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Vascular smooth muscle cell
osis, or renarrowing within a coronary stent, is the most ominous complication of
percutaneous coronary intervention, caused by vascular smooth muscle cell (VSMC) migration into and
proliferation in the intima. Although drug-eluting stents reduce restenosis, they delay the tissue healing of
the injured arteries. No promising alternative anti-restenosis treatments are currently on the horizon.
Methods: In endothelium-denudated mouse carotid arteries, oral morelloflavone—an active ingredient of the
Thai medicinal plant Garcinia dulcis—significantly decreased the degree of neointimal hyperplasia, without
affecting neointimal cell cycle progression or apoptosis as evaluated by Ki-67 and TUNEL staining,
respectively. At the cellular level, morelloflavone robustly inhibited VSMC migration as shown by both
scratch wound and invasion assays. In addition, morelloflavone prevented VSMCs from forming lamellipodia,
a VSMC migration apparatus. Mechanistically, the inhibition by morelloflavone of VSMC migration was
through its negative regulatory effects on several migration-related kinases, including FAK, Src, ERK, and
RhoA. Consistently with the animal data, morelloflavone did not affect VSMC cell cycle progression or induce
apoptosis.
Results: These data suggest that morelloflavone blocks injury-induced neointimal hyperplasia via the
inhibition of VSMC migration, without inducing apoptosis or cell cycle arrest.
General significance: We propose morelloflavone to be a viable oral agent for the prevention of restenosis,
without compromising effects on the integrity and healing of the injured arteries.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Coronary artery diseases (CAD) is the single most frequent cause of
death in the U.S., accounting for more than 1 in 5 deaths and costing
$133.2 billion annually [1]. Although patients with CAD can be treated
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either medically or surgically (coronary artery bypass grafting
[CABG]), increasing numbers of patients now undergo percutaneous
coronary intervention (PCI), which includes angioplasty and stent
implantation. Performed inmore than 900,000 patients in 2003 in the
US [2], PCI, unlike CABG, does not require a thoracotomy and is much
less invasive and less frequently associated with cerebrovascular
complications than CABG [3]. Amajor disadvantage of PCI is restenosis
—renarrowing of dilated or stented arteries—caused primarily by the
migration and proliferation of α-actin-immunoreactive vascular
smooth muscle cells (VSMCs) [4–6]. Although the use of drug-eluting
stents (DES) coated with cytotoxic agents such as sirolimus [7] and
paclitaxel [8] have successfully reduced restenosis, they are associated
with delayed tissue healing caused by the cytotoxic and cell cycle
inhibitory effects of the stent-coating drugs, necessitating the
prolonged administration of anti-platelet agents [9].
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Garcinia dulcis, a plant that belongs to the Guttiferae family, is
widely distributed in Thailand, and other Southeast Asian countries
[10]. Also known as Maphuut (Thailand) and Mundu (Indonesia and
Malaysia), G. dulcis has been used in traditional medicine for centuries
to treat various inflammatory conditions [11]. Several bioactive
compounds, including cambogin, dulciflavan, epicathechin, lupalbi-
genin, mangostin, and morelloflavone, have been isolated from the
plant [11,12]. The main constituent of the leaves of G. dulcis (Fig. 1A) is
morelloflavone (5, 7, 4', 5q, 7q, 3'q, 4'q-heptahydroxy-[3,8q]-flavonyl-
flavanone, CAS Registry No.16851-21-1), a biflavonoid comprising two
covalently linked flavones—apigenin and luteolin [13] (Fig. 1B).
Despite the extensive medicinal use of G. dulcis, the biological
activities of morelloflavone have not been evaluated in detail with
only a few published studies [14–17].

Since several flavonoids have been reported to inhibit cell growth
[18–22] and to induce apoptosis [23] in VSMCs, we hypothesized that
morelloflavone—a biflavonoid—would either induce apoptosis or cell
cycle arrest in VSMCs. Surprisingly, morelloflavone did neither—it
blocked the migration of VSMCs without causing apoptosis or cell
Fig. 1. Morelloflavone does not affect cell cycle progression and causes no cytotoxicity or a
morelloflavone.Morelloflavone (MW=556), a biflavonoid, consists of two flavones covalently
preparation of morelloflavone was purified from the leaves of G. dulcis and found to be 93.4
evaluated by treating VSMCs with various concentrations (0–100 μM) of morelloflavone and
experiments). (E) BrdU assays. The percentage of S-phase cells were determined by treating
uptake of BrdU by these cells (n=4). Morelloflavone does not affect the percentage of S-pha
BrdU labelling indices between 0–10 μMmorelloflavone). Morelloflavone, at 100 μM, decreas
with 10 and 100 μM morelloflavone). (F) MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenylte
concentrations up to 10 μM (NS [P=0.071] for MTT survival rate [%] among 0, 0.01, 0.1,1 and 10
morelloflavone; n=4). (G) DNA fragmentation assay. DNA fragmentation indices decreased as
by one-way ANOVA). Morelloflavone does not cause apoptosis at concentrations equal to o
cycle arrest. The inhibition by morelloflavone of VSMC migration in a
tissue culture system manifested itself in decreased injury-induced
neointimal hyperplasia in a mouse model of restenosis (vascular
injury and neointimal formation). Based on these data, we propose
that morelloflavone is a viable oral anti-restenotic agent and a
potential alternative to DES-based strategies.

