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Abstract Apelin receptor (APJ) deficiency has been

reported to be preventive against atherosclerosis. However,

the mechanism of this effect remains unknown. In this

study, quantitative real-time RT-PCR, Western blotting

and ELISA analyses revealed a significant increase in the

expression of intercellular adhesion molecule-1(ICAM-1),

vascular cell adhesion molecule-1 (VCAM-1) and mono-

cyte chemoattractant protein-1 (MCP-1) in human umbili-

cal vein endothelial cells (HUVECs) treated with apelin.

Inhibitors of cellular signal transduction molecules were

used to demonstrate involvement of nuclear factor kappa-B

(NF-jB) and c-Jun N-terminal kinase (JNK) pathways in

apelin–APJ-induced activation of adhesion molecules and

chemokines. Inhibition of APJ expression by RNA inter-

ference abrogated apelin-induced expression of adhesion

molecules and chemokines and apelin-stimulated cellular

signal transduction in HUVECs. The apelin–APJ system in

endothelial cells is involved in the expression of adhesion

molecules and chemokines, which are important for the

initiation of endothelial inflammation-related atheroscle-

rosis. Therefore, apelin–APJ and the cell signaling path-

ways activated by this system in endothelial cells may

represent targets for therapy of atherosclerosis.

Keywords Apelin � Human umbilical vein endothelial

cells � Intercellular adhesion molecule-1 � Vascular cell

adhesion molecule-1 � Monocyte chemotactic protein-1

Introduction

Growing evidence supports the role of the apelin–APJ

system as a modulator of cardiovascular functions such as

vasomotion, myocardial contractility and artery calcifica-

tion (Karmazyn et al. 2008; Shan et al. 2011). Apelin and its

receptor APJ are ubiquitously expressed at the mRNA level

in many rat and human tissues (Zeng et al. 2007; Barnes

et al. 2010). Both apelin and APJ are expressed in the heart,

large and small conduit vessels and endothelial cells (Dray

et al. 2008; Eyries et al. 2008). Recently, it has been shown

that high plasma apelin concentrations are associated with

obesity in humans and hyperinsulinemic obese mice

(Boucher et al. 2005), suggesting a link between apelin and

feeding. Furthermore, a marked reduction in the number of

atherosclerotic lesions were detected in APJ and apolipo-

protein E (ApoE) double-knockout (APJ-/- ApoE-/-) mice

that were fed a high-cholesterol diet compared with APJ?/?
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ApoE-/- mice (Hashimoto et al. 2007), thus suggesting that

APJ deficiency could reduce atherogenesis.

The contribution of the apelin–APJ system to athero-

genesis is generally accepted. However, the mechanisms

underlying this effect remain to be elucidated. It has been

proposed that oxidative stress in smooth muscle cells

mediated by the apelin–APJ system is an important factor

in atherogenesis (Hashimoto et al. 2007). Inflammation of

the vascular endothelia, which may initiate the atherogenic

process (Libby 2002), may be importantly linked to acti-

vation of monocytes and macrophages via APJ (Seehaus

et al. 2009).

This study aimed to identify the effects of apelin–APJ

system on the expression and regulation of adhesion

molecules and chemokines, in order to explore a potential

association between this system and endothelial inflam-

mation. Vascular cell adhesion molecule-1(VCAM-1) and

intercellular adhesion molecule-1 (ICAM-1) participate

in firm adhesion of leukocytes to endothelial cells

(Blankenberg et al. 2003) and monocyte chemoattractant

protein-1 (MCP-1) is involved in leukocyte rolling and

cross-endothelium migration (Gu et al. 1998). The results

of this study indicate that the apelin–APJ system stimu-

lates ICAM-1, VCAM-1 and MCP-1 expression and

secretion in human umbilical vein endothelial cells

(HUVECs). Moreover, these data demonstrate a link

between the apelin–APJ system and nuclear factor kappa-B

(NF-jB)/c-Jun N-terminal kinase (JNK) signal transduction

in HUVECs.

Materials and methods

Reagents

Synthetic apelin-13 peptide was purchased from the

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. Pertussis toxin

(PTX) was purchased from Sigma (St. Louis, MO, USA).

Anti-human ICAM-1, VCAM-1, MCP-1, JNK, phosphor-

ylated JNK (pJNK), IkBa, NF-jB-p65, b-actin and pro-

liferating cell nuclear antigen (PCNA) antibodies and also

anti-mouse and rabbit IgG peroxidase conjugated anti-

bodies were purchased from Santa Cruz Biotechnology Inc.

(Santa Cruz, CA, USA). Anti-human apelin receptor (APJ)

antibody was purchased from Abcam Inc. (Cambridge,

MA, USA). SP600125 and SN50 were purchased from

Calbiochem-Novabiochem Corp. (San Diego, CA, USA).

