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  Angiotensin II (Ang II) plays an important role in vascular hypertension. The role of the chemokine 
CCL5 on Ang II-induced activities in vascular smooth muscle cells (VSMCs) has not been studied. 
In this study, we elucidated the effect of CCL5 on Ang II-induced 12-lipoxygenase (LO) expression 
and cell proliferation in spontaneously hypertensive rats (SHR) VSMCs. CCL5 decreased Ang 
II-induced 12-LO mRNA expression and protein production, and it increased Ang II type 2 (AT2) 
receptor expression in SHR VSMCs. The inhibitory effect of CCL5 on Ang II-induced 12-LO mRNA 
expression was mediated through the AT2 receptor. Although treatment of CCL5 alone induced SHR 
VSMCs proliferation, CCL5 inhibited Ang II-induced VSMCs proliferation and PD123,319, an AT2 
receptor antagonist, blocked the inhibitory effect of CCL5 on Ang II-induced VSMCs proliferation. 
Phosphorylation of p38 was detected in VSMCs treated with Ang II or CCL5 alone. But, decrease of 
p38 phosphorylation was detected in VSMCs treated with Ang II and CCL5 simultaneously (Ang 
II/CCL5) and PD123,319 increased p38 phosphorylation in VSMCs treated with Ang II/CCL5. 
Therefore, these results suggest that the inhibitory effect of CCL5 on Ang II-induced VSMCs 
proliferation is mediated by the AT2 receptor via p38 inactivation, and CCL5 may play a beneficial 
role in Ang II-induced vascular hypertension.
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INTRODUCTION

  Angiotensin II (Ang II) plays a major role as a potent 
vasoconstrictor and blood pressure regulator, and it has al-
so been shown to act as a potential mediator of in-
flammation (Han et al., 1999; Kashiwagi et al., 2002; Zheng 
Y et al., 2005). The 12-lipoxygenase (LO) pathway of arach-
idonic acid metabolism has been linked to cell growth and 
the pathology of hypertension (Preston et al., 2006). Ang 
II is a potent positive regulator of 12-LO expression and 
proliferation in porcine and human vascular smooth muscle 
cells (VSMCs) (Natarajan et al., 1993; Kim et al., 1995). 
Increased levels of 12-LO induced by cytokines in porcine 
VSMCs and elevated activity of 12-LO in the plasma of 
spontaneously hypertensive rats (SHR) have been reported 
(Natarajan et al., 1997; Sasaki et al., 1997).
  The inflammatory chemokine CCL5 (regulated upon acti-
vation, normally T-cell expressed, and presumably secreted; 
RANTES) is a potent chemoattractant for memory T lym-

phocytes and monocytes/macrophages, and its production 
has been described in various types of cells, including hu-
man aortic VSMCs (Schall et al., 1990; Jordan et al., 1997). 
CCL5 plays a functional role in acute and chronic in-
flammatory responses in atherosclerosis, renal disease pro-
gression and vascular wall remodeling in pulmonary arterial 
hypertension (Wolf et al., 1997; Zoja et al., 1998; Dorfmuller 
et al., 2002; Kashiwagi et al., 2002). Although the over pro-
duction of CCL5 is associated with diverse disease pro-
gressions, we observed lower expression of CCL5 in SHR 
VSMCs than in normotensive Wistar-Kyoto rats (WKY) 
VSMCs. CCL5 has been known to have down-regulatory ef-
fect on LPS-induced cytokines expression in human periph-
eral blood monocytes (Shahrara et al., 2006), and have a 
possible neuroprotective role in the brains of individual 
with Alzheimer’s disease (Tripathy et al., 2008). We there-
fore hypothesized that although CCL5 acts as an in-
flammatory mediator in various disease processes, it may 
also downregulate Ang II-induced hypertensive activities.
  Therefore, we examined the mechanism of action of CCL5 
in Ang II-induced hypertensive activities, focusing on 12-LO 
expression in SHR VSMCs and on VSMCs proliferation. 
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METHODS

