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ABSTRACT

Objective. To investigate whether Smad2/3 signaling is
involved in urotensin II (UII) induced activation of aortic
adventitial fibroblasts. Materials and Methods. Growth-ar-
rested adventitial fibroblasts were stimulated with UII in the
presence or absence of urotensin II receptor (UT) antagonist
SB710411 or transfected with Smad2/3 small inhibitory
RNA (siRNA). Ull-stimulated Smad2/3 phosphorylation, a-
smooth muscle actin (a-SMA), and collagen I expression
and migration of adventitial fibroblasts were evaluated by
western blot analysis, real-time reverse transcription poly-
merase chain reaction, immunofluorescence, ELISA, and
transwell migration assay, respectively. Results. In cultured
adventitial fibroblasts, UII time- and dose-dependently stim-
ulated Smad2/3 protein phosphorylation, with maximal ef-
fect at 10 mol/l (increased by 147.2%, P<0.001). UIL
stimulated Smad2/3 upregulation and nuclear translocation.
SB710411 significantly inhibited these effects. In addition,
UII potently induced a-SMA and procollagen 1 protein or
mRNA expression (P<0.01), which were completely
blocked by Smad2 (decreased by 75.1%, 54.2% in protein,
and by 73.3% and 38.2% in mRNA, respectively, P<0.01)
or Smad3 siRNA (decreased by 80.3% and 47.0% in protein,
and by 72.3% and 47.7% in mRNA, respectively, P<0.01).
Meanwhile, Smad2 or smad3 siRNA significantly inhibited
the Ull-induced collagen 1 secretion and cell migration.
Conclusions. UIl may stimulate adventitial-fibroblast phe-
notype conversion, migration, and collagen I synthesis via
phosphorylated-Smad2/3 signal transduction pathways.

Introduction

Vascular fibrosis is a critical pathophysiological
procedure of many diseases such as hypertension, dia-
betes, and atherosclerosis,' characterized by excessive
deposition and extracellular matrix remodeling in the
vessel wall. Previous studies of vascular dysfunction
focused on the vascular intima and media. However,
recent studies revealed that vascular adventitia also
plays an important role in vascular regulation and dys-
function.*> Importantly, the phenotype differentiation
from adventitial fibroblasts into myofibroblasts plays a
central role in vascular fibrosis, with a-smooth muscle
actin (a-SMA) upregulation.*” The adventitia is a
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source of several vasoactive factors such as endothelin
1% angiotensin IL,° and transforming growth factor 8
(TGF-B),'® which may regulate vascular structure and
function via autocrine and/or paracrine mechanisms.

We previously found that urotensin II (UII), a po-
tent vasoconstrictive peptide, is an autocrine/paracrine
vasoactive factor for aortic adventitia.'> UII could
stimulate proliferation,'*!* migration of adventitial fi-
broblasts,’> as well as vascular smooth muscle cells
(VSMCs), and promote foam cell formation and col-
lagen production,!s!® involved in the process of vas-
cular fibrosis and remodeling. However, the
mechanisms have not been completely clarified.

Smad signaling participates in the process of vas-
cular fibrosis.!!>?° The receptor-regulated Smads, in-
cluding Smad2/3, are closely associated with vascular
fibrosis. Phosphorylated Smad2/3 forms a het-
erotrimeric complex with Smad4 and moves into the
nucleus to modulate transcription. The cytokine TGF-
[ promotes fibrosis via phosphorylation of Smad2/3.!
In addition, other vasoactive factors such as an-
giotensin II and advanced glycosylation end products
can promote vascular fibrosis by activating Smad sig-
naling. 2?22

In this study, we investigated whether Smad2/3
signaling is involved in Ull-induced adventitial-fi-
broblast phenotype differentiation, migration, and col-
lagen production.

Materials and Methods
Animals

Male Sprague-Dawley rats weighing 180-200 g
were supplied by the Animal Center, Shantou Univer-
sity Medical College, Shantou, China. Animal care and
experimental protocols complied with the Animal Man-
agement Rules of China and the Guide for Care and Use
of Laboratory Animals, Shantou University Medical
College. Experimentations were conducted in agree-
ment with the standards of animal care (National Insti-
tutes of Health Guide for the Care and Use of
Laboratory Animals).