Short hairpin RNA vectors were synthesized by Genesil

Biotechnology Co. (Wuhan, China). Anti-human ICAM-1,

VCAM-1 and MCP-1 ELISA kits were purchased from

Boster Biological Engineering Co. (Wuhan, China).

Cell culture

HUVECs were isolated by 0.1 % collagenase digestion of

freshly obtained human umbilical cords (human umbilical

cords were obtained from donors after receipt of informed

consent and upon approval by the local research ethics

committee) as described previously (Jaffe et al. 1973) and

cultured in Dulbecco’s modified Eagle’s medium (DMEM,

Sigma) containing 10 % fetal bovine serum (FBS, Gibco),

50 lg/ml endothelial cell growth supplement, 50 lg/ml

heparin, 100 IU/ml penicillin and 100 lg/ml streptomycin

at 37 �C in an atmosphere containing 5 % CO2. Cells were

used for experiments at passages two to four.

Quantitative real-time reverse transcription (RT) PCR

Total RNA was isolated from cells with Trizol (Gibco)

according to the instructions provided by the manufacturer.

cDNA synthesis was performed using 2 lg total RNA and

the Reverse Transcription System (Promega). Quantitative

real-time PCR was performed using a LightCycler (Roche

Diagnostics) with gene-specific primers and SYBR Premix

Ex TaqTM II(Takara) containing SYBR Green I. The fol-

lowing primers were used to amplify cDNA fragments:

human ICAM-1, (forward) 50-CTC CAA TGT GCC

AGG CTT G-30 and (reverse) 50-CAG TGG GAA AGT

GCC ATC CT-30;
human VCAM-1, (forward) 50-TTC CCT AGA GAT

CCA GAA ATC GAG-30 and (reverse) 50-CTT GCA

GCT TAC AGT GAC AGA GC -30;
human MCP-1, (forward) 50-CAT TGT GGC CAA GGA

GAT CTG-30 and (reverse) 50-CTT CGG AGT TTG

GGT TTG CTT-30;
human b-actin, (forward), 50-CTC TTC CAG CCT TCC

TTC CT-30 and (reverse) 50-AGC ACT GTG TTG GCG

TAC AG-30.

Amplifications were performed (including calibration

curves) and then run in parallel in triplicates. Six replicates

were included for each amplification. The experiments

were carried out at least twice. The mRNA expression

levels were quantified according to the DDCT method

(Livak and Schmittgen 2001), then normalized against b-actin

expression and presented relative to control levels.

RNA interference

Two short hairpin RNA vectors were constructed encoding

sequences targeting human APJ mRNA (siAPJ-1:50-AACT

ACTATGGGGCAGACAAC-30 and siAPJ-2:50-AAGGTG

CAGTGC TACATGGAC-30). A scrambled RNAi plasmid

(SiHK) was used as a negative control. Transfection was

performed using Lipofectamine 2000 (Invitrogen) in
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accordance with the instructions provided by the manu-

facturer. HUVECs were plated in serum and antibiotic-free

DMEM medium with a mixture of Lipofectamine 2000 and

shRNA vectors previously equilibrated to room tempera-

ture for 20 min. After 24 h, the culture medium was

changed to DMEM complete medium with antibiotics and

G418 (400 lg/ml, Invitrogen) for selection of integrated

clones. During 10 days of selection, green fluorescence

was monitored under blue excitation light by fluorescence

microscopy and resistant clones were picked at random.

Clones identified as endothelial cells by VIII factor-related

antigen immunocytochemical staining were amplified for

further experiments using standard HUVEC culture

conditions.

Preparation of cytoplasmic and nuclear extracts

Cytoplasmic and nuclear extracts were prepared by a

modification of the Dignam method (Carmody et al. 2007).

Cell monolayers (3 9 106–5 9 106 cells) were washed in

ice-cold phosphate-buffered saline (PBS) before incubation

in ice-cold buffer A (10 mM HEPES–NaOH, pH 7.9,

10 mM KCl, 1.5 mM MgCl2, 1 % Nonidet P-40, 1 mM

DTT and supplemented with a protease inhibitor mixture

and two phosphatase inhibitors, Na3VO4 and NaF) for

10 min on ice. Cells were then harvested by scraping and

vortexed vigorously for 15 s. After centrifugation for

10 min at 12,0009g, the resulting supernatant containing

the cytoplasmic extract was collected. The nuclear pellet

was rinsed once in buffer A, resuspended in ice-cold buffer

B (25 % glycerol, 20 mM HEPES–NaOH, pH 7.9, 1.5 mM

MgCl2, 420 mM NaCl, 0.1 mM EGTA, 1 mM DTT and

supplemented with a protease inhibitor mixture) and

incubated for 20 min on ice. Nuclei were sonicated for 10 s

and clarified by centrifugation at 15,0009g at 4 �C for

2 min. Cellular debris was removed and the supernatant

containing the nuclear extract was collected. Aliquots of

cytoplasmic and nuclear extracts were stored at -70 �C.

