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ABSTRACT
6-[4-(2-Piperidin-1-yl-ethoxy)-phenyl]-3-pyridin-4-yl-pyra-
zolo[1,5-a] pyrimidine (compound C) is a cell-permeable pyrrazol-
opyrimidine derivative that acts as a potent inhibitor of AMP-
activated protein kinase (AMPK). Although compound C is often
used to determine the role of AMPK in various physiological pro-
cesses, it also evokes AMPK-independent actions. In the present
study, we investigated whether compound C influences vascular
smooth muscle cell (SMC) function through the AMPK pathway.
Treatment of rat aortic SMCs with compound C (0.02–10 �M)
inhibited vascular SMC proliferation and migration in a concentra-
tion-dependent fashion. These actions of compound C were not
mimicked or affected by silencing AMPK� expression or infecting
SMCs with an adenovirus expressing a dominant-negative mutant
of AMPK. In contrast, the pharmacological activator of AMPK
5-aminoimidazole-4-carboxamide-1-�-D-ribofuranoside inhibited

the proliferation and migration of SMCs in a manner that was
strictly dependent on AMPK activity. Flow cytometry experiments
revealed that compound C arrested SMCs in the G0/G1 phase of
the cell cycle, and this was associated with a decrease in cyclin D1
and cyclin A protein expression and retinoblastoma protein phos-
phorylation and an increase in p21 protein expression. Finally,
local perivascular delivery of compound C immediately after bal-
loon injury of rat carotid arteries markedly attenuated neointima
formation. These studies identify compound C as a novel AMPK-
independent regulator of vascular SMC function that exerts inhib-
itory effects on SMC proliferation and migration and neointima
formation after arterial injury. Compound C represents a poten-
tially new therapeutic agent in treating and preventing occlusive
vascular disease.

Introduction
The proliferation and migration of vascular smooth muscle

cells (SMCs) plays a fundamental role in the development of
atherosclerosis and contributes to the failure of interventional
therapeutic approaches to ameliorate vascular occlusion after
vein bypass grafting, organ transplantation, and angioplasty
(Gallo et al., 1999; Orford et al., 2000; Dzau et al., 2002). In
particular, the long-term outcome of revascularization therapy
of stenotic arteries by angioplasty is compromised by restenosis,
requiring multiple reinterventions in a substantial percentage

of patients. Neointima formation after invasive revasculariza-
tion procedures is not restricted to coronary arteries but has
also been reported for peripheral vessels, including carotid ar-
teries (de Borst et al., 2007). Although the use of drug-eluting
stents releasing cytotoxic agents, such as rapamycin and pacli-
taxel, has significantly reduced the incidence of restenosis after
coronary angioplasty (Moses et al., 2003; Gershlick et al., 2004),
concerns persist regarding the safety of these drug-eluting
stents, given the potential for fatal coronary in-stent thrombosis
(Jeremias and Kirtane, 2008). Moreover, the long-term efficacy
of these drug-eluting stents has not been fully established in the
revascularization of cerebrovascular or peripheral arteries
(Gupta et al., 2006; Zeller, 2007). These findings collectively
underscore the need to develop alternative pharmacologi-
cal approaches that target the proliferation and migration
of vascular SMCs to prevent neointima formation in in-
jured arteries.
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6-[4-(2-Piperidin-1-yl-ethoxy)-phenyl]-3-pyridin-4-yl-pyra-
zolo[1,5-a] pyrimidine (compound C) is a cell-permeable pyrra-
zolopyrimidine derivative that acts as a potent ATP-competitive
inhibitor of AMP-activated protein kinase (AMPK) (Zhou et al.,
2001). In vitro assays indicate that compound C blocks AMPK
activity with reported IC50 ranging from 0.1 to 0.2 �M (Bain et
al., 2007). Although compound C is commonly used to ascertain
the role for AMPK in various physiological processes, an array
of AMPK-independent actions of compound C have been re-
ported. In particular, compound C has been found to inhibit the
activation of hypoxia-inducible factor-1, bone morphogenetic
protein type I receptors, and several kinases in an AMPK-
independent fashion (Bain et al., 2007; Emerling et al., 2007; Yu
et al., 2008). Of interest, studies indicate that compound C
exerts a potent antiproliferative effect in both rodent and hu-
man tumor cell lines via AMPK-dependent and -independent
mechanisms (Vucicevic et al., 2009). In addition, compound C
has been demonstrated to block the clonal expansion of preadi-
pocytes irrespective of AMPK inhibition (Nam et al., 2008).

