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Abstract : Gambogic acid (GA) has powerful apoptotic actions. The authors investigated whether GA has
apoptotic effects on aortic smooth muscle cells, and compared its potency with that of simvastatin.

Smooth muscle cells were isolated from the aortas of Sprague-Dawley rats (4-6 week). Cell purities were con-
firmed by IF staining using o-smooth muscle actin antibody. The 1Cs, values for cell death by GA and simvastatin
were determined using a MTT assay, and the apoptotic effects of 1uM GA or 30 uM simvastatin (concentrations
correspond to 1Cg, values) were determined after 24 h of treatment using live cell images and by FITC annexin-V
and propidium iodide double-staining. In addition, western blotting was used to evaluate apoptosis by quantifying
reductionsin the expression levels of the PARP and procaspase-3 as well as cleavages of PARP and procaspase-3
after treatment with 1 uM GA or 30 uM simvastatin. The ICys, of GA (1 uM) was lower than that of simvastatin
(30 uM). Cell numbers were markedly reduced by both drugs in live cell images. GA (1 uM) produced a higher
level of apoptosis than 30 UM simvastatin (26.4+2.37% vs. 8.3+ 1.54%, respectively; P<0.05, n=3) by FITC
annexin-V & Pl double-staining. In addition, 1 uM GA reduced the expressions of PARP, procaspase-3, and Mcl-
1in cells, whereas 30 UM simvastatin did not. Pretreatment with z-VAD-fmk attenuated GA-induced apoptosis
and the cleavages of PARP and procaspase-3. The decreased level of Mcl-1 protein induced by GA treatment was

recovered by z-VAD-fmk.

These results indicate that GA-induced apoptosis was mediated by a caspase-dependent pathway.
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Introduction

Atherosclerosis manifests as plague build-up in arteries,
and its multifactorial etiology has been shown to involve
the activities of inflammatory cells, vascular smooth
muscle cells (VSMCs), and intracellular and extracellular
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lipids[1-4].

The arterial wall is composed of three layers; the tunica
intima, media, and adventitia. VSMCs of coronary arteries
reside in the middle layer, and provide structural integrity
to vessel walls and control vascular tone and blood pres-
sure[5]. VSMCs also exhibit a contractile phenotype and
low proliferative rates[6]. However, endothelial dysfunc-
tion and vessel wall injury during atherosclerosis result in
the activation and dedifferentiation of arterial smooth
muscle cells(SMCs) [5,7], and resultant intimal thickening
provides the basis for the build-up of atherosclerotic pla-
que[8]. These processes are triggered by various cytokines
and growth factors, including interleukin 1 beta (IL-10),
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interleukin 6 (IL-6), transforming growth factor beta 1
(TGF-B1), tumor necrosis factor apha(TNF-o), thrombin,
fibroblast growth factor (FGF), insulin-like growth factor 1
(IGF-1), platelet-derived growth factor (PDGF), urokinase
plasminogen activator, angiotensin |1, and vascular endo-
thelial growth factor (VEGF), which are all expressionally
upregulated in atherosclerotic lesions[9-12]. In the diseased
state, VSMCs re-enter the cell cycle, proliferate, and mi-
grate from tunica media to intima[13]. Furthermore, after
vessal injury, intimal VSMCs adopt a synthetic phenotype,
characterized by hyperplasia or hypertrophy and matrix
protein accumulation in intima and/or media with or with-
out lipid deposition, which in total, result in arterial wall
thickening and stiffness[14,15]. The abnormal prolifera-
tion and migration of VSMCs in arterial walls are impor-
tant factors in the development of atherosclerosis[15]. In
particular, VSMC apoptosis has been proposed to play a
significant role in the control of the thickening of intima
and/or media[16].