2. Materials and methods

2.1. Preparation of morelloflavone

The purification of morelloflavone was performed as described
previously [11] with following modifications. Dried G. dulcis leaves
were finely powdered and extracted with acetone. Insoluble matter
was removed by filtration, and the filtrate was concentrated in
vacuo. A second extraction was achieved with hexane, and the
hexane-insoluble fraction was subsequently extracted with dichlor-
omethane. The greenish-yellow residue from the dichloromethane-
insoluble fraction was subjected to quick-column chromatography on
poptosis in VSMCs. (A) Garcinia dulcis. L, the leaves; F, fruit; FL, flower. (B) Structure of
linked to each other. (C) Purification and characterization ofmorelloflavone. The current
% pure as determined by HPLC. (D) Flow cytometric analysis. Cell cycle progression was
subjecting them to flow cytometric analyses (representative data from 3 independent
VSMCs with various concentrations (0–100 μM) of morelloflavone and measuring the

se cells at a concentration equal to or less than 10 μM (P=0.079 by one-way ANOVA on
es BrdU labelling indices (⁎⁎⁎⁎,Pb0.001 for BrdU labelling indices between cells treated
trazolium bromide) VSMC viability assay. Morelloflavone is not cytotoxic to VSMCs at
μM, by one-way ANOVA; ⁎⁎⁎⁎,Pb0.001 forMTT survival rate (%) between 10 and 100 μM
morelloflavone concentrations increased (n=2 each for 0, 1, 10, and 100 μM; ⁎,P=0.032,

r less than 100 μM.
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silica 60H and eluted with dichloromethane-acetone in a polarity
gradient manner. The eluted fractions were combined on the basis of
thin-layer chromatography (TLC) results. Finally, the purified com-
pound was concentrated in vacuo, dried, and ground. TLC was used
to confirm the desirable fraction for every step of extraction and
purification. The purity of this compound was determined by using
an HPLC system (Agilent 1100 Series, Germany), equipped with a
solvent delivery pump (BinPump G1312A), an autosampler (ALS
G1313A), a photodiode-array detector (DAD G1315B) and data output
(LC Chemstation, Rev. A.10.02). An ODS-2 column (5 mm particle
size, 4.6×2 50 mm i.d.; Inertsil™, Shimadzu, Japan) was used. The
mobile phase, consisting of 45% (v/v) acetonitrile and 55% (v/v) of 1%
acetic acid, was pumped at a flow rate of 1 ml/min, and the effluent
was monitored at 289 nm. Morelloflavone in the sample was
identified by comparing its spectral data with that of a standard
that had been previously purified from G. dulcis flowers [24]. The
peak analysis also revealed that the sample contained mostly
morelloflavone (94.3%).

2.2. Cell culture

Mouse VSMCs, isolated as described previously [25], were
maintained in 231 media (Cascade Biologics, Portland, OR) supple-
mentedwith VSMC growth supplement (SMGS, Cascade Biologics) in a
humidified incubator at 37 °C with 5% CO2. Cells from passages 4–9
were used in all experiments. All experiments were performed in
subconfluent, unsynchronized cells growing in SMGS except for the
lamellipodium formation assay.

2.3. Cell cycle analyses

VSMCs (1×106) were seeded onto 10-cm dishes and treated with
various concentrations of morelloflavone. After 24 h incubation, the
cells were fixed with 70% ethanol at 4 °C overnight, treated with
RNAse in PBS, stained with propidium iodide (Sigma, St. Louis, MO),
and subjected to flow cytometric DNA content analysis using Epics XL
(Beckman-Coulter, Miami, FL). The percentages of cells in G1, S, and
G2/M phases were determined using Multi-cycle system software
(Phoenix Flow System, San Diego, CA).

2.4. 5-bromo-2-deoxyuridine (BrdU) incorporation assay

VSMCs were seeded at 2×104 cells per well in 96-well culture
plates and incubated overnight. Next day, cells were found approxi-
mately 60–70% confluent. Cells were treated with various concentra-
tions of morelloflavone (0 to 100 μM) for 2 h and then pulsed with
BrdU at 1 μM for 8 h. The amount of BrdU incorporated into the cells
was quantified by BrdU Cell Proliferation Assay kit (Calbiochem, San
Diego, CA), according to the manufacturer's instructions. Briefly, the
cells were fixed and permeabilized on tissue culture plastic, and
incubated with anti-BrdU monoclonal antibody. After extensive
washing, bound antibodies were visualized by goat anti-mouse IgG
conjugated to horseradish peroxidase and tetra-methylbenzidine
substrate and quantified by spectrophotometer at 450 nm. The
protein content was determined using the Bradford assay (Bio-Rad,
Hercules, CA).

