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Abstract Ovarian cancer is one human malignancy which
has response portly to doxorubicin. The anti-cancer activity
of gambogic acid has been tested in in vitro and in vivo
studies. In this study, we showed that gambogic acid, a
natural compound, could potentiate the anticancer activity
of doxorubicin in ovarian cancer through ROS-mediated
apoptosis. Platinum-resistant human ovarian cancer cell line
(SKOV-3) was treated with gambogic acid, doxorubicin, or
the combination of both to investigate cell proliferation and
apoptosis. We found that the combination of gambogic acid
and doxorubicin causes synergistic loss of cell viability in
SKOV-3 cells and this synergistic effect correlated with
increased cellular ROS accumulation. Moreover, in vivo
results showed that gambogic acid and doxorubicin combi-
nation resulted in a synergistic suppressing effect on tumor
growth in ovarian cancer mice model. Taken together, the
results suggested that doxorubicin in combination with
gambogic acid might provide a promising therapeutic strategy
to enhance chemosensitivity of ovarian cancer to doxorubicin.
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Introduction

Ovarian cancer is the third most common gynecologic
malignancies and the leading cause of female reproductive
system cancers [1]. In 2010, approximately 21,880 ovarian
cases were diagnosed, and about 13,850 deaths occur due to
ovarian cancer worldwide [2]. Because of the lack of
effective screening strategies, most patients with ovarian
cancer are diagnosed in advanced-stage of the disease and
the average 5-year survival rate is <25 %. Currently, pri-
mary treatment for patients with ovarian cancer is cytore-
ductive surgery followed by platinum-based chemotherapy.
Although 70 % patients achieved complete clinical remis-
sion after primary treatment, the majority of patients (more
than 85 %) will ultimately relapse [3]. Most patients develop
resistance to platinum-based drugs, which makes the man-
agement of recurrent malignancies challenging [4, 5].

Doxorubicin (Dox), an anthracyclin anticancer-drug, is
classified as topoisomerase II inhibitor and can also inter-
fere with DNA replication and transcription [6]. Although
Dox has been employed to treat recurrent platinum-resis-
tant ovarian cancer, its usage is limited because of severe
dose-dependent side effects including acute nausea and
vomiting, stomatitis, neurologic disturbances, myocardial
toxicity, alopecia, and bone marrow aplasia [6]. Alterna-
tively, Pegylated liposomal doxorubicin (PLD), a pegylat-
ed (polyethylene glycol coated) liposome-encapsulated
form of Dox with relatively lower toxicity has been
designed and approved by US FDA in the treatment of
recurrent ovarian cancer [7]. However, only 10-15 %
patients with recurrent platinum-resistant ovarian cancer
responded to PLD.

In recent years, combined treatment of conventional
anticancer agents with natural compounds has been a focus
of study because natural compounds are multi-targeted
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compared with designed mono-target agents and hence can
overcome intrinsic cancer cell resistance to apoptosis [8, 9].

Gambogic acid is the principle active component
derived from gamboge, a dry resin of various Garcinia
species. The therapeutic effects of gambogic acid including
anti-inflammatory, anti-oxidant, anti-viral, and anti-infec-
tious have been recorded in Traditional Chinese Medicine
documents [10]. In addition, it is reported that gambogic
acid could induce apoptosis in human breast cancer cells
and hepatoma cells [11, 12]. Studies also reveal that
gambogic acid can significantly suppress the growth of
various cancer cells in vitro and in vivo [11-18]. Besides
its role as a single-agent anticancer drug, gambogic acid
exhibited synergistic effect with conventional chemother-
apeutics including 5-fluoracil, oxaliplatin, and docetaxel
against human gastric intestinal cancer cells and with
proteasome inhibitor murine hepatoma cells [19-21].
However, whether gambogic acid could enhance cytotox-
icity of Dox has yet to be investigated.

In this present study, we reported that gambogic acid
combined with doxorubicin could produce significant
synergistic anti-tumor effect on platinum-resistant ovarian
cancer cell line in vitro and in vivo. Furthermore, our
results revealed that the synergistic interaction between
doxorubicin and gambogic acid is associated with
increased ROS accumulation and ensuing ROS-dependent
apoptosis.

Methods and Materials
Cell Cultures

Cisplatin-resistant SKOV-3 cells were purchased from the
Type Culture Collection of the Chinese Academy of Sci-
ences (Shanghai, China) and maintained in RPMI 1640
culture medium supplemented with 10 % fetal bovine
serum (FBS). The cells were cultured in a humidified
incubator containing 5 % CO, in the air at 37°.