Given the reported antiproliferative action of compound C
in different cell lines, the present study investigated whether
this pyrrazolopyrimidine derivative regulates vascular SMC
function. In particular, this study determined whether com-
pound C modulates vascular SMC proliferation and migra-
tion and examined the role of AMPK in mediating the actions
of this agent. In addition, it explored whether compound C
influences neointima formation after arterial injury.

Materials and Methods
Materials. Minimum essential medium, M199 medium, and bovine

serum were from Invitrogen (Carlsbad, CA). Penicillin, trichloroacetic
acid, streptomycin, SDS, propidium iodide, RNase A, collagenase, elas-
tase, compound C, and 5-aminoimidazole-4-carboxamide-1-�-D-
ribofuranoside (AICAR) were from Sigma-Aldrich (St. Louis, MO).
Antibodies against cyclin D1, cyclin E, cyclin A, p21, p27, p53, cyclin-
dependent kinase 2, cyclin-dependent kinase 4, cyclin-dependent ki-
nase 6, and �-actin were from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). A pan-specific antibody against AMPK� and phosphoryla-
tion-specific antibodies against AMPK�, acetyl-CoA-carboxylate (ACC),
and retinoblastoma protein were from Cell Signaling Technologies
(Beverley, MA). [3H]Thymidine (20 Ci/mmol) was from PerkinElmer
Life and Analytical Sciences (Waltham, MA). �-[32P]dCTP (3000
Ci/mmol) was from GE Healthcare (Little Chalfont, Buckingham-
shire, UK).

Cell Culture. Male Sprague-Dawley rats (450–500 g) were pur-
chased from Charles River Laboratories, Inc. (Wilmington, MA) and
maintained on standard rat chow and water ad libitum with 12-h
light/dark cycles. Animals were injected intraperitoneally with ket-
amine (100 mg/kg) and xylazine (7.5 mg/kg) (Butler Schein Animal
Health Corporation, Dublin, OH) and euthanized by pneumothorax
and exsanguination. Thoracic aorta were rapidly removed, washed in
phosphate-buffered saline (4°C), opened longitudinally, and stripped
of adventitia and endothelium. Vessels were cut into fine pieces and
incubated sequentially with elastase (0.05%) and collagenase (0.3%)
at 37°C. Cell suspensions were pelleted, resuspended in complete
minimum essential medium containing 10% bovine serum, Earle’s
salts, and 2 mM L-glutamine, and characterized by morphological
and immunological criteria, as described previously (Durante et al.,
1993). The culture medium was also supplemented with penicillin
(100 U/ml) and streptomycin (100 �g/ml), and cells were propagated
at 37°C in an atmosphere of 95% air and 5% CO2.

Small Interfering RNA and Infection with Adenoviral Vec-
tors. Gene expression was silenced using specific small interfering
(si) RNAs targeting rat AMPK�1/2. The experimental and control

nontargeting siRNAs were obtained from QIAGEN (Valencia, CA)
and delivered to cells (50 nM) using the HiPerFect transfection
reagent (QIAGEN). A replication-defective adenovirus expressing a
dominant-negative AMPK mutant (AdAMPK-DN) was generously
provided by Dr. Ming-Hui Zou (University of Oklahoma Health Sci-
ences Center, Oklahoma City, OK). Cells were infected with Ad-
AMPK-DN or an adenovirus expressing green fluorescent protein
(AdGFP) at a multiplicity of infection of 50.

Cell Proliferation. Vascular SMCs were seeded (2–5 � 104 cells/
well) onto six-well plates in serum-containing media. After 24 h,
culture media were exchanged for serum-free media containing bo-
vine serum albumin (0.1%) for an additional 48 h. Cells were then
treated with serum in the presence or absence of compound C. Cell
number determinations were performed at various times by dissoci-
ating cells with trypsin and counting cells in a Beckman Z1 Coulter
Counter (Beckman Coulter, Fullerton, CA). Vascular SMC pro-
liferation was also monitored by measuring DNA synthesis, as de-
scribed previously (Peyton et al., 2002). Quiescent SMCs were incu-
bated in the presence of serum for 20 h, [3H]thymidine was then
added, and cells were incubated for another 4 h. SMCs were then
washed three times with ice-cold PBS and fixed with 10% trichloro-
acetic acid for 30 min at 4°C, and DNA was extracted with 0.2%
SDS-0.2 N NaOH. Radioactivity was determined by scintillation
spectroscopy.

