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Abstract. Vascular smooth muscle cells (VSMCs) undergo 
cell biological changes in response to a variety of cytokines 
and growth factors. Adiponectin inhibits neointimal forma-
tion through suppressing the proliferation and migration of 
VSMCs. However, the mechanisms underlying the effect of 
adiponectin on VSMC proliferation and apoptosis require 
further investigation. The present study was designed to 
investigate the mechanisms of adiponectin on VSMC prolif-
eration and apoptosis, focusing on the mitofusin‑2 (MFN2) 
mediated Ras‑Raf‑extracellular signal regulated kinase 
(Erk)1/2 signaling pathway. The results of western blot 
analysis revealed that adiponectin increased the expression 
of MFN2 in a concentration‑dependent manner. Adiponectin 
also suppressed VSMC proliferation and induced VSMC 
apoptosis. However, transfection of the VSMCs with small 
interfering (si)RNA, to knock down the expression of MFN2 
attenuated the effect of adiponectin on VSMC proliferation 
and apoptosis. The decreased expression levels of Ras, phos-
phorlated (p)‑c‑Raf and p‑Erk1/2, observed in the VSMCs 
treated with adiponectin were also reversed by the trans-
fection of the VSMCs with MFN2 siRNA to knock down 
the expression of MFN2. The results of the present study 
demonstrated for the first time, to the best of our knowledge, 
that adiponectin exhibits an inhibitory effect on VSMC 
proliferation and induces cell proliferation via regulation of 
the expression levels of MFN2. Adiponectin upregulated the 
expression of MFN2, inhibiting the Ras‑Raf‑Erk1/2 signaling 
pathway, which led to the inhibition of VSMC proliferation 
and the induction of VSMC apoptosis. The results of the 

present study may provide a novel basis for the therapy of 
vascular disease.

Introduction

Vascular smooth muscle cells (VSMCs) are an important 
constituent of vessel walls, and their dysfunction may lead to 
pathological processes and cause vascular disease. VSMCs 
undergo cell biological changes in response to a variety of 
cytokines and growth factors (1).

Adiponectin is an impor tant adipocyte‑der ived 
hormone (2,3), which is well‑known for its involvement in 
lipid and glucose metabolism and insulin sensitivity (4‑7). 
Numerous studies have suggested that adiponectin has 
potent anti‑inflammatory (8), athero‑protective (9), antihy-
pertensive (10) and antidiabetic (11) effects. A previous study 
demonstrated that adiponectin is also expressed and secreted 
by VSMCs (12), and adiponectin inhibits neointimal forma-
tion through suppression of the proliferation and migration 
of VSMCs (13‑15). However, the mechanisms underlying the 
effect of adiponectin on VSMC proliferation and apoptosis 
require further investigation.

The present study aimed to investigate whether mitofusin‑2 
(MFN2) which mediates the effect of adiponectin on VSMC 
proliferation and apoptosis, which may provide a novel basis 
for the therapy of vascular disease.

Materials and methods

Cell culture. The Aortic Smooth Mus cells (VSMCs; cat. 
no. CC-2571) were purchased from Clonetics (San Diego, 
CA, USA). The VSMCs were cultured in Dulbecco's modi-
fied Eagle's medium (Gibco‑BRL, Rockville, MD, USA) with 
20% fetal bovine serum (Gibco‑BRL) in a humidified atmo-
sphere at 37˚C of 5% CO2. The culture medium was replaced 
every 3 days.

Treatment of VSMCs with adiponectin. Adiponectin was 
purchased from Cayman Chemical Company (Ann Arbor, 
MI, USA) and dissolved in phosphate‑buffered saline 
(1 mg/ml). To obtain different experimental concentrations 
(5, 10, 20 and 40 µg/ml), serial dilutions were prepared in the 
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culture medium. VSMCs (5x105 cells/ml) were seeded into 
6‑well plates and when the VSMCs reached 80% confluence, 
adiponectin was added to treat the cells for 24 h at 37˚C.