Cell Growth Inhibition Assay

Cell growth inhibition was assessed according to the
methods previously described [22]. Briefly, cells were
seeded at a density of 5 x 10° cells/well in 96-well culture
plate. Cells were treated with gambogic acid, doxorubicin
or in combination of both for 24 h. After treatment, 20 pl of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) solution (5 mg/mL in phosphate-buffered
saline (PBS)) was added to each well, and the plates were
incubated for 4 h at 37 °C. The supernatant was aspirated
and the formazan crystals formed by viable cells were
dissolved in DMSO. The microplates were agitated for 30 s
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at a medium rate prior to the spectrophotometric measure-
ment at a wavelength of 570 nm on an ELISA reader (BIO-
Tek EIx800, Winooski, VT, USA).

Flowcytometric Analysis of Cell Apoptosis

Apoptosis was determined using an FITC Annexin V apop-
tosis kit (BD Pharmingen, Franklin Lakes, NJ) according to
manufacturer’s instructions. In brief, cells were washed with
ice-cold phosphate buffered saline and resuspended in
binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, and
2.5 mM CaCl,) at aconcentrationof 1 x 106 cells/ml. Cells
were stained with annexin V-FITC and propidium (PI) for
15 min in dark before being analyzed with flow cytometer
(Beckman Coulter Inc., Miami, Florida, USA).

Western Blotting Analysis

Proteins were extracted from washed cells following
treatment, subjected to SDS polyacrylamide gel electro-
phoresis (PAGE) as previously described [23]. The sepa-
rated proteins were transferred to polyvinylidene difluoride
blots (Bio-Rad Laboratories, Hercules, CA), which were
probed with specific rabbit polyclonal antibodies (1:1,000
dilution; Santa Cruz Biotechnology, Santa Cruz, CA). The
membrane was then extensively washed with PBS con-
taining 0.05 % Tween 20 before incubation for 1 h at room
temperature with horseradish peroxidase-conjugated goat
antibodies to rabbit immunoglobulin G (Sigma, St. Louis,
MI). Immune complexes were finally detected with West-
zol enhanced chemiluminescence kit (Intron, Sungnam,
Korea).

Caspase-3 Activity Assay

Caspase-3 activity was measured in SKOV3 cell lysate by a
colorimetric assay according to the manufacturer’s instruc-
tion (Keygen Biotech, Nanjing, China). Following treat-
ment, 1 x 10° cells were extensively washed with PBS
before resuspension in 50 pl lysis buffer. The resuspended
solution was incubated in ice-bath for 60 min followed by
centrifuging at 10,000 g for 1 min. The supernatant was
collected and incubated with enzyme-specific colorimetric
substrate at 37 °C for 4 h. The colorimetric product was
measured using ELISA reader at a wavelength of 405 nm
(BIO-Tek Elx800, Winooski, VT, USA).

Reactive Oxygen Species (ROS) Determination

Reactive oxygen species was measured using ROS assay
kit according to manufacturer’s instructions. Briefly, 1 x 10
cells were harvested and resuspended in serum-free medium
containing 100 uM dihydrodichlorofluorescein diacetate
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(H2DCFDA). Intracellular H2DCFDA was deesterified and
oxidized by ROS to form the fluorescent compound
dichlorofluorescein. After a 30-minute incubation at 37 °C,
the fluorescence intensity was measured using the fluo-

rescence plate reader (BD Bioscience, San Jose, CA) at
Ex./Em. = 488/525 nm.

Experimental Animal and Xenograft Experimental

The animal experiments were performed in accordance with
the CAPN (China Animal Protection Law) and the protocols
were approved by Institutional Animal Care and Use Com-
mittee at Jiangyin Hospital Affiliated to Nanjing University
of Traditional Chinese Medicine. Female BALB/c (nu/nu)
mice, 6 weeks old, were purchased from Animal Center of
China (Beijing, China) and were housed in a light/dark cycle
of 12/12 h and allowed free access to rodent chow and water.
SKOV-3cells (1 x 107 cellsin200 pl PBS per mouse) were
injected subcutaneously on the right hind flank of mice [24].
Following establishment of tumor (average tumor volume
over 150 mm3), mice were randomly allocated into four
groups: (A) vehicle control (0.9 % saline); (B) gambogic
acid alone (1 mg/kg, Alexis Laboratories, San Diego, CA)
[25]; (C) Dox alone (5 mg/kg, Zhejiang Hisun Pharmaceu-
tical, Taizhou, China) [26]; (D) gambogic acid and Dox in
combination thrice a week for 2 weeks. Tumor length, width,
and body weight of murine model were measured every
5 days. Tumor volume was calculated according to the for-
mula: volume = (length x width?)/2. At endpoint of the
study, all mice were killed and pathological examination was
performed on major organs including heart, liver, and kidney
to evaluate damage.

