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Background: Gambogic acid (GA) has been reported to have potent anticancer activity and is authorised to be tested in phase II
clinical trials for treatment of non-small-cell lung cancer (NSCLC). The present study aims to investigate whether GA would be
synergistic with cisplatin (CDDP) against the NSCLC.

Methods: 1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT), combination index (CI) isobologram, western blot, quantitative
PCR, flow cytometry, electrophoretic mobility shift assay, xenograft tumour models and terminal deoxynucleotide transferase-
mediated dUTP nick-end labelling analysis were used in this study.

Results: The cell viability results showed that sequential CDDP-GA treatment resulted in a strong synergistic action in A549, NCI-
H460, and NCI-H1299 cell lines, whereas the reverse sequence and simultaneous treatments led to a slight synergistic or additive
action. Increased sub-G1 phase cells and enhanced PARP cleavage demonstrated that the sequence of CDDP-GA treatment
markedly increased apoptosis in comparison with other treatments. Furthermore, the sequential combination could enhance the
activation of caspase-3, -8, and 9, increase the expression of Fas and Bax, and decrease the expression of Bcl-2, survivin and
X-inhibitor of apoptosis protein (X-IAP) in A549 and NCI-H460 cell lines. In addition, increased apoptosis was correlated with
enhanced reactive oxygen species generation. Importantly, it was found that, followed by CDDP treatment, GA could inhibit
NF-kB and mitogen-activated protein kinase (MAPK)/heme oxygenase-1 (HO-1) signalling pathways, which have been validated to
reduce ROS release and confer CDDP resistance. The roles of NF-kB and MAPK pathways were further confirmed by using specific
inhibitors, which significantly increased ROS release and apoptosis induced by the sequential combination of CDDP and GA.
Moreover, our results indicated that the combination of CDDP and GA exerted increased antitumour effects on A549 xenograft
models through inhibiting NF-kB, HO-1, and subsequently inducing apoptosis.

Conclusion: Gambogic acid sensitises lung cancer cells to CDDP in vitro and in vivo in NSCLC through inactivation of NF-kB and
MAPK/HO-1 signalling pathways, providing a rationale for the combined use of CDDP and GA in lung cancer chemotherapy.

Lung cancer is the leading cause of cancer deaths worldwide, which
accounts for 18.2% of total cancer deaths with a high fatality
(the ratio of mortality to incidence is 0.86) (Ferlay et al, 2010).
Non-small-cell lung cancer (NSCLC) accounts for nearly 80% of all

lung cancers (D’Addario et al, 2005). Platinum-based doublet
regimens have become the major treatment option for NSCLC.
However, the 1-year survival rate was increased by only 5% with
platinum-based doublet regimens and the toxicity was higher when
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compared with non-platinum-based regimens (D’Addario et al, 2005).
Therefore, there is a need for investigation and development of
novel agents that can be added to and improve the platinum-based
therapy.

Recently, herbal and herbal-derived drugs have been recognised
as one of the attractive approaches for lung cancer therapy with
little side effects (Jeong et al, 2011; Olaku and White, 2011).
Furthermore, there are evidences that various herbal medicines
have proven to be useful and effective in sensitising conventional
agents, prolonging survival time, preventing side effects of
chemotherapy, and improving quality of life in lung cancer
patients (Chen et al, 2010; Jeong et al, 2011). Gambogic acid (GA)
is a natural compound isolated from gamboge, a dry resin secreted
from the Garcinia hanburyi tree in Southeast Asia (Wu et al, 2004).
Previous investigations have demonstrated that GA could inhibit
the growth of several types of human cancer cells, including lung
cancer (Wu et al, 2004), leukaemia (Pandey et al, 2007), prostate
cancer (Wang et al, 2012b), pancreatic cancer (Wang et al, 2012a),
gastric cancer (Yu et al, 2007), and hepatocarcinoma (Guo et al,
2004) in vitro and in vivo. The possible anticancer mechanisms of
GA are associated with the induction of apoptosis (Zhu et al, 2009),
enhancement of reactive oxygen species (ROS) accumulation (Nie
et al, 2009), inhibition of telomerase (Guo et al, 2004; Wu et al,
2004) activity, and interception of NF-kB signalling pathway
(Pandey et al, 2007; Wang et al, 2012b). Currently, GA has been
approved by the Chinese Food and Drug Administration for the
treatment of lung cancer in phase II clinical trials (Wang et al,
2012b).

Here, we asked whether the novel anticancer agent can improve
the platinum-based chemotherapy in NSCLC. Thus, in this study
we investigated the effects of GA combined with cisplatin with
regard to their activities against NSCLC in vitro and in vivo.

