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The aim of this study was to investigate the role of apelin in
the cell proliferation and autophagy of lung adenocarcin-
oma. The over-expression of APJ in lung adenocarcinoma
was detected by immunohistochemistry, while plasma
apelin level in lung cancer patients was measured by
enzyme-linked immunosorbent assay. Our findings revealed
that apelin-13 significantly increased the phosphorylation of
ERK1/2, the expression of cyclin D1, microtubule-associated
protein 1 light chain 3A/B (LC3A/B), and beclinl, and con-
firmed that apelin-13 promoted A549 cell proliferation and
induced A549 cell autophagy via ERK1/2 signaling. More-
over, there are pores on the surface of human lung adeno-
carcinoma cell line A549 and apelin-13 causes cell surface
smooth and glossy as observed under atomic force micros-
copy. These results suggested that ERKI1/2 signaling
pathway mediates apelin-13-induced lung adenocarcinoma
cell proliferation and autophagy. Under our experimental
condition, autophagy associated with 3-methyladenine was
not involved in cell proliferation.
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Introduction

APJ receptor, described as a member of G-protein-coupled
receptor by O’Dowd et al. [1], is similar to angiotensin II
(Ang II) receptor type 1 (AT1). Because its endogenous
ligand was not found until 1998, it was called as orphan
G-protein-coupled receptor. Apelin consisting of 377 amino
acid residues was first identified as an endogenous ligand
of APJ [2].
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Apelin peptides (the length range from 13 to 36 residues)
are produced from the C-terminal portion of the pre-
proprotein consisting of 77 amino acid residues and both
apelin-13 and apelin-36 are the most important members
among these peptides [3]. The amino acid sequences of
mature apelin peptides (e.g. apelin-36) are highly conserved
among humans, bovine, rat, and mouse. Despite apelin has
high sequence homology with Ang II, apelin does not bind
to AT1 and Ang II does not bind to APJ receptor, indicating
that APJ is not functionally related to the ATI. It also sug-
gested that apelin/APJ and Ang II/AT1 maybe have similar
effect but different functions. Apelins and APJ are widely
expressed in animal and human heart, lung, kidney, brain,
liver, breast, and skeletal muscle and abundantly found in
cardiovascular, brain, lung, and breast cancers. Previous
studies have shown that apelin/APJ system has effects on the
function of cardiovascular system [4], has the functional and
histopathological protective effects against renal ischemia/
reperfusion injury [5], and has the effect of analgesia [6]. In
addition, apelin/APJ system is involved in many processes
such as regulation of the release of hormone and metabolism
[7], regulation of cell proliferation, migration, and apoptosis
[8], and reduction of pulmonary inflammation and fibrin de-
position [9]. It is also related to angiogenesis and atheroscler-
osis [10], insulin sensitivity [11], obstructive sleep apnea
[12], and so on.

Recent studies demonstrated that high level of apelin
mRNA is expressed in cultured Hs578T cells, a human
breast carcinoma cell line [13]. Apelin is expressed in malig-
nant tumor cells of tubulolobular carcinoma. Previous
studies showed that apelin over-expression clearly increased
tumor growth in malignant gliomas [14], suggesting that
apelin over-expression might be associated with tumor
development. Apelin expression was up-regulated under
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hypoxic conditions, and exogenous apelin enhanced the pro-
liferation and migration of oral cancer cells [15]. Taken to-
gether, these data suggested that apelin over-expression is
closely related to the occurrence and development of tumor.
However, detailed molecular and immunohistochemical ana-
lysis of apelin and its receptor APJ expression in human
lung adenocarcinoma tissue is lacking. Also, the status of
plasma apelin level in lung cancer is unknown.

Interestingly, specific over-expression of AT1 receptor was
observed in the breast cancer cells [16]. It has been reported
that Ang II/AT1 could promote cancer cell proliferation and
tumor angiogenesis but inhibit the differentiation of tumor
cells. It suggested that apelin/APJ is related to tumorigenesis.
It had been assumed that apelin may promote proliferation
and aggregation of endothelial cells, and regulate the caliber
size of blood vessels [17]. Apelin is a novel angiogenic factor
in human non-small cell lung cancer (NSCLC) [18]. Our
recent studies demonstrated that apelin-13-induced adhesion
of monocytes to human umbilical vein endothelial cells via
PI3K/14-3-3 [19] and apelin-13 also promoted vascular
smooth muscle cell (VSMC) proliferation through PI3K-Akt-
ERK1/2-cyclin D1 pathway [20] and Jagged-1/Notch3 signal-
ing pathway [21]. We also confirmed that apelin-13 stimulates
VSMC proliferation by promoting the G1/S phase transition,
and this effect is mediated in part by an apelin-pERK1/
2-cyclin D1 signal cascade [22]. The over-expression and
the phosphorylation of ERK may play an important role in
the generation and development of human breast cancer [23]
and ERK1/2 is an important signal protein of the apelin/APJ
system. In addition, the over-expression of cyclin D1 was
found in lung cancer and breast cancer. Furthermore, cyclin
D1 and cyclin-dependent kinase 4 formed complexes and
then promoted G1/S transformation.