Cell Viability. Cell viability was assessed by measuring the up-
take of the membrane-impermeable stain trypan blue. Cells were
treated with trypsin (0.25%), collected, diluted (1:4) with trypan
blue, and examined by microscopy. Viability was determined by the
percentage of cells that excluded trypan blue, as described previously
(Liu et al., 2003).

Cell Cycle Analysis. Cell cycle progression was assessed by
flow-activated cell sorting, as reported previously (Peyton et al.,
2009). Vascular SMCs were serum-starved for 2 days and then
treated with serum in the presence or absence of compound C for
24 h. After treatment, cells were harvested, suspended in phosphate-
buffered saline, and pelleted by centrifugation at 1000g for 5 min.
Pellets were washed twice with phosphate-buffered saline and re-
centrifuged. Pellets were suspended in 70% ethanol and fixed over-
night at 4°C. Fixed cells were briefly vortexed and centrifuged at
13,000g for 15 min. Pellets were then incubated with propidium
iodide (50 �g/ml) and RNase A (100 �g/ml) for 1 h at room temper-
ature. DNA fluorescence was measured in a Beckman Coulter CyAN
ADP Cytometer.

Cell Migration. Cell migration was assessed using a scratch
wound migration assay. Confluent, quiescent cells were scraped with
a pipette tip to generate a scratch wound, rinsed with PBS, and then
incubated in serum-containing culture media in the presence and
absence of compound C. Cells were photographed immediately and
24 h after the scratch with a digital camera (QImaging QICAM;
Hitschfel Instruments, Inc., St. Louis, MO). The wound area was
then measured to determine cell migration.

Protein Analysis. Vascular SMCs were lysed in electrophoresis
buffer [125 mM Tris (pH 6.8), 12.5% glycerol, 2% SDS, and trace
bromphenol blue] and proteins were separated by SDS-polyacryl-
amide gel electrophoresis. After transfer to nitrocellulose mem-
branes, membranes were blocked with PBS and nonfat milk (5%) and
then incubated with antibodies against cyclin D1 (1:500), cyclin E
(1:500), cyclin A (1:500), p27 (1:300), p21 (1:500), cyclin-dependent
kinase (1:500), phospho-retinoblastoma protein (1:200), AMPK�1/2
(1:500), phospho-AMPK� 1/2 (1:100), phospho-ACC (1:300), or �-ac-
tin (1:200). Membranes were washed in PBS, incubated with horse-
radish peroxidase-conjugated goat anti-rabbit or rabbit anti-goat
antibodies, and developed with commercial chemoluminescence re-
agents. Protein expression was quantified by scanning densitometry
and normalized with respect to �-actin.

AMPK Activation. AMPK activity was determined by Western
blotting using phospho-specific antibodies directed against AMPK�
or ACC (Liu et al., 2011).
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Carotid Artery Injury. Male Sprague-Dawley rats were anesthe-
tized with an intraperitoneal injection of ketamine (100 mg/kg) and
xylazine (7.5 mg/kg), and experimental balloon injury was performed on
the left common carotid artery, as described previously (Tulis et al.,
2001; Granada et al., 2005; Peyton et al., 2009). Depth of anesthesia was
monitored by the absence of a withdrawal reflex to toe and tail pinch
and the absence of a blink reflex. In brief, a Fogarty 2F embolectomy
catheter (Baxter Healthcare Corporation, Deerfield, IL) was introduced
through an external carotid arteriotomy site and advanced through the
left common carotid artery to the level of the aortic arch. The balloon
catheter was then inflated and withdrawn with rotation to the level of
the carotid bifurcation. This was repeated three times, and then the
catheter was removed and the incision was closed. Immediately after
injury, a local polymer-based delivery system was used to administer
compound C to the injured vessel wall. The delivery system consisted of
200 �l of a 25% copolymer gel solution (Pluronic F-127; BASF, Chicago,
IL) containing compound C (1 mg) that was applied in a circumferential
manner to the exposed adventitia of the carotid arteries. A separate
cohort of animals received an empty gel, which has previously been
demonstrated to have no effect on vascular remodeling (Hu et al., 1999;
Tulis et al., 2001). After 2 weeks, rats were anesthetized with an
intraperitoneal injection of ketamine (100 mg/kg) and xylazine (7.5
mg/kg) and euthanized by pneumothorax and exsanguination, and ca-
rotid arteries were collected for analysis. All procedures conformed to
the National Institutes of Health Guide for the Care and Use of Labo-

ratory Animals (Institute of Laboratory Animal Resources, 1996) and
were approved by the institutional animal care and use committee.

