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CX3CL1/CX3CR1 Axis Contributes to Angiotensin II-Induced
Vascular Smooth Muscle Cell Proliferation and Inflammatory
Cytokine Production

Chengsheng Li,1 Jin He,1 Xiaoyi Zhong,1 Hua Gan,1 and Yunfeng Xia1,2

Abstract— Angiotensin II (Ang II) dysregulation has been determined in many diseases.
The CX3CL1/CX3CR1 axis, which has a key role in cardiovascular diseases, is involved in
the proliferation and inflammatory cytokine production of vascular smooth muscle cells
(VSMCs). In this study, we aim to explore whether Ang II has a role in the expression of
CX3CL1/CX3CR1, thus contributing to the proliferation and pro-inflammatory status of
VSMCs. Cultured mouse aortic VSMCs were stimulated with 100 nmol/L of Ang II, and the
expression of CX3CR1 was assessed by western blot. The results demonstrated that Ang II
significantly up-regulated CX3CR1 expression in VSMCs and induced the production of
reactive oxygen species (ROS) and the phosphorylation of p38MAPK. Inhibitors of NADPH
oxidase, ROS, and AT1 receptor significantly reduced Ang II-induced CX3CR1 expression.
Targeted disruption of CX3CR1 by transfection with siRNA significantly attenuated Ang II-
induced VSMC proliferation as well as down-regulated the expression of proliferating cell
nuclear antigen (PCNA). Furthermore, CX3CR1-siRNA suppressed the effect of Ang II on
stimulating Akt phosphorylation. Besides, the use of CX3CR1-siRNA decreased inflamma-
tory cytokine production induced by Ang II treatment. Our results indicate that Ang II up-
regulates CX3CR1 expression in VSMCs via NADPH oxidase/ROS/p38 MAPK pathway
and that CX3CL1/CX3CR1 axis contributes to the proliferative and pro-inflammatory effects
of Ang II in VSMCs.
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INTRODUCTION

Angiotensin II (Ang II) dysregulation has been deter-
mined in various chronic diseases, such as nephritis, hy-
pertension, and chronic kidney disease [1]. As the key
effector peptide of the renin-angiotensin system, Ang II
plays an important role in cardiovascular diseases through

mechanisms including endothelial dysfunction, vascular
remodeling, cell oxidative stress, and pro-inflammatory
cytokine secretion in the vascular wall [2]. Ang II exerts
multiple effects through initiating downstream signaling
molecules, such as extracellular signal-regulated kinase
(ERK) 1/2, p38 MAPK, c-Jun N-terminal kinase, and
protein kinase B (Akt) [3]. Prior studies have indicated that
Ang II activates signaling response through NADPH
oxidase-derived reactive oxygen species (ROS), leading
to proliferation and inflammatory responses in vascular
smooth muscle cells (VSMCs) [4]. VSMCs are the main
component of vascular walls and are vital in maintaining
the normal physiological function of blood vessels.
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Dysfunction of VSMCs is a pivotal pathogenesis of cardio-
vascular diseases. Cytokines secreted from VSMCs could
induce cell proliferation, promote endothelial cell dysfunc-
tion, and activate leukocytes [5]. The proliferation and in-
flammation ofVSMCs are closely linkedwith cardiovascular
diseases including hypertension and atherosclerosis [6, 7].

As an important pro-inflammatory peptide, Ang II has
been demonstrated to increase CX3CL1 expression in
VSMCs [8]. CX3CL1 is a special chemokine existing in
both soluble and membrane-bound form. Unlike most
chemokine ligands that demonstrate affinity for multiple
receptors, CX3CL1 exerts its effect through interacting
with a unique receptor known as C-X3-C motif receptor
1 (CX3CR1). CX3CR1, a seven-transmembrane domain
G-protein-coupled receptor, is expressed on not only leu-
kocytes including monocytes, T cells, and natural killer
(NK) cells but also nonmyeloid cells such as endothelial
cells and aortic smooth muscle cells. Although CX3CL1
and CX3CR1 are not expressed in normal arteries, they are
abundant in unstable atheromatous plaques [9]. Besides
mediating leukocyte recruitment and adhesion, CX3CL1/
CX3CR1 axis has been demonstrated to exert proliferative
effect on VSMCs through an autocrine pathway [10].
Additionally, CX3CL1/CX3CR1 axis is shown to be im-
plicated in inflammatory processes in various organs in-
cluding the cardiovascular system [11]. Plaques with high
expression of CX3CR1 exhibit more intensive inflamma-
tory infiltrations and are more prone to rupture [12]. Butoi
et al. [13] reported that the cross-talk between monocytes
and VSMCs amplifies the inflammatory response in both
cell types via the CX3CL1/CX3CR1 axis. Growing evi-
dences from in vivo studies have revealed the crucial role of
CX3CL1/CX3CR1 axis in cardiovascular diseases [14,
15]. However, the involvement of CX3CL1/CX3CR1 axis
in Ang II-induced proliferation and inflammation in
VSMCs remains unclear.

