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A B S T R A C T

Extracellular sulfatases, sulfatase 1 (Sulf1) and sulfatase 2 (Sulf2), play a pivotal role in cell signaling and
carcinogenesis. Chemokine CCL5 inhibits Ang II-induced hypertensive mediators via angiotensin II (Ang II) type
2 receptor (AT2 R) pathway in vascular smooth muscle cells (VSMCs) from spontaneously hypertensive rats
(SHR). In this study, we investigated the effect of Sulfs on anti-hypertensive effects of CCL5 in SHR VSMCs. CCL5
attenuated Ang II-induced inhibition of sulfatase activity in SHR VSMCs. Inhibition of Ang II-induced 12-li-
poxygenase (12-LO) and endothelin-1 (ET-1) expression by CCL5 was reduced in Sulf1 small interfering RNA
(siRNA)-transfected SHR VSMCs. In addition, attenuation of Ang II-induced dimethylarginine dimethylamino-
hydrolase-1 (DDAH-1) inhibition by CCL5 was reduced in Sulf1 siRNA-transfected SHR VSMCs. Downregulation
of Sulf2 did not affect inhibitory effects of CCL5 on Ang II-induced 12-LO and ET-1 expression and Ang II-
induced inhibition of DDAH-1 expression in SHR VSMCs. Downregulation of Sulf1 abrogated the expression of
CCL5-induced AT2 R messenger RNA (mRNA) and synergistic effect of CCL5 on Ang II-induced AT2 R expression
in SHR VSMCs. These findings suggest that Sulf1 is a potential up-regulatory factor in anti-hypertensive actions
of CCL5 via AT2 R pathway on Ang II-induced hypertensive effects in SHR VSMCs.

1. Introduction

Extracellular sulfatases (Sulfs) are well known as hydrolytic en-
zymes that control cell metabolism and signaling [1]. Sulfs regulate cell
signaling by remodeling heparan sulfate proteoglycans (HSPGs) on the
surface of cells. Sulf-mediated removal of 6-O-sulfate groups from
HSPGs results in the release of bound growth factors, which initiate
signaling pathways [1,2]. Therefore, the activity of Sulfs plays a pivotal
role in both cell survival and proliferation. Aside from cell signaling,
Sulfs modulate cellular processes such as cell development, muscle re-
generation, neuromodulation, and tumor growth [1,3–5]. Sulfs are
named as heparan sulfate 6-O-endosulfatases [2,6], and there are two
types of heparan sulfate 6-O-endosulfatases: sulfatase 1 (Sulf1) or sul-
fatase FP1 and sulfatase 2 (Sulf2) or sulfatase FP2 [6]. Sulf1 and Sulf2
double knockout mice show significant developmental defects as well
as reduced body weight [7,8]. Although Sulf1 and Sulf2 are structurally

similar, they have reverse effects in tumor cells. Sulf1 inhibits angio-
genesis and proliferation in cancer cells [9,10], whereas Sulf2 promotes
angiogenesis and tumorigenic effects [11,12]. Thus, Sulfs have been
suggested as therapeutic targets for cancer therapy.

Although the reduction in HSPG levels in the glomerular basement
membrane has been related to hypertension [13], the role of Sulfs in
hypertension development or maintenance is questionable. It has been
reported that the maintenance of normal 6-O-sulfation levels by Sulf1 is
important for the function of vascular smooth muscle cells (VSMCs)
[14]. HSPGs are found in vascular walls, and overexpression or
knockdown of the Sulf1 gene in normal VSMCs inhibits adhesion and
increases of proliferation and apoptosis. Thus, Sulfs may play a func-
tional role in hypertensive VSMCs.

The chemokines CC-chemokine ligand (CCL)-2 and CXC-chemokine
ligand (CXCL)-8 play a major role in the development of hypertension
[15–18]. Our previous studies show that CCL5 downregulates the
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expression of angiotensin II (Ang II)-induced hypertensive mediators,
12-lipoxygenase (LO) and endothelin-1 (ET-1), in VSMCs obtained from
spontaneously hypertensive rats (SHR) [19,20]. In addition, CCL5 up-
regulates AMP-activated protein kinase (AMPK) activity and inter-
leukin-10 (IL-10) and dimethylarginine dimethylaminohydrolase-1
(DDAH-1) expression [20–22]. Furthermore, CCL5 injection inhibits the
elevation in blood pressure of the developing hypertension-state SHR
[23]. Therefore, CCL5 is most likely to play a down-regulatory role in
Ang II-induced vascular hypertension, which is contrary to the up-
regulatory roles of chemokines CCL2 and CXCL8 in pathophysiologic
features of hypertension [15–18].

