
Apelin inhibits the proliferation and migration of rat PASMCs

via the activation of PI3K/Akt/mTOR signal and the inhibition

of autophagy under hypoxia

Hongyu Zhang a, #, Yongsheng Gong b, #, Zhouguang Wang a, Liping Jiang c, Ran Chen b,
Xiaofang Fan b, Huanmian Zhu b, Liping Han b, Xiaokun Li a, Jian Xiao a, *, Xiaoxia Kong b, *

a School of Pharmacy, Zhejiang Key Laboratory of Biotechnology and Pharmaceutical Engineering,
Wenzhou Medical University, Wenzhou, Zhejiang, China

b School of Basic Medical Sciences, Institute of Hypoxia Research, Wenzhou Medical University, Wenzhou, Zhejiang, China
c School of Nursing, Wenzhou Medical University, Wenzhou, Zhejiang, China

Received: August 30, 2013; Accepted: November 15, 2013

Abstract

Apelin is highly expressed in the lungs, especially in the pulmonary vasculature, but the functional role of apelin under pathological conditions
is still undefined. Hypoxic pulmonary hypertension is the most common cause of acute right heart failure, which may involve the remodeling of
artery and regulation of autophagy. In this study, we determined whether treatment with apelin regulated the proliferation and migration of
rat pulmonary arterial smooth muscle cells (SMCs) under hypoxia, and investigated the underlying mechanism and the relationship with
autophagy. Our data showed that hypoxia activated autophagy significantly at 24 hrs. The addition of exogenous apelin decreased the level of
autophagy and further inhibited pulmonary arterial SMC (PASMC) proliferation via activating downstream phosphatidylinositol-3-kinase (PI3K)/
protein kinase B (Akt)/the mammalian target of Rapamycin (mTOR) signal pathways. The inhibition of the apelin receptor (APJ) system by
siRNA abolished the inhibitory effect of apelin in PASMCs under hypoxia. This study provides the evidence that exogenous apelin treatment
contributes to inhibit the proliferation and migration of PASMCs by regulating the level of autophagy.
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Introduction

Hypoxic pulmonary hypertension (HPH) is a severe disease charac-
terized by pulmonary vasoconstriction, pulmonary arterial remodel-
ing and abnormal angiogenesis. Hypoxic pulmonary hypertension
eventually leads to right ventricular pressure overload, which is the
most common cause of acute right heart failure [1–3]. It has been

reviewed extensively that proliferation of smooth muscle cells
(SMCs) is the key event in the pathogenesis of HPH [4]. Indeed,
SMC proliferation in small, peripheral and normally non-muscular
pulmonary arterioles is a hallmark of HPH [5, 6]. The remodeling
of the pulmonary artery also involves proliferation and migration of
SMCs induced by hypoxic insult [7, 8], but the abnormal prolifera-
tion mechanisms of vascular SMCs (VSMCs) are still a source of
controversy.

Autophagy is a dynamic process in the turnover of organelles and
proteins through a lysosome-associated degradation process, and
serves a critical function in cellular homoeostasis by regulating cell
survival and cell death pathways [9]. To date, autophagy has been
implicated in development and several other human diseases [10],
including cancer [11, 12], neurodegenerative diseases [13], inflam-
matory diseases [14] and cardiovascular diseases [15]. However,
very little is currently known about the physiological function of auto-
phagy in the clinical progression of human pulmonary diseases. In
general, autophagy could signify at least two possible functions. First,
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autophagy represents an early adaptive mechanism of the tissue to
the clearing of damaged organelles or proteins for regenerating nutri-
ents and energy and restoring tissue homoeostasis. Moreover, excess
autophagy is considered to contribute to cell death [9, 11, 16]. It has
been demonstrated that autophagy is activated as a protective
response under hypoxic conditions in several cancer cells [17–19].
The molecular mechanism of autophagy is complex and involves
several distinct signal pathways. Most of all, the phosphatidylinositol-
3-kinase (PI3K)/protein kinase B (Akt)/the mammalian target of Rapa-
mycin (mTOR) signalling pathways negatively regulate autophagy
under certain conditions [20, 21]. However, the role of autophagy has
still not been elucidated completely in HPH.

The peptide apelin is a recently described ligand for the G-pro-
tein–coupled receptor APJ (APLNR). Both apelin and apelin receptor
(APJ) are highly expressed in the lungs, especially in the endothelium
of the pulmonary vasculature [22, 23]. As a potential biomarker for
HPH, the peptide regulates the proliferation of VSMCs, vasodilator
function and positive inotropic effects [24]. The expression of apelin
and APLNR is regulated by hypoxia-induced factor 1a and has been
shown to be involved in normal vascular development and the regula-
tion of apoptosis [25]. Furthermore, the activation of PI3K/Akt/mTOR
signalling pathways is also involved in the effects of apelin [26].
Although high levels of expression of the APJ receptor and apelin in
the lungs are observed [27], the functional role of these proteins dur-
ing normal lung development and under pathological conditions such
as HPH is still undefined.

In this study, we investigated the effect of exogenous apelin in a
HPH cell model in vitro. Our data indicate that hypoxia stimulated the
proliferation and migration of primary cultured pulmonary arterial
SMCs (PASMCs) via the activation of autophagy. The addition of
exogenous apelin decreased the level of autophagy and further inhib-
ited PASMCs proliferation. Thus, the mechanism of apelin may
involve the activation of downstream PI3K/Akt/mTOR signal path-
ways. The inhibition of the APJ system by siRNA enhanced the prolif-
eration and autophagy of PASMCs under hypoxia. To the best of our
knowledge, this study provides the novel evidence that the application
of apelin may provide potential therapeutic strategy, targeting of the
inhibition of autophagy and artery remodeling in HPH.

Materials and methods

Cell culture

Primary PASMCs were derived from micro-dissected segments of pul-

monary arteries as described previously [28]. Lung tissues were

obtained from a 3-month-old healthy Wistar rat. Cells were cultured in
DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal

bovine serum (FBS), 100 IU/ml penicillin and 100 lg/ml streptomycin

at 37°C in a 5% CO2/95% air environment. Cells (passages 3–10) were
phenotyped using immunohistochemical and receptor-binding tech-
niques and, like the SMCs in the medial layer of pulmonary arteries,

they expressed smooth muscle actin [29]. Cells were incubated for at

least 24 hrs in serum-free DMEM prior to treatment with apelin at sta-

ted concentrations.