Histology. Carotid arteries were perfusion-fixed, excised, and embed-
ded in paraffin. Sections (5 �m) were stained in Verhoeff-Van Gieson for
measurement of vessel dimensions. Microscopic determination of vessel
dimensions was performed using Image-Pro Plus (Media Cybernetics, Inc.,
Bethesda, MD) and Adobe Photoshop software (Adobe Systems, Mountain
View, CA) linked through a digital camera (QICAM Fast 1394; Hitschfel
Instruments, Inc.) to an Olympus model BX41TF light microscope (Olym-
pus America Inc., Center Valley, PA), as described previously (Tulis et al.,
2001; Granada et al., 2005; Peyton et al., 2009).

Statistics. Results are expressed as means � S.E.M. Statistical
analyses were performed with the use of a Student’s two-tailed t test
and an analysis of variance with the Bonferroni post hoc test when
more than two treatment regimens were compared. P � 0.05 was
considered statistically significant.

Results
Compound C Inhibits Vascular SMC Proliferation and

Migration in an AMPK-Independent Manner. Treatment of
vascular SMCs with serum stimulated a time-dependent increase
in cell number that was blocked by compound C (10 �M) (Fig. 1A).
The antiproliferative effect of compound C (0.02–10 �M) was

Fig. 1. Compound C inhibits the proliferation and migration of vascular SMCs in an AMPK-independent manner. A, serum (5%) stimulates a
time-dependent increase in cell number that is blocked by compound C (CC; 10 �M). B, compound C inhibits the proliferation of SMCs in a
concentration-dependent manner. Cells were treated with serum (5%) in the absence and presence of compound C (0.02–10 �M) for 4 days.
C, compound C (0.02–10 �M) inhibits the migration of serum (5%)-stimulated SMCs in a concentration-dependent manner. D, compound C (10 �M)
inhibits AMPK activity in SMCs, as reflected by the inhibition of the phosphorylation of AMPK� and the AMPK substrate, ACC. E, silencing AMPK�
expression inhibits AMPK activity. Cells were transfected with AMPK� siRNA (50 nM) or NT siRNA (50 nM) and AMPK activity determined by
monitoring the phosphorylation of AMPK�. F, effect of silencing AMPK� expression on SMC DNA synthesis. Cells were transfected with AMPK�
siRNA (50 nM) or NT siRNA (50 nM) for 48 h and then treated with serum (5%) in the absence and presence of compound C (10 �M) for an additional
24 h. G, effect of silencing AMPK� expression on SMC migration. Cells were transfected with AMPK� siRNA (50 nM) or NT siRNA (50 nM) for 48 h
and then treated with serum (5%) in the absence and presence of compound C (10 �M) for an additional 24 h. Results are means � S.E.M. (n � 6).
†, statistically significant effect of compound C. †, statistically significant effect of AMPK� siRNA.
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concentration-dependent (Fig. 1B). A significant inhibition of
cell growth by compound C was noted at a concentration of
0.1 �M and near-total abolition of proliferation was observed
with 10 �M. Compound C also inhibited the migration of
SMCs after scratch wounding (Fig. 1C). Treatment of SMCs
with compound C (0.02–10 �M) resulted in a concentration-
dependent inhibition of SMC migration beginning at a con-
centration of 0.2 �M. In contrast, compound C had no signif-
icant effect on cell viability, as determined by trypan blue
exclusion [control 96.3 � 3.3% versus compound C (10 �M)
95.2 � 3.6%, n � 4].