2.5. 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) cell survival assay

VSMCswere plated at 1×104 cells perwell in 96-well culture plates
and incubated overnight. The cells were treated with various
concentrations of morelloflavone for 48 h. Then, the cells were
exposed to MTT labeling reagent at 10 μg/mL for 4 h and solubilized in
0.01 N HCl containing 10% SDS overnight. Formed formazan was
measured via spectrophotometry at 600 nm.
2.6. DNA fragmentation assay

VSMCs were seeded at 1×105 cells per well in 24-well culture
plates, treated with morelloflavone, and subjected to DNA fragmen-
tation assay, according to the manufacturer's instructions (Cell
Death Detection ELISAPLUS, Roche). Briefly, the cells were treatedwith
0-100 μM of morelloflavone for 24 h. The 1×105 cells were lysed,
cleared by centrifugation, and transferred into streptavidin-coated
plates. Anti-histone antibody conjugated to biotin and anti-nucleoso-
mal-DNA-antibody conjugated to horseradish peroxidase were added.
After incubation and washing, 2,2'-azino-bis-[3-ethylbenzthiazoline-
6-sulfonic acid](ABTS) substrate solution was added. The absorbance
rate at 405 nm against ABTS solutionwasmeasured with the reference
wavelength of 490 nm.

2.7. Scratch wound assay

VSMCs that had been grown to confluence in 6-well culture plates
were scratched with a sterile 1000-μl pipette tip and exposed to
various concentrations of morelloflavone. The cells were allowed to
migrate onto the plastic surface for 18 h and photographed. A
migration index was determined based on the number of cells that
migrated onto 1 mm2 free plastic surface, using the Image J software
(NIH).

2.8. Invasion assay

The lower chambers of the ChemoTx® Disposable Chemotaxis
System (NeuroProbe, Gaithersburg,MD)were filledwith 29 μl of SMGS
diluted in 231 medium at the appropriate concentrations (0–10%). A
filter membrane (5 μm pore size) was positioned over the lower
wells, and 1×104 VSMCs suspended in 20 μL 231 medium (without
morelloflavone) were placed on the test sites within circular
hydrophobic masks on the upper side of the filter plate (n=5 each).
Cells were allowed to attach the porous membrane surface for 4 h
when solution covering cells was exchanged to 231 medium either
containing 1 μM of morelloflavone or vehicle (0.1% DMSO). After
additional 8-hour incubation, cells on the upper surface of the
membrane—cells that had not migrated—were scraped off by Q-tips,
and cells that had migrated to the lower surface were fixed and
stained by hematoxylin solution and counted. Migrated cell numbers
were calculated as the number of cells migrated per 8.0 [mm2] test
site surface area.

2.9. Lamellipodium formation assay

The lamellipodium formation assay was performed as described
previously [26]. In brief, mouse VSMCs (serum-starved for 24 h) were
seeded onto fibronectin-coated wells of chamber slides in triplicate
(CultureSlide, BD BioCoat Fibronectin) and incubated with various
concentrations of morelloflavone (0, 1, and 10 μM) in the presence or
absence of serum for 3 h at 37 °C. Then, cells were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100, stained
with Alexa Fluor 594-Phallidin (Invitrogen-Molecular Probes) and
DRAQ5 (Biostatus, Ltd, Leicestershire, UK), and viewed with the use of
a Leica DM6000 confocal microscope. Four (4) fields were randomly
selected per replica and the numbers of total cells and cells that
exhibit lamellipodia were determined. The lamellipodium indices
were calculated as the number of lamellipodia divided by the total
number of cells counted.

2.10. Western blot analysis

For the evaluation of phosphorylated focal adhesion kinase (FAK)
and c-Src, Western blot analyses were performed as described
previously [27]. Briefly, VSMCs were seeded on 10-cm dishes, treated
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with various concentrations ofmorelloflavone for 5min, andharvested
into RIPA buffer with protease inhibitor cocktails. Cleared cell lysates
(500 μg of protein) were incubated with anti-FAK or anti-c-Src
antibodies at 4 °C for 1 h in a final volume of 1 mL RIPA buffer, and
incubated for another 1 h with protein A/G agarose beads (Santa Cruz;
SCBT sc-2003). Immunoprecipitated proteins were eluted into SDS-
loading buffer and subjected to 12% SDS-PAGE and immunoblotting
using anti-FAK (Santa Cruz; A-17; sc-557) and anti-c-Src (Santa Cruz;
SRC-2; sc-18) antibodies for total FAK and c-Src, respectively, and anti-
phosphotyrosine antibody (Santa Cruz; PY-20; sc-508) for phosphory-
lated FAK and c-Src. Densitometric analyses were performed using
Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA).

To assess the phosphorylation status of ERK, 30 μg of whole cell
lysates was loaded onto SDS-PAGE, and Western blot analysis was
done using anti-p-ERK (Santa Cruz; E-4; sc-7383) and anti-ERK (Santa
Cruz; K-23; sc-94) antibodies.