Gambogic acid (GA), the main active ingredient of Gam-
boge hanburyi, is a representative oriental medicine, which
has been used for its detoxifying, homeostatic, and anti-in-
flammatory properties for thousands of years[17]. Further-
more, the anticancer effect of GA has been attributed to its
activation of impaired apoptosis pathways in cancerous
cells via the down-regulation of telomerase [17]. Recent
reports have shown that the molecular mechanism under-
lying the apoptotic effect of GA involves its interaction
with transferrin receptor [18] and the subsequent suppres-
sion of the nuclear factor-kB signaling pathway [19]. Sim-
vastatin is a cholesterol-lowering agent that is widely used
for the treatment and prevention of atherosclerosis[20].
Furthermore, simvastatin has been reported to lower nitric
oxide(NO) synthase expression and induce cell cycle arrest
and apoptosis[21]. These observations suggest the actions
of GA and simvastatin are related directly or indirectly
with apoptosis. In addition, in a previous study, we found
that SMCs were easily isolated using simple enzymatic
method from the rat aortic wall at purities of ~90%[22].

In this study, we investigated whether GA has apoptotic
effects on aortic SMCs, and subsequently, we compared
its apoptotic effects with those of simvastatin. To examine
the apoptotic effects of the two drugs, SMCs were isolated
from Sprague-Dawley rats. Cell purities were determined
by immunofluorescent (IF) staining using o-smooth mus-
cle actin (a-SMA) antibody, and the 1Cs, values of GA

and simvastatin with respect to cell death were determined
using a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) assay. The apoptotic effects of both
drugs were examined by treating SMCs at half maximal
inhibitory concentration (IC;) levels and then analyzing
live cell images and fluorescein isothiocyanate (FITC)
annexin-V and propidium iodide (Pl) double staining re-
sults. Levels of apoptosis-regulating proteins were deter-
mined by western blotting.

Materials and Methods

1. Reagents

Sprague-Dawley rats (4-6 week) were obtained from
Samtaco Bio (Osan, Kored). Dulbecco’s modified Eagle's
medium (DMEM), 1 x non-essential amino acids, 1 x sodi-
um pyruvate, N-2-hydroxyethylpiperazine-N’-2-ethanesul -
fonic acid (HEPES), penicillin, streptomycin, trypsin-Eth-
ylenediaminetetraacetic acid (EDTA), and fetal bovine
serum (FBS) were purchased from Gibco (Grand Island,
NY, USA). GA, simvastatin, MTT, heparin sodium salt,
gelatin, dimethyl sulfoxide (DM SO), PI and 4’,6-diamidi-
no-2-phenylindole (DAPI) were from Sigma-Aldrich (Saint
Louis, MO, USA). Normal goat serum (10%), rat anti-rab-
bit o-SMA, and FITC-conjugated goat anti-rat Immuno-
globulin G (IgG) were from Zymed (Carlsbad, CA, USA).
Fluorescent mounting medium was purchased from Dako
Cytomation (UK), FITC annexin-V antibody from Abcam
(UK), and BCA protein assay kits from Pierce(Los Ange-
les, CA, USA). Immobilon-P membranes and enhanced
chemiluminescence (ECL) western blotting kits were
obtained from Millipore (Hertfordshire, UK). Rabbit poly
ADP-ribose polymerase (PARP) polyclonal antibodies
were purchased from Cell signaling Technology (Boston,
MA, USA). Rabbit procaspase-3 polyclonal antibodies
were from Enzo Life Sciences (Farmingdale, NY, USA).
Rabbit myeloid cell leukemia sequence 1 (Mcl-1) polyclo-
nal antibody and rabhbit 3-Actin polyclona antibody were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Benzyloxycarbonyl-Val-Ala-Asp (OMe)-fluoromethylke-
tone (z-VAD-fmk) were from Calbiochem (San Diego, CA,
USA).

2. |solation of aortic SMCs

Aortic SMCs were isolated as we previously described
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[22]. Experiments were performed according to the guide-
lines of the Intramural Animal Use and Care Committee
of the College of Medicine, Yeungnam University. Cells
were harvested from aortic walls composed on only tunica
media, and resuspended in DMEM containing 10% FBS,
counted, and then seeded at 1x 10* cells’cm? in plastic
culture dishes coated with gelatin.

