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The increased potential for vascular smooth muscle cell (VSMC) growth is a key abnormality in
the development of atherosclerosis and post-angioplasty restenosis. Abnormally high activity of plate-
let-derived growth factor (PDGF) is believed to play a central role in the etiology of these pathophy-
siological situations. Here, we investigated the anti-proliferative effects and possible mechanism(s) of
murrayafoline A, a carbazole alkaloid isolated from Glycosmis stenocarpa Guillamin (Rutaceae), on
PDGF-BB-stimulated VSMCs. Murrayafoline A inhibited the PDGF-BB-stimulated proliferation of VSMCs
in a concentration-dependent manner, as measured using a non-radioactive colorimetric WST-1 assay
and direct cell counting. Furthermore, murrayafoline A suppressed the PDGF-BB-stimulated pro-
gression through Go/G; to S phase of the cell cycle, as measured by [PH]-thymidine incorporation assay
and cell cycle progression analysis. This anti-proliferative action of murrayafoline A, arresting cell cycle
progression at Go/Gi; phase in PDGF-BB-stimulated VSMCs, was mediated via down-regulation of the
expression of cyclin D1, cyclin E, cyclin-dependent kinase (CDK)2, CDK4, and proliferating cell nuclear
antigen (PCNA), and the phosphorylation of retinoblastoma protein (pRb). These results indicate that
murrayafoline A may be useful in preventing the progression of vascular complications such as
restenosis after percutaneous transluminal coronary angioplasty and atherosclerosis.
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INTRODUCTION

Abnormal proliferation of vascular smooth muscle cells
(VSMCs) is a key feature of vascular disorders, including
restenosis and neointimal hyperplasia [1]. VSMC prolifera-
tion and migration are induced by several cytokines and
growth factors. One of the major stimulants of the mito-
genesis of VSMCs is platelet-derived growth factor (PDGF)
[2]. PDGF is secreted from damaged blood vessel walls and
stimulates cell proliferation and migration through signal
transduction pathways [3]. PDGF, which is produced by ac-
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tivated macrophages, VSMCs, and endothelial cells, exists
in three isoforms (AA, AB, and BB). PDGF-BB is a consid-
erably more potent proliferative stimulus for VSMCs than
PDGF-AA [4]. PDGF-BB, a growth factor secreted by in-
jured endothelial cells, VSMCs, platelets, and macrophages,
promotes the proliferation of fibroblasts, glial cells, and
VSMCs [5].

The binding of PDGF-BB to PDGF receptor leads to dime-
rization and autophosphorylation of tyrosine residues, re-
sulting in the downstream activation of phosphatidylinosi-
tol-3-kinase (PI3K), phospholipase C (PLC) 7 1, and/or mi-
togen-activated protein kinase (MAPK) pathways [6,7].
Signal transducer and activator of transcription 3 (STATS3)
is also thought to participate in PDGF-induced cell pro-
liferation [8,9]. Activation of these mitogenic signals trig-
gers cell cycle progression [10,11].

Cellular proliferation is regulated by the cell cycle, which

ABBREVIATIONS: CDK, cyclin-dependent kinase; ERK1/2, extracell-
ular signal-regulated kinase 1/2; MAPK, mitogen-activated protein
kinase; PCNA, proliferating cell nuclear antigen; PDGF, plate-
let-derived growth factor; PI3K, phosphatidylinositol-3-kinase; Akt/
PKB, protein kinase B; PLC 7 1, phospholipase C 7 1; Rb, retinobla-
stoma; STATS3, signal transducer and activator of transcription 3;
VSMC, vascular smooth muscle cell.
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consists of four distinct sequential phases: Go/G1, S, G, and
M. This tightly regulated temporal order is controlled by
the sequential activation of serine/threonine protein kin-
ases, known as cyclin-dependent kinases (CDKs), which
phosphorylate the retinoblastoma protein (pRb). The cell
cycle transition is controlled by the action of CDKs and
their activating subunits, cyclins [12,13]. After vascular in-
jury, VSMCs are stimulated to divide in response to mi-
togens, and they exit G; phase and enter S phase. Cyclin
D1/CDK4 and cyclin E/CDK2 complexes perform important
roles in promoting the transition from G¢/G; to S phase and
are required for cell cycle progression through this period
[14].

