. The PI3K inhibitor LY294002, Akt inhibitor 1701-1, and

ERK1/2 inhibitor PD98059 block the increases in the diameter,

volume, and protein content induced by apelin-13

Group Diameter
(μm/cell)

Volume
(103 μm3/cell)

Protein
(pg/cell)

Control 14.2 ± 1.3 1.52 ± 0.38 720 ± 39
Apelin-13 16.7 ± 1.5* 2.47 ± 0.55* 895 ± 67*

Apelin-13+LY294002 14.7 ± 1.1# 1.68 ± 0.34# 741 ± 43#

Apelin-13+1701-1 14.4 ± 1.6# 1.58 ± 0.32# 751 ± 45#

Apelin-13+PD98059 15.0 ± 0.9# 1.77 ± 0.23# 764 ± 52#

LY294002 13.8 ± 1.4 1.38 ± 0.19 698 ± 34
1701-1 14.0 ± 1.5 1.45 ± 0.24 710 ± 36
PD98059 13.9 ± 1.2 1.42 ± 0.28 716 ± 31
DMSO 14.1 ± 1.1 1.48 ± 0.22 719 ± 40

Apelin-13: 2 μM; time: 96 h; LY294002: PI3K inhibitor; 1701-1: Akt
inhibitor; PD98059: ERK1/2 inhibitor. The data are expressed as the
mean ± SD of six independent experiments. *P < 0.05 vs. control group;
#P < 0.05 vs. apelin-13 group.
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LC3-II/I only at 30 min (Fig. 3G,H), suggesting that apelin-13 also
transiently induces cardiomyocyte autophagy, especially at 30 min.
Therefore, it was believed that apelin both stably and transiently in-
duces cardiomyocyte autophagy.

Apelin-13 stably induces cardiomyocyte autophagy

through the PI3K/Akt pathway

Phosphoinositide-3 kinases (PI3Ks) are proteins that are coupled to a
variety of cell surface receptors and play a key role in the signal

Figure 3. Apelin-13 stably and transiently induces cardiomyocyte autophagy The expression of autophagy markers LC3-II/I and beclin-1 was increased, while the

expression of the substrate protein p62was decreased in a concentration-dependentmanner (A,B). The APJ shRNAameliorated the increases in LC3-II/I and beclin-1

levels that were induced by apelin-13 (C,D). The expression of LC3-II/I was up-regulated, and the level of p62was reduced at 12 or 24 h, while beclin-1 expressionwas

increased at earlier time beginning at approximately 3 h, when cells were treated with apelin-13 for various time (0, 3, 6, 12, 24 h) (E,F). The expression of beclin-1

was increased beginning at 30 min and the expression of p62 was decreased beginning at 15 min, while the expression of LC3-II/I was increased only at 30 min (G,H)

when cells were treated with apelin-13 for different time (0, 15 min, 30 min, 1 h, 2 h, 4 h), suggesting that apelin-13 also transiently induces cardiomyocyte

autophagy, especially at 30 min. The data are shown as the mean ± SD, n = 4. *P < 0.05 vs. the control group; #P < 0.05 vs. the apelin-13-treated group.
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transduction cascade regulating fundamental cellular functions such
as transcription, proliferation, and survival [41]. PI3Ks have been ca-
tegorized into three classes: I, II, and III. The class I PI3K, together
with its main downstream signaling molecule Akt, has been found
to regulate autophagy [42,43]. In contrast, the class III PI3K, also
known as human vacuolar protein sorting 34 (hVps34), plays a differ-
ent role in the regulation of autophagy from that of the class I PI3K, as
shown by its co-immunoprecipitation with the beclin-1 protein, a
major determinant in the initiation of autophagy [44–46]. Our results
showed that the phosphorylation of PI3K and Akt is increased within
12–24 h after 12 h of apelin-13 (1 µM) induction. PI3K phosphoryl-
ation is also increased at 3 h (Fig. 4A,B). LY294002 and 1701-1 re-
versed the increase of LC3-II/I levels that was induced by apelin-13,

while these inhibitors had no effect on the increase of beclin-1 levels
that was induced by apelin-13 (Fig. 4C,D). Autophagosomes were
found in apelin-13-treated cells by TEM, but not in untreated cells
(Fig. 4E,F). Autophagy acts as a dynamic process, and the autophago-
some is an intermediate structure in this dynamic process. The accu-
mulation of autophagosomes may represent either autophagosomes
generation-induction or autophagosomes degradation-suppression.
Therefore, a plasmid expressing GFP-LC3 was transfected into cells,
and LysoTracker Red was used to stain the lysosomes to visualize
the delivery of GFP-LC3 using fluorescence microscopy. The results
showed that LY294002 blocked the expression of GFP-LC3 that
was induced by apelin-13 (Fig. 4G). Autophagic flux can bemonitored
by analyzing LC3 turnover, which is based on the observation that

