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a b s t r a c t

Gambogic acid (GA) is the major active ingredient of gamboge, a brownish to orange resin

exuded from Garcinia hanburryi tree in Southeast Asia. The present study aims to demon-

strate that gambogic acid (GA) has potent anticancer activity for glioblastoma by in vitro and

in vivo study. Rat brain microvascular endothelial cells (rBMEC) were used as an in vitro

model of the blood–brain barrier (BBB). To reveal an involvement of the intrinsic mitochon-

drial pathway of apoptosis, the mitochondrial membrane potential and the western blot

evaluation of Bax, Bcl-2, Caspase-3, caspase-9 and cytochrome c released from mitochon-

dria were performed. Angiogenesis was detected by CD31 immunochemical study. The

results showed that the uptake of GA by rBMEC was time-dependent, which indicated that it

could pass BBB and represent a possible new target in glioma therapy. GA could cause

apoptosis of rat C6 glioma cells in vitro in a concentration-dependent manner by triggering

the intrinsic mitochondrial pathway of apoptosis. In vivo study also revealed that i.v.

injection of GA once a day for two weeks could significantly reduce tumor volumes by

antiangiogenesis and apoptotic induction of glioma cells. Collectively, the current data

indicated that GA may be of potential use in treatment of glioblastoma by apoptotic

induction and antiangiogenic effects.
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1. Introduction

Glioblastoma multiforme is the most common malignant

central nervous system (CNS) tumor in adults. Glioma

cells show a high proliferation rate and diffusely infiltrate

adjacent brain tissues [1]. Invasive glioblastoma cells

rapidly infiltrate and disrupt normal tissue architecture,
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making complete surgical removal virtually impossible.

Despite aggressive therapeutic approaches combining

surgical resection, radiotherapy, and chemotherapy,

the mean survival time of patients diagnosed with glio-

blastoma is only �1 year [2–4]. Consequently, develop-

ment of novel drug for glioblastoma multiforme is very

important.
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Fig. 1 – Chemical structure of GA.
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Gambogic acid (GA, Fig. 1) is the major active ingredient of

gamboge, a brownish to orange resin exuded from Garcinia

hanburryi tree in Southeast Asia [5,6]. The structure of this

natural product has been firmly established from both detailed

NMR spectroscopic analysis [7] and X-ray crystallographic

studies [8]. We have previously demonstrated that GA, used in

traditional Chinese medicine, had potent anticancer activity

for kinds of non-SNC carcinoma in vitro and in vivo [9–14]. This

led us to question whether GA could exert similar effects in

glioma cells as well as in animal glioma models.

The present study demonstrated that GA reduces cellular

viability of rat C6 glioma cells and induced apoptosis of C6

cells. These findings were confirmed in vivo using a C6

orthotopic glioma rat model. The tumor volumes were

reduced by up to 87% following i.v. administration of 2 mg/

kg GA. In parallel, GA-treated animals exhibited improved

clinical outcome and higher survival rate. In addition, in drug-

treated animals, tumors exhibited an upregulation of the

proapoptotic proteins Bax and cleaved caspase-3. Further-

more, reduced tumor microvessel density measured in vivo

through CD 31 immunohistochemistry was observed.
2. Methods

2.1. Materials

GA was isolated from gamboge resin of G. hanburyi, with the

purity of 99% as determined by HPLC according to previous

study [15]. It was dissolved at a concentration of 0.01 mol/L in

100% DMSO as a stock solution, stored at �20 8C, and diluted

with medium before each experiment. The final DMSO

concentration did not exceed 0.1% DMSO throughout the

study (in our study, all the control groups are composed of

0.1% DMSO). 125I-labeled GA was offered by Wuxi Nuclear

Medical Institute (Jiangsu, China). MTT (3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyl tetrazolium bromide) was purchased

from Fluka, USA and was dissolved in 0.01 M PBS. Primary

antibodies were obtained from Santa Cruz Biotechnology Inc.

(USA), and IRDyeTM800 conjugated anti-goat and anti-rabbit
second antibodies were obtained from Rockland Inc. (USA). JC-

1 probe was from Molecular Probes, Inc. (Eugene, OR).

