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PPARd inhibits IL-1b-stimulated proliferation and migration
of vascular smooth muscle cells via up-regulation of IL-1Ra

H. J. Kim • M. Y. Kim • J. S. Hwang • H. J. Kim •

J. H. Lee • K. C. Chang • J. -H. Kim • C. W. Han •

J.-H. Kim • H. G. Seo

Received: 17 July 2009 / Revised: 7 February 2010 / Accepted: 19 February 2010 / Published online: 10 March 2010

� Springer Basel AG 2010

Abstract Activation of peroxisome proliferator-activated

receptor (PPAR) d by GW501516, a specific PPARd
ligand, significantly inhibited interleukin (IL)-1b-induced

proliferation and migration of vascular smooth muscle cells

(VSMCs). This effect of GW501516 was dependent on

transforming growth factor-b, and was mediated through

the up-regulation of IL-1 receptor antagonist. The inhibi-

tory effect of GW501516 on VSMC proliferation was

associated with cell cycle arrest at the G1 to S phase

transition, which was accompanied by the induction of p21

and p53 along with decreased cyclin-dependent kinase 4

expression. Inhibition of cell migration by GW501516 was

associated with the down-regulation of matrix metallo-

proteinase (MMP)-2 and MMP-9 in IL-1b-treated VSMCs.

Inhibition of extracellular signal-regulated kinase signi-

ficantly reduced the GW501516-mediated inhibition of

IL-1b-stimulated VSMC proliferation. These results sug-

gest that PPARd plays an important role in the

pathophysiology of diseases associated with the prolifera-

tion and migration of VSMCs.

Keywords Cell proliferation � IL-1b � PPARd � TGF-b1 �
Vascular smooth muscle cells

Introduction

Peroxisome proliferator-activated receptors (PPARs) are a

family of ligand-activated nuclear transcriptional factors

that have been implicated in many pathophysiological

processes, including vascular disorders [1–4]. The three

major PPAR isoforms, a (NR1C1), d (NR1C2), and c
(NR1C3), are encoded by distinct genes. PPARs form

transcriptionally active heterodimeric complexes with the

retinoid 9 receptor and regulate gene expression by bind-

ing to a specific recognition sequence, termed the PPAR

response element (PPRE) [5]. PPARs exhibit different

patterns of tissue expression and biological activities, which

suggests that they have distinct functions in different cell

types [6]. Activation of PPAR a and c has been demon-

strated to interfere atherosclerotic processes by inhibiting

proliferation of vessel cells induced by chemokines,

angiotensin II, and injury [7–9]. Although PPARd has been

reported to be abundantly expressed in vascular smooth

muscle cells (VSMCs), its role in vascular pathophysiology

is not clearly understood. Previous studies from different

investigators reported somewhat contradictory effects of
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PPARd on the proliferation of VSMCs. An earlier study by

Zhang et al. [10] reported that PPARd is up-regulated in

neointima during vascular lesion formation and promotes

the post-confluent proliferation of VSMCs in vitro. In

contrast, recent report indicates that activation of PPARd
inhibits the proliferation of the VSMCs via suppression of

platelet-derived growth factor-stimulated cell cycle pro-

gression [11]. Consistent with this inhibitory effect of

PPARd on VSMC proliferation, several lines of evidence

also suggested that overexpression of prostacyclin synthase,

which produces the endogenous PPARd ligand prostacyclin

I2, inhibits VSMC proliferation [12–14]. However, each of

these studies were conducted under different physiological

environments and/or stimulation. Thus, results of one bio-

logical condition may not be extrapolated into different

conditions to draw the same conclusions.

VSMCs are the major cell type in blood vessel walls, and

their proliferation and migration play important roles in the

development of advanced lesions associated with athero-

sclerosis and restenosis [15, 16]. The maintenance of

vascular integrity is one of the major functions of VSMCs,

and within the normal vessel wall, the regulation of VSMC

proliferation and migration is tightly controlled by orga-

nized balance among several humoral mediators, including

cell cycle regulators and cytokines [17, 18]. In particular,

one of the biologically active mediators synthesized and

secreted by VSMCs is interleukin (IL)-1b. IL-1b was

reported to act on the VSMCs through both paracrine and

autocrine mechanisms to bring about their proliferation and

inflammation, which may contribute to intimal hyperplasia

and lesion progression in atherosclerosis [19]. Another

biological factor involved in the regulation of vascular

homeostasis is a naturally occurring antagonist called

interleukin-1 receptor antagonist (IL-1Ra). Thus, the rela-

tionship between IL-1b and IL-1Ra may play an important

role(s) in the regulation of vascular homeostasis including

VSMC proliferation [20, 21]. For example, the balance

between IL-1b and IL-1Ra has been reported to influence

atherosclerosis development in human atherosclerotic

arteries [22, 23]. In addition, reduced levels of IL-1Ra led to

aggravation of murine atherosclerosis [23], and patients

with polymorphism in the IL-1Ra intron 2, which is known

to increase IL-1Ra levels and possibly the IL-1Ra:IL-1b
ratio, were associated with reduced coronary atherosclerosis