A hypoxia chamber was placed in a regular CO2 incubator maintained
at 37°C. The concentration of oxygen in the chamber was monitored

with an oxygen analyser, showing stable oxygen concentration as indi-

cated on the cylinders. Pulmonary arterial SMCs were exposed to 1%

oxygen for different time-points and then harvested for cell proliferation
assay and cell cycle analysis. Pulmonary arterial SMCs under normoxia

were also established as controls.

RNA interference construction

Plasmids were purified with a HiSpeed Plasmid Maxi Kit (Qiagen Inc.,

Hilden, Germany). The used mouse apelin siRNA (National Center for
Biotechnology Information, accession numbers NM_031349) corre-

sponded to the following cDNA sequence: 5′-AAGAGACGCTCAGCTG-
ACA-3′. The pSUPER neo RNAi plasmid was purchased from

OligoEngine (Seattle, WA, USA). siRNAs were transfected into PASMCs
using Lipofectamine 2000 Transfection Reagent (Invitrogen) according

to the manufacturer’s recommendations as described previously [30].

The knockdown efficiency for apelin was determined by western blot
analysis. After 24 hrs, the transfected cells were ready for experimental

use.

Cell proliferation and cell cycle assays

Cell proliferation was also assessed by incorporation of the thymidine

analogue 5-bromo-2′-deoxyuridine (BrdU) into the DNA of replicating

cells using a commercially available colorimetric immunoassay accord-
ing to the recommended protocol (Invitrogen). The cell proliferation

capacity was recorded as a percentage of BrdU-positive nuclei over the

total nucleated cells.
For cell cycle analysis, PASMCs were incubated, treated and then

harvested. Pellets of the cells were obtained by centrifugation. Follow-

ing removal of the media, the pellets were resuspended with 10 ll
of PBS, and 1 ml of 70% ethanol was added followed by centrifuging
and washing with cold PBS. The cells were then resuspended in

20 lg/ml of propidium iodide/PBS with 1 mg/ml of RNase. After

incubating for 15 min. at room temperature, the samples were then

analysed using a FACScan flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA).

Cell migration assay

A wound healing migration assay with PASMCs was performed follow-

ing previously published methods [31]. Briefly, the cells were seeded at

4 9 106 cells/well on 12-well cell culture plates. On the second day,
three straight scratches for each well were made with a 200-ll pipette
tip. The wells were then rinsed with PBS, which was replaced with regu-

lar media, and the cells were incubated in less than 1% oxygen for

24 hrs. Cell migration was captured with a light microscope. A migra-
tion assay was also performed with a modified Boyden chamber with a

transwell pore size of 8 lm. The cells were trypsinized, counted and

then seeded into the upper insert at densities of 1 9 105 cells/24-well
in serum-free DMEM. DMEM containing 10% FBS was added to the

lower chamber. The cells were incubated for 24 hrs under normoxia or

hypoxia. The counting of migrated cells was performed after fixation

and trypan blue staining of cellular nuclei.
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Cell apoptosis analysis

To determine the effect of exogenous apelin on hypoxic PASMCs, cells
were seeded on 6-well plates (2 9 105 cells/well) and exposure to

hypoxia as described above or treated with apelin. Then, cells were

washed and harvested; apoptotic rates were measured using a PI/Ann-

exin V-FITC kit (Invitrogen) and analysed by FACScan flow cytometer
(Becton Dickinson).

Immunofluorescence staining analysis

The level of autophagy is characterized by the development of autopha-

gic vacuoles. Monodansylcadaverine (MDC) has been proposed as a

tracer for autophagic vacuoles [32]. Pulmonary arterial SMCs were
cultured on coverslips overnight, treated with different stimuli doses for

24 hrs as described above and rinsed with PBS. They were then stained

with 50 lM MDC at 37°C for 1 hr. After incubation, the cells were fixed

for 15 min. with ice-cold 4% paraformaldehyde at 4°C. In addition, for
immunocytochemical analysis, immunocytochemical analysis of cells

cultured on coverslips was performed. Briefly, the coverslips were fixed

with 4% paraformaldehyde in PBS for 20 min., permeabilized with 0.2%
Triton X-100 in 0.1 M PBS for 5 min., blocked in 10% goat serum for

30 min. and incubated overnight at 4°C with polyclonal antibodies to

LC3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After washing

three times with 0.1 M PBS (pH 7.4), the cells were incubated with
fluorescence-conjugated secondary antibody (Sigma-Aldrich, St. Louis,

MO, USA) for 90 min. at room temperature and examined using a

Nikon ECLIPSE Ti fluorescence microscope (Nikon, Tokyo, Japan).

Immunoblotting

Cells were harvested after different treatment as described above,
washed with cold PBS and incubated in ice-cold RIPA buffer. The cell

lysates were sonicated for 30 sec. on ice and then incubated at 4°C for

60 min. The lysates were centrifuged for 30 min. at 12,000 9 g, and

the protein concentration was assessed with the BCA protein assay
(Thermo Scientific, Rockford, IL, USA). For Western blot analysis, lysate

proteins (30 lg) were resolved using 8%, 10% and 12% SDS-PAGE
and transferred to nitrocellulose by electroblotting. Non-specific binding

sites were blocked with 5% non-fat dry milk in buffer (10 mM Tris-HCl

[pH 7.6], 100 mM NaCl and 0.1% Tween 20) for 1 hr at room tempera-

ture and then incubated with the desired primary antibody (all from
Santa Cruz Biotechnology) overnight at 4°C, followed by incubation with

horseradish peroxidase–conjugated secondary antibody at a 1:2000 dilu-

tion for 1 hr at room temperature. The immunoreactive bands were
visualized using the diaminobenzidine (Sigma-Aldrich) coloration

method.

Statistical analysis

The results are expressed as the mean � SEM. Statistical significance

was determined with Student’s t-test when there were two experimental

groups. For more than two groups, statistical evaluation of the data was
performed with the one-way ANOVA test, followed by Dunnett’s multiple-

comparisons test. A value of P < 0.05 was considered the minimum

level of statistical significance.