Murrayafoline A, a carbazole alkaloid isolated from
Glycosmis stenocarpa Guillamin (Rutaceae), has been re-
ported to possess various pharmacological activities, includ-
ing antifungal and anticancer properties [15,16]. However,
limited studies have been published on the effects of mur-
rayafoline A on VSMCs. The present study was designed
to investigate the effects of murrayafoline A on PDGF-
BB-induced VSMC proliferation and the cell cycle, and to
determine the underlying molecular mechanism(s) respon-
sible for these effects.

METHODS

Test compound and other materials

Murrayafoline A [Brown oil, C14HisNO, Rf: 0.25 (hexane/
EtOAc, 10: 0.5), EI-MS m/z: 211 (100%) 196 (M-CH>)*, 167,
139, 115, 101, 77] was obtained as previously described
[17]. The structure of murrayafoline A was established by
'H- and "C- NMR analysis. The purity of murrayafoline
A was estimated to be higher than 97% by both HPLC and
spectroscopic analysis. All cell culture materials were pur-
chased from Invitrogen (Carlsbad, CA, USA). Anti-phos-
pho-ERK1/2, anti-phospho-PLC 7 1, anti-phospho-PDGF-R
B (Tyr™"), anti-phospho-STAT3 (Tyr’®), anti-ERK1/2, an-
ti-Akt, anti-PLC 7 1, and anti-PDGF-R /4 antibodies were
purchased from Cell Signaling Technology, Inc. (Beverly,
MA, USA). Anti-phospho-Akt antibodies were purchased
from Millipore Corp. (Billerica, MA, USA). Anti-phospho-
pRb, anti-CDK2, anti-CDK4, anti-phospho PCNA, anti-cy-
clin D1, anti-cyclin E, anti-Akt, and anti- 8 -actin antibodies
were purchased from Abfrontier (Geumcheon, Seoul,
Korea). PDGF-BB was obtained from Upstate Biotechnol-
ogy (Lake Placid, NY, USA). All other chemicals used were
of analytical grade.

Cell culture

Rat aortic VSMCs were isolated by enzymatic dispersion
as described previously [18]. Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fe-
tal bovine serum (FBS), 100 IU/ml penicillin, 100 s g/ml stre-
ptomycin, 8 mM HEPES, and 2 mM L-glutamine at 37°C
in a humidified atmosphere of 95% air and 5% COs. The
purity of the VSMC culture was confirmed by immunocyto-
chemical localization of £ -smooth muscle actin. The VSMCs
used in these experiments were of passages 4-8.

Cell proliferation assay

VSMC proliferation was measured by both direct count-

ing and a non-radioactive colorimetric WST-1 assay (premix
WST-1; Takara Bio Inc., Otsu, Japan). For direct cell count-
ing, VSMCs were seeded into 12-well culture plates at
4x10" cells/ml, and then cultured in DMEM containing 10%
FBS at 37°C for 24 h. After reaching ~70% confluence, the
cells were incubated with serum-free medium for 24 h,
treated with various concentrations of murrayafoline A for
another 24 h in new, fresh serum-free medium, and stimu-
lated with PDGF-BB (50 ng/ml). Murrayafoline A was dis-
solved in dimethyl sulfoxide (DMSO); the final concen-
tration of DMSO in the medium did not exceed 0.1%. After
24 h, the cells were trypsinized with trypsin-EDTA and
counted using a hemocytometer. For the non-radioactive
colorimetric WST-1 assay, all procedures were performed
according to the manufacturer’s protocol, and the results
are expressed as a percentage of the control.

Cell viability assay

VSMCs were seeded in 96-well culture plates at 3x10*
cells/ml and then cultured in DMEM containing 10% FBS
at 37°C for 24 h. When the cells reached ~70% confluence,
they were incubated with serum-free medium for another 24
h and then exposed to 5 «M murrayafoline A or 100 1 g/ml
digitonin as a cytotoxic control for the given time [19]. After
2 h of incubation with the WST-1 reagent, the absorbance
was measured at 450 nm using a microplate reader (Packard
Instrument Co., Downers Grove, IL, USA).

