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Abstract Apoptosis of vascular smooth muscle cells

(VSMCs) plays an important role in regulating vascular

remodeling during cardiovascular diseases. Apelin is the

endogenous ligand for the G-protein-coupled receptor APJ

and plays an important role in the cardiovascular system.

However, the mechanisms of apelin on apoptosis of

VSMCs have not been elucidated. Using a culture of

human VSMCs as a model for the study of apoptosis, the

relationship between apelin and apoptosis of human

VSMCs and the signal pathway involved were investi-

gated. Using western blotting, we confirmed that VSMCs

could express APJ. To evaluate the possible role of apelin

in VSMC apoptosis, we assessed its effect on apoptosis of

human VSMCs. The results showed that apelin inhibited

human VSMCs apoptosis induced by serum deprivation.

Suppression of APJ with small-interfering RNA (siRNA)

abolished the anti-apoptotic activity of apelin. Apelin

increased Bcl-2 protein expression, but decreased Bax

protein expression. An increase in activation of extra-

cellular signal-regulated protein kinase (ERK) and Akt

(a downstream effector of phosphatidylinositol 3-kinase)

was shown after apelin stimulation. Suppression of APJ

with siRNA abolished the apelin-induced activation of

ERK and Akt. LY294002 (a PI3-K inhibitor) blocked

apelin-induced activation of Akt and abolished the apelin-

induced antiapoptotic activity. Our study suggests that

apelin suppresses serum deprivation-induced apoptosis of

human VSMCs, and that the anti-apoptotic action is

mediated through the APJ/PI3-K/Akt signaling pathways.
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Introduction

Apoptosis of vascular smooth muscle cells (VSMCs)

occurs in normal vessel development and is crucial for

regulating vascular remodeling during a variety of cardio-

vascular pathologies including hypertension, restenosis

after angioplasty or stenting, aneurysms, and atheroscle-

rosis (Bauriedel et al. 1999; Henderson et al. 1999; Isner
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et al. 1995; Okura et al. 2002). Apoptosis accelerates

atherosclerosis, promotes plaque calcification and medial

degeneration, prevents expansive remodeling, and pro-

motes stenosis in atherosclerosis (Clarke et al. 2008).

Apelin was first identified in the gastrointestinal tract as

an endogenous ligand of the G-protein-coupled receptor

APJ (Tatemoto et al. 1998). Apelin peptides (active in

forms that range in length from 13 to 36 residues) are

produced from the C-terminal portion of the pre-proprotein

consisting of 77 amino acid residues. The full-length apelin

(1–36) peptide is metabolically less active than the

C-terminal fragments, apelin-13 (Hosoya et al. 2000) and

apelin-17 (De Mota et al. 2004). Apelin-13 is the variant

most active in signal transduction and consequently is most

frequently studied; however, the 36-peptide could be the

most active apelin in the blockade of virus entry (Zou et al.

2000). Apelin receptor (APJ), first described as a receptor

similar to AT1 angiotensin-I receptor by O’Dowd et al.

(1993), is a member of the rhodopsin family (Fredriksson

et al. 2003) of heptahelical G-protein-coupling receptors

[also known as family A (Horn et al. 1998)].

Apelins and APJ have wide ranges of expression in

mammalian tissues. However, the cardiovascular system

could be the main target of apelin. Apelin induces an

increase in myocardial contractility and a reduction of

vasomotor tone (Ishida et al. 2004; Farkasfalvi et al. 2007).

It has fast effects on the propagation of action potential and

contractility in cardiomyocytes (Farkasfalvi et al. 2007),

which may include activity at the level of transporters

precoupled to APJ. Apelin expression is induced by

hypoxia in endothelial and vascular smooth muscle cells

(Eyries et al. 2008), and is involved in the regulation of

blood vessel diameter during angiogenesis (Kidoya et al.

2008). Apelin is also required for normal vascular devel-

opment in the frog embryo and has properties consistent

with a role during normal and pathological angiogenesis

(Cox et al. 2006).