Since CX3CL1/CX3CR1 axis is implicated in cell
proliferation and inflammatory responses, we attempted
to explore whether Ang II has a role in the expression of
CX3CR1 in VSMCs and then, to investigate the roles of
CX3CL1/CX3CR1 axis in Ang II-induced VSMC prolif-
eration and inflammatory cytokine production.

MATERIALS AND METHODS

Materials

Anti-CX3CR1 antibody was purchased from Sigma
Chemical (St. Louis, MO, USA). Anti-phospho-p38

MAPK, anti-p38 MAPK, anti-phospho-Akt, anti-Akt,
anti-PCNA, anti-TNF-α, anti-IL-6, anti-TGF-β1, and
anti-GAPDH antibodies were bought from Wanlei Bio
(Shenyang, China). SYBR® Premix Ex Taq™ II, Prime-
Script™ RT reagent kit, and TRIzol reagent were from
Takara Bio Inc. (Otsu, Japan). Diphenyleneiodonium chlo-
ride (DPI), N-acetyl-L-cysteine (NAC), and Ang II were
from Sigma Chemical (St. Louis, MO, USA). Dihydroe-
thidium (DHE), Lipo6000™ transfection reagent, Cell
Counting Kit-8 (CCK-8) kit, and other chemicals were
obtained from Beyotime Institute of Biotechnology
(Shanghai, China) unless otherwise indicated.

Cell Culture

A mouse aorta origin vascular smooth muscle cell
(MOVAS) line was purchased from the American Type
Culture Collection (ATCC,Manassas, VA, USA).MOVAS
cells were cultured in Dulbecco’s modified Eagle’s medi-
um (DMEM) supplemented with 10% fetal bovine serum
(both from HyClone, Logan, UT, USA). The cells were
incubated at 37 °C with 5% CO2 in a humidified incubator
and were passaged at a ratio of 1:3. The 5th to 12th
passages of cells were used for the following experiments.
In all the experiments, cells at 80 to 90% confluence were
starved in serum-free DMEM for 24 h before stimulation.
All the pretreatments were administered 60 min before
Ang II (100 nmol/L) treatment.

Transfection

We purchased the mouse small interfering RNA
(siRNA) of CX3CR1 from Ribo Bio (Guangzhou, China).
Transient transfection with CX3CR1-siRNA (50 nmol/L)
was performed using the Lipo6000™ transfection reagent
in accordance with the manufacturer’s protocols. A non-
sense sequence served as the negative control (NC).

Cell Proliferation Assay

CCK-8 kit was used to evaluate the proliferation of
MOVAS cells [16]. MOVAS cells were seeded in 96-well
cell culture plates in 100 μL of medium and incubated at
37 °C in a humidified incubator containing 5% CO2. The
cells were transfected with CX3CR1-siRNA or NC-siRNA
48 h prior to exposure to Ang II and then, incubated with
Ang II (100 nmol/L) for 24 h. Cells without Ang II treat-
ment were designated as control cells. Finally, 10 μL of
WST-8 solution was added into each well and incubated
for 1 h at 37 °C. The absorbance of these wells was
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measured at 450 nm using a Multiskan Spectrum spectro-
photometer (Thermo Electron Corporation, MA, USA).