Results

Hypoxia increases proliferation and migration of
cultured pulmonary artery SMCs

To mimic the hypoxia-induced proliferation of pulmonary arterial
SMCs in vivo, primary cultured PASMCs were incubated for different
times (6, 12, 24 and 48 hrs) at 1% oxygen concentration in the
hypoxia chamber with the 21% oxygen of the room air being used
for controls. The cells were harvested for proliferation assays and
cell cycle analysis. According to the BrdU incorporation assay, cell
proliferation increased obviously from 24 hrs under hypoxia as com-
pared with the normoxia group (P < 0.05, Fig. 1A). Moreover, the
migration ability of PASMCs was examined using a cell migration
assay. The number of migrated cells increased significantly at

A B C

Fig. 1 Hypoxia increases the proliferation and cell cycle progression of pulmonary arterial smooth muscle cells (PASMCs). (A) PASMCs were seeded

at 1 9 104 cells/well (0.1 ml) in 96-well flat-bottomed plates and incubated overnight at 37°C. After exposure to hypoxia (1% oxygen) and normoxia

chamber, respectively, for 6, 12, 24 and 48 hrs, cell proliferation was measured by 5-bromo-2′-deoxyuridine (BrdU) incorporation. The values are
mean � SD, n = 5. (B) Cell migration of PASMCs under hypoxia condition at 24 hrs by transwell assays. Columns represent the mean of three indi-

vidual experiments performed in triplicate. *P < 0.05 versus normoxia group. (C) Cell cycle analysis of PASMCs in hypoxia condition at 24 hrs by

flow cytometry. The results were expressed as relative cell growth in percentage, which was compared with a 21% oxygen control group. The con-

centration of 21% oxygen was set as control. n = 5 for each group. *P < 0.05 versus normoxia group.
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24 hrs in response to hypoxia compared with the normoxia group
(P < 0.05, Fig. 1B). Subsequently, the cell cycle was analysed with
flow cytometry. Our data indicate that enhanced transitions from the
G1 into the S phase were measured under hypoxic conditions
(P < 0.05, Fig. 1C). These results indicate that the proliferation,
migration and the cell cycle progression of PASMCs were stimulated
by hypoxia treatment.

The enhancement of PASMCs proliferation is
related to the activation of autophagy in
response to hypoxia

To demonstrate whether autophagy was involved in the process that
hypoxia increases proliferation of PASMCs, cells were cultured in
hypoxia chamber for different time-points (6, 12 and 24 hrs), and
autophagic vacuoles were detected by MDC staining. As shown in
Figure 2A and B, the accumulation of MDC-positive dots was obvi-
ously increased under hypoxia from 6 hrs as compared with the
normoxia control group. In LC3 immunofluorescence staining analy-
sis, the formation of LC3 puncta, representing autophagosomes, was

extensively induced in cells exposed to hypoxia at 6 hrs (Fig. 2C and
D). The level of autophagy was also determined by western blot analy-
sis. The expression of autophagic protein, microtubule-associated
protein-1 light chain-3-II (LC3-II), increased significantly from 6 hrs
(Fig. 2E and F). These results indicate that autophagy was activated
in the early stage of hypoxic stimulation with a time-dependent
increase.

To identify the role of autophagy in PASMCs induced by hypoxia,
an autophagy-specific inhibitor, 3-MA, was added into our hypoxia
cell model in vitro. This inhibitor has no significant toxic effect in cer-
tain cells including SMCs [33–35]. Autophagic vacuoles were
detected by MDC immunofluorescence staining. Compared with the
hypoxia group at 24 hrs, the group exposed to 5 mM 3-MA presented
decreased accumulation of autophagic vacuoles, which indicates that
3-MA inhibited the autophagy induced by hypoxia (Fig. 3A and B).
Subsequently, we analysed the formation of LC3 puncta using LC3
immunofluorescence staining, and found consistent results with MDC
immunofluorescence staining (Fig. 3C and D). In addition, cell prolif-
eration and migration were also measured as described above. Our
results indicated that the addition of 3-MA decreased PASMCs
proliferation and migration at 24 hrs under hypoxia (Fig. 3E and F),

A B

C D

E
F

Fig. 2 Activation of autophagy in pulmonary arterial smooth muscle cells (PASMCs) under hypoxia. (A) Monodansylcadaverine (MDC) fluorescence

staining of autophagic vacuoles in PASMCs treated with hypoxia condition. (B) The corresponding linear diagram of MDC staining results. (C) Repre-
sentative immunofluorescence images of PASMCs stained with DAPI (blue) for nucleus and antibodies against LC3 (green) for autophagosomes;
punctuated LC3 dots were considered as positive results. Images are at 10009. (D) The corresponding linear diagram of LC3 staining. (E) The lev-

els of LC3-II and LC3-I were measured in the PASMCs under hypoxia by western blot analysis. Similar results were observed in three independent

experiments. (F) The ratio of LC3-II to LC3-I was normalized to GAPDH. The data were presented as a mean � SD from three independent experi-

ments. *P < 0.05 versus control group, **P < 0.01 versus control group.
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which suggest that autophagy may be essential for PASMC prolifera-
tion under hypoxia.

Apelin decreases proliferation and migration via
inhibiting autophagy in PASMCs under hypoxia

We next examined the effect of exogenous apelin in the proliferation
of PASMCs. Cells were treated with different concentrations (0.1, 0.5
and 1 lM) of apelin and then placed for 24 hrs in the hypoxia cham-
ber and normoxia chamber. Cell migration was also initially detected
with a transwell assay. Our results demonstrated that different con-
centrations of apelin have no significant effect on the proliferation of
PASMCs under normoxia conditions (P > 0.05, Fig. 4A). In addition,

1 lM apelin decreased PASMC proliferation under hypoxia conditions
at 24 hrs as compared with the control group (P < 0.05, Fig. 4A).
Moreover, the apoptosis of PASMCs under hypoxia was also deter-
mined by FACScan; there was no obvious apoptosis both in 24 and
48 hrs hypoxia groups whether treated with apelin or not (P > 0.05,
Fig. 4B). The effect of apelin on the migration of PASMCs was addi-
tionally investigated using a wound healing assay. Pictures of the
scratched wounds were taken at 0 and 24 hrs. It was observed that
the wound width of the scratched gaps decreased markedly, suggest-
ing that apelin administration significantly inhibited PASMC migration
under hypoxia as compared with the hypoxia control group
(P < 0.05, Fig. 4C and D).

