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Abstract

Pioglitazone (P10), a PPARY agonist that improves glycemic control in type 2 diabetes through its
insulin-sensitizing action, has been shown to exhibit beneficial effects in the vessel wall. For
instance, it inhibits vascular smooth muscle cell (VSMC) proliferation, a major event in
atherosclerosis and restenosis after angioplasty. Although PPARy-dependent and PPARY-
independent mechanisms have been attributed to its vasoprotective effects, the signaling events
associated with P10 action in VSMCs are not fully understood. To date, the likely intermediary
role of AMP-activated protein kinase (AMPK) toward P10 inhibition of VSMC proliferation has
not been examined. Using human aortic VSMCs, the present study demonstrates that PIO activates
AMPK in a sustained manner thereby contributing in part to inhibition of key proliferative
signaling events. In particular, PIO at 30 UM concentration activates AMPK to induce raptor
phosphorylation, which diminishes PDGF-induced mTOR activity as evidenced by decreased
phosphorylation of p70S6K, 4E-BP1, and S6 and increased accumulation of p27XiP1, a cell cycle
inhibitor. In addition, P10 inhibits the basal phosphorylation of ERK in VSMCs. Downregulation
of endogenous AMPK by target-specific SiRNA reveals an AMPK-independent effect for PIO
inhibition of ERK, which contributes in part to diminutions in cyclin D1 expression and Rb
phosphorylation and the suppression of VSMC proliferation. Furthermore, AMPK-dependent
inhibition of MTOR/p70S6K and AMPK-independent inhibition of ERK signaling occur
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regardless of PPARy expression/activation in VSMCs as evidenced by gene silencing and
pharmacological inhibition of PPARy. Strategies that utilize nanoparticle-mediated PIO delivery at
the lesion site may limit restenosis after angioplasty without inducing PPARy-mediated systemic
adverse effects.

Graphical Abstract

P10 inhibits PDGF-induced vascular smooth muscle cell proliferation via AMPK-dependent
inhibition of mTOR/p70S6 kinase and AMPK-independent inhibition of ERK1/2 signaling
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1. Introduction

Vascular smooth muscle cell (VSMC) proliferation is a major event in the development of
atherosclerosis and restenosis after angioplasty [1, 2]. Thiazolidinediones (TZDs) have been
shown to exhibit beneficial effects in the vessel wall [3-5] beyond their insulin-sensitizing
action that improves glycemic control in patients with type 2 diabetes [6]. Yet, TZD
treatment is associated with several adverse effects, including weight gain, fluid retention,
and congestive heart failure, thus raising concerns about their cardiovascular safety [7].
These unfavorable effects are attributed in part to activation of peroxisome proliferator
activated receptor-y (PPARY). For instance, TZD activation of PPARY in the renal collecting
duct stimulates epithelial sodium channel transcription to promote sodium absorption and
fluid accumulation [8, 9]. Notably, PPARYy is also expressed in VSMCs but to a modest
extent [10-13], compared with its abundant expression level in adipose tissue [10]. Although
previous studies have reported PPARy-dependent and PPARYy-independent mechanisms for
TZD inhibition of VSMC proliferation [14-20], the signaling events associated with TZD
action in VSMCs are not fully understood.

TZDs such as rosiglitazone (ROSI) and pioglitazone (P10) are currently in clinical use but
are prescribed with caution due to the risk of congestive heart failure [21, 22]. Troglitazone
(TRO) has been withdrawn from market due to hepatotoxicity [21]. While commonly being
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referred to as PPARY agonists, PPARy binding affinity for ROSI is several fold greater than
P10 or TRO [23]. Despite their differences in PPARy binding affinities, all three TZDs
exhibit comparable inhibitory effects on VSMC proliferation [11, 17] by affecting cell cycle
regulatory events critical for G1—S progression [16, 17]. The key proliferative signaling
components in VSMCs include MEK1/ERK and mTOR/p70S6K that undergo activation
upon challenge with mitogens including platelet-derived growth factor (PDGF) or
angiotensin 11 [24-26]. In this regard, TZDs have been shown to inhibit mitogen-induced
activation of ERK signaling in VSMCs [13, 15, 18, 27]. Importantly, TZD treatment results
in the activation of AMP-activated protein kinase (AMPK) in insulin-responsive tissues/
cells [28-31] and endothelial cells [32], but such effect has not yet been reported in VSMCs.
AMPK activation in VSMCs (e.g., by AICAR or adipokines) is associated with inhibition of
ERK activation [25, 33, 34]. In addition, AMPK activation leads to inhibition of mMTOR/
p70S6K signaling in different tissues/cell types [35, 36], including VSMCs [37]. Notably,
AMPK activation in nonvascular cells promotes raptor phosphorylation to inhibit the
activity of mTOR [38]. Hence, it is critically important to examine the likely intermediary
role of AMPK toward TZD suppression of key proliferative signaling events in VSMCs.

In skeletal muscle cells and hepatocytes, TZD activation of AMPK has been shown to
involve mitochondrial membrane depolarization, a decrease in cellular ATP level, an
increase in AMP that binds to AMPKY subunit to facilitate allosteric activation, and
enhanced phosphorylation of Thr172 residue in AMPKa unit by LKB1, an upstream kinase
for AMPK [28, 30, 39]. In addition, AMPK activation leads to phosphorylation and
inactivation of acetyl CoA carboxylase (ACC), a key downstream target of AMPK [39].
Nevertheless, it remains unknown as to whether TZD affects cellular energy state to
promote AMPK activation in VSMCs.

The objectives of the present study using human aortic VSMCs are to determine: i) the
extent to which PIO regulates the phosphorylation AMPKaT"172 and its downstream target,
ACC,; ii) PIO regulation of cellular energy state including mitochondrial membrane potential
(by TMRM fluorescence analysis) and AMP/ATP ratio (by LC-MS/MS MRM analysis); iii)
the role of LKBL as a likely upstream kinase; iv) the extent to which PI1O activation of
AMPK regulates PDGF-induced key proliferative signaling events including mTOR/
p70S6K and ERK; and v) whether PIO regulation of key proliferative signaling is dependent
on PPARYy expression.