Based on our previous studies, which demonstrated CCL5-mediated
downregulation of Ang II-induced 12-LO and ET-1 production and up-
regulation of DDAH-1 expression, we examined the relationship be-
tween CCL5-induced anti-hypertensive effects and Sulfs in VSMCs from
SHR.

2. Materials and methods

2.1. Reagents

Total RNA extraction kit was purchased from iNtRON
(Biotechnology, Seoul, Korea). Ang II was supplied by Calbiochem (San
Diego, CA, USA). PD123319 was obtained from Sigma-Aldrich Co. (St.
Louis, MO, USA) and CCL5, from R&D systems (Minneapolis, MN).
LightCycler FastStart DNA SYBR Green I Mix was purchased from Roche
(Mannheim, Germany) and Lipofectamine 2000, from Invitrogen
(Carlsbad, CA, USA). Primer sequences for Ang II type 1 receptor (AT1

R), Ang II subtype 2 receptor (AT2 R), Sulf1, Sulf2, 12-LO, ET-1, DDAH-
1, and β-actin were synthesized at Bionics (Daejeon, Korea). Sulf1,
Sulf2, 12-LO, ET-1, and DDAH-1 antibodies were supplied by Santa
Cruz Biotechnology (California, USA). AT2 R antibody was purchased
from Abcam (Cambridge, UK) and monoclonal anti-γ-tubulin antibody,
from Sigma-Aldrich (St. Louis, MO, USA). Rat Sulf1 small interfering
RNA (siRNA) Sulf2 siRNA sequences were purchased from Bioneer
technology (Daejeon, Korea) and Santa Cruz Biotechnology (California,

Fig. 1. CCL5 attenuates the inhibition of Ang II-induced sulfatase expressions and activities in VSMCs from SHR. (A) VSMCs were untreated or treated with Ang II
(0.1 μmol/L) and/or CCL5 (100 ng/mL) for 2 h. Total RNAs and cell lysates were isolated and Sulf mRNAs and protein expressions determined by real-time PCR and
immunoblotting, respectively. Data shown are representatives of three independent experiments. Bars represent the means ± SEM of three independent experi-
ments. Statistical significance was tested by ANOVA or Kruskal-Wallis test, followed by the Bonferroni test. *p < 0.05, **p < 0.01. (B) VSMCs were untreated or
treated with Ang II (0.1 μmol/L) and/or CCL5 (100 ng/mL) for the indicated time. Cell lysates were isolated and sulfatase activity assay was performed. Bars
represent the means ± SEM of three independent experiments. **p < 0.01 versus VSMCs treated with Ang II.
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USA), respectively. Negative control siRNA was obtained from
Invitrogen (Carlsbad, CA, USA). pcDNA3.1 vector for transfection was
purchased from Invitrogen Life technologies (Carlsbad, CA, USA).
pcDNA3.1/Myc-His(-)-MSulf1 (Plasmid 13007) donated by professor
Dr. Steven D. Rosen [6] was purchased from Addgene Inc. (Cambridge,
MA, USA). All other reagents were pure-grade commercial prepara-
tions.

2.2. Animals

Specific pathogen-free male inbred SHR, all aged 22 weeks, were
purchased from Japan SLC Inc. (Shizuka, Japan). All experimental an-
imals were fed autoclaved food and received bedding in order to
minimize the exposure to microbial pathogens. Rats were maintained in
accordance with the Guide for the Care and Use of Experimental

Animals of Yeungnam Medical Center.

2.3. Preparation of VSMCs

Vascular smooth muscle cells were isolated from thoracic aortas of
22-week-old male SHR following the explant method [24]. VSMCs were
cultured in Dulbecco's Modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.
Cells were detached with 0.25% trypsin/ethylenediaminetetraacetic
acid (EDTA) and seeded into 75 cm2 tissue culture flasks at a density of
105 cells/mL. All experiments were conducted during cell passages 3–7.
Prior to stimulation, 95% confluent VSMCs were serum-starved over-
night in DMEM containing 0.1% FBS. Cell were incubated in a humi-
dified incubator at 37 °C and 5% CO2 in the presence or absence of
stimuli for the indicated time.