Reagent

  Trizol reagent for total RNA isolation was purchased from 
Invitrogen (Carlsbad, CA, USA). Dulbecco's phosphate-buf-
fered saline (PBS), Dulbecco's modified Eagle's medium 
(DMEM), penicillin-streptomycin and fetal bovine serum 
(FBS) were purchased from Gibco/BRL (Life Technologies, 
Gaithersburg, MD, USA). Recombinant human CCL5 was 
purchased from R&D systems (Minneapolis, MN, USA). 
Ang II was obtained from Calbiochem (San Diego, CA, 
USA). Losartan was obtained from MSD (Delaware, MD, 
USA). PD123,319 was obtained from Sigma Chemical Co. 
(St Louis, MO, USA). [3H]-thymidine was purchased from 
PerkinElmer (Boston, MA, USA). Oligonucleotide primers 
for real-time PCR for 12-LO, Ang II type 2 (AT2) receptor, 
ornithine decarboxylase (ODC) and β-actin were synthe-
sized by Bionics (Seoul, Korea). LightCycler FastStart DNA 
SYBR Green I Mix was obtained from Roche (Mannheim, 
Germany). The p-38 MAP kinase, phospho-p38 MAP kin-
ase, and 12-LO antibodies were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). The AT2 receptor an-
tibody was purchased from Abcam (Cambridge, UK). The 
γ-tubulin antibody was obtained from Sigma Chemical Co. 
(St. Louis, MO, USA). All other reagents were pure-grade 
commercial preparations.

Experimental animals

  Specific pathogen-free male inbred SHR or WKY, 12∼16 
weeks of age, were purchased from Japan SLC Inc. 
(Shizuka). All experimental animals received autoclaved 
food and bedding to minimize exposure to viral or microbial 
pathogens. The rats were cared for in accordance with the 
Guide for the Care and Use of Experimental Animals of 
Yeungnam Medical Center.

VSMCs preparation

  VSMCs were obtained using an explant method from the 
thoracic aortas of 12-week-old male SHR and WKY as 
described by Kim et al. (2008). VSMCs were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) that was sup-
plemented with 10% FBS and penicillin-streptomycin. Cells 
were detached with 0.25% trypsin/EDTA and seeded into 
75-cm2 tissue culture flasks at a density of 105 cells per 
ml. All experiments were conducted between cell passages 
3 to 7. Prior to stimulation, 95%-confluent VSMCs were se-
rum-starved overnight by incubating in DMEM with 0.1% 
FBS. Cell cultures were incubated in a humidified in-
cubator at 37oC and 5% CO2 in the presence or absence 
of stimuli for the indicated times. 

Preparation of total RNA, reverse transcriptase- 
polymerase chain reaction (RT-PCR) and real-time 
polymerase chain reaction (real-time PCR)

  Total RNA was extracted using Trizol reagent according 
to the manufacturer’s instructions. The quantity of total 
RNA obtained was determined by measuring the optical 
density (OD) at 260 and 280 nm.
  One μg of total RNA per sample was reverse transcribed 
using Moloney murine leukemia virus reverse transcriptase 
(Perkin Elmer, Norwalk, CT, USA) and oligo dT priming 

according to the manufacturer’s instruction, at 42oC for 15 
minutes. Amplification with specific primers was performed 
in a Gene Amp PCR system 9600 (Perkin Elmer) for 35 
cycles with a 30 s/94oC denaturation, 30 s/62oC annealing, 
1 min/72oC extension profile in the case of CCL5; for 30 
cycles with a 20 s/95oC denaturation, 30 s/60oC annealing, 
30 s/72oC extension profile in the case of β-actin. Amplifi-
cation of mRNA for the housekeeping gene β-actin was 
used as an internal quality standard. Amplified products 
were electrophoresed on 1.5∼2% agarose gel stained with 
0.5 μg/ml ethidium bromide. The primer sequences were 
as follows: β-actin (101 bp) sense, 5’-tactgccctggctcctagca-3’, 
antisense, 5’-tggacagtgaggccaggatag-3’; CCL5 (110 bp) sense, 
5’-cgtgaaggagtatttttacaccagc-3’, antisense, 5’-cttgaacccactt-
cttctctggg-3’.
  Real-time PCR for the amplification of the 12-LO, ODC, 
AT2 receptor was performed using the LightCycler (Roche, 
Germany). RNA was reverse transcribed to cDNA from 1 μg 
of total RNA and then subjected to real-time PCR. PCR was 
performed in triplicate. The total PCR volume was 20 μl 
and contained the LightCycler FastStart DNA SYBR Green 
I mix (Roche, Germany), primer and 2 μl of cDNA. Prior 
to PCR amplification, the mixture was incubated at 95°C 
for 10 min, and the amplification step consisted of 45 cycles 
of denaturation (10 s at 95°C), annealing (5 s at the pri-
mer-appropriate temperature), and extension (10 s at 72°C) 
with fluorescence detection at 72°C after each cycle. After 
the final cycle, melting point analyses of all samples were 
performed over the range of 65 to 95°C with continuous 
fluorescence detection. β-actin expression levels were used for 
sample normalization. Results for each gene are expressed 
as the relative expression level compared with β-actin. The 
primers used for PCR are as follows: 12-LO (312 bp) sense, 
5’-tggggcaactggaagg-3’, antisense, 5’-agagcgcttcagcaccat-3’; 
AT2 receptor (65 bp) sense, 5’-ccgtgaccaagtctttgaagatg-3’, 
antisense, 5’-agggaagccagcaaatgatg-3’; ODC (125 bp) sense, 
5’-agccaggcagatactacgtc-3’, antisense, 5’-catcaaagtttgctcgt-
ttg-3’; β-actin (101 bp) sense, 5’-tactgccctggctcctagca-3’, an-
tisense, 5’-tggacagtgaggccaggatag-3’. The levels of 12-LO, 
AT2 receptor and ODC mRNA were determined by compar-
ing experimental levels to standard curves and are ex-
pressed as relative fold expressions.