To detect active RhoA, Rac1 and Cdc42, we first generated GST-
tagged RhoA binding domain of Rhotekin protein (GST-Rhotekin-RBD)
and GST-tagged p21-binding domain of p21-activated kinase 1 (PAK1)
(GST-PAK1-PBD). Briefly, E. coli BL21 cells transformed with pGEX4T-
PAK1-PBD or pGEX4T-Rhotekin-RBD were grown at 37 °C and
expression of recombinant protein was induced by addition of
0.1 mM IPTG for 3 h. Cells were resuspended in lysis buffer (50 mM
Tris-HCl, pH 8.0, 10% glycerol, 20% sucrose, 2 mM DTT, 1 μg/ml
leupeptin, 1 μg/ml pepstatin, and 1 μg/ml aprotinin), sonicated, and
centrifuged at 4 °C for 30 min at 45,000 g. The supernatant was
incubated with glutathione sepharose 4B beads (GE-Amersham,
Piscataway, NJ) for 1 h at 4 °C, and then washed 3 times in lysis
buffer. Using these GST-proteins, we then performed GTPase activa-
tion assays as described previously [28]. Briefly, cells resuspended in
lysis buffer (50 mM Tris, pH8.0, 500 mM NaCl, 1% Triton X-100, 0.1%
SDS, 0.5% sodium deoxycholate, 10% glycerol, 10 mM MgCl2, 10 μg/ml
leupeptin and aprotinin, and 1 mM phenylmethylsulfonyl fluoride)
were cleared; the supernatants containing approximately 500 μg of
protein were incubated with 5 μg of recombinant GST-Rhotekin-RBD-
or GST-PAK1-PBD (both conjugated to agarose beads) for 1 h at 4 °C,
washed with lysis buffer, and eluted into SDS-loading buffer. Eluents,
along with cleared cell lysates, were size-fractionated by SDS-PAGE,
transferred to nitrocellulose membranes, and probed by anti-RhoA,
anti-Rac1, and anti-Cdc42 antibodies. Immunoreactivities on the
eluents represent active forms of GTPases, whereas those on the
total cell lysates represent total GTPases. These experiments were
performed three times with the same results.

2.11. Mouse carotid artery injury assay

The carotid artery injury assay was performed as described
previously by Kuhel and others [29]. Male apoE−/−mice were obtained
from Jackson Laboratory (Bar Harbor,ME) andmaintained on a 12-hour
light/dark cycle. All animal experimentation protocols were performed
under institutional guidelines of animal welfare, in accordance with
NIH guidelines. Mice were fed either normal rodent chow diet (5001,
LabDiet) (n=10) or normal chow diet containing 0.15% morelloflavone
(w/w) (n=9). This diet corresponded to 200 mg/kg morelloflavone if a
30-grammouse consumes 4 g of chow.Micewere placed on these diets
for 7 days before they underwent carotid artery denudation by the
insertion of an epoxy resin (Epon) probe as described previously [29].
Briefly, the entire length of the left carotid artery was exposed and the
distal bifurcation of the carotid artery was looped proximally and
ligated distally with 7-0 suture. A transverse arteriotomy was made
between the 7-0 silk sutures and the resin probe was inserted,
advanced toward the aortic arch, and withdrawn 5 times. The probe
was then removed, the proximal 7-0 suture was ligated, a 6-0 suture
was secured, and the incision was closed with 5-0 sterile surgical gut.
After surgery, mice were maintained on these diets for 14 days before
they were euthanized. After blood was sampled, the arteries of these
micewere perfusion-fixedwith 10% buffered formalin (pH 7.0) solution
at a constant pressure of 100mmHg. The entire neck from eachmouse
was dissected, fixed further in 10% buffered formalin, decalcified, and
then embedded in paraffin. Identical whole neck cross sections of 5 μm
weremade from the distal side of the neck beginning at the point of the
distal 7-0 ligature. Whole neck sections were used to evaluate both the
injured and the uninjured control vessels on the same section. For each
mouse, the 4 levels of serial sections were taken at 500-μm intervals.
These sections were stained by Verhoeff–van Gieson (VVG) staining
and subjected to morphometric analyses. Images were digitized and
captured using a Sony video connected to a personal computer.
Measurements were performed at a magnification of 200 using a
Scion Image analysis computer program (Frederick, MD). Data were
obtained from thefirst 2 levelswhere endothelial denudation occurred.
For each artery, the luminal area, the area inside the internal elastic
lamina (IELA), and the area encircled by external elastic lamina-IELA
were measured. The intimal area (IA) was calculated as the IELA minus
luminal area.

For the determination of serum morelloflavone levels, animal sera
were first digested by proteinase K in the presence of 0.01% SDS.
Morelloflavone was then extracted into ethyl acetate and lyophilized.
The quantification of morelloflavone was performed by HPLC as
described in the “Preparation of morelloflavone” sub-section of
Materials and methods with following modifications. The pure
morelloflavone was diluted to varying concentrations (0–100 μM),
aliquoted into multiple tubes, and lyophilized. The samples were
dissolved in 200 μL of 25% acetonitrile/0.55% acetic acid of which
100 μL were injected into a Vydac C-18 reversed phase HPLC column
(Grace Davison Discovery Sciences, Deerfield, IL) in an Agilent 1100
HPLC system (San Jose, CA). Morelloflavone was eluted from the
column by a 25–55% acetonitrile/0.55% linear gradient with a flow rate
of 1ml/minwith UVmonitoring at 289 nm. The peaks were integrated
and the signal to noise value was obtained from the HPLC software,
using the baseline appearing after the morelloflavone peak to
calculate noise. The limit of detection (LOD) is defined as the
concentration of morelloflavone that yielded a signal to noise of 2:1,
andwas calculated at 1.06 μM, from the 20 μMstandard peak (signal to
noise=37.6:1). None of samples from control animals contained
morelloflavone concentrations higher than the limit of detection.