The present study was designed to determine the expres-
sion and distribution of APJ in human lung cancer cell line
A549 and plasma apelin level in lung cancer patients. It also
aimed to study whether apelin promotes lung adenocarcin-
oma cell proliferation and whether ERK1/2 mediates the
process of lung adenocarcinoma cell proliferation.

It has been reported that autophagy is involved in cell pro-
liferation and the proliferation of cervical cancer CaSki cells
is significantly inhibited when autophagy-related gene
beclinl was over-expressed [24]. A recent study indicated
that tephrosin induces A549 cancer cell death via the autop-
hagy pathway [25]. In addition, a previous study revealed
that arsenite can induce the ERK1/2 signaling pathway to
stimulate autophagy and death-associated protein kinase pro-
moter hypermethylation in human uroepithelial SV-HUC-1
cells [26]. Some data suggested that the activity of autophagy
fluctuates in lung cancer, and it is closely related to the
occurrence and development of lung cancer [27]. However,
whether apelin could induce autophagy of lung cancer cells
and the underlying mechanism are still unclear. It is reported

that apelin stimulates proliferation and suppresses apoptosis
of mouse osteoblastic cell line MC3T3-E1 [28], and apelin
suppresses apoptosis of human VSMCs via APJ/PI3K/Akt
signaling pathways [29]. Hence, we predicted that the
mechanism may be related to the over-expression of APJ.

In the present study, we determined the expression of APJ
and the plasma apelin level in lung cancer. It was found that
apelin promotes proliferation and autophagy of lung cancer
cells.

Materials and Methods

Ethics statement

The protocol of this study followed the principles of the
Declaration of Helsinki. The sections were the archived
microsection by tumor resection, that is, from Pathology
Department of the first Affiliated Hospital of University of
South China in 2005—-2007. Furthermore, all human plasma
samples were collected from peripheral blood of fasting
human, that is, from Clinical Laboratory of the First
Affiliated Hospital of University of South China in 2009—
2010. All experiments were approved by the Ethics
Committee of the First Affiliated Hospital of University of
South China. The written informed consent was received
from all participating patients.

Reagents and materials

Human lung adenocarcinoma cell line A549 was from
Xiangya School of Medicine, Central South University
(Changsha, China). Apelin-13 was purchased from Phoenix
Pharmaceuticals, Inc. (Belmont, USA). Bicinchoninic acid
(BCA) protein assay kit was purchased from Hyclone
(Logan, USA). Polyvinylidene difluoride (PVDF) mem-
branes were purchased from Millipore Biosciences (Billerica,
USA). Monoclonal anti-human APJ antibody was purchased
from R&D Systems, Inc. (Minneapolis, USA). Human
apelin-12 enzyme-linked immunosorbent assay (ELISA) kit
was from Phoenix Pharmaceuticals, Inc. (catalog No.
EK-057-23). Anti-ERK1/2 antibody [ERK1/2 (K-23)],
anti-phospho-ERK1/2  [pERK1/2 (E-4) antibody] or
[phospho-PI3K P85 (Tyr458)/p55 (Tyr199) antibody], and
PD98059 were purchased from Cell Signaling Technology
(Beverly, USA). Beclinl (H-300): sc-11427 was purchased
from Santa Cruz Biotechnology (Santa Cruz, USA).
Anti-LC3A/B antibody was purchased from Epitomics, Inc.
(Burlingame, USA). Mouse anti-cyclin D1 antibody was pur-
chased from Boster Biological Technology (Wuhan, China).
Anti-B-actin antibody, anti-3-tubulin antibody, and horserad-
ish peroxidase (HRP)-conjugated goat anti-rabbit IgG were
purchased from Beijing CoWin Bioscience Co., Ltd (Beijing,
China). HRP-conjugated goat anti-mouse IgG(%2+1) was pur-
chased from Immunology Consultants Laboratory, Inc.
(Portland, USA). Cell counting kit-8 and Hoechst staining kit
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were purchased from Beyotime Institute of Biotechnology
(Haimen, China).