Enzyme-linked immunosorbent assay (ELISA) for CCL5 
production 

  The CCL5 protein levels in cell media were measured 
with an ELISA kit that was obtained from eBioscience (San 
Diego, CA, USA). All procedures were performed in accord-
ance with the manufacturer’s instructions.

Western blotting

  Total lysates were prepared in PRO-PREP buffer (iNtRON, 
Seoul, Korea). Protein concentrations were determined by 
a Bradford assay (Bio-Rad, CA, USA) using bovine serum 
albumin as a standard. Twenty microgram protein samples 
were separated on 10% SDS-polyacrylamide gels and then 
transferred to nitrocellulose membranes. The membranes 
were soaked in 5% nonfat dried milk in TBST (10 mmol/l 
Tris/HCl pH 7.5, 150 mmol NaCl and 0.05% Tween-20) for 
1 h and then incubated for 16∼18 h with primary anti-
bodies against 12-LO, AT2 receptor, p38 MAP kinase, phos-
pho- p38 MAP kinase and γ-tubulin at 4oC. Membranes 
were washed three times with TBST for 10 min and then 
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Fig. 1. Costitutive expression of CCL5 mRNA in SHR VSMCs is lower than the expression in WKY VSMCs, and Ang II inhibits CCL5 
mRNA expression and protein production in SHR VSMCs. (A) After total RNAs were isolated from SHR or WKY VSMCs, real-time PCR 
was performed. Bars represent means±SD from three independent experiments. *p＜0.05 vs. WKY VSMCs. (B, C) SHR VSMCs were 
untreated or treated with Ang II (0.1 μmol/l). After total RNAs and cell supernatants were isolated, real time PCR (B) and ELISA (C) 
were performed. Bars represent means±SD from three independent experiments. *p＜0.05 vs. untreated VSMCs. 

incubated with horseradish peroxidase-conjugated secon-
dary antibody for 1 h at room temperature. The membranes 
were rinsed three times with TBST for 10 min and anti-
gen-antibody complexes were detected using the enhanced 
chemiluminescence detection system (LAS-3000; Fujifilm, 
Tokyo).

Small interfering RNA (siRNA) 

  To confirm whether the AT2 receptor pathway contributes 
to the inhibitory effect of CCL5 on Ang II-induced 12-LO 
expression and VSMCs proliferation, AT2 receptor expre-
ssion was silenced using a small interfering RNA (siRNA). 
VSMCs were plated on 24-well plates and grown to 90% 
confluence. VSMCs were then transfected with AT2 receptor 
siRNA oligomers (50 nmol/l) using lipofectamine 2000 in 
accordance with the manufacturer’s instructions. After 24 
h of incubation, VSMCs were placed in growth medium for 
24 h before the experiments. Cells were then cultured in 
the presence or absence of stimuli for 4 h. Sense and anti-
sense oligonucleotides corresponding to the rat AT2 receptor 
siRNA sequence (sense, 5’-uacauuugcgaaguucaucuucggc-3’; 
antisense, 5’-gccgaagaugaacuucgcaaaugua-3’) were purchased 
from Invitrogen (Carlsbad, CA, USA).