Because compound C is an established inhibitor of AMPK, we
examined whether the effects of compound C on vascular SMC
function were dependent on the inhibition of AMPK activity.
Consistent with previous reports (Zhou et al., 2001), we con-
firmed that compound C inhibits AMPK activity by demonstrat-
ing that compound C (10 �M) blocked the phosphorylation of
AMPK� and ACC, a downstream target of AMPK (Fig. 1D).
Silencing AMPK� expression by transfecting SMCs with
AMPK� siRNA also inhibited AMPK activity (Fig. 1E). How-
ever, silencing of AMPK� expression failed to inhibit SMC
proliferation (Fig. 1F). In fact, a modest, but significant, in-
crease in SMC DNA synthesis was observed when AMPK�
expression/activity was suppressed in cells transfected with
AMPK� siRNA (Fig. 1F). In contrast, the nontargeting (NT)
siRNA failed to modulate AMPK� expression/activity or SMC
DNA synthesis (Fig. 1, E and F). Of significance, AMPK�
knockdown had no effect on the antiproliferative action of com-
pound C (Fig. 1F). Likewise, down-regulation of AMPK� ex-
pression did not mimic the antimigratory action of compound C
but rather promoted SMC migration (Fig. 1G). Silencing
AMPK� expression also failed to modify the inhibitory effect of
compound C on SMC migration. Transfection of SMCs with the
NT siRNA had no effect on cell migration (Fig. 1G).

The role of AMPK in mediating the actions of compound C
was also assessed using an adenovirus expressing AdAMPK-
DN. Infection of SMCs with AdAMPK-DN nearly abolished
AMPK activity and resulted in an increase in serum-medi-
ated SMC proliferation and migration (Fig. 2). However,
AdAMPK-DN had no effect on the ability of compound C to
block SMC proliferation or migration. Infection of SMCs with
AdGFP had no effect on AMPK activity, SMC proliferation or
migration, or the ability of compound C to modulate SMC
function. Taken together, these results indicate that com-
pound C inhibits vascular SMC proliferation and migration
in an AMPK-independent manner.

AMPK Activator AICAR Inhibits Vascular SMC Pro-
liferation and Migration in an AMPK-Dependent Man-
ner. To examine the effect of AMPK activation on vascular
SMC function, cells were treated with the potent, cell-perme-
able AMPK activator AICAR. AICAR stimulated a signifi-
cant increase in AMPK activity in vascular SMCs (Fig. 3A),
and this was associated with a concentration-dependent de-
crease in serum-mediated SMC proliferation (Fig. 3B). The
adenosine kinase inhibitor 5�-iodotubercidin (Henderson et al.,
1972), which blocks the intracellular conversion of AICAR to
5-aminoimidazole-4-carboxamide that is required for AMPK
activation, abrogated the activation of AMPK by AICAR (Fig.
3A) and the antiproliferative action of AICAR (Fig. 3C). Fur-
thermore, the inhibition of SMC DNA synthesis by AICAR was
reversed by transfecting cells with AMPK� siRNA or by infect-
ing cells with AdAMPK-DN (Fig. 3D). AICAR also attenuated

SMC migration in a concentration-dependent fashion (Fig. 3E),
and this was prevented by 5�-iodotubercidin (Fig. 3F) or by
treating cells with AMPK� siRNA or AdAMPK-DN (Fig. 3G). In
contrast, NT siRNA or AdGFP had no effect on AICAR-medi-
ated SMC proliferation or migration.

Compound C Arrests SMCs in the G0/G1 Phase of the
Cell Cycle and Regulates the Expression of Cell Cycle
Regulatory Proteins. Subsequently, we determined the ef-
fect of compound C on cell cycle progression. Quiescent vas-
cular SMCs accumulated in the G0/G1 phase of the cell cycle
after serum deprivation, but the administration of serum for
24 h stimulated cell cycle progression and the population of
cells in the G0/G1 phase diminished, whereas the fraction of
cells in the S and G2M phases increased (Fig. 4, A and B).
However, the coadministration of compound C (10 �M) for
24 h blocked the effect of serum and increased the percentage

Fig. 2. A dominant-negative AMPK mutant fails to modify the effect of
compound C on vascular SMC proliferation and migration. A, infection of
SMCs with AdAMPK-DN but not AdGFP inhibits AMPK activity, as
reflected by the phosphorylation of ACC. B, effect of AdAMPK-DN on
SMC DNA synthesis. Cells were infected with AdAMPK-DN or AdGFP
for 48 h and then treated with serum (5%) in the absence and presence of
compound C (CC; 10 �M) for an additional 24 h. C, effect of AdAMPK-DN
on SMC migration. Cells were infected with AdAMPK-DN or AdGFP for
48 h and then treated with serum (5%) in the absence and presence of
compound C (10 �M) for an additional 24 h. Results are means � S.E.M.
(n � 6). �, statistically significant effect of compound C. †, statistically
significant effect of AdAMPK-DN.
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of cells in the G0/G1 phase of the cell cycle, and this was
paralleled by a decrease in the fraction of cells in the S phase.
In the absence of serum, compound C had no effect on the
distribution of cells in the cell cycle. In addition, no apparent
toxicity was noted by compound C as reflected by the lack of
a sub-G0/G1 fraction (Fig. 4A).