DNA synthesis assay

DNA synthesis was determined using a ['H]-thymidine
incorporation assay. The assay conditions were as described
for the cell proliferation assay. Under stimulatory con-
ditions, PDGF-BB (50 ng/ml) added to serum-free medium,
[*H]-thymidine (2 «Ci/ml) was added for 4 h before harves-
ting. The reaction was terminated by aspirating the me-
dium and subjecting the cultures to sequential washes on
ice with PBS containing 10% trichloroacetic acid and etha-
nol/ether (1:1, v/v). Acid-insoluble [*H]-thymidine was ex-
tracted into 250 «1 of 0.5 M NaOH/well, and this solution
was mixed with 3 ml of scintillation cocktail (Ultimagold;
Packard Bioscience, Meriden, CT, USA) and quantified us-
ing a liquid scintillation counter (LS3801; Beckman,
Disseldorf, Germany).

Cell cycle progression analysis

Cell cycle progression assay conditions were as described
for the cell proliferation assay. After stimulation with
PDGF-BB (50 ng/ml) for 24 h, cells were trypsinized and
centrifuged (1,500%g, 7 min). The pellets were resuspended
in 1 ml of 1XPBS, washed twice, and fixed with 70% ethanol
for 48 h. The fixed cells were briefly vortexed and centri-
fuged (15,000%g, 5 min). The ethanol was discarded and
the pellets were stained with 500 «1 of propidium iodide
(PI) solution (50 s g/ml PI in sample buffer containing 100
1 g/ml RNase A). Before analysis by flow cytometry, each
sample was incubated at room temperature for 1 h. The
PI DNA complex in each cell nucleus was measured with
a FACSCalibur (Becton, Dickinson and Co., Franklin Lakes,
NdJ, USA). The nuclear DNA content was reflected by the
fluorescence intensity of the incorporated PI. The numbers
of cells in Go/Gi, S, and Go/M phase were determined using
ModFit LT software.
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Immunoblotting

VSMCs were stimulated with 50 ng/ml PDGF-BB for the
phosphorylation of PDGF-R 8 (3 min), extracellular signal-
regulated kinase 1/2 (ERK1/2, 5 min), PLC7 1 (5 min),
STAT3 (10 min), and Akt (15 min). For the detection of
cyclin D1, cyclin E, CDK2, CDK4, and PCNA expression,
and pRb phosphorylation, cells were stimulated with 50
ng/ml PDGF-BB for 24 h. Immunoblotting was performed
as previously described [20].

Statistical analyses

All data are expressed as means=SEM. A one-way
ANOVA was used for multiple comparisons (GraphPad, San
Diego, CA, USA). If a significant difference between the
treated groups was found, Dunnett’s test was used; p-values
<0.05 were considered to indicate statistical significance.

RESULTS
Effects of murrayafoline A on VSMC proliferation

To investigate whether murrayafoline A could inhibit
VSMC proliferation, a non-radioactive colorimetric WST-1
assay and direct cell counting were performed. PDGF-BB
(50 ng/ml) increased VSMC proliferation by about two fold
compared with unstimulated VSMCs (Fig. 1A). Murrayafo-
line A decreased PDGF-BB-stimulated VSMC proliferation
in a concentration-dependent manner. Fig. 1B shows that
the cell number decreased significantly, to 4.5+1.1x10"%
2.9+0.8x10%, and 2.2+0.1x10* cells/well, as the concentra-
tion of murrayafoline A was increased to 1, 3, and 5 «M,
respectively. The number of cells increased significantly af-
ter 50 ng/ml PDGF-BB treatment (6.5+1.5x10" cells/well)
compared with the unstimulated group (2.6+0.8x10* cells/

>
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50 ng/ml PDGF-BB

well). Treatment with the highest concentration of mur-
rayafoline A (5 «M) for various incubation times (6-48 h)
showed no VSMC cytotoxicity in serum-free medium (Fig.
1C), indicating that the anti-proliferative effect of murraya-
foline A on VSMCs was not due simply to a cytotoxic effect.

Effects of murrayafoline A on the PDGF-BB-induced
activation of receptors and downstream molecules in
VSMCs

Since PDGF-BB has been known to activate the PLC 7 1,
protein kinase B (Akt/PKB), ERK1/2, and STAT3 pathways
[14,20,21], we examined the inhibitory effects of murrayafo-
line A on the levels of phosphorylated PDGF receptor A
(PDGF-R 3) and mitogens downstream of PDGF-R 8 sig-
naling pathways. Interestingly, pretreatment of the cells
with murrayafoline A did not show any detectable effect
on PDGF-R A, PLC 7 1, Akt, ERK1/2, and STAT3 in PDGF-
BB-stimulated VSMCs (Fig. 2). Therefore, these results
suggest that the PDGF-R S, PLC 7 1, Akt, ERK1/2, and
STATS3 pathways are not involved in the murrayafoline
A-induced inhibition of PDGF-BB-stimulated VSMC pro-
liferation.