To investigate whether the role of apelin is related to the regula-
tion of autophagy in PASMC proliferation under hypoxia, PASMCs

A B

C D

E F

Fig. 3 3-MA inhibits autophagy and decreases the proliferation of pulmonary arterial smooth muscle cells (PASMCs) induced by hypoxia. PASMCs
were pre-incubated with 3-MA (5 mM) for 30 min. after 24 hrs, cells were exposed to hypoxia and normoxia chamber for 24 hrs. (A) The forma-

tions of autophagic vacuoles were detected by punctated monodansylcadaverine (MDC) immunofluorescence staining. Microphotographs are shown

as representative results from three independent experiments. Images are at 10009. (B) The corresponding linear diagram of MDC staining results.

(C) PASMCs were processed for LC3 immunofluorescence staining. (D) The corresponding linear diagram of LC3 staining. (E) Cell proliferation was
measured by 5-bromo-2′-deoxyuridine (BrdU) assay. n = 5, mean � SD. *P < 0.05 versus control group, #P < 0.05 versus hypoxia group. (F)
Migration of PASMCs exposed to 3-MA under hypoxia was detected by transwell assay. n = 5, mean � SD. *P < 0.05 versus control group,
#P < 0.05 versus hypoxia group.
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were treated with apelin for 24 hrs under hypoxia or normoxia condi-
tions. Our data indicated that apelin treatment decreased the accumu-
lation of MDC-positive dots in PASMCs under hypoxia (Fig. 4E and
F). We further observed the autophagic marker LC3 expression by
immunofluorescence staining, which is consistent with the results of
MDC staining. The formation of LC3 puncta decreased significantly,
indicating that apelin inhibited autophagy of PASMCs under hypoxia
(Fig. 4G and H).

Activation of PI3K/Akt/mTOR pathways is
involved in the regulation of autophagy by apelin
treatment in PASMCs under hypoxia

Our next goal was to demonstrate whether the decrease in autophagy
induced by apelin was dependent on the regulation of PI3K/Akt/mTOR
pathways. After apelin treatment for 24 hrs under hypoxia, the levels

A

D F

H

E

G

B C

Fig. 4 Apelin decreases the proliferation and migration via inhibiting autophagy in pulmonary arterial smooth muscle cells (PASMCs) under hypoxia.

(A) PASMCs were pre-incubated with different concentrations (0.1, 0.5 and 1 lM) apelin for 30 min., and then exposed to hypoxia chamber and
normoxia chamber for 24 hrs; cell proliferation was measured by 5-bromo-2′-deoxyuridine (BrdU) assay. n = 5, mean � SD. *P < 0.05 versus con-

trol group. (B) The apoptosis rate of PASMCs in hypoxia condition, which was pre-incubated with 1 lM apelin for 30 min. and then placed in 1%

oxygen for 24 or 48 hrs. (C) Apelin inhibited cell migration of PASMCs in hypoxia condition. PASMCs were pre-incubated with apelin and then

placed in 1% oxygen for 24 hrs; scratches were made with a pipette tip. The widths of scratched gaps were measured. *P < 0.05 versus control
group, #P < 0.05 versus hypoxia group. n = 5. (D) Cell migration and representative pictures of PASMCs were taken at different conditions. (E)
Effect of apelin on autophagy in PASMCs under hypoxia. PASMCs were labelled with monodansylcadaverine (MDC) and observed with a fluorescent

microscope. Images are at 10009. Microphotographs were shown as representative results from three independent experiments. (F) The corre-
sponding linear diagram of MDC staining results. **P < 0.01 versus control group, #P < 0.05 versus hypoxia group. (G) Representative images of

PASMCs were stained with DAPI (blue), and antibodies against LC3 (green), punctuated LC3 dots were considered as positive results. Images are at

10009. (H) The corresponding linear diagram of LC3 staining. *P < 0.05 versus control group, #P < 0.05 versus hypoxia group.
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of phosphorylated PI3K, Akt and phosphorylated mTOR were up-reg-
ulated under hypoxia (Fig. 5A and B). To further confirm whether the
role of apelin is PI3K/Akt-signal dependent, the classic pathway inhib-
itor LY294002 was added together with apelin in PASMCs under
hypoxia. As shown in Figure 5C and D, LY294002 blocked the activa-
tion of Akt and downstream mTOR signals, compared with the apelin-
treated hypoxia group. Moreover, the effect of apelin on autophagic
protein was determined by western blot analysis. The expression of
LC3-II was inhibited by apelin treatment at 24 hrs induced by
hypoxia, compared with the untreated hypoxia group. The addition of
LY294002 markedly increased the expression of LC3-II compared
with the apelin-treated hypoxia group, and partially abolished the inhi-
bition of autophagy associated with apelin treatment (Fig. 5C and E).
These data revealed that a bypassing mechanism of PI3K/Akt signal-

ling targets autophagy inhibition dependent on mTOR suppression,
which may be involved in facilitating the effects of apelin treatment on
the proliferation of PASMCs.

Apelin activates Akt/mTOR signalling, inhibits
autophagy and is APJ-receptor dependent in
PASMCs under hypoxia

To further confirm the role of the apelin-APJ system in the autophagy
and cell proliferation of PASMCs under hypoxia, PASMCs were trans-
fected with siRNA-APJ and scrambled siRNA vectors as described
above. The transfection of scrambled siRNA had no obvious effect on
the expression of APJ. The siRNA-APJ vector inhibited the expression

A B

C D E

Fig. 5 The effect of apelin on autophagy in pulmonary arterial smooth muscle cells (PASMCs) induced by hypoxia is related to the regulation of
PI3K/Akt/mTOR pathways. (A) apelin increases the phosphorylation of PI3K/Akt/mTOR signals. The protein expressions were measured by western

blot analysis. (B) Densitometry was applied to quantify the protein density. Standard error represents three independent experiments. *P < 0.05 ver-

sus hypoxia group. (C) Expression of phosphorylated-PI3K/Akt/mTOR and LC3 protein in PASMCs under hypoxia with apelin and Akt inhibitor

