CMLS, Cell. Mol. Life Sci. 60 (2003) 212218
1420-682X/03/010212-07
© Birkhduser Verlag, Basel, 2003

Research Article

ICM LS cellular and Molecular Life Sciences

Thiazolidinediones, a class of anti-diabetic drugs, inhibit
Id2 expression through a PPARy-independent pathway in
human aortic smooth muscle cells

X. Zhu*",Y. Lin", J. Zhang®, M. Fu®, Z. Mao?, Y. E. Chen**

@ Cardiovascular Research Institute, Peking University Health Science Center, 38 Xue Yuan Road, Beijing 100083

(China), Fax: +1 404 752 1042, e-mail: echen@msm.edu

b Cardiovascular Research Institute, Morehouse School of Medicine, 720 Westview Drive SW, Atlanta, Georgia 30310

(USA)

Received 27 November 2002; accepted 6 December 2002

Abstract. Inhibitor of DNA binding (Id2) is a member of
the helix-loop-helix family of transcription regulators
that is known to play important roles in the proliferation
and differentiation of many cell types. Overexpression of
Id2 has been reported to result in significant enhance-
ment of vascular smooth muscle cell growth via increased
S phase entry. We hypothesized that downregulation of
Id2 gene expression by thiazolidinediones (TZDs), a
class of anti-diabetic drugs and peroxisome proliferator-
activated receptor y (PPARy) activators, might contribute

to the anti-atherosclerotic and anti-hypertensive effects of
the PPARy. Here we document that TZDs, includ-
ing troglitazone and ciglitazone, repress Id2 gene expres-
sion in a doses- and time-dependent manner. However,
GW7845, a high-affinity and non-TZD PPARy activator,
had no inhibitory effect on Id2 gene expression. In addi-
tion, PPARy antagonist GW9662 did not rescue TZD-in-
duced 1d2 repression. Taken together, our data suggest
that TZDs repress 1d2 expression through a PPAR y-inde-
pendent pathway.
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Thiazolidenediones (TZDs), including troglitazone and
ciglitazone, are a class of novel anti-diabetic drugs that
lower the blood glucose level by enhancing peripheral in-
sulin sensitivity [1]. Increasing evidence supports the
concept that these actions are mediated by peroxisome
proliferator-activated receptor y (PPARy), a member of
the ligand-activated nuclear transcription factors [2, 3]. In
addition to a glucose-lowering effect, TZDs have other
beneficial effects for diabetic patients such as redistribu-
tion of central body fat stores, lowering of triglycerides
and blood pressure and the increase of high-density
lipoprotein (HDL).

* Corresponding author.
X. Zhu and Y. Lin contributed equally to this work.

Recent studies have documented that the expression of
PPARYy is upregulated in intimal vascular smooth muscle
cells (VSMCs) [4]. Moreover, TZDs have been reported
to inhibit neointima formation after balloon injury in as-
sociation with decreased DNA synthesis [5]. However, a
recent series of reports have documented that the admin-
istration of high doses of synthetic ligands in the TZD
class can induce biological responses that are PPARy
independent [6—8].

To explore the mechanisms involved in the TZD anti-pro-
liferative effect in VSMCs, we performed the filter-based
microarrays (cat. no. GF-211) from Invitrogen to identify
the PPARy-regulated genes in VSMCs [9]. We docu-
mented that more than 50 genes are either up- or down-
regulated at least two fold after PPARYy activator ciglita-
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zone treatment. 1d2 was one of the genes most downreg-
ulated by ciglitazone treatment (—4.5-fold). This led us to
hypothesize that TZDs inhibit Id2 gene expression via
PPARy activation.

Inhibitor of DNA-binding proteins (Ids) include four
members (Id1—Id4) and are a family of helix-loop-helix
(HLH) transcription factors which are important regula-
tors of cellular differentiation and proliferation [10]. Id
proteins lacking the basic DNA-binding domain are ca-
pable of forming inactive heterodimers with basic HLH
transcription factors such as MyoD [11]. These het-
erodimers cannot bind to DNA and function in a domi-
nant-negative manner of inhibiting cell differentiation. In
addition, accumulating evidence suggests that Id2 en-
hances cell proliferation [12]. Id2 binds to the retinoblas-
toma protein (Rb) family members and abolishes their
growth-suppressing function [13]. Interestingly, overex-
pression of 1d2 resulted in significant enhancement of
VSMC growth [14]. Taken together, these findings sug-
gest that Id2 plays an important role in the development
of vascular diseases.

