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Sulfatase 1 mediates the inhibitory effect of angiotensin II type 2 
receptor inhibitor on angiotensin II-induced hypertensive mediator 
expression and proliferation in vascular smooth muscle cells from 

spontaneously hypertensive rats

Hye Young Kim, Hye Ju Cha, Hee Sun Kim

Department of Microbiology, Yeungnam University College of Medicine, Daegu, Korea

Background: Extracellular sulfatases (Sulfs), sulfatase 1 (Sulf1) and sulfatase 2 (Sulf2), play a pivotal role in 
cell signaling by remodeling the 6-O-sulfation of heparan sulfate proteoglycans on the cell surface. The 
present study examined the effects of Sulfs on angiotensin II (Ang II)-induced hypertensive mediator expre- 
ssion and vascular smooth muscle cells (VSMCs) proliferation in spontaneously hypertensive rats (SHR).
Methods: Ang II receptors, 12-lipoxygenase (12-LO), and endothelin-1 (ET-1) messenger RNA (mRNA) ex- 
pressions in SHR VSMCs were analyzed by real-time polymerase chain reaction and Western blotting. VSMCs 
proliferation was determined by [3H]-thymidine incorporation.
Results: Basal Sulfs mRNAs expression and enzyme activity were elevated in SHR VSMCs. However, Sulfs 
had no effect on the basal or Ang II-induced 12-LO and ET-1 mRNA expression in SHR VSMCs. The 
inhibition of Ang II-induced 12-LO and ET-1 expression by blockade of the Ang II type 2 receptor (AT2 R) 
pathway was not observed in Sulf1 siRNA-transfected SHR VSMCs. However, Sulf2 did not affect the action 
of AT2 R inhibitor on Ang II-induced 12-LO and ET-1 expression in SHR VSMCs. The down-regulation of 
Sulf1 induced a reduction of AT2 R mRNA expression in SHR VSMCs. In addition, the inhibition of Ang 
II-induced VSMCs proliferation by blockade of the AT2 R pathway was mediated by Sulf1 in SHR VSMCs.
Conclusion: These findings suggest that extracellular sulfatase Sulf1 plays a modulatory role in the AT2 
R pathway that leads to an Ang II-induced hypertensive effects in SHR VSMCs.
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INTRODUCTION

Extracellular sulfatases (Sulfs) are hydrolytic enzymes that 

regulate cell metabolism and signaling [1]. There are 17 dis-
tinct sulfatases in humans and 14 sulfatases in rodents. Sulfa- 

tases are classified as lysosomal, nonlysosomal, and Sulfs, ac-
cording to their localization [1,2]. Sulfs are designated as hep-

arin sulfate 6-O-endosulfatases, and to date, human, mouse, 
and rat orthologs have been cloned [3,4]. There are two kinds 
of heparin sulfate 6-O-endosulfatases: sulfatase 1 (Sulf1) or 

sulfatase FP1 (SulfFP1) and sulfatase 2 (Sulf2) or sulfatase FP2 
(SulfFP2) [4]. Sulf1 and Sulf2 regulate cell signaling by remo- 
deling the heparan sulfate proteoglycans (HSPGs) on the 

surface of cells. HSPGs bind to growth factors, inhibiting 
their downstream signaling pathways. Removal of 6-O-sulfate 
groups from HSPGs via sulfatases leads to the release of bound 

growth factors, which modulate signaling pathways [1,3]. 
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Therefore, altered Sulfs activity plays an important role in 
both cell survival and proliferation. In addition to cell signal-
ing, Sulfs modulate various cellular processes, such as cell de-

velopment, tumor growth, muscle regeneration, neuromodu- 
lation, and immunomodulation [1,5-7]. Mice with double 
knockout Sulf1 and Sulf2 show significant developmental de-

fects and reduced body weight [8,9]. Although Sulf1 and 
Sulf2 are structurally similar and modulate cell signaling, they 
have opposite effects in tumor cells. Sulf1 in cancer cells is 

known to inhibit angiogenesis and proliferation [10,11]. Con- 
trastingly, Sulf2 has pro-angiogenic and tumorigenic effects 
[12,13]. Therefore, Sulfs have been proposed to be novel re-

agents for modifying HSPGs or therapeutic targets for cancer 
treatment.

The pathophysiological roles of Sulfs in the development 

or maintenance of hypertension have not yet been fully elu- 
cidated. HSPGs are found in vascular walls, and reduced 
HSPG levels in the glomerular basement membrane are asso-

ciated with essential hypertension [14]. Sulfs are known to 
regulate 6-O-sulfation of HSPGs; thus, they have been asso-
ciated with the mediation of several functions of vascular 

smooth muscle cells (VSMCs) [13,15]. Sulfs may play a func-
tional role in the development and maintenance of hyperten- 
sive vasculature since expression of hypertensive mediators 

and proliferation of VSMCs are important pathologic features 
of hypertension.