Cell culture

The isolation and culture of adventitial fibroblasts
from rat aorta were essentially as described.!? Cells
were cultured in serum-free DMEM (Gibco, Invitro-
gen-Gibco, Carlsbad, CA, USA) in the presence or ab-
sence of UII (Phoenix Pharmaceuticals, Belmont, CA,
USA) (10, 10, 10® or 107 mol/l). To examine the
molecular basis of the action of UII, urotensin II recep-
tor (UT) antagonist SB710411 (Phoenix Pharmaceuti-
cals) (10°° mol/l) and, smad2 and smad3 small
inhibitory RNA (siRNA) were used. Cells from pas-
sages 3 to 5 were used for all experiments.
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Small inhibitory RNA knockdown

The primer sequences for siRNA targeting for
Smad2 were 5'-GAGCCACAGAGUAAUUACATT -
3’, and 5'-UGUAAUUACUCUGUGGCUCTT -3',
and for Smad3, 5-GCUGCUGCCUGAUU-
GAAAUTT- 3' and 5-UAAGACACGCUG-
GAACAGCGG-3". All siRNAs were chemically
synthesized by Shanghai GenePharma Co. Adventitial
fibroblasts were seeded at 70-80% for transfection,
then treated with Lipofectamine RNAIMAX Reagent
(Invitrogen, Carlsbad, CA, USA) and 100 pmol/ml
siRNA mixed in Opti-MEM. At 24 h after transfec-
tion, cells were incubated with UII (10-*mol/l) for an-
other 24 h. Smad2/3 phosphorylation, a-SMA, and
collagen I expression were determined.

Western blot analysis

After incubation, the culture medium was re-
moved, and adventitial fibroblasts were lysed directly
in the dish for 30 min with lysis buffer RIPA supple-
mented with 1 mol/l phenylmethylsulphonyl fluoride.
Lysates were cleared by centrifugation at 12 000 g for
5 min at 4°C. Protein content in the lysate was ana-
lyzed by use of bicinchonininc acid (BCA). Equal
amounts of protein were resolved by electrophoresis
on 10% SDS-PAGE (10% running gel, 5% stacking
gel) and transferred onto polyvinylidene fluoride
membrane with a 0.45 mm pore size. The membrane
was incubated in blocking buffer for 1 h at room tem-
perature, then incubated with primary monoclonal an-
tibody for a-SMA (Sigma, St. Louis, MO, USA;
1:2000), procollagenl (1:200), Phospho-Smad2 and
3 (Cell Signaling Technology, Boston, USA; 1:1000;
1:1000), phosphorylated Smad2/3 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), or glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (Pro-
teintech Group, USA; 1: 3000) 4°C overnight. Then,
the membrane was rinsed 3 times with TBS/Tween
20 and incubated in goat anti-mouse IgG-peroxidase
conjugate (1:5000) for 1 h at room temperature. Im-
munocomplexes were visualized by renaissance
chemiluminescence reagents and exposed to radi-
ographic film. The optical density of immunoblots
was determined by scanning densitometry.

Immunofluorescence

Cells were seeded on coverslips, then fixed with
4% paraformaldehyde in phosphate-buffered saline
(PBS) (pH 7.4) for 15 min at room temperature,
washed twice with ice-cold PBS, then incubated for
10 min in PBS containing 0.25% Triton X-100
(PBST). Then cells were incubated with 1% bovine
serum albumin in PBST for 30 min to block unspecific
binding of antibodies and incubated with primary an-
tibodies, followed by antibodies.
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Cell migration

Cell migration was measured by the use of a tran-
swell chamber apparatus with 8-mm pore size and
apolycarbonate membrane (Corning). Adventitial fi-
broblasts (5%10 cells/ml) were seeded in the upper
chamber in serum-free DMEM. After 6-h incubation,
the filters were removed, membranes were washed
with PBS, and cells beneath the membrane were fixed
with cold methanol for 15 min and stained with hema-
toxylin and eosin. Migrated adventitial fibroblasts
were quantified by counting 5 random fields under a
light microscope at 200% magnification in each mem-
brane.