In this study, we used a pharmacological approach to in-
vestigate the mechanism of TZD-induced Id2 suppres-
sion in VSMCs. Our data documented that TZDs repress
Id2 expression through a PPAR y-independent pathway.

Materials and methods

Materials

TZDs including troglitazone and ciglitazone (ECy, =
~0.5 pM by in vitro transient transfect report assay) were
purchased from BioMol Research Laboratories (Plymouth
Meeting, Pa.). GW7845, a high-affinity (EC5, = ~0.7 nM
by in vitro transient transfect report assay) and non-TZD
PPARYy agonist, and GW9662 (a PPARy antagonist) were
obtained from GlaxoSmithKline (Research Triangle Park,
N. C.) [15]. Id2 polyclonal antibody was purchased from
Santa Cruz Biotechnology (Santa Cruz, Calif.).

Plasmids

Human Id2 promoter luciferase reporter construct was
generated for this study. Briefly, a 641-bp human 1d2
cDNA (GenBank number M97796) was used to search the
human genome database and found to match an ~5000-kb
DNA fragment (GenBank number NT_022194.9) from
chromosome 2, the map position of Id2. Based on this
~5000-kb DNA sequence, we designed two primers to
amplify an ~1-kb Id2 promoter by polymerase chain re-
action. The 1d2 promoter (nt —979 to +25) was cloned
into a luciferase reporter plasmid (pGL3-Basic; Prome-
ga, Madison, Wisc.). We designated this Id2 promoter/
luciferase reporter plasmid pId2-Luc. A human PPARy
expression vector (pcDNA3-hPPARy) was constructed
by our laboratory as described previously [9].
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Cell culture

Human aortic smooth muscle cells (HASMCs) were pur-
chased from Bio-Whittaker (San Diego, Calif.) and cul-
tured in smooth muscle cell growth medium-2 containing
5% FBS, 2 ng/ml human basic fibroblast growth factor,
0.5 ng/ml human epidermal growth factor, 50 pg/ml gen-
tamicin, 50 ng/ml amphotericin-B, and 5 pg/ml bovine
insulin. For all experiments, early passages (5—7) of
HASMCs were grown to 85—95% confluence and made
quiescent by Opti-MEM (Invitrogen, Calsbad, Calif.) for
24 h. The rat aortic smooth muscle cell line (A7r5) was
purchased from the American Type Culture Collection
(Manassas, Va.) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% (v/v)
FBS. All cells were grown in a 5% CO,-humidified at-
mosphere at 37°C.

Northern blotting analysis

Total RNA was isolated from cultured cells using an
RNeasy mini kit (Qiagen, Valencia, Calif.). Total RNA
(15 pg) was separated on 1% formaldehyde-agarose gels.
After transferring to nylon membranes (Perkin Elmer
Life Sciences, Boston, Mass.), the RNA was cross-linked
to the membrane by a UV cross-linker (Bio-Rad, Her-
cules, Calif.). 3?P-labeled cDNA probes were generated
using the random primer labeling system (Invitrogen).
Blots were pre-hybridized and hybridized for 1 h at 65°C,
and then washed once with 1xXSSC, and once with 0.1 X
SSC, 1% SDS at 65°C for 15 min. The phosphor image
Typhoon 9200 was used to detect the radioactivity of 3*P
of each band, and the density of each band was quantified
by ImageQuant Software (Amersham Life Science, Pis-
cataway, N. J.). Lane loading differences were normalized
using GAPDH expression levels.