Western Blotting

After incubation with Ang II, the cells were rinsed
twice with ice-cold phosphate buffer saline. The cells were
lysed with radio immunoprecipitation assay (RIPA) lysis
buffer for 30 min at 4 °C, and the soluble lysates were
centrifuged at 12,000 rpm at 4 °C for 15 min. The concen-
trations of protein were determined using bicinchoninic
acid protein kit. All of the samples were diluted in SDS
loading buffer, followed by a boiling water bath for 10min.
The equal amounts of protein samples were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) by electrophoresis and then transferred onto
polyvinylidene fluoride (PVDF) membranes. The mem-
branes were blocked with 5% skimmed milk in Tris-
buffered saline with Tween-20 (TBST) for 60 min and then
hybridized overnight with primary antibodies against
CX3CR1 (1:1000), PCNA (1:500), phospho-p38 (1:500),
total p38 (1:500), phospho-Akt (1:500), total Akt (1:500),
anti-TNF-α (1:500), anti-IL 6 (1:500), and anti-TGF-β1
(1:500) at 4 °C. After washing three times with TBST, the
membranes were incubated with indicated secondary anti-
bodies for 1 h at 37 °C. After the membranes were sub-
jected to three 10-min washes in TBST, the signals of target
proteins were visualized using the enhanced chemilumi-
nescent reagent (Merck Millipore, Billerica, MA, USA)
and the immunoreactive bands were quantified by using
VILBER Fusion FX7 imaging system (Fusion FX7, Vilber
Lourmat, France). The intensity of the detected bands was
analyzed with FusionCapt Advance software (Vilber Lour-
mat, France) and normalized against the housekeeping
protein GAPDH, except for the intensity of the phosphor-
ylated p38 and Akt bands, which were normalized to
intensity of the total p38 and Akt bands, respectively.

Real-Time Quantitative PCR

Total RNA was extracted from MOVAS cells using
TRIzol reagent according to the manufacturer’s instruc-
tions. Approximately 1000 ng of total RNA was reverse
transcribed using the PrimeScript™ RT reagent kit. PCR
was performed using a CFX96™ Real-Time PCR detec-
tion system (Bio-Rad, USA) and SYBR® Premix Ex
Taq™ II under the following cycling conditions: 40 cycles
of 95 °C for 15 s and 58 °C for 60 s. The data were
normalized to GAPDH levels, and the abundance of
mRNA was calculated using the 2-ΔΔCT method. The
primer sequences were listed in Table 1.

Fluorescence Microscopy Analysis for Intracellular
ROS

The ROS generated in the cells was detected by DHE
probe, which is capable of staining superoxide anion (O2

−).
The cells were pretreated with 1 μmol/L of losartan,
10 μmol/L of DPI (an NADPH oxidase inhibitor), and
1 mmol/L of NAC (an ROS scavenger), respectively, and
then stimulated by Ang II (100 nmol/L) for 1 h. After
incubation, the cells were washed twice with Hanks’
balanced salt solution (HBSS) and incubated with DHE
(10 μmol/L) for 30 min at 37 °C in a light-protected
humidified chamber. Then, the cells were washed three
times with HBSS. A fluorescence microscope (Axio Ob-
server Z1, Carl Zeiss, Oberkochen, Germany) was applied
at set excitation and emission wavelengths in these experi-
ments. Images were taken at same condition and mean
fluorescence intensity quantification was performed for
comparison with each group by using Image-Pro Plus 6.0
software (Media Cybernetics, MD, USA).

Statistical Analysis

All of the data were shown as the mean ± SEM.
GraphPad Prism 5 software (GraphPad Software, Inc.,
San Diego, CA) and SPSS 19.0 software (IBM Corpora-
tion, NY) were applied to perform the statistical analyses.
One-way ANOVA followed by post hoc Bonferroni test
was performed whenmultiple comparisons were made. All
differences considered statistically different when the anal-
ysis satisfied the two-sided statistical significance of
p < 0.05.

RESULTS

Ang II Increased the Expression of CX3CL1/CX3CR1
in MOVAS Cells

To examine the expression level of CX3CR1 stimu-
lated by Ang II, western blot and quantitative PCR (qPCR)
were performed to detect protein expression and mRNA
level, respectively. Figure 1a shows the protein expression
of CX3CR1 in cells after treatment with Ang II (100 nmol/
L) for 0, 12, 24, or 36 h. Figure 1b quantifies the protein
expression of CX3CR1 after incubation with different
concentrations of Ang II on 10, 100, and 1000 nmol/L.
The data showed that Ang II markedly increased CX3CR1
protein expression in a time- and dose-dependent manner.
The peak protein expression of CX3CR1 occurred after
treatment for 24 h. When the cells were treated with Ang II
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for 12 h, the mRNA levels of CX3CR1 as well as CX3CL1
were increased compared with the levels observed in the
control cells. Pretreating the cells with losartan, an inhibitor
of Ang II type 1 receptor (AT1R), blocked the observed
increases in both CX3CL1 and CX3CR1 mRNA levels
(Fig. 1c, d).