3. Maintenance of SMCs

Plated cells were maintained in DMEM supplemented
with 20% FBS, L-glutamine, non-essential amino acids,
sodium pyruvate, heparin sodium salt, HEPES, penicillin
(100 U/mL), and streptomycin (100 mg/mL) in a humidi-
fied 95% air/5% CO, incubator. These cells were grown
in 100® plates, and then subcultured for no more than 5
passages. Cells were stored in nitrogen at —196°C, and
used for experiments after thawing.

4. |F staining against a-SM A

IF staining was performed as previously described [23].
Briefly, subcultured cells were seeded at 1 x 10% cells/em?
on cover glasses, and then fixed in 3.7% paraformaldehyde
solution. Rat anti-rabbit a-SMA and FITC-conjugated goat
anti-rat 1gG antibodies were diluted at 1: 100 and 1 : 100,
respectively. Cytoplasmic a-SMA expression was used to
identify SMCs. Nuclei were counter-stained with DAPI.
Cells were photomicrographed under a Leica DM 6000B
fluorescent microscope (Wetzlar, Germany). Experiments
were performed three times(n=3).

5.MTT assay and the I Cy, values of GA and
simvastatin

Cell viabilities were evaluated using a MTT assay, as
previously described [24]. MTT solution was prepared at
5mg/mL in PBS and filtered through a 0.2 um filter imme-
diately before use. To measure cell viabilities, subcultured
cells were seeded into 24-well plates at 5x 10* cells per
well and treated with 0, 0.2, 0.5, 1, or 5uM of GA or 0, 1,
5, 30, or 60 uM of simvastatin for 24 h. Briefly, 100uL (5
mg/mL) of MTT working solution were added to each well.
Formazan crystals were dissolved in 100 uL of DM SO,
and well absorbances were measured at 570 nm using an
ELISA Microplate Reader (BIO-TEK, Norcross, GA, USA).
Results are expressed as relative viabilities (%) versus non-

treated controls. Cells numbersin each well were counted,
and experiments were performed three times(n=3).

6. Live cell imaging

Subcultured cells were seeded at 1x 10 cells per well
into 96 well plates before being treated with 1 uM GA or
30uM simvastatin. Live cell images after 24 h of treatment
were acquired using Leica DMIRE2 inverted microscope
(Wetzlar, Germany).

7. FITC annexin-V and PI double-staining

Cellular DNA contents were assessed by flow cytometry.
Subcultured cells were plated at 1 x 10* cells'cm? in 100D
plates and treated with 1 uM GA or 30 uM simvastatin.
Attached cells were collected using trypsin and 2.2 mmol/
L EDTA in PBS, mixed with the detached cells present in
supernatants, and centrifuged. Cells were then rinsed with
PBS, suspended in a solution containing 1.5 mg/L FITC
annexin-V and 1.8 mmol/L CaCl, for 1h at 37°C, washed
twice with PBS, and resuspended in a solution containing
FITC annexin-V antibody for 30 min at 37°C. Cells were
then suspended in a solution containing 75 mmol/L PI, and
analyzed using a FACScanner (Becton Dickinson, Frank-
lin Lake, NJ, USA) and Cell Quest software. More than
10,000 cells were analyzed per sample. Experiments were
performed three times(n=3).