To the best of our knowledge, there have been no studies 

evaluatibg the relationship between Sulfs and the develop-
ment and maintenance of hypertension. Although Sulfs have 
been established to mediate cell signaling and proliferation, 

the exact mechanism of Sulfs in hypertensive VSMCs have 
not been fully elucidated. Therefore, as a preliminary study 
to determine the relationship between Sulfs activity and path-

ophysiologic process of hypertensive cells, we examined the 
effects of Sulfs on angiotensin II (Ang II)-induced hyperten- 
sive mediators, 12-lipoxygenase (12-LO), and endothelin-1 

(ET-1) expression, as well as cell proliferation in VSMCs from 
spontaneously hypertensive rats (SHR).

MATERIALS AND METHODS 

1. Reagents

Total RNA extraction kit was purchased from iNtRON 

(Biotechnology Inc, Seoul, Korea). Dulbecco’s Modified Eagle’s 
medium (DMEM), fetal bovine serum (FBS) and penicillin- 
streptomycin were purchased from Lonza (Walkersville, MD, 

USA). Ang II was purchased from Calbiochem (San Diego, 
CA, USA). Losartan and PD123319 were purchased from Sig- 
ma-Aldrich Co. (St. Louis, MO, USA). LightCycler FastStart 

DNA SYBR Green I Mix was purchased from Roche (Mann- 
heim, Germany). Lipofectamine 2000 was purchased from 
Invitrogen (Carlsbad, CA, USA). Primer oligomers for Ang II 

type 1 receptor (AT1 R), Ang II type 2 receptor (AT2 R), Sulf1, 
Sulf2, 12-LO, ET-1, and β-actin were synthesized at Bionics 
(Daejeon, Korea). 12-LO and ET-1 antibodies were purchased 

from Santa Cruz Biotechnology (California, USA). AT2 R an-
tibody was purchased from Abcam (Cambridge, UK). Mono- 
clonal anti-γ-tubulin antibody was purchased from Sigma- 

Aldrich (St. Louis, MO, USA). Rat Sulf1 small interfering RNA 
(siRNA) oligomers were purchased from Bioneer technology 
(Daejeon, Korea). Rat Sulf2 siRNA oligomers were purchased 

from Santa Cruz Biotechnology (California, USA). Negative 
control siRNA was purchased from Invitrogen (Carlsbad, CA, 
USA). All other reagents used in this study were pure-grade 

commercial preparations.

2. Animals

Specific pathogen-free, inbred normotensive, male Wistar- 
Kyoto rats (WKY) and SHR, all aged 22-weeks, were pur-

chased from Japan SLC Inc. (Shizuoka, Japan). All experi- 
mental animals were fed autoclaved food and received bed-
ding in order to minimize exposure to microbial pathogens. 

This experiment was approved by the Institutional Animal 
Care and Use Committee of the Yeungnam University College 
of Medicine (protocol no. YUMC-AEC2013-006).

3. Preparation of VSMCs

VSMCs were isolated from the thoracic aortas of these 
rats, following the explant method [16]. VSMCs were cul-
tured in DMEM, which had been supplemented with 10% 

FBS and 1% penicillin-streptomycin. The cells were detached 
with 0.25% trypsin/EDTA and seeded into 75 cm2 tissue cul-
ture flasks at a density of 105 cells/mL. All experiments were 

conducted during cell passages 3 to 7. Prior to stimulation, 
95% confluent VSMCs were serum-starved overnight in 
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DMEM containing 0.1% FBS. The cell cultures were incu- 
bated in a humidified incubator at 37℃ and 5% CO2 in the 
presence or absence of stimuli for the indicated time.

4. Preparation of total RNA and real-time poly- 

merase chain reaction (PCR)

Total RNA was isolated using an easy-BLUE total RNA 
extraction kit (iNtRON Biotechnology, Seoul, Korea). AT1 
R, AT2 R, Sulf1, Sulf2, 12-LO, and ET-1 complementary 

DNAs (cDNAs) were obtained from VSMCs by reverse tran-
scription of 1 μg of total RNA. Reverse transcription of the 
RNA was performed using oligo dT primer Maxime RT Pre- 

Mix (iNtRON Biotechnology, Seoul, Korea). cDNAs were 
then subjected to real-time PCR using a LightCycler with 
the FastStart DNA Master SYBR Green kit. PCR amplifica-

tion was performed as previously described by Kim et al. [16]. 
The primers used for PCR were as follows: AT1 R (445 bp) 
sense, 5’-cacctatgtaagatcgcttc-3’, antisense, 5’-gcacaatcgccataa- 

ttatcc-3’; AT2 R (65 bp) sense, 5’-ccgtgaccaagtcttgaagatg-3’, 
antisense, 5’-agggaagccagcaaatgatg-3’; Sulf1(136 bp) sense, 
5’-aaacagtgcaacccaagacc-3’, antisense, 5’-ttgccagttggtgtctgaag- 