Transfection. The cells were seeded into 6‑well plates at a 
density of 3x105 cells/well and allowed to grow for 24 h. MFN2 
small interfering (si)RNA, forward 5'‑CCA​UGA​GGC​CUU​
UCU​CCT​T‑3' and reverse 5'‑GGA​GAA​AGG​CCU​CAU​GGT​
T‑3'; or control siRNA, forward 5'‑UUC​UCC​GAA​CGU​GUC​
ACG​UTT‑3' and reverse 5'‑ACG​UGA​CAC​GUU​CGG​AGA​
ATT‑3'. were synthesized at Sangon Biotech Inc. (Shanghai, 
China) and transfected into the cells at a final concentra-
tion of 2 µM using lipofectamine 2000 transfection reagent 
(Invitrogen Life Technologies, Carlsbad, CA, USA), according 
to the manufacturer's instructions.

Flow cytometry assay. For cell apoptosis analysis using flow 
cytometry, the cells were harvested and fixed in 70% ethanol 
(Xinyu Inc., Shanghai, China) on ice. Following centrifugation 
at 1,000 x g for 5 min at room temperature, the cells were 
stained with annexin V and propidium iodide (Kaiji Biological 
Inc., Nanjing, China), according to the manufacturer's instruc-
tions, and analyzed using flow cytometry (FC 500 MPL 
system; Beckman Coulter, Inc., Miami, FL, USA).

MTT assay. The cells were seeded into 96‑well plates at a 
density of 4x103 cells/well. Following treatment with adipo-
nectin for 24, 48 and 72 h, 10 µl MTT solution (Sigma‑Aldrich, 
St. Louis, MO, USA) was added to each well, and the incu-
bation was continued for 4  h at  37˚C. The formazan was 
solubilized in dimethyl sulfoxide (Sigma‑Aldrich) and the 
viable cells were determined by measuring the absorbance 
at 570 nm using a microplate reader (Multiskan Ascent 354; 
Thermo Labsystems, Waltham, MA, USA). 

Western blot analysis. The proteins from cultured cells were 
extracted using cell lysis buffer, containing 50  mM Tris 
(Amresco LLC, Solon, OH, USA), 150 mM NaCl (Tianjin 
Dingshengxin Chemical Industry Co., Ltd., Tianjin, China), 
1 mM EDTA (Zhiyuan, Inc., Tianjin, China), 1% Triton X‑100 
(Amresco LLC), 1  mM sodium orthovanadate (Beyotime 
Institute of Biotechnology, Shanghai, China), 1 mM PMSF 
(Amresco LLC) and 2 mM DTT (pH 7.4; Amresco LLC). 
Protein concentrations were quantified using a bicinchoninic 
acid assay method, using reagents purchased from Pierce 
Biotechnology, Inc. (Rockford, IL, USA). Equal quantities of 
the cell lysates were separated on 12% SDS‑PAGE (Invitrogen 
Life Technologies, Carlsbad, CA, USA), and then transferred 
on to polyvinylidene difluoride membranes (Millipore, 
Billerica, MA, USA) via electroblotting. The membranes were 
blocked with Tris‑buffered saline containing 5%  bovine 
serum albumin (Sigma‑Aldrich) at 37˚C for 1 h. The blot was 
then probed with mouse monoclonal antibody against MFN2 
(sc‑100560; 1:500; Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA), mouse monoclonal antibody against Ras 
(sc‑166691; 1:800; Santa Cruz Biotechnology, Inc.), mouse 
monoclonal antibody against c‑Raf (#12552; 1:400; Cell 
Signaling Technology, Inc., Beverly, MA, USA), rabbit mono-
clonal antibody against extracellular signal regulated kinase 
(Erk)1/2 (#4695; 1:400; Cell Signaling Technology, Inc.), 