Fig. 2. The inhibitory effect of CCL5 on Ang II-induced 12-LO and ET-1 expression is mediated by Sulf1 in VSMCs from SHR. (A, B) VSMCs were plated in six-well
plates, grown to 90% confluence, and transfected with Sulf1, Sulf2, or control siRNA oligomers (50 nmol/L). Successful transfection of Sulf1, Sulf2, or control siRNA
oligomers in VSMCs was confirmed by immunoblotting analysis. Following transfection, VSMCs were untreated or treated with Ang II (0.1 μmol/L) and/or CCL5
(100 ng/mL) for 2 h. Total RNAs and cell lysates were isolated and mRNA expression (A) and protein production (B) of 12-LO and ET-1 were measured by real-time
PCR and immunoblotting as well as densitometric analyses, respectively. Non-TF: non-transfected VSMCs. Data shown are representatives of three independent
experiments. Bars represent means ± SEM of three independent experiments. *p < 0.05, **p < 0.01.

H.J. Cha et al. Cytokine 110 (2018) 1–8

3



2.4. Preparation of total RNA and real-time polymerase chain reaction
(PCR)

Total RNA was isolated using an easy-BLUE total RNA extraction kit
(iNtRON Biotechnology, Seoul, Korea) 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 microgram of total RNA per sample was reverse-transcribed
using a Maxime RT premix kit (iNtRON Biotechnology, Daejeon, Korea)
according to the manufacturer’s instructions. Complementary DNA
(cDNA) synthesis was performed at 45 °C for 60min, followed by RT
inactivation at 95 °C for 5min. AT1 R, AT2 R, Sulf1, Sulf2, 12-LO, ET-1,
and DDAH-1 was amplified by real-time PCR using LightCycler (Roche,
Germany). Total RNA was reverse-transcribed to cDNA from 1 µg of
total RNA and then subjected to real-time PCR. The total PCR volume
was 20 µL, and each PCR reaction consisted of 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
10min. The amplification step consisted of 45 cycles of denaturation
(10 s at 95 °C), annealing (5 s at the primer-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 a temperature range of 65–95 °C with continuous
fluorescence detection. The primers used for PCR were as follows: AT1

R (445 bp) sense, 5′-cacctatgtaagatcgcttc-3′ and antisense, 5′-gca-
caatcgccataattatcc-3′; AT2 R (65 bp) sense, 5′-ccgtgaccaagtcttgaagatg-3′
and antisense, 5′-agggaagccagcaaatgatg-3′; Sulf1 (136 bp) sense, 5′-
aaacagtgcaacccaagacc-3′ and antisense, 5′-ttgccagttggtgtctgaag-3′;
Sulf2 (73 bp) sense, 5′-ggcttagagacggaggaag-3′ and antisense, 5′-
ggtctcttcatttctggcca-3′; 12-LO (312 bp) sense, 5′-tggggcaactggaagg-3′
and antisense, 5′-agagcgcttcagcaccat-3′; ET-1 (370 bp) sense, 5′-
ctcctccttgatggacaagg-3′ and antisense, 5′-cttgatgctgttgctcatgg-3′;

DDAH-1 (181 bp) sense, 5′-cgcaatagggtccagtgaat-3′ and antisense, 5′-
ttgcgctttctgggtactct-3′; and β-actin (101 bp) sense, 5′-tactgccctggctcc-
tagca-3′ and antisense, 5′-tggacagtgaggccaggatag-3′. The mRNA level of
each sample was normalized to the mRNA level of β-actin, a house-
keeping gene.

2.5. Measurement of sulfatase activity

Activity levels of Sulfs in cell lysate (30 μg) were measured using a
Sulf activity assay kit obtained from Abcam (Cambridge, UK). All pro-
cedures were performed in accordance with the manufacturer’s in-
structions.

2.6. Western blotting

Western blots were performed on cytoplasmic protein extracts of
VSMCs from SHR using polyclonal antibody against AT2 R (dilution 1/
800), Sulf1 (dilution 1/200), Sulf2 (dilution 1/200), 12-LO (dilution 1/
400), ET-1 (dilution 1/400), DDAH-1 (dilution 1/2000), and mono-
clonal antibody against γ-tubulin (dilution 1/2000), as described by
Kim et al. [24].

