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SDF-1a ⁄CXCR4 axis is involved in glucose-potentiated
proliferation and chemotaxis in rat vascular smooth muscle cells
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One of the main features in diabetic patients is that many

vascular complications, including atherosclerosis, worsen

with the progression of the patient’s condition [UK Prospec-

tive Diabetes Study (UKPDS) Group 1998], and the abnor-

mal elevated level of blood glucose (hyperglycaemia) is

considered one of the major causes of vascular complications

in diabetes mellitus (The Diabetes Control and Complica-

tions Trial Research Group 1993). The formation of

organized atherosclerotic plaques in patients with chronic

hyperglycaemia involves a complex series of events, includ-

ing abnormal proliferation and chemotaxis of vascular

smooth muscle cells (VSMCs). In early atherosclerosis,

smooth muscle cells migrate from the tunica media to the

intima of the arterial wall.

The regulation of chemotaxis and proliferation of VSMCs,

and their responses to proinflammatory signals are impor-

tant factors in the pathogenesis of atherosclerosis (Kodali

et al. 2006). Recent investigations have demonstrated that

functional chemokine receptors, including C-C chemokine

receptor 5 (CCR5) and C-X-C chemokine receptor 4

(CXCR4), are expressed on VSMCs (Hayes et al. 1998;

Schecter et al. 2003). Upon activation, VSMCs switch from

a predominant contractile phenotype to a synthetic secretory

phenotype (Li et al. 1999); by secreting various chemokines
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Summary

Excessive proliferation of vascular smooth muscle cells (VSMCs), which migrate

from the tunica media to the subendothelial region, is one of the primary lesions

involved in atherogenesis in diabetes. Here, we investigated whether high glucose

potentiated the proliferation and chemotaxis of VSMCs by activating SDF-

1a ⁄ CXCR4 ⁄ PI-3K ⁄ Akt signalling. The expression of SDF-1a, CXCR4 and PCNA

was up-regulated in tunica media of thoracic aortas by streptozotocin-induced hyper-

glycaemic Sprague–Dawley rats. Exposure of primary VSMCs to high glucose

(25 mM) led to the up-regulated expression of SDF-1a and CXCR4, activated PI-

3K ⁄ Akt signalling, and consequently promoted the proliferation and chemotaxis of

VSMCs. Interestingly, the administration of SDF-1 siRNA or neutralizing antibody

against SDF-1a abolished high glucose-induced up-regulation of CXCR4. Moreover,

pretreatment with SDF-1a neutralizing antibody, CXCR4 specific inhibitor

(AMD3100) or PI-3K inhibitor (LY294002) attenuated the high glucose-potentiated

proliferation and chemotaxis in VSMCs. These results suggested that high glucose

activated the SDF-1a ⁄ CXCR4 ⁄ PI-3K ⁄ Akt signalling pathway in VSMCs in an auto-

crine manner, which enhanced the proliferation and chemotaxis of VSMCs.
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and cytokines, the activated VSMCs can recruit macrophag-

es and lymphocytes to the vessel wall and respond to these

proteins in an autocrine manner. CXCR4 is a CXC chemo-

kine receptor that was initially found to be essential for the

entry of HIV-1 into host cells (Feng et al. 1996). After bind-

ing with its ligand, stromal cell-derived factor-1-alpha (SDF-

1a), the activated SDF-1a ⁄ CXCR4 signalling pathway pro-

motes some biological effects, such as cell proliferation, che-

motaxis and migration, which have been demonstrated in

numerous studies. Recently, a study by Sakihama et al. indi-

cated that the interaction between SDF-1a and CXCR4

plays a key role in the development of transplant arterioscle-

rosis (Sakihama et al. 2004). Moreover, Zernecke et al. con-

firmed that the interaction between SDF-1a and its receptor

CXCR4 is involved in neointimal hyperplasia by the recruit-

ment of BM-derived SMC progenitor cells (Zernecke et al.