Immunohistochemistry

The sections were fixed in 10% neutral buffered formalin,
paraffin-embedded, rehydrated routinely, and cut into 4 pm
serial section. Then, these sections were dried overnight at
60°C and fixed. After being treated overnight with dimethyl-
benzene, the sections were rehydrated through graded
ethanol (100%—70%), rinsed in distilled water, and soaked
in 0.1 M sodium phosphate-buffered saline (PBS; 137 mM
NaCl, 2.7mM KCI, 10 mM Na,HPO,, and 1.8 mM
KH,PO,, pH 7.4) for 5 min. These sections were subject to
antigen retrieval at 98°C for 25 min in citric acid salt buffer
in a microwave oven and washed in PBS, then incubated
with 3% H,O, for 15 min, and washed three times in PBS
(each 3 min) to block endogenous peroxidase activity. The
sections were then incubated for 30 min with the monoclo-
nal anti-human APJ antibody under ambient temperature
and washed three times with PBS (each 10 min). Here, PBS
instead of the monoclonal anti-human APJ antibody was
used as a negative control. The sections were then incubated
with secondary antibodies for 30 min under room tempera-
ture and washed three times with PBS (each 10 min).
Finally, the sections were stained by hematoxylin and
observed under a microscope and the images were taken by
a digital camera.

Apelin level in plasma of lung cancer patients

All blood samples were collected from peripheral blood of
fasting human and were centrifuged for 15 min at 4°C at
400 g. Plasma was taken and immediately frozen at —80°C
for analysis. Apelin level in plasma of cancer patients were
measured by ELISA and the absorbance was detected at
450 nm.

Cell culture

A549cells were cultured in RPMI 1640 supplemented with
10% fetal bovine serum (FBS) in a humidified incubator
with 5% CO,. When the cells reached 70%—80% confluent,
they were treated with 0.25% trypsin and passaged to a fresh
culture. A549 cells were serum starved by changing the
culture media to RPMI 1640 containing 0.1% FBS 24 h
before experiments.

Cell proliferation assay

Cells at the exponential phase were chosen to measure the
extent of cell proliferation by cell counting kit-8 (CCK-8)
assay. After being digested with trypsin and suspended in
RPMI 1640 containing 10% FBS, the cells were seeded into
96-well plate (100 wl/well) with 6 parallel wells in one
group. Cells were synchronized in RPMI 1640 containing
0.1% FBS for 24h. After treatment with different
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concentrations of apelin-13 for different time periods, 10 pl
of CCK-8 was added to each well of 96-well plates and
incubated for 4 h. Then the absorbance at 450 nm was
measured [30].

Cell-cycle analysis using flow cytometry

AS549 cells were seeded in six-well plastic culture dishes at a
density of 5 x 10> cells/ml, and apelin-13 was added in
CCK-8 assay after cell synchronization and cultured for 12
and 24 h, respectively. Then, A549 cells were harvested by
trypsinization, collected from the six-well plate, placed in
Eppendorf tubes, washed with PBS at 4°C twice, and fixed
with 2 ml of 70% ice-ethanol overnight. After centrifuga-
tion, A549 cells were washed with PBS twice again.
Finally, the DNA contents of A549 cells were determined
by iodinated pyridine (PI) staining and flow cytometry
(FCM) analysis.

Western blot analysis

A549 cells were treated with the indicated concentrations of
apelin-13 for 24 h or 30 min in the presence or the absence of
10 puM PD98059 (ERK1/2 inhibitor). Whole cell lysates
were prepared with lysis buffer (50 mM Tris—HCL, pH 7.4,
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate
and 0.1% sodium dodecyl sulphate) containing 1 mM phe-
nylmethanesulfonyl fluoride and protease inhibitor. Protein
concentrations were determined using BCA kit. Total protein
samples from cell lysates (50 pug) were separated on 12%
sodium dodecyl sulphate—polyacrylamide gel electrophoresis
and then transferred onto a PVDF membrane. The mem-
branes were blocked with 5% non-fat milk dissolved in
Tris-buffered saline containing 0.05% Tween-20 (TBST) at
room temperature for 1 h and then incubated with a primary
antibody [phospho(p)-ERK1/2, 1:2000, Cell Signaling;
ERK1/2, 1:1000; cyclinD1, 1:200; BECNI, 1:600; LC3A/
B: 1:3000; B-tubulin, 1:10000; B-actin, 1:1000] at 4°C
overnight. After three times wash (each for 10 min) in TBST,
membranes were incubated with either HRP-conjugated goat
anti-rabbit (1:2000—1 :5000) or HRP-conjugated goat anti-
mouse IgG (1:5000) for 45 min at 37°C. After three add-
itional washes (each for 15 min) with TBST, the membranes
were visualized using an enhanced chemiluminescence
reagent (Millipore) and exposed onto X-films for data ana-
lysis. B-Actin and B-tubulin were used as loading controls.