3’; Sulf2 (73 bp) sense, 5’-ggcttagagacggaggaag-3’, antisense, 
5’-ggtctcttcatttctggcca-3’; 12-LO(312 bp) sense, 5’-tggggcaac- 
tggaagg-3’, antisense, 5’-agagcgcttcagcaccat-3’; ET-1 (370 bp) 

sense, 5’-ctcctccttgatggacaagg-3’, antisense, 5’-cttgatgctgttgct- 
catgg-3’; and β-actin (101 bp) sense, 5’-tactgccctggctcctagca- 
3’, antisense, 5’-tggacagtgaggccaggatag-3’. mRNA level of 

each sample was normalized to the mRNA level of β-actin, 
a housekeeping gene.

5. Measurement of sulfatase activity

The activity levels of Sulfs in cell lysate (30μg) were meas-

ured using a sulfatase activity assay kit obtained from Abcam 
(Cambridge, UK). All procedures were performed in accord-
ance with the manufacturer’s instructions.

6. Western blotting

Total lysates were prepared in PRO-PREP buffer (iNtRON, 
South Korea). Protein concentrations were determined by the 
Bradford assay (Bio-Rad, Richmond, CA, USA), using bovine 

serum albumin as the standard. Twenty-microgram protein 

samples were separated on 10% SDS-polyacrylamide gels, 
and then transferred to the nitrocellulose membranes. The 
membranes were soaked in 5% nonfat dried milk in tris buf-

fered saline (TBST, 10 mmol/L Tris-HCl pH 7.5, 150 mmol/L 
NaCl and 0.05% Tween-20) for 1 h, and then incubated for 
16-18 h with polyclonal antibody against AT2 R (dilution 

1/800), 12- LO (dilution 1/400), ET-1 (dilution 1/400), and 
monoclonal antibody against γ-tubulin (dilution 1/2,000) at 
4℃. The membranes were washed three times with TBST 

for 10 min, and then incubated with horseradish peroxidase- 
conjugated secondary antibody for 1 h at 4℃. The membranes 
were rinsed three times with TBST for 10 min, and the anti-

gen-antibody complex was detected using the enhanced che- 
miluminescence detection system(LAS-3000, Fujifilm, Japan).

7. Small interfering RNA 

VSMCs were plated on 6-well plates and grown to 90% 

confluence. VSMCs were then transfected with Sulf1 or Sulf2 
siRNA oligomers (50 nmol/L), using lipofectamine 2000 in ac-
cordance with the manufacturer’s instructions. After 24 h of 

incubation, VSMCs were placed a growth medium for 24 h 
before starting the experiments. The cells were then cultured 
in the presence or absence of stimuli for 2 h. The sense and 

antisense oligonucleotides were as follows: Sulf1 siRNA sense, 
5’-gugacuucaggaaugagau-3’, antisense, 5’-aucucauuccugaagu- 
cac-3’; and Sulf2 siRNA sense, 5’-cacaucacaccgaguuaca-3’, an-

tisense, 5’-uguaacucggugugaugug-3’.

8. VSMCs proliferation

VSMCs were plated on 24-well plates with serum-free me-
dium for 24 h and then exposed to stimulant. [3H]-thymidine 

(1 μCi/mL) (Perkin Elmer 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, CT, USA).  

9. Statistical analysis

The results were expressed as the means±SEM of at least 
three or four independent experiments. Statistical significance 
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Fig. 1. Gene expression and activity of Sulfs are increased in SHR VSMCs, and Sulfs have no effect on expression levels of Ang
II-induced 12-LO and ET-1 mRNA in SHR VSMCs. (A) WKY and SHR VSMCs were untreated (NT) or treated with Ang II (0.1 
μmol/L) for 2 h. After total RNAs or cell lysates were isolated, real-time PCR or sulfatase activity assay was performed. Bars represent
means±SEM from three independent experiments. a)p<0.05, b)p<0.01, c)p<0.001 vs. untreated WKY or SHR VSMCs. (B) SHR VSMCs
were plated on 6-well plates, grown to 90% confluence, and transfected with Sulf1, Sulf2, or control siRNA oligomers (50 nmol/L).
Total RNAs were analyzed by real-time PCR to confirm successful transfection. Additionally transfected VSMCs were untreated (NT)
or treated with Ang II (0.1 μmol/L) for 2 h, after which 12-LO or ET-1 mRNA expression was determined by real-time PCR. Non-TF: 
non-transfected SHR VSMCs. Bars represent the means±SEM of three independent experiments. Sulfs, extracellular sulfatases; Ang
II, angiotensin II; WKY, Wistar-Kyoto rats; SHR, spontaneously hypertensive rats; 12-LO, 12-lipoxigenase; ET-1, endothelin-1; VSMCs,
vascular smooth muscle cells; Sulf1, sulfatase 1; Sulf2, sulfatase 2; siRNA, small interfering RNA.

was determined by Student’s t-test. A p-value of less than 
0.05 was considered as statistically significant. Statistical anal-
ysis was performed using IBM SPSS version 23.0 (IBM Co., 

Armonk, NY, USA).