2. Materials and methods

2.1. Materials

Pioglitazone, rosiglitazone, and GW-9622 were purchased from Cayman Chemical
Company (Ann Arbor, MI). Recombinant human PDGF-BB was purchased from R&D
Systems (Minneapolis, MN). The primary antibodies for phospho-AMPKa 172 (2535),
pan-AMPKa (2532), AMPKal (2795), AMPKa2 (2757), phospho-ACCSe79 (11818), ACC
(3676), phospho-LKB15¢r428 (3482), LKB1 (3047), phospho-44/42 MAPK (ERK1/2; 4695),
44142 MAPK (ERK1/2; 9102), phospho-AktThr308 (2965), Akt (4691), phospho-GSK3pSerd
(9323), GSK3pB (12456), phospho-p70S6K 1389 (9234), p70S6K (2708), phsopho-4E-
BP15¢r65 (9451), 4E-BP1 (9644), phospho-S6 ribosomal proteinSer235/236 (4857), S6
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ribosomal protein (2217), phospho-RaptorSer792 (2083), Raptor (2280), PPARY (2435),
p27KirL (3686), cyclin D1 (2922), phospho-RbSer795 (9301), phospho-p535€r15 (9286), p53
(2524), p21CiP1 (2947), CD36 (14347), and p-actin (8457) were purchased from Cell
Signaling Technology (Danvers, MA). The primary antibody for SM a-actin (ab5694) was
purchased from Abcam (Cambridge, MA). The primary antibody for calponin (C2687) was
purchased from Sigma Chemical (St. Louis, MO). LKB1, AMPKal, AMPKa2, PPARy
silencer select sSiRNAs and scrambled siRNA were purchased from Life Technologies
(Carlsbad, CA). Adenosine 5’-triphosphate disodium (ATP), adenosine 5’-diphosphate
monosodium (ADP), and adenosine 5’-monophosphate disodium (AMP) were purchased
from EMD Millipore Chemicals (Billerica, MA). All other chemicals were from Fisher
Scientific (Fair Lawn, NJ) or Sigma Chemical (St. Louis, MO).

2.2. Cell culture and treatments

Human aortic VSMCs, vascular cell basal medium and smooth muscle growth supplement
(SMGS) were purchased from ATCC (Manassas, VA). SMGS constituents and their final
concentrations after addition to vascular cell basal medium were as follows: 5% FBS (vol/
vol), 5 ng/ml human basic fibroblast growth factor, 5 ng/ml human epidermal growth factor,
5 pg/ml insulin, 50 pg/mL ascorbic acid, 10 mM L-Glutamine. VSMCs (passages 3-5) were
incubated in vascular cell basal medium containing SMGS (complete medium) and 5.5 mM
D-glucose along with antibiotic/antimycotic solution in a humidified atmosphere of 95% air
and 5% CO, at 37°C. After the attainment of confluence (~6-7 days), VSMCs were
trypsinized, centrifuged, and seeded onto petri dishes or multiwell plates. Subconfluent
VSMCs were maintained under SMGS (serum)-deprived conditions for 48 hours to achieve
quiescence, and then subjected to treatments as described in the legends to the respective
figures. DMSO (0.1%) was used as the vehicle control for PIO or ROSI treatment.

2.3. Cell counts

Subconfluent VSMCs were serum-deprived for 48 hr and then pretreated with P10 (3, 10 or
30 uM, 30 min) or vehicle control followed by exposure to PDGF (30 ng/ml, 96 hr). We
replaced the medium with fresh serum-free medium containing the indicated concentrations
of P10 and/or PDGF every 48 hr. VSMCs were then trypsinized and the changes in cell
number were determined using Countess Counter (Life Technologies), as described [40].

2.4. DNA synthesis assay

Serum-deprived VSMCs were treated with P10 (30 uM) or vehicle control for 24 hr and
then exposed to PDGF (30 ng/ml) for another 24 hr. DNA synthesis was measured using
click iT® EdU microplate assay according to the manufacturer’s instructions (Life
technologies). In brief, VSMCs were incubated with 5-ethynyl-2’-deoxyuridine (EdU; a
nucleoside analog) during the last 18 hr of respective treatments. Subsequently, cells were
exposed to the supplied fixative reagent followed by labeling of EAU with green-fluorescent
Oregon Green® azide. Signal amplification was then achieved by incubation with HRP-
conjugated anti-Oregon Green® antibody followed by reaction with Amplex® UltraRed
substrate that produces a brightly red fluorescent product (excitation/emission: 568/585 nm).
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2.5. Immunoblot analysis

VSMC lysates (20 ug protein per lane) were subjected to electrophoresis using precast
4-12% NuPage mini-gels (Life Technologies). The resolved proteins were then transferred
to P\VDF membranes (EMD Millipore). Subsequently, the membranes were blocked in 5%
nonfat milk and probed with the respective primary antibodies. The immunoreactivity was
detected using HRP-conjugated horse anti-mouse secondary antibody (7076; Cell Signaling)
or goat anti-rabbit secondary antibody (7074; Cell Signaling) followed by enhanced
chemiluminescence (ECL; Thermo Scientific, Wilmington, DE). Immunoblots for ECL
detection of a given protein target and its phosphorylated form were run in parallel. B-actin
was used as an internal control. The displayed B-actin in the respective figures is
representative of f-actin immunoreactivity for all blots. The protein bands shown in
respective figures represent the results obtained from at least three separate independent
experiments. The protein bands were quantified using Image J.

2.6. Assessment of mitochondrial membrane potential

Mitochondrial membrane potential (Ay) was determined using a MitoPT TMRM assay kit
according to manufacturer’s instructions (ImmunoChemistry Technologies, Bloomington,
MN). Briefly, serum-deprived VSMCs were exposed to PIO (30 uM) for 1 or 3 hr, or
vehicle control. Subsequently, VSMCs were stained with tetramethylrhodamine methy! ester
(TMRM, 200 nM, 20 min at 37°C in the dark), washed with 1 ml wash buffer, and then
visualized by fluorescence microscopy (Zeiss, Thornwood, NY). In intact cells, the cationic
nature of TMRM allows it to accumulate within the inner membrane region of polarized
mitochondria, resulting in a marked increase in TMRM-associated orange fluorescence.
When mitochondrial membrane depolarizes, TMRM gets dispersed throughout the cytosol at
a concentration that yields minimal fluorescence upon excitation. Thus, mitochondrial
membrane potential was assessed by examination of TMRM-associated orange fluorescence
(Excitation/Emission: 548 nm/573 nm). Carbonylcyanide m-chlorophenylhydrazone (CCCP,
50 UM, 1 hr) a generic mitochondrial membrane depolarizer, was used as a positive control.