Enzyme-linked immunosorbent assay

The type I collagen secretion from adventitial fi-
broblasts was measured by ELISA (Uscnlife, Wuhan,
China) according to the manufacturer’s instructions.
After incubation, the culture medium was collected,
centrifuged immediately, and added to 96-well plastic
plates. Absorbance of colored products was determined
with a microplate reader set to 450 nm. Experiments
were performed in triplicate, repeated 6 times.

Real-time reverse transcription polymerase chain
reaction

Total RNA was isolated directly from cells by use
of Trizol reagent (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions. RNA con-
centration and purity were analyzed by use of the
NanoDrop ND-1000 system with 260 nm absorbance
and 260/280 nm absorbance, respectively. Real-time re-
verse transcription polymerase chain reaction (RT-PCR)
reactions involved the TaKaRa SYBR PrimeScriptTM
RT-PCR Kit (TaKaRa Biotechnology, Dalian, China).
Reverse transcription to cDNA was accomplished at
37°C for 15 min, then 85°C for 5 sec. The primer se-
quences are in Table 1. PCR cycles were run at 95°C
for 3 sec and then 95°C for 5 sec, and 60°C for 30 sec,
for 40 cycles. The fluorescence emitted by SYBR
Green | dye was measured at the end of each cycle. For
each PCR product, a single narrow peak was obtained
by melting curve analysis at the specific melting curve

temperature, indicating specific amplifications. Exper-
iments were performed in triplicate. The relative mRNA
expression of the genes was determined by the 2-44¢
method.

Statistical analysis

Results are shown as mean+=SEM. Comparisons in-
volved one-way ANOVA, followed by the Student-
Newman-Keuls test. All data were analyzed by use of
GraphPad Prism 4.0. Two-tailed P<0.05 was considered
statistically significant.

Results

Urotensin II stimulated smad2/3 phosphorylation
in a urotensin II receptor-dependent manner
in adventitial fibroblasts

UII time-dependently stimulated Smad?2/3 protein
phosphorylation. Smad2/3 phosphorylation was in-
creased by 21.6% (P>0.05), 68.1% (P>0.05), 117.8%
(P<0.01), and 147.2% (P<0.001), respectively, after
3-, 6-, 12- and 24-h incubation with UII (10 mol/l)
(Figure 1A). UII (10-1°-10¥ mol/l) also dose-depen-
dently stimulated Smad 2/3 phosphorylation, with
maximal effect at 10 mol/l (increased by 82.8%,
P<0.05, Figure 1B), which was inhibited by
SB710411, the UT antagonist (decreased by 67.5%,
P<0.01, Figure 1C). Smad2/3 proteins were mainly lo-
cated in the cytosol, with weak expression in control
cells. UII induced Smad2/3 nuclear translocation and
upregulation, which was also significantly inhibited
by SB710411 (Figure 1D). These findings suggest that
UII stimulated smad2/3 phosphorylation in a UT-de-
pendent manner.

Smad2/3 small inhibitory RNA inhibited

the urotensin Il-induced a-smooth muscle actin
expression and collagen 1 synthesis and migration
in adventitial fibroblasts

To evaluate whether Smad2/3 is involved in Ull-in-
duced upregulation of a-SMA (a marker of adventitial
fibroblast differentiation into myofibroblast) and procol-

Table 1. Primers for real-time reverse transcription polymerase chain reaction.