MATERIALS AND METHODS

Reagents. Gambogic acid (498% purity, provided by Jiangsu
Kanion Pharmaceutical Co. Ltd, Lianyungang, China) and cisplatin
(Sigma-Aldrich, St Louis, MO, USA) were dissolved by DMSO to
100mM and stored at � 20 1C (Figure 1A). 1-(4,5-Dimethylthiazol-
2-yl)-3,5-diphenylformazan (MTT) was purchased from Sigma-
Aldrich and was dissolved in PBS. Propidium idodide (PI) was
purchased from Biosharp (St. Louis, MO, USA) and was dissolved
in distilled water. The primary antibodies against PARP, caspase-3,
caspase-8, caspase-9, NF-kB p65, NF-kB p50, ERK1/2, phospho-
ERK1/2, p38, phospho-p38, JNK, phospho-JNK, and heme
oxygenase-1 (HO-1) were purchased from Cell Signalling Technology
(Danvers, MA, USA), and antibodies to b-actin, Bcl-2, Bax,
survivin, X-IAP, Fas, and Bcl-XL were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA)

Cell lines and cell culture. Human NSCLC cell lines A549 and
NCI-H460 were obtained from the American Type Culture
Collection (Manassas, VA, USA). Human NSCLC cell line NCI-
H1299 was purchased from Shanghai Cell Bank (Shanghai, China).
They were routinely cultured in Roswell Park Memorial Institute
1640 supplemented with 10% fetal bovine serum and maintained at
37 1C in a humidified incubator with 5% CO2.

Cell viability assay and determination of combination index.
The in vitro cell viability effects of GA, CDDP alone, or combined
treatments were determined by MTT assay. The cells (2� 104 cells
per ml) were seeded into 96-well culture plates. After overnight
incubation, the cells were treated with various concentrations of
drugs. For the combined treatment in NSCLC cells, we tested three
sequences: (a) GA followed by CDDP cells were exposed to GA for 48h,
and then after washout of GA, cells were treated with CDDP for an
additional 48 h; (b) CDDP followed by GA cells were exposed to

CDDP for 48 h, and then after washout of CDDP, cells were
treated with GA for an additional 48 h; and (c) concurrent
treatment cells were exposed to both GA and ADM for 48 h.
The nature of the drug interaction was analysed by using the
combination index (CI) according to the method of Chou and
Talalay (1984). A CI o0.90 indicates synergism; a CI between 0.90
and 1.10 indicates additive; and a CI 41.10 indicates antagonism.
Data analysis was performed by the Calcusyn software (Biosoft,
Oxford, UK).

Flow cytometry analysis. About 1–5� 106 A549 and NCI-H460
cells were harvested at room temperature after pretreatment with
various reagents for 24 or 48 h. The supernatant was removed and
the cells were trypsinised, and then ice-cold 70% ethanol was
added. Ethanol-fixed cells were resuspended in PBS containing
0.1mgml� 1 RNase and incubated at 37 1C for 30min.
The pelleted cells were suspended in 1.0ml of 40 mgml� 1

propidium iodide (PI) and analysed by using flow cytometer
(Becton Dickinson, San Jose, CA, USA). The cell cycle distribution
was estimated according to standard procedures. The percentage of
cells in the different cell cycle phases (G0/G1, S, or G2/M phase)
was calculated using CELLQuest (Becton Dickinson) software.
The cells of sub-G1 peak were considered as apoptosis.

Western blot analysis. About 1� 107 A549 and NCI-H460 cells
were gathered after pretreatment for 24 h. The nuclear protein was
prepared by a commercial kit (Thermo Scientific, Rockford, IL,
USA). The tumour tissue protein was purified according to the
reported method (Zheng et al, 2011). Western blot was performed
as described previously (Zhang et al, 2011). In brief, an equal
amount of total protein extracts from cultured cells or tissues were
fractionated by 10–15% SDS–PAGE and electrically transferred
onto polyvinylidene difluoride (PVDF) membranes. Mouse or
rabbit primary antibodies and horseradish peroxidase (HRP)-
conjugated appropriate secondary antibodies were used to detect
the designated proteins. The bound secondary antibodies on the
PVDF membrane were reacted with ECL detection reagents
(Thermo Scientific) and exposed in ImageQuant LAS 4000mini
system (GE Healthcare, Buckinghamshire, UK). Results were
normalised to the internal control b-actin or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and quantified by Quantity
One Software (Bio-Rad, Hercules, CA, USA).

Examination of intracellular ROS accumulation. Intracellular
hydrogen peroxide levels were monitored by flow cytometry after
staining with DCFH-DA (6-carboxy-20,70-dichlorodihydrofluorescein
diacetate; Molecular Probes, Eugene, OR, USA). Briefly, cells
in a logarithmic growth phase (1� 105 cells per ml in 35mm
polystyrene culture dishes) were treated with GA, CDDP, and
CDDP plus GA for 24 h, and then labelled with 5mmol l� 1 DCFH-
DA for 1 h. Next, the cells were trypsinised, washed with PBS,
and then analysed by flow cytometry (Becton Dickinson).
The percentage of cells displaying increased dye uptake was used
to reflect an increase in ROS levels.