2005). Therefore, SDF-1a seems to be a promising molecular

target in cardiovascular medicine (Schober et al. 2006; Gao

& Li 2007). Although the earlier studies mainly focused on

the role of the SDF-1a ⁄ CXCR4 axis in the recruitment of

progenitor ⁄ inflammatory cells during the atherosclerosis pro-

cess, the role of the SDF-1a ⁄ CXCR4 axis in the fate of

VSMCs remains unclear.

Exposure of cells to high glucose activates multiple sig-

nalling pathways (Huang & Sheibani 2008). It is well

known that PI-3K enzymes regulate many cellular

responses, including proliferation, migration, intracellular

vesicular transport, cytoskeletal rearrangements and anti-

apoptosis (Vanhaesebroeck et al. 1999). The PI-3K signal-

ling pathway involves the production of 3-phosphoinosi-

tides, which bind to the lipid-binding domains of a wide

variety of proteins, including protein kinases (e.g. Akt) and

regulators of small GTPases. The plectrin homology lipid-

binding domain of Akt binds to the lipid products of PI-3K;

Akt is then recruited to the plasma membrane and is phos-

phorylated at T308 and S473 to yield a fully activated

kinase (Vanhaesebroeck & Alessi 2000). Recently, Zheng

et al. confirmed that SDF-1a ⁄ CXCR4 ⁄ eNOS signalling

could activate PI-3K ⁄ Akt signalling in endothelial progeni-

tor cells (Zheng et al. 2007); therefore, we hypothesized

that the SDF-1a ⁄ CXCR4 could activate PI-3K ⁄ Akt signal-

ling in VSMCs.

Although hyperglycaemia may directly cause many vascu-

lar diabetic complications, our current knowledge of the

molecular mechanisms of gene regulation by glucose in

VSMCs is incomplete and the underlying mechanisms of

high glucose-induced atherosclerosis are not yet fully eluci-

dated. The aim of this study was to investigate the role of

SDF-1a ⁄ CXCR4 axis in the high glucose-induced prolifera-

tion and chemotaxis of VSMCs.

Method

Animal and reagents

Sprague–Dawley (SD) rats were obtained from the experi-

mental animal centre of Tongji Medical College, Huazhong

University of Science and Technology (Wuhan, P.R. China).

Rabbit anti-rat SDF-1a, Akt, phospho-Akt (Ser 473),

CXCR4, SM22a, and PCNA; mouse-anti rat osteopontin

(OPN) and goat-anti rat myocardin were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA, USA);

LY294002 was from Calbiochem (La Jolla, CA, USA).

Streptozotocin, d-glucose, d-mannitol and the CXCR4

antagonist, AMD3100, were from Sigma Aldrich (Sigma

Aldrich, St Louis, MO, USA). Recombinant rat SDF-1a was

from PeproTech (PeproTech Inc., Rocky Hill, NJ, USA)

and SDF-1a neutralization antibody (goat-anti mouse and

rat) was from Torrey Pines Biolabs (Torrey Pines Biolabs,

East Orange, NJ, USA). All procedures were performed in

accordance with the Guidelines of the Hubei Council of

Animal Care and approved by the Animal Use Subcommit-

tee at the Huazhong University of Science and Technology,

P.R.China.

Establishing rat model of type I diabetes

SD rats (180–220 g) were made diabetic by a single injection

of streptozotocin (55 mg ⁄ kg, intraperitoneally) according to

Zhao and Ramana’s reports (Zhao et al. 2000; Ramana

et al. 2004). Blood glucose was monitored for up to

3 weeks, and only the rats with blood glucose >16.6 mM

were used for further study. At the end of 3 weeks after

injection of streptozotocin, thoracic arterial samples were

obtained. For protein homogenates and total RNAs, the

intima and outer and inner tissue layers were removed care-

fully from samples, the tunica media was quickly immersed

in liquid nitrogen for later use; for paraffin-embedded sec-

tions, samples were fixed in neutral formalin.