LY294002. (D) Densitometry was applied to quantify phospho-PI3K/AKT/mTOR protein density. *P < 0.05 versus hypoxia group, #P < 0.05 versus
apelin-treated hypoxia group. (E) The ratio of normalized LC3-II to LC3-I; the data were presented as a mean � SD from three independent experi-

ments. *P < 0.05 versus hypoxia group, #P < 0.05 versus apelin-treated hypoxia group.
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of APJ protein to 27% in PASMCs, compared with the scrambled siR-
NA group (Fig. 6A and B). In the BrdU incorporation assay, cell prolif-
eration does not obviously change in scramble group, compared with
the normoxia control group. Exogenous apelin did not suppress cell
proliferation of APJ-deficient cells under hypoxia, compared with the
apelin-treated hypoxia group (Fig. 6C). The suppression of APJ abol-
ished the apelin-induced activation of PI3K/Akt/mTOR, and the phos-
phorylation of PI3K/Akt/mTOR decreased significantly following
siRNA transfection (Fig. 6D and E). Furthermore, in LC-3 immunoflu-
oresence staining (Fig. 7A and B) and protein level analysis (Fig. 7C
and D), siRNA-APJ also abolished the inhibition effect of autophagy
by exogenous apelin in PASMCs cultured in hypoxic conditions. Both
apelin treatment and siRNA-APJ have no effect on the protein expres-
sion of ATG4B (cleaving the LC3 C-terminal domain to generate LC3-
I, Fig. 7C and E), suggested that the effect of apelin may related to
the formation of LC-3II, but not upstream cysteine protease. All of

these results indicate that the role of apelin in the autophagy regula-
tion is APJ-receptor dependent in PASMCs under hypoxia.

Discussion

Hypoxic pulmonary hypertension is characterized by a progressive
increase in pulmonary vascular resistance, which includes clinical
symptoms such as dyspnoea, cyanosis and acute, right-sided heart
failure [36]. One trigger of HPH is hypoxia, which acutely causes a
significant increase in pulmonary blood pressure by vasoconstriction,
but chronically results in the structural remodeling of the pulmonary
vasculature [37, 38]. A number of vasoactive factors have been
described as playing important roles in the progression of HPH in
both experimental and clinical settings, yet little is known about the
cellular and molecular causes of HPH [39, 40]. In general, pulmonary

A B

C

E

D

Fig. 6 The effect of siRNA-APJ on the proliferation and activation of PI3K/Akt/mTOR signals in pulmonary arterial smooth muscle cells (PASMCs)

under hypoxia. (A) Western blot analysis of APJ receptor protein expression in PASMCs transfected with siRNA-APJ and scramble vectors as
described above for 24 hrs. (B) Densitometry was applied to quantify the protein density. Data were presented as a mean � SD from three indepen-

dent experiments. #P < 0.01 versus scramble group. (C) PASMCs treated with siRNA-APJ and scramble siRNA vectors for 24 hrs, cell proliferation

was measured by 5-bromo-2′-deoxyuridine (BrdU) assay. *P < 0.05 versus hypoxia group. #P < 0.05 versus apelin-treated hypoxia group. n = 5. (D)
Phosphorylation of PI3K/Akt/mTOR protein in PASMCs treated with siRNA-APJ and apelin in hypoxia condition. (E) Densitometry was applied to quan-
tify the protein density; data were presented as a mean � SD from three independent experiments. *P < 0.05 versus apelin-treated hypoxia group.
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arterial changes have been considered to be caused by the prolifera-
tion of cells with the characteristics of SMCs. Therefore, one effective
treatment for HPH may rely on the development of novel strategies
for inhibiting SMCs proliferation [41, 42].

In previous studies, the activation of autophagy has been demon-
strated to be involved in the process of HPH, acute pulmonary dis-
ease in vivo and cell models treated with hypoxic conditions in vitro
[43, 44]. Increases of autophagy levels were detected in clinical sam-
ples of human lung tissue from patients with chronic obstructive pul-
monary disease (COPD) and in mouse lung tissue subjected to
chronic cigarette smoke exposure (CSE), in addition to pulmonary
cells exposed to cigarette smoke extract [45]. Cigarette smoke expo-
sure increases the processing of LC3-I to LC3-II in cigarette smoke–
induced COPD. Inhibition of autophagy by LC3B knockdown protects
arterial epithelial cells from CSE-induced apoptosis. In Egr-1 (whose
expression changes significantly in COPD)–deficient mice, resist ciga-
rette smoke induced autophagy, apoptosis and emphysema, suggest-
ing that autophagy provides a protective effect in CSE-induced COPD
[46]. In the latest study, chloroquine inhibits autophagy and blocks
lysosomal degradation of the bone morphogenetic protein type II
receptor, inhibiting proliferation and increased apoptosis of PASMCs

in established HPH models both in vivo and in vitro [47]. In our study,
we demonstrated that activation of autophagy is involved in the
PASMC proliferation and migration induced by hypoxia, and inhibition
of autophagy by the specific inhibitor resulted in a decrease in cell
proliferation and cell cycle arrest, suggesting that the increase in
autophagy stimulated PASMCs proliferation in the hypoxia condition,
which may function as an important mediator of disease progression
and the development of arterial remodeling in HPH.

It is worth to mention that autophagy is either an adaptive neces-
sary process or potentially deleterious. In different cells, different
conditions or stress, autophagy may play converse functions in the
process of cell death or pathophysiology of diseases, to figure out the
threshold is benefit of the outcome for further exploration. Hypoxic
pulmonary hypertension is a special disease with pulmonary remodel-
ing including proliferation of arterial SMCs (PASMCs) and injury of
endothelium cells. To block the proliferation and migration but not
induce cell death of PASMCs is one of the key strategies in the ther-
apy of HPH [48, 49]. In our study, we have detected the effect of
hypoxia in the apoptosis of PASMCs, and did not find significant
apoptosis even after 48 hrs of hypoxia exposure. This suggested that
in the early stage of our cell model under hypoxia, the role of auto-

A

C D E

B

Fig. 7 Transfection of siRNA-APJ blocks the inhibitory effect of apelin on autophagy in pulmonary arterial smooth muscle cells (PASMCs) under

hypoxia. PASMCs treated with apelin and transfected with siRNA-APJ in hypoxia conditions. (A) Representative images of PASMCs were stained

with DAPI (blue) and antibodies against LC3 (green). Images are at 10009. Microphotographs were shown as representative results from three

independent experiments. (B) The corresponding linear diagram of LC3 staining. (C) The protein levels of ATG4B and LC3 were detected with immu-
noblotting. (D) The ratio of normalized LC3-II to LC3-I. Data were presented as a mean � SD from three independent experiments. *P < 0.05 ver-

sus control group, #P < 0.05 versus hypoxia group, $P < 0.05 versus apelin-treated hypoxia group. (E) The ratio of normalized ATG4B protein. Data

were presented as a mean � SD from three independent experiments. *P < 0.05 versus control group.