Apelin induces VSMC proliferation by regulating cyclin

D1 (Li et al. 2008). More recently, apelin has been shown

to prevent aortic aneurysm formation by inhibiting mac-

rophage infiltration (Leeper et al. 2009). Apoptosis, the

generation of reactive oxygen species, malonaldehyde

content, and lactate dehydrogenase leakage are all lowered

by apelin in rat cardiomyocytes (Zeng et al. 2009). Apelin

was shown to suppress human osteoblasts apoptosis via

APJ/PI3-K/Akt signaling pathway (Xie et al. 2006).

However, there is no information on the anti-apoptotic

effects of apelin in human VSMCs. The present study was

undertaken to investigate the mechanisms of apelin effects

in these cells, and also included a supplementary verifica-

tion using APJ expression in CHO cells.

Materials and methods

Reagents

Synthetic apelin-13 peptide was purchased from American

Peptide Company Inc. (Sunnyvale, CA, USA). The amino

acid sequence of apelin-13 is Gln-Arg-Pro-Arg-Leu-Ser-

His-Lys-Gly-Pro-Met-Pro-Phe. Anti-human apelin receptor

APJ antibody was purchased from Novus Biologicals, Inc.

(Littleton, CO, USA). b-Actin, anti-Bcl-2, Bax, ERK,

p-ERK, P38, p-P38, JNK, p-JNK, Akt, p-Akt antibodies,

anti-mouse, and rabbit IgG peroxidase conjugate antibodies

were purchased from Santa Cruz Biotechnology Inc.

(Waltham, MA, USA). PD98059, SB202190, SP600125,

and LY294002 were purchased from Calbiochem Corp.

(San Diego, CA, USA).

Cell cultures

Human VSMCs were cultured from umbilical artery

explants in MCDB131 medium (Life Technologies, Bar-

celona, Spain) supplemented with 10% fetal bovine serum

at 37�C in a 5% CO2 atmosphere. Cells were confirmed as

smooth muscle by their typical ‘‘hill-and-valley’’ morpho-

logical features and by positive staining for smooth muscle

a-actin. VSMCs between passages 3 and 5 were used in all

experiments. Chinese hamster ovary (CHO) cells were

maintained in modified alpha essential medium and trans-

fected with the 1,290-bp msr/APJ receptor gene fragment

(see supplementary data). For the positive control, subcu-

taneous adipose tissue was obtained with informed consent

from patients undergoing mammoplastic surgery and after

approval by the local research ethics committee. Samples

were snap-frozen and stored in liquid nitrogen until protein

extraction.

Cell apoptosis measurement

Cell death ELISA detection

Apoptosis was assessed directly by measuring cytoplasmic

nucleosomes (i.e. DNA complexed with histone in the

cytoplasm) using a Cell Death Detection ELISA kit (Roche

Diagnostics GmbH, Roche Molecular Biochemicals,

Mannheim, Germany), according to the kit protocol.

Briefly, cells were plated at a density of 10,000 cells/well

in 24-well plates for 1 day followed by culture in serum-

free medium for 48 h in the absence or presence of 10 pM–

10 nM apelin. The cell layers were rinsed with PBS and

incubated with 0.5 ml of lysis buffer at 4�C for 30 min and

then extracted and centrifuged for 10 min at 15,000 rpm.
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Aliquots of the supernatant were tested for apoptosis using

the Cell Death Detection kit. To investigate the effects of

inhibitors, cells were pretreated with 10 lM PD98059

(an ERK inhibitor), SB202190 (a p38 inhibitor), SP600125

(a JNK inhibitor), or LY294002 (a PI3-K 14 inhibitor) for

3 h prior to 48 h of apelin treatment.

TUNEL staining

Terminal deoxynucleotidyl transferase-mediated deoxyri-

bonucleotide triphosphate nick end-labeling (TUNEL)

was used to evaluate in situ apoptosis in human VSMCs.

