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Gambogic acid induces autophagy @
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to suppress pancreatic cancer by increasing

the accumulation of reactive oxygen species
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Abstract

Background: Gambogic acid is a natural component isolated from gamboge that possesses anticancer properties.
Our previous study suggested that gambogic acid might be involved in autophagy; however, its role in pancreatic
cancer remained unclear.

Methods: Cell viability and apoptosis of pancreatic cancer cell lines were determined using (4,5-dimethylthiazol-
2-yl)-3,5-diphenylformazan and flow cytometry. The effects of gambogic acid on autophagy was assessed by western
blot, acridine orange staining, transmission electron microscopy, and measurement of autophagic flux through RFP-
GFP-LC3 lentiviral transfection. The mitochondrial membrane potential was assessed by JC-1 staining. The produc-
tion of reactive oxygen species was measured using CM-H2DCFDA staining. A xenograft tumor model of pancreatic
cancer was created to determine the efficacy of gambogic acid and chloroquine.

Results: Gambogic acid induced the expression of LC3-Il and Beclin-1 proteins in pancreatic cancer cells, whereas
the expression of P62 showed a decline. Gambogic acid also increased the formation of both acidic vesicular orga-
nelles and autophagosomes, and increased autophagic flux. These findings indicated that gambogic acid induced
the autophagic process. Furthermore, inhibition of autophagy by chloroquine or 3-methyladenine, or knockdown of
Atg-7 all enhanced the cytotoxicity of gambogic acid, suggesting that gambogic acid-induced autophagy improves
the survival of pancreatic cancer cells. Moreover, gambogic acid reduced the mitochondrial membrane potential and
promoted ROS production, which contributed to the activation of autophagy. The inhibition of autophagy by chloro-
quine further reduced the mitochondrial membrane potential and increased the accumulation of ROS. This indicated
that the inhibition of autophagy could mitigate the cellular protective effects induced by gambogic acid. The treat-
ment combination of gambogic acid and chloroquine synergistically inhibited tumor growth in the xenograft tumor
model.

Conclusions: These results demonstrate that gambogic acid induces cytoprotective autophagy in pancreatic cancer
cells. The inhibition of autophagy promotes the cytotoxicity of gambogic acid by increasing the accumulation of ROS
in pancreatic cancer cells. Combining chloroquine and gambogic acid may be a promising treatment for pancreatic
cancer.
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Background

Pancreatic cancer is one of the most malignant tumors,
and the fourth leading cause of cancer-related deaths
worldwide. Although early diagnosis and treatment with
surgery and chemotherapy improve the prognosis of pan-
creatic cancer, the 5-year survival rate is less than 5% [1].
Moreover, Pancreatic cancer is often resistant to chemo-
therapy and radiotherapy [2, 3]. Therefore, exploration of
a novel systemic treatment is urgently needed.

Macroautophagy (hereafter referred to as autophagy) is
a highly conserved cellular process, which entails the cap-
ture and digestion of proteins and organelles to provide
energy and eliminate damaged organelles. Autophagy
assists in overcoming metabolic stress and maintaining
cellular homeostasis [4, 5]. It has been observed in a vari-
ety of cancers, and its functions differ depending on the
type of cancer [6-8]. Previous studies have reported that
autophagy is not only protumorigenic, but also tumor
suppressive during the progression of pancreatic cancer
[9-11]. However, an increasing number of studies show
that autophagy plays a cytoprotective role in pancreatic
cancer. Recent studies have demonstrated that the inhi-
bition of autophagy can promote the sensitivity of pan-
creatic cancer cells to chemotherapy [12-15]. Thus, the
combination of an autophagy inhibitor with chemother-
apy may be a promising strategy to improve survival in
patients with pancreatic cancer.

Gambogic acid (GA) is one of the main components
isolated from gamboge that reportedly possesses proap-
optotic activity in various types of cancer [16]. It induces
apoptosis both directly by activating the caspase path-
way, and indirectly by inducing stress in pancreatic can-
cer cells [17, 18]. It also induces autophagy in various
cancers. However, whether GA induces autophagy in
pancreatic cancer is unknown [17, 19]. In this study, our
results demonstrated that GA induces the autophagic
process in pancreatic cancer, and this confers cytoprotec-
tion and promotes the survival of pancreatic cancer cells.
Furthermore, inhibition of autophagy with chloroquine
(CQ) effectively promotes the cytotoxicity of GA against
pancreatic cancer cells in vitro and in vivo.