Protein concentrations were determined by the Bradford

protein assay.

Western blot analysis

Western blotting was performed as previously described

(Cui et al. 2010; Yuan et al. 2010). Cell extracts (20 lg)

from each fraction were subjected to 10 % SDS-PAGE.

Proteins were transferred to PVDF membrane (Amersham

Pharmacia Biotech). After blocking with 5 % milk in PBS,

membranes were incubated with specific antibodies at

1:500 dilution factor (anti-ICAM-1, VCAM-1, MCP-1,

APJ, JNK, pJNK and IkBa for cytoplasmic proteins, anti-

NF-jB-p65 for nuclear proteins) overnight at 4 �C followed

by incubation with horseradish peroxidase-conjugated

anti-rabbit or anti-mouse IgG at 1:5,000 dilution factor and

room temperature for 1 h. Antibody binding was quanti-

tated using an enhanced chemiluminescence (ECL) detec-

tion system (GE Biosciences) following the instructions

provided by the manufacturer and visualized by fluorogra-

phy with Hyperfilm.

ELISA

A sandwich ELISA was performed using matched anti-

human ICAM-1, VCAM-1 and MCP-1 antibodies accord-

ing to the instructions provided by the manufacturer.

Conditioned media were diluted (between 1:30 and 1:70)

and lysates (standardized according to protein concentra-

tion) were diluted 1:100 prior to the assay.

Statistical analysis

Differences among groups were tested for significance by

one-way ANOVA followed by Bonferroni’s test and the

Newman–Keuls test for pairwise comparisons. Statistical

significance was considered to occur at a value of

P \ 0.01. Data are expressed as the mean ± SD of three

independent experiments.

Results

Apelin induces the expression of adhesion molecules

and chemokines in HUVECs in a concentration-

and time-dependent manner

Elevated levels of ICAM-1, VCAM-1 and MCP-1 mRNA

expression (Fig. 1a) and protein secretion (Fig. 1b–d) were

detected in HUVECs treated with apelin by quantitative

real-time RT-PCR and ELISA techniques, respectively.

Levels of ICAM-1, VCAM-1 and MCP-1 expression were

found to be elevated following treatment with apelin

(10-10–10-7 M). Levels of ICAM-1, VCAM-1 and MCP-1

produced by 10-8 M apelin-treated cells were significantly

greater than those produced by controls (P \ 0.01). The

effect of apelin reached a plateau between 10-8 and

10-7 M (Fig. 1a), which is entirely in agreement with the

expected affinity of apelin for APJ. No difference was

observed in the effects of 10-9 and 10-8 M apelin.

Therefore, 10-8 M apelin was selected as the standard

concentration for use in further studies. Stimulation at this

concentration resulted in robust increases in ICAM-1,

VCAM-1 and MCP-1 expression. Treatment with 10-8 M

apelin at different time points stimulated increased

expression of ICAM-1, VCAM-1 and MCP-1 mRNA

(Fig. 2a) in cytoplasmic extracts (Fig. 2b) and conditioned
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media (Fig. 2c) of HUVECs. The induction of ICAM-1,

VCAM-1 and MCP-1 expression by apelin was maximal

after 4, 12 and 24 h, respectively.

Intracellular signaling pathways involved in apelin–

APJ-induced expression of adhesion molecules

and chemokines

To identify the signal transduction mechanism that medi-

ates apelin-induced ICAM-1, VCAM-1 and MCP-1

expression in HUVECs, the ability of apelin to stimulate

JNK phosphorylation, nuclear NF-jB-p65 expression and

cytoplasmic IkBa degradation was determined. Serum-

starved HUVECs were treated with apelin for various

lengths of time and the activation status of JNK was

assessed using phospho-specific antibodies. Increased lev-

els of pJNK were evident at 60 min following apelin

treatment and increased subsequently in a time-dependent

manner (Fig. 3a). Apelin significantly stimulated IkBa
degradation in the cytoplasm of HUVECs in a dose-

dependent manner (Fig. 3b1). Furthermore, it was con-

firmed that apelin induced a significant increase in nuclear

NF-jB-p65 expression in HUVECs (Fig. 3b2) at 30 min.

b-actin and PCNA were used as internal controls. In

addition, the involvement of JNK phosphorylation, nuclear

NF-jB-p65 expression and cytoplasmic IkBa degradation

in apelin-induced ICAM-1, VCAM-1 and MCP-1 expres-

sion was investigated. Decreased levels of ICAM-1,

VCAM-1 and MCP-1 were detected in HUVECs following

pre-treatment with the JNK inhibitor SP600125 or the

NF-jB inhibitor SN50 (Fig. 3c).