Scanning cell morphology and ultrastructure by

atomic force microscopy

In order to visualize surface morphology of cells, atomic
force microscopy (AFM) was used. For this purpose, cell
suspension was placed on freshly cleaved mica at room tem-
perature. A549 cells were cultured on the cover glass in a
six-well plate and treated for different time, and then the
cover glass was put out, cells were washed with PBS, and
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fixed with 4% paraformaldehyde. After 30 min, cells were
washed with distilled water for 2 min and then dried in the
air. Then, the prepared samples were fixed in AFM XY
scanning platform and the location area of samples was
scanned. The experiment was carried out with tapping mode
and with the software in AFM for image data collection.

Statistics

Data were analyzed by one-way analysis of variance followed
by the Student—Newman—Keuls test for multiple compari-
sons or by the unpaired Student’s 7-test for pairwise compari-
son. Data were expressed as the mean + SEM. Statistical
significance was defined as P << 0.05.

Results

Expression of APJ in lung adenocarcinoma tissue

and plasma of lung cancer patients

We examined 20 patients’ pathological tissue section and
each section included the control and the experimental groups,
respectively. ELISA was used to determine the plasma of 10
healthy people and 10 patients, respectively. The expression of

APJ in human lung adenocarcinoma tissue was detected by
immunohistochemistry. The results in Fig. 1 showed that the
expression of APJ is positive in cells of cancer nest in lung
adenocarcinoma tissue, with brown granules clearly distribu-
ted in the cell membrane and the cytoplasm as shown with red
arrow (Fig. 1A). Interestingly, the expression of APJ in inter-
stitial inflammatory cells in adjacent tissues was negative as
indicated with blue arrow (Fig. 1A). However, the expression
of APJ in cells of normal bronchial submucous glands was
negative (Fig. 1B). This result revealed that the expression of
APJ was higher in lung adenocarcinoma tissue than that in
neighboring bronchial submucous tissue.

To examine the plasma level of apelin in tumor patients,
we collected blood samples and detected the apelin level by
ELISA. The results in Fig. 1C demonstrated that the plasma
apelin level in lung cancer patients was remarkably higher
than that in normal healthy persons.

Apelin-13 promotes A549 cell proliferation

A549 cells were treated with different concentrations of
apelin-13 (0, 0.0001, 0.001, 0.01, 0.1, and 1 pwM) and 10%
FBS for 24 h, and the results shown in Fig. 2A demonstrated
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Figure 1. Expression of APJ in lung adenocarcinoma tissue and plasma of lung cancer patients

(A) The expression of APJ in human lung

adenocarcinoma tissue and (B) adjacent bronchial submucous tissue (n = 3). (C) The plasma apelin level of the lung cancer patients. *P < 0.05 vs. control

(n=10).
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Figure 2. The dose effect and time effect of apelin-13 on the A549 cell proliferation (A) The dose effect of apelin-13 on the proliferation of A549
(incubated for 24 h). Data are expressed as the mean + SD of six independent experiments. *P < 0.05 vs. control. **P < 0.01 vs. control. (B) The time
effect of apelin-13 (0.1 M) on the proliferation of A549 cells. Data are expressed as the mean + SD of six independent experiments. *P < 0.01 vs. control.
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Table 1. The cell cycle distribution of A549 induced by apelin-13
detected by FCM

Group GO/G1 (%) S (%) G2/M (%)
Control 725+ 4.4 19.2 +5.0 83+09
Apelin-13 (0.1 pM)  75.8 + 4.1 18.4 + 4.6 8.12 + 0.6
for 12 h
Apelin-13 (0.1 pM) 510+ 1.3*% 422+2.0* 675+14
for24 h

Data are expressed as the mean + SD of three independent experiments.
*P < 0.01 vs. control.

that apelin-13 increase the absorbance in CCK-8 assay.
When A549 cells were treated with apelin-13 (0.1 pM) for
0, 2, 6, 12, and 24 h, apelin-13 could also significantly in-
crease the proliferation rate in concentration-dependent and
time-dependent manners, with significant proliferation at
0.1 uM and 24 h (Fig. 2B). The absorbance of A549 cell
lines was 0.819 + 0.023, while the absorbance of the
control was 0.672 + 0.027, and 10% FBS (used as positive
control) significantly increased the absorbance value.
Compared with the control, 0.1 uM of apelin-13 increased
the cell proliferation by 22% in A549 cells.