550 ª 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



phagy is an adaptive process, which increases the proliferation and
migration of PASMCs, and the beneficial effect of apelin may play an
inhibitory function on autophagy via activation of downstream sig-
nals. Nevertheless, as a dual physiological process, the role of auto-
phagy also related to cell death, but probably activates the cell death
of endothelium cells in HPH, which still need to further investigations.
Collectively, the strategy with apelin on regulation of autophagy in
PASMCs under hypoxia should target on how to inhibit autophagy
mandatory to a natural restoration but not tuned.

One of the first proven physiological effects of apelin is the ability
to temporarily lower blood pressure after injection in rats. This effect
was further confirmed in human volunteers and heart failure patients
in several other studies [22, 50]. In addition, two studies have shown
that serum apelin levels in patients with HPH are lower than in con-
trols. Another finding was that apelin inhibits platelet-derived growth
factor B–mediated proliferation and triggers apoptosis in PASMCs
[22, 51]. These studies support a definite role of apelin in pulmonary
hypertension, although the underlying mechanism still requires fur-
ther investigation. Recent studies have explored a potential role for
augmentation of apelin signalling in ameliorating rodent models of
pulmonary hypertension [52, 53]. Mice lacking the apelin gene
develop worsening HPH in response to hypoxia, suggesting that the
level of apelin may be involved in the process of HPH. Injections of
exogenous apelin of wild HPH mice resulted in the reversal of right
ventricular systolic pressure, hypertrophy and muscularization of
alveolar wall pulmonary arteries [51]. In our study, apelin inhibited
the increase in cell proliferation and blocked the cell cycle progression
of PASMC responses to hypoxia, and decreased the level of auto-
phagy under hypoxia, suggesting that the role of apelin in the regula-
tion of PASMCs may be related to the inhibition of autophagy in the
HPH cell model in vitro. In a recent study, treatment with the auto-
phagy inhibitor chloroquine prevented proliferation and increased
apoptosis of cultured rat PASMCs via inhibiting autophagy pathways
[47], which is consistent with our results. Moreover, it should be con-
sidered that the mechanisms of autophagy inhibitors such as chloro-
quine or 3-MA are different from apelin in regulation of autophagy. To
block the lysosomal degradation or formation of autophagic double
membrane structures may lead to diverse consequences under speci-
fic stress. Collectively, our study and the other studies with these
classic inhibitors in PASMCs in vitro or in vivo illustrated a clue that
as an endogenous protein, which is highly expressed in the lungs,
apelin exerts beneficial effects that may be involved in the inhibition
of autophagy in experimental HPH.

Apelin has been shown to promote the activation of the phos-
pho-Akt pathway, which plays important roles in physiological func-
tions [48, 54], suppress human osteoblasts apoptosis via the APJ/
PI3K/Akt signalling pathway [55]. Apelin attenuates the differentia-

tion of cultured calcifying VSMCs, which are considered a model for
the study of vascular calcification, and additions of the PI3K inhibitor
LY294002 and APJ siRNA reversed the effects of apelin [56]. On the
other hand, it is well known that as upstream pathways, PI3K/Akt/
mTOR signals are essential for the regulation of autophagy [57–59],
but the role of autophagy and PI3K/Akt/mTOR in PASMCs of HPH
experimental models has not been discussed. In this study, we
firstly demonstrated that the activation of PI3K/Akt/mTOR is essen-
tial for the effect of apelin on autophagy under hypoxia. Further-
more, suppression of APJ with siRNA blocked the activations of Akt
and downstream signalling of mTOR by apelin, reversing the prolif-
eration and autophagy of PASMCs. These data in vitro indicated the
regulation of autophagy and downstream signals by apelin maybe
related to the effect of apelin, which is beneficial to inhibition of vas-
cular remodeling in HPH. To the best of our knowledge, the limita-
tion of this study also suggests that it is definitely necessary to
explore further investigation and research in vivo, by apelin-deficient
mice or apelin treatment to confirm the effect of apelin in vivo, and
investigates the role of apelin in the remodeling of pulmonary arterial
vascular and the relations to HPH, which may support apelin as ther-
apeutic targets or strategies for HPH in further clinical trials or
explorations.

In conclusion, our study demonstrates that hypoxia induced the
proliferation and migration of PASMCs through the activation of auto-
phagy. Inhibition of autophagy by the autophagic specific inhibitor
decreases the proliferation of PASMCs. In addition, exogenous apelin
inhibited autophagy and decreased cell proliferation through the acti-
vation of the PI3K/Akt/mTOR signalling pathway, which is APJ-recep-
tor dependent. This study provides novel evidence that exogenous
apelin treatment may provide potential strategy by inhibiting auto-
phagy in the proliferation of PASMCs, which is essential for the arte-
rial remodeling process of HPH.

Acknowledgements

This study was supported by the National Natural Science Foundation of China
(No. 81200010 to Kong XX, No. 81200958 to Zhang HY, No. 81100138 to Han

LP), Zhejiang Natural Science Foundation (Y12H01003 to Kong XX and

Y2091033 to Fan XF), Zhejiang Provincial Program for the Cultivation of High-

level Innovative Health talents (to Xiao J) and Zhejiang Provincial Project of
Protein Medicine Key Group (No. 2010R50042).

Conflicts of interest

The authors confirm that there are no conflicts of interest.