Electrophoretic mobility shift assays. Nuclear extracts from A549
and NCI-H460 cells were obtained with the commercially
optimised NE-PER Nuclear and Cytoplasmic extraction reagents
(Thermo Scientific Pierce, Rockford, IL, USA) according to the
manufacturer’s instructions. Sequence of the sense strand of the
oligonucleotide probe used for electrophoretic mobility shift assay
(EMSA) was as follows: triplicate repeat 50-AGTTGAGGGGACTT
TCCCAGGC-30(NF-kB). Binding was performed at 30 1C for
20min in a final volume of 20 ml, which contained 50 mg of nuclear
extract, 5 pmol biotin-labelled specific consensus oligonucleotide,
20 mg poly(dI/dC) (Pharmacia, Freiburg, Germany), 20 ml buffer A
(20mM HEPES, pH 7.9, 20% glycerol, 100mM KCl, 0.5mM EDTA,
0.25% NP-40, 2mM dithiothreitol, 0.1mM phenylmethylsulphonyl
fluoride), and 40 ml buffer B (20% Ficoll 400 (Pharmacia,
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Freiburg, Germany), 100mM HEPES, pH 7.9, 300mM KCl, 10mM

dithiothreitol, 0.1mM phenylmethylsulphonyl fluoride). The
DNA–protein complexes were resolved on a 6% non-denaturing
polyacrylamide gel and transferred to a nitrocellulose membrane.
Subsequently, the membrane was fixed with UV light and blocked
with 5% non-fat milk. The membrane was incubated overnight at
4 1C with a streptavidin–HRP conjugate. The binding signal was
detected using a Supersignal Chemiluminescent Substrate kit
(Pierce). Specificity of binding was checked by incubating in the
presence of an excess of ‘cold’ NF-kB oligo sequence.

Quantitative PCR analysis. Total RNA was isolated using RNeasy
Mini Kit (Quiagen Inc., Valencia, CA, USA) as described in the

product introduction. The RNA was reverse RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific) and PCR was performed
using iQ SYBR Green Supermix and the CFX96 Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Primers
used were GAPDH reverse primer 50-CCCTCAACGACCAC
TTTGTCA-30 and forward primer 50-TTCCTCTTGTGCTCTT
GCTGG-30; interleukin-8 (IL-8) reverse primer 50-TGAATTCTC
AGCCCTCTTCAA-30 and forward primer 50-TCTGCAGCTCT
GTGTGAAGG-30; survivin reverse primer 50-TTGCCGACAG
GATGCAGAA-30 and forward primer 50-GCCGATCCACACG
GAGTACT-30; HO-1 reverse primer 50-TGTTGCGCTCAAT
CTCCTCCT-30 and forward primer 50-ATGGCCTCCCTGTAC
CACATC-30.
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Figure 1. Sequence-specific potentiation of CDDP-induced growth inhibition by GA in NSCLC cells. (A) Chemical structure of GA and CDDP.
(B) Timeline of in vitro experiments: (i) in studies of CDDP or GA as single agents, they were administered for 48 h followed by 48h without drug;
(ii) in studies of CDDP plus GA, they were administered concomitant for 48 h followed by 48h without drug; (iii) in studies of GA before treatment,
cells were treated with GA for 48 h followed by drug-free washout and CDDP for 48 h; (iv) in studies of CDDP before treatment, cells were treated
with CDDP for 48 h followed by drug-free washout and GA for 48 h. (C) The growth curve of NSCLC cells after treated with GA, CDDP, and the
combination of GA and CDDP in three sequences. (D) Analysis of the combination of GA and CDDP in NSCLC cells. A549, NCI-H460, and NCI-
H1299 cells were treated for 48 h using increasing concentrations of GA and CDDP, either alone or in a fixed ratio, as described in Materials and
Methods. The resultant data were analysed using Calcusyn program, and graphs from a representative experiment for each treatment schedule are
shown. A CI o0.90 indicates synergism; 0.90–1.10, additive; and 41.10, antagonism. These experiments were repeated in triplicate.
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In vivo tumour growth model. To determine the in vivo
antitumour activity of GA combined with CDDP, viable A549
cells (5� 106/100 ml PBS per mouse), as confirmed by trypan blue
staining, were subcutaneously injected into the right flank of 7- to
8-week-old male SCID mice. When the average tumour volume
reached 100mm3, the mice were randomly divided into four
treatment groups, including control (saline only, n¼ 5), GA
(3.0mg kg� 1 per 2 days, intravenously; n¼ 6), CDDP (4mg kg� 1

per week, intravenously; n¼ 6), and sequential combination
(CDDP treatment one day before GA treatment, n¼ 6). The drug
doses determined from previously published work (Li et al, 2002;
Yang et al, 2007), CDDP (4mg kg� 1, weekly) was generally
administered at doses less than the maximum-tolerated dose in an
attempt to allow any additive effects of combination treatment with
platinum-based agents and GA to be more easily detected. Tumour
size was measured once every 2 days with a calipre (calculated
volume¼ shortest diameter2� longest diameter/2). Body weight
was recorded once every 2 days. After 14 days, the mice were killed
and the tumours were excised and stored at � 80 1C until further
analysis. This study was performed in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was
approved by the Committee on the Ethics of Animal Experiments
of the Shenyang Pharmaceutical University.