VSMCs proliferation

  VSMCs were plated in 24-well plates for 24 h and then 
exposed to the stimulant. [3H]-thymidine (1 μCi/ml) (Per-
kinElmer precisely, Boston, MA, USA) was added to the 
plates during the last 24 h of incubation. The cells were 
subsequently washed three times with cold PBS. [3H]- 
thymidine-labeled cells were collected with 0.1% SDS, and 
radioactivity was counted using a Packard scintillation 
counter (Packard Instrument Company, Meriden, USA). 

Statistical analysis

  Results are expressed as means±SD from at least three 
or four independent experiments. For comparisons between 
multiple groups, statistical significance was determined by 
the Mann-Whitney test using SPSS v. 12.0.

RESULTS

CCL5 inhibits Ang II-induced 12-LO expression 

  SHR is the most widely studied animal model of essential 
hypertension. In SHR, enhanced responsiveness to Ang II 
in VSMCs had been reported (Resink et al., 1989) and Ang 
II appears to play one of the most important roles in the 
increase in vascular resistance (Touyz et al., 1999). 
  First, we compared the constitutive expression of CCL5 
mRNA in SHR VSMCs with the expression in WKY 
VSMCs. Expression of CCL5 mRNA was found to be lower 
in SHR VSMCs relative to WKY VSMCs (Fig. 1A). In addi-
tion, Ang II inhibited the expression of CCL5 mRNA and 
protein prodction in SHR VSMCs (Fig. 1B, C). We next ex-
amined the direct effect of CCL5 on Ang II-induced 12-LO 
mRNA expression in SHR VSMCs. SHR VSMCs were un-
treated or treated with Ang II (0.1 μmol/l), CCL5 (100 
ng/ml) or Ang II and CCL5 simultaneously (AngII/CCL5) 
for 2 h. CCL5 itself increased the expression of 12-LO 
mRNA, although the expression level was lower than that 
induced by Ang II. However, CCL5 decreased the expression 
of Ang II-induced 12-LO mRNA to the level of CCL5-induced 
12-LO expression (Fig. 2A). Downregulation of Ang II-induced 
12-LO protein by CCL5 was also detected (Fig. 2B). We also 
observed the dose response of Ang II-induced 12-LO ex-
pression to CCL5. CCL5 at 10 ng/ml had no inhibitory ef-
fect on Ang II-induced 12-LO expression, but doses of CCL5 
ranging from 50 ng/ml to 200 ng/ml were shown to have 
a similar, remarkable inhibitory effect on Ang II- induced 
12-LO expression (Fig. 2C). 

Action mechanism of CCL5 on Ang II-induced 12-LO 
expression in SHR VSMC

  We examined whether the inhibitory effect of CCL5 on 
Ang II-induced 12-LO expression is mediated by the AT1 
or AT2 receptor. SHR VSMCs were untreated or treated 
with Ang II (0.1 μmol/l) and/or CCL5 (100 ng/ml) in the 
presence or absence of an antagonist of the AT1 receptor, 
losartan (10 μmol/l), or an antagonist of the AT2 receptor, 
PD123,319 (10 μmol/l) for 2 h, and the total RNAs were 
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Fig. 2. CCL5 inhibits Ang II-induced 12-LO mRNA expression 
in SHR VSMCs. (A) SHR VSMCs were untreated or treated with 
Ang II (0.1 μmol/l) and/or CCL5 (100 ng/ml) for 2 h. After total 
RNAs were isolated, real-time PCR was performed. Bars repre-
sent means±SD from three independent experiments. *p＜0.05 vs. 
VSMCs treated with Ang II. (B) SHR VSMCs were untreated or 
treated with Ang II (0.1 μmol/l) and/or CCL5 (100 ng/ml) for 2 
h. Cell lysates were prepared and separated on 10% SDS-pol-
yacrylamide gels and then immunoblotted with 12-LO antibody. 
The data shown are representative of three independent experi-
ments. (C) Dose response of Ang II-induced 12-LO mRNA expre-
ssion in SHR VSMCs to CCL5. SHR VSMCs were untreated (NT) 
or treated with 0, 10, 50, 100, or 200 ng/ml of CCL5 for 2 h. After 
total RNAs were isolated, real-time PCR was performed. Bars 
represent means±SD from three independent experiments.