2.7. Small interfering RNA (siRNA)

Vascular smooth muscle cells were plated in six-well plates and
grown to 90% confluence. VSMCs were transfected with Sulf1 and Sulf2
siRNA oligomers (50 nmol/L) using Lipofectamine 2000, as per the
manufacturer’s instructions. After 24 h of incubation, VSMCs were
placed in growth medium for 24 h before the experiments. Following
incubation, cells were cultured in the presence or absence of stimuli for
2 h. Sense and antisense oligonucleotides used in these experiments
were as follows: Sulf1 siRNA sense, 5′-gugacuucaggaaugagau-3′;

Fig. 3. Attenuation of Ang II-induced DDAH-1 inhibition by CCL5 is mediated through Sulf1 in VSMCs from SHR. (A, B) VSMCs were plated in six-well plates, grown
to 90% confluence, and transfected with Sulf1, Sulf2, or control siRNA oligomers (50 nmol/L). Successful transfection of Sulf1, Sulf2, or control siRNA oligomers in
VSMCs was confirmed by immunoblotting analysis. VSMCs were untreated or treated with Ang II (0.1 μmol/L) and/or CCL5 (100 ng/mL) for 2 h. Total RNAs and cell
lysates were isolated and mRNA expression (A) and protein production (B) of DDAH-1 were measured by real-time PCR and immunoblotting as well as densitometric
analyses, respectively. Non-TF: non-transfected VSMCs. Data shown are representatives of three independent experiments. Bars represent means ± SEM of three
independent experiments. *p < 0.05, **p < 0.01.
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Fig. 4. Downregulation of Sulf1 results in the inhibition of CCL5-induced AT2 R expression and synergistic effect of CCL5 on Ang II-induced AT2 R expression in
VSMCs from SHR. (A) VSMCs were plated in six-well plates, grown to 90% confluence, and transfected with Sulf1 or control siRNA oligomers (50 nmol/L). Successful
transfection of Sulf1 or control siRNA oligomers in VSMCs was confirmed by immunoblotting analysis. Following transfection, VSMCs were untreated or treated with
Ang II (0.1 μmol/L) and/or CCL5 (100 ng/mL) for 2 h. Total RNAs and cell lysates were isolated and AT1 R and AT2 R mRNA levels were determined by real-time PCR.
The protein production of AT2 R was determined by immunoblotting and densitometric analyses. Non-TF: non-transfected VSMCs. Data shown are representatives of
three independent experiments. Bars represent means ± SEM of three independent experiments. *p < 0.05, **p < 0.01. (B) VSMCs were transfected with Sulf1 or
control siRNA oligomers (50 nmol/L) and untreated or treated with Ang II (0.1 μmol/L) and/or CCL5 (100 ng/mL) for the indicated time. Total RNAs were isolated
and AT2 R expression was determined by real-time PCR. Bars represent means ± SEM of three independent experiments. **p < 0.01 versus Sulf1 siRNA-transfected
VSMCs treated with Ang II/CCL5. ap < 0.05 versus Sulf1 siRNA-transfected VSMCs treated with CCL5. (C) Overexpression of Sulf1 in VSMCs was performed with
pcDNA3.1/Myc-His(-)-MSulf1. Successful transfection of pcDNA3.1/Myc-His(-)-MSulf1 in VSMCs was confirmed by immunoblotting analysis. Following transfection,
VSMCs were untreated or treated with Ang II (0.1 μmol/L) and/or CCL5 (100 ng/mL) for 2 h. Total RNAs were isolated and AT2 R mRNA level was determined by
real-time PCR. Non-TF: non-transfected VSMCs, Control-TF: control (pcDNA3.1 empty vector)-transfected VSMCs. Bars represent means ± SEM of three in-
dependent experiments. ap < 0.01 versus control-transfected VSMCs treated with CCL5. bp < 0.01 versus control-transfected VSMCs treated with Ang II/CCL5.
*p < 0.05, **p < 0.01.
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antisense, 5′-aucucauuccugaagucac-3′ and Sulf2 siRNA sense, 5′-ca-
caucacaccgaguuaca-3′; antisense, 5′-uguaacucggugugaugug-3′.

2.8. Overexpression of Sulf1 gene

The recombinant plasmid expressing full-length Sulf1 cDNA,
pcDNA3.1/Myc-His(-)-MSulf1, was amplified in liquid Luria Broth (LB)
media with 100 µg/mL of ampicillin. The amplified plasmids were
purified using a QIAGEN Plasmid Mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. VSMCs were transfected
with either Sulf1-expressing plasmid or pcDNA3.1 empty vector using
Lipofectamine 2000, as per the manufacturer’s instructions.