APJ is required for apelin-induced expression

of adhesion molecules and chemokines and apelin-

stimulated cellular signal transduction in HUVECs

Silencing vectors were constructed to express either

shRNA targeting human APJ (siAPJ-1 and siAPJ-2) or

scrambled shRNA (SiHK). Quantitative RT-PCR and

Western blot analysis indicated that siAPJ-2 reduced APJ

control 10-10M 10-9M 10-8M 10-7M 

control 10-10M 10-9M 10-8M 10-7M 

control 10-10M 10-9M 10-8M 10-7M 

control 10-10M 10-9M 10-8M 10-7M 

A

B

C

D

Fig. 1 Concentration dependence of apelin-induced ICAM-1,

VCAM-1 and MCP-1 mRNA expression and protein secretion in

cultured HUVECs. a The dose response of apelin on ICAM-1,

VCAM-1 and MCP-1 mRNA expression. HUVECs were incubated

with the vehicle control (apelin, 0 M) or apelin (10-10–10-7 M) for

12 h. Total RNA from the cells was extracted and expression of

ICAM-1, VCAM-1 and MCP-1 mRNA was analyzed by quantitative

real-time RT-PCR. b–d The dose response of apelin on ICAM-1,

VCAM-1 and MCP-1 protein secretion, respectively. The concentra-

tion of ICAM-1, VCAM-1 and MCP-1 in the supernatants of cultured

HUVECs was analyzed by ELISA. The data shown represent the

mean ± SD of three independent experiments, *P \ 0.01 versus

control cells

Fig. 2 Time dependence of apelin-induced ICAM-1, VCAM-1 and

MCP-1 expression in cultured HUVECs. a Apelin-induced ICAM-1,

VCAM-1 and MCP-1 mRNA expression in cultured HUVECs in a

time-dependent manner. HUVECs were incubated with the vehicle

control (apelin, 0 h) or apelin (10-8 M) for the indicated time periods.

Total RNA was extracted from the cells and expression of ICAM-1,

VCAM-1 and MCP-1 mRNA was analyzed by quantitative real-time

RT-PCR. b1, b2, b3 Time dependence of apelin-induced ICAM-1,

VCAM-1 and MCP-1 protein expression in cultured HUVECs. Total

protein was extracted from the cells and expression of ICAM-1,

VCAM-1 and MCP-1 protein was analyzed by Western blotting. b4
The OD of Western blot autoradiographic signals was quantified and

calculated as the ratio of target protein to b-actin. c1, c2, c3 Apelin-

induced ICAM-1, VCAM-1 and MCP-1 protein secretion into the

supernatants of cultured HUVECs in a time-dependent manner. The

concentration of ICAM-1, VCAM-1 and MCP-1 in the supernatants

of cultured HUVECs was analyzed by ELISA. The data represent the

mean ± SD of three independent experiments and values are

expressed relative to those observed for the control cells. *P \ 0.01

versus control cells

c
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mRNA and protein expression in HUVECs to approxi-

mately 26 % (Fig. 4a) and 25 % (Fig. 4b, c), respectively,

of the level observed in the presence of SiHK. In contrast,

siAPJ-1 did not alter APJ expression in HUVECs. The

mRNA and protein levels of ICAM-1, VCAM-1 and MCP-

1 were measured in HUVECs treated with siAPJ-2 or SiHK

vectors and untransfected cells. The mean apelin-induced

elevations of ICAM-1, VCAM-1 and MCP-1 mRNA

expression in siAPJ-2-treated HUVECs were approxi-

mately 5, 28 and 37 %, respectively, of those in SiHK-

treated HUVECs and approximately 5, 26 and 36 %,

respectively, of those in untransfected HUVECs (Fig. 5a).

A1 

B2B1 

A2 

B3

C

κκ
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The mean apelin-induced elevations of ICAM-1, VCAM-1

and MCP-1 protein expression in siAPJ-2-treated HUVECs

were approximately 6, 27 and 27 %, respectively, of those

in SiHK-treated HUVECs and approximately 6, 26 and

36 %, respectively, of those in untransfected HUVECs

(Fig. 5b4). Investigation of apelin-treated HUVECs trans-

fected with the siAPJ-2 vector, the SiHK vector or

untransfected cells at the indicated time revealed that JNK

was not phosphorylated in HUVECs transfected with the

siAPJ-2 vector. Furthermore, pJNK signaling was evident

in cells transfected with SiHK vector and untransfected

cells (Fig. 6a). Clear expression of NF-jB-p65 protein in

nuclear extracts of HUVECs transfected with SiHK vector

or untransfected cells was detected, although there was

very little expression in the nucleus of HUVECs treated

with the siAPJ-2 vector (Fig. 6a). Moreover, IjBa degra-

dation in cytoplasmic extracts of APJ gene-silenced

HUVECs was not detected as it was in those of HUVECs

expressing the APJ gene (Fig. 6a).