Fig. 3. The inhibitory effect of CCL5 on Ang II-induced 12-LO 
mRNA expression is mediated through the AT2 receptor in SHR 
VSMCs. (A, B) SHR VSMCs were untreated or treated with Ang 
II (0.1 μmol/l) and/or CCL5 in the presence or absence of losartan 
(AT1 receptor antagonist, 10 μmol/l, A) or PD123,319 (AT2
receptor antagonist, 10 μmol/l, B) for 2 h and total RNAs were 
analyzed by real-time PCR. Bars represent means±SD from 
three independent experiments. ap＜0.05 vs. VSMCs treated with 
Ang II. bp＜0.05 vs. VSMCs treated with CCL5, cp＜0.05 vs. 
VSMCs treated with Ang II and CCL5 simultaneously (Ang 
II/CCL5). (C, D) SHR VSMCs were plated on 24-well plates, 
grown to 90% confluence and then transfected with AT2 receptor 
siRNA oligomers (50 nmol/l). VSMCs were then untreated or 
treated with AngII (0.1 μmol/l) for 2 h for RT-PCR (C) and 
VSMCs were untreated or treated with AngII (0.1 μmol/l) and/or 
CCL5 (100 ng/ml) for 2 h, and total RNAs were analyzed by 
real-time PCR (D). Non TF: non-transfected VSMCs, TF: trans-
fected VSMCs. Bars represent means±SEM from two independent 
experiments. The data are representative of two independent 
experiments.

analyzed by real-time PCR. The expression of Ang II-induced 
12-LO mRNA was inhibited by both losartan and PD123, 
319 (Fig. 3A, B). However, Losartan had no effect on CCL5- 
or Ang II/CCL5-induced 12-LO mRNA expression (Fig. 3A). 
PD123,319 decreased the expression of CCL5-induced 
12-LO mRNA and inhibitory effect of CCL5 on Ang II-in-
duced 12-LO expression (Fig. 3B). To confirm these results, 
real-time PCR was performed on samples treated with AT2 
receptor-directed siRNA. First, successful transfection of 
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Fig. 5. CCL5 induces SHR VSMCs proliferation, but simultaneous 
treatment of Ang II and CCL5 inhibits SHR VSMCs proliferation. 
(A) SHR VSMCs were treated with AngII (0.1 μmol/l) and/or 
CCL5 (100 ng/ml) for 24 h in medium containing [3H]-thymidine 
(1 μCi/ml). [3H]-thymidine incorporation is shown on the Y-axis. 
Bars represent means±SD from three independent experiments. 
*p＜0.05 vs. VSMCs treated with Ang II. (B) SHR VSMCs were 
untreated (NT) or treated with Ang II (0.1 μmol/l) and/or CCL5 
(100 ng/ml) for 2 h. Total RNAs were isolated and real-time PCR 
for ODC mRNA expression was performed. Bars represent means±
SD from three independent experiments. *p＜0.05 vs. VSMCs 
treated with Ang II.

Fig. 4. CCL5 increases the mRNA expression and production of 
AT2 receptor in SHR VSMCs. SHR VSMCs were untreated (NT) 
or treated with CCL5 (100 ng/ml) and or Ang II (0.1 μmol/l) for 
2 h. Then, total RNAs for real time PCR (A) and cell lysates for 
protein detection (B) were isolated. Cell lysates were separated
on 10% SDS-polyacrylamide gels and then immunoblotted with 
AT2 receptor antibody. Bars represent means±SD from four 
independent experiments *p＜0.05 vs. untreated SHR VSMCs. 
The data shown are representative of three independent experi-
ments.

AT2 receptor siRNA into SHR VSMCs were observed by 
RT-PCR. Ang II-induced expression of the AT2 receptor was 
not detected in VSMCs transfected with AT2 receptor 
siRNA (Fig. 3C). In VSMCs transfected with AT2 receptor 
siRNA, Ang II decreased 12-LO mRNA expression remark-
ably, CCL5 decreased 12-LO expression to the basal level, 
but Ang II/CCL5 did not inhibit 12-LO mRNA expression 
(Fig. 3D). 

CCL5 increases the expression of the AT2 receptor in 
SHR VSMCs

  It is widely accepted that Ang II exerts its effects on hyper-
tension-related genes in cells through Ang II subtype re-
ceptors (Wolf et al., 2002). Most pathophysiological actions 
of Ang II are mediated through the AT1 receptor, and the 
AT2 receptor has been reported to antagonize the action of 
the AT1 receptor (Horiuchi et al., 1999; Gallinat et al., 2000). 
And, PD123,319 decreased the inhibitory effect of CCL5 on 
Ang II-induced 12-LO mRNA expression. Thus, we exam-
ined the effect of CCL5 on AT2 receptor mRNA expression 
in SHR VSMCs treated with Ang II. SHR VSMCs were un-
treated or treated with Ang II (0.1 μmol/l), CCL5 (100 
ng/ml) or AngII/CCL5 for 2 h. CCL5 induced the expression 
of AT2 receptor mRNA, although the expression of AT2 re-
ceptor mRNA was not remarkable. Ang II/CCL5 also in-
duced AT2 receptor mRNA expression (Fig. 4A). As further 
confirmation of these results, we performed western blot-
ting to detect protein production. an increase in AT2 re-
ceptor protein was detected in cells treated with CCL5 or 
AngII/CCL5 (Fig. 4B). 