rabbit monoclonal antibody against phosphorylated (p)‑c‑Raf 
(Ser338; #9427; 1:400; Cell Signaling Technology, Inc.) and 
rabbit monoclonal antibody against p‑Erk1/2 (Thr202/Tyr204; 
#4377; 1:400; Cell Signaling Technology, Inc.). Subsequently, 
the membranes were incubated with horseradish peroxidase 
(HRP)‑conjugated secondary antibody [goat anti‑rabbit 
IgG/HRP (sc‑2004; 1:10,000) and goat anti‑mouse IgG/HRP 
(sc‑2031; 1:10,000); Santa Cruz Biotechnology, Inc.)] at 37˚C 
for 1 h. The signals were detected using an enhanced chemi-
luminescence western blotting kit (Pierce Biotechnology, 
Inc).

Statistical analysis. All data are expressed as the mean ± stan-
dard deviation of at least three independent experiments. 
Comparisons of the parameters between the two groups were 
performed using Student's t‑test. SPSS software, version 19 
(IBM SPSS, Armonk, NY, USA) was used for statistical 
analysis. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Adiponectin induces the expression of MFN2 in VSMCs. 
To investigate the effect of adiponectin on the expression 
of MFN2, the VSMCs were treated with adiponectin at 
concentrations between 5 and 40 µg/ml, and, after 24 h, 
the expression of MFN2 in the VSMCs was assessed using 
western blot analysis. The results are shown in Fig. 1, and 
revealed that the expression of MFN2 increased with 
increasing concentrations of adiponectin. Concentrations 
between 10 and 40 µg/ml adiponectin significantly increased 
the expression of MFN2, with the peak value observed at 
40 µg/ml (P<0.05).

Inhibition of the Ras‑Raf‑Erk1/2 signaling pathway following 
treatment with adiponectin. The Ras‑Raf‑Erk1/2 pathway is 
one of the most important downstream signaling cascades 
of MFN2. The effect of adiponectin on the expression levels 
of Ras, p‑c‑Raf and p‑Erk1/2 was investigated in the present 
study. The relative expression level of Ras was normalized 
to that of β‑actin, while the relative expression levels of the 
phosphorylated forms of c‑Raf and Erk1/2 were normalized 
to the levels of total c‑Raf and Erk1/2. The western blot 
analysis revealed that the relative expression levels of Ras, 
p‑c‑Raf, p‑Erk1/2 in the VSMCs were significantly inhibited 
by adiponectin at concentrations between 10 and 40 µg/ml 
(P<0.05) (Fig. 2).

MFN2 knockdown attenuates the inhibitory effect of adipo‑
nectin on VSMC proliferation. To examine whether MFN2 was 
involved in the effect of adiponectin on VSMC proliferation, 
siRNA‑MFN2 was transfected into VSMCs for 24 h to knock 
down the expression of MFN2, following which the VSMCs 
were treated with 40 µg/ml adiponectin for another 24 h. 
The results revealed that 40 µg/ml adiponectin upregulated 
the expression of MFN2 in the VSMCs (P<0.05). However, 
the expression ofMFN2 was suppressed by transfection with 
siRNA‑MFN2, with the expression of MFN2 significantly 
decreased in the adiponectin + siRNA‑MFN2 group, compared 
with the adiponectin + siRNA‑control group (P<0.01; Fig. 3).
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An MTT assay was used to examine VSMC prolifera-
tion. As shown in Fig. 4, the VSMC survival rates decreased 
significantly following treatment with adiponectin (P<0.05). 
However, MFN2‑knockdown attenuated the inhibitory 
effect of adiponectin on VSMC proliferation, and the 
VSMC survival rates were significantly increased in the 
adiponectin + siRNA‑MFN2 group, compared with the adipo-
nectin + siRNA‑control group (P<0.05; Fig. 4).