Apoptosis analysis by TUNEL. Formalin-fixed tumour tissues
harvested 28 days after tumour implantation were embedded in
paraffin and sectioned. Terminal deoxynucleotide transferase-
mediated dUTP nick-end labelling (TUNEL) system (Roche, Basel,
Switzerland) was used to detect apoptosis in the tumour sections
placed on slides according to the manufacturer’s protocol.
Terminal deoxynucleotide transferase-mediated dUTP nick-end
labelling reaction solution was substituted with TdT-free solution
for a negative control. Sections were pretreated 10min with DNase
and visualised by diaminobenzidine staining. Positive nuclei were
identified by brown colour.

Statistical analysis. Statistical analysis was performed using
SPSS11.5 software package for Windows (SPSS, Chicago, IL,
USA). Data were presented as the mean±s.e.m. Statistical
significance was calculated using a Student’s t-test, with a probability
level of Po0.05 considered to be statistically significant. Statistical
differences among the effects of GA, CDDP, combination, or
inhibitors, shown in the Figures 5A and 7A, was calculated using a
one-way ANOVA with a post hoc Dunnett’s test comparing the
means to the untreated control or combination treatment.

RESULTS

GA synergised the growth inhibitory activity of CDDP on
NSCLC cells at a sequence-dependent manner. The growth
inhibitory effects of GA or CDDP on A549, NCI-H460, and
NCI-H1299 cells were assessed by the MTT assay after 48h exposure.
A concentration-dependent inhibition of cell growth was observed
with GA and CDDP, with IC50s of 3.56±0.36 and 21.88±3.21 mM
for A549 cells, 4.05±0.51 and 25.76±4.03 mM for NCI-H460 cells,
and 1.12±0.31 mM and 25.21±4.38 mM for NCI-H1299 cells.
Because the CI method recommends a ratio of IC50 values that
the drugs are equipotent, combination studies were performed at
fixed 7 : 44, 2 : 13, and 1 : 25(GA : CDDP) concentration ratios in
A549, NCI-H460, and NCI-H1299 cells, respectively. To determine
whether the sequence of drug addition impacts on resulting
synergy, cells were treated for 48 h with CDDP, followed by
removal of the supernatant, and treatment for 48 h with the GA,
or vice versa (see Figure 1B). The results showed that 48h of exposure
to CDDP followed by a 48-h exposure to GA led to a strong
synergistic antiproliferative activity on three cell lines (Figure 1C),

with the maximal CI were 0.43 for A549 cells, 0.49 for NCI-H460
cells, and 0.19 for NCI-H1299 cells (CIo0.5; Figure1D). On the
contrary, the reverse sequence (GA followed by CDDP) and the
concomitant treatment schedule resulted in a slightly synergistic or
additive effect (Figure 1C and data not shown, CI40.7).
In addition, the antiproliferative activity of sequential treatment
CDDP and GA for 48 h got close to concomitant treatment with
CDDP and GA for 96 h (see Supplementary Figure 1). These
results suggest that GA may synergise the growth inhibitory
activities of CDDP on NSCLC cells when administered in a
stepwise schedule.

GA enhanced the apoptosis-induced effect of CDDP on NSCLC
cells at a sequence-dependent manner. Flow cytometry analysis
after PI staining was used to detect the apoptosis induced by GA
and/or CDDP. We treated A549, NCI-H460, and NCI-H1299 cells
with GA and CDDP at IC50 concentrations (pharmacologically
achievable concentration), or combination of both for 24 or 48 h.
As shown in Figure 2A, the occurrence of apoptotic cells (sub-G1

phase cells) was increased in A549 and NCI-H460 cells after
treatment with GA and CDDP for 24 h (2.7±1.6% and
16.3±3.1%, respectively, vs controls, 1.1±0.9%, for A549 cells;
and 15.4±2.0% and 16.7±2.4% vs 2.1±1.3% for NCI-H460 cells),
but was not changed in NCI-H1299 cells(2.3±1.0% for GA and
2.2±0.8% for CDDP, vs controls 2.2±1.2%), suggesting NCI-
H1299 cells is more resistant to CDDP-induced apoptosis as
compared with A549 and NCI-H460 cells. Interestingly, in the
drug combinations, the sequence CDDP then GA administration
produced the highest apoptotic index in three cell lines
(48.7±5.6% for A549 cells; 33.5±3.8% for NCI-H460 cells;
30.3±4.5% for NCI-H1299 cells), whereas the sequence GA then
CDDP and simultaneous administration of both just resulted in a
moderately apoptotic index (Figure 2A). The similar results were
found in the A549 and NCI-H460 cells after being treated with GA,
CDDP, and combination of both for 48 h (see Supplementary
Figure 2).