Cell culture

Primary VSMCs were isolated from SD rat aortic arteries

and identified as previously described (Majack & Clowes

1984; Fujiwara et al. 1994). VSMCs were maintained in

Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Carls-

bad, CA, USA) containing 5.5 mM glucose and 10% FBS

(Gibco). Cells were used at passage 4–6 for the experiments.

DMEM containing 25 mM d-glucose was used as a high

glucose condition (HG) in all experiments, while basal

DMEM containing 5.5 mM glucose (normal glucose, NG)

and DMEM containing 25 mM d-mannitol were used as the

NG control and an osmotic control respectively. In all

experiments, cells were serum-starved for 24 h with DMEM

containing 0.5% FBS and then subjected to the treatments

for 48 h.

VSMC proliferation assay

VSMCs were seeded in six-well plates (Corning, Lowell,

MA, USA) (1 · 104 ⁄ well). After recovery overnight in an

incubator at 37 �C, 5% CO2, the cells were then serum-

starved for 24 h, exposed to the indicated treatments for

48 h and counted using a haemocytometer.
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VSMC chemataxis assay

Chemotaxis of VSMCs was assessed as previously described

(Kuang et al. 2008). Briefly, 200 ll of basal or treated

DMEM was placed in the lower chamber of a 24-well tran-

swell plate (Corning). A polycarbonate membrane with 8-

lm pores separated the upper and lower chambers. Precon-

fluent VSMCs treated in the same way were then suspended

in DMEM ⁄ 0.5% FBS to a concentration of 4 · 105 cells ⁄ ml.

Then, 200 ll of the cell suspension was added to the upper

compartment. After 8 h at 37 �C in 5% CO2, the chamber

was disassembled. The membrane was removed and scraped

to remove non-migrating VSMCs from the upper surface.

The membrane was then fixed and stained. The numbers of

VSMCs that had migrated to the lower surface of the mem-

brane were counted in ten random high-power fields (HPFs)

by light microscopy and the chemotactic index (CI) was cal-

culated to express stimulated migration. Each assay was per-

formed in triplicate wells.

Determination of SDF-1a protein by ELISA

The amount of SDF-1a protein secreted into the medium by

cultured VSMCs and in protein homogenates of VSMCs and

hyperglycaemic rat thoracic arties was determined by ELISA

(R&D systems, Minneapolis, MN, USA). The polystyrene

microplate (96 wells) was coated with a rabbit polyclonal

anti-SDF-1a antibody, and recombinant rat SDF-1a was

used as the standard.

Small interfering RNA knockdown experiments

An siRNA targeting rat SDF-1a, described by Menon et al.

(2007) was used to knockdown high-glucose-induced SDF-

1a in VSMCs. The VSMCs plated in six-well plates were

transfected with siRNAs using Lipofectamine 2000 transfec-

tion reagent in accordance with the manufacturer’s instruc-

tions (Invitrogen, Carlsbad, CA, USA). The siRNA

sequences were as follows: sense, 5¢-GCA GUG AUU ACU

UCA AGG Utt-3¢; antisense, 5¢-ACC UUG AAG UAA UCA

CUG Ctt-3¢. A negative control siRNA (scrambled sequence)

(catalogue number 4611; Ambion Inc., Austin, TX, USA)

was used as a control for nonspecific gene silencing. After

transfecting the VSMCs with siRNA for 8 h, the medium

was changed into HG-enriched DMEM and incubated for

48 h. The cells were then harvested for Western blotting and

RT-PCR analysis.

Immunohistochemical staining

After hyperglycaemic rats were sacrificed, the thoracic arte-

rial slices were prepared for immunohistochemical staining

by using rabbit polyclonal antibodies (1:100) against rat

SDF-1a, CXCR4, SM22a, OPN and PCNA. Endogenous

peroxidase was blocked by 0.3% H2O2, sections were incu-

bated with primary antibodies overnight at 4 �C, non-

immune IgGs were used as negative control and antigenic

sites were localized using an SP kit (Zymed, San Francisco,

CA, USA).

Immunofluorescent staining

Indirect immunofluorescence was performed on VSMCs.