2.7. Quantification of adenine nucleotides (ATP, ADP, and AMP) using LC-MS/MS MRM

Quantification of adenine nucleotides in VSMCs was done as previously described [41].
Briefly, serum-deprived VSMCs were exposed to PIO (30 uM, 3hr) or vehicle control.
VSMCs were collected in ice-cold PBS, lysed in ice-cold 5% perchloric acid, and then
centrifuged at 10,000 x g for 5 min at 4°C to remove the acid-insoluble material. Perchloric
acid in the collected supernatant was extracted by three washes with 10% excess volume of
a 1:1 mixture of tri-n-octylamine and 1,1,2-trichlorotrifluroethane. Adenine nucleotides in
the aqueous phase were analyzed using liquid chromatography/tandem mass spectrometry
(LC-MS/MS) with multiple reaction monitoring (MRM) on a 4000 QTRAP LC/MS/MS
system (Applied Biosystems, Carlsbad, CA). The samples and standards were run on a
Amide XBridge HPLC column (Cat # 186004860; 3.5 UM particle size; 2.1 mm inner
diameter x 100 mm length, Waters, Milford, MA) using buffer A (20 mM ammonium
hydroxide and 20 mM ammonium acetate in 5% acetonitrile, pH 9.0) and buffer B (100%
acetonitrile) at a flow rate of 0.3 ml/min for 10 min. The mobile phase consists of isocratic
elusion with 20% buffer B. The concentrations of AMP, ADP and ATP were calculated
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from standard curves of a serial dilution of a standard consisting of known concentrations of
AMP, ADP and ATP that were run in parallel with the samples in the same session.

2.8. Nucleofection of VSMCs with target-specific SiRNAs

Subconfluent VSMCs were transfected with 500 pmoles of target-specific Silencer® Select
Pre-Designed siRNA (Life technologies, Carlsbad, CA) using the Amaxa nucleofector-II
device U-025 program (Lonza, Germany). The scrambled siRNA- and target-specific
siRNA-transfected VSMCs were incubated in complete medium for 48 hr. Subsequently,
VSMCs were serum-deprived for 24 hr and then subjected to treatments as described in the
legends to the respective figures.

2.9. Nascent protein synthesis assay

Serum-deprived VSMCs were exposed to PIO (30 uM) or vehicle control for 24 hr in the
absence or presence of PDGF (30 ng/ml). Nascent protein synthesis was determined using
click-iT® Plus OPP Alexa Fluor® 488 protein synthesis assay kit according to the
manufacturers’ instructions (Life Technologies). Briefly, VSMCs were incubated with 20
UM Click-iT® OPP working solution for 30 min, fixed with 4% paraformaldehyde in PBS,
permeabilized with 0.5% Triton X-100 in PBS. VSMCs were then incubated with Click-iT®
Plus OPP reaction cocktail for 30 min at room temperature, protected from light, and
incubated with NuclearMask™ Blue Stain to label nuclei. Nascent protein synthesis was
assessed by determination of signal intensity in the green fluorescent channel as determined
by confocal microscopy (Zeiss, Thornwood, NY).

2.10. RNA extraction, cDNA synthesis and real-time quantitative RT-PCR (QRT-PCR)

RNA extraction, cDNA synthesis and qRT-PCR were performed as previously described
[40]. Briefly, total RNA was extracted from VSMCs by RNeasy mini-kit (Qiagen, Valencia,
CA) and then treated with RNase-free DNase | (Qiagen) to remove contamination due to
genomic DNA. RNA quantification and purity assessment were performed spectroscopically
using NanoDrop 2000 spectrophotometer (Thermo Scientific). 500 ng of total RNA was
reverse transcribed to cDNA by Superscript First Strand RT-PCR system (Life
Technologies) using oligo(dT) primers. qRT-PCR analysis was performed using Applied
Biosystems 7900HT Fast Real-Time PCR system and QuantiTect SYBR Green PCR kit
(Qiagen). Relative mMRNA expression values were determined by the comparative threshold
cycle (Ct) method. Cy values were normalized with internal control gene 32 microglobulin
(B2M). Cyclin D1 primer sequences were as follows: Forward primer (5°-
TGTCCTACTACCGCCTCACA-3’) and reverse primer (5’-
TCCTCCTCTTCCTCCTCCTC-37). p2M primer sequences were as follows: Forward
primer (5’-TGGTCTTTCTGGTGCTTGTCT-3’) and reverse primer (5’-
TATGTTCGGCTTCCCATTCT-3).

2.11. Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic protein fractions were obtained using a nuclear and cytoplasmic
extraction kit according to manufacturer’s instructions (Thermo Scientific). Briefly, serum-
deprived VSMCs were exposed to P10 (30 uM) or vehicle control for 48 hr. Cells were
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harvested with trypsin-EDTA and then centrifuged at 500 x g for 5 min. The cell pellet was
washed with ice-cold PBS. Subsequently, ice-cold cytoplasmic extraction reagents (CER |
and CER II) were mixed with protease/phosphatase inhibitor cocktail (Thermo Scientific)
and added to the cell pellet to cause cell membrane disruption and the release of cytoplasmic
contents. After recovering the nuclear pellet from the cytoplasmic extract by centrifugation
(16,000 x g for 5 min), the nuclear proteins were extracted with the nuclear extraction
reagent (NER) plus protease/phosphatase inhibitor cocktail.

2.12. Statistical analysis

3. Results

Results are expressed as the means = SEM of at least three separate experiments. Statistical
analyses of the data were performed using one-way analysis of variance (ANOVA) followed
by Bonferroni t-test for data involving more than two groups, or unpaired two-tailed t-test
for data involving two groups only. Values of p < 0.05 were considered statistically
significant.

3.1. PIO inhibits PDGF-induced VSMC proliferation

Previous studies have shown that TZDs suppress mitogen-induced VSMC proliferation
[14-17, 42], by affecting the cell cycle regulatory events critical for G1—S progression [16,
17]. In the present study, we examined the effects of PIO on PDGF-induced VSMC
proliferation, DNA synthesis, and the associated changes in cell cycle proteins. Prior to
treatments, VSMCs were maintained under serum-deprived conditions to promote transition
to a contractile phenotype. As shown in Fig. 1A, serum deprivation led to an increase in the
expression of SM a-actin and calponin by ~7 + 0.3- and 6 + 0.2-fold, respectively. Fig. 1B
shows that PI1O treatment, by itself, did not affect basal VSMC proliferation at 3 to 30 pM
concentrations. However, it diminished PDGF-induced VSMC proliferation by 18 + 10% (p
=0.9),42 £ 14% (p = 0.4), and 84 + 6% (p < 0.05) at 3, 10, and 30 UM concentrations,
respectively. In addition, PIO at 30 uM concentration did not affect basal DNA synthesis but
significantly decreased PDGF-induced DNA synthesis by 96 + 3% (p < 0.05) (Fig. 1C).
Together, PIO treatment shows a trend toward a decrease in PDGF-induced VSMC
proliferation at 10 uM concentration with a more pronounced inhibition at 30 uM
concentration.