Figure 4. Apelin-13 stably induces cardiomyocyte autophagy through the PI3K/Akt pathway The phosphorylation of PI3K and Akt was increased 12 or 24 h after

induction by apelin-13, and PI3K phosphorylation exhibited an early increase at 3 h (A,B). LY294002 and 1701-1 reversed the increase in LC3-II/I expression that was

induced by apelin-13, but had no effect on the increase in beclin-1 expression (C,D). The generation of autophagosomes and autolysosomes were observed in cells

treated with apelin-13 (1 µM; 12 h), while that was barely observed in the other groups of cells (control; apelin-13+LY29402; LY294002; DMSO) (E,F). The expression

of GFP-LC3 was also observed in apelin-13- and apelin-13+1701-1-treated cells, while little expression was observed in other groups of cells (control; apelin-13

+LY294002; LY294002; 1701-1; DMSO) (G). The same results were obtained when hydroxychloroquine was used to inhibit degradation by autophagosome (H).

These data suggested that LY294002, but not 1701-1, is involved in the autophagy induced by apelin-13 over an extended time (12 h). The data are shown as the

mean ± SD, n = 4. *P < 0.05 vs. the control group; #P < 0.05 vs. the apelin-13-treated group.
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LC3-II is degraded in autolysosomes. Therefore, cells were incubated
with or without the lysosomal inhibitor hydroxychloroquine for
30 min, and the expression of LC3 was observed by fluorescence mi-
croscopy. The expression of LC3 was increased after the degradation
of autophagosome was inhibited by hydroxychloroquine treatment.
LY294002 blocked the increase of LC3 levels induced by apelin-13,
even in hydroxychloroquine-treated cells (Fig. 4H). These results sug-
gested that the PI3K/Akt pathway regulates autophagy induced by
apelin-13.

Apelin-13 transiently regulates autophagy via the Class III PI3K
pathway. Interestingly, our results showed that the expression of
beclin-1 exhibited an early increase at 3 h (Fig. 3E,F) and that PI3K

phosphorylation was also increased at 3 h (Fig. 4A,B). However,
LY294002 and 1701-1 did not affect the expression of beclin-1 in-
duced by apelin-13 (Fig. 4C,D). These results implied that short-term
regulation of beclin-1 exists in cells undergoing autophagy induced by
apelin-13. To analyze this short-term regulation, cells were treated
with apelin-13 (1 µM) for different time (0, 15 min, 30 min, 1, 2,
and 4 h), and results showed that apelin-13 up-regulated the expres-
sion of PI3K phosphorylation at 15 min, 30 min, 2 and 4 h, but the
increase of Akt phosphorylation was observed only at 2 and 4 h,
not at 15 and 30 min (Fig. 5A,B). The increase of PI3K phosphoryl-
ation was similar to the changes of LC3-II/I, beclin-1 and p62 expres-
sions (Fig. 3G,H). Consequently, it was suggested that it may be the

Figure 5. Apelin-13 transiently regulates autophagy via the Class III PI3K pathway The increase of PI3K phosphorylation was observed at 15 min, 30 min, 2h, and

4 h. But Akt phosphorylation was observed only at 2 and 4 h, no activation of Akt was observed at the 15 or 30 min (A,B). 3MA (class III PI3K inhibitor) significantly

blocked the increase of LC3-II/I and beclin-1 expression that were induced by apelin-13 (C,D). Apelin-13 treatment (1 µM; 30 min) increased the formation of

autophagosomes compared with the control group and that 3MA blocked the formation of autophagosome induced by apelin-13 (1 µM; 30 min) (E,F). Apelin-13

also promoted LC3 conjugation to the cytoplasmic membrane, and the class III PI3K inhibitor 3MA significantly blocked this effect not only when cells were

incubated with an LC3 primary antibody and an Alexa 488-conjugated secondary antibody (G), but also when cells were transfected with the MAP1LC3B