8. Western blot

Subcultured cells were plated at 1x 10* cells/cm? in
100 plates, and treated with 1uM GA or 30uM simvas-
tatin for 24 h. Cell lysates were prepared by suspending 5
x 10°cellsin 100 uL of lysis buffer (137 mM NaCl, 15mM
ethylene glycol tetraacetic acid (EGTA), 0.1 mM sodium
orthovanadate, 15mM MgCl,, 0.1% Triton X-100, 25 mM
3-(N-morpholino)propanesulfonic acid (Mops), 100 uM
phenylmethylsulfonyl fluoride, and 20 uM leupeptin,
adjusted to pH 7.2. Cells were then disrupted by sonication
and extracted at 4°C for 30 min. The proteins (50 ug) obtain-
ed were electro-transferred to Immobilon-P membranes.
PARP (1:1000), procaspase-3 (1 : 3000), and Mcl-1 (1:
1000) were detected using an ECL western blotting kit
(Millipore). B-Actin was used as loading control using -
Actin antibody at a dilution of 1: 2000, and experiments
were performed three times(n=3).
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9. FACS

Subcultured SMCs were plated at 1 x 10* cells'cm? in
1000 plates, and treated with 1uM GA for 24 h. Then, 5
x 10°cellsin 100 uL of PBS were suspended, and 200 uL
of 95% ethanol was added while vortexing cells were incu-
bated for 1 h at 4°C, washed with PBS, and resuspended
in 250 uL of 1.12% sodium citrate buffer (pH 8.4) contain-
ing 12.5 ug of RNase. Incubation was continued for 30
min at 37°C. Cellular DNA was then stained by applying
250 uL of PI (50 pg/mL) for 30 min at room temperature.
Stained cells were analyzed by fluorescent activated cell
sorting (FACS) on a BD FACS Canto Il flow cytometer
(BD Biosciences, San Jose, CA, USA) for relative DNA

A
A 3

DAPI

o-SMA

content based on red fluorescence. Cells undergoing apop-
tosis lose some of their DNA due to DNA fragmentation
during later apoptosis. These cells were detected as a sub-
G1 population. Experiments were performed three times
(n=3).

10. Statistical analysis

Data are presented as means+ SDs. SPSS ver. 13.0 sta-
titical software (SPSS, Inc., Chicago, IL, USA) was used
for the analysis. Paired comparisons were performed using
the Student’s t-test. Statistical significance was accepted
for p values < 0.05.

Merge

Fig. 1. Microphotographs of I1F-stained SMCs against o-SMA in the same microscopic field. Arrows indicate FITC-conjugated a-SMA in
the cytoplasm of SMCs, and arrowheads indicate nuclei counter-stained with DAPI. A; o-SMA stained green in cytoplasm, B; nuclei of
SMCs and fibroblasts are stained blue, C; merge image of o-SMA and DAPI. Scale bars=50um.
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Fig. 2. Cell viability percentages after treatment with different concentrations of GA or simvastatin. SMC cell-death was promoted dose-
dependently by treatment with GA (A) at 0, 0.2, 0.5, 1, or 5uM for 24 h, or by with simvastatin (B) at 0, 1, 5, 30, or 60 uM. *P<0.05

(n=3).
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Control

GA 1pM

Simvastatin 30 uM

Fig. 3. Liveimages of SMCs grown in 96 well plates after 24 h of treatment. A; control at 0 h, B; control at 24 h, C; non-treated control at
Oh, D; 1uM GA treated SMCs at 24 h, rounded cells (arrowhead) and voids left by detached cells (arrow), E; non-treated control at Oh, F;
simvastatin (30 uM) treated SMCs at 24 h, rounded cells (arrowhead) and voids | eft by detached cells(arrow).

Results

1. Identification of aortic SMCsusing o-SMA

The purities of subcultured cells were determined by
calculating percentages of o-SMA positive cells among
cells grown on cover glasses. a-SMA positive cells, that
is, aortic SMCs, had green cytoplasm after |IF staining,
whereas fibroblast cytoplasm was not stained (Fig. 1A, C).
SMC and fibroblast nuclei were counter-stained blue using
DAPI (Fig. 1B). Of the subcultured cells, 92.3+4.11%

(n=3) stained positively for a-SMA (Fig. 1C).