Furthermore, PIO treatment led to significant inhibition of PDGF-induced increase in cyclin
D1 expression by 32 + 10% (p < 0.05) and 97 + 8% (p < 0.05) at 10 and 30 uM
concentrations, respectively (Fig. 1D). It also inhibited PDGF-induced increase in Rb
phosphorylation by 42 + 4% (p < 0.05) and 93 + 11% (p < 0.05) at 10 and 30 pM
concentrations, respectively. Importantly, P10, by itself, enhanced the accumulation of
p27KiPL (a cell cycle inhibitor) [43] by 35 + 7% (p < 0.05) and 43 + 9% (p < 0.05) at 10 pM
and 30 uM concentrations, respectively. In addition, P10 prevented PDGF-induced
degradation of p27KiP by ~83 + 13%. At all three concentrations used in this study, PIO did
not affect the viability of VSMCs as determined by trypan blue exclusion test.
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Since TRO and ROSI have previously been shown to attenuate mitogen-induced p21CiPt
expression in VSMCs [16], we examined the effects of P1O on p21€iP1 expression in PDGF-
exposed VSMCs. As shown in Fig. 1E, P10 at 30 pM concentration significantly diminished
the basal expression of p21CiP1 by 47 + 4 %. In addition, P10 treatment led to a significant
decrease in PDGF-induced p21CiP expression, compared with PDGF alone. Since p53
activation and its accumulation have been shown to inhibit VSMC proliferation [44], we
also examined the effects of PIO on p53 in VSMCs. Neither PIO treatment nor PDGF
stimulation affected the phosphorylation or expression level of p53 in VSMCs.

Thus, P10 inhibition of PDGF-induced VSMC proliferation was associated with
accumulation of p27KiP1 and diminutions in p21CiPL expression, cyclin D1 expression, and
Rb phosphorylation.

3.2. PIO enhances the phosphorylation of AMPK and ACC as a function of concentration
and time in VSMCs

TZD activation of AMPK has been demonstrated in insulin-responsive tissues/cells (e.g.,
skeletal muscle, adipose tissue, and liver) [28-31] and endothelial cells [32] but not in
VSMCs. Since AMPK activation has been shown to regulate key proliferative signaling
events such as MEK1/ERK [25, 33, 34] and mTOR/p70S6K [37] in VSMCs, we examined
the likely regulatory effects of TZDs on AMPK and its downstream target, ACC. As shown
in Fig. 2A, exposure of VSMCs to PIO at 3, 10, and 30 uM concentrations led to a
progressive increase in the phosphorylation of AMPKTN172 by ~1.9 +0.2-, 2.3 +0.1-, and
3.6 + 0.1-fold, respectively. This increase in AMPKTN"72 phosphorylation by P10 was
accompanied by significant increases in ACC phosphorylation. In addition, PIO treatment at
30 uM concentration resulted in a time-dependent increase in AMPK 172 phosphorylation
between 3 hr and 48 hr (Fig. 2B). Furthermore, PIO induced a sustained increase in ACC
phosphorylation between 1 hr and 48 hr. Under the same treatment conditions, P10 did not
induce any changes in the phosphorylation of LKB1, an upstream kinase for AMPK [39]. To
determine whether a different TZD derivative could activate AMPK in VSMCs, select
studies examined the effects of rosiglitazone (ROSI) versus PIO. As shown in Fig. 2C,
exposure of VSMCs to ROSI (30 uM) led to an increase in the phosphorylation of
AMPKTN172 and ACC at 24 hr, much greater than that observed at 48 hr time point. In
parallel, P10 enhanced the phosphorylation of AMPKT172 and ACC at 24 hr (to an extent
similar to ROSI), but induced a further increase in the phosphorylation of AMPKTN172 angd
ACC at 48 hr time point (unlike ROSI). Thus, P10 activation of AMPK occurred in a more
sustained manner compared with rosiglitazone.

3.3. PIO activates AMPK independent of LKB1 in VSMCs

Although PIO did not affect LKB1 phosphorylation (as shown in Fig. 2A-B), we further
verified whether LKB1 expression is required for P1O activation of AMPK. This is because
previous studies have shown that injury-induced neointima formation is associated with
suppression of LKB1 and AMPK activity [45]. As shown in Fig. 3A-B, transfection of
VSMCs with target-specific siRNA led to downregulation of LKB1 by ~86 + 4%. In
addition, LKB1 downregulation did not result in significant changes in basal or PIO-induced
phosphorylation of AMPK and ACC.
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3.4. PIO does not affect mitochondrial membrane potential or AMP/ATP ratio in VSMCs

TZD activation of AMPK in skeletal muscle cells is mediated by a reduction in
mitochondrial membrane potential and/or an increase in AMP/ATP ratio [28, 30, 46].
Hence, we also examined whether the observed activation of AMPK by P10 is due to
changes in cellular energy state. As shown in Fig. 4A, exposure of VSMCs to 30 uM P10
did not affect mitochondrial membrane potential at 1 hr or 3 hr time points. The effect of
CCCP (50 puM, 1 hr), a generic mitochondrial membrane depolarizer, was examined in
parallel and thus served as a positive control. In addition, the effects of PIO (30 uM) on
adenine nucleotides levels (AMP, ADP and ATP) were examined at the 3 hr time point,
using LC-MS/MS MRM analysis. PIO treatment resulted in a marginal but insignificant
increase in AMP/ATP ratio (Fig. 4B). Collectively, these data suggest that PIO-induced
AMPK activation in VSMCs occurs independent of changes in mitochondrial membrane
potential or AMP/ATP ratio.