RESULTS

1. Gene expression and enzyme activity of 
Sulfs are elevated in SHR VSMCs

The basal expression levels of Sulfs mRNAs and enzyme 

activity were examined in WKY and SHR VSMCs. The basal 
expression levels of Sulf1 and Sulf2 mRNAs in SHR VSMCs 
were compared with those in WKY VSMCs (Fig. 1A). The 

enzyme activity of Sulfs in SHR VSMCs was also higher than 
that in WKY VSMCs (Fig. 1A). In addition, we observed the 
direct effect of Ang II on Sulf1 and Sulf2 mRNA expressions 

in bothe WKY and SHR VSMCs. Ang II reduced the expre- 
ssion levels of Sulf1 and Sulf2 mRNA, as well as Sulfs activity 
in both WKY and SHR VSMCs (Fig. 1A). Next, we examined 

the effects of Sulf1 and Sulf2 on mRNA expressions of Ang 
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Fig. 2. Expression of Ang II-induced 12-LO and ET-1 mRNA is not inhibited by AT2 R inhibitor, PD123319, in Sulf1 siRNA-transfected
SHR VSMCs. SHR VSMCs were plated on 6-well plates, grown to 90% confluence, and transfected with Sulf1 (A), Sulf2 (B), or
control siRNA oligomers (50 nmol/L). Total RNAs were analyzed by real-time PCR to confirm successful transfection. Additionally, 
SHR VSMCs were treated with or without Ang II (0.1 μmol/L) in the presence or absence of losartan (AT1 R inhibitor, 10 μmol/L)
or PD123319 (AT2 R inhibitor, 10μmol/L) for 2 h, after which total RNAs were analyzed by real-time PCR. Bars represent the means±
SEM of three inde- pendent experiments. a)p<0.05, b)p<0.01, c)p<0.001 vs. non-transfected or transfected SHR VSMCs treated with
Ang II. Ang II, angiotensin II; 12-LO, 12-lipoxigenase; ET-1, endothelin-1; AT2 R, angiotensin II type 2 receptor; VSMCs, vascular
smooth muscle cells; SHR, spontaneously hypertensive rats; Sulf1, sulfatase 1; Sulf2, sulfatase 2.

II-induced hypertensive mediators, 12-LO and ET-1, in SHR 
VSMCs. Real-time PCR was performed after Sulf1 or Sulf2- 
directed siRNA was transfected into SHR VSMCs. Both Sulf1 

and Sulf2 had no statistically significant effect on the basal 
or Ang II-induced 12-LO and ET-1 mRNA expressions in 
SHR VSMCs (Fig. 1B).

2. Sulf1 mediates inhibition of Ang II-induced 

12-LO and ET-1 mRNA expressions by AT2 

R inhibitor in SHR VSMCs

Expressions of Ang II-induced 12-LO and ET-1 mRNA are 
mediated through the AT1 R and AT2 R pathways [17,18]. 

Although Sulf1 and Sulf2 did not affect the expressions of 
Ang II-induced 12-LO and ET-1 mRNA, the activity of Sulfs 
was elevated in SHR VSMCs, while Ang II inhibited the gene 

expression and activity of Sulfs. Therefore, we examined the 
effects of Sulf1 and Sulf2 on the AT1 R or AT2 R pathways, 
that mediate, Ang II-induced 12-LO and ET-1 mRNA ex-

pressions in SHR VSMCs. Down-regulation of Sulf1 did not 
affect the inhibition of Ang II-induced 12-LO and ET-1 
mRNA expressions by the AT1 R inhibitor losartan, but did 

affect the inhibition of Ang II-induced 12-LO and ET-1 
mRNA expressions by the AT2 R inhibitor, PD123319 (Fig. 
2A). The inhibition of Ang II-induced 12-LO and ET-1 