For the analyses of intimal cell proliferation, apoptosis and ERK
activation, Ki-67, Terminal deoxynucleotidyl transferase (TdT)-deoxy-
uridine nick-end labeling (TUNEL), and p-ERK staining, respectively,
were performed. Ki-67 was detected using a monoclonal rabbit
antibody (Clone TEC-3, DAKO North America, Inc., Carpinteria, CA) as
described previously [30,31]. The TUNEL staining [32] was performed
using a FragEL™ DNA fragmentation detection kit (Oncogene Research
Products, Boston, MA) according to the manufacturer's instructions.
The Ki-67 and apoptotic indices, defined as the number of cells with
DAB-positive nuclei divided by the total number of cells counted and
expressed as a percentage, were then calculated. All cells within the
intima were counted.

2.12. Statistical analysis

Values are expressed as means±SD. Comparisons of parameters
between two groups were made with Student's t test. When
appropriate, ANOVA was performed to compare multiple groups. A
value of Pb0.05 was considered statistically significant.

3. Results

We first prepared high-purity morelloflavone, from the leaves of
G. dulcis (Fig. 1C). To examine the effect of morelloflavone on cell cycle
progression, we treated VSMCs with 0–100 μM morelloflavone and
subjected them to flow cytometric analysis. Morelloflavone at
concentrations up to 10 μM did not significantly affect progression of
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the cell cycle; however, at 100 μM, morelloflavone blocked G2/M➔G1
progression (Fig. 1D). Assays of BrdU incorporation consistently
showed that morelloflavone did not significantly affect DNA synthesis
at concentrations up to 10 μM (P=0.079; One-way ANOVA, Tukey's
pairwise comparison) (Fig. 1E), together suggesting that morellofla-
vone, except at high concentrations, does not affect cell cycle
progression or DNA synthesis of VSMCs.

To test the effect of morelloflavone on VSMC viability, a MTT assay
was performed. Morelloflavone showed no cytotoxicity at concentra-
tions between 0 and 10 μM (P=0.071; one-way ANOVA, Fig. 1F). A
standard DNA fragmentation-apoptosis assay showed that morello-
flavone did not induce DNA fragmentation in VSMCs (Fig. 1G). Rather,
DNA fragmentation indices decreasedasmorelloflavone concentrations
increased (⁎,P=0.032, Fig. 1G).

To determine whether morelloflavone plays a role in the regulation
of VSMC migration, we performed a scratch wound assay. VSMCs were
grown to confluency and scratched; VSMCs were allowed to migrate
into the scratched area in the presence of 0, 1, 10, and 100 μM
morelloflavone for the next 18 h. As Fig. 2A shows, the migration of
VSMCs was inhibited in a concentration-dependent fashion (migration
indices at 0, 1, 10 and 100 μMmorelloflavone=568.7±33.5, 487.6± 36.9,
411.3±39.5, and 191.86±32.8 cells/mm2, respectively; ⁎⁎⁎⁎,Pb0.001 by
one-way ANOVA; correlation coefficient [r]=−0.976). In other words,
therewas a highly statistically-significant, negative correlation between
morelloflavone concentrations and migration indices. In addition, there
was a significant reduction in migration indices between 0 and 1 μM
of morelloflavone (Pb0.05, Tukey's pairwise comparison). Next, to
evaluate the effect of morelloflavone on VSMC invasion, a modified
Boyden chamber assay was performed. VSMCs suspended in
medium without morelloflavone were seeded on the upper surface
of the porous membrane, which was placed on medium containing
Fig. 2.Morelloflavone inhibits VSMCmigration, invasion and lamellipodium formation. (A) Sc
morelloflavone-treated VSMCs. Bottom panel: Migration indices. Migration indices were ca
(n=5). (B) Modified Boyden chamber invasion assay. Top panels: Photomicrographs of invasio
The effect ofmorelloflavone on VSMCsmigration.Migrated cell numbers represented the tota
VSMC migration (⁎⁎⁎P=0.002 by two-way ANOVA, n=5). SMGS, smooth muscle cell growt
panels: Confocal microscopy of VSMCs stimulated by sera in the presence of various concentr
Lamellipodium indices calculated as the number of lamellipodia divided by the total number o
increased lamellipodium indices (⁎⁎⁎Pb0.005, n=3) in the absence of morelloflavone. Ser
morelloflavone. Morelloflavone significantly decreased lamellipodium indices in a concentra
various concentrations of SMGS. Cells were allowed to attach the
membrane for 3 h when the medium was changed to one containing
either morelloflavone (1 μM) or vehicle (DMSO). Cells were then
allowed to migrate through 5 μm pores for 8 h. While, 0% of SMGS did
not cause VSMCs to migrate in the presence or absence of morello-
flavone, the increasing concentrations of SMGS were associated with
more migrated cells (Fig. 2B). In this system, morelloflavone at 1 μM
significantly blocked VSMC migration (⁎⁎⁎,P=0.002 by two-way
ANOVA, Fig. 2B). These findings, together with those presented in
Fig. 2A, suggest that morelloflavone is a potent inhibitor of VSMC
migration and invasion.