[24]. Although it has been well documented that IL-1b and

IL-1Ra play a central role in vascular pathogenesis through

modulation of pro-atherogenic action including VSMC

proliferation [25], the underlying molecular mechanisms

that regulate the balance between the actions of IL-1Ra and

IL-1b in atherosclerosis are not clearly understood.

Previous studies demonstrated that activation of PPARa
and c potentiates IL-1Ra production in cells such as

synovial fibroblasts, chondrocytes, and THP-1 that were

stimulated by cytokine or phorbol ester [26–28]. In IL-1b-

treated chondrocytes, this action was mediated via PPRE,

which is located in the IL-1Ra promoter region. Several

lines of evidence indicate that PPARd may play an

important role in inflammatory responses in vascular dis-

orders that involve proliferation and migration of vascular

cells [29–32]. Therefore, we examined the effects of

ligand-activated PPARd on IL-1b-stimulated VSMC pro-

liferation and migration. In this study, we show that

activation of PPARd by GW501516 inhibits proliferation

and migration of VSMCs induced by IL-1b, and that it

exerts its inhibitory effects by regulating IL-1b-induced

expression of IL-1Ra and cell cycle regulatory proteins in a

process that requires transforming growth factor (TGF)-b1.

Materials and methods

Materials

2-[2-Methyl-4-([4-methyl-2-[4-(trifluoromethyl)phenyl)-1,

3-thiazol-5-yl]methyl sulfanyl]phenoxy-acetic acid (GW50

1516), TbR-I inhibitor, PD98059 (20-Amino-30-methoxyf-

lavone), SP600125 [Anthra (1,9-cd)pyrazol-6(2H)-one],

and SB203580 [4-(4-Fluorophenyl)-2-(4-methylsulfo-

nylphenyl)-5-(4-pyridyl) imidazole] were obtained from

Calbiochem (La Jolla, CA). Mouse monoclonal anti-matrix

metalloproteinase (MMP)-1, goat polyclonal anti-MMP-2,

rabbit polyclonal anti-MMP-9, donkey anti-goat IgG-HRP,

goat anti-rabbit IgG-HRP, and goat anti-mouse IgG-HRP

antibodies were obtained from Santa Cruz Biotechnology

(Santa Cruz, CA). The mouse monoclonal anti-TGF-b
antibody and IL-1b were purchased from R&D systems

(Minneapolis, MN). Polyclonal rabbit antibodies specific

for p53, p21, CDK2, cyclin D1, extracellular signal-regulated

kinase (ERK), phospho-ERK, c-Jun NH2-terminal kinase

(JNK), phospho-JNK, p38, and phospho-p38, and mouse

monoclonal antibodies specific for CDK4 and cyclin E,

were obtained from Cell Signaling (Beverly, MA). Other

reagents were of the highest grade available.

Cell culture

Rat aortic VSMCs were isolated from free-floating explants

of aorta, as described previously [30]. Briefly, the thoracic

aorta was dissected from adult male Sprague–Dawley rats,

cut longitudinally, and then the endothelial cells were

removed. The isolated medial membrane was cut into small

pieces and incubated for 1 day. After supplementation with

fresh medium, the tissue was incubated for an additional 2–

3 days. VSMCs were removed by trypsinization and

maintained in Dulbecco’s modified Eagle’s medium

(DMEM) containing 100 U/ml penicillin and 100 lg/ml
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streptomycin, supplemented with 10% heat-inactivated

fetal bovine serum (FBS) at 37�C in an atmosphere of 95%

air and 5% CO2.

Small interfering RNA-mediated gene silencing

Cells were seeded into 100-mm culture dishes 18–24 h

prior to transfection. Cells were transfected with a control

small interfering (si)RNA, rat PPARd siRNA, or IL-1Ra

siRNA (Ambion, Austin, TX) in serum free medium using

Welfect-Q (WelGENE, Daegu, Korea). Following incuba-

tion for 6 h, the transfection medium was replaced with

fresh medium, and then the cells were allowed to incubate

for an additional 24–38 h, at which point they were treated

for indicated time with reagents. The effect of gene

silencing was determined by immunoblot and northern blot

analysis, and by MTT and cell migration assays.