After incubation overnight with the primary antibodies

(CXCR4 and SDF-1a; 1:100), the antigenic sites were

localized using FITC or TRITC-conjugated goat anti-rabbit

IgG. Images of the antigenic sites were captured by a laser

scanning confocal microscope (FV500; Olympus, Tokyo,

Japan).

Protein isolation and immunoblot analysis

Cells and the thoracic arterial samples were homogenized in

cell lysis buffer and RIPA buffer respectively. Protein expres-

sion was measured by semiquantitative immunoblots. The

membranes were probed with primary antibodies (CXCR4,
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Figure 1 Expression of SDF-1a in the tunica media (M) of the
thoracic arterial samples from the control (normoglycaemia)
and type I diabetes (hyperglycaemia) rats by immunohistochemi-
cal staining (a), ELISA (b) and Q-PCR(c). Expression of CXCR4
in the tunica media (M) of the thoracic arterial samples from
the control (normoglycaemia) and T1D (hyperglycaemia) rats
by immunohistochemical staining (d), western blot (e) and qRT-
PCR (f). For the immunohistochemical staining, non-immune
IgGs were used as negative control. n = 10 per groups. Bars =
100 lm. Results were depicted as mean ± SEM. *P < 0.05.
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1:1000, p-Akt, 1:500, Akt 1:500, OPN 1:1000, myocardin

1:1000, PCNA 1:1000 and b-actin 1:2000) in TBST plus

3% skimmed milk overnight at 4 �C. Horseradish peroxi-

dase-coupled secondary antibodies were diluted at 1:2000

and incubated for 1 h at room temperature. Bands were

visualized using enhanced chemiluminescence reagents

(Thermo Fisher, Rockford, IL, USA) and analysed with a gel

imaging system.

RNA extraction and RT-PCR

Total RNA was extracted with TRIzol reagent (Invitrogen).

Briefly, 2 lg of total RNA was used as a template to gener-

ate first-strand cDNA by random priming using the Promega

RT System. The pairs of primers as follows were used: SDF-

1a forward: 5¢-CCC TGC CGA TTC TTT GAG-3¢, SDF-1a
reverse: 5¢-TGG GCT GTT GTG CTT ACT TG-3¢; CXCR4

(c)

(a)

(b) (d)

(e) (f)

Figure 2 Expression of SDF-1a and
CXCR4 in VSMCs cultured in normal
glucose (NG), high glucose (HG) and
osmotic control (Mtol) medium. (a)
Immunofluorescent detection of SDF-1a
and CXCR4 expression in VSMCs.
TRITC- and FITC-conjugated anti-rab-
bit IgGs were used respectively, and
cells were counterstained with Hoechst
33258. Expression of SDF-1a in VSMC
was assessed by ELISA (cell lysates, b;
cell supernates, f) and qRT-PCR (c).
Expression of CXCR4 in VSMCs was
determined by western blotting (d) and
qRT-PCR (e). Bars = 50 lm. Results are
mean ± SEM of three independent
experiments. *P < 0.05, **P < 0.01
when vs. NG or Mtol.

(a)

(b) (c) (d)
CXCR4
Actin

Figure 3 Activation of SDF-1a up-regulated CXCR4 in VSMCs. (a) Neutralizing antibody of SDF-1a abolished high glucose (HG)-
induced CXCR4 expression in VSMCs, as assessed by immunofluorescence with TRITC-conjugated anti-rabbit IgG and counterstain-
ing with Hoechst 33258. Bars = 50 lm. siRNA targeting SDF-1a attenuated HG-induced SDF-1 and CXCR4 expression in VSMCs,
while administration of recombinant SDF-1a (100 ng ⁄ ml) rescued the SDF-1a siRNA-induced decrease of CXCR4 expression, as
assessed by qRT-PCR (b) and Western blotting (c). ELISA results demonstrated that siRNA attenuated HG-induced SDF-1 expression
in cell homogenates (d). Results are mean ± SEM of three independent experiments. *P < 0.05, DP < 0.05 when vs. NG or siR-
NA + HG. NC: negative control siRNA.
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forward: 5¢-CAG AAG AAG CTG AGG AGC ATG ACA-3¢,
CXCR4 reverse: 5¢-CTG ATG AAG GCC AGG ATG AGA