2.2. Cell culture

Rat C6 glioma cell line was purchased from Cell Bank of

Shanghai Institute of Biochemistry and Cell Biology, Shanghai

Institutes for Biological Sciences, Chinese Academy of

Sciences. The cells were cultured in DMEM, supplemented

with 10% (v/v) fetal calf serum, 100 U/mL penicillin and 100 U/

mL streptomycin in a 5% CO2 atmosphere.

Rat brain microvascular endothelial cells (rBMEC) were

isolated from the cerebral gray matter of rat brains [16]. The

isolated cerebral gray matter was digested with trypsin (0.05%)

at 37 8C for 20 min, then filtered through 149-mm nylon mesh,

after which the filtrate was collected. The filtrate was filtered

through 79-mm nylon mesh and the matter on the nylon mesh

was collected. Then the matter was digested with type II

collagenase (0.1%) at 37 8C for 20 min and centrifuged at room

temperature for 5 min (200 � g), and the cells were collected.

The isolated rBMEC were seeded in cultured flasks coated with

gelatin (2%) and cultured at 37 8C in culture medium. The

culture medium (pH 7.4) consisted of high glucose DMEM and

F-12 medium (1:1) containing 20% fetal bovine serum, L-

glutamine (0.9 g/L), heparin (50 mg/L), streptomycin (105 U/

mL), penicillin (105 U/mL) and NaHCO3 (0.5 g/L). On the 4th day

after seeding, the culture medium was replaced, after which

the culture medium was replaced every 2 days. On day 12, the

rBMEC were transferred to 24-well plates coated with gelatin

(2%) and cultured at 37 8C for 12–14 days. Transport experi-

ments were performed when the cells reached confluence.

Cultured rBMEC were identified by an immunostaining

method using factor-VIII related antigen.

2.3. Transport experiment

When cells reached confluence after 12–14 days, uptake

experiments were performed. Briefly, the cultured cell mono-

layer was washed three times with 1 mL of pH 7.4 Hanks’

solution (isotonic buffer) containing NaCl (0.137 mol/L), KCl

(5.37 mmol/L), CaCl2 (1.26 mmol/L), MgSO4�7H2O (0.81 mmol/L),

Na2HPO4�H2O (0.37 mmol/L), KH2PO4 (0.44 mmol/L), NaHCO3

(4.17 mmol/L), and glucose (2.92 mmol/L) at 37 8C. The cultured

cells were pre-incubated at 37 8C for 30 min in Hanks’ solution.

After the pre-incubation, the solution was removed, and Hanks’

solution (0.3 mL) containing 125I-labeled GA was added to each

well, then the final concentration was 0.3 mM (1 mCi/mL). To

terminate the transport reaction, cells were washed three times

with 0.5 mL ice-cold Hanks’ solution at the designated time. 5,

10, 15, 30, 60 min later and were rapidly washed three times

with ice-cold NaCl (0.9%). Then cells were harvested and then

frozen thawed three times followed by immediate centrifuga-

tion (10,000 � g for 10 min at 4 8C). Radioactivity and protein

contents of the supernatant were determined by the automatic

gamma counter and Bradford methods, respectively.

2.4. Cell growth inhibition assay

Rat C6 glioma cells were cultured in DMEM media as described

above till mid-log phase. Different concentrations of GA were
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added and incubated for 24 h. At the end of incubation, the

morphology of cells was monitored under an inverted light

microscope. The culture medium was removed and 20 ml of

5 mg/ml MTT was added. Four hours later, the supernatant

was discarded and 100 ml of DMSO was added to each well. The

mixture was shaken and measured at 570 nm using a

Universal Microplate Reader (EL800, BIO-TEK INSTRUMENTS

INC). Cell Inhibition ratio (I%) was calculated by the following

equation:

I% ¼ Acontrol � Atreated

Acontrol

� �
� 100

whereAtreated andAcontrol are the average absorbance of
three parallel experiments from treated and control
groups, respectively. The IC50 was taken as the con-
centration that caused 50% inhibition of cell prolifera-
tion and was calculated by SAS statistical software.
2.5. Cell morphological assessment

Rat C6 glioma cells were cultured in DMEM till mid-log phase.