Cell proliferation assay

VSMCs transfected with specific siRNAs were seeded into

24-well plates and then synchronized to quiescence by

serum starvation for 24 h. Following pretreatment with

GW501516 for 24 h in fresh media containing 5% FBS, the

cells were treated with IL-1b and then incubated for an

additional 24 h. Throughout all the experiments, GW501

516 was pretreated for 24 h to elucidate fully the tran-

scriptional activity of PPARd as shown in our previous

reports [30, 32]. For the MTT assay, MTT solution (final

0.1 mg/ml) was added to the culture medium, and then

cells were incubated for 4 h. After removal of the medium,

formazan crystals, formed after the reduction of MTT by

mitochondrial dehydrogenases, were solubilized in acidi-

fied isopropanol and quantified by spectroscopy at 570 nm.

For analysis of cell proliferation by [3H]-thymidine incor-

poration, VSMCs were treated with the indicated reagents,

as described above, except that they were pulsed with

1.0 lCi/mL of [3H]-thymidine for the last 6 h of incuba-

tion. After washing with ice-cold phosphate-buffered saline

(PBS), cellular DNA was precipitated with cold 10%

trichloroacetic acid and then solubilized in a mixture of

0.5 N NaOH and 0.5% SDS. Thymidine incorporation

was determined using a scintillation counter (Beckman

Instruments, CA).

Cell migration assay

Cells (monolayers) were grown to confluence on 6-mm

tissue culture plates and then pretreated with GW501516

for 24 h. The monolayers were scraped with a sterile sin-

gle-edged razor blade and then the cells were incubated in

fresh medium containing IL-1b for an additional 96 h.

Cells were fixed and stained with trypan blue. The number

of cells that migrated across the wound edge was counted

under a microscope.

Immunoblot analysis

Cells treated with the indicated reagents were washed in

ice-cold PBS and then lysed in PRO-PREP Protein

Extraction Solution (iNtRON Biotechnology, Seoul, Korea).

An aliquot of the cell lysate was subjected to SDS-

polyacrylamide gel electrophoresis and then proteins were

transferred onto a Hybond-P? polyvinylidene difluoride

membrane (Amersham Biosciences UK, UK). The mem-

brane was probed with the indicated antibodies, as

described previously [32].

Cell cycle analysis

VSMCs seeded onto 100-mm culture dishes were incu-

bated for 24 h and then synchronized to quiescence by

serum starvation for 24 h. Fresh media containing

GW501516 was added to the cells, followed by incubation

for 24 h. Finally, IL-1b was added to the medium and the

cells were incubated for an additional 24 h. The cells were

trypsinized and collected by centrifugation at 1,000g for

5 min. Cell pellets were fixed in 70% (v/v) ethanol at

-70�C for 1 h, then washed twice with ice-cold PBS and

resuspended in propidium iodide staining solution [5 lg/ml

propidium iodide, 0.7 lg/ml ribonuclease A, 10 mM Tris

(pH 7.0), 1 mM NaCl, and 0.1% NP-40]. Following incu-

bation in the dark for 30 min at room temperature, cellular

DNA content was measured based on the level of propi-

dium iodide incorporation, and cell cycle profiles were

determined using a FACSCaliburTM system (Becton–

Dickinson Biosciences, Franklin Lakes, NJ) and CellQuest

ProTM software.

Northern blot analysis

Aliquots of total RNA were heat-denatured at 65�C for

15 min in gel-running buffer (40 mM MOPS, 10 mM

sodium acetate, and 1 mM EDTA, pH 7.0) containing 50%

formamide, and then subjected to electrophoresis on a 1%

agarose gel containing 2.2 M formaldehyde. Size-frac-

tionated RNA was transferred onto a Hybond-N? nylon

membrane (Amersham Biosciences UK) overnight by

capillary action, and then hybridized with a 32P-labeled

IL-1Ra probe at 68�C in QuikHyb solution (Stratagene, La

Jolla, CA). The membrane was washed and then analyzed

using a Fuji BAS-2500 Bioimaging Analyzer (Tokyo,

Japan). The blots were stripped and rehybridized with a
32P-labeled GAPDH cDNA probe. The cDNA probe for

IL-1Ra was generated by PCR using primers that were

specific for nucleotides 5–541 of IL-1Ra.
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Statistical analysis

Data are expressed as means ± SE. Statistical significance

was determined by ANOVA with post hoc Bonferroni test.

A value of P \ 0.05 was considered statistically significant.