Inhibitory mechanism of CCL5 on Ang II-induced 
SHR VSMCs proliferation

  VSMCs proliferation is one of major events in the develop-
ment of hypertension, and Ang II induces rat and human 
VSMCs proliferation (Mabrouk et al., 2001), therefore, we 
examined the effect of CCL5 on Ang II-induced VSMCs 
proliferation. SHR VSMCs were untreated or treated with 
Ang II and/or CCL5 for 24 h. Both Ang II and CCL5- 
independently induced the proliferation of SHR VSMCs. 
However, simultaneous treatment with Ang II and CCL5 
(Ang II/CCL5) inhibited the proliferation of VSMCs (Fig. 5A). 
Ornithine decarboxylase (ODC) is the first and rate-controlling 
enzyme in the synthesis of polyamines, which are essential 
for normal cell growth (Wei et al., 2008). Therefore, an in-
crease in ODC expression is associated with an increase 
in cell proliferation. As shown in Fig. 5B, treatment with 
Ang II or CCL5 for 2 h increased ODC mRNA expression. 
However, Ang II/CCL5 treatment did not increase ODC 
mRNA expression. The expression pattern of ODC mRNA 
correlated with SHR VSMCs proliferation. 
  To determine whether the inhibitory mechanism of CCL5 
on Ang II-induced VSMCs proliferation is related to Ang 
II subtype receptor, SHR VSMCs were treated with Ang 
II and/or CCL5 in the presence or absence of losartan or 
PD123,319. Ang II- and CCL5-induced VSMCs proliferation 
were both inhibited by losartan, but losartan did not affect 
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Fig. 6. The inhibitory effect of CCL5 on Ang II-induced VSMCs 
proliferation is mediated by the AT2 receptor. (A, B) SHR VSMCs 
were treated with Ang II (0.1 μmol/l) and/or CCL5 (100 ng/ml) 
in the presence or absence of losartan (AT1 receptor antagonist, 
10 μmol/l, A) or PD123,319 (AT2 receptor antagonist, 10 μmol/l,
B) for 24 h in medium containing [3H]-thymidine (1 μCi/ml). 
[3H]-thymidine incorporation is shown on the Y-axis. Bars represent 
means±SD from three independent experiments. ap＜0.05 vs. 
VSMCs treated with Ang II. bp＜0.05 vs. VSMCs treated with 
CCL5. *p＜0.05 vs. VSMCs treated with Ang II/CCL5. (C) SHR 
VSMCs were plated on 24-well plates, grown to 90% confluence 
and then transfected with AT2 receptor siRNA oligomers (50 nmol/l).
VSMCs were then untreated or treated Ang II (0.1 μmol/l) and/or 
CCL5 (100 ng/ml) for 24 h in medium containing [3H]-thymidine 
(1 μCi/ml). [3H]-thymidine incorporation is shown on the Y-axis. 
Bars represent means±SD from three independent experiments.

Fig. 7. The inhibitory effect of Ang II/CCL5 on VSMCs prolife-
ration is mediated by the AT2 receptor via p38 inactivation. (A) 
SHR VSMCs were untreated (NT) or pretreated with PD169316
for 30 min. Then, cells were treated with Ang II (0.1 μmol/l) 
and/or CCL5 (100 ng/ml) in the presence or absence of PD123,319 
(10 μmol/l) for 24 h in medium containing [3H]-thymidine (1 μCi/ 
ml). [3H]-thymidine incorporation is shown on the Y-axis. Bars 
represent means±SD from three independent experiments. ap＜0.05 
vs. VSMCs treated with Ang II. bp＜0.05 vs. VSMCs treated with 
Ang II/CCL5. cp＜0.05 vs. VSMCs treated with PD123,319 and 
Ang II/CCL5. (B) SHR VSMCs were untreated or treated with 
Ang II (0.1 μmol/l) and/or CCL5 (100 ng/ml) in the presence or 
absence of PD123,319 (10 μmol/l) for 2 h. Cell lysates were sepa-
rated on 10% SDS-polyacrylamide gels and then immunoblotted 
with phospho-p38 or p38 antibody. Data shown are representative 
of three independent experiments.