Materials and methods

Reagents and cell lines

Gambogic acid (98% purity), CQ, acridine orange,
and (4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan
(MTT), were purchased from Yuanye biotech (China).
Both 3-methyladenine (3-MA) and bafilomycin Al (Baf-
Al) were purchased from Selleck Chemicals (USA).
An Annexin V/PI apoptosis kit was purchased from
Vazyme (China). Primary antibodies against cleaved-
PARP, cleaved caspase-3, cleaved caspase-9, bcl-2,
mTOR, and phospho-mTOR were purchased from CST

Page 2 of 15

(Cell Signaling Technology, USA). Beclin-1, P62, and
LC-3 were purchased form ProteinTech (USA). An IHC
(immunohistochemical) detection kit was purchased
from CWBio (China). Human pancreatic cancer cell
lines PANC-1 and BxPC-3 were purchased from the Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). The BxPC-3 cells were cultured in
Roswell Park Memorial Institute medium (RMPI 1640)
supplemented with 10% FBS (fetal bovine serum), and
PANC-1 cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS.
All cell lines were maintained in an incubator at 37 °C
with 5% CO,,.

Western blotting

Cells (1 x 106) were seeded in 60 mm?® dishes and cul-
tured overnight. After being treated different reagents
according to this study, total protein was extracted. Total
protein was then extracted with radioimmunoprecipita-
tion assay (RIPA) buffer (Beyotime Biotechnology, China)
containing 1% phenylmethylsulfonyl fluoride (PMSEF)
(Beyotime Biotechnology China). Protein concentration
was detected, and similar quantities of protein were used
for western blot analysis. Total protein was separated by
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) (10-15%), and electrically transferred
onto polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked with 5% defatted milk for 1 h
at room temperature, incubated with the relevant pri-
mary antibody overnight at 4 °C, and then washed three
times with 0.1% TBST [Tris-buffered saline (TBS) and
Tween 20], for 7 min each time. Membranes were incu-
bated with second antibody for another 1 h at room
temperature. The washing process was repeated and the
immunoreactive bands were detected using an enhanced
chemiluminescence (ECL) reagent (Thermo Fisher Scien-
tific, USA).

Acridine orange staining

The formation of acidic vesicular organelles (AVOs)
within cells provided basic evidence of autophagy. In
addition, AVOs were detected by acridine orange stain-
ing. Following treatment, PANC-1 and BxPC-3 cells were
stained with 1 pg/mL of acridine orange for 20 min at
37 °C, and cells were then washed with phosphate-buff-
ered saline (PBS) twice. The AVOs were detected using
a fluorescence microscope (Olympus 1X70), and the cells
with red fluorescence were counted in six random fields.

Measurement of autophagic flux

The PANC-1 cells (2 x 10%) were seeded into 12-well
plates and incubated overnight. The cells were then
transfected with RFP-GFP-LC3 lentivirus (Gene Pharma,
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China) using polybrene. After incubation for 2 days,
cells were observed under a fluorescence microscope.
Cells were then augmented and cryopreserved for fur-
ther study. The PANC-1 cells transfected with RFP-GFP-
LC3 were seeded on glass coverslips. The fluorescence of
cells was subsequently detected using an Olympus IX70
microscope, and the average numbers of autophago-
somes (yellow dots) and autolysosomes (red dots) within
cells were counted.

Transmission electron microscopy

After being treated with GA, PANC-1 cells were fixed
with 2.5% glutaraldehyde containing 0.1 M sodium caco-
dylate, and subsequently fixed in 1% phosphate-buffered
osmium tetroxide, and stained with 3% aqueous uranyl
acetate. Samples were then dehydrated through a graded
series of ethanol and subsequently embedded. After
being sectioned, samples were stained with lead citrate,
and examined under a Philips EM420 transmission elec-
tron microscope.

MTT assay and combination index

Cell viability was detected using the MTT assay. Cells
(8 x103) were seeded into 96-well culture plates for
incubation overnight. The culture medium was then dis-
carded, and 100 pL of the culture medium containing
20% MTT solution was added into the wells for incu-
bation over 4 h at 37 °C. The MTT solution was then
aspirated, and 150 pL dimethyl sulfoxide (DMSO) solu-
tion was added into the wells, which were then incu-
bated at 37 °C for 15 min. The sample was then shaken,
after which the absorbance was measured at 490 nm
using a microplate reader. For combined treatment with
two drugs, cells were first exposed to CQ for 24 h, then
treated with GA for another 24 h after washout of CQ.
The combination index (CI) was calculated according
to the method of Chou and Talalay, using the Calcusyn
software (Biosoft, UK). If the CI1<0.90, this indicated syn-
ergism; a CI between 0.90 and 1.10 indicated an additive
effect; and a CI>1.10 indicated antagonism.