Results

TGF-b-dependent inhibition of IL-1b-induced

proliferation of VSMCs by PPARd ligand

Exposure of VSMCs to IL-1b for 24 h resulted in a sig-

nificant increase in cell proliferation, as assessed by MTT

(Fig. 1a, b) and [3H]-thymidine incorporation assays

(Fig. 1c, d). Pretreatment with GW501516, a specific

ligand of PPARd [33], significantly suppressed the IL-1b-

induced proliferation of VSMCs in a dose-dependent

manner. Similar results were also observed in the VSMCs

when L-165041, another specific ligand for PPARd [34],

was used (data not shown). To investigate the role of

PPARd in the suppression of IL-1b-induced proliferation,

cells were treated with an siRNA against PPARd (Sup-

plemental Fig. 1), and then the effect of GW501516 was

examined. siRNA-mediated down-regulation of PPARd
nearly abolished the GW501516-mediated suppression of

cell proliferation (Fig. 1a, c). The GW501516-induced

decrease in VSMC proliferation was also significantly

reduced in the presence of a neutralizing antibody against

TGF-b or a TGF-b receptor-1 (TbR-1) inhibitor (Fig. 1b,

d). These results suggested that the PPARd-mediated sup-

pression of VSMC proliferation is mediated by TGF-b.

Activation of PPARd inhibits IL-1b-induced G1–S

phase cell cycle progression in a TGF-b-dependent

manner

To evaluate the functional role of PPARd in IL-1b-induced

cell proliferation, we examined the effect of GW501516 on

cell cycle progression in the presence of IL-1b. VSMCs

were synchronized by serum starvation for 24 h, and then

pretreated with GW501516, or DMSO as a control, fol-

lowed by incubation with IL-1b. The number of cells that

accumulated in the G0/G1 phase was significantly

decreased by treatment with IL-1b alone, and pre-treatment

with GW501516 significantly increased the G0/G1 cell

population (Fig. 2a, b). In contrast, the proportion of cells

entering S phase was increased by IL-1b and significantly

declined upon pre-treatment with GW501516. This

decrease in cells entering S phase induced by GW501516

was almost completely abolished by treatment with an anti-

TGF-b antibody. These results indicated that the activation

of PPARd by GW501516 induces cell cycle arrest in

VSMCs, and that this effect is mediated by TGF-b.

Cell cycle progression is tightly regulated through a

complex network of regulatory molecules, including cyc-

lins, cyclin-dependent kinases (CDKs), and CDK inhibitors

[35]. To determine whether any of these molecules played

a role in GW501516-induced cell cycle arrest of IL-1b-

treated VSMCs, we examined the expression levels of key

cell cycle regulatory proteins using immunoblot analysis.

As shown in Fig. 2c, IL-1b treatment caused a marked

decrease in the levels of p53 and p21, which are key reg-

ulators of progression through the G1–S transition

checkpoint [36, 37]. Treatment with GW501516 markedly

A                      B

C                      D

IL-1β (10 ng/ml)                − − +  +   + + + + +   −
5% serum        − + +  +   + + + + +   +
GW501516 (nM)               − − − 1   5 10 50 100 50 −
PPARδ siRNA(80 nM)   − − − − − − − − +   +

0.8

0.6

0.4

0.2

0C
el

l p
ro

lif
er

at
io

n 
(O

D
 a

t 5
70

 n
M

) *
#

#
#

†

IL-1β (10 ng/ml)                − − +  +   + + + + +   −
5% serum          − + +  +   + + + + +   +
GW501516 (nM)               − − − 1   5 10 50 100 50 −
PPARδ siRNA (80 nM) − − − − − − − − +   +

1.0

0.8

0.6

0.4

0.2

0

[3 H
] T

hy
m

id
in

e
in

co
rp

or
at

io
n 

(x
10

6 ,
 c

pm
)

*

#

# #

†

IL-1β (10 ng/ml)          − − +   +  − +  +   − +   +  −
5% serum         − +   +   +   +   +    +  +   +   +   +
GW501516 (50 nM)     − − − + +   +    − − + − −
αTGF-β (1μg)    − − − − − +    +   +   − − −
TβR-1 inhibitor (1 μM) − − − − − − − − +   + +

0.8

0.6

0.4

0.2

0C
el

l p
ro

lif
er

at
io

n 
(O

D
 a

t 5
70

 n
M

) *

#

† †

IL-1β (10 ng/ml)          − − +  +  − +  +   − +   +  −
5% serum         − +   +   +   +   +    +  +   +   +   +
GW501516 (50 nM)     − − − + +   +    − − + − −
αTGF-β (1μg)                − − − − − +    +   +   − − −
TβR-1 inhibitor (1 μM) − − − − − − − − +   + +

1.0

0.8

0.6

0.4

0.2

0

[3 H
] T

hy
m

id
in

e
in

co
rp

or
at

io
n 

(x
10

6 , 
cp

m
) *

#

†‡

Fig. 1 Effect of GW501516 on

the IL-1b-stimulated

proliferation of VSMCs. Cells

transfected with a PPARd
siRNA for 38 h were pretreated

with GW501516 for 24 h in the

presence or absence of a

neutralizing anti-TGF-b
antibody or a TbR-1 inhibitor

and then incubated with IL-1b
for 24 h in DMEM containing

5% FBS. VSMC proliferation

was determined by MTT (a,b)

and [3H]-thymidine

incorporation (c,d) assays. Data

represents mean ± SE (n = 4).