Western-blotting analysis

The total cell proteins were extracted with the mammalian
protein extraction kit (Pierce, Rockford, Ill.). Eighty mi-
crograms of protein was subjected to SDS-PAGE and elec-
trotransferred to nitrocellulose membrane (Bio-Rad). After
blocking in 20 mM Tris-HCI, pH 7.6, containing 150 mM
NaCl, 0.1% Tween 20, and 5% (w/v) non-fat dry milk,
membranes were probed with specific antibodies against
1d2 or B-actin overnight at 4°C. Blots were then incubated
with horseradish peroxidase-conjugated secondary anti-
body (Santa Cruz Biotechnology). The immunoactivity
was visualized by the enhanced chemiluminescence detec-
tion system (Amersham) according to the manufacturer’s
instructions. The density of each band was quantified by
ImageQuant Software. Lane loading differences were nor-
malized using S-actin expression levels.

Transient transfection and luciferase assays
ATr5 cells were grown to 85~95% confluence in
DMEM supplemented with 10% FBS before transfec-
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tion. The Id2 promoter construct (pId2-Luc) was trans-
fected together with a pcDNA3-hPPARYy plasmid using
Lipofect AMINE2000 (Invitrogen). Green fluorescence
protein (GFP) expression plasmid was co-transfected
as the control for transfection efficiency. The total
amount of transfected DNA was kept constant by using
corresponding vector DNA. Twenty-four hours after
transfection, cells were cultured for 12 h in Optium-
MEM and then treated with vehicle (DMSO), 10 pmol/l
ciglitazone or 1 pmol/l GW7845 for 24 h. Luciferase
activity was measured by a luminometer (Victor II;
Perkin Elmer) using the reporter luciferase assay kit
(Promega). Luciferase activity was normalized by GFP
units.

Statistical analysis

Each experiment was repeated a minimum of three
times. Statistical analyses were performed by ANOVA
or unpaired Student t-test. Data are presented as mean +
SD.
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TZDs inhibit 1d2 expression in VSMCs

Results

Ciglitazone and troglitazone inhibit Id2 expression in
HASMCs

To determine whether TZDs inhibit Id2 expression, we
first performed Northern blot analyses to study Id2
mRNA expression in HASMCs by ciglitazone stimula-
tion. As shown in figure 1, abundant I1d2 expression was
observed in HASMC:s before ciglitazone treatment. How-
ever, [d2 mRNA expression was dramatically reduced by
about ten-fold after incubation with 10 pM ciglitazone
for 24 h in HASMC. An increasing concentration of cigli-
tazone (0, 1, 5, and 10 pmol/l) decreased Id2 mRNA ex-
pression in a dose-dependent manner (fig. 1 A). In addi-
tion, cells treated with 10 pmol/l ciglitazone for different
times as indicated resulted in the suppression of Id2
mRNA expression in a time-dependent manner (fig. 1 B).
The significant inhibition of Id2 mRNA expression
started at 6 h and reached a maximum at 24 h. Using
Western blot analysis, we further confirmed the signi-
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Figure 1. Ciglitazone inhibits Id2 expression in HASMCs. (4) Cells were made quiescent by Opti-MEM treatment for 24 h and then treat-
ed with increasing concentrations of ciglitazone (0, 1, 5, and 10 pmol/l) for 24 h. (B) Quiescent cells were treated with
10 pmol/l ciglitazone for different times as indicated. Northern blot analyses were performed to measure the Id2 mRNA levels in each
group. The [d2 mRNA levels normalized by GAPDH level were expressed in relative units to no ciglitazone stimulation (control) as 1. Val-
ues for I[d2 mRNA are expressed as mean + SD (n=3, #p<0.05 vs control, *p<0.01 vs control) in the lower panels of A and B. (C) Levels
of Id2 protein were examined by Western blot analyses. Total protein was extracted from the cells treated with ciglitazone at 10 pmol/I for
various periods as indicated. The Id2 protein levels normalized by f-actin were expressed in relative units to no ciglitazone stimulation
(control) as 1. Values for 1d2 protein are expressed as mean + SD (n=3, *p<0.01 vs control).
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ficant inhibition of Id2 protein by 10 pmol/l of ciglita-
zone stimulation in HASMCs (fig. 1 C). In addition, we
confirmed that both cliglitazone and troglitazone up to
20 pmol/l are not toxic to VSMCs (data not shown).
Taken together, our data documented that ciglitazone sup-
presses Id2 expression in a dose- and time-dependent
manner.

In parallel experiments, we also documented that trogli-
tazone suppresses Id2 gene expression in a dose- and
time-dependent manner (fig. 2).