Three doses of GA (1, 1.5, 2 mM) were then added to the culture

media and incubated for an additional 24 h. At the end of

incubation, the morphology of cells was monitored under an

inverted light microscope. All floating and attached cells were

harvested with 0.02% (w/v) EDTA and 0.25% (w/v) trypsinase.

The cell suspension was fixed with ice-cold 4% paraform for

20 min and washed with ice-cold PBS. Then cell suspension

was permeabilized with 0.3% triton x-100, washed with ice-

cold PBS, stained with fluorochrome dye DAPI (Santa Cruz,

USA) and observed under a fluorescence microscopy (Olym-

pusIX51, Japan) with a peak excitation wavelength of 340 nm.

Rat C6 glioma cells were treated with GA (1, 1.5, 2 mM) for 24 h.

The cells were collected and fixed with 3% glutaraldehyde and

washed with PBS 0.1 mol/L. Then the cells were fixed with 1%

osmic acid and dehydrated by ethanol in gradient concentra-

tion. Embedded with EPOr812 and divided to ultraslice, cells

were double-stained with uranium acetate and plumbum

citrate. The changes were observed with transmission

electron microscopy.

2.6. Measurement of mitochondrial membrane potential
(Cm)

Changes in Cm were monitored by the uptake of JC-1. Rat C6

glioma cells were cultured in DMEM till mid-log phase. Three

doses of GA (1, 2.5, 5 mM) were then added to the culture media

and the cells were continuously incubated for an additional

2 h. The process of labeling with JC-1 was performed according

to the mitochondrial membrane potential assay kit manual.

Then, the samples labeled with JC-1 were analysed with flow

cytometer (FACSCalibur, Becton Dickinson, USA) with settings

of FL1 at 530 nm and FL2 at 585 nm. JC-1 is a lipophilic cationic

dye which accumulates and forms aggregates in normal

mitochondria with a high negative membrane potential, in

which condition it emits a red–orange fluorescence, detected

at 585 nm, whereas in mitochondria with low membrane

potential it forms monomers in the cytosol that emit a green

fluorescence, detected at 530 nm [17].
2.7. Animals

Spraque–Dawley rats (Charles River Laboratories, Sulzfeld,

Germany) weighting 200–250 g were used. Animals were

housed in groups of two under standard conditions at a

temperature of 22 8C � 1 and a 12-h light–dark cycle with free

access to food and water. All experiments were carried out

according to the National Institutes of Health Guide for the

Care and Use of Laboratory Animals (publication no. 85-23,

revised 1985) and approved by IACUC (Institutional Animal

Care and Use Committee of China Pharmaceutical University).

2.8. Orthotopic glioma model

Before implantation, 85–90% confluent C6 cells were trypsi-

nized, rinsed with DMEM + 10% fetal calf serum, and cen-

trifuged at 1000 rpm for 4 min. The cell pellet was resuspended

in DMEM and placed on ice. Concentration of viable cells was

adjusted to 1 � 105 cells/1 ml of DMEM. Each rat was anesthe-

tized and placed in a stereotactic frame, and a hole was drilled

at AP 0.0, R –3.0 relative to bregma according to the stereotaxic

atlas of König and Klippel [18]. Tumor cells were injected at a

rate of 0.5 ml/s, using a 2 ml Hamilton (#2701) syringe (Reno, NV,

USA) with a 26s-gauge needle mounted on a stereotactic

holder at a depth of 5 mm. The needle was left in place for a

further 10 min to prevent reflux along the needle tract [19,20].

Then rats were divided into five groups. The negative control

group was administrated with vehicle. The positive control

was i.v. injected with 10 mg/kg Carmustine. The other three

groups were treated with GA (0.5, 1, 2 mg/kg) intravenously

24 h after surgery, respectively. All drugs were given once a

day and continued for two weeks.

Four micrometer-thick sections from formalin-fixed and

paraffin-embedded tissues were placed on poly-L-lysine-

coated slides for immunohistochemistry study. Sections for

hematoxylin-eosin (HE)-staining were placed onto uncoated

slides. Sections immunohistochemically processed for CD31

assays were placed onto coated slides. Images of HE-stained

sections containing tumors were captured with a charge-

coupled device camera by bright-field microscopy. The

maximum cross-sectional area of the intracranial glioblas-

toma xenografts was determined by computer-assisted image

analysis using a Leica Quantimet 500-system (Leica, Hamburg,

Germany). The tumor volume was estimated using the

formula: volume = (square root of maximal tumor cross-

sectional area)3 [21].