To further confirm the above data, PARP cleavage, another
marker for apoptosis, was determined by western blot. As shown in
Figure 2B, PARP cleavage was slightly or moderately induced by
GA or CDDP as single agents, and then simultaneous adminis-
tration or the sequence of GA followed by CDDP in three NSCLC
cell lines, whereas the sequence of CDDP followed by GA resulted
in an obvious cleavage of PARP. Taken together, these results are
well conformed to the MTT data, suggesting that the synergism of
CDDP followed by GA might be executed via apoptosis-inducing
action in NSCLC cells. The A549 and NCI-H460 cell lines were
selected for the next experiments, due to their sensitivity to CDDP-
plus GA-induced apoptosis and the representative to different
NSCLC subtypes (A549 from adenocarcinoma and NCI-H460
from large-cell carcinoma).

The sequential combination of CDDP and GA induced an
enhancement of apoptosis in caspases-dependent pathway.
As apoptosis is usually associated with the activation of the caspase
cascade, we further investigated the involvement of caspases in
combined treatment-induced apoptosis. First, we determined
caspase-3, which is known to be a key effector caspase in various
forms of apoptosis that degrades several cellular proteins
(Crawford and Wells, 2011). After 24 h treatment, the sequential
combination of CDDP and GA could cause an obvious cleavage of
procaspase-3 when compared with GA or CDDP monotreatment
in A549 and NCI-H460 cells (Figure 3). Furthermore, the activities
of initiator caspase (caspase-8 and -9) were also investigated.
As shown in Figure 3, the sequential combination led to an
enhanced cleavage of procaspase-8 when compared with GA or
CDDP monotreatment in A549 and NCI-H460 cells. Similarly,
the cleavages of caspase-9 were obviously increased after treatment
with CDDP and GA. Taken together, these results indicate that the
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sequential combination of CDDP and GA induces cell death by
stimulating caspase-dependent apoptotic pathways.

The effects of the sequential combination of CDDP and GA on
apoptosis-related proteins. To further study the role of apoptosis
induced by CDDP plus GA, we evaluated the expression of Fas,
Bax, Bcl-2, Bcl-XL, survivin and X-IAP proteins by western blot
performed on whole-cell lysates from control and treated A549 and
NCI-H460 cells and the results were graphically presented in
Figures 4A–C. In A549 cells, the sequential combination treatment
significantly increased Fas and Bax proteins levels by B4.1- and
B7.8-fold compared with B1.05- and B2.8-fold increase by GA
or B2.0- and B4.2-fold CDDP alone, respectively (Figure 4A).
The combination significantly decreased the expression of Bcl-2 to
B0.08-fold compared with a B0.91-fold decrease by GA or
B0.32-fold CDDP alone, but had no affect on the expression of
Bcl-XL (Figure 4B). In addition, the combination significantly

decreased survivin and X-IAP expression to B0.20- and B0.11-
fold compared with control, respectively (Figure 4C). The similar
data was found in NCI-H460 cells (see Figures 4A–C).
These results demonstrate that the Fas, Bcl-2 family, and IAPs
family proteins may also be involved in the synergism.

The sequential combination of CDDP and GA induced an
enhancement of ROS accumulation through suppression of
MAPK/HO-1 signalling pathway. There is growing evidence that
ROS is important for the induction of apoptosis in cancer cells (Raj
et al, 2011). To determine whether the ability of GA to enhance the
apoptosis-inducing effect of CDDP was mediated by ROS, we used
flow cytometry to measure the intracellular ROS in A549 and NCI-
H460 cells. The cells were treated with GA, CDDP, or the
combination of both for 24 h, and DCF fluorescence was recorded
as a measure of intracellular ROS levels. As shown in Figure 5A,
the levels of intracellular ROS were significantly (Po0.05) higher
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Figure 2. Sequence-specific enhancement of CDDP-induced apoptosis by GA in NSCLC cells. A549 cells were treated with GA (3.5 mM, 24 h),
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in cells that had been treated with GA, CDDP, and the sequential
combination of CDDP and GA than that in control cells.
Furthermore, treatment with the combination of CDDP and GA
led to a further increase in the accumulation of ROS compared
with treatment with GA or CDDP alone (Po0.05). To confirm
that ROS generation is responsible for enhancing CDDP- plus
GA-induced apoptosis, the cells were pretreated with NAC (10mM),
an inhibitor of ROS production (Raj et al, 2011; Zhang et al, 2011),
for 4 h, and then incubated with the sequential combination of
CDDP and GA. Our data indicate that pretreatment with NAC not
only reduced the level of intracellular ROS (Figure 5A) but also
decreased the amount of apoptosis caused by the combined
treatment of CDDP and GA in A549 and NCI-H460 cells
(Figure 5B). Taken together, these results demonstrate that ROS
mediates the ability of GA to enhance CDDP-induced apoptosis.