mRNA expression by AT2 R inhibitor was not detected in 
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Fig. 3. Sulf1 mediates inhibition of Ang II-induced 12-LO and ET-1 expression by AT2 R inhibitor in SHR VSMCs. SHR VSMCs
were plated on 6-well plates, grown to 90% confluence, and transfected with Sulf1 or control siRNA oligomers (50 nmol/L). Total
RNAs were analyzed by real-time PCR to confirm successful transfection. Additionally, SHR VSMCs were treated with or without
Ang II (0.1 μmol/L) in the presence or absence of PD123319 (AT2 R inhibitor, 10 μmol/L) for 2 h, after which 12-LO and ET-1 protein
expression was determined by immunoblotting and densitometric analyses. Data shown are representative of three independent 
experiments. Bars represent the means±SEM of three independent experiments. a)p<0.05, b)p<0.01, c)p<0.001 vs. non-transfected
or transfected SHR VSMCs treated with Ang II. Sulf1, sulfatase 1; Ang II, angiotensin II; 12-LO, 12-lipoxigenase; ET-1, endothelin-1;
AT2 R, angiotensin II type 2 receptor; SHR, spontaneously hypertensive rats; VSMCs, vascular smooth muscle cells.

Sulf1 siRNA-transfected SHR VSMCs. However, the down- 
regulation of Sulf2 did not affect the inhibition of Ang II- 
induced 12-LO and ET-1 mRNA expression by losartan or 

PD123319 in SHR VSMCs (Fig. 2B). To confirm the effect 
of Sulf1 on the AT2 R pathway, we performed a Western 
blot analysis to observe the inhibition of Ang II-induced 12- 

LO and ET-1 protein production by AT2 R inhibitor in SHR 
VSMCs transfected with Sulf1 siRNA. Down-regulation of 
Sulf1 reduced the inhibition of Ang II-induced 12-LO and 

ET-1 protein production by PD123319 (Fig. 3). The rate of 
inhibition of Ang II-induced 12-LO protein production by 
PD123319 in Sulf1 siRNA-transfected SHR VSMCs was re-

duced to 3.8±0.4%, when compared with 19.9±0.4% in the 
control siRNA-transfected SHR VSMCs. In the case of ET-1 
protein expression, the rate of inhibition of Sulf1 siRNA-trans- 

fected SHR VSMCs was reduced to 6.0±2.5%, when compared 
with 21.5±1.4% in the control siRNA-transfected SHR VSMCs.

We subsequently examined whether Sulf1 or Sulf2 has any 

mediating effect on the inhibition of Ang II-induced 12-LO 
and ET-1 mRNA expressions by AT1 R or AT2 R inhibitor 
in WKY VSMCs. Contrary to SHR VSMCs, down-regulation 

of Sulf1 did not alter the inhibitory effect of PD123319 on 
Ang II-induced 12-LO and ET-1 mRNA expressions (Fig. 4). 
Neither Sulf1 nor Sulf2 mediated the inhibitory effect of AT1 

R or AT2 R inhibitor on Ang II-induced 12-LO and ET-1 

mRNA expressions in WKY VSMCs.

3. Sulf1 maintains expression of AT2 R in SHR 
VSMCs

We examined the direct effects of Sulf1 and Sulf2 on the 
expression of Ang II-induced AT1 R and AT2 R mRNAs in 
SHR VSMCs. Real-time PCR was performed after Sulf1 or 

Sulf2-directed siRNA was transfected into SHR and WKY 
VSMCs. Sulf1 and Sulf2 had no statistically significant ef-
fect on the AT1 R mRNA expression in both WKY and SHR 

VSMCs and no statistically significant effect on the AT2 R 
mRNA expression in WKY VSMCs (Fig. 5A). Although the 
rate of reduction of the AT2 R mRNA expression was low, 

a down-regulation of Sulf1 resulted in lowered AT2 R mRNA 
expression in SHR VSMCs. Contrastingly, a down-regulation 
of Sulf2 had no effect on the AT2 R mRNA expression in 

SHR VSMCs (Fig. 5A). We also observed a reduction of AT2 
R protein production in Sulf1 siRNA-transfected SHR VSMCs 
(Fig. 5B).

4. Inhibition of Ang II-induced VSMCs pro- 
liferation by AT2 R inhibitor is mediated 
through Sulf1 in SHR VSMCs

Sulfs have been established to mediate cell proliferation; 
Ang II have been known to induce VSMCs proliferation [17]. 
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Fig. 4. Both of Sulf1 and Sulf2 do not mediate inhibition of Ang II-induced 12-LO and ET-1 expression by AT2 R inhibitor in WKY
VSMCs. WKY VSMCs were plated on 6-well plates, grown to 90% confluence, and transfected with Sulf1 or control siRNA oligomers
(50 nmol/L). Total RNAs were analyzed by real-time PCR to confirm successful transfection. Additionally, WKY VSMCs were treated
with or without Ang II (0.1μmol/L) in the presence or absence of losartan (AT1 R inhibitor, 10μmol/L) or PD123319 (AT2 R inhibitor,
10 μmol/L) for 2 h, after which total RNAs were analyzed by real-time PCR. Bars represent the means±SEM of three independent
experiments. a)p<0.05 vs. non-transfected or transfected WKY VSMCs treated with Ang II. Sulf1, sulfatase 1; Ang II, angiotensin
II; 12-LO, 12-lipoxigenase; ET-1, endothelin-1; AT1 R, angiotensin II type 1 receptor; AT2 R, angiotensin II type 2 receptor; WKY,
Wistar-Kyoto rats; VSMCs, vascular smooth muscle cells.