Apelin–APJ activates NF-jB/JNK signal pathway

via a PTX-sensitive G-Protein

The apelin–APJ system is thought to function directly via

G-protein heterotrimers, and through Gi alpha subunits in

particular (Masri et al. 2002). To identify the G-protein

coupled with apelin–APJ for activation of NF-jB/JNK

signaling, HUVECs were pretreated with PTX, which

uncouples Gi/Go proteins from their receptor. PTX com-

pletely abrogated the activation of NF-jB/JNK signaling

induced by apelin–APJ (Fig. 6b).

Discussion

Cell adhesion molecules secreted by endothelial cells

activated by proinflammatory factors are thought to play a

central role in the development of vascular inflammation

(Miller et al. 2003; Yamawaki et al. 2005; Pate et al. 2010;

Rautou et al. 2011), which leads to the development of

cardiovascular complications. Furthermore, the cytokine-

activated endothelial cells secrete monocyte-specific che-

moattractant molecules, which recruit monocytes to sites of

vascular injury and inflammation (Zhan et al. 2005; Feng

et al. 2005).

This study clearly demonstrated that apelin–APJ sig-

nificantly stimulated time- and concentration-dependent

expression of ICAM-1, VCAM-1 and MCP-1 in cultured

endothelial cells. JNK and NF-jB signaling were shown to

be involved in the cellular signal transduction mechanism

during these regulatory procedures. These adhesion mole-

cules and chemokines are major regulators of monocyte

recruitment and play primary roles in the development of

many vascular inflammatory states.

APJ, a G-protein-coupled receptor (GPCR) originally

identified by O’Dowd et al. (O’Dowd et al. 1993), has a

similarity with the angiotensin II type 1(AT1) receptor, but

does not bind angiotensin II. Apelin, the natural ligand of

APJ, was originally isolated from bovine stomach tissue

(Tatemoto et al. 1998). Apelin mRNA encodes a 77-amino

acid (aa) pre-proprotein that is proteolytically cleaved to

yield bioactive peptides of 36, 17 and 13 aa. Each of these

peptides contains the C-terminal 13 residues of the pre-

cursor protein and most bioactivity is thought to reside in

this segment (Kawamata et al. 2001). The sequence of the

apelin 13-peptide is the same in most vertebrates, sug-

gesting evolutionary conservation of a critical function

(Kälin et al. 2007). In our preliminary experiments, the

shorter C-terminal peptide, apelin-13, with a median

effective concentration (EC50) value of 0.37 nM, exhibited

significantly higher activity than apelin-36 or apelin-17.

Consequently, apelin-13 was used at concentrations from

10-10 to 10-7 M in our experiments. We detected

expression of APJ mRNA and protein in primary HUVECs

cultures, which is consistent with several previous reports

(Devic et al. 1996, 1999; Katugampola et al. 2001). In

contrast, Kasai et al. (2004) did not detect an APJ mRNA

signal in an unidentified HUVEC-derived cell line. This

could relate to the effects of cell immortalization.

In vitro exposure of HUVECs to apelin resulted in

upregulation of the rate of transcription and protein

secretion of several proinflammatory genes, such as ICAM-

1, VCAM-1 and MCP-1. Real-time PCR studies showed

that apelin caused a concentration-dependent induction of

mRNA of these proinflammatory genes, with maximal

expression at 10-8 apelin. This concentration-dependent

Fig. 3 Involvement of JNK/NF-jB in apelin-stimulated cellular

signal transduction. a, b HUVECs were incubated without or with

apelin (10-8 M) for the indicated time periods. Cytoplasmic and

nuclear protein was extracted from the cells. Expression of phospho-

JNK protein was analyzed by Western blotting using anti-phospho-

JNK antibody (total JNK as control). NF-jB-p65 (nuclear protein,

PCNA as endogenous control) and IjBa (cytoplasmic protein, b-actin

as endogenous control) expression was also examined by immuno-

blotting. a Apelin activated JNK phosphorylation in cultured

HUVECs in a time-dependent manner. b Apelin promoted NF-jB-

p65 activation and IjBa degradation in cultured HUVECs in a

time-dependent manner. a1, b1, b2 Western blot autoradiograph

representative of three independent experiments. a2, b3 The OD of

Western blot autoradiographic signals was quantified and calculated

as the ratio of the target protein to endogenous control protein.