2.9. Statistical analysis

Results were expressed as means ± standard error of the means
(SEM) of at least three or four independent experiments. Data were
analyzed by one-way analysis of variance (ANOVA) or Kruskal-Wallis
test (for comparison of four groups), followed by the Bonferroni’s post
hoc test. A value of P < 0.05 was considered as statistically significant.
Statistical analysis was performed using IBM SPSS version 23.0 (IBM
Co., Armonk, NY, USA).

3. Results

3.1. CCL5 reduces Ang II-induced inhibition of Sulf expressions and
activities in VSMCs from SHR

It is known that Ang II reduces Sulf expressions and activities in
VSMCs from SHR [unpublished data]. Therefore, we first examined the
effect of CCL5 on the expressions of Sulfs and Ang II-induced inhibition
of Sulfs in VSMCs. CCL5 inhibited Sulf1 mRNA expression, but showed
no effect on Sulf2 mRNA expression. However, attenuation of Ang II-
induced inhibition of Sulf1 and Sulf2 mRNA expressions was detected
in VSMCs subjected to simultaneous treatment with Ang II and CCL5
(Ang II/CCL5) (Fig. 1A). The protein levels of Sulfs following CCL5 or
Ang II/CCL5 treatment correlated with the mRNA levels (Fig. 1A). Next,
we observed Sulf activity following CCL5 or Ang II/CCL5 treatment in
VSMCs from SHR. Although CCL5 itself inhibited Sulf activity, it atte-
nuated Ang II-induced inhibition of Sulf activity in VSMCs (Fig. 1B).
The time courses of Sulf activity in response to Ang II, CCL5, or Ang II/
CCL5 treatment were determined over a 16 h time period. Significant
attenuation in Ang II-induced inhibition of Sulf activity by CCL5 was
detected 1 h after Ang II/CCL5 treatment, which sustained for up to
16 h. Ang II-induced inhibition of Sulf activity remained almost con-
stant from 2 to 16 h in VSMCs (Fig. 1B).

3.2. The inhibitory effect of CCL5 on Ang II-induced 12-LO and ET-1
expression is mediated via Sulf1 in VSMCs from SHR

Development of hypertension is associated with an increase in 12-
LO and ET-1 activity [25,26]. CCL5 exerts an inhibitory effect on Ang II-
induced 12-LO and ET-1 expression in VSMCs from SHR [19,20].
Therefore, we examined the effect of Sulfs on this inhibitory effect of
CCL5 in VSMCs. Downregulation of Sulf1 failed to affect Ang II-induced
12-LO and ET-1 expression, but attenuated the inhibitory effect of CCL5
on Ang II-induced 12-LO and ET-1 expression. However, down-
regulation of Sulf2 failed to affect both the Ang II-induced 12-LO and
ET-1 expression and the inhibitory effect of CCL5 on Ang II-induced 12-
LO and ET-1 expression (Fig. 2A). The rate of inhibition of Ang II-in-
duced 12-LO expression by CCL5 in VSMCs transfected with Sulf1
siRNA was reduced to 9.9 ± 1.7% as compared to 23.2 ± 1.4% in
those transfected with the control siRNA. The rate of inhibition of Ang
II-induced ET-1 expression by CCL5 in VSMCs transfected with Sulf1
siRNA was reduced to 12.8 ± 1.6% as compared to 27.0 ± 1.0% in
those transfected with the control siRNA. The inhibition of Ang II-in-
duced 12-LO and ET-1 protein production by CCL5 was also reduced in
VSMCs transfected with Sulf1 siRNA (Fig. 2B).

3.3. The attenuation of Ang II-induced inhibition of DDAH-1 expression by
CCL5 is mediated via Sulf1 in VSMCs from SHR

The protein DDAH-1 is a key enzyme that metabolizes ADMA, an
inhibitor of endothelial nitric oxide synthase (eNOS) [27,28]. CCL5
increases DDAH-1 expression and attenuates the inhibitory effect of
Ang II on DDAH-1 expression in VSMCs from SHR [21]. Therefore, we
examined the effect of Sulfs on the attenuation of Ang II-induced in-
hibition of DDAH-1 by CCL5 in VSMCs. Ang II-induced inhibition of
DDAH-1 was unaffected by both Sulf1 and Sulf2. In addition, down-