Effects of murrayafoline A on DNA synthesis and
G« G; phase arrest in PDGF-BB-stimulated VSMCs

To examine the effects of murrayafoline A on DNA syn-
thesis, a [°H]-thymidine incorporation assay was performed
in PDGF-BB-stimulated VSMCs. Fig. 3 indicates that the
increased [*H]-thymidine incorporation into DNA caused by
PDGF-BB treatment was inhibited significantly by mur-
rayafoline A in a concentration-dependent manner. Repre-
sentative results of cell cycle analyses showed that the cell
population in G¢/G; phase of the cell cycle was increased
as the concentration of murrayafoline A was increased in
PDGF-BB-stimulated VSMCs (Fig. 4). These results in-
dicate that murrayafoline A induced an arrest at Go/G:

50 ng/ml PDGF-BB

Fig. 1. Effects of murrayafoline A on
VSMC proliferation and viability.
VSMCs cultured in serum-free me-
dium were stimulated with 50 ng/ml
PDGF-BB for 24 h and the effects of
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various concentrations of murraya-
foline A (1-5 «M) on cell prolifera-
tion and viability were measured as
described in the Experimental Sec-
tion. (A) Optical densities at 450 nm,
as determined in the WST-1 assay
(n=3). (B) Cell numbers counted
using a hemocytometer (n=4). (C) Vi-
ability as determined by the WST-1
assay (n=4) for various incubation
times (0-48 h). All values are expre-
ssed as means+tSEM. Statistical di-
fferences from the PDGF-BB control
(PDGF-BB-stimulated, but no murra-
yafoline A) are indicated by *p<0.05
and **p<0.01.
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phase of the cell cycle and inhibited progression of the cell
cycle to later (S, Gs, and M) phases for the proliferation
of VSMCs.

Effects of murrayafoline A on the expression and acti-
vation of cell cycle-related molecules

It has been known that the cells reach a restriction
(check) point in late G; phase [22]. Beyond this point, the
cells are committed to DNA replication, and further cell cy-
cle progression proceeds independently of growth factor
stimulation. pRb is a key component of the molecular net-
work controlling this restriction point. Although several
CDKs are known to phosphorylate pRb, suppression of CDK2
alone may be sufficient to prevent pRb hyper-phosphor-
ylation [23,24]. Hypo-phosphorylated pRb binds to E2F
family transcription factors, and thus inhibits the tran-
scription of E2F-responsive genes necessary for cell cycle
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Fig. 2. Effects of murrayafoline A on the PDGF-BB-stimulated
activation of PDGF-RB, PLC7r1, Akt, ERK1/2, and STATS.
Quiescent VSMCs cultured in serum-free medium were stimulated
with 50 ng/ml PDGF-BB, and the effects of various concentrations
of murrayafoline A (1-5 ©#M) in changing the PDGF-BB-induced
phosphorylation of PDGF-R 4, PLC 7 1, Akt, ERK1/2, and STAT3
were measured as described in the Experimental Section.

