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Abstract

Several peroxisome proliferator-activated receptor 'y (PPAR‘y) agonists of the thiazolidinedione class inhibit vascular smooth muscle cell
proliferation. It is not known whether the antiproliferative activity of PPAR<y agonists is limited to the thiazolidinedione class and/or is
directly mediated through PPARy-dependent transactivation of target genes. We report here that a novel non-thiazolidinedione partial PPARy
agonist (nTZDpa) attenuates rat aortic vascular smooth muscle cell proliferation. In a transfection assay for PPARy transcriptional activation,
the non-thiazolidinedione partial PPARy agonist elicited ~ 25% of the maximal efficacy of the full PPARYy agonist rosiglitazone. In the
presence of the non-thiazolidinedione partial PPAR<y agonist, the transcriptional activity of the full agonist, rosiglitazone, was blunted,
indicating that the non-thiazolidinedione partial PPARy agonist inhibits rosiglitazone-induced PPARYy activity. The non-thiazolidinedione
partial PPARy agonist (0.1-10 pM) inhibited vascular smooth muscle cell growth which was accompanied by an inhibition of
retinoblastoma protein phosphorylation. Mitogen-induced downregulation of the cyclin-dependent kinase (CDK) inhibitor p27""', and
induction of the G1 cyclins cyclin D1, cyclin A, and cyclin E were also attenuated by the non-thiazolidinedione partial PPAR+y agonist.
Maximal antiproliferative activity of the non-thiazolidinedione partial PPAR<y agonist required functional PPAR<y as adenovirus-mediated
overexpression of a dominant-negative PPAR+y mutant partially reversed its inhibition of vascular smooth muscle cell growth. In contrast,
overexpression of dominant-negative PPARy did not reverse the inhibitory effect of the non-thiazolidinedione partial PPAR+y agonist on
cyclin D1. As the full PPAR'y agonist rosiglitazone exhibited no effect on cyclin D1, inhibition of that G1 cyclin by the non-thiazolidinedione
partial PPARy agonist likely occurred through a PPARy-independent mechanism. These data demonstrate that a non-thiazolidinedione partial
PPAR agonist may constitute a novel therapeutic for proliferative vascular diseases and could provide additional evidence for the important
role of PPARY in regulating vascular smooth muscle cell proliferation.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Vascular smooth muscle cells within the media of adult
arteries are normally quiescent, proliferate at low frequency
and are arrested in the GO phase of the cell cycle. Reentry of
vascular smooth muscle cells into and progression through
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the cell cycle plays a pivotal role in the pathogenesis of
proliferative vascular diseases such as restenosis, transplant
vasculopathy, vein graft disease, and atherosclerosis (Ross,
1995). After arterial injury, growth factors and proinflam-
matory cytokines released from endothelial cells, mono-
cytes, lymphocytes, and platelets induce vascular smooth
muscle cells to migrate to the arterial intima, where they
proliferate and subsequently form the neointima (Schwartz,
1997). Vascular growth factors which include basic fibro-
blast growth factor, platelet-derived growth factor (PDGF),
transforming growth factor-B1, angiotensin II, and insulin-
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like growth factor, utilize distinct signaling pathways to
promote vascular smooth muscle cell proliferation and DNA
synthesis. However, these diverse signaling pathways must
converge upon common regulators of the cell cycle (Lukas
et al., 1996).

Mitogens trigger a series of biochemical events in G1
that permit cells to progress through a cell cycle checkpoint
to enter S phase and to replicate their DNA. This G1 — S
phase transition requires increased Rb phosphorylation
which in a hypophosphorylated state sequesters the S phase
transcription factor, E2F, and blocks expression of E2F-
regulated genes encoding the enzymatic machinery for
DNA synthesis (Weinberg, 1996). Phosphorylation of Rb
and E2F release is regulated by the formation and activation
of cyclin and cyclin-dependent kinase (CDK) complexes
(Morgan, 1995). CDKs become activated by their associa-
tion with regulatory subunits; cyclin D1, E, and A (Sherr,
1996). Activity of cyclin—CDK complexes can be attenu-
ated by association with negative regulatory subunits, the
CDK inhibitors (CDKI) (Morgan, 1995). A number of
CDKIs, including p21°P', p27"%P' p15, and pl6, regulate
CDK activity during Gl in vascular smooth muscle cells
(Braun-Dullaeus et al., 1999; Tanner et al., 2000). These
CDKIs are important negative regulators of cell growth by
inhibiting cyclin/CDK activity and Rb phosphorylation,
resulting in G1 arrest (Schulze et al., 1995).