3.5. PIO inhibits basal ERK phosphorylation, and PDGF-induced mTOR/p70S6K signaling
and protein synthesis

Previously, we and several other investigators have shown that mitogen-induced VSMC
proliferation is mediated by activation of different signaling pathways, including MEK/
ERK, PI3K/Akt, and mTOR/p70S6K [24-26]. In the present study, we examined whether
P10 suppression of PDGF-induced VSMC proliferation occurs through inhibition of these
key signaling components. As shown in Fig. 5A, pretreatment with P10 alone led to a
significant diminution in basal ERK1/2 phosphorylation by ~80%. Exposure of control and
P1O-treated VSMCs to PDGF resulted in a significant increase in ERK1/2 phosphorylation
by ~4.2-fold and ~9.3-fold, respectively. Thus, PIO treatment reduced basal ERK1/2
phosphorylation but not PDGF-induced ERK phosphorylation. Fig. 5B shows that PIO did
not affect PDGF-induced phosphorylation of Akt (Thr3%8) or its downstream effector
GSK-3p (Ser?). With regard to mTOR/p70S6K signaling, PIO diminished both basal and
PDGF-induced phosphorylation of p70S6K 389 and its downstream effectors, 4E-BP1
(Ser5%) and S6 ribosomal protein (S6, Ser23%/236) (Fig. 5C). Since mTOR activation is
associated with cell growth via enhanced protein synthesis [47], we also studied the effects
of P10 on PDGF-induced protein synthesis. As shown in Fig. 5D-E, pretreatment with P10
(30 uM, 30 min) inhibited PDGF (30 ng/ml, 24 hr)-induced protein synthesis by ~63 + 15
%. Together, these data suggest that PIO attenuates VSMC proliferation by inhibiting ERK
and p70S6K signaling pathways.

3.6. AMPK mediates PlO-induced inhibition of S6 phosphorylation and accumulation of

p27kip1

Recently, regulatory associated protein of mMTOR (Raptor), a scaffolding protein that
provides a bridge between mTOR and its downstream targets, has been identified as a direct
substrate of AMPK that undergoes phosphorylation (Ser’92) to facilitate allosteric inhibition
of mTOR activity [38, 48]. In conformity with these reports, the present findings reveal that
P10 treatment (30 pM) was associated with enhanced raptor phosphorylation (Ser’92) in
VSMCs, suggesting an intermediary role of AMPK toward inhibition of mMTOR/p70S6K
signaling (Fig. 6D). Next, we examined whether AMPKal or AMPK a2 isoform
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contributes to this effect. As shown in Fig. 6A-C, transfection of VSMCs with target-
specific sSiRNA led to downregulation of AMPKal and AMPKa2 isoforms by ~75 + 2%
and ~50 + 6 %, respectively. Downregulation of AMPKal, but not AMPKa2, markedly
inhibited PIO (30 uM, 48 hr)-induced AMPK and ACC phosphorylation, indicating that
AMPKal mediates PIO-induced AMPK activation (Fig. 6A). Importantly, AMPKal
downregulation prevented PIO-mediated increase in raptor phosphorylation and the
concomitant decrease in PDGF-induced S6 phosphorylation, thus providing direct evidence
for the intermediary role of AMPK in PIO-mediated inhibition of mMTOR/p70S6K signaling
in VSMCs (Fig. 6D). In addition, AMPKal downregulation prevented PIO-mediated
accumulation of p27kiP (Fig. 6D).

Since we observed P10 inhibition of ERK1/2 phosphorylation and cyclin D1 expression
(sections 3.5 and 3.1, respectively), the intermediary role of AMPK in these effects was also
examined. AMPKal downregulation did not alter PIO-mediated inhibitory effects on
ERKZ1/2 phosphorylation or cyclin D1 expression, indicating that these effects were
independent of AMPK activation (Fig. 6E). Collectively, these data suggest that PIO inhibits
VSMC proliferation by at least two independent mechanisms: activation of AMPK/
mTOR/p27KiPL and inhibition of ERK signaling pathways.

3.7. PIO downregulates cyclin D1 mRNA in VSMCs

MEK/ERK signaling pathway is the well-characterized pathway controlling the transcription
of cyclin D1. Accordingly, we examined if PIO-mediated inhibition of basal ERK1/2
phosphorylation was associated with transcriptional repression of cyclin D1. Quantitative
RT-PCR analysis revealed that exposure of serum-deprived VSMCs to P10 (30 pM, 48 hr)
resulted in ~65 + 3% decrease in cyclin D1 mRNA, compared with vehicle control (p <
0.05; n = 3). These data suggest that PI1O inhibition of basal ERK1/2 phosphorylation is
likely responsible for the observed transcriptional repression of cyclin D1.

3.8. PIO activates AMPK and inhibits S6 phosphorylation, ERK1/2 phosphorylation and
cyclin D1 expression independent of PPARy

TZDs, including PIO, are potent activators of PPARy and thus have robust insulin-
sensitizing activities. Although PPARY is abundantly expressed in adipose tissue, it is
expressed to a modest extent in several other tissues/cells, including VSMCs [10, 11]. Thus,
we examined whether PIO-mediated AMPK activation and the associated changes in
signaling components are mediated through the activation of PPARy. Using differentiated
3T3-L1 cells as a positive control that express both PPARy1 and PPARY2, we confirmed
previous reports that PPARY1 protein is expressed in human aortic VSMCs and was
localized predominantly in the nuclear fraction (Fig. 7A). Exposure of VSMCs to PIO (30
UM, 48 hr) led to a marked increase in PPARYy expression in the nuclear fraction (Fig. 7A)
and in whole cell lysate (Fig. 7B). In mock-transfected VSMCs (using scrambled siRNA),
P10 treatment led to a significant increase in the expression of PPARYy (by ~3 + 0.6-fold)
and its target gene [49], CD36 (by ~2 + 0.5-fold) (Fig. 7B). Importantly, downregulation of
PPARY expression (~87 + 3%) by target-specific siRNA prevented PIO-induced CD36
expression (Fig. 7B-C). However, it did not alter PIO-mediated AMPK phosphorylation or
P10 inhibition of PDGF-induced S6 phosphorylation (Fig. 7D). Moreover, PPARYy
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downregulation did not alter PIO-mediated inhibition of basal ERK1/2 phosphorylation or
PDGF (30 ng/ml, 48 hr)-induced cyclin D1 expression. To confirm these results, we
pretreated VSMCs with GW-9662 (10 uM, 30 min), an inhibitor of PPARYy, before P10
treatment. As shown in Fig. 7E, GW-9662 did not affect any of the aforementioned
signaling events in VSMCs.

4. Discussion

The present study demonstrates that the antidiabetic drug, pioglitazone (P10), activates
AMPK in a sustained manner thereby contributing in part to inhibition of key proliferative
signaling events in VSMCs (Fig. 8). In particular, PIO at 30 uM concentration activates
AMPK to induce raptor phosphorylation, which diminishes PDGF-induced mTOR activity
as evidenced by decreased phosphorylation of p70S6K, 4E-BP1, and S6 and increased
accumulation of p27XiP1 3 cell cycle inhibitor. In addition, P10 inhibits the basal
phosphorylation of ERK in VSMCs. Downregulation of endogenous AMPK by target-
specific sSiRNA reveals an AMPK-independent effect for P10 inhibition of ERK, which
contributes in part to diminutions in cyclin D1 expression and Rb phosphorylation and the
suppression of VSMC proliferation. Furthermore, AMPK-dependent inhibition of mTOR/
p70S6K and AMPK-independent inhibition of ERK signaling occur regardless of PPARy
expression/activation in VSMCs as evidenced by gene silencing and pharmacological
inhibition of PPARYy. Strategies that utilize nanoparticle-mediated P10 delivery at the lesion
site may limit restenosis after angioplasty without inducing PPARy-mediated systemic
adverse effects [50, 51].