Thus, we investigated whether Sulf1 or Sulf2 mediates Ang 
II-induced SHR VSMCs proliferation. Ang II-induced VSMCs 
proliferation is mediated through both the AT1 R and AT2 

R pathways. Therefore, we examined the effects of Sulf1 and 
Sulf2 on the inhibition of Ang II-induced VSMCs prolifera- 
tion via the AT1 R or AT2 R inhibitor in SHR VSMCs. First, 

both Sulf1 and Sulf2 showed to have no effect on Ang II-in-
duced VSMCs proliferation, as well as basal VSMCs prolife- 
ration (Fig. 6A). Second, Sulf1 or Sulf2 did not affect the 

inhibition of Ang II-induced VSMCs proliferation by the AT1 
R inhibitor; losartan, and Sulf2 did not alter inhibition of 
Ang II-induced VSMCs proliferation by the AT2 R inhibitor 

PD123319 in SHR VSMCs. However, the inhibition of Ang 
II-induced VSMCs proliferation by PD123319 was abrogated 
in Sulf1 siRNA-transfected SHR VSMCs (Fig. 6B). Sulfs did 

not alter the inhibitory effects of losartan and PD123319 
on Ang II-induced VSMCs proliferation in WKY VSMCs.

DISCUSSION

In the present study, we demonstrated that Sulfs, both Sulf1 
and Sulf2, have no direct effect on the basal or Ang II-induced 
12-LO and ET-1 expressions as well as on the cell pro-

liferation in SHR VSMC; however, we showed that Sulf1 
mediates the inhibitory action of AT2 R blocker on Ang II-in-
duced 12-LO and ET-1 expression and cell proliferation in 

SHR VSMCs.
Study on Sulfs first began around 2001 with the cloning 

of murine and human Sulfs; the first demonstration of glucos-

amine 6-O-endosulfatases [4]. Thereafter, Sulfs have been 
studied mainly as positive or negative regulators of carcino-
genesis, as well as important modulators of cell signaling.

In has previously been determined that migration and pro-
liferation of VSMCs induce intimal thickening as an im-
portant feature of hypertensive vasculature. The maintenance 
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Fig. 5. Sulf1 affects expression of AT2 R mRNA in SHR VSMCs. (A) WKY and SHR VSMCs were plated on 6-well plates, grown 
to a confluency of 90%, and then transfected with Sulf1, Sulf2, or control siRNA oligomers (50 nmol/L). Total RNAs from transfected
or non-transfected VSMCs were analyzed by real-time PCR to confirm successful transfection, after which AT1 R and AT2 R mRNA
levels were measured. Bars represent means±SEM from three independent experiments. Non-TF: non-transfected WKY or SHR 
VSMCs. b)p<0.01 vs. control siRNA-transfected SHR VSMCs, (B) SHR VSMCs were transfected with Sulf1 or control siRNA oligomers
(50 nmol/L). AT2 R protein expression was determined by immunoblotting and densitometric analyses. Non-TF: non-transfected SHR
VSMCs. Data shown are representative of three independent experiments. Bars represent the means±SEM of three independent 
experiments. a)p<0.05 vs. control siRNA-transfected SHR VSMCs. Sulf1, sulfatase 1; Sulf2, sulfatase 2; AT1 R, angiotensin II type
1 receptor; AT2 R, angiotensin II type 2 receptor; WKY, Wistar-Kyoto rats; SHR, spontaneously hypertensive rats; VSMCs, vascular
smooth muscle cells.

of normal 6-O sulfation levels by Sulf1 has been established 
to be important for the functions of VSMCs [15]. Overexpre- 
ssion or knockdown of the Sulf1 gene in normal VSMCs 

inhibits adhesion, while inducing proliferation and apoptosis. 
In osteoarthritis, expression of Sulfs is higher in osteoarthritic 
cartilage and old cartilage as compared with normal cartilage. 