Peroxisome proliferator-activated receptor y (PPARY) is
expressed in all cell types participating in vascular injury:
endothelial cells, macrophages, and vascular smooth
muscle cells (Law et al., 2000; Marx et al., 1998; Ricote
et al., 1998). There is growing evidence that PPARrYy
agonists may influence cardiovascular disease by directly
modulating vessel wall function. Thiazolidinediones are
high-affinity PPARvy ligands and are commonly used as
insulin-sensitizing agents in the treatment of patients with
type II diabetes. We have recently reported that the
PPAR<y agonists of the thiazolidinedione class, rosiglita-
zone and troglitazone, inhibit vascular smooth muscle cell
proliferation by attenuating the activity of key cell cycle
regulators that control G1 — S progression (Wakino et al.,
2000).

It is not known whether the antiproliferative properties
of PPAR<y agonists are limited to the thiazolidinedione
class and/or are directly mediated through PPARYy-
dependent regulation of target genes. We report here that
a novel non-thiazolidinedione partial PPARvy agonist
(nTZDpa) attenuates vascular smooth muscle cell prolif-
eration by targeting important cell cycle regulators. Using
adenovirus-mediated overexpression of a dominant-nega-
tive PPARvy, we also find that inhibition of vascular
smooth muscle cell growth by this PPARy ligand is
partially mediated through a PPAR<y-dependent mecha-
nism. In contrast, inhibition of cyclin D1 expression by
the non-thiazolidinedione partial PPARy agonist likely
occurs through a mechanism that does not involve
PPARY.

2. Materials and methods
2.1. Materials

Materials were obtained from the following suppliers:
Dulbecco’s modified Eagle’s medium (DMEM), L-gluta-
mine and OPTI-MEM"” were purchased from GIBCO
BRL (Gaithersburg, MD, USA). Antibiotics and rat
recombinant PDGF-BB were from Sigma (St. Louis, MO,
USA), insulin was from Eli Lilly (Indianapolis, IN, USA).
Fetal bovine serum was purchased from Irvine Scientific
(Santa Ana, CA, USA). Antibodies were obtained from the
following suppliers: p275P1 (sc-1641), cyclin A (sc-751),
cyclin E (sc-481), and PPARYy (sc-7196) were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA); cyclin D1 (05-
362) was from Upstate (Lake Placid, NY, USA); and the
phospho-Rb Ser 807/811 (no. 9308) was obtained from Cell
Signaling Technology (Beverley, MA, USA). Horseradish
peroxidase-linked anti-mouse antibody, peroxidase-conju-
gated anti-rabbit immunoglobulin G (IgG), and enhanced
chemiluminescence Western blotting detection reagents
were from Amersham Pharmacia Biotech (Piscataway, NJ,
USA).

The full-length PPARYy1 expression vector was obtained
from Alex Elbrecht (Merck Research Laboratories, Rahway,
NJ) (Elbrecht et al., 1996). The luciferase reporter construct
driven by three copies of the peroxisome proliferator-
response element (PPRE) from the acyl-CoA oxidase gene
linked to the thymidine kinase promotor was kindly pro-
vided by Peter Tontonoz (University of California, Los
Angeles, CA) (Chawla et al., 2001). The Quick Change
site-directed mutagenesis kit for construction of the domi-
nant-negative PPAR<y and the Adeno-X Expression System
were from Clontech (Palo Alto, CA, USA). Lipofect AMINE
2000 was purchased from Life Technologies (Rockville,
MN, USA). The Dual Luciferase Reporter Assay System
and pRL-CMV were purchased from Promega (Madison,
MA, USA). The non-thiazolidinedione partial PPARYy ago-
nist [nTZDpa, 1-(p-chlorobenzyl)-5-chloro-3-phenylthio-
benzyl-2-yl carboxylic acid] was a generous gift from
Merck (Berger et al., 2003), and rosiglitazone was from
Smith Kline Beecham (King of Prussia, PA, USA).

2.2. Cell culture

Rat aortic vascular smooth muscle cells were prepared
from the thoracic aorta of 2-to 3-month-old Sprague—
Dawley rats by using the explant technique. Relatively pure
(>98%) rat aortic vascular smooth muscle cells were con-
firmed by specific a-actin staining (data not shown). The
cells were cultured in DMEM containing 10% fetal bovine
serum, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2
mM L-glutamine. For all experiments, early passaged (five
to eight) rat aortic vascular smooth muscle cells were grown
to 60—70% confluency and made quiescent by serum
starvation (0.4% fetal bovine serum) for at least 24 h. Each
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reagent examined was added 30 min before the addition of
rat recombinant PDGF-BB and insulin at the final concen-
tration of 20 ng/ml and 1 pM, respectively. For all data
shown, each individual experiment was performed using an
independent preparation of rat aortic vascular smooth
muscle cells.