2.9. Western-blot analysis for Bcl-2, Bax, pro-caspase-
3,pro-caspase-9 and cytochrome c proteins

C6 cells were cultured in DMEM till mid-log phase and then

incubated with 1 � 10�6, 1.5 � 10�6 and 2 � 10�6 M GA for 24 h.

Proteins were isolated by lysis buffer (100 mM Tris–Cl, pH 6.8,

4% (m/v) SDS, 20% (v/v) glycerol, 200 mM b-mercaptoethanol,

1 mM PMSF, and 1 g/ml aprotinin) and measured using the

BCA protein assay method with Varioskan spectrofluorometer

and spectrophotometer (Thermo) at 562 nm. The fractionation

of the mitochondrial protein and cytosolic protein was

performed according to the mitochondria/cytosol fractiona-

tion kit (Biovision Research Products) instruction. Protein



Fig. 2 – (A) Uptake of GA by rBMEC over time. Cells were

incubated with a medium containing 0.3 mM 125I-labled GA

at 37 8C for 60 min. (B) GA reduced cellular viability of rat

glioma cells in vitro. Viability of rat C6 glioma cells

incubated with GA was assessed using the MTT-assay.

Data are presented as the mean W S.E.M., determined from

six separate experiments.
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samples were separated with 15% SDS-polyacrylamide gel

(SDS-PAGE) and transferred onto the PVDF membranes

(Millipore). Immune complexes were formed by incubation

of the proteins with primary antibodies, mouse anti-Bax

(Santa Cruz Biotechnology), rabbit anti-Bcl-2 (Santa Cruz

Biotechnology), rabbit anti-caspase-3 (Santa Cruz Biotechnol-

ogy), rabbit anti-caspase-9 (Santa Cruz Biotechnology), mouse

anti-cytochrome c (Biosouce international), mouse anti Cox IV

(Abcam) and mouse anti-Actin (Boster Inc, China) overnight at

4 8C. Blots were washed and incubated for 1 h with IRDyeTM800

conjugated anti-goat and anti-rabbit second antibodies. All

antibodies were obtained from Santa Cruz Biotechnology, CA,

USA. Immunoreactive protein bands were detected with an

Odyssey Scanning System (LI-COR inc., USA).

2.10. Immunohistochemistry and microvessel counts

The expression of PECAM-1/CD-31 was assessed by SP

immunohistochemical method using a mouse-anti-rat CD-

31 monoclonal antibody clone TLD-3A12 (SEROTEC) and an

UltraSensitiveTM S-P kit (kit 9710 MAIXIN). The deparaffinized

sections were boiled in citrate buffer at high temperature and

high pressure for antigen retrieval, and then incubated with

the antibody at 4 8C overnight. Immunohistochemical staining

was then performed according to the UltraSensitiveTM S-P kit

manual. Counter staining was done with Harris hematoxylin.

All reagents were supplied by Maixin-Bio Co, Fuzhou, China.

Microvessel counts (MVCs) were assessed according to

Weidner [22]. The hot spots were selected under a microscope

(100�), then individual counts were made under 400� field

(NIKON YS100 microscope, 0.155 mm2 per field). The average

counts in five fields were recorded. Any single highlighted

endothelial cell or endothelial cell cluster clearly separated

from adjacent microvessels, and distinct clusters of brown-

staining endothelial cells were counted as separate micro-

vessels. Vessel lumens were not the sole criteria in identifying

a microvessel.

2.11. Statistical evaluation

All results shown represent the Mean � S.E.M. from triplicate

experiments performed in a parallel manner unless otherwise

indicated. Statistical analyses were performed using an

unpaired, two-tailed Student’s t-test. All comparisons are

made relative to untreated controls and significance of

difference is indicated as *P < 0.05.
3. Results

3.1. Uptake of GA by rBMEC

To determine if GA could enter blood–brain barrier (BBB), the

GA uptake activity of primary cultured rBMEC cells was

measured. After rBMEC cells were incubated with a medium

containing 0.3 mM 125I-labeled GA (1 mCi/mL) at 37 8C for a total

time of 60 min, the amounts of 125I-labeled GA taken up by

cells were measured at 5, 10, 15, 30, and 60 min. The results

indicated that the uptake of GA by rBMEC was time-dependent

(Fig. 2A). So GA might be able to enter BBB, which was
consisted with our previous report that GA could distribute in

the central nervous system [23].