Fig. 5. Down-regulation of Sulf1 fails to completely abrogate the inhibition of
Ang II-induced 12-LO and ET-1 expression by CCL5 via AT2 R pathway. VSMCs
from SHR were plated in six-well plates, grown to 90% confluence, and trans-
fected with Sulf1 or control siRNA oligomers (50 nmol/L). Successful trans-
fection of Sulf1 or control siRNA oligomers in VSMCs was confirmed by im-
munoblotting analysis. Following transfection, control siRNA- and Sulf1 siRNA-
transfected VSMCs were untreated or treated with Ang II (0.1 μmol/L) and/or
CCL5 (100 ng/mL) for 2 h. Another control siRNA-transfected VSMCs were
untreated or treated with Ang II (0.1 μmol/L) and/or CCL5 (100 ng/mL) in the
presence of PD123319 (AT2 R inhibitor, 10 μmol/L) for 2 h. Total RNAs were
isolated and 12-LO, ET-1, and DDAH-1 mRNA levels were measured by real-
time PCR. Non-TF: non-transfected VSMCs. Bars represent means ± SEM from
three independent experiments. ap < 0.01 versus control siRNA-transfected
VSMCs treated with Ang II/CCL5. **p < 0.01.
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regulation of Sulf2 failed to affect the CCL5-meidated attenuation of
Ang II-induced inhibition of DDAH-1 in VSMCs (Fig. 3A). However,
downregulation of Sulf1 affected the expression of CCL5-induced
DDAH-1 and attenuation of Ang II-induced DDAH-1 inhibition by CCL5.
Both the expression of DDAH-1 and attenuation of Ang II-induced
DDAH-1 inhibition by CCL5 were reduced in VSMCs transfected with
Sulf1 siRNA (Fig. 3A). The rate of elevation of CCL5-induced DDAH-1
expression in Sulf1 siRNA-transfected VSMCs was reduced to
26.3 ± 5.5% as compared to 47.1 ± 3.8% in control siRNA-trans-
fected VSMCs, and the rate of elevation of Ang II/CCL5-induced DDAH-
1 expression in Sulf1 siRNA-transfected VSMCs was reduced to
11.7 ± 4.4% as compared to 29.3 ± 6.0% in control siRNA-trans-
fected VSMCs. The protein levels of DDAH-1 and attenuation of Ang II-
induced inhibition of DDAH-1 by CCL5 in VSMCs transfected with Sulf1
siRNA correlated with the mRNA levels noted in VSMCs transfected
with Sulf1 siRNA (Fig. 3B).

3.4. Sulf1 mediates CCL5-induced AT2 R expression and synergistic effect
of CCL5 on Ang II-induced AT2 R expression in VSMCs from SHR

The effects of CCL5 on the Ang II-induced expression of hyperten-
sive mediators and inhibition of DDAH-1 are mediated via AT2 R
pathway in VSMCs from SHR [19–21]. Therefore, we examined whe-
ther the effects of Sulf1 on the anti-hypertensive action of CCL5 in
VSMCs are related to Ang II receptors. In this study, Sulf1 down-
regulation had no effect on AT1 R expression in VSMCs treated with
CCL5 or Ang II/CCL5. In addition, Sulf1 downregulation failed to affect
the expression of Ang II-induced AT1 R and AT2 R mRNA. However,
Sulf1 downregulation abrogated CCL5-induced AT2 R expression as
well as the synergistic effect of CCL5 on Ang II-induced AT2 R expres-
sion (Fig. 4A). The protein levels of CCL5- or Ang II/CCL5-induced AT2

R correlated with the mRNA levels noted in the Sulf1 siRNA-transfected
VSMCs (Fig. 4A). The time course of CCL5- or Ang II/CCL5-induced AT2

R expression in Sulf1 siRNA-transfected VSMCs was determined over a
16 h time period. The synergistic effect of CCL5 on Ang II-induced AT2