GFP-tagged ORF clone (H). The same results were obtained when hydroxychloroquine was used to inhibit degradation by autophagosomes (I). These data

suggest that 3MA transiently (30 min) regulates autophagy induced by apelin-13. The data are shown as the mean ± SD, n = 4. *P < 0.05 vs. the control group;
#P < 0.05 vs. the apelin-13-treated group.
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class III PI3K, not the class I PI3K that transiently regulates autophagy
induced by apelin-13. To confirm this, cells were treated with the class
III PI3K inhibitor 3-methyladenine (3MA) for 30 min and results
showed that 3MA (0.1 µM) significantly blocked the increase of the
LC3-II/I and beclin-1 levels that were induced by apelin-13 (Fig. 5C,
D). TEM observation also showed that apelin-13 treatment (1 µM;
30 min) promoted the generation of autophagosomes (Fig. 5F,G),
and immunofluorescence detection showed that apelin-13 treatment
increased the expression of LC3 and this effect was blocked by
3MA (Fig. 5E). The same results were obtained when the GFP-LC3
plasmid was transfected into cells (Fig. 5H) and when the degradation
of autophagosomes was inhibited by hydroxychloroquine (Fig. 5I).

These data supported our assumption that the class III PI3K transient-
ly regulates autophagosome formation induced by apelin-13.

Apelin-13 induces cardiomyocyte hypertrophy by

autophagy

3MA (typically used at 5 mM) is a known inhibitor of autophagy
(lysosomal self-degradation) that functions through blocking autop-
hagosome formation via the inhibition of class III PI3K. Cells were sti-
mulated with 3MA (5 mΜ) and results showed that this treatment
reversed the increases of the cell diameter, volume, and protein content
induced by apelin-13. Meanwhile, rapamycin, the autophagy activa-
tion agent, increased cell hypertrophy when used alone, but this effect
was not significant in the cardiomyocyte hypertrophy induced by
apelin-13 (Table 3). These results suggested that autophagy is in-
volved in cardiomyocyte hypertrophy induced by apelin-13 (Fig. 6).

Discussion

Cardiac hypertrophy represents a typical feature of various cardiomy-
opathies, including ischemic heart disease and hypertension. Its main
features are the increase of the protein synthesis and the size of cells. At
the early stage of cardiomyopathy, myocardial hypertrophy is a com-
pensatory function, but ultimately, this can lead to heart failure and
has become a significant independent risk factor of cardiovascular dis-
ease [47]. At present, myocardial hypertrophy occurs mainly due to
mechanical load [1–3] and neurohumoral factors [4–6]. The earliest
hemodynamic effect in the pathogenesis of myocardial hypertrophy
has been identified. It has been reported that, in addition to the
renin angiotensin aldosterone system (RASS), norepinephrine

Table 3. The autophagy inhibitor 3MA blocks the increases in the

diameter, volume, and protein content induced by apelin-13

Group Diameter
(μm/cell)

Volume
(103 μm3/cell)

Protein
(pg/cell)

Control 13.1 ± 0.2 1.19 ± 0.06 633 ± 23
Apelin-13 16.4 ± 1.0* 2.35 ± 0.39* 1123 ± 97*

Apelin-13+3MA 14.8 ± 1.3# 1.91 ± 0.24## 688 ± 41##

Apelin-13+ rapamycin 17.0 ± 0.5 2.58 ± 0.53 1184 ± 14
Rapamycin 15.6 ± 1.0* 2.01 ± 0.4* 940 ± 11*

3MA 14.1 ± 1.2 1.59 ± 0.25 677 ± 39
DMSO 12.8 ± 0.9 1.28 ± 0.22 837 ± 75

Apelin-13: 2 μM; time: 96 h; 3MA (5 mM): autophagy inhibitor; rapamycin
(0.1 μM): autophagy revulsive; The data are expressed as the mean ± SD of six
independent experiments. *P < 0.05 vs. control group; #P < 0.05 vs. apelin-13
group; ##P < 0.01 vs. apelin-13 group.

Figure 6. Apelin-13 promotes cardiomyocyte hypertrophy via the PI3K-Akt-ERK1/2-p70S6K and autophagy pathway Apelin-13 activates the PI3K-Akt-ERK1/

2-p70S6K pathway to promote cardiomyocyte hypertrophy. Apelin-13 transiently induces autophagy through the PI3K/Akt pathway for an extended time via

class III PI3K. Therefore, autophagy is involved in cardiomyocyte hypertrophy induced by apelin-13.
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[48–50] and angiotensin II (Ang II) [51–53] induce myocardial cells to
undergo hypertrophy.