Ang II Activated p38 MAPK Signaling Pathway
Through NADPH Oxidase-Derived ROS in MOVAS
Cells

To define the association between ROS levels and
p38 MAPK activation induced by Ang II, DPI (an
NADPH oxidase inhibitor) and NAC (an ROS scaven-
ger) were applied. DHE probe was used to measure the
ROS levels produced in MOVAS cells after treatment
with Ang II. As shown in Fig. 2a, Ang II enhanced
ROS production by approximately three folds, and
pretreating the cells with losartan, DPI, and NAC ef-
fectively blocked the observed increase in ROS pro-
duction. The level of phosphorylated p38 was detected
by western blot after the cells were treated with Ang II
for 30 min. In agreement with previous reports, the
phosphorylated p38 level was more than two folds
higher relative to the level observed in the control
cells. The Ang II-induced p38 MAPK activation was
largely suppressed by the pretreatment with DPI and
NAC (Fig. 2b). Thus, these data indicated that ROS
production via NADPH oxidase mediated Ang II-
induced activation of p38 MAPK signaling pathway
in MOVAS cells.

Ang II Increased CX3CR1 Expression via
AT1R/NADPH Oxidase/ROS-Dependent p38 MAPK
Signaling Pathway in MOVAS Cells

It has been reported that ROS-dependent activation of
MAPKs is required for inflammatory responses [1, 17].We
next investigated the signaling pathways involved in Ang
II-induced CX3CR1 expression, initially focusing on p38
MAPK: one of the major MAPK signaling pathways.
MOVAS cells were pretreated with losartan, DPI, NAC,
or SB203580 (a specific inhibitor of p38 MAPK) separate-
ly, and then, CX3CR1 protein expression was analyzed by
western blot after exposure to Ang II for 24 h. As shown in
Fig. 2c, the pretreatment with losartan, DPI, NAC, and
SB203580 strongly blocked Ang II-induced CX3CR1 pro-
tein expression inMOVAS cells. The results displayed that
Ang II induced ROS generation via NADPH oxidase,
leading to activation of p38 MAPK signaling pathway,
which consequently up-regulated the protein expression
of CX3CR1.

Targeted Disruption of CX3CR1 Attenuated Ang II-
Induced Proliferation of MOVAS Cells

To clarify whether the CX3CL1/CX3CR1 axis is
involved in mediating the proliferative effect of Ang II,
we disrupted CX3CR1 expression by RNA interference.
The efficiencies of siRNAwere determined via qPCR and
western blot, respectively. MOVAS cells showed an ap-
proximately 70% decrease in CX3CR1 mRNA level and a
60% reduction in the protein expression after 48-h trans-
fection with CX3CR1-specific siRNA, when compared
with those of the control cells (Fig. 3a, b). After the
transient transfection for 48 h, the cells were treated with
Ang II for 24 h. The proliferation of MOVAS cells was
evaluated using the CCK-8 kit. Ang II exerted an approx-
imately threefold increase in MOVAS cell proliferation as
compared with that of the control cells. Transfection with
CX3CR1-siRNA significantly attenuated the effect of Ang
II on MOVAS cell proliferation (Fig. 3c). In addition,
western blot assay showed that Ang II augmented prolif-
erating cell nuclear antigen (PCNA) protein expression in
MOVAS cells, which was also obviously suppressed by
transfection with CX3CR1-siRNA (Fig. 3d). The NC-
siRNA did not influence the effect of Ang II on MOVAS
cell proliferation. We further investigated the signaling
pathways involved in CX3CR1-mediated proliferation, fo-
cusing on Akt signaling pathway: a key regulator of pro-
liferation and survival in VSMCs. We found that the phos-
phorylation of Akt was significantly increased in respond
to Ang II treatment and this effect was ameliorated by

Table 1. List of Primers Used for qPCR

Gene Primer sequences (5′ → 3′)