c HUVECs were untreated (control), treated with 10-8 M apelin (4 h

for ICAM-1 detection, 12 h for VCAM-1 and 24 h for MCP-1) or

pre-incubated with the JNK inhibitor SP600125 (10 lM) or the

NFjB-p65 inhibitor SN50 (100 lg/ml) for 2 h and then treated with

apelin. Total RNA was extracted from the cells and expression of

ICAM-1, VCAM-1 and MCP-1 mRNA was examined by quantitative

real-time PCR. The data shown represent the mean ± SD of three

independent experiments, and values are expressed relative to those

observed for the control cells. *P \ 0.01 versus control cells,

**P \ 0.05 versus cells treated with 10-8 M apelin

b
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effect of apelin on adhesion molecule and chemokine

expressions in HUVECs is in accordance with that

observed on the promotion of the acidification rate in the

cells expressing the APJ receptor (Tatemoto et al. 1998).

Furthermore, diverse time-dependent stimulation of

ICAM-1, VCAM-1 and MCP-1 gene transcription, trans-

lation and protein secretion was observed. It can be spec-

ulated that these regulatory effects are associated with the

complex features of APJ signaling. In contrast with other

GPCR that are desensitized by receptor internalization

following attachment of an agonist, APJ receptor signaling

and receptor endocytosis are dissociated functionally (El

Messari et al. 2004) via mechanism(s) that remain to be

elucidated.

This study demonstrated that JNK phosphorylation, NF-

jB nucleus translocation and IjB degradation are involved

in apelin–APJ-induced expression of adhesion molecules

and chemokines in HUVECs. The JNK protein serine/

threonine kinases play a critical regulatory role in the

expression of various transcription factors, such as activa-

tor protein-1 (AP-1, c-Jun/c-Fos) (Dérijard et al. 1994), and

activate expression of the genes encoding ICAM-1,

VCAM-1 and MCP-1 (Wang et al. 1999; Kacimi et al.

1998). NF-jB belongs to a family of transcription factors

that function as dimers. This factor is a prototypic example

of the family, forming a heterodimer with relA (p65) or

p50 (Hayden and Ghosh 2004). In resting endothelial cells,

NF-jB dimers are sequestered in an inactive form in the

cytoplasm through interaction with inhibitory IjB proteins.

Apelin–APJ signaling pathways leading to the activation of

NF-jB function at the level of the IjB kinase (IKK)

complex (Hayden and Ghosh 2004). The active form of this

complex phosphorylates IjB and targets it for proteasomal

degradation. This may augment the release of NF-kB and

lead to its shuttling to the nucleus, and enhanced expres-

sion of ICAM-1, VCAM-1 and MCP-1 (Iademarco et al.

1992; van de Stolpe et al. 1994).

To verify the receptor-specific effect of apelin on the

expression of ICAM-1, VCAM-1 and MCP-1 and on the

cellular signaling in HUVECs, APJ gene expression was

silenced by RNA interference. Expression cassettes encod-

ing shRNA targeting human APJ, using cDNA 25th (siAPJ-

control  siHK  siAPJ-1 siAPJ-2 

APJ  

B 

C 

A 

Fig. 4 Effects of RNA interference on APJ gene silencing in cultured

HUVECs. Total RNA and protein from transfected cells (siHK,

siAPJ-1 and siAPJ-2) and untransfected cells (control) was extracted

and APJ mRNA and protein expression was analyzed by quantitative

real-time RT-PCR and Western blotting, respectively. a RNA

expression was quantified and calculated as the ratio of APJ to b-

actin. b Western blot autoradiograph representative of three indepen-

dent experiments from the same transfection. c The OD of Western

blot autoradiographic signals was quantified and calculated as the

ratio of APJ to b-actin. The data shown represent the mean ± SD of

three independent experiments and values are expressed relative to

those observed for the control cells. *P \ 0.01 versus control cells

2132 Y. Lu et al.

123



1) and 532nd (siAPJ-2) as initiation sites, were generated

and transfected into cultured HUVECs. Real-time PCR and

Western blot analysis showed that siAPJ-2 blocked APJ

expression. It is hypothesized that the siAPJ-1 targeting

initiation site of the gene coding sequence is relatively close

to the 50-end and therefore could be shielded by regulatory

proteins, thus preventing correct mRNA targeting and APJ

silencing. Our results indicate that receptor-specific com-

bination of apelin and APJ is required for apelin-induced

expression of ICAM-1, VCAM-1 and MCP-1 and apelin-

stimulated JNK phosphorylation, NF-jB nucleus translo-

cation and cytoplasmic IjBa degradation in HUVECs.