In this study, a high concentration of apelin-13 (2 µM) was used to
stimulate H9c2 rat cardiomyocytes for 4 days and results showed that
apelin-13 increased the cell diameter, volume, and protein content,
suggesting that apelin-13 promotes cardiomyocyte hypertrophy.
These results differ from a recent report that apelin prevented myocar-
dial hypertrophy caused by Ang II and 5-HT [18]. In that study, the
influence of treatment with low concentrations of apelin (0.1–
100 nM) for 48 h on rat myocardial hypertrophy induced by 5-HT
(10 µM) was investigated, but there was no mention of the effect of
higher concentrations of apelin or the effect of subtypes of apelin. In
this study, cells were treated with a high dose of apelin-13 (2 µM) for
an extended time (4 days), and it was demonstrated that apelin-13 did
not act as a protective factor for hypertrophy, but instead act as a risk
factor that induces hypertrophy. Additional reports also support our
results. For example, apelin-13 was found to significantly increase the
mouse heart-to-weight ratio and heart end-diastolic pressure [10], and
APJ was proved to be essential for the cardiomyocyte response to pres-
sure [20]. However, the expression of APJ was not changed when cells
were treated with apelin-13 for different time in this study. It was be-
lieved that apelin-13may only affect the function of APJ and have little
effect on its expression. The relationship between the activation and
function of APJ needs to be determined in future studies.

In addition, our results showed that apelin-13 activated the
PI3K-Akt-ERK1/2-p70S6K pathway in H9c2 rat cardiomyocytes.
LY294002, 1701-1, and PD98059 separately inhibited the increases
of cell diameter, volume, and protein content induced by apelin-13,
suggesting that the PI3K-Akt-ERK1/2-p70S6K pathway is involved
in the promotion of H9c2 rat cardiomyocyte hypertrophy induced
by apelin-13.

Autophagy is a process by which cells deliver cytoplasmic material
and organelles to lysosomes for degradation [54]. The autophagic pro-
cess includes two multiprotein components and two ubiquitin-like
modification systems: a protein kinase Apg1 complex [55,56] and a
beclin–phosphatidylinositol 3-kinase (class III PI3K) complex [57,58],
which are responsible for the conjugation of Apg12 to Apg5 [59] and
the conjugation of LC3 to membrane phospholipid(s) [60], respec-
tively. The autophagy-specific class III PI3K complex appears to be es-
sential for recruitment of Atg12-Atg5 conjugates [61] and LC3/Apg8
conjugates to the pre-autophagosomal structure [44]. These two sys-
tems promote the elongation of the isolation membrane and the for-
mation of autophagosomes. In this study, our results showed that
apelin-13 induced the expressions of the autophagy markers LC3-II/
I and beclin-1 and reduced the level of the autophagy substrate protein
p62, suggesting that apelin-13 inducesH9c2 rat cardiomyocyte autop-
hagy. Our results also demonstrated that beclin-1 levels were increased
at the earlier stage and accompanied by an increase of p-PI3K levels.
Therefore, we propose that the PI3K/Akt pathway only affects the ex-
pression of LC3-II/I over the long term, while class III PI3K transiently
regulates both LC3-II/I and beclin-1 and promotes the elongation of
the isolation membrane and the formation of the autophagosome.
The immunofluorescence and monodansylcadaverine results sup-
ported our inference that apelin promotes LC3 conjugation to the
cytoplasmic membrane and induces the formation of autophago-
somes. The class III PI3K inhibitor 3MA significantly blocked the con-
jugation of LC3 to the cytoplasmic membrane and the formation of
autophagosomes. It has been reported that PI3K/Akt negatively regu-
lates autophagy by the activation of mTOR, while our results showed
that PI3K/Akt positively regulates the expression of LC3-II/I. The
mechanism of this regulation is currently unknown, and it is believed

that the PI3K/Akt pathway may have alternative methods for inducing
autophagy independent of mTOR.

In the heart, the levels of autophagy are lower than one under nor-
mal conditions, and autophagy is essential for cellular homeostasis.
However, there is evidence that autophagy is enhanced in various
pathological conditions, including cardiac hypertrophy [35], cardio-
myopathy [62], and heart failure. Our results revealed that 3MA re-
versed the increase of the diameter, volume, and protein content of
H9c2 cells induced by apelin-13. Rapamycin, an autophagy inhibitor,
increased cell hypertrophy when administered alone, but its effect on
apelin-13-induced cardiomyocyte hypertrophy was not significant
(Table 3). Therefore, it was concluded that autophagy is involved in
cardiomyocyte hypertrophy induced by apelin-13.

In summary, our data indicated that apelin-13 promotes H9c2 rat
cardiomyocyte hypertrophy by activating the PI3K-Akt-ERK1/
2-p70S6k and PI3K-autophagy pathways (Fig. 6).
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