CX3CL1 F: CCACATTGGAAGACCTTGCT
R: GCCTCGGAAGTTGAGAGAGA

CX3CR1 F: CAGTGTGACGGAGACAGTGG
R: GGCCAGGCACTTCCTATACA

TNF-α F: ACGGCATGGATCTCAAAGAC
R: GTGGGTGAGGAGCACGTAGT

IL-6 F: AGTTGCCTTCTTGGGACTGA
R: GGTCTGTTGGGAGTGGTATCC

TGF-β1 F: CCGTGGCTTCTAGTGCTGAC
R: TTCACCAGCTCCATGTCGAT

GAPDH F: GGTTGTCTCCTGCGACTTCA
R: TGGTCCAGGGTTTCTTACTCC

F, forward; R, reverse; CX3CL1, chemokine (C-X3-C motif) ligand 1;
CX3CR1, chemokine (C-X3-C motif) receptor 1; TNF-α, tumor necrosis
factor-α; IL-6, interleukin-6; TGF-β1, transforming growth factor-β1;
GADPH, glyceraldehyde 3-phosphate dehydrogenase
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disruption of CX3CR1 (Fig. 3e). The results indicated that
CX3CL1/CX3CR1 axis mediated the Ang II-induced pro-
liferation of MOVAS cells via Akt signaling pathway.

Targeted Disruption of CX3CR1 Decreased Ang II-
Induced Production of TNF-α, IL-6, and TGF-β1 in
MOVAS Cells

To investigate the involvement of CX3CL1/CX3CR1
axis in Ang II-induced VSMC inflammatory cytokine pro-
duction, the cells were transfected with CX3CR1-siRNA
or NC-siRNA 48 h prior to their exposure to Ang II. The
mRNA levels of TNF-α, IL-6, and TGF-β1 were mea-
sured by qPCR after a 12-h incubation of Ang II. The
protein expressions of TNF-α, IL-6, and TGF-β1 were
measured by western blot after a 24-h incubation of Ang
II. Ang II stimulation led to significant increases in both the

mRNA levels and protein expressions of TNF-α, IL-6, and
TGF-β1 in MOVAS cells. The use of CX3CR1-siRNA
decreased the mRNA levels of TNF-α, IL-6, and TGF-β1
by 44, 45, and 38% respectively as compared with the Ang
II group (Fig. 4a–c). Besides, the use of CX3CR1-siRNA
decreased the protein expressions of TNF-α, IL-6, and
TGF-β1 by 47, 27, and 23% respectively as compared
with the Ang II group (Fig. 4d–f). In contrast, NC-siRNA
showed no effect on suppressing the inflammatory cyto-
kine production induced by Ang II.

DISCUSSION

Ang II is an important vasoactive peptide which per-
forms a vital part in the pathogenesis, such as cell growth,
inflammation, and migration of VSMCs [1, 18]. The

Fig. 1. Ang II increases CX3CL1/CX3CR1 expression inMOVAS cells. aMOVAS cells were treatedwith Ang II for the indicated time intervals. bMOVAS
cells were treated with Ang II at different doses for 24 h. The protein expression of CX3CR1 was determined by western blot. c, dMOVAS cells were treated
with Ang II for 12 h. The mRNA levels of CX3CL1 and CX3CR1were determined by qPCR. All of the relative protein expression levels were normalized to
the GAPDH expression. All of the data are shown as the mean ± SEM. n = 4 independent experiments. *P < 0.05 vs. control; #P < 0.05 vs. Ang II.
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results of this study demonstrated that Ang II induced
CX3CR1 expression in VSMCs via p38 MAPK signaling
pathway, which was transactivated by an NADPH oxidase/
ROS cascade. Furthermore, CX3CL1/CX3CR1 axis con-
tributed to the proliferation of VSMCs through Akt signal-
ing pathway and was involved in Ang II-induced produc-
tion of TNF-α, IL-6, and TGF-β1.

Unbalanced production of ROS has been determined
in various cardiovascular diseases [19]. Oxidative stress,
induced by generation of ROS, can directly exert vascular
damage and intensify vascular wall dysfunction. The rela-
tionship between Ang II and ROS has raised great concern
for years. The NADPH oxidase family members are pro-
teins that transfer electrons across biological membranes.
In brief, the electron acceptor is oxygen and the product of
the electron-transfer reaction is a superoxide. Therefore,
NADPH oxidase enzymes can serve as major sources of
the superoxide anions in the vascular system [20]. Consis-
tently, our data showed that NADPH oxidase inhibitor
significantly decreased Ang II-induced superoxide anion
production in VSMCs. Pretreatment with the inhibitor of
NADPH oxidase or an ROS scavenger resulted in de-
creased expression of CX3CR1 stimulated with Ang II in
VSMCs, suggesting that NADPH oxidase/ROS cascade
was involved in Ang II-induced CX3CR1 expression.
These results indicated that ROS probably played a key
role in Ang II-induced CX3CR1 expression.