Apoptosis assay

The PANC-1 and BxPC-3 cells were seeded into 60 cm?
dishes. After the cells reached 70-80% confluence, they
were treated with either GA or CQ for 24 h. For the com-
bined treatment, cells were cultured with CQ for 24 h,
and subsequently incubated with GA for another 24 h.
The cells were then digested with trypsin and collected.
Annexin V and PI solutions were used to dye the cells
for 10 min in the dark, and a flow cytometer (Beckman,
Navios 2L 8C, USA) was used to detect the apoptotic
cells. Data were analyzed by the FlowJo V10 software.
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Xenograft tumor model

All animal experiments were approved by the Ethi-
cal Review Committee of The Six Affiliated Hospital of
Shanghai Jiaotong University. The 6—8 weeks old, BALB/c
female nude mice were purchased from Shanghai Si Lai
Ke Laboratory Animal Co. Ltd, China. Xenograft tumor
models were created by subcutaneously injecting 5 x 10°
BxPC-3 cells into the right flank of the mice. After tumors
grew to 40 mm?, mice were randomly divided into four
groups (n=>5) as follows: the control group (treated
with saline); GA group (8 mg/kg, once every 3 days);
CQ group (100 mg/kg, once every 3 days); and the com-
bination group (first day treatment with 100 mg/kg CQ,
second day treatment with 8 mg/kg GA, with an inter-
val of 3 days between each treatment). Tumor size was
measured and tumor volume was calculated using the
formula: volume=0.5 x (length x width?). After 27 days,
mice were euthanized and xenograft tumors were col-
lected and weighed.

Immunohistochemical (IHC) analysis

Paraffin-embedded xenograft tissues were cut into
4 pm-thick slices. Tumor sections were deparaffinized,
rehydrated, and antigen-retrieved with citric acid. The
sections were then blocked with goat serum for 1 h at
room temperature, and incubated with primary antibod-
ies overnight at 4 °C. Tissue sections were then further
incubated with horseradish peroxidase (HRP)-conju-
gated second antibody for 30 min at 37 °C. After routine
washing, slices were counterstained with hematoxylin.
The antigen was detected using diaminobenzidine (DAB)
solution.

The IHC results were observed under a microscope,
and IHC evaluation of Ki-67 and terminal deoxynucle-
otidyl transferase dUTP nick end labeling (TUNEL) was
based on the percentage of positive cells. The score of
staining intensity ranged from O to 3 points (0, absent;
1, weak; 2, moderate; and 3, intense). The score of stain-
ing proportion ranged from 1 to 3 points (1,<10%; 2,
10-49%; 3,>50% of positive cells), and the IHC score
was calculated by multiplying the two scores. Cells in five
random fields under 400x magnification were counted.
Quantification of IHC was performed according to the
methods of previous studies [20, 21].

Measurement of ROS

After designated treatment, the PANC-1 and BxPC-3
cells were collected, washed with PBS three times, and
counted on a hemocytometer. Cells were resuspended
in 1 mL serum-free medium, and stained with 0.1 mM
dichlorodihydrofluorescein diacetate (DCFH-DA) (Bey-
otime Biotechnology, China) for 30 min at 37 °C. The
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cells were then washed three times with serum-free
medium, and fluorescence was examined using a fluores-
cence microplate (excitation wavelength: 488 nm; emis-
sion wavelength: 525 nm). The level of fluorescence was
used to indicate ROS levels, and data were displayed
using the fold change in fluorescence.

The PANC-1 and BxPC-3 cells were then seeded into
6-well plates. Cells were washed with PBS, and incubated
with serum-free medium containing 0.1 mM DCFH-DA
for 30 min at 37 °C. They were then washed with serum-
free medium three times, and fluorescence was detected
and captured using a fluorescence microscope.