This up-regulation of Sulfs mRNA expression and activity may 
alter the growth factor signaling pathways, leading to abnor-
mal chondrocyte activation and cartilage degradation in os-

teoarthritis [19,20]. Therefore, it is possible that Sulfs play 
a functional role in hypertensive VSMCs, elevating the Sulf 
activity. However, to date, no study has evaluated the linkage 

between Sulfs and hypertensive VSMCs. The goal of this 
study was to evaluate the effects of Sulfs on hypertensive 
mediators and VSMCs proliferation in SHR VSMCs. We per-

formed siRNA down-regulation to examine the role of Sulf1 
or Sulf2 on the expression of basal or Ang II-induced hyper-
tensive mediators and VSMCs proliferation in SHR VSMCs.

As shown in our results, basal expression of Sulfs mRNAs 
and activity in SHR VSMCs were higher than those in normo-
tensive WKY VSMCs. However, Ang II inhibited Sulfs mRNA 

expression and activity in SHR VSMCs. Therefore, we hy-
pothesize that a high expression of Sulfs in SHR VSMCs may 
protect against hypertensive environment. On the other hand, 

Sulfs exerted no significant effects on the basal or Ang II-in-
duced expression of hypertensive mediators, 12-LO and ET-1, 
in SHR VSMCs. However, unexpectedly, the inhibition of 

Ang II-induced 12-LO and ET-1 expressions by AT2 R in-
hibitor, PD123319, was almost abrogated in Sulf1 siRNA- 
transfected SHR VSMCs. This suggests that although Sulfs 

may not directly affect the expression of Ang II-induced hy-
pertensive mediators, Sulf1 may likely affect the AT2 R path-
way in the expression of Ang II-induced hypertensive media-

tors in SHR VSMCs. This result was not detected in Sulf1 
siRNA-transfected WKY VSMCs (Fig. 4). Additionally, we ob- 
served the same results with other AT2 R inhibitor, PD123177 

(data not shown). Hypertensive environments in SHR VSMCs 
are different from normal environments in WKY VSMCs. 
First, the expression of Sulfs in WKY VSMCs has been shown 

to be lower than that in SHR VSMCs, and productions of 
Ang II-induced signaling molecules, including vasoactive me-
diators, have been established to be elevated in SHR relative 
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Fig. 6. Inhibition of Ang II-induced VSMCs proliferation by AT2 R inhibitor, PD123319, is mediated
through Sulf1 in SHR VSMCs. (A) SHR VSMCs were plated on 24-well plates, grown to 90% confluence,
and then transfected with Sulf1, Sulf2, or control siRNA oligomers (50 nmol/L). Total RNAs were analyzed
by real-time PCR to confirm successful transfection, after which SHR VSMCs were then untreated (NT) 
or treated with Ang II (0.1 μmol/L) for 24 h in medium containing [3H]-thymidine (1 μCi/mL). [3H]-thy- 
midine incorporation is shown on the Y-axis. Bars represent means±SEM from four independent ex- 
periments. a)p<0.05, b)p<0.01, c)p<0.001 vs. non-transfected or transfected untreated SHR VSMCs. (B)
Non-transfected or transfected WKY or SHR VSMCs VSMCs were treated with or without Ang II (0.1 
μmol/L) in the presence or absence of losartan (AT1 R antagonist, 10 μmol/L) or PD123319 (AT2 R anta-
gonist, 10 μmol/L) for 24 h in medium containing [3H]-thymidine (1 μCi/mL). Bars represent the means±
SEM of four independent experiments. a)p<0.05, b)p<0.01 vs. non-transfected or transfected WKY or SHR
VSMCs treated with Ang II. Ang II, angiotensin II; AT1 R, angiotensin II type 1 receptor; AT2 R, angio-
tensin II type 2 receptor; Sulf1, sulfatase 1; Sulf2, sulfatase 2; siRNA, small interfering RNA; WKY, Wistar-
Kyoto rats; SHR, spontaneously hypertensive rats; VSMCs, vascular smooth muscle cells.

to normotensive WKY [21-23]. Therefore, various environ-
ments between SHR and WKY VSMCs may give rise to differ-

ent response to Sulfs.
Ang II a well-known vasoconstrictor and blood pressure 
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regulator, and the regulatory role of Ang II in blood pressure 
is mediated via two receptors, AT1 R and AT2 R [24,25]. The 
expression of AT1 R is generally higher than that of AT2 R 

in VSMCs [24]. The major actions of Ang II, including vaso-
constriction, inflammation, and VSMCs proliferation, are 
mediated through the AT1 R pathway [25]. In contrast, AT2 