ACA-3¢; SM22a forward: 5¢-AGC CAG TGA AGG TGC

CTG AGA AC-3¢, SM22a reverse: 5¢-TGC CCA AAG CCA

TTA GAG TCC TC-3¢; OPN forward: 5¢-CTC TGA AGA

AAC GGA TGA CT-3¢, OPN reverse: 5¢-CTG GGA TGA

CCT TGA TAG CC-3¢; PCNA forward: 5¢-CTT GGA ATC

CCA GAA CAG G-3¢, PCNA reverse: 5¢-AGA CAG TGG

AGT GGC TTT T-3¢; myocardin forward: 5¢-GGG TCT

GAA CAC TCT TTG C-3¢, myocardin reverse: 5¢-ATT ACC

GTG GAG GCT TGG A-3¢; b-actin forward: 5¢-CGT TGA

CAT CCG TAA AGA-3¢, b-actin reverse: 5¢-AGC CAC

CAA TCC ACA CAG-3¢. Duplicate real-time quantitative

PCR was performed to analyse SDF-1a and CXCR4 mRNA

expression by monitoring the increase in fluorescence of the

SYBR Green dye using iCycler iQ (Bio-Rad, Hercules, CA,

USA) in accordance with the manufacturer’s instructions.

The relative abundance of mRNA was determined from the

CT values and was plotted as fold-change compared with

control. The remaining genes were amplified by conventional

PCR and assessed by semi-quantification; the products of

PCR were separated by 1.5% agarose gel electrophoresis

and visualized under UV using gel documentation system

(Bio-Rad Gel Doc1000; Bio-Rad).

Statistical analysis

All data are expressed as mean ± SEM. For analysis of dif-

ferences between two groups, Student’s t-test was per-

formed. For multiple groups, anova was carried out

followed by Student–Newman–Keuls test. The level of statis-

tical significance was set at P < 0.05.

Results

Effects of HG on SDF-1a and CXCR4 expression in
VSMCs

We first established a rat model of type I diabetes by admin-

istration of streptozotocin. The results of immunohistochem-
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Figure 4 The expression of total Akt (t-Akt) and phosphory-
lated Akt (p-Akt) in VSMCs was analysed by Western blotting.
(a and b) VSMCs were cultured in normal glucose (NG) or high
glucose (HG) medium supplemented with or without the PI-3K
inhibitor LY294002 (LY, 20 lM). Mannitol (Mtol) was used as
an osmotic control. (c and d) VSMCs were maintained in HG
medium supplemented with or without an antagonist of
CXCR4, AMD3100 (AMD, 10 lM), or a neutralizing antibody
against SDF-1a (Ab, 1 lg ⁄ ml). (e and f) western blot analysis
showed that p-Akt expression was upregulated in recombinant
SDF-1a-treated VSMCs either in NG or HG condition. Results
are mean ± SEM of three independent experiments. *P < 0.05
(f) and *P < 0.05 when vs. other associated groups (b, d).

(a)

(b)

(c)

Figure 5 High glucose (HG) induced proliferation and chemo-
taxis of VSMCs. VSMCs were cultured in normal glucose (NG)
medium containing 0, 5, 10, 30, 50 or 100 ng ⁄ ml of exogenous
rat SDF-1a (a) or in NG medium supplemented with ⁄ without
exogenous rat SDF-1a (100 ng ⁄ ml) and the CXCR4 antagonist,
AMD3100 (AMD, 10 lM) (b) or in medium containing NG or
HG supplemented with or without LY294002 (LY, 20 lM),
AMD3100 (AMD, 10 lM), or neutralizing antibody against
SDF-1a (Ab, 1 lg ⁄ ml) (c). Results are mean ± SEM of three
independent experiments. *P < 0.05, **P < 0.01 (in A, vs. con-
trol only).
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istry staining indicated that the SDF-1a and CXCR4 in