Previous studies demonstrate that AMPK activation suppresses VSMC proliferation [25, 34,
44, 52], whereas genetic and pharmacological strategies to inactivate AMPK restore VSMC
proliferative response [25, 34, 44]. Unlike these earlier observations with an AMPK
activator (e.g., AICAR) [25, 44, 52], the present findings with a TZD derivative (e.g., PIO)
highlight its role in AMPK activation that mediates the suppression of VSMC proliferative
signaling in a partial manner. Notably, ectopic expression of dominant-negative AMPK to
inhibit AMPK activity [25, 44] prevents AICAR inhibition of serum-induced VSMC
proliferation and the associated phosphorylation of Rb [44]. In the present study,
downregulation of endogenous AMPK by target-specific siRNA abolishes PIO-mediated
accumulation of p27KiP1 (a cell cycle inhibitor) [43], but does not prevent P10 inhibition of
PDGF-induced cyclin D1 expression. Together, these findings reveal that PIO has the
potential to inhibit VSMC proliferation through AMPK-dependent and AMPK-independent
mechanisms beyond its role as a PPARYy agonist. Furthermore, AMPK activation by AICAR
results in increased p53 phosphorylation/expression and p21€iP1 expression, which in turn
inhibits Rb phosphorylation to suppress VSMC proliferation [44]. The present findings
reveal that P10 does not affect p53 phosphorylation/expression but it decreases p21CiPl
expression, suggesting that p53-p21 axis may not play an intermediary role in P10 inhibition
of VSMC proliferation.

Studies with AICAR and adipokines have shown that AMPK activation is associated with
diminished ERK activation [25, 33, 34], which in turn is attributable to the suppression of
VSMC proliferation [25, 34]. However, there is no apparent causal link between the
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observed AMPK activation and diminished ERK phosphorylation toward PIO inhibition of
VSMC proliferation (present study). For instance, while AICAR activates AMPK and
inhibits agonist-induced ERK phosphorylation [25, 33], overexpression of dominant-
negative AMPK abrogates the downstream signal (e.g., ACC phosphorylation) and
augments agonist-induced ERK phosphorylation to promote VSMC proliferation [25]. In
addition, adipokines such as omentin and adiponectin activate AMPK to inhibit ERK
phosphorylation in VSMCs [33, 34]. In particular, genetic blockade of AMPK activation
prevents omentin inhibition of PDGF-induced ERK phosphorylation to restore VSMC
proliferation [34]. In contrast to AICAR and the aforementioned adipokines, the present
findings show that P10 inhibition of basal ERK phosphorylation remains essentially the
same after AMPK downregulation and the associated abrogation of ACC phosphorylation.
This is further supported by the persistent decrease in PDGF-induced cyclin D1 expression
by PIO after AMPK downregulation, thereby suggesting that PIO inhibition of VSMC
proliferation occurs in part through mechanisms independent of AMPK activation.

Several lines of evidence suggest that AMPK activation results in the inhibition of mMTOR/
p70S6K signaling (and vice versa) in different tissues/cell types [35, 36], including VSMCs
[37]. In particular, AMPK activation in nonvascular cells promotes raptor phosphorylation
to inhibit the activity of mTOR [38], a key signaling component that regulates protein
synthesis [53, 54], cell cycle progression and cell proliferation [55]. Recent studies with
VSMCs demonstrate that ectopic expression of retinoic acid receptor-related orphan
receptor-a (RORa) enhances AMPK phosphorylation to inhibit mTOR/p70S6K
phosphorylation, thereby suppressing VSMC proliferation [37]. The present findings reveal
that P10 not only activates AMPK but also promotes raptor phosphorylation to inhibit
mTOR signaling (e.g., | phosphorylation of p70S6K, 4E-BP1, and S6) and protein synthesis
in VSMCs. This novel observation is supported by AMPK downregulation studies using
target-specific sSiRNA. Importantly, downregulation of AMPK diminishes PIO-mediated
phosphorylation of ACC and raptor, thereby restoring S6 phosphorylation with an
accompanying blockade in the accumulation of p27KiPL (a cell cycle inhibitor) [43].
Together, these findings suggest that, in addition to strategies that overexpress RORa in
VSMCs [37], treatment with PIO may provide another promising approach to attenuate
exaggerated VSMC growth through fAMPK — |[mTOR axis.

While the present findings with PIO point toward AMPK-independent (via | ERK) and
AMPK-dependent (via ]| mTOR/p70S6K) mechanisms to suppress VSMC proliferation, it is
critically important to know whether PPARY regulates these signaling events. Previously,
loss-of-function studies (e.g., dominant-negative PPARy mutation that suppresses
endogenous PPARY function) have revealed exaggerated neointima formation in mice but
without any changes in growth factor-induced ERK phosphorylation, suggesting that
endogenous PPARYy does not regulate ERK activation during VSMC proliferation [56]. In a
different study, rosiglitazone inhibits PDGF- or arterial injury-induced ERK activation in a
PPARYy-independent manner, as evidenced by the use of dominant-negative PPARy mutant
[18]. In conformity with these earlier findings, the present study demonstrates that PIO,
while upregulating PPARYy expression in the nucleus, exerts an inhibitory effect on ERK
phosphorylation and cyclin D1 expression. Importantly, P10 inhibition of ERK
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phosphorylation and cyclin D1 expression is unaffected after PPARy downregulation
(~87%) by target-specific siRNA. Since the contribution of ~13% residual PPARYy
expression (in PPARy siRNA-treated VSMCs) cannot be fully excluded, we employed an
additional approach involving VSMC treatment with GW-9662. Pharmacological inhibition
of PPARYy by GW-9662 yielded results similar to that observed in PPARy siRNA-treated
VSMCs. Together, these studies suggest that P10 inhibition of key proliferative signaling
events (e.g., pERK and cyclin D1) occurs by mechanisms independent of PPARY in
VSMC:s. It is noteworthy that the basal ERK phosphorylation in vascular cells is mediated in
part by reactive oxygen species (ROS), including superoxide (O57) [57, 58]. In addition,
P10 has been shown to inhibit NADPH oxidase-mediated generation of ROS in aortic
tissues and VSMCs [59, 60]. Thus, it is likely that P1O inhibits the basal ERK activation by
suppressing ROS production in VSMCs.