R expression was highest after 2 h Ang II/CCL5 treatment in control
siRNA-transfected VSMCs and remained almost constant from 2 to 16 h.
In comparison to the VSMCs transfected with the control siRNA, those
transfected with the Sulf1 siRNA showed reduced expression of AT2 R,
which was almost constant from 2 to 16 h after Ang II/CCL5 treatment.
The increase in AT2 R expression in VSMCs by CCL5 remained almost
constant from 2 to 4 h after CCL5 treatment (Fig. 4B). Next, to confirm
the effect of Sulf1 on CCL5- or Ang II/CCL5-induced AT2 R expression,
we examined AT2 R expression in VSMCs transfected with pcDNA3.1/
Myc-His(-)-Sulf1. Although the increase in CCL5-induced AT2 R ex-
pression was insignificant in Sulf1-overexpressing VSMCs, their AT2 R
expression was higher than that reported for VSMCs transfected with
pcDNA3.1 empty vector. Overexpression of Sulf1 elevated the sy-
nergistic effect of CCL5 on Ang II-induced AT2 R mRNA expression
(Fig. 4C). The rate of increase of Ang II/CCL5-induced AT2 R expression
in Sulf1-overexpressing VSMCs was elevated to 36.2 ± 3.7% as com-
pared to 16.1 ± 2.3% in VSMCs transfected with the pcDNA3.1 empty
vector.

Next, we compared the effect of Sulf1 downregulation on CCL5-in-
duced anti-hypertensive effects with that of AT2 R blockade. We failed
to observe any inhibitory effect of CCL5 on Ang II-induced 12-LO and
ET-1 expression upon treatment of control siRNA-transfected VSMCs
with AT2 R blocker. However, Sulf1 downregulation failed to com-
pletely abrogate the inhibitory effect of CCL5 on Ang II-induced 12-LO
and ET-1 expression. Ang II-induced 12-LO and ET-1 expression was
also reduced by AT2 R blocker. Therefore, the decrease in the inhibitory
effect of CCL5 on Ang II-induced 12-LO and ET-1 expression following
treatment of the control siRNA-transfected VSMCs with AT2 R blocker
was not significant as compared with the inhibitory effect of CCL5 on
Ang II-induced 12-LO and ET-1 expression in control siRNA-transfected
VSMCs without AT2 R blocker treatment (p < 0.01; Fig. 5). Inhibition

of DDAH-1 by Ang II was unaffected by AT2 R blockade, but the ex-
pression of DDAH-1 by CCL5 or Ang II/CCL5 was reduced by AT2 R
blockade. In addition, no difference was observed in the expression
level of DDAH-1 between control siRNA-transfected VSMCs treated
with CCL5 (or Ang II/CCL5) plus PD123319 and Sulf1 siRNA-trans-
fected VSMCs treated with CCL5 (or Ang II/CCL5) (Fig. 5).

4. Discussion

In the present study, we demonstrated that the downregulation of
Ang II-induced 12-LO and ET-1 expression and attenuation of Ang II-
induced DDAH-1 inhibition via AT2 R mediated by CCL5 is associated
with Sulf1 in VSMCs from SHR. The relationship between anti-hy-
pertensive effects of CCL5 and Sulfs is yet unexplored. Sulfs have been
studied mainly as modulators of cell signaling or regulators of carci-
nogenesis. However, hypertensive VSMCs may exhibit abnormal Sulf
activity. Expressions and activities of Sulfs are elevated in VSMCs from
SHR as compared with the VSMCs of normotensive Wistar-Kyoto rats
(date not shown). In this study, CCL5 treatment resulted in a small
decrease in Sulf activity, but abrogated Ang II-induced inhibition of Sulf
activity in VSMCs from SHR. Therefore, we hypothesized that CCL5-
mediated downregulation of Ang II-induced hypertensive mediators
may be related to Sulf activity.

Both 12-LO and ET-1 are associated with the development of hy-
pertension, while Ang II is a potent inducer of 12-LO and ET-1 ex-
pression in VSMCs [19,25,26,29]. DDAH-1 along with DDAH-2 is a
major regulator of plasma ADMA [27,30]. Reduction in DDAH activity
results in an increase in ADMA level, which leads to the contraction of
blood vessels [28]. Ang II inhibits DDAH activity in VSMCs from SHR
[21]. CCL5 has no direct effect on the expression of 12-LO and ET-1, but
increases DDAH-1 expression directly in VSMCs [20,21]. In this study,
both Sulf1 and Sulf2 failed to directly affect Ang II-induced 12-LO and
ET-1 expression and Ang II-induced DDAH-1 inhibition in VSMCs from
SHR. However, downregulation of Sulf1 resulted in the decrease in the
inhibition of Ang II-induced 12-LO and ET-1 expression and attenuation
of Ang II-induced DDAH-1 inhibition by CCL5 in VSMCs. Thus, the ef-
fect of CCL5 on the downregulation of Ang II-induced hypertensive
mediators was mediated via Sulf1 in VSMCs. On the other hand, Sulf2
failed to influence the inhibitory effect of CCL5 on the expression of
Ang II-induced hypertensive mediators and Ang II-induced DDAH-1
inhibition in VSMCs from SHR. Sulf1 and Sulf2 display similar struc-
tures and their N-terminal domains are highly conserved; however,
their C-terminal regions display different structures. The C-terminal
domains bind to heparan sulfate chains. Therefore, the differences in
the heparan-sulfate binding sites at the C-terminal domains of Sulf1 and
Sulf2 may result in functional differences. For instance, Sulf1 exerts
tumor-suppressive effect through the inhibition of receptor tyrosine
kinase signaling by HSPG desulfation, but Sulf2 displays an oncogenic
activity via activation of receptor tyrosine kinases [31,32].