arteries were obviously up-regulated under hyperglycaemic

conditions (Figure 1a,d), which further confirmed by the

results of ELISA (Figure 1b), western blotting (Figure 1e)

and qRT-PCR (Figure 1c,f). As SDF-1a and CXCR4 have

not been characterized in primary VSMCs, we determined

the cell type-specific expression of SDF-1a and CXCR4 in

VSMCs cultured in NG and HG medium. The results of

immunofluorescence, ELISA, western blotting and qRT-PCR

confirmed that the expression of SDF-1a and CXCR4 was

significantly enhanced in HG-treated VSMCs (Figure 2).

These results suggested that high glucose enhanced the SDF-

1a and CXCR4 expression ex vivo and in vitro.

HG-upregulated CXCR4 through the expression of SDF-
1a

To explore whether HG-induced CXCR4 expression in

VSMCs was dependent on up-regulation of SDF-1a, we pre-

treated the VSMCs with a neutralizing antibody (1 lg ⁄ ml)

or siRNA against SDF-1a. The results revealed that pretreat-

ment with the SDF-1a antibody or siRNA attenuated HG-

upregulated CXCR4 expression; interestingly, when exoge-

nous recombinant SDF-1a (100 ng ⁄ ml) was added, the

decrease of CXCR4 expression by administration of siRNA

against SDF-1a was rescued (Figure 3), these results sug-

gested that the HG-induced CXCR4 expression in VSMCs

was at least partly dependent on the present of SDF-1a, and

that the SDF-1a ⁄ CXCR4 axis is active in VSMCs.

HG up-regulated Akt phosphorylation by activating the
SDF-1a ⁄ CXCR4 axis

The results of western blotting revealed that in the NG med-

ium, the cells expressed basal levels of total Akt and p-Akt,

while HG significantly up-regulated p-Akt expression (Fig-

ure 4a,b). The administration of LY294002 (20 lM), an

inhibitor of PI-3K, attenuated HG-induced up-regulation of

p-Akt (Figure 4a,b), suggesting that HG activated the PI-

3K ⁄ Akt signalling pathway. Pretreating VSMCs with

AMD3100 (10 lM), a selective and highly specific CXCR4

antagonist (Hatse et al. 2002), markedly down-regulated

Akt phosphorylation in HG-treated VSMCs. Similarly, pre-

treatment with the SDF-1a neutralizing antibody (1 lg ⁄ ml)

also attenuated Akt phosphorylation (Figure 4c,d). When

exogenous SDF-1a (100 ng ⁄ ml) was added, p-Akt expres-

sion in VSMCs was much higher than that in no SDF-1a-

treated VSMCs (Figure 4e,f), and ELISA results (Figure 2f)

revealed that HG simulated VSMCs to secret SDF-1a into

the medium. Taken together, these findings indicated that

the activation of PI-3K ⁄ Akt signalling in HG-treated VSMCs

was partly as a result of the activation of SDF-1a ⁄ CXCR4

axis.
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Figure 6 Expression of phenotypic markers in VSMCs.
(a) SM22a, OPN and PCNA expressed in thoracic arterial sam-
ples from the control (normoglycaemia) and hyperglycaemic rats
by immunohistochemical staining. Non-immune IgGs were used
as negative control. n = 10 per groups. Bars = 100 lm. mRNA
of SM22a, OPN, PCNA and myocardin were assessed by semi-
quantitative RT-PCR on VSMCs in NG or HG (b) and then the
mRNAs expression was normalized to b-actin (c). Protein of
SM22a, OPN, PCNA and myocardin were assessed by western
blotting on VSMCs in NG or HG (d) and then the protein
expression was normalized to b-actin (e). Expression of SM22a,
OPN, PCNA and myocardin mRNA was examined in SDF-
1a ⁄ CXCR4 signalling blockaded VSMCs exposed to HG by
administration of AMD3100 (AMD, 10 lM) or SDF-1a neutral-
izing antibody (Ab, 1 lg ⁄ ml) (f and g). Results are mean ± SEM
of four independent experiments. *P < 0.05 vs. two associated
groups.
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HG-potentiated VSMC proliferation and chemotaxis via
activation of the SDF-1a ⁄ CXCR4 ⁄ PI-3K ⁄ Akt pathway

Studies have documented that the SDF-1a ⁄ CXCR4 signal-

ling pathway stimulates proliferation and migration in multi-

ple types of cells (Shichinohe et al. 2007; Nemenoff et al.