Cells were plated at a density of 10,000 cells/well in 6-well

plates for 1 day followed by culture in serum-free medium

for 48 h in the absence or presence of 1 nM apelin. The

cells were then stained with in situ cell death detection

reagent (Roche Molecular Biochemicals, Indianapolis, IN)

according to the manufacturer’s instructions. The nuclei

were counterstained with 4, 6-diamidino-2-phenylindole

(DAPI, blue fluorescence) and TUNEL-positive cells

were visualized under the fluorescence microscope

(1009).

Western blotting

Cells were plated in 6-well plates for 1 day followed by

culture in serum-free medium for 48 h in the absence or

presence of 10 pM–1 nM apelin. Western blotting was

done as previously described (Yuan et al. 2007, 2009). The

cell layers were homogenized in Triton lysis buffer

(50 mM Tris–HCl, pH 8.0 containing 150 mM NaCl, 1%

Triton X-100, 0.02% sodium azide, 10 mM EDTA, 10 lg/

ml aprotinin, and 1 lg/ml aminoethylbenzenesulfonyl

fluoride). The lysates were centrifuged for 15 min at

12,000g to remove debris. Protein concentrations were

determined using the Bradford protein assay. Forty

micrograms of protein from each cell layer extract was

loaded onto a 10% polyacrylamide gel and transferred to a

PVDF membrane. After blocking with 5% nonfat milk,

membranes were incubated with anti-Bcl-2 monoclonal

antibody and anti-Bax monoclonal antibody. The mem-

brane was re-probed with peroxidase-conjugated secondary

antibodies. Blots were processed using an ECL kit, exposed

to film and then analyzed by densitometry. To investigate

the expression of APJ protein in human VSMCs, western

blotting with anti-APJ monoclonal antibody was performed

as above in human VSMCs extracts. Similar procedures

were employed for APJ–CHO expression.

Detection of MAPK and PI3-K/Akt activation

Cells were first treated with 1 nM apelin for 1–60 min.

The monolayers were then washed quickly with cold

PBS containing 5 mM EDTA and 0.1 mM Na3VO4, and

lysed with a buffer consisting of 20 mM Tris–HCl

(pH 7.5), 150 mM NaCl, 1% Triton X-100, 10 mM

NaH2PO4, 10% glycerol, 2 mM Na3VO4, 10 mM NaF,

1 mM ABSF, 10 lg/ml leupeptin, and 10 lg/ml aproti-

nin. Western blotting was done as above. Proteins were

then transferred to a nitrocellulose membrane. The

membrane was incubated with ERK, p-ERK, p38, p-p38,

JNK, p-JNK, Akt, and p-Akt antibodies at 1:500 dilution

in PBS for 2 h. The membrane was then incubated with

goat anti-mouse IgG antibody or rabbit IgG/horseradish

peroxidase conjugate at 1:1,000 dilution in PBS for 1 h.

Blots were processed using an ECL kit and apposed to

X-ray film.

RNA interference for APJ

Two pairs of small-interfering RNAs (siRNAs) and

scramble siRNAs were synthesized by Genesil Biotech-

nology Co (Wuhan, China) as previously described (Xie

et al. 2006). The targets were GGUGCAGUGCUACA

UGGACdTdT (for human APJ siRNA) and AUGCUG

CGAGCUAGAUCGGdTdT (for scramble human APJ

siRNA). Human VSMCs were plated in 60 mm diameter

dish and cultured for 24 h in medium without antibiotics.

Cells were transfected with siRNAs (1 nM per well) using

Lipofectamine 2000 (Invitrogen Inc, USA) according to the

manufacturer’s instructions. After 24 h of culture, cells

were retransfected with siRNAs and then recultured for

another 48 h. Protein expression was analyzed by immu-

noblotting of cell lysates.

Statistical analyses

Data are presented as mean ± SD. Comparisons were

made using a one-way ANOVA. All experiments were

repeated at least three times, and representative experi-

ments are shown.