*P \ 0.01 versus 5% serum-

treated group; #P \ 0.01 versus

IL-1b-treated group;
�P \ 0.01, �P \ 0.05 versus

IL-1b ? 50 nM

GW501516-treated group
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inhibited this effect of IL-1b on the expression levels of

both proteins. We observed a similar effect of GW501516

on the expression of CDK 2 and 4. The effect of

GW501516 on the expression of cell cycle regulatory

proteins was nearly abolished by treatment with an anti-

TGF-b antibody. These results provided evidence that the

GW501516-induced activation of PPARd regulates the

expression of cell cycle regulatory proteins in a TGF-b-

dependent manner.

Inhibition of the IL-1b-induced migration of VSMCs

by PPARd is mediated by TGF-b

To determine the effect of GW501516 on IL-1b-induced

VSMC migration, we carried out an in vitro scrape

wounding assay. VSMCs grew actively after plating, typ-

ically reaching confluence after 4 days, and the percentage

of cells undergoing active proliferation conversely declined

to minimum at day 4 when determined by [3H]-thymidine

incorporation (Electronic supplementary material, ESM,

Fig. 2). Using the proliferation index described above as a

reference basis, we found that GW501516 significantly

attenuated the IL-1b-induced migration of VSMCs in a

dose-dependent manner (Fig. 3a, c). To investigate the role

of TGF-b in the PPARd-mediated inhibition of VSMC

migration, cells were treated with an anti-TGF-b antibody

or TbR-1 inhibitor, and then IL-1b-induced cell migration

was assessed. The activation of PPARd significantly

attenuated IL-1b-induced cell migration, and this effect

was significantly decreased in the presence of an anti-TGF-

b antibody or TbR-1 inhibitor (Fig. 3b, d). These results

clearly indicated that PPARd is involved in the inhibition

of IL-1b-induced cell migration through a TGF-b-depen-

dent mechanism.

Activation of PPARd down-regulates the expression

of MMP-2 and -9, but not MMP-1, in IL-1b-stimulated

VSMCs

We next examined the effect of PPARd activation on the

expression of MMPs, which are key regulators of VSMC

proliferation and migration [38]. Cells were stimulated

with IL-1b in the presence or absence of GW501516.

As shown in Fig. 3e and f, GW501516 inhibited the

IL-1b-induced expression of MMP-2 and MMP-9, but not

MMP-1. Since TGF-b has also been shown to modulate the
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Fig. 2 Effect of GW501516 on cell cycle progression of VSMCs.

Cells pretreated with GW501516 and/or a neutralizing anti-TGF-b
antibody for 24 h were incubated in DMEM containing 5% FBS and

IL-1b for 24 h, and then stained with propidium iodide. DNA content

was analyzed by flow cytometry and is presented as relative

fluorescence. Representative histogram (a) and plots of cell cycle

distribution (b) are shown as the mean ± SE (n = 4). Cells were

treated as described for (a) and (b), and the expression of cell cycle-

related proteins was analyzed by immunoblot using the indicated

specific antibodies (c). Representative blots and densitometric

measurements are shown as the mean ± SE (n = 4). *P \ 0.01,

**P \ 0.05 versus 5% serum-treated group; #P \ 0.01, ##P \ 0.05

versus IL-1b-treated group; �P \ 0.01 versus IL-1b ? GW501516-

treated group
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expression of MMPs [39], we investigated the effect of

TGF-b inhibition on the ability of PPARd to inhibit IL-1b-

induced MMP-2 and MMP-9 expression. Treatment of

cells with an anti-TGF-b antibody markedly attenuated the

effect of GW501516 on MMP-2 and MMP-9 expression in

response to IL-1b. These results suggested that MMP-2 and

MMP-9 are involved in the TGF-b-dependent inhibition of

VSMC migration by PPARd.