ICAM-1 VCAM-1 

control siHK siAPJ-2 control siHK siAPJ-2 control siHK siAPJ-2 

MCP-1 

B1 

A 

B2 B3 

B4 

Fig. 5 Inhibition of apelin-induced ICAM-1, VCAM-1 and MCP-1

expression by APJ silencing in HUVECs. Transfected HUVECs

(siHK and siAPJ-2) and untransfected cells (control) were incubated

with 10-8 M apelin (4 h for ICAM-1 detection, 12 h for VCAM-1

and 24 h for MCP-1). Total RNA was extracted from the cells and

ICAM-1, VCAM-1 and MCP-1 mRNA were analyzed by quantitative

real-time RT-PCR. Total protein was extracted from the cells and

expression of ICAM-1, VCAM-1 and MCP-1 protein was analyzed by

Western blotting. a APJ silencing inhibited apelin-induced ICAM-1,

VCAM-1 and MCP-1 mRNA expression in HUVECs. The mRNA

expression was quantified and calculated as the ratio of target mRNA

to b-actin. b APJ silencing inhibited apelin-induced ICAM-1,

VCAM-1 and MCP-1 protein expression in HUVECs. To normalize

the amount and quality of total protein, protein expression levels were

determined on the basis of the amount of the target protein relative to

the endogenous control gene, b-actin. b1, b2, b3 Western blot

autoradiograph representative of three independent experiments from

the same transfection. b4 The OD of Western blot autoradiographic

signals was quantified and calculated as the ratio of target protein to

b-actin. The data shown represent the mean ± SD of three indepen-

dent experiments from the same transfection and values are expressed

relative to those observed for the control cells. *P \ 0.01 versus

control cells
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Atherosclerosis is a chronic inflammatory disease of the

arterial wall, characterized by the formation of lipid-laden

lesions (Ross 1999). Adhesion molecules such as ICAM-1

and VCAM-1 are particularly implicated in vascular

inflammation in atherogenic processes (Butcher and Picker

1996). It has been observed that these adhesion molecules

mediate leukocyte capture through binding to lymphocyte

integrins (Diamond et al. 1991; Barreiro et al. 2002).

Leukocyte trans-endothelial migration (TEM) is a vital

physiological process that occurs during further inflam-

matory processes. Specific chemokines (such as MCP-1

secreted by endothelial cells) attract leukocytes to migrate

toward the site of the lesion (Piga et al. 2007). Apelin–APJ

participates in vascular inflammation through induction of

ICAM-1, VCAM-1 and MCP-1 expression in HUVECs.

Apelin–APJ stimulate vascular inflammation-related ath-

erosclerosis. It has been suggested that lowering apelin

levels, silencing APJ (Hashimoto et al. 2007; Fukushima

et al. 2010), or blocking the cellular JNK/NF-jB signaling

(Zakkar et al. 2008) may prevent the onset of atheroscle-

rosis. The observations made in this study provide firm

proof of the role of apelin–APJ as connected to JNK

pathways in generation of atherogenic linker proteins, and

may provide the basis for development of drugs for the

clinical treatment of human atherosclerosis.

At the G-protein level, blockade of apelin-induced

activation of NF-jB/JNK by PTX indicates that G-protein

heterotrimers, and in particular Gi a subunits, transduce the

extracellular stimulation by APJ into an intracellular sig-

nal. This transduction should be dependent on the primary

coupling of APJ to Gi-containing heterotrimers (Banères

and Parello 2003), which is likely to be reduced by PTX

(Estes et al. 2011). Similar evidence has already been

described for the blockade of apelin-induced ERK activa-

tion by PTX and the inhibition of adenylyl cyclase by

apelin (Masri et al. 2002). The JAK/STAT, NF-jB and

other coupled transduction/transcription systems can be

activated via G-protein heterotrimers (Hunyady and Catt

2006; Wu and Wong 2005), which should be the primary

partners of APJ. A common and important feature of some

active human receptors including several chemokine

receptors, the apelin–APJ receptor, the neuropeptide Y Y2

receptor and the herpes virus-8 receptor is the large fraction

(up to 42 %) of residues with anionic side chains (Asp, Glu

and benzene anions Tyr, Trp and Phe) in the N-terminal

extracellular domain (Parker et al. 2005).These receptors

all transduce predominantly via Gi subunits. Apelin may

also interact significantly with some of these Gi-preferring

receptors (e.g., via heterodimers, or even by direct bind-

ing), and its activity could be modified by acidic oligomers

and polymers. Several chemokine and chemoattractant

receptors are identified as contributors to atherosclerotic

plaque formation (Gautier et al. 2009). The time course of

induction that we observed is at least for MCP-1 typical of

processes initiated by PTX-sensitive G-proteins. The more

rapid effect on VCAM-1 could indicate a more direct

association of APJ with non-G-protein transduction/tran-

scription factors affecting the expression of this adhesion

molecule.