the inhibitory effect of Ang II/CCL5 on VSMCs proliferation 
(Fig. 6A). PD123,319 did not affect VSMCs proliferation in-
duced by Ang II or CCL5 but rather blocked the inhibitory 
action of Ang II/CCL5 on VSMCs proliferation (Fig. 6B). 
In VSMCs transfected with AT2 receptor siRNA, VSMCs 
treated with Ang II/CCL5 proliferated to almost the same 
level as VSMCs treated with Ang II (Fig. 6C). Therefore, 
the inhibitory effect of Ang II/CCL5 on VSMCs proliferation 
is related to AT2 receptor activation. 
  Ang II-induced VSMCs proliferation is mediated via the 
MAP kinase pathway (Mabrouk et al., 2001). To clarify the 
relationship between the AT2 receptor and MAP kinase ac-
tivation with respect to the inhibitory effect of CCL5 on 
Ang II-induced VSMCs proliferation, we examined phos-
phorylation of p38 MAP kinase in VSMCs treated with Ang 
II and/or CCL5 in the presence or absence of PD123,319. 
Prior this experiment, we observed that a p38 inhibitor, 

PD169316 blocked VSMCs proliferation in cells treated 
with Ang II and/or CCL5 (Fig. 7A). Phosphorylation of p38 
was detected in VSMCs treated with Ang II or CCL5 alone. 
However, phosphorylation of p38 was decreased in VSMCs 
treated with AngII/CCL5. Nevertheless, PD123,319 increased 
p38 phosphorylation in VSMCs treated with Ang II/CCL5 
(Fig. 7B). Therefore, the AT2 receptor mediates the inhibitory 
action of Ang II/CCL5 on VSMCs proliferation via p38 
inactivation. 

DISCUSSION

  Ang II increases CCL5 expression in rat glomerular endo-
thelial cells and the renal cortex (Wolf et al., 1997; Kashiwagi 
et al., 2002), but we observed that Ang II suppresses CCL5 
expression in SHR VSMC. Moreover, we detected lower ex-
pression of CCL5 in SHR VSMCs than in WKY VSMCs. 
We therefore hypothesized that CCL5 may downregulate 
Ang II-induced hypertensive activities in SHR VSMCs, in 
contrast to the upregulation of Ang II-induced hypertension 
by chemokine CCL2 and CXCL8 (Chen et al., 1998; Buemi 
et al., 2004; Ishibashi et al., 2004; Kim et al., 2008). As 
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previously shown, Ang II increases 12-LO expression (Nata-
rajan et al., 1993; Kim et al., 1995). The activities of 12-LO 
and the 12-LO metabolite 12(S)-hydroxyeicosatetraenoic acid 
(12(S)-HETE) are increased in SHR, and many studies have 
demonstrated a role for 12-LO and 12(S)-HETE in the 
pathogenesis of experimental and Ang II-induced hyper-
tension (Sasaki et al., 1997; González-Núnez et al., 2001) 
and in cytokine-induced VSMCs migration and proliferation 
(Natarajan et al., 1997). In the present study, we demon-
strated the inhibitory action of CCL5 on Ang II-induced 
12-LO mRNA expression and production via AT2 receptor 
in SHR VSMCs. Although CCL5 itself increases 12-LO 
mRNA expression, and PD123,319, an AT2 receptor antago-
nist, inhibited CCL5-induced 12-LO mRNA expression, the 
inhibitory effect of CCL5 on Ang II-induced 12-LO expression 
was also mediated through the AT2 receptor. Reduction of 
the AT2 receptor by siRNA prior to the addition of Ang 
II/CCL5 abrogated the inhibitory effect of CCL5 on Ang 
II-induced 12-LO expression, and PD123,319, an AT2 re-
ceptor antagonist, increased 12-LO mRNA expression. 
  Although a positive role of the AT2 receptors in Ang II- 
induced CCL5 expression has been demonstrated in rat glo-
merular endothelial cells and the rat renal cortex (Wolf et 
al., 1997; Kashiwagi et al., 2002), the direct effect of CCL5 
on AT2 receptor expression has not been studied until now. 
In this study, CCL5 and Ang II/CCL5 increased AT2 re-
ceptor mRNA expression significantly (p＜0.05), and the 
production of the AT2 receptor induced by CCL5 or Ang 
II/CCL5 was clearly detected by western blot in SHR 
VSMCs. We also examined the effect of CCL5 on AT1 re-
ceptor mRNA expression and production in SHR VSMCs. 
But, the increase of mRNA expression or production of AT1 
receptor was not detected in cells treated with CCL5 or 
AngII/CCL5 (Data not shown). 
  Ang II has two subtype receptors, the AT1 receptor and 
the AT2 receptor, and the density of the AT2 receptor is 
lower than that of the AT1 receptor in VSMCs (Mabrouk 
et al., 2001). The AT1 receptor mediates the major stim-
ulatory actions of Ang II, including vasoconstriction, cell 
proliferation, aldosterone secretion and sodium retention 
(Wolf et al., 1996). In contrast, the AT2 receptor has been 
reported to antagonize the vascular actions of AT1 receptors. 
Many studies suggest that AT2 receptors have growth 
inhibitory and proapoptotic effect on VSMCs (Horiuchi et 
al., 1999; Gallinat et al., 2000; Ruiz-Ortega et al., 2000). 
However, several studies have reported growth and proin-
flammatory actions of AT2 receptors in VSMCs (Saward et 
al., 1996; Mabrouk et al., 2001; Wolf et al., 2002). These 
discrepancies may be related to different ages, different ex-
perimental rat models of hypertension or different experi-
mental conditions. In this study, CCL5 itself induced the 
SHR VSMCs proliferation and it was mediated by AT1 
receptors. But, inhibitory effect of CCL5 on Ang II-induced 
SHR VSMCs proliferation was related to AT2 receptors. 
Mabrouk et al. (2001) reported that Ang II stimulates 
VSMCs proliferation via both of AT1 and AT2 receptors in 
SHR and via AT1 receptor only in WKY. In contrast, we 
could not observe inhibitory effect of PD123,319 on Ang 
II-induced SHR VSMCs poroliferation. Ang II-induced SHR 
VSMCs proliferation was mediated by AT1 receptors. This 
discrepancy may be related to different ages and different 
vascular tissues of SHR. However, the exact role of AT1 and 
AT2 receptors in the regulation of VSMCs proliferation in 
vascular hypertension requires further investigation. 
  The downregulatory effect of CCL5 on Ang II-induced 