2.3. Cell growth assay

Rat aortic vascular smooth muscle cells were plated at
1.0 x 10° cells on 60-mm plates and maintained under
starvation in DMEM containing 0.4% fetal bovine serum.
After 48 h, cells were pretreated with the non-thiazolidine-
dione partial PPARy agonist for 30 min and were stimulated
with growth factors (PDGF-BB 20 ng/ml + insulin 1 pM) for
48 h. Cells were harvested and cell proliferation was
measured by counting the cells using a hematocytometer.
Data were based on three different experiments from three
different preparations of rat aortic vascular smooth muscle
cells.

2.4. Western immunoblotting

Cells were harvested at the indicated time after the
addition of growth factors and sonicated in solubilization
buffer (20 mM Tris—HCI, pH 7.5; 150 mM NaCl; 1 mM
EDTA; 1 mM EGTA, 1% Triton X-100; 2.5 mM sodium
pyrophosphate; 1 mM sodium vanadate; 10 pg/ml each
aprotinin and leupeptin; 1 mM phenylmethylsulfonyl fluo-
ride). Cell lysates were cleared by centrifugation and protein
concentrations were determined by Lowry assay. Cell
lysates containing equal amount of protein were resolved
by sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis. Protein was transferred electrophoretically to a
nitrocellulose membrane. After blocking in 20 mM Tris—
HCI (pH 7.6) containing 150 mM NaCl, 0.1% Tween-20,
and 2% (w/v) nonfat dry milk, blots were incubated with
specific primary antibodies. Immunoreactive bands were
visualized by incubation with peroxidase-conjugated anti-
rabbit IgG or anti-mouse IgG antibody. The antigen—anti-
body complex were detected using enhanced chemilumi-
nescence Western blotting detection reagents. Quantification
of the Western blots was performed by densitometry.

2.5. Transient transfection and luciferase assay

Rat aortic vascular smooth muscle cells were grown to
70-80% confluency in 6-well plates and placed in OPTI-
MEM medium. 200 ng DNA of the acyl-CoA oxidase
PPRE-Tk-luciferase reporter construct and 400 ng of the
full-length PPARy1 expression vector were cotransfected
using Lipofect AMINE 2000. Twelve hours after the trans-
fection, cells were starved in DMEM medium containing
0.4% fetal bovine serum for 24 h and were stimulated for 24
h with the PPAR+y ligands. Luciferase activity was assayed
using a Dual Luciferase Reporter Assay System according

to the manufacturer’s instructions. Transfection efficiency
was adjusted by normalizing firefly luciferase activities to
the renilla luciferase activities generated by cotransfection
with 10 ng pRL-CMV. All experiments were repeated al
least three times with different cell preparations.

2.6. Construction of a dominant-negative PPARy and
adenoviral infection of rat aortic vascular smooth muscle
cells

A dominant-negative form of PPARy was constructed by
mutating the Leu*®® and Glu*"" of the full-length PPARYy1
into Ala. Mutations at these sites create a dominant-negative
form of PPAR+y (Gurnell et al., 2000). This dominant-
negative PPAR+y was subcloned into recombinant type 5
adenovirus and designated as Adx-D/N-PPARvy. Recombi-
nant type 5 adenovirus expressing the LacZ gene was
generated similarly and used as a control vector (Adx-
LacZ). Rat aortic vascular smooth muscle cells were
infected with 20 plaque forming units (PFU)/cell in DMEM
containing 0.4% fetal bovine serum for 24 h. After further
starvation for 24 h, cells were pretreated with the non-
thiazolidinedione partial PPARy agonist for 30 min and
were stimulated with PDGF-BB (20 ng/ml) + insulin (1 pM)
for 24 h for analysis of cyclin D1 expression and for 48 h for
cell growth assays.

2.7. Statistical analysis

Data were expressed as mean + standard of the mean
(S.E.M.). Statistical significance was determined using the
Student’s #-test. Values of P<0.05 were considered as
statistically significant.

3. Results

3.1. A non-thiazolidinedione PPARy ligand serves as a
partial agonist for PPARy

Activation of PPARy by the non-thiazolidinedione par-
tial PPARy agonist was assayed by cotransfection of a full-
length PPARYy1 expression vector with a luciferase reporter
gene driven by three PPRE copies from the acyl-CoA
oxidase gene linked to the minimal thymidine kinase
promotor. Ligand-induced transcriptional activation of
endogenous PPAR<y in vascular smooth muscle cells was
modest; thus, overexpression by transient transfection was
employed to determine more accurately the ECs, and the
ICso of the non-thiazolidinedione partial PPARYy agonist.
Transfected vascular smooth muscle cells exhibited a strong
ligand-dependent transcriptional response to increasing con-
centrations of the thiazolidinedione rosiglitazone with an
ECs9 of 26 nM (Fig. 1A). The non-thiazolidinedione
PPARvy ligand functioned as a partial agonist (ECsy 48
nM) eliciting ~ 25% of the maximum efficacy of the full
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Fig. 1. A non-thiazolidinedione PPAR‘y ligand seves as partial agonist for
PPARwy. Rat aortic vascular smooth muscle cells were transiently
cotransfected with a PPARyl expression vector and a luciferase reporter
gene driven by three PPRE copies from the acyl-CoA oxidase gene linked
to a thymidine kinase promotor. Cells were stimulated with the indicated
concentrations of the thiazolidinedione full PPARy agonist rosiglitazone
(black squares) or the non-thiazolidinedione partial PPAR+y agonist (white
squares) (panel A) or with rosiglitazone (100 nM) and the indicated
concentration of the non-thiazolidinedione partial PPARy agonist (panel B).
Forty-eight hours after stimulation, firefly luciferase activity was measured
and normalized to renilla luciferase activity from cotransfected pRL-CMV.
The results represent the mean + S.E.M from three separate experiments.