To determine the mechanism by which compound C dis-
rupts cell cycle progression, we examined the effect of this
agent on the expression of cell cycle regulatory proteins.
Compound C inhibited both basal and serum-mediated in-
creases in cyclin D1 and cyclin A protein expression as well
as the phosphorylation of retinoblastoma protein (Fig. 5). In
addition, compound C elevated the expression of the cyclin-
dependent kinase inhibitor, p21, in serum-treated cells. In
contrast, compound C had no effect on the expression of
cyclin E, p27, and cyclin-dependent kinase 2, 4, and 6.

Compound C Inhibits Neointima Formation in In-
jured Rat Carotid Arteries. Finally, the effect of compound
C on neointima formation was investigated in an in vivo rat

model of carotid artery injury. Figure 6A depicts cross-
sections of perfusion-fixed, Verhoeff-Van Gieson-stained
tissues 2 weeks after injury. Animals treated with an
empty gel exhibited a concentric and significant neointima
with a clearly defined medial wall and elastic lamina.
However, vessels exposed to compound C display a mark-
edly diminished neointima, appearing sporadically as a
thin nonconcentric layer adjacent to the internal elastic
lamina (Fig. 6, A and B). Morphometric measurements
revealed that neointimal area, neointimal thickness, and
neointimal/medial wall area ratio were all significantly
reduced by compound C (Fig. 6C). However, the medial
wall area was not significantly affected by compound C.

Discussion
The present study identifies compound C as a novel regu-

lator of vascular SMC function. We found that compound C is
a potent inhibitor of vascular SMC proliferation and migra-

Fig. 3. Activation of AMPK inhibits vascular SMC proliferation and migration. A, effect of AICAR (0.5 mM for 4 h) on AMPK activity, as reflected by
the phosphorylation of AMPK� in the absence and presence of 5�-iodotubercidin (Iodo; 0.3 �M). B, AICAR inhibits the proliferation of SMCs in a
concentration-dependent manner. Cells were treated with serum (5%) in the absence and presence of AICAR (0.01–1.0 mM) for 4 days. C, effect of
AICAR (0.5 mM) on serum (5%)-stimulated SMC proliferation in the absence and presence of 5�-iodotubercidin (0.3 �M). D, effect of silencing AMPK�
expression or infecting cells with AMPK-DN on AICAR-stimulated SMC DNA synthesis. Cells were transfected with AMPK� siRNA (50 nM) or NT
siRNA (50 nM) or infected with AdAMPK-DN or AdGFP for 48 h and then treated with serum (5%) in the presence of AICAR (0.5 mM) for an additional
24 h. E, AICAR (0.01–1.0 mM) inhibits the migration of serum (5%)-stimulated SMCs in a concentration-dependent manner. F, effect of AICAR (0.5
mM) on serum (5%)-stimulated SMC migration in the absence and presence of 5�-iodotubercidin (0.3 �M). G, effect of silencing AMPK� expression or
infecting cells with AMPK-DN on AICAR-stimulated SMC migration. Cells were transfected with AMPK� siRNA (50 nM) or NT siRNA (50 nM) or
infected with AdAMPK-DN or AdGFP for 48 h and then treated with serum (5%) in the presence of AICAR (0.5 mM) for an additional 24 h. Results
are means � S.E.M. (n � 3–5). �, statistically significant effect of AICAR.
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tion and that it exerts these actions in a concentration-de-
pendent but AMPK-independent fashion. In addition, com-
pound C arrests SMCs in the G0/G1 phase of the cell cycle,
and this is associated with alterations in the expression and
phosphorylation of several cell cycle regulatory proteins.
Moreover, local perivascular administration of compound C
attenuates neointima formation after injury of rat carotid
arteries. These findings suggest a potentially important ther-
apeutic role for compound C in treating occlusive vascular
disorders.