R antagonizes the up-regulatory actions of AT1 R in the hy-
pertensive vasculature [24]. The expression levels of AT1 R 
and AT2 R, including hypertensive mediators, in SHR VSMCs 

have been shown to be significantly higher than those in nor-
motensive WKY VSMCs [18]. In our previous studies, the 
down-regulatory effect of CCL5 on the expression of Ang II- 

induced hypertensive mediators has been shown to be medi-
ated through the AT2 R pathway [26]. In addition, the ex-
pression of IL-10-induced dimethylarginine dimethylamino-

hydrolase, a down-regulator of hypertension, has been medi-
ated by the AT2 R pathway [27]. Namely, an association be-
tween AT2 R pathway and anti-hypertensive actions of IL-10 

and CCL5 in SHR VSMCs has been determined [26-28]. 
However, the functional roles of AT2 R remain controversial. 
Until now, the relationship between Ang II receptors and 

Sulfs has not been evaluated in hypertension studies. In this 
study, Sulfs did not affect AT1 R expression in SHR VSMCs, 
whereas Sulf1 was associated with the expression of AT2 R 

in SHR VSMCs. Although the rate of reduction of AT2 R 
expression was low in Sulf1 siRNA-transfected SHR VSMCs, 
a reduction of AT2 R expression mediated by down-regu-

lation of Sulf1 was statistically significant. Moreover, the in-
hibitory effect of AT2 R inhibitor on expression of Ang II-in-
duced hypertensive mediators was abrogated in Sulf1 siRNA- 

transfected SHR VSMCs, similar to that in AT2 R siRNA- 
transfected SHR VSMCs (data not shown). Ang II-induced 
VSMCs proliferation was also mediated in both path- 

ways. However, the inhibitory effect of AT2 R inhibitor on 
Ang II-induced VSMCs proliferation was abrogated in Sulf1 
siRNA-transfected SHR VSMCs and Ang II-induced hyper-

tensive mediators. Taken together, these results suggest that 
the maintenance of AT2 R expression via Sulf1 on the AT2 
R pathway plays an important role in the inhibition of AT2 

R inhibitor on Ang II-induced hypertensive mediator ex-
pression and cell proliferation in SHR VSMCs.

In general, Sulf1 has been known to inhibit cancer cell pro- 

liferation [29,30]. Moreover, Sulf1 expression has been esta- 
blished to be down-regulated in ovarian, breast, and hep-

atocellular cancers [10,11,29]. Dysregulated Sulf1 activity has 
also been shown to be associated with increased VSMCs pro-
liferation [15]. Contrastingly, Sulf2 has been known to in-

crease tumor cell proliferation [2,31]. Abnormal VSMCs pro-
liferation is a characteristic feature of vascular hypertension, 
contributing to the harmful remodeling of blood vessels. There- 

fore, we observed the effect of Sulfs on hypertensive VSMCs 
proliferation. Unexpectedly, Sulf1 and Sulf2 had no effect 
on the basal or Ang II-induced proliferation of VSMCs in 

SHR. Since Sulfs are extracellular proteins, they could affect 
VSMCs. Sala-Newby et al. [15] has reported that both overex- 
pression and down-regulation of Sulf1 can induce VSMCs 

proliferation. Although mRNA expression and activity of Sulfs 
were elevated in SHR VSMCs, neither Sulf1 nor Sulf2 had 
any effect on basal or Ang II-induced proliferation of VSMCs 

in SHR. Thus, the mechanism of Sulf1 in the context of 
VSMCs proliferation between hypertensive and normotensive 
VSMCs must further be elucidated.

In contrast to Sulf1, Sulf2 showed to have no effect on 
the inhibition of AT2 R blockade regarding Ang II-induced 
hypertensive mediator expression and proliferation in SHR 

VSMCs. Moreover, Sulf2 did not affect AT2 R expression 
in SHR VSMCs. Although the structures of Sulf1 and Sulf2 
are similar with a highly conserved N-terminal region do-

mains they show different structures in the COOH-terminal 
regions. The domains of their COOH-terminal regions bind 
to the heparin sulfate chains. Therefore, differences in the 

heparin sulfate binding sites of the COOH-terminal domains 
of Sulf1 and Sulf2 may result in functional differences. Whe- 
reas Sulf1 has a tumor suppressive effect via the inhibition 

of receptor tyrosine kinase signaling by desulfation of HSPG, 
Sulf2 has an oncogenic effect via the activation of receptor 
tyrosine kinases [31,32].

In conclusion, Sulf1 mediates the inhibitory effect of AT2 
R inhibitor on Ang II-induced hypertensive mediator expre- 
ssion and proliferation in SHR VSMCs. Namely, Sulf1 is as-

sociated with the AT2 R pathway via the maintenance of AT2 
R expression or an unknown action mechanism in SHR 
VSMCs. Although further study is required to better elucidate 

the discrete mechanisms of Sulf1 in the AT2 R pathway in 
SHR VSMCs, this study demonstrates a new role of Sulf1 
on AT2 R pathway in Ang II-induced hypertensive effects 

in SHR VSMCs.
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