2. Céllsviabilities after GA or simvastatin treatment

To determine the 1Cy, values of GA and simvastatin,
SMCs were assayed by MTT and percentage viabilities
were determined at various concentrations (0.2-60 uM)
after exposure for 24 h. As shown in Fig. 2B, aortic SMC
viabilities were significantly and dose-dependently reduced
after treatment with O, 0.2, 0.5, 1, or 5uM of GA and/or
0, 1, 5, 30, or 60 uM of simvastatin for 24 hrs (P< 0.05,
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Fig. 4. FITC annexin-V and Pl double-staining as determined using a FACScanner. Q1 represents normal SMCs, Q2 necrotic cells, Q3
early apoptotic cells, Q4 late apoptotic cells. A; non-treated control at 24 h, B; 1uM GA treated cells at 24 h, C; 30 uM simvastatin treated

cells at 24 h. The results of representative experiments are shown. Experiments were performed in triplicate.

n=3). The ICy, values of GA or simvastatin were 1 and GA 1uM _ + _
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3. Livecel images
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Live non-treated controls were flatter (Fig. 3A, B, C, E)
than cells treated with 1uM GA (Fig. 3D) or 30uM sim-
vastatin (Fig. 3F) for 24 h. In addition, some treated cells
detached from plate wells, and produced empty spaces.

4. Analysis of apoptosisby FITC annexin-V and

Procaspase-3 32kDa p» m

Pl double-staining Cleavage 17kDa p»
To test the hypothesis that GA increases cell death by Md-1 40kDa J— e
inducing apoptosis, we used an Annexin-V-FITC and Pl
double staining technique. As shown in Fig. 4B. GA (1uM)- Actin 43kDa -— - e

treated aortic SMCs showed higher percentages of apop-
totic cells than 30 uM simvastatin-treated SMCs (26.4+
2.37% vs. 8.3+ 1.54%, respectively; Fig. 4B, C; P<0.05,
n=3), whereas simvastatin-treated SMCs resulted in high-
er percentages of necrotic cells than GA-treated SMCs
(43.2+2.76% vs. 24.943.12%, respectively; Fig. 4B, C;
P<0.05, n=3).

5. Levels of apoptosisregulating proteins

Cells undergoing apoptosis execute the death program
by activating caspases, which then cleave PARP and pro-
caspase-3. Accordingly, we analyzed the expression levels
of PARP and procaspase-3 and levels of the cleavage pro-
ducts of PARP and procaspase-3. As demonstrated in Fig.

Fig. 5. The expression levels of apoptosis regulating proteins.
SMCs were treated with GA or simvastatin for 24 h and harvested
in lysis buffer. Equal amounts of cell lysates were then resolved
by SDS-PAGE. Western blotting was performed using anti-PARP,
-caspase-3 and -Mcl-1 antibodies and with anti-B-Actin antibody.
The results of representative experiments are shown. Experiments
were performed in triplicate.

5, exposure to GA (1uM) led to reductions in the 116 KDa
precursor of PARP and 32 KDa precursor of procaspase-
3, and to the concomitant cleavages of PARP and procas-
pase-3. To investigate the mechanism responsible for GA-
induced apoptosis, we analyzed changes in Mcl-1 protein
levels. Mcl-1 protein expression was decreased when
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Fig. 6. z-VAD pretreatment. 6A; Effect of z-VAD-fmk on apoptosis induced by GA. SMCs were incubated with 50 M z-VAD-fmk or
solvent for 1 h and then treated with GA for 24 h. The DNA contents of treated cells were evaluated after Pl staining and apoptosis was
determined using sub-G1 fractions as determined by FACS. *P<0.05 (n=3), 6B; Effect of z-VAD-fmk on caspase activation in GA-
treated cells. Equal amounts of cell lysates were subjected to electrophoresis and analyzed by Western blotting for PARP, caspase-3, and
Mcl-1, and for B-Actin. The results of representative experiments are shown. Experiments were performed in triplicate.

SMCs were treated with GA at 1 uM. In contrast, Mcl-1
protein levels remained constant after treating cells with
30uM simvastatin (Fig. 5).