Although studies indicate that compound C blocks the
proliferation of nonvascular cells, its direct action on vascu-
lar SMC growth was not known (Nam et al., 2008; Vucicevic
et al., 2009). In the current study, we found that compound C
is a robust inhibitor of vascular SMC proliferation. The an-
tiproliferative effect of compound C is concentration-depen-
dent: a threshold effect of compound C on cell growth is
observed at 0.2 �M and is almost complete at 10 �M. Of note,
compound C inhibits cell proliferation in the absence of cell
death, as revealed by trypan blue staining and propidium
iodide binding, indicating that compound C functions as a
cytostatic rather cytotoxic agent. The failure of these concen-
trations of compound C to evoke apoptosis is consistent with
reports in astrocytes and melanoma cells but contrast with
findings in glioma cells, renal cancer cells, and breast carci-
noma cells in which similar concentrations of compound C
stimulate apoptosis (Jin et al., 2009; Vucicevic et al., 2009;

Jang et al., 2010). Thus, compound C appears to exert cyto-
static effects in a cell-specific manner.

The antiproliferative action of compound C does not in-
volve the inhibition of AMPK. Silencing AMPK� expression
or infecting cells with AdAMPK-DN failed to duplicate the
arrest in SMC growth observed with compound C and had no
effect on the antiproliferative property of compound C. Our
current study also reveals that compound C inhibits SMC
migration. Here again, the antimigratory action of compound
C is independent of its inhibitory effect on AMPK, because
blocking AMPK activity using either an siRNA or dominant-
negative approach does not interfere with the capacity of
compound C to repress SMC migration. Taken together,
these findings add to a growing list of AMPK-independent
actions of compound C and suggest caution in the use of this
agent as a pharmacological probe in identifying vascular
functions of AMPK.

In agreement with previous studies (Nagata et al., 2004;
Igata et al., 2005), we found that AMPK inhibits vascular
SMC proliferation. Suppression of AMPK activity by treat-
ing cells with AMPK� siRNA or AdAMPK-DN augments
SMC proliferation whereas activation of AMPK by AICAR
blocks SMC growth. The antiproliferative action of AICAR
is AMPK-dependent because pharmacological or molecular
inhibition of AMPK negates the growth inhibitory effect of
AICAR. Of interest, our study also discovered that AMPK
functions as a key regulator of SMC migration. Knockdown

Fig. 4. Compound C inhibits cell cycle progression by vascular SMCs. A, representative histograms of vascular SMCs treated with serum (5%) for 24 h
in the absence or presence of compound C (CC; 10 �M). B, effect of compound C (10 �M) on the distribution of serum (5%)-stimulated SMCs in the
cell cycle. Results are means � S.E.M. (n � 3). �, statistically significant effect of compound C.
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of AMPK� or infection with AdAMPK-DN promotes SMC
migration, whereas AICAR blocks SMC migration. In ad-
dition, AICAR-mediated inhibition of SMC migration is
prevented by pharmacological or molecular inhibition of
AMPK, providing further support for the antimigratory
action of AMPK. The ability of AMPK to inhibit vascular
SMC migration provides a novel mechanism by which this
kinase blocks vascular lesion formation (Igata et al., 2005).

Vascular SMC proliferation requires the entry of quiescent
cells into the cell cycle where they progress through distinc-
tive phases of the cell cycle. Transition through the G1 phase
of the cell cycle is dependent on the induction of the G1
cyclins, which bind and activate their respective cyclin-de-
pendent kinases (Sherr, 1994; Weinberg, 1995). However,
cyclin-dependent kinase activity is a tightly regulated pro-
cess that is influenced by the expression of cyclin-dependent
kinase inhibitors such as p21 and p27, which bind to the
cyclin/cyclin-dependent kinase complex to inhibit its activity.
Activation of G1 cyclin-dependent kinases results in the phos-
phorylation and activation of retinoblastoma protein, which
triggers entry of cells in the S phase. Analysis of cell cycle
distribution indicates that compound C blocks cell cycle pro-
gression by arresting SMCs in the G0/G1 phase of the cell
cycle. The inhibition of cell cycle progression by compound C
is associated with the suppression of cyclin D1 and cyclin A
expression as well as the phosphorylation of retinoblastoma
protein, key events that are required for S phase entry. In
addition, compound C elevates the level of p21, a cyclin-

dependent kinase inhibitor known to block G1 to S phase
progression (Sherr, 1994; Weinberg, 1995). Thus, compound
C prevents G1 to S phase transition by disrupting the expres-
sion of multiple cell cycle regulatory proteins. Our finding
that compound C increases p21 expression is in agreement
with another study in preadipocytes and probably reflects the
ability of compound C to stabilize the protein (Nam et al.,
2008).