Angiotensin II has two receptor subtypes, AT1 R and AT2 R; the
density of AT1 R is higher than that of AT2 R in VSMCs [33]. The sti-
mulatory effect of Ang II in hypertension is dependent on the AT1 R
pathway [34]. In contrast, AT2 R is known to antagonize the actions of
AT1 R [35,36]. However, studies have reported proinflammatory ac-
tions of AT2 R in VSMCs [33,37]. In addition, a positive role of AT2 R in
anti-hypertensive effects of CCL5 has been demonstrated in VSMCs
from SHR [19–22]. Stimulation with Ang II induces the expression of
both AT1 R and AT2 R, and Ang II-induced expression of 12-LO and ET-1
mRNA is dependent on both AT1 R and AT2 R pathways [19,20]. On the
other hand, Ang II-induced inhibition of DDAH-1 is dependent on the
AT1 R pathway in VSMCs of SHR [21]. In this study, we demonstrated
that CCL5 has no effect on AT1 R expression; however, it inhibits Ang II-
induced AT1 R expression in VSMCs from SHR. Moreover, CCL5 treat-
ment resulted in a small increase in the expression of AT2 R, but showed
synergistic effect on Ang II-induced AT2 R expression in VSMCs. The
downregulation in the expression of Ang II-induced hypertensive
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mediators, inhibition of VSMC proliferation, and upregulation of AMPK
as well as DDAH-1 activity and IL-10 expression by CCL5 were de-
pendent on the AT2 R pathway [19–22,38]. We observed that Sulf1
downregulation resulted in the inhibition of CCL5-induced expression
of AT2 R mRNA as well as the synergistic effect of CCL5 on Ang II-
induced AT2 R expression. These results suggest that the anti-hy-
pertensive effects of CCL5 through the AT2 R pathway in VSMCs from
SHR are related to Sulf1 expression. However, complete abrogation of
the inhibitory effects of CCL5 on Ang II-induced 12-LO and ET-1 ex-
pression was not detected in Sulf1 siRNA-transfected VSMCs. This result
indicates that the inhibitory effects of CCL5 on Ang II-induced 12-LO
and ET-1 expression via AT2 R pathway are mediated by Sulf1; how-
ever, Sulf1 mediates these anti-hypertensive effects partially in VSMCs.
It is interesting that the reduction in CCL5-induced DDAH-1 expression
and attenuation of the effect of CCL5 on Ang II-induced inhibition of
DDAH-1 expression in Sulf1 siRNA-transfected VSMCs were comparable
to those observed in control siRNA-transfected VSMCs stimulated with
AT2 R blocker. Thus, the CCL5-induced expression of DDAH-1 via AT2 R
pathway may be completely dependent on Sulf1 in VSMCs.

This is the first study to demonstrate the effects of Sulfs on anti-
hypertensive actions of CCL5 on Ang II-induced hypertensive mediators
in VSMCs from SHR. However, the vague mechanism between Sulf1
dependency of antihypertensive effects of CCL5 and the inhibitory ac-
tion of CCL5 on Sulf1 expression and sulfatase activity must further be
elucidated. This study provides the first evidence that Sulf1, not Sulf2,
mediates the expression of CCL5-induced AT2 R as well as the sy-
nergistic effect of CCL5 on Ang II-induced AT2 R expression in VSMCs
from SHR. Furthermore, the complete anti-hypertensive effects of CCL5
via AT2 R pathway demand Sulf1 activity in VSMCs. Together with our
previous results, these findings suggest that Sulf1 is a potential up-
regulatory factor in anti-hypertensive effects of CCL5 on Ang II-induced
hypertensive mediators in VSMCs from SHR.
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