Apelin-13 accelerates the conversion of G0/G1

to S phase in lung adenocarcinoma cells

The results shown in Table 1 demonstrated that apelin-13
(0.1 wM) has no apparent effect on cell cycle after 12 h of
incubation, but significantly increases the percent of S phase
cells and decreases the percent of GO/G1 phase cells in the
cell cycle after 24 h of incubation (P < 0.01). These data
suggested that apelin-13 induces A549 cell proliferation by
accelerating the G0/G1 phase to S phase progression in the
cell cycle.

PD98059 inhibits apelin-13-induced A549 cell
proliferation

To understand the mechanism of apelin-13-induced A549
cell proliferation and whether ERK1/2 has any effect on
apelin-13-induced A549 cell proliferation, CCK-8 assay was
carried out. PD98059 (10 wM) was used to block ERK1/2
activity. The results shown in Fig. 3 demonstrated that
apelin-13 significantly reduces A549 cell proliferation after
pre-incubated with PD98059 for 1h, suggesting that
apelin-13 influences A549 cell proliferation most probably
via ERK1/2 signaling cascades.

Apelin-13 promotes the phosphorylation

of ERK1/2 in A549 cells

In order to examine the role of ERK1/2 in the process of
apelin-13-induced A549 cell proliferation, western blot
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Figure 3. Effects of specific ERK1/2 inhibitor PD98059 on the
proliferation of A549 cells induced by apelin-13 Data are expressed as
the mean + SD of six independent experiments. *P < 0.01 vs. control;
#P < 0.01 vs. apelin-13.

analysis was carried out. After A549 cells were treated with
apelin-13 (0.1 wM) for 0, 5, 15, 30, 45, and 60 min respect-
ively, the results showed that apelin-13 promotes the expres-
sion of phospho-ERK1/2, and its expression level peaked at
30 min, while returns to normal at 60 min (Fig. 4). These
data suggested that apelin-13 promotes the phosphorylation
of ERK1/2.

PD98059 inhibits the phosphorylation of

ERK1/2 induced by apelin-13 in A549 cells

As reported previously, apelin-13 could promote the phos-
phorylation of ERK1/2. Then, we explored the effect of
ERK1/2 by western blot analysis. The results demonstrated
that pre-incubation by PD98059 significantly inhibits the
phosphorylation of ERKI1/2 (Fig. 5). It revealed that
apelin-13 promotes A549 cell proliferation via the increased
phosphorylation of ERK1/2.

PD98059 inhibits the expression of cyclin

D1 induced by apelin-13 in A549 cells

In order to explore the effect of apelin-13 on cyclins, the
expression level of cyclin D1 was detected by western blot
analysis. As shown in Fig. 6, after A549 cells were incu-
bated with apelin-13 (0.1 wM) for 24 h, the expression level
of cyclin D1 was significantly increased, suggesting that
apelin-13 affects cell cycle through increasing cyclin D1
expression, and then inducing lung adenocarcinoma cell line
A549 proliferation.
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Figure 4. The phosphorylation of ERK1/2 was detected when apelin
stimulated A549 cells for different time Data are expressed as the
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**P < (.01 vs. control.
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We further explored the effect of PD98059 on the expres-
sion of cyclin D1 induced by apelin-13. Cyclin D1 expres-
sion levels were dramatically decreased by PD98059
(10 wM). These results showed that the PD98059 can sup-
press the expression of cyclin D1 induced by apelin-13, sug-
gesting that apelin-13 can promote the expression of cyclin
D1 via phosphorylation of ERK1/2 and subsequently induce
A549 cell proliferation.