2008; Schober 2008; Opatz et al. 2009); therefore, we fur-

ther examined the effects of exogenous SDF-1a on the pro-

liferation and chemotaxis of VSMCs. Our results showed

that SDF-1a dose-dependently stimulated proliferation and

chemotaxis in VSMCs (Figure 5a). Pretreatment of VSMCs

with AMD3100 (10 lM) attenuated these stimulatory effects

of SDF-1a (Figure 5b), suggesting that the SDF-1a ⁄ CXCR4

axis is involved in the proliferation and chemotaxis of

VSMCs.

We then explored the role of HG on the proliferation and

chemotaxis of VSMCs. HG significantly promoted the pro-

liferation and chemotaxis of VSMCs. Treating VSMCs with

AMD3100 (10 lM), SDF-1a neutralizing antibody

(1 lg ⁄ ml) or LY294002 (20 lM) abolished HG-potentiated

proliferation and migration (Figure 5c). These results

showed that high glucose may induce the increased abilities

in proliferation and chemotaxis of VSMCs at least partly by

activating the SDF-1a ⁄ CXCR4 ⁄ PI-3K ⁄ Akt signalling path-

way.

HG-promoted phonotypic switching in VSMCs

As modulation of VSMCs growth properties occurs under

certain microenvironment (Hultgardh-Nilsson et al. 1997;

Xu et al. 1997; Lagna et al. 2007; Chadjichristos et al.

2008), the expression of the contractile and synthetic pheno-

type marker of VSMCs under high glucose were then

detected. Three weeks of hyperglycaemia led VCMCs to

down-regulate the expression of SM22a and up-regulate the

expression of OPN; furthermore, hyperglycaemia promoted

VSMCs to express PCNA, a marker for cell proliferation

(Figure 6a). Results of in vitro also revealed that treating

VSMCs with HG led to up-expression of OPN, PCNA and

down-expression of SM22a, which were confirmed by RT-

PCR and western blotting analysis (Figure 6b–e). Besides,

myocardin (MYOCD), a nuclear transcription factor co-acti-

vated with serum reaction factor (SRF) in VSMCs differenti-

ation (Chen et al. 2002; Lagna et al. 2007), was also

decreased significantly in HG-treated VSMCs (Figure 6b–e).

Interestingly, blockade of SDF-1 ⁄ CXCR4 signalling with

AMD3100 (10 lm) or SDF-1a neutralizing antibody

(1 lg ⁄ ml) resulted in a significant downregulation of PCNA,

but no significant changes in SM22a, OPN and myocardin

mRNA in HG-treated VSMCs (Figure 6f,g).

Discussion

The interaction between chemoattractants and receptors

seems to initiate the signal transduction leading to VSMC

chemotaxis (Abedi & Zachary 1995). It is likely that

VSMCs are target cells for therapeutic intervention based on

chemokines (Schober 2008) and the interaction between

chemoattractants and receptors may influence a variety of

normal and pathological processes that involve VSMCs, such

as atherosclerosis and arterial injury. SDF-1a signalling has

a wide range of effects on CXCR4-expressing cells depend-

ing on the cell type ranging from cell growth to adhesion,

chemotaxis and migration (Yusuf et al. 2006). And the acti-

vation of SDF-1a ⁄ CXCR4 axis by VSMCs in an autocrine

manner had been proposed (Schecter et al. 2003; Nemenoff

et al. 2008). In the present study, we found that exposing

VSMCs to HG conditions up-regulated SDF-1a and CXCR4

ex vivo and in vitro, and thus stimulated the SDF-

1a ⁄ CXCR4 axis, and our results also revealed that HG-

induced expression of CXCR4 in VSMCs was at least partly

because of the presence of SDF-1a, which is similar to the

findings reported by Kukreja et al., in which SDF-1a regu-

lated CXCR4 expression in prostate cancer PC-3 cells via

MEK ⁄ ERK signalling cascade and NF-kappaB activation

(Kukreja et al. 2005).