Statistical Analysis
Data are presented as mean = standard deviation (SD).

Statistical analysis was performed using SPSS 11.5 software
(SPSS Inc., Chicago, IL). Comparison between groups was

performed with Student’s ¢ test. A P value of <0.05 was
considered statistically significant.

Results

Gambogic Acid Sensitizes Ovarian Cancer Cells
to Doxorubicin

To determine whether gambogic acid could increase
chemosensitivity of ovarian cancer cells to doxorubicin,
MTT assay was performed to assess cell viability. As
shown in Fig. 1a, cell growth was effectively inhibited by
Dox in a dose-dependent manner. Next, we tested the
cytotoxicity of gambogic acid and found gambogic acid at
tested concentration (0.2 and 0.4 uM) was not able to cause
significant loss of cell viability (survival rate >80 %,
Fig. 1a). However, combinational treatment with Dox and
gambogic acid showed a significant sensitization with cell
growth inhibition as shown in Fig. la. The interaction
between Dox and gambogic acid was evaluated by com-
bination index (CI) value calculated according to Chou’s
methods [27]. As demonstrated by CI values listed in
Fig. 1b, gambogic acid and Dox exerted synergistic effects
on inhibition of SKOV-3 cell viability (CI < 1).

Gambogic Acid Enhanced Doxorubicin-Induced
Apoptosis

Next flow cytometry analysis was performed to examine
whether enhanced cytotoxicity by gambogic acid was
mediated by apoptosis. The untreated cells had a back-
ground apoptotic rate of 4.8 £+ 0.8 %. Single treatment
with gambogic (0.4 uM) resulted in a similar apoptotic cell
population as shown in Fig. 2a. In contrast, the treatment
with Dox at 2 pM showed an increased apoptotic cell
population of 15.5 £ 2.8 %, which was further augmented
by concurrent gambogic acid (33.7 & 4.7 %).
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Fig. 1 Combinational treatment of ovarian cancer cell lines with
gambogic acid and doxorubicin reduces cell viability. SKOV-3 cells
were treated with gambogic alone, doxorubicin alone, or in combi-
nation of these two agents at indicated doses for 24 h, respectively,

followed by MTT assay. Cell growth inhibition is demonstrated
(a) and CI of doxorubicin plus gambogic acid is presented (CI < 1
indicates synergistic effect) (b). Data presented mean £ SD from
four experiments

@ Springer



Cell Biochem Biophys (2013) 67:199-206

! Caspase-3 —

202
A
\ GA Dox GA+Dox

TTF | T e
Annexin V

)

8 40, x

=
*

2 34

k]

< 204

3

o

o 104

o

g o

& v GA Dox GA+Dox

Fig. 2 Combinational treatment of ovarian cancer cell lines with
gambogic acid and doxorubicin potentiates apoptosis. SKOV-3 cells
were treated with gambogic alone, doxorubicin alone, or in combi-
nation of these two agents at indicated doses for 24 h, respectively,
followed by flow cytometry analysis, western blot, and caspase-3
activity analysis. The representative results of flow cytometry are

To confirm the results of cell apoptosis assay, we
examined the activity of caspase-3 in cell lysates as well as
level of caspase-3 and PARP. As shown in Fig. 2b, com-
bination of gambogic acid and Dox caused additional
decrease in caspase-3 level and increase in PARP level. In
addition, relative to treatment with single agent, combi-
nation of gambogic acid and Dox elicited significant
increase in caspase-3 activity (Fig. 2c). Taken together,
these results suggested that gambogic acid sensitized
SKOV-3 cells to Dox though inducing cell apoptosis.

Gambogic Acid Potentiates Doxorubicin-Induced
Apoptosis by Increasing ROS Generation

Generation of excess amount of ROS leads to cancer cell
death, and accumulation of ROS is reported to contribute to
gambogic acid-induced mitochondrial apoptosis [28, 29].
Therefore, we measured ROS level to examine whether
ROS is involved in the synergistic mechanism between
gambogic acid and doxorubicin. As shown in Fig. 3a,
treatment with gambogic acid lead to a slight increase in
ROS generation as demonstrated by increased fluorescence
intensity. When cells were exposed to Dox at 1 uM, a
significant increase in ROS generation was observed, which
is consistent with previous studies [28, 30, 31]. Results also
showed that combinational treatment with Dox and gam-
bogic acid generated more ROS relative to Dox alone
(Fig. 3a). To further confirm the role of ROS generation in
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presented and summarized in bar graph (a), caspase-3 and PARP
levels are determined using western blot (blots shown are represen-
tative of four observations) (b) and caspase-3 activity was measured
by colorimetric assay (c). Data presented mean £ SD from four
experiments. *P < 0.05, **P < 0.01 (Color figure online)