Results

Expression of APJ in human VSMCs

Using western blotting, we detected APJ expression in

human VSMCs, human subcutaneous adipose tissue, and

CHO cells transfected with the 1,290-bp msr/APJ receptor

gene fragment (supplementary Fig. S1). Treatment with

siRNA-APJ blocked the expression of APJ protein in

human VSMCs since no bands were detected. No blockade

was observed upon treatment with the scramble APJ

siRNA (Fig. 1).

Apelin inhibits VSMCs apoptosis 1195

123



Apelin protected human VSMCs against serum

deprivation-induced apoptosis

Cell death ELISA assay showed that apoptotic human

VSMCs at 10 pM (2.05 ± 0.14 ELISA absorbance units),

100 pM (1.62 ± 0.15 ELISA absorbance units), 1 nM

(1.21 ± 24 0.13 ELISA absorbance units), and 10 nM

(1.33 ± 0.13 ELISA absorbance units) of apelin were less

than that of controls (2.41 ± 0.16 ELISA absorbance units,

all p \ 0.05), reaching the maximal anti-apoptotic effect at

1 nM (Fig. 2). CHO cells transfected with the 1,290-bp

msr/APJ receptor gene fragment also showed a decrease in

cell apoptosis after apelin treatment (Supplementary Fig.

S2). The TUNEL assay indicated that serum deprivation

caused significant apoptosis, while 1 nM apelin decreased

apoptosis of VSMCs. Apoptotic nuclei were observed upon

serum deprivation, but decreased in cells treated with 1 nM

apelin (Fig. 3).

Effect of apelin on Bcl-2 and Bax protein expression

in human VSMCs

Western blotting was performed to determine the role of

apelin on Bcl-2 and Bax 7 protein expression in human

VSMC cultures. Apelin upregulated Bcl-2 protein expres-

sion and down-regulated Bax protein expression in human

VSMCs in a dose-dependent way. A typical western blot-

ting is shown in the top panel of Fig. 4 and the Bax/Bcl-2

ratios are presented in the bottom panel. The Bax/Bcl-2

ratio in control cells was arbitrarily set to 1. Apelin

decreased the Bax/Bcl-2 ratio with a maximal decrease to

0.08 at 1 nM.

Apelin activated ERK and PI3-K/Akt signaling

pathway in human VSMCs

Apelin enhanced the levels of phosphorylated ERK after

1 min incubation (Fig. 5a). The peak activation of ERK

occurred at 30 min (Fig. 5a). Apelin enhanced the levels of

phosphorylated Akt after 5 min incubation (Fig. 5a). The

peak activation of Akt occurred at 15 min (Fig. 5a).

However, apelin showed no effect on the activation of p38

and JNK signaling in human VSMCs (Fig. 5a). These data

demonstrated that apelin activated ERK and PI3-K/Akt

signaling pathways in human VSMCs. Apelin treatment

also activated ERK and Akt in CHO cells expressing APJ

(Supplementary Fig. S3). This is in accordance with pre-

vious reports (Masri et al. 2002, 2004). The activation of

ERK and Akt by apelin was abolished by PD98059 (an

ERK 24 inhibitor) and LY294002 (a PI3-K inhibitor)

(Fig. 5b). Suppression of APJ with siRNA blocked the

activation of ERK and Akt by apelin (Fig. 5c). These data

indicate that apelin stimulates the ERK and PI3-K/Akt

activation via APJ in human VSMCs.

APJ/PI3-K/Akt signaling mediates the anti-apoptotic

effect of apelin in human VSMCs

After finding that apelin treatment activated the ERK and

PI3-K/Akt signaling pathway in human VSMCs, we

examined whether the apelin-induced activation of the

ERK and PI3-K/Akt signaling pathways plays a role in cell

apoptosis. This was examined by the cell death ELISA

assay. Pretreatment of human VSMCs with the PI3-K

inhibitor LY294002 abolished the anti-apoptotic effect of

apelin, but not that of the ERK inhibitor PD98059, the p38

inhibitor SB202190, or the JNK inhibitor SP600125

(Fig. 6). Moreover, suppression of APJ with siRNA also

blocked apelin’s anti-apoptotic effect in human VSMCs

(Fig. 6). Pretreatment of CHO cells expressing APJ with

the PI3-K inhibitor LY294002 abolished the anti-apoptotic

effect of apelin (Supplementary Fig. S4). These data
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Fig. 1 Expression of APJ in human VSMCs. Representative results