References

1. Galie N, Palazzini M, Manes A. Pulmonary

hypertension and pulmonary arterial hyper-
tension: a clarification is needed. Eur Respir

J. 2010; 36: 986–90.

2. Noureddine H, Gary-Bobo G, Alifano M,
et al. Pulmonary artery smooth muscle
cell senescence is a pathogenic mecha-

nism for pulmonary hypertension in

chronic lung disease. Circ Res. 2011;

109: 543–53.
3. Haddad F, Peterson T, Fuh E, et al. Charac-

teristics and outcome after hospitalization

ª 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

551

J. Cell. Mol. Med. Vol 18, No 3, 2014



for acute right heart failure in patients with
pulmonary arterial hypertension. Circ Heart

Fail. 2011; 4: 692–9.
4. Baliga RS, MacAllister RJ, Hobbs AJ. New

perspectives for the treatment of pulmonary
hypertension. Br J Pharmacol. 2011; 163:

125–40.
5. Barst RJ, Rubin LJ, McGoon MD, et al. Sur-

vival in primary pulmonary hypertension

with long-term continuous intravenous pros-

tacyclin. Ann Intern Med. 1994; 121: 409–
15.

6. Jia G, Mitra AK, Gangahar DM, et al. Regu-
lation of cell cycle entry by PTEN in smooth

muscle cell proliferation of human coronary

artery bypass conduits. J Cell Mol Med.
2009; 13: 547–54.

7. Newby AC. Matrix metalloproteinases regu-

late migration, proliferation, and death of
vascular smooth muscle cells by degrading

matrix and non-matrix substrates. Cardio-

vasc Res. 2006; 69: 614–24.
8. Daniel JM, Sedding DG. Circulating smooth

muscle progenitor cells in arterial remodel-

ing. J Mol Cell Cardiol. 2011; 50: 273–9.
9. Levine B, Ranganathan R. Autophagy: snap-

shot of the network. Nature. 2010; 466: 38–
40.

10. Lista P, Straface E, Brunelleschi S, et al.
On the role of autophagy in human diseases:

a gender perspective. J Cell Mol Med. 2011;
15: 1443–57.

11. Levine B. Cell biology: autophagy and can-

cer. Nature. 2007; 446: 745–7.
12. Mizushima N, Levine B. Autophagy in mam-

malian development and differentiation. Nat

Cell Biol. 2010; 12: 823–30.
13. Wong E, Cuervo AM. Autophagy gone awry

in neurodegenerative diseases. Nat Neuro-

sci. 2010; 13: 805–11.
14. Swanson MS, Molofsky AB. Autophagy and

inflammatory cell death, partners of innate
immunity. Autophagy. 2005; 1: 174–6.

15. Nair S, Ren J. Autophagy and cardiovascu-

lar aging: lesson learned from rapamycin.
Cell Cycle. 2012; 11: 2092–9.

16. Shintani T, Klionsky DJ. Autophagy in

health and disease: a double-edged sword.

Science. 2004; 306: 990–5.
17. Chhipa RR, Wu Y, Ip C. AMPK-mediated

autophagy is a survival mechanism in andro-

gen-dependent prostate cancer cells sub-

jected to androgen deprivation and hypoxia.
Cell Signal. 2011; 23: 1466–72.

18. Rouschop KM, van den Beucken T, Dubois
L, et al. The unfolded protein response pro-
tects human tumor cells during hypoxia

through regulation of the autophagy genes

MAP1LC3B and ATG5. J Clin Invest. 2010;

120: 127–41.

19. Dalby KN, Tekedereli I, Lopez-Berestein G,
et al. Targeting the prodeath and prosurvival
functions of autophagy as novel therapeutic

strategies in cancer. Autophagy. 2010; 6:

322–9.
20. Tanida I. Autophagosome formation and

molecular mechanism of autophagy. Antiox-

id Redox Signal. 2011; 14: 2201–14.
21. Ge W, Ren J. mTOR-STAT3-notch signalling

contributes to ALDH2-induced protection

against cardiac contractile dysfunction and

autophagy under alcoholism. J Cell Mol
Med. 2012; 16: 616–26.

22. Szokodi I, Tavi P, Foldes G, et al. Apelin,
the novel endogenous ligand of the orphan

receptor APJ, regulates cardiac contractility.
Circ Res. 2002; 91: 434–40.

23. Sheikh AY, Chun HJ, Glassford AJ, et al. In
vivo genetic profiling and cellular localization
of apelin reveals a hypoxia-sensitive, endo-

thelial-centered pathway activated in ische-

mic heart failure. Am J Physiol Heart Circ

Physiol. 2008; 294: H88–98.
24. Andersen CU, Hilberg O, Mellemkjaer S,

et al. Apelin and pulmonary hypertension.

Pulm Circ. 2011; 1: 334–46.
25. Chen MM, Ashley EA, Deng DX, et al. Novel

role for the potent endogenous inotrope ape-

lin in human cardiac dysfunction. Circula-

tion. 2003; 108: 1432–9.
26. Zhu S, Sun F, Li W, et al. Apelin stimulates

glucose uptake through the PI3K/Akt path-

way and improves insulin resistance in 3T3-

L1 adipocytes. Mol Cell Biochem. 2011; 353:
305–13.

27. Hosoya M, Kawamata Y, Fukusumi S, et al.
Molecular and functional characteristics of

APJ. Tissue distribution of mRNA and inter-
action with the endogenous ligand apelin. J

Biol Chem. 2000; 275: 21061–7.
28. Yang X, Sheares KK, Davie N, et al. Hyp-

oxic induction of cox-2 regulates prolifera-
tion of human pulmonary artery smooth

muscle cells. Am J Respir Cell Mol Biol.

2002; 27: 688–96.
29. Growcott EJ, Spink KG, Ren X, et al. Phos-

phodiesterase type 4 expression and anti-

proliferative effects in human pulmonary

artery smooth muscle cells. Respir Res.
2006; 7: 9.

30. Zhong J, Kong X, Zhang H, et al. Inhibition
of CLIC4 enhances autophagy and triggers

mitochondrial and ER stress-induced apop-
tosis in human glioma U251 cells under

starvation. PLoS ONE. 2012; 7: e39378.

31. James MF, Beauchamp RL, Manchanda N,
et al. A NHERF binding site links the bet-

aPDGFR to the cytoskeleton and regulates

cell spreading and migration. J Cell Sci.

2004; 117: 2951–61.