enhanced cytotoxicity by gambogic acid, we tested cell
viability in SKOV-3 cells in the presence or absence of
antioxidant N-acetylcysteine (NAC, Sigma, St Louis, MI).
SKOV-3 cells were preincubated with the antioxidant
(1 mM NAC) for 1 h before treatment started and incuba-
tion then continued for 24 h. As shown in Fig. 3b, NAC
treatment alone did not affect the viability of SKOV-3 cells
and the growth inhibitory effect of Dox was only slightly
reduced. However, the cytotoxic effect of gambogic acid/
Dox combination was eliminated by NAC (P < 0.05),
indicating that enhanced cytotoxicity by gambogic acid was
mainly mediated by increased generation of ROS.

Gambogic Acid and Doxorubicin ROS-dependently
Potentiates JNK and P38 Activation

JNK and p38 activation can lead to cytotoxic effect in
cancer cells and ROS has been reported to be able to
activate these two pathways [32, 33]. Therefore, we
examined activation of JNK and p38 by western blot
analysis. As shown in Fig. 3c, combinational treatment
with gambogic acid and DOX resulted in marked activation
of JNK and p38, which was associated with increased
apoptosis (Fig. 3d). To further explore the role of ROS in
JNK and p38 activation, cells were treated with gambogic
acid and Dox in the presence of NAC. As shown in Fig. 3c
and d, NAC significantly inhibited JNK and p38 activation
and suppressed apoptosis. In summary, these in intro
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Fig. 3 Potentiation of cytotoxicity is mediated by ROS-dependent
JNK and p38 activation. SKOV-3 cells were treated with gambogic
alone, doxorubicin alone, or in combination of these two agents at
indicated doses for 24 h, respectively, in the presence or absence of
NAC as indicated. ROS level is elevated as demonstrated by

results showed that combinational treatment with gambo-
gic acid and Dox potentiated growth inhibitory effect and
proapoptotic JNK and p38 signaling pathway by generating
additional ROS.

In Vivo Anti-tumor Activity of Co-treatment
of Gambogic Acid and Doxorubicin

To study the effect of Dox and gambogic acid alone or
in combination on tumor growth in vivo, mouse tumor
xenografts were used. As shown in Fig. 4, treatment with
Dox and gambogic acid suppressed SKOV-3 tumor growth
to a markedly greater extent than did treatment with either
single agent. In addition, no decrease in average body
weight was found at the endpoint of in vivo study, sug-
gesting that little pronounced tissue toxicity or damage was
caused by the combined treatment of gambogic acid and
doxorubicin.
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fluorescence intensity (a), cell viability in the presence of NAC is
presented (b), INK and p38 activation are shown by representative
blots (c) and effect of NAC on apoptosis is shown (d). Data presented
mean + SD from four experiments. *P < 0.05, **P < 0.01 (Color
figure online)

Discussion

Despite the established therapeutic protocol for ovarian
cancer, the prognosis of patients with ovarian cancer is
extremely poor due to late presentation and high recurrence
rate [3]. Currently, a treatment for patients with recurrent
ovarian cancer after first-line platinum-based chemotherapy
is highly desirable. Treatment with single anticancer agent
cannot provide satisfactory therapeutic effect on these
patients due to drug resistance and dose-limiting side effect
[34]. On the other side, combinational use of chemothera-
peutic agents always caused profound tissue toxicity. Since
natural compounds are generally safe, combined therapy
with conventional cytotoxic agents with natural compound
might provide a promising therapeutic strategy with less
toxicity. Moreover, due to the ability to bind multiple targets,
combinational use of natural compounds might also help
overcome chemo-resistance. One natural product that has
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Fig. 4 Tumor growth in xenograft mice model is significantly
suppressed by combinational treatment of ovarian cancer cell lines
with gambogic acid and doxorubicin. Treatment started after average
tumor size reached 150 mm?>. Mice were treated with gambogic acid
(1 mg/kg) and doxorubicin (10 mg/kg) alone or in combination,

been explored for anti-tumor activity is gambogic acid,
which has been approved by Chinese Food and Drug
Administration in clinical trials of various cancers [35].