PPARYy agonist rosiglitazone. To determine whether the
non-thiazolidinedione partial PPAR+y agonist competes with
a PPAR full agonist, experiments were performed using a
fixed concentration of rosiglitazone (100 nM) and increas-
ing concentrations of the non-thiazolidinedione partial
PPARYy agonist (100 pM—10 pM). In the presence of the
non-thiazolidinedione partial PPAR<y agonist, rosiglitazone-
induced PPARYy transcriptional activity was attenuated by
~ 43% (ICs¢ of 32 nM), indicating that the non-thiazolidi-
nedione partial PPAR~y agonist effectively inhibits a PPARy
full agonist (Fig. 1B).

3.2. The non-thiazolidinedione partial PPARy agonist
inhibits mitogen-induced vascular smooth muscle cell
growth and Rb phosphorylation

To determine the effects of the non-thiazolidinedione
partial PPARvy agonist on mitogen-stimulated vascular
smooth muscle cell growth, quiescent cells were treated

with increasing concentrations of the non-thiazolidinedione
partial PPAR+y agonist (0.1-10 uM) and were stimulated
with PDGF +insulin for 48 h. At these concentrations, no
cytotoxic effects were observed, as determined by uptake of
the vital dye, trypan blue, and lack of cell detachment. The
non-thiazolidinedione partial PPARYy agonist inhibited
PDGF + insulin-stimulated vascular smooth muscle cell pro-
liferation by 95.4 £ 8.1% (10 uM, n=3, P<0.05) in a dose-
dependent manner (Fig. 2A). This observed inhibition of
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Fig. 2. The non-thiazolidinedione partial PPAR<y agonist inhibits cell
growth and phosphorylation of the retinoblastoma protein. (A) Quiescent
vascular smooth muscle cells were preincubated with the indicated
concentrations of the non-thiazolidinedione partial PPAR<y agonist
(nTZDpa) for 30 min prior to stimulation with PDGF (20 ng/ml)+ insulin
(1 uM). After 48 h, cells were harvested and cell counts were performed
using a hematocytometer. Results are expressed as percent of the maximal
mitogenic induction of cell proliferation from three separate experiments.
(B) Twenty-four hours after stimulation, whole cell lysates (75 pg) were
assayed by Western immunoblotting using an anti-phospho-Rb Ser807/811
antibody. The autoradiogram is representative of three separate experi-
ments. Results are expressed as mean + S.EM from three separate
experiments (¥*P<0.05 vs. PDGF + insulin).
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vascular smooth muscle cell proliferation correlated with a
concentration-dependent decrease in mitogen-induced Rb
phosphorylation at Ser807/811 (Fig. 2B). Quiescent vascu-
lar smooth muscle cells exhibited low levels of phosphory-
lated Ser807/811. Phosphorylation of Ser807/811 increased
substantially after 24 h stimulation with growth factors
(PDGF +insulin). The non-thiazolidinedione partial PPAR~y
agonist inhibited mitogen-induced phosphorylation of
Ser807/811 by 88.7 + 4.3% (n=3, P<0.05). In combina-
tion, these findings suggest that the non-thiazolidinedione
partial PPAR+y agonist prevents DNA synthesis, at least in
part, by inhibition of Rb phosphorylation at specific phos-
phorylation sites, such as Ser807/811, which mediate CDK-
dependent regulation of Rb function and are important for
cells to exit G1 and enter S phase (Connell-Crowley et al.,
1997).