progression. To examine the underlying mechanism of the
murrayafoline A-induced cell cycle arrest, we measured the
expression of cyclin D1, cyclin E, CDK2, and CDK4 using
immunoblotting. Fig. 5 shows that murrayafoline A sig-
nificantly inhibited the PDGF-BB-induced expression of cy-
clin DI/E and CDK2/4 significantly and in a concen-
tration-dependent manner. Moreover, murrayafoline A in-
duced the concentration-dependent inhibition of PDGF-BB-
induced pRb hyper-phosphorylation. The expression of pro-
liferating cell nuclear antigen (PCNA), synthesized as a
phospho-pRb-mediated gene product in early G¢/G; and S
phase of the cell cycle [25], was also inhibited by murrayafo-
line A in the same pattern as shown for the inhibition of
pRb phosphorylation. Taken together, this observation in-
dicates that murrayafoline A inhibits cell cycle progression
from Go/G1 to S phase by inhibiting the expression of cyclin
D1/E, CDK2/4, and PCNA, and the phosphorylation of pRb
in PDGF-BB-stimulated VSMCs.
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Fig. 3. Effects of murrayafoline A on DNA synthesis. VSMCs
cultured in serum-starved medium were stimulated with 50 ng/ml
PDGF-BB, and the effects of various concentrations of murraya-
foline A (1-5 #M) on [*H]-thymidine incorporation were measured
after the addition of 2 s« Ci/ml [’H]-thymidine, as described in the
Experimental Section. The values are expressed as means+SEM
(n=4), and statistical differences from the PDGF-BB control (PDGF-
BB-stimulated, but no murrayafoline A) are indicated by **p<0.01.
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Fig. 4. Effects of murrayafoline A on
cell cycle progression. VSMCs cul-
tured in serum-starved medium were
stimulated with 50 ng/ml PDGF-BB,
and the effects of various concen-
trations of murrayafoline A (1-5 M)
on cell cycle progression were mea-
sured as described in the Materials
and methods.
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Fig. 5. Effects of murrayafoline A on the inhibition of cell cycle
regulatory proteins. Quiescent VSMCs cultured in serum-free
medium were stimulated with PDGF-BB to express cell cycle
regulatory proteins, and the effects of murrayafoline A on the
expression of cyclin E, CDK2, cyclin D1, CDK4, and PCNA, and
activation of pRb were assessed as described in the Experimental
Section. £ -Actin was used for normalization. Immunoblots were
analyzed by densitometry and the values are given based on the
control of 1.0. The results are an average of four similar expe-
riments, expressed as means+SEM. The insets display represen-
tative blots of four similar independent experiments. Statistical
differences from the PDGF-BB control (PDGF-BB-stimulated, but
no murrayafoline A) are indicated by *p<0.05 or **p<0.01.

DISCUSSION

This study has two major findings: (1) murrayafoline A
has an inhibitory effect on PDGF-BB-induced VSMC pro-
liferation, and (2) this inhibitory effect of murrayafoline A
is mediated via an arrest in Go/G; phase of the cell cycle
by suppressing the expression of cyclin-CDK complexes and
PCNA, and the pRb phosphorylation in PDGF-BB-stimu-
lated VSMCs. This is the first report of an anti-proliferative
action of murrayafoline A in VSMCs. These results indicate
that murrayafoline A may be a good candidate for the man-
agement of and protection from atherosclerosis and vas-
cular restenosis.

Because the abnormal migration and proliferation of
VSMCs in arterial walls are important pathogenic factors
in vascular disorders, including atherosclerosis and reste-
nosis after angioplasty [26], the inhibition of VSMC pro-
liferation is a potentially important therapeutic strategy for
treating these diseases [27]. In the present study, murraya-
foline A showed an inhibitory effect on PDGF-BB-induced
VSMC proliferation and this effect was not due to cellular
toxicity or apoptosis (Fig. 1). Further investigation indi-
cated that murrayafoline A inhibited DNA synthesis
through a G¢/G; cell cycle arrest (Fig. 3, 4). It has been
reported that VSMCs are stimulated to divide in response
to mitogens after vascular injury, which results in their exit
from G; phase and entry into S phase [28]. Cyclin D1/E

and cyclin 2/4 are known to play a positive role in Go/G:
phase and p27 is a negative regulator of CDK/cyclin E com-
plexes, causing a G¢/G; arrest [29,30]. Treatment with mur-
rayafoline A resulted in the dose-dependent inhibition of
expression of CDK2, CDK4, cyclin D1, and cyclin E (Fig.
5). Although several CDKs are known to phosphorylate
pRDb, suppression of CDK2 alone may be sufficient to pre-
vent pRb hyper-phosphorylation [23,24]. The inhibition of
CDK2, CDK4, cyclin D1, and cyclin E expression was suffi-
cient to inhibit phosphorylation of pRb (Fig. 5). Moreover,
the expression of PCNA, which is synthesized as a phos-
pho-pRb mediated gene product in early G¢/G; and S phase
of the cell cycle [25], was also inhibited (Fig. 5). Thus, our
results indicate that the anti-proliferative actions of mur-
rayafoline A in PDGF-BB-stimulated VSMCs are mediated
through inhibiting the expression of both cyclin D1/CDK4
and cyclin E/CDK2, leading to a G¢/G; cell cycle arrest.