Apelin-13 induces the expression of LC3A/B and beclin1
and PD98059 inhibits the expression of LC3A/B

and beclinl induced by apelin-13 in A549 cells

LC3 has been used as a marker of autophagy. Beclinl is one
of the important factors for regulating autophagy. The ex-
pression of LC3 and beclinl can reflect the autophagy activ-
ity. To study whether or not apelin-13 could induce the
autophagy in A549 cells, we detected the expression of
LC3A/B and beclinl after treating with apelin-13 for 24 h in
A549 cells by western blot analysis. The results indicated
that apelin-13 increases the expression of LC3A/B and
beclinl (Fig. 7A,B), suggesting that apelin-13 could induce
autophagy in A549 cells. As expected, pre-incubation for
1 h with PD98059 (10 wM) reduced the increased expres-
sion of LC3A/B and beclinl. These results suggested that
apelin-13 induces autophagy of A549 cells and ERK1/2 is
involved in this signaling pathway.
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Figure 8. Effects of autophagy inhibitor on the proliferation of A549
cells induced by apelin-13 Data are expressed as the mean + SD of six
independent experiments.*P < 0.05 vs. control; **P < 0.01 vs. control;
#P < 0.01 vs. apelin-13.

Interference to autophagy has no effect on A549 cell
proliferation induced by apelin-13

Apelin can promote A549 cell proliferation and autophagy.
We next investigated the relationship between autophagy and
proliferation using autophagy inhibitor 3-methyladenine
(3-MA) (1 uM). The results of CCK-8 assay showed that pre-
treatment with 3-MA significantly increases cell proliferation
when compared with only apelin-13-stimulated A549 cells
(Fig. 8). These results suggested that apelin-13 and inhibition
of autophagy both promote A549 cell proliferation. Moreover,
apelin-13 could not reduce A549 cell proliferation after pre-
incubated with 3-MA for 1 h, inferring that the autophagy
associated with 3-MA was not involved in cell proliferation.
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Apelin-13 can make A549 cell surface smooth

and form glossy

The cell membrane is an important structure to maintain the
stability of the intracellular environment. AFM was utilized
to study the surface morphology of fixed cells. Hence, we
used AFM to scan the cell surface stimulated by apelin-13 at
12 and 24 h. The surface topography (Fig. 9A—C) and the
corresponding ultrastructure (Fig. 9D—F) showed that the
individual cell had no significant change (Fig. 9A—C) when
treated with apelin-13. However, cell surface had pores,
became smooth, and some formed ravine (Fig. 9D—F).

Discussion

Apelin/APJ system was widely distributed in lung, heart,
skeletal muscle, kidney, brain, and liver and involved in the
fluid homeostasis, decompression, reinforcement of myocar-
dium contractility, inhibition of human immunodeficiency
virus infection, and so on. However, Maguire et al. [31] and
our lab both found that apelin could influence vascular
blood pressure, suggesting that apelin may play dual roles:
relaxes blood vessels and makes vein contraction. The over-
expression of apelin gene in the rostral ventrolateral medulla
of spontaneously hypertensive rat results in chronic blood
pressure elevation [32]. It is different from the regulation of
peripheral blood pressure.

We found that APJ is expressed in human lung adenocar-
cinoma tissues and the expression of APJ in lung adenocar-
cinoma is higher compared with the adjacent tissues of lung
cancer. Furthermore, we also found that the plasma apelin
level of lung cancer patients were higher than the normal
persons. These results suggested that the over-expression of
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Figure 9. AFM images of A549 morphology and ultrastructure induced by apelin-13 for different time Data are expressed as the mean + SD of
three independent experiments. (A—C) The topographies of the three cells; (D—F) Cell membrane ultrastructures corresponding to the positions of red boxes
in (A—C). (A,D) The control group; (B,E) Treatment with apelin-13 for 12 h; (C,F) Treatment with apelin-13 for 24 h.

APIJ is closely related to the occurrence and development of
tumor.

It was reported that apelin inhibited apoptosis in human
VSMCs through APJ/PI3K/Akt signaling pathways [28],
suggesting apelin/APJ system is closely related to cell
proliferation and apoptosis, and the over-expression of APJ
might promote the proliferation of lung adenocarcinoma
cell, then affect the occurrence and development of lung
adenocarcinoma.

Our experiment was designed to investigate the apelin-13-
mediated cell proliferation and autophagy in lung adenocar-
cinoma cell line A549. The results showed that apelin-13
promotes A549 cell proliferation in concentration- and time-
dependent manners with the significant effects when cells

were incubated with 0.1 uM of apelin-13 for 24 h. Hence,
we choose 0.1 M of apelin-13 treating with A549 cells for
24 h in the subsequent experiments.