MAPK signaling pathways regulate various cellu-
lar programs by relaying extracellular signals to intra-
cellular responses. In mammals, MAPK enzymes coor-
dinately regulate cell proliferation, differentiation, mo-
tility, and survival. The best known MAPK enzymes
include the extracellular signal-regulated kinases 1 and
2 (ERK1/2), c-Jun amino terminal kinases 1 to 3, p38,
and ERK5 families. MAPKs were previously shown to
regulate the expression of CX3CR1 in VSMCs [21].

However, the role of p38 MAPK in the Ang II-induced
CX3CR1 expression was rarely investigated. Our
results indicated that Ang II markedly activated the
phosphorylation of p38, which further up-regulated
CX3CR1 expression. Moreover, it was demonstrated
that Ang II-stimulated p38 MAPK was mediated
through NADPH oxidase/ROS cascade in VSMCs.
Therefore, p38 MAPK signaling pathway might play
a key role in Ang II-induced NADPH oxidase/ROS-
dependent CX3CR1 expression.

VSMCs can initiate excessive proliferation in re-
sponse to vascular injury [22], which is involved in the
development of cardiovascular diseases, such as ath-
erosclerosis, hypertension, and vessel stenosis. There is
little CX3CL1 expression in VSMCs under normal
condition. However, overexpression of CX3CL1 in
VSMCs can be observed under inflammatory condition
[23]. In addition to chemotaxis, increasing evidences
have shown that CX3CL1/CX3CR1 axis plays an im-
portant role in the proliferation of VSMCs through an
autocrine pathway [10]. The activation of CX3CR1
directly leads to a cascade of cellular events, such as
the generation of inositol triphosphate, the release of
calcium, and the activation of Akt [24], NF-κB [10],
and Jak/Stat 5 [25] signaling pathways. CX3CL1/
CX3CR1 axis provides the survival signals for VSMCs
and has both anti-apoptosis and proliferative effects on
human VSMCs via activation of ERK and Akt signal-
ing pathways [26]. However, the role of this chemo-
kine axis in Ang II-treated VSMCs remains uncertain.
Our results demonstrated that transfection with
CX3CR1-siRNA not only effectively attenuated the
proliferative effect of Ang II but also down-regulated
the expression of PCNA, a cell cycle-related protein
which is known as a molecular marker of proliferation.
PI3K/Akt is an essential intracellular signaling path-
way in regulating the migration and proliferation of
VSMCs [27]. Ang II stimulates a variety of intracellu-
lar signaling pathways, including the Akt and the
MAPK signaling pathways, contributing to the prolif-
eration, migration, and inflammation of VSMCs [28,
29]. It was reported that inhibition of Akt signaling
pathway can suppress Ang II-induced proliferation of
VSMCs [30]. In the present study, we found that si-
lencing of CX3CR1 suppressed Ang II-induced activa-
tion of Akt signaling pathway, suggesting that
CX3CL1/CX3CR1 axis probably mediated Ang II-
induced VSMCs proliferation through activation of
PI3K/Akt signaling pathway. These results indicated
that the activation of CX3CL1/CX3CR1 axis could be

Fig. 2. Ang II increases CX3CR1 expression via NADPH oxidase/ROS/
p38 MAPK pathway. a MOVAS cells were pretreated with losartan
(1 μmol/L), DPI (10 μmol/L), or NAC (1 mmol/L), and then treated with
Ang II for 1 h. The generation of ROS was determined by DHE (10 μmol/
L) probe. All of the mean fluorescence intensities were standardized to
control samples. b MOVAS cells were pretreated with DPI or NAC, and
then treated with Ang II for 30 min. The protein expression of phosphor-
ylated p38 MAPK was determined by western blot. cMOVAS cells were
pretreated with losartan, DPI, NAC, or SB203580 (25 μmol/L), then
treated with Ang II for 24 h. The protein expression of CX3CR1 was
determined by western blot. The relative level of phosphorylated p38
expression was normalized to total p38 expression; the relative level of
CX3CR1 expression was normalized to GAPDH expression. All of the
data are shown as the mean ± SEM. n = 4 independent experiments.
*P < 0.05 vs. control; #P < 0.05 vs. Ang II.
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at least one of the mechanisms contributing to the
proliferation of VSMCs induced by Ang II.