3.2. Reduced cellular viability of rat C6 glioma cells

Viability of rat C6 glioma cells was assessed after incubation

with increasing concentrations of GA for 24 h. The results

indicated that GA significantly reduced the cellular viability of

C6 rat glioma cells in a concentration-dependent manner

(Fig. 2B). The IC50 value was 1.2 mmol/L.

3.3. Induction of apoptotic cell death in vitro

After treatment with GA, C6 glioma cells were severely

distorted, grew slowly and some cells turned round in shape.

The untreated cells displayed normal, healthy shapes demon-

strated by the clear skeletons (Fig. 3A). To assess whether GA

could induce apoptotic cell death in vitro, cells were stained

with fluorochrome dye DAPI and the nucleolus changes were

observed under a fluorescence microscopy. Untreated cells

were stained equally blue fluorescence which showed that

chromatins of untreated cells were equably distributed in

nucleolus. After GA treatment, chromatins congregated and

emitted bright fluorescence as well as nucleolus pyknosis, the



Fig. 3 – GA induced C6 glioma cells apoptosis. (A) Morphologic change of cells observed under an inverted light microscope

(T400). (B) DAPI staining; the arrow indicates a typical apoptotic cell. (C) Characteristic morphology of GA-induced apoptosis

of C6 glioma cells under electron microscope (T6000).
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early phenomena of apoptosis (Fig. 3B). To further confirm the

results, transmission electron microscopy was used to observe

the apoptotic morphology. Under electron microscope, the

reduced cell volume and shrunk cytoplasm could be observed

in GA-treated cells. But plasma membrane remained well

defined and condensed chromatins located along nuclear

envelope or formed irregularly shaped crescents at nuclear

edges (Fig. 3C).

GA-induced apoptosis was associated with mitochondrial

depolarization in C6 glioma cells proved by a potentiometric

probe, the carbocyanine JC-1. Green-positive, red-negative

events (LR-quadrant) were scored as depolarized cells. The

results indicated that the control group showed 4% cell of

green fluorescence, while increasing to 21%, 45% and 87% after

1, 2.5 and 5 mM GA treated for 2 h, respectively (Fig. 4A).

To further confirm the results, the levels of Bcl-2, Bax, Pro-

caspase-3, Pro-caspase-9, cytosolic cyt-c and mitochondrial

cyt-c-expression were evaluated. Densitometric analysis
showed the protein levels of either Bax or cytosolic cyt-c

were upregulated in response to GA treatment, followed by a

significant decrease in Bcl-2, Pro-caspase-3, Pro-caspase-9 and

mitochondrial cyt-c protein level (Fig. 4B).

3.4. Significantly reduced tumor volume and induced
apoptotic cell death in the rat glioma model

In order to confirm the antineoplastic effects of GA for

glioblastoma in vivo, C6 glioma cells were injected in rat

striatum and treated with 0.5, 1, 2 mg/kg GA or vehicle for two

weeks (n = 5 per group) starting 24 h after initial tumor cell

injection. The GA-treated animals showed a dramatic reduc-

tion of tumor volume at 14 days of treatment (Fig. 5A, b; c; d)

compared with vehicle-treated animals (Fig. 5A, a). Moreover,

the HE staining results revealed that the glioma model rat

treated with GA exhibited better defined tumor margins and

fewer invasive cells to the contralateral striatum compared



Fig. 4 – GA induced C6 glioma cells apoptosis maybe through the intrinsic mitochondrial pathway. (A) The percentage of

events associated with positive-green and negative-red fluorescence (LR-quadrant) was scored as mitochondrial-

depolarized cells. (B) Bcl-2, Bax, pro-caspase-3, pro-caspase-9, cytosolic cyt-c and mitochondrial cyt-c expressions in