We also investigated the role of apelin-13 in cell cycle and
cyclins in A549 cells. In our experiments, we found that
apelin-13 promotes the transformation of G0/G1 phase to S
phase by FCM and apelin-13 significantly increases the ex-
pression of cyclin D1 as revealed by western blot analysis.

In addition, to reveal the mechanism of apelin-13-induced
A549 cell proliferation, we blocked the ERK1/2 activity
using PD98059. The results from the western blot analysis
suggested that apelin-13 could increase the phosphorylation
of ERK1/2, facilitate the expression of cyclin D1, and
further promote A549 cell proliferation. Several studies
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showed that autophagy was closely related to cell prolifer-
ation and played a key role in cell proliferation. However,
whether apelin is related to autophagy and what is the mech-
anism is currently unknown. In this study, we showed that
apelin-13 could increase the expression of LC3A/B and
beclinl and induce A549 autophagy via ERK1/2 signaling
pathway. However, it is reported that beclinl had gene dele-
tion in breast carcinoma and ovarian cancer and acted as a
tumor-suppressor gene [33,34]. The expression of beclinl
and LC3 were higher in the lung carcinoma cells than those
in the adjacent tissues. This discrepancy is related to lung
carcinoma cell autophagy, which is caused by nutrient defi-
ciency. Autophagy is a compensatory mechanism providing
nutrients to cells.

What is the relationship between autophagy and prolifer-
ation in A549 cells? In this study, we found that autophagy
associated with 3-MA was not involved in proliferation.
Whether autophagy caused by other signaling pathways is
involved in proliferation is still need to be investigated.
However, it was reported that fibrin could activate autophagy
and autophagy is involved in cell proliferation and angiogen-
esis. It was demonstrated that interferon-y (IFN-y) induces
autophagy and induction of autophagy contributes to the
growth-inhibiting effect of [FN-y in human liver cancer cells
[35]. In addition, induced autophagy could suppress cell
proliferation of glioblastoma cells, MCF-7, HepG2, and
normal hepatocytes [36,37]. These data suggested that in-
ducing or suppressing autophagy may both involve in cell
proliferation.

Other findings suggested that autophagy suppression
leads to inhibition of NSCLC cell proliferation and sensi-
tizes them to cisplatin-induced caspase-dependent and
-independent apoptosis by stimulation of reactive oxygen
species (ROS) formation [38]. However, induction of autop-
hagy leads to a down-regulation of human immunodeficiency
virus type 1 Vpr-binding protein (VPRBP) and promotes
VPRBP-LC3/p62 interaction. Moreover, patients with low
expression of both p62 and VPRBP showed the best progno-
sis in lung adenocarcinoma [39]. These data suggested that
autophagy had dual roles. Autophagy is involved in cell pro-
liferation and autophagy is related to prognosis of lung
adenocarcinoma.

These above-mentioned results could be summarized in
Fig. 10 and these findings showed that ERK1/2 signaling
pathway mediates apelin-13-induced lung A549 cell prolif-
eration and autophagy.

Cell membrane is an important structure of the cells and
regulates cell survival, material transportation, metabolism,
cell surface recognition, and other physiological process.
Therefore, the normal function is closely related to the struc-
ture of cell membrane. The surface topography of fixed cells
and the corresponding ultrastructure by AFM showed that
individual cell had no significant change, but cell surface
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Figure 10. Molecular mechanism of A549 cell proliferation, autophagy
induced by apelin-13

had pores, became smooth, and some formed ravine in the
ultrastructure (Fig. 9D—F). This change of cell membrane
structure was probably attributed to the treatment with
apelin-13, which caused lower cell membrane permeability,
thus preventing A549 cells from harmful stimulation and
facilitating cell proliferation.

Drugs that could induce autophagy can also change the
level of ROS. It was reported that ROS can make mitochon-
drial inner membrane lipid peroxidation [40]. It is concluded
that inhibition of autophagy blocks ROS accumulation and
cell death, and the cause of abnormal ROS accumulation is
the selective autophagic degradation of the major enzymatic
ROS scavenger, catalase [41]. These data suggested that the
ROS involved in the regulation of autophagy may exist in
mitochondria.

Recent studies demonstrated that dihydrocapsaicin down-
regulated catalase, led to ROS accumulation, and blocked
LC3 conversion in A549 cells [42]. H460 cells over-
expressing catalase were able to induce autophagy, suggest-
ing that catalase regulates autophagy, which protects cells
against apoptotic and necrotic cell death. Our recent study
reported that NOX4-derived ROS drive apelin-13-induced
VSMC proliferation via the ERK pathway [43]. These
results concluded that apelin-13 can induce autophagy of
A549 and ERKI1/2 is involved in this process. However,
whether apelin-13 induces A549 autophagy through the
change of ROS or not still needs to be explored.