Gene Primers

Smad2 Sense 5’-GAGCCACAGAGUAAUUACATT-3’
Anti- sense 5’-UGUAAUUACUCUGUGGCUCTT-3’

Smad3 Sense 5’-GCUGCUGCCUGAUUGAAAUTT-3’
Anti- sense 5’-AUUUCAAUCAGGCAGCAGCTT-3’

Negative control Sense 5’-UUCUCCGAACGUGUCACGUTT-3"
Anti- sense 5’-ACGUGACACGUUCGGAGAATT-3’
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lagen 1 expression, cells were treated with 100 pmol/ml
siRNA to knock down smad?2 or smad3. Ull-induced o-
SMA and procollagen 1 protein expression were im-
paired significantly with siRNA knockdown of Smad2
(decreased by 75.1% and 54.2%, respectively, P<0.001,
Figure 2) or Smad3 (decreased by 80.3% and 47.0%, re-
spectively, P<0.01 or P<0.001, Figure 3). In addition,
the effect of UII on promoting the phenotypic differen-
tiation of adventitial fibroblasts into myofibroblasts was
inhibited with siRNA knockdown of Smad2 or Smad3
(Figure 4A). Meanwhile, UII induced collagen 1 secre-
tion from cells (P<0.01), which was also inhibited by
Smad2 or smad3 siRNA (decreased by 33.3% and
39.0%, respectively, P<0.01, Figure 4B). Similarly, the
Ull-induced mRNA expression of a-SMA and procol-
lagen 1 were significantly impaired with smad2 (de-
creased by 73.3% and 38.2%, respectively, P<0.01) or
smad3 knockdown (decreased by 72.3% and 47.7%, re-
spectively, P<0.01, Figure 4C-D). Smad2 or smad3
knockdown also obviously decreased the UII induced
migration (Figure 5). All of these findings suggest that
Smad2/3 mediated the Ull-induced a-SMA expression
and collagen 1 synthesis and migration.

Discussion

In the present study, we examined whether Smad2/3
signaling is involved in Ull-induced activation of ad-
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ventitial fibroblasts. UII time- and dose-dependently
stimulated Smad2/3 phosphorylation and induced
Smad2/3 nuclear translocation. The effects were inhib-
ited by UT antagonism, which suggests that they were
accomplished via UT. In addition, the UII promotion of
a-SMA and collagen I mRNA and protein expression
and cell migration were inhibited by siRNA knockdown
of Smad2/3, so Smad2/3 mediated the Ull-induced phe-
notypic differentiation, collagen synthesis, and migra-
tion of adventitial fibroblasts.

UIl is involved in the development of cardiovascu-
lar diseases via cellular phenotypic differentiation, mi-
gration, proliferation, and collagen production. In
neonatal cardiac fibroblasts, UII significantly induces
collagen synthesis, which is modulated by UT and
TGF-B1.24 UII also simulates collagen synthesis in car-
diac fibroblasts and migration of endothelial progenitor
cells and human aortic VSMCs via a RhoA/Rho-asso-
ciated protein kinase- or extracellular signal-regulated
kinase-dependent pathway.>*’ In vivo, chronic UII in-
fusion induced diastolic dysfunction and enhanced col-
lagen production in rats.'® We previously demonstrated
that UII may stimulate adventitial fibroblast differenti-
ation, migration, and collagen synthesis through protein
kinase C, mitogen-activated protein kinase (MAPK),
calcineurin, Rho kinase, and/or Ca2+ signal transduc-
tion pathways,'> and osteopontin may mediate the UII-
induced migration of adventitial fibroblasts.?® Others

Figure 1. Urotensin II (UII) activates
Smad2/3 phosphorylation in an UT-
dependent way. Adventitial fibroblasts
were treated with UII (10 mol/l) for
the indicated times (A) or with concen-
trations of UII (10°-10-® mol/l) for 24
h (B), or preincubated with SB710411,
the UT antagonist, for 30 min, then
with UII (10 mol/l) and SB710411 for
24 h (C and D). Smad2/3 phosphory-
lation and nuclear translocation were
determined by western blot analysis
and immunofluorescence staining, re-
spectively, and quantification. Glycer-
aldehyde-3-phosphate dehydrogenase
was used to verify equal loading of cell
lysates. Data are mean+SEM ratio of
Smad2/3 phosphorylation to glycer-
aldehyde-3-phosphate dehydrogenase
from 5 (A and B) or 3 (C) independent
experiments. *P<0.05, **P<0.01,
**%P<(.001 vs. Control; #P<0.01 vs.
UIl. D, immunofluorescence of UII
promoting p-Smad2/3 expression and
translocation via UT, Magnifica-