Measurement of MMP (mitochondrial membrane potential)
The mitochondrial membrane potential of pancreatic
cancer cells was detected by the JC-1 assay. The PANC-1
and BxPC-3 cells were seeded into 6-well plates. After
being treated, cells were collected and resuspended in the
culture medium. Cells were then stained with the JC-1
working solution (Beyotime Biotechnology, China) for
20 min at 37 °C, and reverse-blended twice during stain-
ing. After staining, cells were washed three times with
JC-1 buffer solution, and centrifuged at 600 rcf (relative
centrifugal force) for 5 min. The mitochondrial mem-
brane potential was then examined using flow cytometry
(excitation wavelength: 490 nm; emission wavelength:
530 nm), and the data were analyzed by the Kaluza for
Gallios software (USA).

Statistical analysis

All statistical analyses were performed using the SPSS
18.0 software. Data were presented as mean=SD.
The Student’s t-test was used to calculate the P-value.
Two-sided P-values<0.05 were considered statistically
significant.

Results

GA induces the autophagic process in pancreatic cancer
cells

Autophagy reportedly plays a divergent role in pancre-
atic cancer, and is associated with apoptosis [10]. Our
previous study reported that GA induces the apoptosis
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of pancreatic cancer cells [18]. To investigate whether
GA induces autophagy, we analyzed the conversion of
LC3-I to LC3-II by immunoblot, which confirmed the
occurrence of autophagy. The results revealed that GA
increased the ratios of LC3-II to LC3-I in a dose- and
time-dependent manner. Our findings also showed that
GA increases the clearance of P62, which is another
feature of autophagy (Fig. la). Transmission electron
microscopy revealed that GA increased the num-
ber of autophagic vacuoles in PANC-1 cells (Fig. 1b).
As the formation of AVOs is an established feature of
autophagic cells, we performed acridine staining to
detect this phenomenon in PANC-1 and BxPC-3 cells
treated with GA (Fig. 1c). The results showed that GA
evidently increased the formation of AVOs, and this
action was inhibited when the cells were co-treated
with the autophagy inhibitor Baf-Al (bafilomycin-
Al), indicating that GA promoted the accumulation of
autophagosomes.

Fusion with lysosomes contributes to the matura-
tion of autophagosomes, and the inhibition of this pro-
cess impairs autophagic degradation [4]. To investigate
whether GA promotes autophagy by impairment of
autophagosome maturation, we detected autophagic flux
in PANC-1 cells with tandem-labeled GFP-mRFP-LC3.
The RFP fluorescence was detected in autophagosomes
and autolysosomes, whereas GFP fluorescence was
quenched in autolysosomes owing to their acidic environ-
ment. Therefore, when autophagic flux exists within cells,
the fusion of lysosome and autophagosome would cause a
reduction in yellow fluorescence and increase in red fluo-
rescence. As shown in Fig. 1d, GA significantly increased
RFP fluorescence and reduced the yellow fluorescence,
and RFP fluorescence was reduced when PANC-1 cells
were co-treated with both the autophagy inhibitor 3-MA
and GA. We also found that the lysosomal inhibitor and
autophagy inhibitor, CQ, could increase the accumula-
tion of LC3-II in PANC-1 and BxPC-3 cells when used as
a co-treatment with GA. In addition, GA-induced LC3-1I
accumulation could be impaired by 3-MA (Fig. 1e). These
results demonstrate that GA induces autophagy in pan-
creatic cancer cells.

(See figure on next page.)

Fig. 1 Gambogic acid (GA) induces autophagy in pancreatic cancer cells. a PANC-1 and BxPC-3 cells were treated with the indicated concentrations
of GA for 24 h, or with 1 uM GA for the indicated times. The expression of LC3 and P62 proteins was analyzed by western blot. b PANC-1 cells

were treated with 1 uM GA for 24 h, and transmission electron microscopy was used to visualize autophagic vacuoles. ¢ PANC-1 and BxPC-3 cells
were treated with 1 uM GA in either the absence or presence of bafilomycin A1 (Baf-A1) (100 nM) for 24 h. Acidic vesicular organelles (AVOs) were
detected with acridine staining, and the number of cells with AVOs was quantified. Scale bars indicate 200 um. d Stable GFP-mRFP-LC3 transfected
PANC-1 cells were treated with T uM GA in the absence or presence of 3-methyladenine (3-MA) (10 mM) for 24 h, and cells were observed under a
fluorescence microscope. The number of autophagosomes (yellow dots) and autolysosomes (red dots) within each cell were counted; n =50 cells/
sample. @ PANC-1 and BxPC-3 cells were treated with 1 uM GA in the absence or presence of 3-MA (10 mM), or chloroguine (CQ) (40 uM) for 24 h.
The LC3 protein was analyzed with western blot. Data are presented as mean = SD (n = 3); *** indicates P<0.001
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GA-induced autophagy is cytoprotective in pancreatic
cancer cells