As it is reported that HO-1 inhibits the production of ROS and
contributes to CDDP resistance (Abraham et al, 2007; Kim et al,
2008), we assessed whether HO-1 is involved in the enhanced
accumulation of ROS induced by the combined treatment of
CDDP and GA in A549 and NCI-H460 cells. As shown in Figures
5C and D, treatment of two cell lines with CDDP alone led to the
increasing expression of HO-1 in mRNA and protein levels,
whereas the treatment with GA alone and the sequential
combination of CDDP and GA resulted in the decreasing
expression of HO-1. These data indicate that the inhibition of
HO-1 is involved in the enhanced accumulation of ROS caused by
the combined treatment of CDDP and GA. Furthermore, we also
detected the proteins of mitogen-activated protein kinase (MAPK)
pathway, which is demonstrated to the upstream signalling
pathway of HO-1 (Kim et al, 2008), in A549 and NCI-H460 cells.
Our results indicated that CDDP alone prompted the phospho-
rylation of ERK, p38, and JNK, but sequential combination
treatment inhibited the CDDP-induced phosphorylation of ERK,
p38, and JNK (See Figure 5E). This pattern is similar to HO-1,
suggesting that GA might inhibit CDDP-induced upregulation of
HO-1 through MAPK pathway.

GA sensitised NSCLC cells to CDDP through inhibition of
NF-jB pathway. It is well known that Bcl-2, survivin and X-IAP
are the target genes of NF-kB signalling. The above-mentioned
data prompt us to speculate whether NF-kB is responsible for the
synergistic effect. Therefore, we examined the expression and
subcellular location of NF-kB proteins, including p65 and p50,
using western blot method. As shown in Figure 6A in A549 and
NCI-H460 cells, CDDP could increase the nuclear expression of
p65 and p50. However, addition of GA after CDDP treatment

could reverse this increase of p65 and p50 in the nucleus. These
data suggest that GA might sensitise A549 and NCI-H460 cells to
CDDP through inhibition of CDDP-induced NF-kB activation.

Moreover, we also detected the effect of CDDP and/or GA on
the NF-kB-binding ability in A549 and NCI-H460 cells.
Our results showed that CDDP-induced NF-kB activation in
A549 and NCI-H460 cells, whereas concomitant treatment or GA
followed by CDDP treatment did not show any considerable
change in NF-kB DNA-binding activity after 24 h of treatment
(Figure 6B). However, in sequence CDDP followed by GA
treatment, GA completely inhibited CDDP-induced NF-kB
activation. Specificity of the band was confirmed by competition
with unlabelled wild-type oligos (see Figure 6B). Furthermore,
we also measured the expression of the classical target genes of NF-kB,
including IL-8 and servivin, in mRNA level. The data indicated that
CDDP alone treatment induced the increased expression of IL-8
and servivin, but the combination treatment could suppress the
increase of IL-8 and servivin (see Figure 6C). Taken together, these
results demonstrate that GA could inhibit CDDP-induced activa-
tion of NF-kB pathway in NSCLC cells.

Inhibition of MAPK/ERK, MAPK/JNK, and NF-jB pathways
contributed to the sequential combination of CDDP- and
GA-induced ROS release and apoptosis. To further explore the role
of MAPK and NF-kB pathways in the combination of CDDP- and
GA-induced ROS release and apoptosis, we applied the specific
inhibitors for MAPK and NF-kB pathways and analysed the ROS
release and PARP cleavage. As shown in Figure 7A, single
treatment with SB203580 (a specific inhibitor of MAPK/p38),
SP600125 (a specific inhibitor of MAPK/JNK), PD98095 (a specific
inhibitor of MAPK/ERK) and PDTC (a specific inhibitor of NF-
kB) induced a slight or moderate accumulation of ROS in A549
and NCI-H460 cells. Interestingly, in contrast to SB203580,
pretreatment with SP600125, PD98095, or PDTC for 1 h resulted
in a significant increase in the accumulation of ROS induced by
CDDP combined with GA (see Figure 7A), indicating that the
MAPK/JNK, MAPK/ERK, and NF-kB pathways, but not MAPK/
p38 pathway, has a role in regulating the sequential combination-
induced ROS release of A549 and NCI-H460 cells. Importantly,
similar pattern was found in PARP cleavage experiment. Pretreat-
ment with SP600125, PD98095 or PDTC led to a marked
enhancement of PARP cleavage caused by CDDP combined with
GA (shown in Figure 7B). Taken together, our results confirm that
inhibition of MAPK/ERK, MAPK/JNK, and NF-kB pathways
contributes to the combination of CDDP- and GA-induced ROS
release and apoptosis in NSCLC cells.
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The sequential combination of CDDP and GA inhibited tumour
growth in vivo, induced apoptosis, inactivated NF-jB, and
downregulated HO-1 in tumour tissues. To further investigate
whether GA synergises CDDP against tumour growth in vivo,
A549 tumours were implanted in SCID mice. Our data showed
that CDDP combined with GA or used individually cause
inhibitory effects on the growth of A549 tumours (Figure 8A).
The tumour volumes were all decreased when compared with those
of control group, whereas the degree of tumour reduction differed;
the volume of combination group was significantly smaller than
that of GA group or CDDP group (Po0.05). In the control group,