MFN2 knockdown attenuates adiponectin‑induced apop‑
tosis in VSMCs. Subsequently, the present study examined 
whether MFN2 was involved in the effect of adiponectin on 
VSMC apoptosis. The VSMCs were transfected either with 
siRNA‑MFN2 or siRNA‑control for 24 h, followed by treat-
ment with 40 µg/ml adiponectin for another 24 h. Subsequently, 
the VSMCs were harvested for flow cytometric analysis. As 
shown in Fig. 5, the apoptotic rate of the cells in the control 
group was 8.3±1.6%, whilst treatment with adiponectin signifi-
cantly induced cell apoptotic rates to 15.2±2.7% (P<0.05). The 
apoptotic rate of the cells in the adiponectin + siRNA‑MFN2 
group (9.5±2.1%) was significantly different from the adipo-
nectin + siRNA‑control group (15.2±2.7%) (P<0.05).

MFN2 knockdown attenuates the inhibitory effect of adipo‑
nectin on the Ras‑Raf‑Erk1/2 signaling pathway. Western blot 
analysis was used to assess the role of MFN2‑knockdown in 
the inhibitory effect of adiponectin on the Ras‑Raf‑Erk1/2 
signaling pathway. As shown in Fig. 6, adiponectin signifi-
cantly inhibited the relative expression levels of Ras (P<0.05), 
p‑c‑Raf (P<0.01) and p‑Erk1/2 (P<0.01) in the VSMCs. 
However, MFN2‑knockdown attenuated the inhibitory effect 
of adiponectin, and the relative expression levels of Ras, 

Figure 2. Effect of adiponectin on the expression levels of Ras, p‑c‑Raf and 
p‑Erk1/2. The relative expression level of Ras was normalized to β‑actin, 
while the relative expression levels of p‑c‑Raf and p‑Erk1/2 were normal-
ized to total c‑Raf and Erk1/2. Data are expressed as the mean ± standard 
deviation.*P<0.05 and #P<0.01, compared with 0 µg/ml. ERK, extracellular 
signal‑regulated kinase; p‑, phosphorylated.

Figure 1. Effect of adiponectin on the expression of MFN2 using western 
blotting. The relative expression level of MFN2 was normalized to β‑actin. 
Data are expressed as the mean ± standard deviation. *P<0.05, compared with 
0 µg/ml. MFN2, mitofusin‑2. 

Figure 3. Relative expression level of MFN2 in VSMCs transfected with 
siRNA. Lane 1, control; lane 2, adiponectin + siRNA‑NC; lane 3, adipo-
nectin + siRNA‑MFN2. Data are expressed as the mean ± standard deviation. 
*P<0.05 and #P<0.01. VSMC, vascular smooth muscle cell; siRNA, small 
interfering RNA; MFN2, mitofusin‑2; NC, negative control.
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p‑c‑Raf and p‑Erk1/2 were significantly increased in the 
adiponectin + siRNA‑MFN2 group, compared with the adipo-
nectin + siRNA‑control group (P<0.05).

Discussion

It has been previously demonstrated that adiponectin is 
involved in the protection of vascular injury by suppressing 
neointimal formation (16,17). The present study demonstrated 
that adiponectin exhibited an inhibitory effect on VSMC 
proliferation and induced cell apoptosis, and these findings 
were consistent with those of previous studies (13‑15,18).

As mentioned previously, certain genes and signaling 
pathways have been implicated in the effect of adiponectin 
on cell growth (19‑22). In the present study, MFN2 and its 
downstream signaling cascade, the Ras‑Raf‑Erk1/2 signaling 
pathway, were investigated.

MFN2 is a mitochondrial membrane protein, which is 
primarily involved in mitochondrial fusion (23). MFN2 acts 

as a suppressor in cell proliferation and as a promoter of cell 
apoptosis (24‑28). It was revealed in the present study that 
siRNA‑mediated downregulation of MFN2 in the VSMCs 
attenuated the effect of adiponectin on VSMC proliferation 
and apoptosis, therefore the results demonstrated that MFN2 
was involved in the effect of adiponectin on VSMC prolifera-
tion and apoptosis. In addition, it was revealed that adiponectin 
significantly increased the expression of MFN2 in a concentra-
tion‑dependent manner.