Our experiments have demonstrated that the apelin–APJ

system stimulates expression of the adhesion molecules

ICAM-1 and VCAM-1 and the chemokine MCP-1 in

HUVECs through JNK/NF-jB signaling. These stimula-

tory effects on vascular endothelial cells may be involved

in atherosclerosis formation. Recent studies have focused

on apelin activity in atherosclerosis. Apelin levels were

found to be increased in atherosclerotic coronary arteries

and this additional peptide localized to the plaque, co-

localizing with markers for macrophages and smooth

muscle cells (Pitkin et al. 2010). Increased apelin expres-

sion within the plaque may contribute to atherogenesis.

Apelin stimulates both vascular smooth muscle cell pro-

liferation (Li et al. 2008) and the division and migration of

vascular smooth muscle cells into the neointima (Kojima

et al. 2010), which indicates that the apelin/APJ system

may have detrimental effects on atherosclerosis. However,

apelin may limit atherosclerosis progression by inhibiting

the effects of angiotensin II on the vasculature (Chun et al.

pJNK     

JNK      

NF- B-p65

PCNA    

I B

A 

pJNK      

JNK       

NF- B-p65 

PCNA     

I B

B

control siHK siAPJ-2 
apelin + + - - 
PTX + - + -

κ

κ κ

κ

Fig. 6 Blockade of apelin-induced cellular signal transduction by

APJ silencing and PTX. a Transfected HUVECs (siHK and siAPJ-2)

and untransfected cells (control) were incubated with 10-8 M apelin

(60 min for pJNK detection, 30 min for NF-jB-p65 and 30 min for

IjBa). Cytoplasmic and nuclear protein was extracted from the cells

and pJNK (JNK as endogenous control), NF-jB-p65 (PCNA as

endogenous control) and IjBa (b-actin as endogenous control)

expression was analyzed by Western blotting. b HUVECs were

incubated with 10-8 M apelin (60 min for pJNK detection, 30 min

for NF-jB-p65 and 30 min for IjBa). Cytoplasmic and nuclear

protein was extracted from the cells and pJNK (JNK as endogenous

control), NF-jB-p65 (PCNA as endogenous control) and IjBa
(b-actin as endogenous control) expression was examined by Western

blot. Activity of pJNK, NF-jB-p65 and IjBa in HUVECs stimulated

with 10-8 M apelin for 60 min was determined by immunoblotting of

pJNK, NF-jB-p65 and IjBa proteins (JNK, PCNA and b-actin as

endogenous control) and compared with those obtained after pre-

treatment with PTX (25 ng/ml, 16 h)
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2008). This is in contrast to our findings. Other studies

have identified decreased (Tasci et al. 2007; Sonmez et al.

2010) or unchanged (Rittig et al. 2011) levels of apelin in

atherosclerosis-related diseases. Whether apelin/APJ acti-

vation is beneficial or detrimental in atherosclerosis

requires further investigation using agonists and, in par-

ticular, apelin receptor-selective antagonists. However, our

data indicate that the apelin–APJ system is involved in the

initiation of atherosclerosis through endothelial inflamma-

tion-related pathways, providing further evidence in sup-

port of the apelin receptor as a target for therapeutic drug

development in this condition.
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Saulnier-Blache JS, Valet P (2005) Apelin, a newly identified

adipokine up-regulated by insulin and obesity. Endocrinology

146:1764–1771

Butcher EC, Picker LJ (1996) Lymphocyte homing and homeostasis.

Science 272:60–66

Carmody RJ, Ruan Q, Palmer S, Hilliard B, Chen YH (2007)

Negative regulation of toll-like receptor signaling by NF-kappaB

p50 ubiquitination blockade. Science 317:675–678

Chun HJ, Ali ZA, Kojima Y, Kundu RK, Sheikh AY, Agrawal R,

Zheng L, Leeper NJ, Pearl NE, Patterson AJ, Anderson JP, Tsao

PS, Lenardo MJ, Ashley EA, Quertermous T (2008) Apelin

signaling antagonizes Ang II effects in mouse models of

atherosclerosis. J Clin Invest 118:3343–3354

Cui RR, Mao DA, Yi L, Wang C, Zhang XX, Xie H, Wu XP, Liao

XB, Zhou H, Meng JC, Yuan LQ, Liao EY (2010) Apelin

suppresses apoptosis of human vascular smooth muscle cells via

APJ/PI3-K/Akt signaling pathways. Amino Acids 39:1193–1200
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