of immunoblot analysis using an antibody to APJ. Total cellular

protein was subjected to immunoblot analysis. The anti-APJ antibody

identified a band at 41 kDa. Representative results are shown. Lane 1
human VSMCs lysate, lane 2 human subcutaneous adipose tissue as a

positive control, lane 3 lysate from VSMCs treated with scramble

APJ siRNA, lane 4 lysate from human VSMCs treated with APJ

siRNA
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Fig. 2 Effect of apelin on human VSMCs apoptosis followed by cell

death ELISA detection assay. Cells were exposed to 10 pM–10 nM

apelin in serum-free medium for 48 h. Apoptosis was assessed using a

cell death detection kit (see ‘‘Materials and methods’’) and are

expressed as ELISA absorbance units. The bars represent the

mean ± SD (n = 6). Asterisks indicate differences significant at the

level of 95% confidence compared to the control
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indicate that the anti-apoptotic effect of apelin was medi-

ated by the APJ/PI3-K/Akt pathway.

Discussion

Apelin along with its specific receptor, APJ, has been

identified in various tissues including gastrointestinal tract,

adipose tissue, brain, kidney, liver, lung, bone, and at

various sites within the cardiovascular system (Boucher

et al. 2005; De Falco et al. 2002; De Mota et al. 2004;

Edinger et al. 1998; Habata et al. 1999; Hosoya et al. 2000;

Jaszberenyi et al. 2004; Kawamata et al. 2001; Kasai et al.

2004; Kleinz and Davenport 2004; Losano et al. 2005;

Masri et al. 2004; Reaux et al. 2001; SorhedeWinzellM

et al. 2005; Sunter et al. 2003; Tatemoto et al. 1998; Wang

et al. 2004; Wei et al. 2005; Xie et al. 2006). Apelin and

APJ are expressed in human VSMCs and apelin can

stimulate VSMCs proliferation (Li et al. 2008). However,

the effect of apelin on apoptosis of human VSMCs remains

unclear. The present study shows that the administration of

synthetic apelin peptide suppresses serum deprivation-

induced apoptosis of human VSMCs, indicating an anti-

apoptotic role for apelin in addition to its mitogenic effect

in human VSMCs. We also found that PI3-K/Akt signaling

mediated apelin’s protective effect via APJ against serum

deprivation-induced apoptosis in human VSMCs.

Apoptosis is a multi-step process characterized by both

morphological changes including cell shrinkage, chromatin

condensation, membrane blebbing, and finally nuclear

fragmentation and activation of a sequence of cysteine pro-

tease enzymes (Degterev et al. 2003). The Bcl-2 family

proteins form heterodimers between apoptosis-inhibiting

proteins such as Bcl-2, Bcl-XL, and A1, and inducing pro-

teins such as Bax, Bad, and Bid. These heteromers partici-

pate in the regulation of cell survival (Oltvai et al. 1993). The

ratio of anti-apoptotic to proapoptotic proteins, and espe-

cially the Bcl-2/Bax ratio, determines susceptibility to

apoptosis (Korsmeyer et al. 1993). The present study showed

that apelin induced the expression of Bcl-2 protein and

downregulated the expression of Bax protein in human

Fig. 3 Effect of apelin on

apoptosis of human VSMCs

detected by TUNEL assay. Cells

were exposed to 1 nM apelin for

48 h. Apoptotic nuclei were

visualized by TdT-mediated

dUTP nick end-labeling

(TUNEL) (see ‘‘Materials and

methods’’). White arrows
indicate apoptotic VSMCs.
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Fig. 4 Effects of apelin on Bcl-2 and Bax protein expression in

human VSMCs. Cells were exposed to 10 pM–1 nM apelin for 48 h.