VSMCs proliferation was related to the AT2 receptor via 
p38 inactivation. The growth inhibitory effect of the AT2 
receptor is mediated by protein tyrosine phosphatase acti-
vation, which inhibits activation of MAP kinases (Bedecs 
et al., 1997; Horiuchi et al., 1999). Ang II stimulates the 
activation of MAP kinases, including ERK1/2, p38 and JNK 
in VSMCs (Touyz et al., 1999; Mabrouk et al., 2001; Lee 
et al., 2007). ERK1/2 and p38 activation play important 
roles in Ang II-induced VSMCs proliferation (Wilkie et al., 
1997; Viedt et al., 2000; Zhao et al., 2002; Lee et al., 2007). 
Zhao et al. (2002) reported that simultaneous upregulation 
of c-Jun and c-Fos proteins is crucial for VSMCs pro-
liferation, and p38 MAP kinase have additive effects on 
both the induction of c-Jun expression and VSMCs proli-
feration. In this CCL5 study, inhibition of p38 phosphor-
ylation blocked VSMCs proliferation regardless of the kind 
of stimulants used, and phosphorylation of p38 in response 
to Ang II or CCL5 was detected in SHR VSMCs (Fig. 7). 
However, simultaneous stimulation with Ang II and CCL5 
inhibited p38 phosphorylation and blocked VSMCs pro-
liferation in SHR VSMCs. And, although PD123,319 itself 
did not significantly affect VSMCs proliferation or p38 acti-
vation in SHR VSMCs treated with Ang II or CCL5 alone. 
PD123,319 increased p38 phosphorylation and VSMCs pro-
liferation in SHR VSMCs treated with Ang II/CCL5. Taken 
together, it seems likely that the downregulatory effect of 
CCL5 on Ang II-induced VSMCs proliferation is mediated 
by the AT2 receptor via p38 inactivation. 
  In the present study, we demonstrated that CCL5 down-
regulates Ang II-induced 12-LO expression and VSMCs 
proliferation in SHR VSMCs, and these effects of CCL5 are 
mediated through AT2 receptors. These results suggest that 
CCL5 may play a downregulatory role in Ang II-induced 
hypertension.
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