tionx400, n=3.
OPEN 8 ACCESS
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have reported that UII promotes collagen synthesis with
activation of TGF-1/Smad2/3 signaling in VSMCs."”
Here, we found that knockdown of Smad2/3 signifi-
cantly inhibited the UII effects, for direct evidence that
the activation of Smad2/3 signaling is a new mecha-
nism mediating the Ull-induced phenotypic differenti-
ation, collagen synthesis, and migration in adventitial
fibroblasts.

Figure 5. Smad2/Smad3 small inhibitory RNA inhibited
the urotensin II-induced migration of adventitial fibrob-
lasts. Cells were transfected with Smad2 or Smad3 small
inhibitory RNA for 24 h, then stimulated with urotensin
I1 (10 mol/I) and incubated for another 24 h. Cell migra-
tion was measured in transwell chambers. (A) Control;
(B) urotensin II; (C) urotensin II +siRNAsmad2; (D)
urotensin II +siRNAsmad3; (n=6 experiments).
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Figure 4. Smad2 or Smad3 knock-
down inhibited urotensin II-induced
differentiation, collagen 1 secretion, a-
smooth muscle actin and procollagen
1 mRNA expression in adventitial fi-
broblasts. Cells were transfected with
Smad2 or Smad3 small inhibitory
RNA, then incubated with urotensin
11 (10® mol/l) for 24 h. Myofibroblast
formation was determined by im-
munofluorescence staining (A, Mag-
nificationx400, n=3). ELISA of
secretion of collagen 1 (B, n=6). qPCR
analysis of a-smooth muscle actin (C)
and procollagen 1 (D) mRNA expres-
sion (n=3). Data are meantSEM.
**P<0.01 vs. control; ## P<0.01 vs.
urotensin II.

Ul U+
siIRNAsmad2 siRNAsmud3
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The activation of Smad2/3 is a key signal involved
in the differentiation of fibroblasts into myofibroblasts,
which play an important role in tissue fibrosis. Smad2/3
mediates TGF-B1-induced proliferation, migration, and
SMA and collagen expression in adventitial fibroblasts.
Treating Smad3-expressing VSMCs with TGF-B1 pro-
moted collagen 3 secretion from fibroblasts.”>** The use
of 15-lipoxygenase/15-hydroxyeicosatetraenoic acid
also depended on TGF-B1/Smad2/3 activation to pro-
mote vascular fibrosis. Angiotensin II-induced cardiac
fibrosis and inflammation were prevented in Smad3-
knockout cardiac fibroblasts. The present study shows
that UIl may induce Smad2/3 signaling activation via
UT, then promote adventitial fibroblast phenotypic dif-
ferentiation via Smad2/3 signal transduction pathways,
so simultaneous inhibition of UIl and Smad2/3 signal-
ing might be a promising measure to control the devel-
opment of fibrosis.

Many studies have demonstrated that TGF-B1 is an
essential cytokine to activate Smad. UII could induce
TGF-B1 secretion in adventitial fibroblasts,15 neonatal
cardiac fibroblasts, and VSMCs.!” In addition to TGF-
B, other factors are involved in Smad2/3 activation.
Therefore, the cross-talk between Smad and TGF-f3 and
the other signal transduction pathways, such as protein
kinase C and MAPK pathways, in Ull-involved patho-
genesis needs further investigation.

In summary, we revealed that in adventitial
fibroblasts, UIl stimulated Smad2/3 protein
phosphorylation and nuclear translocation in a UT-
dependent manner. The Ull-promoted a-SMA and
collagen 1 expression and cell migration were blocked
completely by siRNA knockdown of Smad2/3.
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Smad2/3 signaling may mediate the Ull-induced
phenotypic differentiation, collagen synthesis, and
migration of adventitial fibroblasts, which provides new
insights into vascular fibrosis promoted by UII.
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