3.3. The non-thiazolidinedione partial PPARy) agonist
prevents mitogen-induced downregulation of p27°*"

The CDK inhibitor p275P' is an important negative
regulator of Rb phosphorylation, and we have recently
reported that PPAR<y ligands inhibit mitogen-induced
degradation of p27"P' in vascular smooth muscle cells
(Wakino et al., 2000). Therefore, we investigated the
effects of the non-thiazolidinedione partial PPAR<y agonist
on p27"P! levels after mitogenic stimulation (Fig. 3).
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Fig. 3. The non-thiazolidinedione partial PPARy agonist prevents mitogen-
induced downregulation of p27*P'. Quiescent rat aortic vascular smooth
muscle cells were stimulated with PDGF (20 ng/ml) and insulin (1 pM) for
24 h. Cells were preincubated with the indicated concentrations of the non-
thiazolidinedione partial PPARYy agonist (nTZDpa) for 30 min prior to
addition of mitogens. Whole cell proteins (30 pug) were assayed by Western
immunoblotting using an anti-p27"! antibody. The autoradiogram is
representative of three separate experiments. Results are expressed as
mean = S.EM. (*P<0.05 vs. PDGF +insulin).

Quiescent vascular smooth muscle cells express substan-
tial p27"P! protein as determined by Western analysis.
Mitogenic stimulation (PDGF +insulin) for 24 h resulted
in a marked decrease of p27*P' expression (20.6 + 3.8%
of quiescent cells, n=3, P<0.05). Addition of the non-
thiazolidinedione partial PPAR<y agonist significantly
attenuated mitogen-induced downregulation of p27*P!
in a dose-dependent manner (3.3 +0.2 fold increase
vs. PDGF +insulin, n=3, P<0.05). The non-thiazolidi-
nedione partial PPAR<y agonist-mediated inhibition of
vascular smooth muscle cell DNA synthesis and Rb
phosphorylation results, at least in part, through the
prevention of mitogen-induced downregulation of
27kt

3.4. The non-thiazolidinedione partial PPARy agonist
inhibits mitogen-induced expression of early Gl cyclins
(cyclin D1, cyclin E) and late G1/S phase cyclin A

To examine additional mechanisms by which the
partial PPARy agonist inhibits DNA synthesis and Rb
hyperphosphorylation, we next investigated its effects on
the expression of the Gl phase cyclins D1 and cyclin
E. Western analysis revealed that cyclin D1 was ex-
pressed at low levels in quiescent rat aortic vascular
smooth muscle cells and substantially increased in
response to a 24-h mitogenic stimulation. The non-
thiazolidinedione partial PPAR<y agonist potently in-
hibited PDGF + insulin-induced expression of cyclin D1
(Fig. 4A, 83.4+3.4% inhibition, n=3, P<0.05) in a
dose-dependent manner. Rosiglitazone at a concentration
of 10 uM exhibited no effect on mitogen-induced cyclin
D1 expression (Fig. 4B). Data in Fig. 4C show that the
non-thiazolidinedione partial PPAR<y agonist also sub-
stantially inhibited PDGF + insulin-induced cyclin E ex-
pression (Fig. 4C, 58.4+ 4.1% inhibition, n=3, P<
0.05).

Cyclin A is essential for cell cycle Gl — S transition
and its induction late in Gl and early in S phase is
contingent on Rb phosphorylation (Schulze et al., 1995).
Therefore, we investigated the effect of the non-thiazoli-
dinedione partial PPARy agonist on cyclin A expression
(Fig. 4D). Mitogenic induction of cyclin A by PDGF +
insulin was attenuated by the non-thiazolidinedione partial
PPARYy agonist (71.5 £ 4.7% inhibition, n=3, P<0.05).
In concert, these findings suggest that inhibition of cell
growth and Rb phosphorylation by this partial PPAR<y
agonist may result from maintaining elevated levels of
negative regulators of Rb phosphorylation (p27*P") and
blocking the expression of pivotal Gl cyclins necessary
for activating CDKs to phosphorylate Rb. The effects of
non-thiazolidinedione partial PPARy agonist on cell cycle
regulation were qualitatively similar to those previously
reported for rosiglitazone, except for a marked inhibition
of mitogen-induced cyclin D1 expression (Wakino et al.,
2000).
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Fig. 4. The non-thiazolidinedione partial PPARYy agonist inhibits mitogenic induction of G1 cyclins. Quiescent rat aortic vascular smooth muscle cells were
stimulated with PDGF (20 ng/ml) and insulin (1 uM) for 24 h. Cells were preincubated with the indicated concentrations of the non-thiazolidinedione partial
PPAR‘y agonist (nTZDpa) or rosiglitazone 30 min prior to the addition of mitogens. Whole cell proteins (30 pg) were assayed by Western immunoblotting
using an anti-cyclin D1 antibody (panels A and B), anti-cyclin E antibody (panel C), or anti-cyclin A antibody (panel D). The autoradiograms are representative
of three separate experiments. Results are expressed as mean + S.E.M. (*P<0.05 vs. PDGF +insulin).