In conclusion, the present study provides evidence that
murrayafoline A inhibits PDGF-BB-induced VSMC prolifer-
ation by down-regulating the expression of cyclin D1, cyclin
E, CDK2, CDK4, and PCNA, and the phosphorylation of
pRb, resulting in arrest at the Go/G; phase of the cell cycle.
This observation indicates that murrayafoline A may be
useful for preventing the progression of vascular complica-
tions such as restenosis after percutaneous transluminal
coronary angioplasty and atherosclerosis.

ACKNOWLEDGMENTS

This work was supported by the Priority Research Centers
Program through the National Research Foundation of
Korea (NRF), funded by the Ministry of Education, Science,
and Technology (2009-0093815).

REFERENCES

1. Ross R. The pathogenesis of atherosclerosis: a perspective for
the 1990s. Nature. 1993;362:801-809.

2. Raines EW, Ross R. Smooth muscle cells and the pathogenesis
of the lesions of atherosclerosis. Br Heart J. 1993;69(1 Suppl):
S30-37.

3. Millette E, Rauch BH, Kenagy RD, Daum G, Clowes AW.
Platelet-derived growth factor-BB transactivates the fibroblast
growth factor receptor to induce proliferation in human smooth
muscle cells. Trends Cardiovasc Med. 2006;16:25-28.

4. Bornfeldt KE, Raines EW, Graves LM, Skinner MP, Krebs EG,
Ross R. Platelet-derived growth factor. Distinct signal trans-
duction pathways associated with migration versus prolife-
ration. Ann N Y Acad Sci. 1995;766:416-430.

5. Sachinidis A, Locher R, Hoppe J, Vetter W. The platelet-
derived growth factor isomers, PDGF-AA, PDGF-AB and
PDGF-BB, induce contraction of vascular smooth muscle cells
by different intracellular mechanisms. FEBS Lett. 1990;275:
95-98.

6. Kondo T, Konishi F, Inui H, Inagami T. Differing signal trans-
ductions elicited by three isoforms of platelet-derived growth
factor in vascular smooth muscle cells. J Biol Chem. 1993;268:
4458-4464.

7. Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar
M, Berman K, Cobb MH. Mitogen-activated protein (MAP)
kinase pathways: regulation and physiological functions.
Endocr Rev. 2001;22:153-183.

8. Bowman T, Broome MA, Sinibaldi D, Wharton W, Pledger W,
Sedivy JM, Irby R, Yeatman T, Courtneidge SA, Jove R.
Stat3-mediated Myc expression is required for Src trans-
formation and PDGF-induced mitogenesis. Proc Natl Acad Sci



426

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

U S A. 2001;98:7319-7324.

. Simon AR, Takahashi S, Severgnini M, Fanburg BL, Cochran

BH. Role of the JAK-STAT pathway in PDGF-stimulated pro-
liferation of human airway smooth muscle cells. Am J Physiol
Lung Cell Mol Physiol. 2002;282:1.1296-1304.

Ahn HY, Hadizadeh KR, Seul C, Yun YP, Vetter H, Sachinidis
A. Epigallocathechin-3 gallate selectively inhibits the PDGF-
BB-induced intracellular signaling transduction pathway in
vascular smooth muscle cells and inhibits transformation of
sis-transfected NIH 3T3 fibroblasts and human glioblastoma
cells (A172). Mol Biol Cell. 1999;10:1093-1104.

Heldin CH, Ostman A, Ronnstrand L. Signal transduction via
platelet-derived growth factor receptors. Biochim Biophys Acta.
1998;1378:F79-113.

Braun-Dullaeus RC, Mann MdJ, Sedding DG, Sherwood SW, von
der Leyen HE, Dzau VJ. Cell cycle-dependent regulation of
smooth muscle cell activation. Arterioscler Thromb Vasc Biol.
2004;24:845-850.

Dzau VJ, Braun-Dullaeus RC, Sedding DG. Vascular prolifera-
tion and atherosclerosis: new perspectives and therapeutic
strategies. Nat Med. 2002;8:1249-1256.

Kim TJ, Lim Y, Kim DW, Kwon JS, Son JH, Jin YR, Son DdJ,
Jung JC, Avery MA, Hong JT, Yun YP. Epothilone D, a
microtubule-stabilizing compound, inhibits neointimal hyper-
plasia after rat carotid artery injury by cell cycle arrest via
regulation of G1-checkpoint proteins. Vascul Pharmacol. 2007;
47:229-2317.