32. Biederbick A, Kern HF, Elsasser HP. Mono-
dansylcadaverine (MDC) is a specific in vivo

marker for autophagic vacuoles. Eur J Cell

Biol. 1995; 66: 3–14.
33. Tabor-Godwin JM, Tsueng G, Sayen MR,

et al. The role of autophagy during coxsac-

kievirus infection of neural progenitor and

stem cells. Autophagy. 2012; 8: 938–53.
34. Xie X, Le L, Fan Y, et al. Autophagy is

induced through the ROS-TP53-DRAM1

pathway in response to mitochondrial pro-

tein synthesis inhibition. Autophagy. 2012;
8: 1071–84.

35. Xu K, Yang Y, Yan M, et al. Autophagy plays
a protective role in free cholesterol overload-

induced death of smooth muscle cells. J
Lipid Res. 2010; 51: 2581–90.

36. Sztrymf B, Souza R, Bertoletti L, et al.
Prognostic factors of acute heart failure in
patients with pulmonary arterial hyperten-

sion. Eur Respir J. 2010; 35: 1286–93.
37. Rubin LJ. Primary pulmonary hypertension.

N Engl J Med. 1997; 336: 111–7.
38. Bosc LV, Resta T, Walker B, et al.

Mechanisms of intermittent hypoxia

induced hypertension. J Cell Mol Med.

2010; 14: 3–17.
39. Farha S, Asosingh K, Xu W, et al. Hypoxia-

inducible factors in human pulmonary

arterial hypertension: a link to the intrinsic

myeloid abnormalities. Blood. 2011; 117:
3485–93.

40. Swiston JR, Johnson SR, Granton JT. Fac-
tors that prognosticate mortality in idio-
pathic pulmonary arterial hypertension: a

systematic review of the literature. Respir

Med. 2010; 104: 1588–607.
41. Sklepkiewicz P, Schermuly RT, Tian X,

et al. Glycogen synthase kinase 3beta con-

tributes to proliferation of arterial smooth

muscle cells in pulmonary hypertension.

PLoS ONE. 2011; 6: e18883.
42. Ogawa A, Nakamura K, Matsubara H, et al.

Prednisolone inhibits proliferation of cul-

tured pulmonary artery smooth muscle cells
of patients with idiopathic pulmonary arterial

hypertension. Circulation. 2005; 112: 1806–
12.

43. Patel AS, Morse D, Choi AM. Regulation
and functional significance of autophagy in

respiratory cell biology and disease. Am J

Respir Cell Mol Biol. 2013; 48: 1–9.
44. Kim HP, Chen ZH, Choi AM, et al. Analyzing

autophagy in clinical tissues of lung and vas-

cular diseases. Methods Enzymol. 2009;

453: 197–216.
45. Ryter SW, Lee SJ, Choi AM. Autophagy in

cigarette smoke-induced chronic obstructive

pulmonary disease. Expert Rev Respir Med.

2010; 4: 573–84.

552 ª 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



46. Chen ZH, Kim HP, Sciurba FC, et al. Egr-1
regulates autophagy in cigarette smoke-

induced chronic obstructive pulmonary dis-

ease. PLoS ONE. 2008; 3: e3316.

47. Long L, Yang X, Southwood M, et al. Chlo-
roquine prevents progression of experimen-

tal pulmonary hypertension via inhibition of

autophagy and lysosomal bone morphoge-
netic protein type II receptor degradation.

Circ Res. 2013; 112: 1159–70.
48. Kim J, Kang Y, Kojima Y, et al. An endothe-

lial apelin-FGF link mediated by miR-424 and
miR-503 is disrupted in pulmonary arterial

hypertension. Nat Med. 2013; 19: 74–82.
49. Dromparis P, Paulin R, Stenson TH, et al.

Attenuating endoplasmic reticulum stress as
a novel therapeutic strategy in pulmonary

hypertension. Circulation. 2013; 127: 115–
25.

50. El Messari S, Iturrioz X, Fassot C, et al.
Functional dissociation of apelin receptor

signaling and endocytosis: implications for

the effects of apelin on arterial blood pres-
sure. J Neurochem. 2004; 90: 1290–301.

51. Alastalo TP, Li M, Perez Vde J, et al. Dis-
ruption of PPARgamma/beta-catenin-medi-

ated regulation of apelin impairs BMP-
induced mouse and human pulmonary arte-

rial EC survival. J Clin Invest. 2011; 121:

3735–46.
52. Andersen CU, Markvardsen LH, Hilberg O,

et al. Pulmonary apelin levels and effects in

rats with hypoxic pulmonary hypertension.

Respir Med. 2009; 103: 1663–71.
53. Falcao-Pires I, Goncalves N, Henriques-

Coelho T, et al. Apelin decreases myocar-

dial injury and improves right ventricular

function in monocrotaline-induced pulmo-
nary hypertension. Am J Physiol Heart Circ

Physiol. 2009; 296: H2007–14.
54. Dray C, Knauf C, Daviaud D, et al. Apelin

stimulates glucose utilization in normal and

obese insulin-resistant mice. Cell Metab.

2008; 8: 437–45.

55. Xie H, Yuan LQ, Luo XH, et al. Apelin sup-
presses apoptosis of human osteoblasts.

Apoptosis. 2007; 12: 247–54.
56. Shan PF, Lu Y, Cui RR, et al. Apelin attenu-

ates the osteoblastic differentiation of vascu-
lar smooth muscle cells. PLoS ONE. 2011;

6: e17938.

57. Saiki S, Sasazawa Y, Imamichi Y, et al.
Caffeine induces apoptosis by enhance-

ment of autophagy via PI3K/Akt/mTOR/

p70S6K inhibition. Autophagy. 2011; 7:

176–87.
58. Li Y, Zhu H, Zeng X, et al. Suppression of

autophagy enhanced growth inhibition and

apoptosis of interferon-beta in human gli-

oma cells. Mol Neurobiol. 2013; 47: 1000–
10.

59. van der Vos KE, Eliasson P, Proikas-
Cezanne T, et al. Modulation of glutamine
metabolism by the PI(3)K-PKB-FOXO net-

work regulates autophagy. Nat Cell Biol.

2012; 14: 829–37.

ª 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

553

J. Cell. Mol. Med. Vol 18, No 3, 2014