CX3CL1/CX3CR1 axis can work as a signal trans-
duction pathway to coordinate functions of CX3CL1 and
other cytokines. Although most of in vivo studies have
established the pro-inflammatory role of CX3CL1/
CX3CR1 axis [31, 32], the underlie mechanism by which
CX3CL1/CX3CR1 axis modulates other cytokines is still
unclear. Additionally, the related data from in vitro experi-
ments are often limited and controversial. For instance,
Mizutani et al. [33] reported that pretreatment with
0.03 nM of CX3CL1 significantly reduced LPS-induced
TNF-α secretion from macrophages, suggesting that

Fig. 4. Targeted disruption of CX3CR1 decreases Ang II-induced production of TNF-α, IL-6, and TGF-β1. a–c CX3CR1 expression was disrupted by
siRNA, and then, the cells were treated with Ang II for 12 h. The mRNA levels of TNF-α, IL-6, and TGF-β1 were determined by qPCR. d–f CX3CR1
expression was disrupted by siRNA, and then, the cells were treated with Ang II for 24 h. The protein expressions of TNF-α, IL-6, and TGF-β1 were
determined by western blot. All of the relative protein expression levels were normalized to the GAPDH expression. All of the data are shown as the mean ±
SEM. n = 4 independent experiments. *P < 0.05 vs. control; #P < 0.05 vs. Ang II.

Fig. 3. Targeted disruption of CX3CR1 attenuates Ang II-induced prolif-
eration of MOVAS cells. a, b CX3CR1 expression was disrupted by
siRNA, and the mRNA level and protein expression of CX3CR1 were
detected by qPCR and western blot, respectively. c CX3CR1 expression
was disrupted by siRNA, and then, the cells were treated with Ang II for
24 h. The cell proliferation was determined by CCK-8 assay. d MOVAS
cells were treated with Ang II for 24 h. The protein expression of PCNA
was determined by western blot. eMOVAS cells were treated with Ang II
for 30 min. The Akt phosphorylation was determined by western blot. The
relative levels of CX3CR1 and PCNA expressions were normalized to
GAPDH expression; the relative level of phosphorylated Akt expression
was normalized to total Akt expression. All of the data are shown as the
mean ± SEM. n = 4 independent experiments. *P < 0.05 vs. control;
#P < 0.05 vs. Ang II.
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CX3CL1 might play a protective role in inflammatory
response. We therefore investigated the impact of
CX3CL1/CX3CR1 axis on Ang II-induced inflammatory
cytokine production in VSMCs. Interestingly, silencing of
CX3CR1 decreased the expressions of TNF-α, IL-6, and
TGF-β1 in MOVAS cells stimulated with Ang II.
Therefore, it was tempting to speculate that CX3CL1/
CX3CR1 axis also plays a key role in regulating Ang
II-induced secretion of TNF-α, IL-6, and TGF-β1 in
VSMCs, which may in turn exert autocrine/paracrine
effects on VSMCs and likely on other vascular cells.
However, the specific mechanism by which CX3CL1/
CX3CR1 axis modulates other cytokines is still un-
clear. Further studies are needed to elucidate the com-
plex role of CX3CL1/CX3CR1 axis in the whole cy-
tokine network.

Taken together, this study indicated that Ang II can
up-regulate the expression of CX3CR1 in VSMCs in vitro
via NADPH oxidase/ROS/p38 MAPK pathway, and
CX3CL1/CX3CR1 axis plays an important role in modu-
lating Ang II-induced cell proliferation and inflammatory
cytokine production in VSMCs in vitro. Accordingly,
CX3CL1/CX3CR1 axis may serve as a potential therapeu-
tic target for cardiovascular diseases, including atheroscle-
rosis, hypertension, and vessel stenosis. To specifically
address the contribution of the CX3CL1/CX3CR1 axis in
those diseases, further studies involving modulation of the
axis in VSMC-specific deficient mice need to be
performed.
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