the mean tumour volume was 1613mm3 at the end of the
experiment. When mice were treated with CDDP combined with GA,
the tumour inhibition rate was 69.3%, whereas those of mice treated
with CDDP and GA alone were 57.2% and 29.0%, respectively. These
results demonstrate that the antitumour effect of GA combined
with CDDP is superior to that of the drugs used individually.
Furthermore, we found that the body weights of GA group showed
no significant loss as compared with mice in the control group,
whereas CDDP treatment could significantly decrease the body
weights after treatment for 9 days. This result is consistent with the
previous reports (Yamori et al, 1997; Villena-Heinsen et al, 1998).
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The combination-treated mice showed a slight but not significant
body weight loss as compared with that in the control group (see
Figure 8B). Thus, the combination of CDDP and GA produced
much more potent tumour growth inhibitory effects, without
increasing the toxicities to the animals.

To confirm the underlying mechanisms of the synergistic effect
in vitro, we next assessed the effect of monotreatment or combined
treatment of CDDP and GA on the apoptosis and the expression
levels of NF-kB-related proteins and HO-1 in tumour tissues from
drug-administered mice. As shown in Figure 8C, the combination
therapy could induce an enhanced apoptosis in the tumour tissues
from the mice. Moreover, the nuclear protein expression of p65
and p50 was remarkably decreased with increasing p65 and p50
expression in the cytoplasm in tumour tissues of combination-
treated mice (shown in Figure 8D), consistent with the results
in vitro. The inhibition of NF-kB was further confirmed by the
decreasing expression of survivin, its target gene, in tumour tissues
of combination-treated mice. In addition, compared with CDDP-
treated mice, the expression of HO-1 was decreased in tumour
tissues of combination-treated mice (see Figure 8D and
Supplementary Figure 3). These results provide further verification
to the involvement of NF-kB and HO-1 in the synergistic tumour
growth inhibitory effect of GA and CDDP in vivo.

DISCUSSION

In this study, our results illustrated for the first time that GA is
capable of sensitising NSCLC cells to CDDP-mediated apoptosis in
a sequence-dependent manner, which is evidenced by the
activation of caspase-3, caspase-8, caspase-9, and PARP. Further-
more, GA acts synergistically with CDDP to reduce the tumour

burden in the A549 xenograft model. Importantly, we revealed the
underlying mechanisms of apoptosis induction and CDDP
sensitisation by GA, which involves the inhibition of NF-kB and
MAPK/HO-1 signalling pathways accompanied with ROS
accumulation.

Cisplatin is one of the most widely used drugs for treating
NSCLC (Rinaldi et al, 2006). It works by binding to DNA leading
to different types of DNA lesions and subsequently inducing
apoptosis (Galluzzi et al, 2012). The efficacy of CDDP in NSCLC
treatment is limited owing to resistance, either intrinsic or acquired
following CDDP chemotherapy (Koberle et al, 2010; Galluzzi et al,
2012). The mechanism of CDDP resistance has been studied in
several types of NSCLC cell lines and appears to be multifactorial,
including alteration of drug transport, enhancement of drug
detoxification system, change of DNA damage tolerance mechan-
isms, and disruption of apoptotic cell death pathways (Koberle
et al, 2010). Among them, apoptosis inhibition is considered as the
most important factor of CDDP resistance (Koberle et al, 2010;
Galluzzi et al, 2012). Gambogic acid was reported to induce
apoptosis of cancer cells through both death receptor apoptotic
pathway and mitochondrial apoptotic pathway (Li et al, 2012; Zhao
et al, 2013). Thus, it is possible that GA could sensitise CDDP in
NSCLC by promoting apoptosis. Our results showed that CDDP
and GA were observed in vitro to act synergistically to induce
apoptosis in human NSCLC cells. Western blot analyses showed
that CDDP combined with GA synergistically increased the
execution of caspase-dependent apoptosis. Importantly, we also
found that, compared with monotreatment, enhanced apoptosis
was triggered by the combination therapy in the tissues from the
drug-administered mice. The above data demonstrate that GA
might become an ideal agent for overcoming CDDP resistance.

It is becoming increasingly evident that several antiapoptotic
pathways including those regulated by NF-kB are critical in
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mediating chemotherapeutic resistance in NSCLC cells (Li et al,
2005; Baby et al, 2007; Chen et al, 2011). Nuclear factor-kB is a
transcription factor that regulates the expression of numerous
genes that are critical for survival. It is activated by diverse stimuli
that include proinflammatory cytokines, cellular stress, and growth
factors, as well as chemotherapeutic agents (Chen et al, 2011).
These stimuli can prompt the active NF-kB (p65–p50 subunits)
translocate into the nucleus where it binds with NF-kB-specific
DNA-binding sites to activate transcriptionally the expression of
several survival genes. The activation of NF-kB leads to increased
expression of the IAPs, namely X-IAP and survivin (Chen et al,