Some data concluded that autophagy is involved in heart
disease [44]. Many studies demonstrated that the effect of
autophagy on the vascular function and vascular diseases
such as atherosclerosis, abdominal aortic aneurysm, pulmon-
ary hypertension, diabetes mellitus, and some drugs influ-
enced cell autophagy of blood vessel wall [45]. As
previously demonstrated, apelin is closely related to blood
pressure and heart disease (e.g. myocardial hypertrophy). It
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was recently reported that autophagy is a new target for
disease treatment, particularly in some cardiovascular, neur-
onal, lung and metabolism diseases, and in tumor develop-
ment and infection [46].

It has been confirmed that apelin has minimal effect on
sprouting retinal angiogenesis, but contributes significantly
to pathogenic non-neovascular remodeling [47], suggesting
that apelin plays an important role in angiogenesis. Apelin/
APJ system and vascular endothelial growth factor play a
role in contributing retina vascular formation. Thus, we in-
ferred that apelin may have dual functions on angiogenesis
through correlation factor.

Cell proliferation and apoptosis are very important for
normal cell growth and metabolism. Interestingly, Ang II sti-
mulates cell proliferation and apoptosis, while p53 was not
involved [48]. Both Ang II and transforming growth factor
beta-1 have been reported to modulate the balance between
cell proliferation and apoptosis. Ang II induced apoptosis in
the absence of DNA synthesis [49]. The data as mentioned
above suggested that apelin was also related to A549 apop-
tosis. But the mechanism needs further study.

It was recently reported that sodium selenite treatment of
A549 cells appeared to trigger both apoptosis and cytopro-
tective autophagy, which were both mediated by ROS [50].
Thus, whether apelin could lead to both apoptosis and autop-
hagy of A549 cells and whether ROS are involved in this
process also need to be studied.

In addition, there are data suggesting that cytochrome C
has a close relationship with cell apoptosis. Cytochrome C
activates procaspase-9 and procaspase-3 successively and
induces apoptosis through increasing the level of ROS.
Recent studies indicated that apelin possibly affected A549
cells apoptosis through the production of caspase-3 induced
by cytochrome C.

It has been reported that 14-3-3 protein levels are higher
in human lung cancers as compared with normal tissues.
Kawamoto et al. [51] obtained 14-3-3 protein-inducible
A549 by transfection with 14-3-3 expression vector and
found that 14-3-3 promoted cell proliferation. Our group has
confirmed that 14-3-3 and ERK1/2 were involved in the sig-
naling pathway of rat VSMCs proliferation induced by
apelin-13 [52], suggesting that apelin probably promotes
A549 cell proliferation via 14-3-3/ERK1/2 signaling
pathway.

Some recent studies have discovered the new roles of
apelin in regulating miRNA generation [53], which opens a
new field for further research.

Taken together, our findings showed that the expression
of APJ in lung adenocarcinoma tissue was higher than adja-
cent bronchial submucous tissue and the plasma apelin level
of the lung cancer patients was higher than that in normal
persons. To our knowledge, this is the first report on the
plasma apelin level in lung cancer patients. Furthermore, we

confirmed that apelin promotes cell proliferation and autop-
hagy in A549 cells and ERK1/2 signaling pathway mediates
apelin-13-induced A549 cell proliferation and autophagy.
We then explored the relationship between apelin-induced
proliferation and autophagy. In addition, we presented
several images for A549 surface topography and the corre-
sponding ultrastructure. We preliminarily explored the
apelin’s biological effect and related signal transduction
mechanism. Apelin/APJ system is expected to be therapeutic
targets of lung cancer. In future, more detailed studies need
to be performed including detailed mechanism of apelin-
13-induced A549 cell autophagy, whether 14-3-3-ERK1/2
signal cascade were involved in A549 cell proliferation, as
well as the relationship between cell proliferation and angio-
genesis of lung cancer. It provides more evidence to under-
stand the mechanism of occurrence and development of lung
cancer. Moreover, we further resolve the problem more
directly through observation of living cells with respect to
exploring cell surface morphology and ultrastructure. These
results provided the basis for lung cancer treatment as well
as the drug screening and development. Furthermore, apelin/
APJ system will probably become therapeutic targets for
treating lung cancer.
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