Ciglitazone stimulation does not affect Id2 mRNA
stability in HASMC

To evaluate whether Id2 mRNA stability contributes to
TZD-induced 1d2 downregulation, we examined the half-
life of Id2 mRNA in HASMCs. Northern blotting analy-
ses were performed with the addition of actinomycin D
(5 ng/ml) after 6 h of ciglitazone (10 pmol/l) stimulation.
In HASMCs, the half-life of 1d2 mRNA was ~1.5 h.
There were no significant differences between ciglita-
zone-treated and untreated cells (fig. 3). The data sug-
gested that ciglitazone does not affect Id2 mRNA stabil-
ity and that TZD-induced 1d2 downregulation is mainly at
the transcriptional level.

Ciglitazone and troglitazone inhibit I1d2 expression
through a PPARy-independent pathway

Recent reports suggest that PPAR y agonists such as cigli-
tazone, troglitazone, and 15d-PGJ, have various PPAR y-
independent effects in many cell types [6—8, 16]. To de-
termine if the suppression of Id2 expression is mediated
by PPARy in HASMC:s, the cells were pretreated with
or without GW9662, a PPARy-specific antagonist at
1 pmol/1 for 30 min prior to the addition of GW7845, a
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high-affinity and non-TZD PPARy agonist (1 pmol/l)
and ciglitazone (10 pmol/l) for 24 h. As shown in figure
4, Northern blotting analyses show that the GW7845 did
not affect Id2 mRNA expression in HASMCs. In addi-
tion, ciglitazone-induced 1d2 repression was not rescued
by GW9662. Similar results were obtained in HASMCs
with GW9662 and troglitazone treatment (data not
shown). Taken together, these data indicated that the ef-
fect of TZDs on Id2 expression was independent of
PPARY.

To further confirm that ciglitazone-induced 1d2 suppres-
sion was through a PPAR y-independent pathway, we ex-
amined the regulation of the Id2 gene promoter in
VSMCs by transit transfection reporter assays. As shown
in figure 5, ciglitazone (10 pmol/1) strongly inhibited 1d2
(eight- to nine-fold) promoter activation, but GW7845
(10 pmol/l) did not significantly affect Id2 promoter ac-
tivation with or without PPARy overexpression. These re-
sults suggested that ciglitazone inhibited 1d2 expression
at the transcriptional level through a PPAR y-independent
mechanism.

Discussion

VSMC proliferation is the key event in vascular prolifer-
ative disorders including atherosclerosis and restenosis.
Since are TZDs generally believed to inhibit VSMC
growth through the PPAR y-mediated pathway, the iden-
tification of TZD-induced 1d2 repression in VSMCs led
us to hypothesize that Id2 downregulation by TZDs
might contribute to the anti-atherosclerotic and anti-hy-
pertensive effects of PPARy. However, our data in the
present study clearly documented that TZDs repress 1d2
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Figure 2. Troglitazone inhibits Id2 expression in HASMC. (4) Cells were made quiescent by Opti-MEM treatment for 24 h and then
treated with increasing concentrations of troglitazone (0, 1, 5, and 20 pmol/l) for 24 h. (B) Quiescent cells were treated with
20 pmol/l troglitazone for different times as indicated. Northern blot analyses were performed to measure the Id2 mRNA levels in each
group. Id2 mRNA levels normalized by GAPDH level were expressed in relative units to no troglitazone stimulation (control) as 1. Values
for Id2 mRNA are expressed as the mean = SD (n=3, #p<0.05 vs control, ¥*p<0.01 vs control) in the lower of panels of 4 and B.
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Figure 3. Ciglitazone-induced 1d2 downregulation does not affect Id2 mRNA stability in HASMCs. HASMCs were incubated with or
without 10 pmol/l of ciglitazone for 8 h and de novo mRNA transcription was inhibited by addition of actinomycin D (5 pg/ml). Total RNA
was extracted at 0, 1, 2, and 4 h after administration of actinomycin D for Northern blot analyses. A representative Northern blot is shown
in the top panel. The 1d2 mRNA levels normalized by GAPDH level were expressed in relative units to no actinomycin D treatment as
100%. Values for Id2 mRNA are expressed as mean + SD (n=3) in the bottom panel.
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Figure 4. Ciglitazone-induced Id2 repression is independent of PPARy in HASMCs. Quiescent cells were treated with a PPARy antago-
nist GW9662 (1 pmol/l) for 30 min before the treatment with ciglitazone (10 pmol/l) or the high-affinity PPARy agonist GW7845
(1 pmol/l) for 24 h. Total RNA was extracted and the levels of Id2 mRNA were determined by Northern blot analyses. Id2 mRNA levels
normalized by GAPDH level were expressed in relative units to DMSO without GW9662 treatment (control) as 1. Values for [d2 mRNA
are expressed as mean = SD (n=3, *p<0.01 vs control) in the lower panel.
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Figure 5. Ciglitazone inhibits 1d2 gene promoter activity. A pld2-
Luc reporter construct was co-transfected with or without a PPARy
expression plasmid in rat VSMCs. A GFP reporter plasmid was
used as the control for transfection efficiency. Quiescent transfected
cells were treated with vehicle (DMSO), 10 pmol/l ciglitazone or
1 pmol/l GW7845 for 24 h. Luciferase activity normalized by GFP
is expressed in relative units to pcDNA3 with DMSO treatment
(mean + SD, n=6, *p<0.01).