Our next step was to determine the effect of morelloflavone on the
formation of the VSMC migratory apparatus, or the lamellipodia
[26,33]. We subjected VSMCs to serum starvation for 24 h and then
seeded them onto fibronectin-coated wells of chamber slides. We
incubated these cells in the presence and absence of sera with various
concentrations (0, 1, and 10 μM) of morelloflavone. After a 3-hour
incubation, cells were stained with Alexa Fluor 568-Phalloidin and
examined with the use of a confocal microscope. In the absence of
serum, morelloflavone at any concentration did not change the
morphology of VSMCs (Fig. 2C, top panel, Serum [–] at 0, 1, and
10 μM; bottom panel, columns 1, 3 and 5). In the absence of
morelloflavone, the number of lamellipodia significantly increased
upon serum stimulation (Fig. 2C, top panel, Serum [–] to [+] at
morelloflavone 0 μM, Fig. 2C, bottompanel, columns 1 and 2; serum [–]
vs. [+]=0.105±0.006 vs. 0.05±0.01, Pb0.005). In this system, morello-
flavone significantly decreased lamellipodium indices in a concentra-
tion-dependent fashion (Fig. 2C, top panel, Serum [+] at 0,1, and 10 μM;
bottom panel, columns 2, 4, and 6=0, 1, and 10 μM morello-
flavone=0.105±0.006, 0.05±0.001, 0.033±0.006; ⁎⁎⁎⁎,Pb0.001 by
one-way ANOVA; correlation coefficient [r]=−0.992).
ratchwound cell migration assay. Top panels: Photomicrographs ofmigrationpatterns of
lculated as migrated cells per unit area (cells/mm2). ⁎⁎⁎⁎Pb0.001 by one-way ANOVA
npatterns of VSMC in the presence and absence of morelloflavone (1 μM). Bottom panel:
l cell numbers on each test sites (8.0 [mm2]). Morelloflavone at 1 μMsignificantly blocked
h supplement (Cascade Biologics, Portland, OR). (C) Lamellipodia formation assay. Top
ations of morelloflavone (0–10 μM). Arrow, lamellipodia; size bar, 50 μm. Bottom panel:
f cells counted. Open bar, no serum; closed bar, 5% serum. Serum stimulation significantly
um stimulation failed to increase lamellipodium indices in the presence of 1–10 μM
tion-dependent fashion (⁎⁎⁎⁎Pb0.001 by one-way ANOVA).



Fig. 3.Morelloflavone inhibitsmultiplemigration-related kinases. (A) Phosphorylation of FAK and c-Src. FAK, total focal adhesion kinase; p-FAK, phosphorylated FAK; c-Src, total c-Src;
p-c-Src, phosphorylated c-Src. Morelloflavone decreased phosphorylation of FAK and c-Src. The phosphorylation indices of a certain kinase (such as p-FAK/FAK) were calculated by
dividing the signal intensity of the band of the phosphorylated kinase by the signal intensity of the band of the total kinase, at a given morelloflavone concentration. The indices of
untreated cells were normalized to 100. (B) Phosphorylation of ERK. ERK, total ERK; p-ERK, phosphorylated ERK; Morelloflavone decreased phosphorylation of ERK. (C) Activation of
RhoA, Rac1, and Cdc42. Morelloflavone blocks the activation of RhoA at 0.1 μM, Cdc42 at 10 μM; but it has no significant effect on Rac1 or Cdc42 activation.

Table 1
Morphometric analyses of uninjured and injured carotid arteries

Areas (μm2) Treatment Uninjured Injured

Neointimal area Control 728.4±796 21769.7±11773
Morelloflavone 512.0±259 7862.7±4047a

Medial area Control 26492.0±8569 43902.7±16916
Morelloflavone 30230.6±14393 39274.4±15136

Luminal area Control 60970.9±4988 52743.6±6954
Morelloflavone 62340.2±5904 62134.5±10740

Internal elastic lamina area Control 61699.3±5099 74513.3±6320
Morelloflavone 62852.4±5900 69997.2±11145

External elastic lamina area Control 88191.3±6255 118415.7±12601
Morelloflavone 93082.0±9144 102971.6±14326

a Pb0.01. The neointimal area was calculated as the internal elastic lamina area
minus luminal area, while the medial area as the external elastic lamia area minus the
internal elastic lamina area.
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To evaluate the pathways involved in morelloflavone-induced
inhibition of VSMC migration, we studied the effect of morelloflavone
onmigration-related pathways.We first assessed the phosphorylation
status of focal adhesion kinase (FAK) [34] and c-Src [35] by isolating
these proteins by immunoprecipitation and then performing Western
blot analyses on the precipitated proteins using anti-FAK, anti-c-Src,
and anti-phosphotyrosine antibodies. Morelloflavone inhibited the
phosphorylation of FAK and c-Src (Fig. 3A). Then, we performed a
Western blot analysis using anti-ERK and anti-phosphorylated ERK
antibodies on lysates from VSMCs treated with various concentrations
(0–10 μM) of morelloflavone. Morelloflavone substantially inhibited
the phosphorylation of ERK, a critical migration-related kinase [36]
(Fig. 3B). Finally, we evaluated the effects of morelloflavone on the
activation status of small GTPases involved in the regulation of cell
migration [37]—RhoA, Rac1, and Cdc42. Here, we found that morello-
flavone blocked the activation of RhoA at low concentrations (0.1 and
1 μM), that it blocked the activation of Cdc42 at a higher concentration
(10 μM), and that it had no significant effects on Rac1 (Fig. 3C). In
summary, morelloflavone blocks the activation of FAK, c-Src, ERK, and
RhoA (and Cdc42 at a higher concentration)—key migration-related
kinases—explaining why morelloflavone can exert such a powerful
inhibitory effect on migration as seen in Fig. 2A–C.