Western blot analysis was performed using anti-Bcl-2, -Bax, b-action

antibodies. The levels of Bcl-2 and Bax were quantitated by

densitometry of autoradiographs and the relative mean ratio of Bax/

Bcl-2 was determined

Apelin inhibits VSMCs apoptosis 1197

123



VSMCs, resulting in a dramatic decrease in the Bax/Bcl-2

ratio. This suggests that apelin inhibits human VSMCs

apoptosis through regulating Bax/Bcl-2 expression.

Apelin exerts its effect on regulating body fluid

homeostasis, cardiovascular functions, and osteoblast pro-

liferation through the APJ receptor (De Mota et al. 2004;

Ishida et al. 2004; Xie et al. 2006). We investigated whe-

ther apelin affects human VSMCs apoptosis through APJ.

Our results show that suppression of APJ with siRNA

inhibits the anti-apoptotic effect of apelin in human

VSMCs. This suggests that apelin protects human VSMCs

against apoptosis through APJ. Apelin activates ERK,

MAPK and PI3-K/Akt and promotes cellular growth. These

stimulations are generally recognized as characteristics of

cardioprotective agents (Masri et al. 2002; Wang et al.

2004). The ERK cascade functions in cellular proliferation,

differentiation, and survival. The serine/threonine kinase

Akt [also known as protein kinase B (PKB)] is essential for

cell proliferation, migration, and protection against apop-

tosis induced by oxidative stress (Cantley 2002; Whiteman

et al. 2002). In the cardiovascular system, Akt plays an

important role in the regulation of cardiac hypertrophy,

angiogenesis, and apoptosis (Ackah et al. 2005; Shiojima

et al. 2005; Somanath et al. 2006). Absence of Akt reduces

VSMC migration and survival, and induces features of

plaque vulnerability and cardiac dysfunction during ath-

erosclerosis (Fernández-Hernando et al. 2009). Apelin was

reported to enhance superoxide dismutase activity and

phosphorylation of ERK and Akt after hypoxia/re-oxy-

genation (Zeng et al. 2009). To gain further insight into the

mechanisms by which apelin suppresses human VSMC

apoptosis, we examined intracellular signaling pathways.

We show that apelin induces activation of ERK and Akt in

human VSMCs. Treatment with the PI3-K inhibitor

LY294002 abolishes the activation of Akt in human

VSMCs, indicating that the phosphorylation of Akt is

dependent on PI3-K. Suppression of APJ with siRNA

blocks the effects of apelin on ERK and Akt suggesting

that the activation of ERK and PI3-K/Akt is mediated

through APJ. To elucidate the signal pathway involved in

the apelin-reduced VSMCs apoptosis, we examined the

effect of MAPK and PI3-K/Akt inhibitors on human

VSMCs apoptosis. The PI3-K inhibitor LY294002 abol-

ishes the effects of apelin on human VSMCs apoptosis, but

Fig. 5 Effects of apelin on MAKP and PI3-K/Akt activation in

human VSMCs. Cell lysates were subjected to western blotting and

incubated with p-ERK, ERK, p-P38, P38, p-JNK, JNK, p-Akt, and

Akt antibodies. Shown are the representative results. a Cells exposed

to 1 nM apelin for 1–60 min. b Cells incubated with PD98059

(10 lM) or LY294002 (10 lM) for 3 h prior to treatment with 1 nM

apelin for 15 min. c Cells treated with scramble APJ siRNA or APJ

siRNA in the presence of 1 nM apelin
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not that of the ERK inhibitor PD98059, indicating that

ERK is not involved in apelin’s anti-apoptotic effect.

siRNA of APJ also blocks apelin’s anti-apoptotic effect.

These results indicate that apelin-induced inhibition of

apoptosis in human VSMCs is mediated through APJ/PI3-

K/Akt pathways. In conclusion, the present study illustrates

that apelin protects human VSMC against apoptosis

through APJ/PI3-K/Akt signaling, which could support

vascular remodeling during cardiovascular diseases.
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