3.5. Adenovirus-mediated overexpression of a dominant-
negative PPARY partially reverses the inhibitory effect of the
non-thiazolidinedione partial PPARy agonist on vascular
smooth muscle cell growth

To determine whether the effect of the non-thiazolidine-
dione partial PPAR+y agonist on vascular smooth muscle cell
growth was mediated through a PPAR<y-dependent mecha-
nism, we employed an adenovirus to overexpress the
dominant-negative L***A/E*”'A PPARy mutant (Adx-D/
N-PPARY) to block the function of endogenous wild-type
PPARYy. Ligand-induced transcriptional activation of
PPARY in cells overexpressing this compound mutant is
severely impaired (Gurnell et al., 2000). Infection of vas-

cular smooth muscle cells with the control Adx-LacZ and
stimulation with PDGF +insulin resulted in a 2.49 + 0.33-
fold increase in cell growth and a potent inhibition by the
non-thiazolidinedione partial PPARy agonist (Fig. 5, 100%
inhibition at 10 uM, n=3, P<0.05). In contrast, when the
dominant-negative PPARy was overexpressed, the inhibi-
tory effect of the non-thiazolidinedione partial PPARYy
agonist on vascular smooth muscle cell growth was signifi-
cantly attenuated (55.1 & 6.3% inhibition, n=3, P<0.05).
Taken together, these results indicate that inhibition of
vascular smooth muscle cell proliferation by the non-thia-
zolidinedione partial PPARy agonist is partially reversed by
dominant-negative PPAR+y. Therefore, inhibition of vascular
smooth muscle cell growth by this partial PPARy ligand is,
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at least in part, mediated through a PPAR<y-dependent
pathway.

3.6. The non-thiazolidinedione partial PPARy agonist-
mediated inhibition of mitogen-induced cyclin D1 upregu-
lation may be PPARy-independent

As the full PPARYy agonist rosiglitazone exhibited no
effect on mitogen-induced cyclin D1 expression, we next
investigated whether the non-thiazolidinedione partial
PPAR<y agonist blocked cyclin D1 expression through a
PPAR<y-dependent pathway. As shown in Fig. 6A, we
observed faint expression of endogenous PPARy in whole
cell extracts of rat aortic vascular smooth muscle cells,
consistent with our previous findings that detection of
endogenous PPAR‘y protein was detectable only in nuclear
fractions (Law et al., 2000). Adenoviral-mediated infection
of rat aortic vascular smooth muscle cells resulted in marked
overexpression of dominant-negative PPARy. Infection of
rat aortic vascular smooth muscle cells with Adx-D/N-
PPAR< had no effect on the activity of the non-thiazolidi-
nedione partial PPARYy agonist to inhibit mitogen-induced
cyclin D1 upregulation compared to control Adx-LacZ
infected cells (Fig. 6B). In concert, these data suggest that
the inhibition of cyclin DI by the non-thiazolidinedione
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Fig. 5. Adenovirus-mediated overexpression of a dominant-negative
PPARYy partially reverses the inhibitory effect of the non-thiazolidinedione
partial PPAR<y agonist on vascular smooth muscle cell proliferation. Rat
aortic vascular smooth muscle cells were infected with 20 PFU/cell
recombinant adenovirus overexpressing dominant-negative PPARy (Adx-
D/N-PPARYy) or the LacZ gene as a control vector (Adx-LacZ). After
starvation for 24 h, cells were pretreated with the indicated concentrations
of the non-thiazolidinedione partial PPAR<y agonist (n'TZDpa) for 30 min
and stimulated with PDGF (20 ng/ml) +insulin (1 pM). After 48 h, cells
were harvested and counted using a hematocytometer. Results are expressed
as percent of the maximal mitogenic induction of cell proliferation in
uninfected control rat aortic vascular smooth muscle cells. Data represent
mean = S.E.M from three separate experiments (*P<0.05 vs. PDGF +in-
sulin, #P<0.05 vs. PDGF +insulin and Adx-LacZ-infected cells treated
with the non-thiazolidinedione partial PPARy agonist).
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Fig. 6. The non-thiazolidinedione partial PPAR<y agonist-mediated
inhibition of mitogen-induced cyclin D1 upregulation may be PPAR<y-
independent. Vascular smooth muscle cells were infected with 20 PFU/cell
adenovirus overexpressing dominant-negative PPAR<y (Adx-D/N-PPARY)
or the LacZ gene as a control vector (Adx-LacZ). After starvation for 24 h,
cells were pretreated with the indicated concentrations of the non-
thiazolidinedione partial PPARy agonist (nTZDpa) for 30 min and
stimulated with PDGF (20 ng/ml)+insulin (1 M) for 24 h. Whole cell
proteins (30 pg) were assayed by Western immunoblotting for expression of
PPAR'y using an anti-PPAR‘y antibody (panel A) or anti-cyclin D1 antibody
(panel B). The autoradiograms are representative of three separate
experiments.

partial PPARy agonist likely occurs through a PPARYy-
independent mechanism.