cultured C6 glioma cells treated by 1, 1.5 and 2 mM GA, respectively. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)

b i o c h e m i c a l p h a r m a c o l o g y 7 5 ( 2 0 0 8 ) 1 0 8 3 – 1 0 9 21088
with the vehicle control and carmustine treated rats. Vehicle

treated animals exhibited a median tumor volume of

350.2 mm3 � 70.0, whereas 0.5, 1, 2 mg/kg GA-treated animals

revealed tumor volumes of 280.4 mm3 � 55.5, 96.8 mm3 � 25.0,

47.2 mm3 � 32.0, reflecting 20%, 72% and 87% reduction,

respectively. Carmustine treatment reduced tumor volumes

by 44% after 14 days (Fig. 5C). At day 14, rats in GA-treated

groups exhibited improved clinical outcome and higher

surviving rate compared with the vehicle treated group

(Fig. 6A).

To assess if GA induces apoptotic cell death in vivo, the

expressions of antiapoptotic protein Bcl-2, the proapoptotic

proteins Bax and Pro-caspase-3 were detected in whole-

hemisphere lysates of C6 glioma animals and controls.

Densitometric analysis at the endpoint of treatment revealed

that protein levels of either Bax or Pro-caspase-3 were

upregulated and Bcl-2 was decreased in GA-treated groups

(Fig. 6B).

3.5. MVCs in vivo

Intratumoral vessel densities were quantified after staining

histological sections for CD 31, which specifically labels

endothelial cells. In 0.5, 1 and 2 mg/kg GA-treated rats, the

mean intratumoral microvessel densities, as counted in three

randomly selected hpfs, were reduced by 30%, 65% and 82%

relative to tumors in the control group (P < 0.05 vs. Control;
Fig. 5D). While MVCs of carmustine treated rats had significant

changes compared with the control. The vasculature in the

surrounding normal brain tissues was not affected by the

treatment.
4. Discussion

Rat brain microvascular endothelial cells (rBMEC) were used as

an in vitro model of the blood–brain barrier [16]. In this study,

rBMEC could uptake GA in a time-dependent manner, which

was consisted with the previous pharmacokinetics study of

GA in rats and represented a possible new candidate drug for

glioma therapy [23].

The current data demonstrated antineoplastic potency of

GA in vitro by inhibition of cellular growth and induction of cell

apoptosis of rat C6 glioma cells. According to the results, the

expression of Bcl-2 was decreased, while Bax as well as its

downstream target cleaved caspase-3 peaked after treatment

with GA. The ratio of Bcl-2 and Bax was reduced significantly.

Bcl-2 and Bax are two kinds of apoptosis related proteins

[24,25], and caspase-3 is in the downstream of Bcl-2 and Bax.

They all play important roles in the control of apoptosis

initiation and execution. Recent researches showed that Bax

could form heterodimers with Bcl-2 to inhibit the anti-

apoptotic function of Bcl-2. Hence Bcl-2/Bax ratio is important

to apoptosis induced by several agents and the decline of this



Fig. 5 – Administration of GA significantly reduced tumor growth and angiogenesis in the rat glioma model. (A) A

magnification of the striatum with a representative part of the tumor by HE staining. GA-treated animals showed

significantly smaller tumor volumes (b, c, d) compared to untreated animals (a). Bar: 1 mm. (B) Immunostaining for CD 31

revealed numerous small capillaries in transplanted tumors. GA-treated animals showed significantly less CD 31 positive

small capillaries (b, c, d) compared to untreated animals. (C) Tumor volumes in mm3 of GA-treated animals compared with

vehicle-treated animals. (D) Vessel densities in three randomly selected fields were reduced significantly in tumors from

GA-treated animals. Control: vehicle treated animals; GA: GA-treated animals. CA: Carmustine served as a positive control.

Data are presented as mean W S.E.M. of five animals per group. Asterisks indicate significant level in Student t-test: (*) p < 0.