To assess whether morelloflavone's inhibitory effects on VSMC
migration in vitro could reduce injury-induced neointimal formation
in a whole animal, we placed apoE−/−mice on normal chow (n=10) or
chow containing morelloflavone (0.15% w/w, n=9) for 1 week and
induced endothelial denudation by the insertion of an epoxy resin
(Epon) probe as described previously [29]. Mice were maintained on
the same diets for 2 weeks before they were euthanized, and the right
(uninjured) and left (injured) carotid arteries were removed. No
significant differences in bodyweight were seen before injury (control
vs. morelloflavone; 23.8±2.0 vs. 24.0±2.0 g, respectively, NS) or at the
time of sacrifice (control vs. morelloflavone; 23.0±1.0 vs. 23.3±1.5 g,
respectively, NS). Morelloflavone-treated mice had significantly less
neointimal formation in injured carotid arteries than did control mice
(Table 1 and Fig. 4A, control vs. morelloflavone; 21769.7±7862.7 μm2

vs. 7862.7±4047 μm2, respectively; Pb0.01). The mean serum con-
centration of morelloflavone of treated animals was 1.37± 0.78 μM,
suggesting that the effective plasma concentration of morelloflavone
is around 1.37 μM. TUNEL staining showed that there is no difference



Fig. 4. Morelloflavone inhibits injury-induced neointimal proliferation in a mouse carotid artery injury model. (A) Verhoeff–van Gieson (VVG) staining of mouse carotid arteries.
Upper panel: Photomicrograms of the carotid arteries. Uninjured, right carotid arteries that are sham operated; injured, left carotid arteries in which endothelial cells were denuded
by the insertion of an epoxy resin probe; arrows, neointimal formation. Lower panel: Morphometric analyses of injured and uninjuredmouse carotid arteries. ⁎Pb0.01 (Two-sample t
test; n=9 for control; n=10 for morelloflavone-treated). Morelloflavone significantly blocked injury-induced neointimal formation in mouse carotid arteries. (B) TUNEL apoptosis
assays. The TUNEL indices were determined as the number of cells with TUNEL-positive nuclei divided by the total number of cells counted and expressed as a percentage (n=9 for
control; n=10 for morelloflavone-treated). Size bar=25 μm. (C) Ki-67 proliferation assays. The Ki-67 indices were determined as the number of cells with Ki-67-positive nuclei
divided by the total number of cells counted and expressed as a percentage. Size bar=25 μm. Oral morelloflavone treatment resulted in reduced neointimal formation, without
increasing apoptotic or proliferating cells in the neointima. (D) p-ERK staining. Phosphorylated ERK was detected by using anti-p-ERK antibody. Size bar=25 μm. The nuclear p-ERK
signals (black arrows) were seen in 42.9% of the neointima of control animals and in 12.5% of the neointima of morelloflavone-treated animals (n=7 and 8, respectively). Oral
morelloflavone treatment was associated with reduced p-ERK positivity in the neointima.
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in TUNEL indices between control and morelloflavone groups (control
vs. morelloflavone=19.9±6.1 vs. 16.0±4.6, P=0.23, Fig. 4B). Ki-67
staining failed to show any difference in Ki-67 indices between control
and morelloflavone groups (control vs. morelloflavone=0.19±0.34 vs.
0.17±0.41%, P=0.91, Fig. 4C). These data, combined with those
presented in Figs. 1 and 2, suggest that morelloflavone reduced
injury-induced neointimal formation by inhibiting VSMC migration
from the media to the intima in apoE−/−mice, but not by either
increasing apoptosis or inhibiting cell proliferation in the neointima. In
order to evaluate whether the inhibition by morelloflavone of ERK
phosphorylation in VSMCs (Fig. 3B) can also be observed at a tissue
level, we performed immunostaining of p-ERK in these sections. The p-
ERK signals were seen in the neointima of 3 out of 7 tissue sections
(42.9%) of control animals and in the neointima of one out of 8 sections
(12.5%) of morelloflavone-treated animals (Fig. 4D), suggesting that
oral morelloflavone decreases ERK activation in the neointima—a
result concordant with what was observed in the tissue culture
experiment (Fig. 3B).
4. Discussion