The anti-tumor effect of gambogic acid has been reported
in human cell lines and animal models. Many studies have
been conducted to understand the underlying mechanisms
by which gambogic acid inhibits cancer cell growth and
induces cancer cell apoptosis. The proposed mechanisms
include regulating apoptosis relevant proteins Bcl-2, Bax
[36, 37], pS3, pro-caspase-3 [14, 38, 39], and survivin [40];
activation of c-Jun-N-terminal protein kinase (JNK), p38
[41], and glycogen synthase kinase 33 (GSK3f) signaling
pathways [42]; inhibiting NF-xB and its down-dream gene
expression [16]. Furthermore, a few mechanisms have also
been proposed to elucidate the synergistic effect of gam-
bogic acid with other anti-cancer agents. Wang et al. [19]
showed that gambogic acid potentiated the cytotoxic effect
of 5-fluorouracil by modulating the level of thymidine
synthetase which is the metabolic enzyme of 5-flurouracil.
Recently, it has been suggested that enhancement of anti-
cancer efficacy of oxaliplatin, 5-flurouracil, and docetaxel
could be attributed to gambogic acid-induced downregula-
tion of chemotherapeutic agent-associated gene including
BRCAL, tau, thymidine synthetase, excision repair cross-
complementing (ERCC1), and B-tubulin III [21]. Here, our
study showed that synergistic effect of combinational use of
gambogic acid and Dox was associated with increased ROS
accumulation. These results suggest that like other natural
compounds, gambogic acid is also a multi-targeted anti-
cancer agent.

ROS are byproducts of normal cellular metabolism,
which play a crucial role in cell regulation and signal
transduction [43]. The level of cellular ROS is tightly
balanced by ROS production and elimination by a cell’s
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thrice a week for 2 weeks. Tumor size and body weight were
measured every 5 days. Body weight is expressed relative to the
corresponding value on the day treatment started. All data are
mean + SD from 15 mice per group. *P < 0.05 vs. Control,
*P < 0.05 vs. Dox or GA

antioxidant capacity. Excessive cellular ROS may cause
cellular components damage as well as detrimental effects
on cellular function and viability. More and more studies
showed that cancer cells are associated with elevated ROS
levels relative to their normal counterparts, which make
cancer cells more susceptible to oxidative damage due to
further ROS increase [44]. Therefore generating excess
amount of ROS has been proposed to be a mechanism for
targeting cancer cells. Although Dox is classified as a
topoisomerase II inhibitor, a few studies have demonstrated
that the formation of ROS and radicals serves as one of the
underlying mechanisms of the cytotoxic activity of Dox
[28, 30, 31, 45]. A few studies also showed that chemo-
sensitivity to Dox could be enhanced by increase in cellular
ROS [46—48]. In consistency with those previous studies,
here we showed that combination of gambogic acid and
Dox exhibited potentiated cytotoxicity by augmenting ROS
accumulation and consequently activating pro-apoptosis
pathways. Moreover, we also found that antioxidant treat-
ment significantly abrogated the enhanced cytotoxicity,
indicating the crucial role of ROS accumulation in syner-
gistic mechanism between gambogic acid and doxorubicin.

Both JNK and p38 belong to MAPKSs serine/threonine
kinases. JNK and p38 activations are reported to be associ-
ated with stress-induced apoptosis by a wide range of cyto-
toxic stimuli including H,O,, UV light, X-rays, y-irradiation,
tumor necrosis factor-o, growth factor, heat shock, and
chemotherapeutic drugs [33, 49]. Our findings here demon-
strated that potentiated JNK and p38 activation by combined
treatment of gambogic acid and Dox was concomitant with
increased apoptosis, suggesting that potentiation of JNK and
p38 activation might be the predominant mechanism
underlying gambogic acid and Dox combination-induced
apoptosis.
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In addition to these in vitro data, in vivo results from our
study also demonstrated that gambogic acid given at 1 mg/kg
significantly enhanced the anti-tumor effect of Dox in a
xenograft murine ovarian model. Toxicologic studies of
gambogic acid have established 4 mg/kg as innocuous dose
[50]. Moreover, it has been reported that gambogic acid had
selective anticancer activity due to its higher distribution and
longer retention time in cancer cells than normal cells [11].
All these suggested that gambogic acid used in our study
(1 mg/kg) has little toxicity to normal tissues and combina-
tional therapy of gambogic acid and Dox will not cause
additional side effect compared with treatment with Dox as
single agent.

In conclusion, our findings, described in this study,
showed that gambogic acid potentiates the cytotoxicity
activity of Dox in vitro and in vivo. This synergistic
cytotoxicity activity of concomitant gambogic acid and
Dox correlated with increased cellular ROS accumulation.
However, further studies are warranted to fully evaluate the
efficacy and safety of gambogic acid in combination with
Dox in cancer treatment.
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