05 (n = 5).
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ratio contributes to apoptosis induction. In addition, Bax

dimers or oligomers directly form channel in mitochondrial

outer membrane in apoptosis [25]. As mitochondrion plays a

central role in the regulation of apoptosis of cancer cells

[26,27], in this study, we also found that GA treatment for 2 h

could significantly caused mitochondria depolarization and

Cm collapse, which could enhance cytochrome C and

apoptosis inducing factor (AIF) releasing from mitochondrion

[28]. So mitochondria might be one of the targets of GA. Our

recent research reveals that GA can distribute into the

intracellular cancer cells and inhibit mitochondrial complex

I (data not shown). Although recent study revealed an

undiscovered link between transferrin receptor (TfR) and

the rapid activation of apoptosis and GA binding to TfR

induced a unique signal leading to rapid apoptosis of tumor
cells [29], we suggested that perhaps the extrinsic and intrinsic

apoptotic pathways were both involved in the signal trans-

duction of GA.

To verify these results in vivo, C6 cells were injected into rat

striatum and continuously treated with GA i.v. for two weeks.

GA treatment reduced tumor volume by up to 87%. Further-

more, preservation of neurological function and higher

surviving rate were observed in GA-treated animals. At the

endpoint of GA therapy, an increase in cleaved caspase-3 and

Bax and decrease of Bcl-2 were observed. These findings

indicated that GA induced apoptosis of rat C6 gliomas and

contributed at least in part to the observed reduction in tumor

volume.

Glioblastomas not only grow as solid tumor foci but also

spread diffusely throughout the brain by high formation of



Fig. 6 – GA treatment improved the survival rate of animals and induced Bax, Bcl-2 and pro-caspase-3 expression in vivo. (A)

The survival rate of the animals. (B) Bcl-2, Bax and pro-caspase-3 expressions in whole-hemisphere lysates of C6 rat glioma

animals and control after 14 days of GA treatment. Control: vehicle treated animals; GA: GA-treated animals. CA:

Carmustine served as a positive control.
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new blood vessels. Therefore, antiangiogenic therapies are

considered promising [30–33]. In the study, HE staining

revealed that the glioma model rat treated with GA exhibited

better defined tumor margins and fewer invasive cells to the

contralateral striatum compared with the vehicle control and

carmustine treated rats, which led us to further investigate the

effect of GA on angiogenesis. Our previous study also provided

evidences that GA had a potent antiangiogenic activity in vitro.

It directly reduced vascular endothelial growth factor (VEGF)-

stimulated human umbilical vein endothelial cells (HUVEC)

proliferation, mobility and tube formation on matrigel. It also

inhibited microvessel sprouting from vascular tissues and

suppressed new vessel growth of chicken chorioallantoic

membrane. To confirm the antiangiogenesis of GA in vivo,

MVCs was conducted. The results showed significant decrease

of MVCs in GA-treated rats. Although the exact mechanism of

antiangiogenesis for GA remains unclear, our current research

suggests that GA not only inhibits VEGF secreting of tumor

cells, but also inhibits VEGF-mediated biological effects by

inhibiting VEGF-induced tyrosine phosphorylation of KDR/Flk-

1 and interfering with VEGF signal transduction, such as a

significant decrease in VEGF-triggered p-ERK, p-AKT and p-p38

activation (data not shown).
However, the brain itself has a dense vascular bed, and

gliomas preferentially invade along these vessels, a process

that was recently termed ‘‘vessel cooption’’ [34]. Some

reports also showed that inhibition of angiogenesis in an

orthotopic glioblastoma model could strongly inhibit growth

of the main tumor mass, but, in turn, favored glioma cell

invasion along preexistent host vessels [35,36]. Therefore,

therapeutic strategies that synchronously inhibit tumor

angiogenesis, as well as tumor cell migration and prolifera-

tion appear to hold a greater promise than a mere

antiangiogenic approach [21,37]. The dual anti-tumor and

anti-angiogenetic activities of GA strongly indicate that it

might create a potential new approach for glioma therapy.

Such agents seem more promising in clinical practice than

the compounds solely targeting angiogenesis (e.g., SU5416

and endostatin) [38–40].

Although the molecular basis of antineoplastic mechan-

isms of GA is yet not fully understood, it may offer a new

therapeutic approach in human glioma therapy due to their

positive effects on tumor cell apoptosis and negative effects of

angiogenesis. GA would be readily available for glioma therapy

in clinical studies. Further studies will be required to ascertain

the optimal mode and timing for application of GA.
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