Only few reports on the anti-inflammatory and antioxidative
properties of the flavonoid morelloflavone are available [12,15–17],
and its effects on vascular cells or arteries have not been studied. In
this report, we have characterized the biological effects of morello-
flavone on VSMCs in vitro tissue culture and in vivo injured mouse
arteries. We found that morelloflavone has unique biological proper-
ties; it does not affect cell cycle progression (Fig. 1D and E) or cell
survival (Fig. 1F and G) at concentrations up to 10 μM, whereas it has
profound effects on migration at a concentration as low as 1 μM (Fig.
2A–C). The potential mechanisms of morelloflavone's negative effect
on migration include the de-activation of the migration-related
molecules such as FAK, c-Src, ERk, and RhoA (Fig. 3A–C). Strikingly
but consistently, oral administration of morelloflavone reduced
neointimal formation in injured mouse carotid arteries (Table 1 and
Fig. 4A) without affecting the degree of apoptosis or proliferation of
neointimal cells (Fig. 4B and C). Furthermore, oral administration of
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morelloflavone was also associated with the lesser degree of ERK
phosphorylation (Fig. 4D).

Sirolimus, also known as rapamycin, is a potent inhibitor of VSMC
migration, although its mechanism of action is unknown [38]. Unlike
morelloflavone, however, sirolimus profoundly inhibits cell cycle
progression of VSMCs [39] by reducing the phosphorylation of
retinoblastoma protein, which arrests the cell cycle at the G1/S
transition [39]. In addition, sirolimus blocks the TNF-α-NFκB-pathway
and facilitates VSMC apoptosis [40]. Paclitaxel, a potent anti-micro-
tubule agent, induces tubulin polymerization and the formation of
abnormally stable and nonfunctional microtubules [41], which
disrupts the normal cell cycle progression in VSMCs [42,43] and
other cell types [44]. At very low concentrations (10 nM), paclitaxel
arrests the cell cycle at the G2/M phase [43,44], unlike the G1-phase
arrest by sirolimus [39]. The paclitaxel-induced cell cycle arrest is
often accompanied by apoptosis [45]. Thus, morelloflavone, with its
peculiar absence of profound cytotoxic and cell cycle inhibitory effects,
differs from both sirolimus and paclitaxel.

Morelloflavone severely inhibited the phosphorylation of ERK at
0.1–10 μM (Fig. 3B). ERK is implicated in both cell cycle progression
[46] and migration [47]. Intriguingly, morelloflavone—at the concen-
trations that reduced ERK phosphorylation—decreased cell migration
(Fig. 2A–C) but had no effects on cell cycle progression (Fig. 1D and E).
One explanation may be that the degree of the inhibition by
morelloflavone of the phosphorylation of ERK was sufficient to
negatively affect cell migration but insufficient to compromise normal
cell cycle progression. Further studies are called for to evaluate these
possible differential effects by morelloflavone on cell migration and
cell cycle progression. In addition, although morelloflavone substan-
tively decreased the phosphorylation of FAK, c-Src, and ERK and the
activity of RhoA (Fig. 3A–C)—and these molecules have been
implicated in cell migration, further experiments are needed in
order to clearly establish the cause–effect relationship between the
inhibition by morelloflavone of these molecules and the inhibition of
VSMC migration by morelloflavone.

It has been shown that Cdc42, Rac1, and RhoA act in a hierarchical
cascadewhere Cdc42 activates Rac,which in turn activates RhoA [48]. It
is not clear why morelloflavone at 10 μM inhibited Cdc42 activation
without affecting Rac1 activation (Fig. 3C). It is possible that in the
complex RhoGTPase network [49], morelloflavone negatively regulates
Cac42 and RhoA through certain guanine nucleotide exchange factors
(GEFs) specific to them. Again further studies are needed to solve this
puzzle.

In the current work, we focused on the biological effects of
morelloflavone on VSMCs and found that morelloflavone is a potent
inhibitor of VSMC migration through the de-activation of the
migration-related molecules (Fig. 3A–C). However, it is possible that
morelloflavone inhibits the migration of other cell types. Further
investigation is called for in order to determinewhether the inhibition
of VSMC migration by morelloflavone is cell-type specific.

We used ApoE−/−mice to test the effect of morelloflavone in injury-
induced neointimal proliferation (Table 1 and Fig. 4). This is because
they exhibit far more robust neointimal proliferation than do other
mouse strains such as C57BL [50] and C3H [29] because ApoE blocks
injury-induced neointimal proliferation via its suppression of cyclin
D1 [51].

There is an important limitation in the current study—weusedmice
free of atherosclerotic lesions and induced neointimal proliferation in
these mice using endothelial denudation. However, human coronary
restenosis occurs when severely atherosclerotic arteries are over-
stretched by balloons/stents inflated at high pressures. Thus, the
extraporation of the current findings to the clinical usefulness must be
donewith great caution. Furthermore, it is possible that themetabolite
(s) of morelloflavone, in addition to morelloflavone itself, contributed
to the reduction of the neointimal formation in the morelloflavone-
treated animals. With that said, morelloflavone or its derivatives, with
further studies, may prove to be promising anti-restenotic agents.
Specifically, morelloflavone could be administered orally after the
implantation of bare-metal stents to prevent in-stent restenosis. The
further investigation of the compound and its derivative using larger
animals is appropriate and justified given the results of the current
study. Centuries of its medicinal use in Thailand and others suggest
that morelloflavone is well tolerated with an acceptable toxicology
profile and minimal adverse effects.
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