It is widely accepted that TZD activation of PPARY in adipocytes results in the synthesis
and release of adiponectin [61]. Recent studies demonstrate that exposure of VSMCs to
rosiglitazone for 24 hours enhances the expression of adiponectin [62], which in turn can act
in an autocrine/paracrine manner to activate AMPK in VSMCs [62, 63]. From the present
findings that reveal P1O activation of AMPK, it may therefore be argued that PPARY-
mediated adiponectin synthesis/release is a critical transcriptional event for such an effect.
However, our experimental approaches involving siRNA-mediated PPARy downregulation,
chemical inhibition of PPARy by GW-9662, and time course studies do not support the
likely intermediary role of adiponectin toward P10 activation of AMPK in VSMCs. First,
neither PPARy downregulation nor GW-9662 affects P10 activation of AMPK or P10
inhibition of PDGF-induced S6 phosphorylation. Second, PIO activation of AMPK occurs
as early as 1 to 3 hours (present study) in contrast to a much longer time frame (= 24 hr) that
is required for adiponectin upregulation and subsequent AMPK activation [62, 63] in
VSMCs. Third, P10 is several fold less potent than rosiglitazone as a PPARYy activator [23].
Together, these studies suggest that P10 activation of AMPK occurs by PPARy- and
adiponectin-independent mechanisms in VSMCs.

TZD derivative(s) have been shown to activate AMPK through | mitochondrial respiratory
chain complex | [46], J mitochondrial membrane potential [30], TAMP/ATP ratio [28, 29],
and/or LKB1 [32] in insulin-responsive tissues and HelLa cells. In particular, ROSI but not
P10 at 10 uM and 30 uM concentrations significantly inhibits respiratory complex | enzyme
activity in rat skeletal muscle and liver [46], suggesting that PIO activation of AMPK in
VSMCs may not involve inhibition of respiratory complex I. Although TRO has been shown
to activate AMPK by acutely reducing mitochondrial membrane potential in skeletal muscle
cells [30], the present findings from TMRM fluorescence studies do not support the
possibility for mitochondrial membrane depolarization by P10 as a likely intermediary event
in VSMCs at least under the chosen time intervals. In view of the critical link between
TAMP/ATP ratio and AMPK activation [28, 29], we have also analyzed adenine nucleotide
levels in PIO-treated VSMCs. While ROSI at 200 uM concentration increases AMP/ATP
ratio in skeletal muscle cells [28], P10 treatment in VSMCs shows a trend toward
TAMP/ATP ratio but without statistical significance. Given that LKBL1 is a catalytic enzyme,
the contribution of ~14% residual LKB1 protein (in LKB1 siRNA-treated VSMCs) cannot
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be fully excluded with regard to AMPK activation. Furthermore, PIO treatment enhances the
phosphorylation of ACC, a key downstream target of AMPK [39] prior to AMPKq Th172
phosphorylation in VSMCs as revealed in our time course study. This may be attributed to
an apparent allosteric activation of AMPK without AMPKaTh72 phosphorylation as has
been evidenced previously in human melanoma cells upon treatment with A769662, a direct
AMPK activator that does not increase intracellular AMP or ADP levels [64]. Future studies
are clearly warranted that should compare the role of PIO versus ROSI/TRO toward
inducing temporal changes in mitochondrial function, including the potential inhibitory
effects on mitochondrial pyruvate carrier [65], to identify the upstream signaling events
critical for P1O activation of AMPK in VSMCs.

From a clinical standpoint, the findings from the meta-analysis of randomized trials suggest
that, in comparison with rosiglitazone that may increase the risk of ischemic events, P1O has
a more favorable effect on ischemic vascular complications [66]. PROactive study
(PROspective pioglitAzone Clinical Trial In macroVascular Events) reveals that PIO
treatment is associated with improved cardiovascular outcomes in patients with type 2
diabetes and macrovascular disease [67]. Nevertheless, the precise mechanisms for such
vasoprotective effects remain largely unknown due to the pleiotropic actions of P10.
Notably, PIO has been shown to lower blood pressure [68] and improve endothelial function
[68]. It also exhibits anti-inflammatory [69], anti-migratory [70], and anti-proliferative [3]
effects in VSMCs. The concentration of PIO used in the present in vitro study with VSMCs
is nearly one order of magnitude higher than the peak plasma concentration (~3 pM)
observed in human subjects on P10 treatment [71]. At this juncture, it is important to note
that in comparison with the inhibitory effects of 10-30 uM P10 added directly to VSMCs in
culture (present findings and previous studies) [72], a pronounced inhibition of VSMC
proliferation occurs upon in vitro addition of serum samples obtained from PIO-treated type
2 diabetic subjects [72]. These data suggest that, under in vivo conditions, circulating P10
has the potential to exert direct and indirect inhibitory effects on VSMC proliferation. The
indirect inhibitory effects of PIO may be attributable to its role in anti-inflammatory action
and enhanced adiponectin release. It is well accepted that P10 activation of PPARY in
adipose tissue would enhance circulatory levels of adiponectin [61], which in turn would
suppress neointima formation [73] through AMPK activation in VSMCs [62, 63]. The
present findings suggest a yet another mechanism for PIO inhibition of VSMC proliferation
through AMPK-dependent and AMPK-independent signaling mechanisms regardless of
PPARYy expression. Notably, AMPK activation by AICAR has been shown to inhibit
neointima formation in balloon-injured rat carotid artery [52]. Recent studies demonstrate
that AICAR and metformin inhibit the differentiation of monocytes to macrophages through
AMPKal activation in vitro [74]. In addition, oral administration of metformin attenuates
atherosclerotic lesion by inhibiting macrophage accumulation in apoE-deficient mouse aorta
[74]. Future studies should compare the effects of therapeutically relevant concentration of
P10 versus metformin/AICAR on neointima formation after arterial injury in AMPKal-
deficient mice.
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In conclusion, PIO has the potential to inhibit VSMC proliferation through indirect effects
involving adiponectin/AMPK [61-63, 73], and in part through direct effects involving
AMPK-dependent and AMPK-independent regulation of cell cycle regulatory proteins.
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Fig. 1.