The capacity of compound C to regulate the expression of
cell cycle regulatory proteins may also contribute to its anti-
migratory effect because cell cycle progression and cell mi-
gration are tightly coupled processes. Migration of vascular
SMCs requires entrance into the cell cycle, and many cyto-
static agents that prevent cell cycle entry block cell migration
(Fukui et al., 2000). Of significance, overexpression of p21
in vascular SMCs has been shown to inhibit their migra-
tion, whereas overexpression of cyclin D1 stimulates SMC
migration both in vitro and in vivo (Fukui et al., 1997;
Karpurapu et al., 2010). Thus, the ability of compound C to
divergently regulate the expression of these two cell cycle

Fig. 5. Effect of compound C on the expression of cell cycle regulatory
proteins by vascular SMCs. A, effect of compound C on the expression of
cell cycle regulatory proteins and the phosphorylation of retinoblastoma
protein (pRb-P). Cells were treated with serum (5%) for 24 h in the
absence or presence of compound C (CC; 10 �M). B, quantification of
protein expression or phosphorylation relative to serum-free controls.
Results are means � S.E.M. (n � 5). �, statistically significant effect of
serum. †, statistically significant effect of compound C.

Fig. 6. Compound C inhibits neointima formation in injured rat carotid
arteries. A, representative cross-sections of injured carotid arteries
treated with an empty gel (E) or a gel containing compound C (CC; 1 mg)
2 weeks after injury (original magnification, 100�). B, higher magnifica-
tion images showing the neointima and medial layers of injured carotid
arteries treated with an empty gel or a compound C gel 2 weeks after
injury (original magnification, 400�). C, morphometric analysis of neo-
intima formation 2 weeks after arterial injury. Results are means �
S.E.M. (n � 8). �, statistically significant effect of compound C.
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regulatory proteins may participate in its ability to regu-
late SMC locomotion.

Because the proliferation and migration of vascular SMCs
play a critical role in promoting vascular lesion formation, we
also investigated the effect of compound C on vascular re-
modeling using the rat carotid artery balloon injury model.
This model is characterized by its high degree of reproduc-
ibility and is associated with the development of a SMC-rich
neointima. Compound C was applied topically to the adven-
titia of the blood vessel using a specific local delivery copoly-
mer. This drug-targeting approach has been used success-
fully by us and others and permits the sustained release of
drugs while avoiding possible nonspecific effects associated
with the systemic administration of drugs (Hu et al., 1999;
Tulis et al., 2001; Granada et al., 2005; Peyton et al., 2009).
We found that local application of compound C markedly
attenuates neointima formation after arterial injury, demon-
strating that this pyrrazolopyrimidine derivative dampens
the vascular response to injury. The attenuation of lesion
formation by compound C probably involves the direct anti-
proliferative and antimigratory actions of this agent on
SMCs; however, the ability of compound C to inhibit AMPK
activity may also influence the remodeling response. In this
respect, we recently demonstrated that AMPK blocks endo-
thelial cell apoptosis in response to inflammatory mediators
by inducing the expression of heme oxygenase-1 (Liu et al.,
2011). This finding raises the possibility that compound C-
mediated inhibition of AMPK activity may sensitize vascular
cells to apoptotic stimuli found at sites of arterial damage,
leading to the loss of vascular SMCs and endothelial cells.
Thus, compound C may regulate the accumulation of vascu-
lar cells after arterial injury via both AMPK-independent
and -dependent mechanisms. Although the perivascular ap-
plication of compound C is not a technically feasible approach
for treating coronary restenosis after percutaneous coronary
intervention in humans, it may be used via drug-eluting
stents. Furthermore, compound C may be beneficial in pre-
venting stenosis after other surgical interventions when the
extravascular surface is accessible for application of the drug,
including coronary artery bypass surgery and the creation of
graft anastomosis in hemodialysis patients with arterio-
venous fistulas.

In summary, we identified compound C as a novel inhibitor
of vascular SMC proliferation and migration that markedly
attenuates neointima formation after arterial injury in rat
carotid arteries. The antiproliferative and antimigratory ac-
tions of compound C are independent of its ability to inhibit
AMPK activity and are associated with the arrest of SMCs in
the G0/G1 phase of the cell cycle. Compound C represents an
attractive therapeutic agent in the treatment of occlusive
vascular disease.
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