6. z-VAD pretreatment

We next examined whether activation of the caspase
pathway plays acritical rolein 1uM GA-induced apopto-
sis. Asshown in Fig. 6A, GA-induced apoptosis was com-
pletely prevented by pre-treatment with z-VAD-fmk (a
potent general caspase inhibitor), as determined by FACS
(P<0.05, n=3). Furthermore, z-VAD-fmk prevented all
caspase-related events, such as, the cleavages of PARP
and procaspase-3 (Fig. 6B). Furthermore, pretreatment
with z-VAD-fmk prevented Mcl-1 protein down-regula-
tion by GA.

Discussion

Inapreliminary study, we developed a means of harvest-
ing aortic SMCs at relatively high purity to investigate the
roles played by VSMCs during the pathogenesis of athero-
sclerosis[22]. In the present study, we investigated whether
GA induces the apoptosis of aortic SMCsisolated from rat
aortas using a simple enzymatic method [22], and compar-
ed the apoptotic potencies of GA and simvastatin.

In the present study, GA was administered to SMCs at

1uM (its 1Csp) level as determined using the MTT assay,
whereas simvastatin, which is commonly used to treat
atherosclerosis, was used at its 1Cs, (30 uM). These 1Cy,
values suggest that GA is considerably more potent than
simvastatin based on SMC viahility, which is not surprising
because simvastatin is a cholesterol-lowering agent [20].

In the present study, live images of aortic SMCs treated
with GA (1uM) or simvastatin (30 M) revealed a rounder
morphology and some cells detached from culture vessels.
These microscopic findings suggest that both drugs have
cytotoxic effects on SMCs, and this is supported by our
observations of their apoptotic/necrotic effects by FITC
annexin-V and Pl double staining.

GA a 1uM resulted in more SMC apoptosis than sim-
vastatin at 30 uM (P< 0.05, n=3), whereas simvastatin
produced more necrotic cells(P< 0.05, n=3). The antican-
cer effect of GA has been largely attributed to its activa
tion of impaired apoptosis pathways in cancerous cells
via the down-regulation of telomerase[17]. Apoptosis is
essential for arterial remodeling[24], and thus, our results
suggest that 1 uM GA is a more potent apoptotic agent for
the control of aortic SMC proliferation in atherosclerosis.
Infact, GA at 1 uM produced similar levels(~25%, n=3)
of apoptotic and necrotic cells, which in turn, suggests that
the maximum apoptotic effect of GA might be obtained at
a concentration lower than 1 uM in vitro.

In the present study, 1 M GA induced the cleavages of
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PARP and procaspase-3, whereas 30 uM simvastatin did
not, which suggests that the cleavages of PARP and pro-
caspase-3 are associated with caspase activation. Further-
more, pretreatment with z-VAD-fmk attenuated GA-induc-
ed apoptosis. Thus, these results indicate that GA-induced
apoptosis was mediated via a caspase-dependent pathway,
which isin accord with a recent reported that the cytotoxic
effect of GA on neuroblastoma cells is mediated by a cas-
pase-dependent signaling pathway [25]. In addition, pre-
treatment with z-VAD-fmk prevented Mcl-1 protein down-
regulation by 1uM GA, indicating that the downregulation
of Mcl-1 protein was caused by caspase activation. Inhibi-
tion of GA-induced Mcl-1 protein downregulation by z-
VAD-fmk is strongly supported by areport that Mcl-1 pro-
tein can be cleaved by activated caspase 3[26]. The apop-
totic effect of simvastatin in atherosclerosisis also known
to involve down-regulation of p53 and the up-regulations
of Bcl-2 and Bcl-xL [27].

Taken together, our in vitro results on rat aortic SMCs
suggest that GA might be more effective than simvastatin
at inducing apoptosis, which suggests that GA isa promis-
ing therapeutic proposition for the treatment of atheroscle-
rosis. We suggest that further studies be conducted to
examine the effects of GA in a disease model of atheros-
clerosis.
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