Ef?‘ects of P10 on VSMC proliferation, DNA synthesis, and cell cycle proteins in the
absence or presence of PDGF. (A) Subconfluent VSMCs were maintained in complete
medium (CM) or serum-deprived conditions (SF) for 48 hr. VSMC lysates were then
subjected to immunoblot analysis using primary antibodies specific for SM a-actin or
calponin. The immunoblots shown are representative of n = 3. (B) Serum-deprived VSMCs
were pretreated with P10 (3, 10, or 30 uM) or vehicle control for 30 min. This was followed
by exposure to PDGF (30 ng/ml) for 96 hr to determine the changes in cell number. (C)
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Serum-deprived VSMCs were pretreated with PIO (30 uM) or vehicle control for 24 hr, and
then exposed to PDGF (30 ng/ml) for 24 hr to determine the changes in DNA synthesis.
Serum-deprived VSMCs were pretreated with PIO at the indicated concentrations or vehicle
control for 30 min. This was followed by exposure to PDGF (30 ng/ml) for 48 hr to
determine the changes in: (D) cyclin D1, pRb, and p27XiPL; and (E) pp53, p53, and p21Cirt
by immunoblot analysis. *p < 0.05 compared with vehicle control; #p < 0.05 compared with
PDGF alone; n = 3.
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Fig. 2.
Effects of PIO on AMPK and ACC phosphorylation as a function of concentration and time.

Serum-deprived VSMCs were treated with increasing concentrations of PIO (3 to 30 uM) or
vehicle control for 48 hr (A) or a fixed concentration of P1O (30 uM) for 1 to 48 hr (B). In
addition, serum-deprived VSMCs were exposed to ROSI (30 uM) versus P10 (30 uM) for
24 or 48 hr (C). VSMC lysates were then subjected to immunoblot analysis using primary
antibodies specific for pAMPK, pACC, or pLKB1. *p < 0.05 compared with vehicle control;
n=3.
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Fig. 3.
Effects of LKB1 downregulation on PIO activation of AMPK in VSMCs. (A-B) VSMCs

were transfected with scrambled (Scr.) or LKB1 siRNA followed by maintenance in culture
for 48 hr. Subsequently, VSMCs were treated with PIO (30 uM, 48 hr) or vehicle control
under serum-deprived conditions. VSMC lysates were then subjected to immunoblot
analysis using primary antibodies specific for LKB1, pAMPK and pACC. *p < 0.05
compared with scr. sSiRNA; immunoblots shown are representative of n = 3.
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Fig. 4.
Effects of PIO on mitochondrial membrane potential and AMP/ATP ratio in VSMCs.

Serum-deprived VSMCs were treated with: (A) PIO (30 uM, 1 or 3 hr), CCCP (50 uM, 1
hr), or vehicle control followed by fluorescence microscopy analysis of mitochondrial
membrane potential; or (B) P1O (30 uM, 3 hr) or vehicle control followed by LC-MS/MS
MRM analysis of AMP/ATP ratio. n.s. not significant compared with vehicle control; n = 4.
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Fig. 5.

Ef?‘ects of P10 on PDGF-induced signaling events and protein synthesis in VSMCs. Serum-
deprived VSMCs were pretreated with PIO (30 uM) or vehicle control for 30 min followed
by exposure to: (A-C) PDGF (30 ng/ml, 48 hr) to determine the changes in protein
phosphorylation; or (D-E) PDGF (30 ng/ml, 24 hr) to determine nascent protein synthesis.
For protein phosphorylation, VSMC lysates were subjected to immunoblot analysis using
primary antibodies specific for pERK1/2, pAkt, pGSK3p, pp70S6K, p4E-BP1, and pS6. *p
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<0.05 compared with vehicle control; 3p < 0.05 compared with PIO alone; n.s. not
significant compared with PDGF alone; n = 3.
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Effects of AMPKal downregulation on PIO regulation of PDGF-induced signaling events.

VSMCs were transfected with scrambled (Scr.), AMPKal, or AMPKa2 siRNA followed by

maintenance in culture for 48 hr. Subsequently, VSMCs were treated with: (A-C) P10 (30
UM, 48 hr) or vehicle control under serum-deprived conditions. VSMC lysates were then
subjected to immunoblot analysis using primary antibodies specific for AMPKal,

AMPKa2, pAMPK and pACC. *p < 0.05 compared with scr. sSiRNA; or (D-E) PIO (30 uM,

30 min) or vehicle control followed by exposure to PDGF (30 ng/ml, 48 hr). VSMC lysates
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were then subjected to immunoblot analysis for pRaptor, pS6 and p27kiPl, pERK1/2, and
cyclin D1. Immunoblots shown are representative of n = 3.
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Fig. 7.
Effects of PPARy downregulation or PPARY inhibition on P1O-induced changes in the

phosphorylation of AMPK, S6, and ERK1/2, and cyclin D1 expression in VSMCs. (A)
Serum-deprived VSMCs were treated with P10 (30 uM, 48 hr) or vehicle control.
Subsequently, nuclear (Nuc.) and cytoplasmic (Cyt.) proteins (20 pg) were extracted for
immunoblot analysis of PPARy. Differentiated 3T3-L1 cell lysate (2 pg) was used as a
positive control for the expression of PPARy. Immunoblots shown are representative of n =
3. (B-D) VSMCs were transfected with scrambled (Scr.) or PPARYy siRNA followed by
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maintenance in culture for 48 hr. Subsequently, VSMCs were pretreated with P1O (30 uM,
30 min) or vehicle control followed by exposure to PDGF (30 ng/ml, 48 hr) under serum-
deprived conditions. The respective VSMC lysates were then subjected to immunoblot
analysis using primary antibodies specific for PPARy, CD36, pAMPK, pS6, pERK1/2 and
cyclin D1. *p < 0.05 compared with scr. sSiRNA. Immunoblots shown are representative of n
= 3. (E) Serum-deprived VSMCs were pretreated with PPARY inhibitor (GW-9662; 10 uM,
30 min) followed by exposure to P10 (30 pM, 30 min) or vehicle control and subsequent
exposure to PDGF (30 ng/ml, 48 hr). VSMC lysates were then subjected to immunoblot
analysis for pAMPK, pS6, pERK1/2 and cyclin D1. Immunoblots shown are representative
of n=3.
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Fig. 8.
P10 inhibits PDGF-induced VSMC proliferation via AMPK-dependent and AMPK-

independent mechanisms. PIO activates AMPK to promote raptor phosphorylation, thereby
inhibiting PDGF-induced mTOR/p70S6 kinase signaling to facilitate p27KiP1 accumulation.
In addition, P10 inhibition of ERK1/2 phosphorylation (that occurs independent of AMPK
or PPARY) results in the suppression of cyclin D1 expression and Rb phosphorylation.

Biochem Pharmacol. Author manuscript; available in PMC 2017 February 01.