Activation of PPARd potentiates the IL-1b-induced

expression of IL-1Ra

To elucidate the mechanism of inhibition of IL-1b-induced

cell proliferation and migration by PPARd, we examined

the effect of GW501516 on the expression of IL-1Ra, a

well-known natural antagonist of IL-1b [40]. Treatment of

VSMCs with GW501516 in the presence of IL-1b resulted

in a significant increase in the levels of IL-1Ra mRNA

transcripts in a concentration- and time-dependent manner

(Fig. 4a). However, GW501516 did not affect the expres-

sion level of IL-b1, a well-known activator of IL-1Ra

expression (data not shown). To verify the role of PPARd

in the potentiation of IL-1Ra expression, we examined the

effect of GW501516 on cells that were treated with an

siRNA against PPARd. siRNA-mediated down-regulation

of PPARd suppressed the effect of GW501516 on the

expression of IL-1Ra (Fig. 4b). The mRNA expression

levels of IL-1Ra were also reduced in the presence of a

neutralizing antibody against TGF-b (Fig. 4c). In addition,

treatment of cells with an siRNA against IL-1Ra almost

completely abolished the IL-1b- and/or GW501516-

induced expression of IL-1Ra mRNA (Fig. 4d). These

results indicated that PPARd potentiates the effect of IL-1b
on IL-1Ra expression, and that this potentiation effect is

mediated by TGF-b.

PPARd-induced upregulation of IL-1Ra mediates

the inhibitory actions of GW501516 on IL-1b-induced

VSMC proliferation and migration

To examine the role of IL-1Ra in the inhibition of IL-1b-

induced proliferation and migration by GW501516, cells

were treated with an siRNA against IL-1Ra, and then the

effect of GW501516 on cell proliferation and migration
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Fig. 3 Effect of GW501516 on the IL-1b-stimulated migration of

VSMCs. Cell monolayers pretreated with GW501516 for 24 h in the

presence or absence of a neutralizing anti-TGF-b antibody or a TbR-1

inhibitor were scraped with a razor blade, and then incubated with

IL-1b in fresh medium containing 5% FBS. After incubation for 96 h,

the number of cells that migrated across the wound was counted.

Representative photographs (a,b) and cell number (c,d) are shown as

the mean ± SE (n = 6). Cells pretreated with GW501516 and/or

neutralizing anti-TGF-b antibody for 24 h were incubated with IL-1b
for 24 h. The expression levels of MMPs were determined by

immunoblot using the indicated antibodies (e) and quantified (f).
Representative blots and densitometric measurements are shown as

the mean ± SE (n = 4). *P \ 0.01 versus 5% serum-treated group;
#P \ 0.01 versus IL-1b-treated group; �P \ 0.01, �P \ 0.05 versus

IL-1b ? GW501516-treated group
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was examined (Fig. 5). siRNA-mediated down-regulation

of IL-1Ra inhibited the ability of GW501516 to suppress

VSMC proliferation and migration (Fig. 5). The decrease

in proliferation and migration of VSMCs induced by

GW501516 was partially reversed in the presence of a

neutralizing antibody against TGF-b. The effect of com-

bined treatment with IL-1Ra siRNA and anti-TGF-b
antibody on VSMC proliferation and migration was similar

to that of siRNA or antibody alone. We performed the

same experiments using human aortic vascular smooth

muscle cells, and observed similar results (ESM, Fig. 3).

These results suggested that both TGF-b and IL-1Ra

independently mediate the action of PPARd on the prolif-

eration and migration of VSMCs.

ERK- and JNK-mediated signaling cascades participate

in the PPARd-mediated regulation of cell proliferation

To identify the intracellular signaling cascades that are

activated by IL-1b, we examined the effect of IL-1b on the

three intracellular mitogen-activated protein kinase

(MAPK) cascades, ERK, JNK, and p38, using antibodies

that specifically and selectively recognize the activated,

phosphorylated forms of ERK, JNK, and p38. VSMCs

were treated with IL-1b for different periods of time, and

then cell lysates were examined by immunoblot analysis

using phospho-specific antibodies. In parallel, total enzyme

levels were analyzed using kinase-specific antibodies.

IL-1b alone activated the ERK and JNK cascades follow-

ing a period of delay after treatment, but had no effect on

the p38 pathway (ESM, Fig. 4). The IL-1b-induced acti-

vation of ERK and JNK was markedly inhibited in the

presence of GW501516, and treatment with an anti-TGF-b
antibody reversed the effects of GW501516 (Fig. 6a).