4. Discussion

In the present investigation, we report that a novel non-
thiazolidinedione partial PPARy agonist inhibits vascular
smooth muscle cell proliferation. The antiproliferative effect
of this partial PPARy agonist results from its activity to
modulate several key cell cycle regulators that control
Gl — S phase progression. The non-thiazolidinedione par-
tial PPAR+y agonist prevented Rb phosphorylation by inhib-
iting cyclin (D1, E, and A) expression and by preventing the
mitogen-induced downregulation of p27""P'. Inhibition of
vascular smooth muscle cell growth by the non-thiazolidi-
nedione partial PPARy agonist was partially reversed by
adenovirus-mediated overexpression of dominant-negative
PPARYy. Effects of this partial PPAR+y agonist on cyclin D1
were not mimicked by the full PPAR+y agonist rosiglitazone.
Inhibition of cyclin DI expression in Gl by the non-
thiazolidinedione partial PPAR+y agonist likely occurs inde-
pendent of its binding to PPARvy as it persisted in vascular
smooth muscle cells overexpressing a dominant-negative
PPAR~y mutant.

We have previously reported that the classical thiazoli-
dinediones, rosiglitazone and troglitazone, inhibited Rb
phosphorylation and G1 — S phase transition by blocking
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mitogen-induced downregulation of p27"P! (Wakino et al.,
2000). Downregulation of p27*P! during G1 phase in
response to mitogens is important for maximal activation
of G1 cyclin/CDK complexes, particularly cyclin E-CDK2
(Rao, 1999). In the present study, we also observed that the
non-thiazolidinedione partial PPARy agonist is a potent
inhibitor of p275P' downregulation induced by PDGF + in-
sulin, underscoring the importance of this CDKI as a target
for both thiazolidinedione and non-thiazolidinedione
PPARwy ligands as well as for full vs. partial PPARYy
agonists.

Using antisense oligonucleotides to p21°P! and p27"P!,
other investigators have suggested that the inhibition of cell
cycle progression by thiazolidinediones occurs independ-
ently of these CDKIs (Hupfeld and Weiss, 2001). Despite
this controversy concerning the role of p27*P' in in vitro
studies, accumulating evidence implicates p27"P' as an
important regulator of vascular smooth muscle cell growth
in vivo. Neointima formation after mechanical injury of
vessels triggers a dramatic decrease of p27*P! protein levels
(Wei et al., 1997). Adenoviral overexpression of p27<P! in
cultured vascular smooth muscle cells inactivated CDK2
and CDK4 activity and in vivo gene transfer of p27*P!
significantly inhibited neointimal cell proliferation (Tanner
et al., 2000).

In addition to its effect on p27*P', modulation of the
cyclin/CDK system by the non-thiazolidinedione partial
PPARY agonist further contributes to cell growth inhibition.
Previous studies have shown that a variety of growth factors
induce expression of cyclin D1, which partners with CDK4
or CDK6 to phosphorylate Rb early in G1 (reviewed by
Roovers and Assoian, 2000; Sherr, 1996). In our previous
studies, rosiglitazone did not affect levels of cyclin D1 or
cyclin E in mitogen-stimulated rat aortic vascular smooth
muscle cells (Wakino et al., 2000). In marked contrast, we
find that the non-thiazolidinedione partial PPARy agonist
potently inhibits expression of these G1 cyclins. These
findings demonstrate a differential activity of the non-
thiazolidinedione partial PPAR<y agonist vs. thiazolidine-
dione PPARYy ligands to affect G1 cyclin levels. However,
downregulation of cyclin D1 by the non-thiazolidinedione
partial PPARy agonist may be of particular importance for
its activity to inhibit vascular smooth muscle cell growth.
Induction of G1 arrest in endothelial cells by the antiangio-
genic factor endostatin has been recently shown to result
singularly from an inhibition of cyclin DI transcription
(Hanai et al., 2002). Overexpression of cyclin D1 rendered
endothelial cells refractory to cell cycle inhibition by endo-
statin. Additional studies are required to determine whether
selective targeting of cyclin D1 by the non-thiazolidinedione
partial PPARy agonist enhances its antiproliferative activity
in vivo after arterial injury compared to thiazolidinedione
full PPARYy agonists that target only p27*P".