2011), and the Bcl-2 family of proteins, including Bcl-2 and Bcl-xL
(Chen et al, 2011), which counteract the action of proapoptotic
proteins including Bax. Constitutive activation of NF-kB has been
detected in NSCLC and has been implicated in imparting
resistance to CDDP (Baby et al, 2007; Chen et al, 2011).
Therefore, inhibition of NF-kB signalling may serve as a critical
target for enhancing the efficacy of CDDP in NSCLC. Recently,
GA has been identified as a potential anticancer agent that
inhibits NF-kB signalling (Pandey et al, 2007; Nie et al, 2009;
Wang et al, 2012b). Our data indicated that the sequential
treatment with GA almost completely inhibited the NF-kB
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activation induced by CDDP. Furthermore, three of the NF-kB
apoptosis-related targets, X-IAP, survivin and Bcl-2, were down-
regulated by GA and the combination between CDDP and GA.
Therefore, the inhibition of NF-kB by GA could be responsible
for the synergistic apoptosis-inducing effect of GA and CDDP in
NSCLC cells and tumour xenograft.

Heme oxygenase-1 is considered as an another critical protein
in mediating chemotherapeutic resistance in NSCLC cells (Raval
and Lee, 2010). Heme oxygenase-1 catalyses the first and rate-
limiting step in the degradation of heme to biliverdin, carbon
monoxide (CO), and ferrous iron. Biliverdin is further converted to
bilirubin by biliverdin reductase. Biliverdin and bilirubin are the

most potent endogenous ROS scavengers (Abraham et al, 2007).
By reducing ROS production, HO-1 plays critical roles in
antioxidant defence and antiapoptotic (Raval and Lee, 2010).
Recent study demonstrates that HO-1 protein is upregulated in
NSCLC and its overexpression contributes to resistance to CDDP
(Kim et al, 2008; Degese et al, 2012; Jeon et al, 2012). Our results
indicate that treatment with CDDP alone led to the increase of
HO-1 in vitro and in vivo, whereas the combination of CDDP and
GA resulted in the reduction of HO-1. Consistent with the
downregulation of HO-1 expression in NSCLC cells, the
combination of CDDP and GA also resulted in the accumulation
of ROS that is responsible for enhancing CDDP/GA-induced
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apoptosis. These data suggest that GA sensitises CDDP to NSCLC
cells through inhibiting CDDP-induced HO-1 upregulation and
then afterwards prompting the accumulation of ROS.

Mitogen-activated protein kinase, including ERK, p38, and
JNK, are components of signalling cascades that respond to
extracellular stimuli by targeting transcription factors, resulting
in the regulation of gene expression. It is well known that many
oxidative and chemical stressors could lead to the activation of
MAPK signalling pathways and subsequent activation of the Nrf2
transcriptional factor that binds to the antioxidant response
element in the HO-1 promoter (Gong and Cederbaum, 2004;
Kocanova et al, 2007), causing an increase in its transcription.
In our experiment, we demonstrated that treatment with CDDP
alone resulted in an increase in the phosphorylation of MAPK
proteins, which also modulate the Nrf2-HO-1 pathway, whereas
sequential combination with CDDP and GA led to a decreased
expression of HO-1 and increased generation of ROS simulta-
neously. These results demonstrated that GA might inhibit
CDDP-induced upregulation of HO-1 through MAPK/ERK and
MAPK/JNK pathways. In addition, Liu et al (2004) reported that
the elevated HO-1 was associated with increased activity of the
nuclear NF-kB and the inhibition of NF-kB led to the block of its
induction. In the present study, we demonstrated that the
expression of HO-1 was associated with the alteration in the
NF-kB activity in NSCLC cells, suggesting that NF-kB signalling
pathway is also involved in the regulation of HO-1 by the
combination of CDDP and GA.

The identification of optimal dosing regimens and schedules is
necessary for evaluating cancer therapeutics in clinical study,

especially when therapies are combined (Hirai et al, 2010).
Preclinical results are valuable to guide the design of clinical study
protocols. In this study, the sequential treatment with CDDP
followed by GA caused a synergistic cell growth inhibition. On the
other hand, the reverse sequence and the simultaneous drug
treatment resulted in antagonistic or additive efficacy. One possible
reason for this could be that only the treatment with CDDP
followed by GA caused an obviously inhibition of NF-kB
and subsequently induction of apoptosis, but not in GA followed
by CDDP sequence treatment or simultaneous treatment
(Figure 6B).

In summary, we verified for the first time that GA sensitises
NSCLC cells to CDDP in vitro and in vivo. More importantly,
our findings revealed that GA could inhibit the activation of NF-kB
and MAPK/HO-1 pathways induced by CDDP, and subsequently
enhance ROS generation, thus potentiating the execution of
apoptosis triggered by CDDP. Taken together, these data suggest
that the combination of CDDP and GA is an attractive novel
potential therapy for the treatment of NSCLC. Further studies
are warranted to demonstrate the efficacy of the CDDP–GA
combination in the clinical setting.
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