expression through one PPARy-independent pathway,
suggesting that TZDs might inhibit VSMC growth via
Id2 downregulation, which is independent from PPARy
activation.

TZDs are a novel class of anti-hyperglycemic drugs used
in the treatment of type II diabetes. Mounting data have
documented that binding and activating of PPARy by
TZDs correlate well with their anti-diabetic potency.
TZDs also have other beneficial effects for diabetes such
as the lowering of triglycerides and blood pressure. Al-
though the emerging evidence supports the mediation of
these TZD actions by PPARYy, a recent series of reports
documented that the administration of TZDs can induce
biological responses that are PPARy independent [6—8].
Moreover, the side effects of increasing fluid retention or
swelling which could lead to congestive heart failure, and
promote liver problems, have been observed in TZD-
treated type II diabetic patients. Therefore, the dissection
of TZD PPARy-dependent and PPARy-independent ac-
tions will provide new insights into the development of
better drugs that specifically target PPARYy.

The Id class of HLH proteins is involved in cell differen-
tiation and proliferation in a variety of cell types [10]. Id2
was reported to promote VSMC growth by increasing S
phase entry via downregulation of the p21©¥!, a cyclin-
dependent kinase inhibitor [14]. Id3 was documented to
mediate angiotensin II-induced VSMC growth through
depressing p21¢e!, p27%r!and p53 [17]. In addition, up-
regulation of Id2 and Id3 in vessel walls was recently re-
ported during vascular lesion formation [14, 18]. Taken
together, these data suggest that Id proteins are a class of
novel molecular determinants in vascular diseases.

The mechanisms underlying the inhibitory effects of
TZDs on Id2 gene expression remain to be explored. In-
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terestingly, troglitazone is less potent at repressing 1d2
expression than ciglitazone (fig. 2 vs. fig. 1). This differ-
ence may be generated from different chemical struc-
tures. Troglitazone contains a vitamin E moiety. Of inter-
est will be to examine whether vitamin E has any effect
on Id2 expression in VSMCs. A recent paper documented
that ciglitazone activates the three MAP kinase families
through PPAR y-independent mechanisms involving reac-
tive oxygenated species [8]. Moreover, troglitazone was
reported to repress phosphoenolpyruvate carboxykinase
gene expression via a PPARy-independent antioxidant-
related mechanism [19]. In addition, our data in this study
suggests that the TZD-induced 1d2 repression is mainly at
the transcriptional level in VSMCs. Searching for the
TZD-responsive element in the Id2 promoter by system-
atic deletion mapping analysis may provide clues and a
better understanding of TZD-induced Id2 repression.
Further studies on TZD-induced 1d2 suppression may
lead us to identify novel molecular mechanisms for the
inhibition of VSMC growth by TZDs.

In conclusion, our results provide the first evidence for
TZD-induced 1d2 repression by the PPAR y-independent
pathway. This study is thus important for understanding
the pharmacological roles of TZDs that are widely used
for the treatment of type II diabetes.
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