However, the addition of siRNA against IL-1Ra markedly

reversed this GW501516-mediated inhibition of ERK, but

not JNK, indicating that the GW501516-induced activation

of JNK signaling pathway is not directly related to the anti-

proliferative effects of GW501516 via upregulation of

IL-1Ra in VSMCs (Fig. 6b).
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transfected with a PPARd siRNA for 38 h were pretreated with

GW501516 for 24 h and then incubated with IL-1b for 24 h. c Cells

pretreated with GW501516 and/or a neutralizing anti-TGF-b antibody

for 24 h were incubated with IL-1b for 24 h. d Cells transfected with
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To clarify which signaling pathways were involved in

the PPARd-mediated inhibition of IL-1b-induced cell

proliferation, we examined the effects of specific inhibitors

of the three MAPK cascades. As shown in Fig. 6c, the

GW501516-mediated inhibition of IL-1b-induced cell

proliferation was significantly attenuated by PD98059, but

not SP600125 and SB203580; further evidence that the

ERK-mediated signaling pathway is involved in

the GW501516-mediated inhibition of cell proliferation.

The viability of cells treated with PD98059 (50 lM),

SP600125 (50 lM), or SB203580 (50 lM) was [90%, as

determined by MTT assay (data not shown).

The role of TGF-b1 in the suppressive effect of PPARd
on IL-1b-induced VSMC proliferation and migration was

further confirmed by the exogeneous treatment of TGF-b1

in cultured VSMCs. The addition of TGF-b1 significantly

inhibited IL-1b-induced proliferation and migration of

VSMCs, and this effect was reduced in the presence of

either anti-TGF-b antibody or SB431542, a specific ALK5

receptor antagonist (ESM, Fig. 5). These results strongly

suggest functional involvement of TGF-b1 in PPARd-

mediated signaling pathway. However, the effects of

TGF-b1 treatment on the suppression of IL-1b-induced

VSMC proliferation and migration were not as potent as

those of GW501516 treatment. And, together with the fact

that GW501516-mediated inhibition was not fully recovered

by neutralization of TGF-b, we suggest a hypothesis that

activation of PPARd induces not only the TGF-b signaling

pathway but also other cellular transduction pathways that

contribute to the inhibition of IL-1b-induced proliferation

and migration of VSMCs.

Discussion

The PPAR nuclear receptors play important roles in the

regulation of gene expression during vascular homeostasis

[10, 41–44]. While PPARa and PPARc have been impli-

cated in vascular disorders, little is known about the role of

PPARd in VSMCs. Here, this study provides evidence that

activation of PPARd by a specific ligand, GW501516,

attenuates the stimulatory effects of IL-1b on proliferation

and migration of VSMCs through the TGF-b- and IL-1Ra-

mediated processes. PPARd activation also resulted in the

inactivation of both ERK and JNK, but not p38, and this

inactivation of the kinases was dependent on TGF-b. The

order of sequential events that leads to the regulation of

signaling cascades is not currently evident, but on the basis

of a transcriptional regulatory function of PPARd, the

ligand-bound nuclear receptor may modulates expression

of its target genes which then cause activation of TGF-b
signaling pathways to inactivate ERK and JNK pathways.

However, the present study suggests that PPARd-mediated

inhibition of IL-1b-induced VSMC proliferation may be
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in DMEM containing 5% FBS. VSMC proliferation was determined
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mediated through regulation of ERK signaling pathway

rather than JNK pathway, because inhibition of ERK sig-

nificantly reduced the effects of GW510156 on IL-1b-

induced VSMC proliferation, whereas the effect of JNK

had minimal impact. As opposed to previous studies

demonstrating the involvement of p38 pathway in the

IL-1b-induced up-regulation of vascular endothelial growth

factor [45], the p38 pathway seems to be dispensable for the

GW501516-mediated inhibition of IL-1b-induced VSMC

proliferation. Accordingly, the member of the MAP kinases

in signaling cascades mediating the vascular functions may

differ depending upon the target molecules and cell types.

Activation of PPARd significantly inhibited IL-1b-

induced proliferation of VSMCs in a process mediated by

TGF-b. Although the beneficial effect of therapeutic inhi-

bition of VSMC proliferation in atherosclerosis is unclear,

recent observations suggest the therapeutic potential of

antiproliferative therapy for vasculoproliferative disorders

[46]. In fact, recent report demonstrated that activation of

PPARd by L-165041 moderately reduces the neointima

formation after balloon injury and attenuates expression of

proliferation cell nuclear antigen, indicating a prolifera-

tion-inhibitory effect in the region of arterial injury [11]. In

this respect, PPARd-dependent inhibition of VSMC pro-

liferation would elicit beneficial effects in atherosclerotic

progression. On the other hand, PPARd is induced in

response to PDGF and overexpression of PPARd in

VSMCs causes promotion of the post-confluent cell pro-

liferation [10], emphasizing the complexity of this system

in vivo. Further studies are necessary to clarify the exact

roles of VSMC proliferation in the atherosclerotic lesion

development and progression.