Although the ability of thiazolidinediones to induce
PPARvy-mediated adipose cell differentiation has been
clearly demonstrated, it is unclear whether the cell cycle-

inhibitory effects of thiazolidinediones occur through this
nuclear receptor. To specifically address this question, we
employed a dominant-negative PPARy mutant. Using
adenovirus-mediated infection of vascular smooth muscle
cells, we find that in cells overexpressing dominant-negative
PPARY, the inhibitory effect of the non-thiazolidinedione
partial PPARy agonist on vascular smooth muscle cell
growth was partially attenuated. Therefore, the antiprolifer-
ative activity of this PPAR+y ligand against vascular smooth
muscle cells stems in part from its being a ligand for
PPARYy. In our studies, the non-thiazolidinedione partial
PPARY agonist potently suppressed mitogen-induced cyclin
D1 expression, while the full PPAR<y agonist rosiglitazone
did not affect cyclin D1 expression. Moreover, we observed
that overexpression of the dominant-negative PPARy had
no effect to suppress the non-thiazolidinedione partial
PPAR< agonist-mediated inhibition of mitogen-induced
cyclin D1 expression, suggesting that cyclin D1 may not
be a direct target for PPARYy. Thiazolidinediones were
recently shown to inhibit cyclin D1 expression and cell
proliferation in PPAR+y null embryonic stem cells which
provides strong evidence that this effect occurs independent
of their binding to and activating PPAR+y (Palakurthi et al.,
2001). The precise mechanism by which the non-thiazoli-
dinedione partial PPARYy agonist and thiazolidinediones
inhibit cell growth and differentially target cell cycle regu-
lators remains to be elucidated.

Although thiazolidinediones and the non-thiazolidine-
dione partial PPARYy agonist belong to distinct chemical
classes, they share a common biological activity as PPARy
ligands. All members of the PPAR family (a, 0, and )
possess unusually large binding pockets, compared to other
nuclear receptors, which accommodate a diverse set of
lipophilic acids as ligands (Nolte et al., 1998). Antiprolifer-
ative effects of PPARvy ligands are observed at concentra-
tions considerably higher than their ECs for transcriptional
activation in cell-based transfection assays or in in vitro
binding assays with isolated ligand-binding domain frag-
ments (Berger et al., 1999). At high concentrations, spill-
over of PPARy-selective ligands to PPAR«a and/or PPARS is
quite possible. The antiproliferative activity of thiazolidine-
diones observed in PPARvy null cells, or for the non-
thiazolidinedione partial PPARy agonist in the presence of
a dominant-negative PPARy mutant, could be explained by
their binding to and activation of PPARa or PPARG.
Activation of PPARO has been reported to stimulate rather
than inhibit growth of vascular smooth muscle cells (Zhang
et al., 2002) and keratinocytes (Tan et al., 2001) and no
studies have reported an antiproliferative effect for PPAR«a
ligands. Bishop-Bailey et al. (2002) have recently reported
that rosiglitazone induced apoptosis in intimal vascular
smooth muscle cells through a PPARy-dependent pathway
although effective concentrations of the thiazolidinediones
were 2—3 logs higher than its ECso for receptor binding.
Our data on the antiproliferative effect of the non-thiazoli-
dinedione partial PPARy agonist leads us to a similar
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conclusion that biological activity observed at supraphar-
macologic concentrations can be still mediated by PPARYy.

At present, pioglitazone and rosiglitazone are in clinical
use as insulin sensitizers for the treatment of type II
diabetes. Patients with type Il diabetes are at increased risk
for the development and progression of atherosclerotic
disease (Hsueh and Law, 1998). This population also
responds more poorly to intervention for their coronary
artery disease by exhibiting a higher frequency of restenosis
compared to nondiabetic subjects (The BARI investigators,
2000). Thiazolidinedione PPAR‘y ligands have been shown
to inhibit vascular lesion formation in a variety of animal
models of atherosclerosis and restenosis (Collins et al.,
2001; Koshiyama et al., 2001; Law et al., 1996; Li et al.,
2000). The clinical use of full PPAR~y agonists is sometimes
accompanied by undesirable side effects including edema,
slight reductions in hemoglobin and hematocrit (due to
hemodilution), and weight gain (Lebovitz, 2002). Therefore,
great effort is being expended to generate new PPAR<y
ligands with lesser side effects. Partial agonists for PPAR~y
that regulate only a subset of genes modulated by more
potent full agonists are promising candidates for minimizing
side effects while preserving clinical benefits of the class.

Thiazolidinediones exert their antidiabetic effects as
insulin sensitizers through a mechanism that involves
PPAR+y-mediated alteration of expression of multiple genes
involved in glucose and lipid metabolism in adipose tissue,
muscle and liver (Olefsky and Saltiel, 2000; Moller, 2001).
Inhibition of cell proliferation by thiazolidinediones and the
non-thiazolidinedione partial PPAR+y agonist is more com-
plex and likely involves a combination of PPAR~y-depend-
ent and PPAR+y-independent mechanisms. Therefore,
antiproliferative activity of PPAR<y ligands in vascular cells
may be readily differentiated from their metabolic effects in
peripheral tissues. This may ultimately lead to the develop-
ment of new agents selected primarily for their vascular,
rather than metabolic, activity.
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