In the cultured VSMCs exposed to HG, the activation of

some signalling mediators such as ERK, MAPK, Rho ⁄ Rho-

kinase, IGF-1 and NF-jB has been reported (Igarashi et al.

1999; Campbell et al. 2003, 2004; Maile et al. 2007; Akiy-

ama et al. 2008; Cifarelli et al. 2008; Yang et al. 2008). In

the present study, the administration of the CXCR4 antago-

nist AMD3100, an inhibitor of PI-3K, LY294002, or the

SDF-1a neutralizing antibody attenuated HG-induced Akt

phosphorylation, which then affected VSMC proliferation

and migration. This suggests that the activation of the SDF-

1a ⁄ CXCR4 ⁄ PI-3K ⁄ Akt signalling pathway plays a critical

role in HG-potentiated cell proliferation and migration. This

study is the first to demonstrate an association between

SDF-1a ⁄ CXCR4 signalling and PI-3K ⁄ Akt signalling in

VSMCs. However, recent studies showed that SDF-1a may

be the downstream of Akt (Lee et al. 2006; Greijer et al.

2008), and multiple signalling pathways were activated after

VSMCs were exposed to high glucose (Huang & Sheibani

2008), the association between SDF-1a ⁄ CXCR4 ⁄ PI-3K ⁄ Akt

and others signalling seems to be worth further investiga-

tion.

Cellular responses to HG are numerous and varied. It is

clear that glucose can induce oxidative ⁄ nitrosative stress in

many cell types (Ding et al. 2004; Connell et al. 2007),

which may partially interpret the pro-atherogenic vascular

remodelling (Pandolfi & De Filippis 2007). In this study,

HG-induced decrease in SM22a expression and increase in

OPN and PCNA expression were identified ex vivo and in

vitro. SM22a and OPN are deemed as a marker for contrac-

tile and synthetic phenotype in mature VSMCs respectively,

and OPN promotes the development of atherosclerosis (Ka-

wamura et al. 2004). Mori et al. reported that the upregula-

tion of OPN induced by high glucose may mediate via PKC-

dependent pathway in VSMCs (Mori et al. 2002). Our

results demonstrated that exposing VSMCs to high-glucose

conditions led to the phenotypic switching, which is consis-

tent with the report of Pandolfi et al. (2003). Besides, during

the development of atherosclerosis, VSMCs undergo partial
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dedifferentiation, conducing them to acquire a more motile

and proliferative phenotype (Ross 1993). The present results

showed that treating VSMCs with HG led to down-expres-

sion of myocardin, a critical serum response factor coactor

in the regulation of VSMC differentiation (Du et al. 2003).

Furthermore, myocardin family of transcriptional co-activa-

tors are also versatile regulators of cell growth and migra-

tion (Pipes et al. 2006). However, administration of

AMD3100 and SDF-1a neutralizing antibody led to decrease

in PCNA, whereas the mRNA expression of SM22a, OPN

and myocardin showed no significant changes. Thus, addi-

tional studies are needed to address the relationship between

HG exposure and phonotypic switching of VSMCs.

In conclusion, our results support the hypothesis that

exposing VSMCs to high glucose potentiates the prolifera-

tion and chemotaxis of these cells, most likely because of

the activation of SDF-1a ⁄ CXCR4 ⁄ PI-3K ⁄ Akt signalling. Our

findings underscore the role of elevated glucose levels in

VSMC functions, particularly in conditions of diabetic insult

on the vasculature system.
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