Of particular note is that activated PPARd appears to

play a role in the regulation of cell cycle progression.

GW501516 almost completely abolished the accumulation

of VSMCs in S phase in response to IL-1b. The altered cell

cycle distribution and induction of cell cycle arrest in the

G0/G1 phase, with correspondingly fewer cells entering S

phase, in GW501516-treated cells suggests that PPARd is

involved in cell cycle inhibition in VSMCs. This finding is

in line with a previous study in which a significant inhi-

bition in cell proliferation via suppression of cell cycle

progression was demonstrated in VSMCs treated with

PDGF [11]. To date, a number of studies have shown that

PPARd promotes the proliferation of VSMCs and endo-

thelial cells [10, 47], and, more frequently, cancer cells

[48, 49]. However, the general effects of PPARd on cel-

lular proliferation are somewhat controversial, as PPARd
also inhibits cellular proliferation in other types of cells,

including keratinocytes [50, 51]. Furthermore, PPARd
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containing 5% FBS in the presence or absence of the indicated

reagents for 24 h. b Cells transfected with a IL-1Ra siRNA for 24 h

were pretreated with GW501516 for 24 h, and then incubated in
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indicated reagents for 24 h. Proteins were subjected to immunoblot

analysis using phospho-specific antibodies; total kinase levels were

analyzed in parallel immunoblots. c Cells pretreated with GW501516

for 24 h were incubated in DMEM containing 5% FBS in the
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suppresses inflammatory responses, which can eventually

result in cellular proliferation [42]. Although it is difficult

to explain these discrepancies and their underlying mech-

anisms, it is possible that PPARd regulates the proliferation

of a variety of cells under diverse physiological or patho-

logical conditions.

The activation of PPARd potentiated the induction of

expression of IL-1Ra by IL-1b, with corresponding inhib-

itory effects on VSMC proliferation and migration. The

findings that IL-1Ra, which is a naturally occurring

antagonist of IL-1b signaling, mediated the action of

GW501516 and that the effects of GW501516 were sig-

nificantly decreased by treatment of cells with an IL-1Ra

siRNA suggesting that PPARd regulates the proliferation

and migration of VSMCs through the potentiation of

IL-1b-stimulated IL-1Ra expression. Recently, it was

reported that the activation of PPARd stimulates produc-

tion of the secreted IL-1Ra in IL-1b-stimulated skin

fibroblasts [52]. In agreement with this previous report,

GW501516 potentiated the expression of IL-1Ra in

VSMCs that were exposed to IL-1b, whereas GW501516

alone had no effect on IL-1Ra expression. These results

indicate that IL-1Ra expression is not induced at the tran-

scriptional level by GW501516. While we cannot clearly

determine the mechanism of PPARd-mediated potentiation

of IL-1Ra expression, it is possible that PPARd modulates

the stability or degradation of IL-1Ra mRNA in IL-1b-

stimulated VSMCs. Further studies are needed to clarify

the mechanism of IL-1Ra up-regulation by PPARd.

GW501516 inhibited the IL-1b-induced migration of

VSMCs in a TGF-b-dependent manner. This inhibitory

effect of PPARd was associated with the regulation of

expression of MMP-2 and -9, which play critical roles in

the migration of VSMCs through their ability to breakdown

the extracellular matrix [53]. The inhibition of MMP-2 and

MMP-9 by tissue inhibitor of metalloproteinases (TIMPs)

overexpression [54] or synthetic peptide inhibitor [38]

inhibits the migration of VSMCs in vitro, and neointima

formation in vivo. Thus, the regulation of MMP activity is

an important mechanism of regulation of VSMC migration.

The association of TGF-b1 with cell migration has been

documented in several studies. In human meningeal cells

and keratinocytes, the levels of MMP-9 increase after

stimulation with TGF-b1 through MAPK and Smad3 sig-

naling pathways [55, 56]. In contrast, TGF-b suppresses

tumor necrosis factor-induced MMP-9 expression through

a prostaglandin E2- and cAMP-dependent mechanism in

monocytes [57]. Our results showed that GW501516

markedly suppresses IL-1b-induced MMP-2 and -9

expression in a TGF-b-dependent manner. To our knowl-

edge, this is the first demonstration that TGF-b is involved

in the inhibition of IL-1b-induced migration of VSMCs by

PPARd. Although additional experiments are needed to

clarify the details of the PPARd/TGF-b interaction in the

inhibition of cell migration, the current study supports the

therapeutic potential of PPARd ligands in the treatment of

pathologic cardiovascular conditions, such as restenosis

and atherosclerosis.
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42. Rival Y, Benéteau N, Taillandier T, Pezet M, Dupont-Passelaigue
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