Previous studies have indicated that the Ras‑Raf‑Erk1/2 
signaling pathway is the downstream signaling cascade of 
MFN2 (29,30). Following activation of Ras, it couples with 
Raf directly and the cellular Raf protein is phosphorylated, 
the downstream signaling transduction pathways are then 
activated, leading to the phosphorylation of Erk1 and Erk2. 
The activated Erk1/2 protein contributes to the growth of 
VSMCs (31,32). However, MFN2 acts as a negative regulator of 
the Ras‑Raf‑Erk1/2 signaling pathway through its interaction 
with Ras (29). In the present study, the results demonstrated 
that, in the VSMCs, adiponectin significantly inhibited the 

Figure 6. MFN2 knockdown attenuates the inhibitory effect of adiponectin 
on the Ras‑Raf‑Erk1/2 signaling pathway. (A) Western blot analysis of Ras, 
c‑Raf, Erk1/2, p‑c‑Raf and p‑Erk1/2 in the VSMCs. Lane 1, control group; 
lane 2, adiponectin + siRNA‑NC group; lane 3, adiponectin + siRNA‑MFN2 
group. (B) Relative protein levels of Ras, p‑c‑Raf and p‑Erk1/2. The relative 
expression level of Ras was normalized to β‑actin, while the relative expres-
sion levels of p‑c‑Raf and p‑Erk1/2 were normalized to total c‑Raf and 
Erk1/2. Data are expressed as the mean ± standard deviation. *P<0.05 and 
**P<0.01, compared with the control group; #P<0.05 and ##P<0.01, compared 
with the adiponectin + siRNA‑NC group. VSMC, vascular smooth muscle 
cell; siRNA, small interfering RNA; MFN2, mitofusin‑2; NC, negative con-
trol; ERK, extracellular signal‑regulated kinase; p‑, phosphorylated.

  A

  B

Figure 4. MFN2 knockdown attenuates the inhibitory effect of adiponectin 
on VSMC proliferation. Data are expressed as the mean ± standard deviation. 
*P<0.05 and **P<0.01, compared with the control group; #P<0.05, compared 
with the adiponectin+siRNA‑NC group. VSMC, vascular smooth muscle cell; 
siRNA, small interfering RNA; MFN2, mitofusin‑2; NC, negative control.

Figure 5. MFN2 knockdown attenuates adiponectin‑induced VSMC 
apoptosis. 1, control group; 2, adiponectin + siRNA‑NC group; 3, adipo-
nectin + siRNA‑MFN2 group. Data are expressed as the mean ± standard 
deviation. *P<0.05. VSMC, vascular smooth muscle cell; siRNA, small inter-
fering RNA; MFN2, mitofusin‑2; NC, negative control.
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expression levels of Ras, p‑c‑Raf and p‑Erk1/2, however, 
MFN2 knockdown attenuated the inhibitory effect of adipo-
nectin. This demonstrated that MFN2 mediated the effects of 
adiponectin on the Ras‑Raf‑Erk1/2 signaling pathway.

In conclusion, the present study demonstrated for the first 
time, to the best of our knowledge, that adiponectin exhibited 
an inhibitory effect on VSMC proliferation, and induced 
cell proliferation via regulation of the expression of MFN2. 
Adiponectin also upregulated the expression of MFN2, which 
inhibited the Ras‑Raf‑Erk1/2 signaling pathway, leading to 
the inhibition of VSMC proliferation and to the induction of 
VSMC apoptosis. The results of the present study improves 
and expands the current understanding of the effects of 
adiponectin on VSMCs and may provide novel targets for 
therapeutic intervention in vascular disease.
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