Cuong NM, Wilhelm H, Porzel A, Arnold N, Wessjohann L.
1-O-Substituted derivatives of murrayafoline A and their
antifungal properties. Nat Prod Res. 2008;22:1428-1432.
Itoigawa M, Kashiwada Y, Ito C, Furukawa H, Tachibana Y,
Bastow KF, Lee KH. Antitumor agents. 203. Carbazole alkaloid
murrayaquinone A and related synthetic carbazolequinones as
cytotoxic agents. J Nat Prod. 2000;63:893-897.

Cuong NM, Hung TQ, Sung TV, Taylor WC. A new dimeric
carbazole alkaloid from Glycosmis stenocarpa roots. Chem
Pharm Bull (Tokyo). 2004;52:1175-1178.

Chamley JH, Campbell GR, McConnell JD, Groschel-Stewart
U. Comparison of vascular smooth muscle cells from adult
human, monkey and rabbit in primary culture and in sub-
culture. Cell Tissue Res. 1977;177:503-522.

Eid SY, El-Readi MZ, Wink M. Digitonin synergistically
enhances the cytotoxicity of plant secondary metabolites in
cancer cells. Phytomedicine. 2012;19:1307-1314.

Lee JJ, Yu JY, Zhang WY, Kim TJ, Lim Y, Kwon JS, Kim DW,

JH Han, et al

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Myung CS, Yun YP. Inhibitory effect of fenofibrate on neoin-
tima hyperplasia via Go/G; arrest of cell proliferation. Eur J
Pharmacol. 2011;650:342-349.

Schwaiberger AV, Heiss EH, Cabaravdic M, Oberan T, Zaujec
dJ, Schachner D, Uhrin P, Atanasov AG, Breuss JM, Binder BR,
Dirsch VM. Indirubin-3'-monoxime blocks vascular smooth
muscle cell proliferation by inhibition of signal transducer and
activator of transcription 3 signaling and reduces neointima
formation in vivo. Arterioscler Thromb Vasc Biol. 2010;30:
2475-2481.

Besson A, Dowdy SF, Roberts JM. CDK inhibitors: cell cycle
regulators and beyond. Dev Cell. 2008;14:159-169.

Akiyama T, Ohuchi T, Sumida S, Matsumoto K, Toyoshima K.
Phosphorylation of the retinoblastoma protein by cdk2. Proc
Natl Acad Sci U S A. 1992;89:7900-7904.

Connell-Crowley L, Elledge SJ, Harper JW. G1 cyclin-depen-
dent kinases are sufficient to initiate DNA synthesis in quie-
scent human fibroblasts. Curr Biol. 1998;8:65-68.

Tomita H, Osanai T, Toki T, Maeda N, Murakami R, Chen Z,
Yamabe H, Osawa H, Yasujima M, Okumura K. Roxithromycin
is an inhibitor of human coronary artery smooth muscle cells
proliferation: a potential ability to prevent coronary heart
disease. Atherosclerosis. 2005;182:87-95.

Yoshida Y, Mitsumata M, Ling G, Jiang J, Shu Q. Migration
of medial smooth muscle cells to the intima after balloon injury.
Ann N Y Acad Sci. 1997;811:459-470.

Jung F, Haendeler J, Goebel C, Zeiher AM, Dimmeler S.
Growth factor-induced phosphoinositide 3-OH kinase/Akt phos-
phorylation in smooth muscle cells: induction of cell prolife-
ration and inhibition of cell death. Cardiovasc Res. 2000;48:
148-157.

Ross R. Cell biology of atherosclerosis. Annu Rev Physiol. 1995;
57:791-804.

Liang KW, Yin SC, Ting CT, Lin SJ, Hsueh CM, Chen CY,
Hsu SL. Berberine inhibits platelet-derived growth factor-
induced growth and migration partly through an AMPK-
dependent pathway in vascular smooth muscle cells. Eur J
Pharmacol. 2008;590:343-354.

Dong LH, Wen JK, Miao SB, Jia Z, Hu HJ, Sun RH, Wu Y,
Han M. Baicalin inhibits PDGF-BB-stimulated vascular smoo-
th muscle cell proliferation through suppressing PDGFRB-ERK
signaling and increase in p27 accumulation and prevents
injury-induced neointimal hyperplasia. Cell Res. 2010;20:1252-
1262.