To determine whether autophagy is involved in GA-
induced apoptosis in pancreatic cancer, cell viability and
apoptosis assays were performed. As shown in Fig. 2a,
PANC-1 and BxPC-3 cells were pretreated with CQ for
24 h, following which they were incubated with GA at
different concentrations for 24 h. The cell viability assay
results showed that the cytotoxicity of GA was pro-
moted by CQ. The combination index (shown in Fig. 2b)
indicated the synergistic effect between CQ and GA. In
addition, the apoptosis assay showed consistent results
(Fig. 2¢). To further study the combined effect of CQ
with GA in pancreatic cancer cells, the expression of the
apoptosis-associated proteins cleaved-PARP and cleaved
caspase-9 was examined by immunoblot (Fig. 2d). The
results showed that CQ promoted the ability of GA to
induce the expression of cleaved-PARP and cleaved cas-
pase-9, and identical results were observed in PANC-1
and BxPC-3 cells treated with 3-MA and GA. To fur-
ther ascertain whether the inhibition of autophagy could
promote the cytotoxicity of GA, we inhibited autophagy
using Si-RNA to knockdown mRNA levels of ATG-7,
which is the key gene promoting the autophagic process.
The results of the cell viability assay and immunoblot
showed that knockdown of ATG-7 played a similar role
with CQ (Fig. 3a, b). Overall, these findings indicate that
the inhibition of autophagy could enhance the pro-apop-
totic effect of GA in pancreatic cancer cells, and suggests
that GA-induced autophagy plays a cytoprotective role.

GA induces autophagy by inhibiting the mammalian target
of rapamycin (mTOR) pathway

Autophagy can be induced when the AKT/mTOR path-
way is inhibited. Our previous study demonstrated that
GA inhibited the phosphorylation of AKT in pancreatic
cancer cells. Thus, we performed immunoblot analy-
sis to investigate whether GA inhibits the phosphoryla-
tion of mTOR. The results showed that GA reduces the
expression of p-mTOR (Fig. 4a, b) in a time- and dose-
dependent manner. Evidence has shown that inhibition
of the mTOR pathway activates the autophagic promoter
Beclin-1, and Bcl-2 can deactivate Beclin-1 [16, 18].
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Here, we found that GA reduced the expression of Bcl-2
and increased the expression of Beclin-1 in a dose- and
time-dependent manner (Fig. 4a, b). These findings sug-
gest that GA could promote autophagy by inhibiting the
mTOR pathway.

GA promotes the generation of ROS through mitochondrial
damage and induces autophagy in pancreatic cancer cells
Reactive oxygen species (ROS) regulate autophagy and
apoptosis, and previous research has reported that
GA induces ROS generation in colon and prostate can-
cer [17, 22]. To determine whether ROS are involved in
GA-induced autophagy in pancreatic cancer cells, we
detected intracellular ROS production in PANC-1 and
BxPC-3 cells treated with GA. As shown in Fig. 5a, b, GA
promoted the accumulation of ROS in a dose- and time-
dependent manner in BxPC-3 and PANC-1 cells. The
ROS were mostly produced by the mitochondria, and
mitochondrial damage accounted for ROS accumulation
in normal and tumor cells [23]. We examined the mito-
chondrial damage in PANC-1 and BxPC-3 cells treated
with GA by detecting the change in mitochondrial mem-
brane potential. The results showed that GA significantly
reduced the mitochondrial membrane potential, suggest-
ing that GA could promote ROS production by induc-
ing mitochondrial damage (Fig. 5¢). To further evaluate
whether ROS is a critical factor in the autophagic process,
we used a ROS scavenger and mitochondrial enhancer,
N-acetylcysteine (NAC), to suppress ROS generation.
The results showed that NAC reduced the expression of
LC3-II and formation of AVOs induced by GA (Fig. 5d,
e). Furthermore, NAC attenuated GA-induced apopto-
sis and the expression of cleaved-PARP and cleaved cas-
pase-9 (Fig. 5e, f). These findings suggest that GA could
induce autophagy and apoptosis by promoting the accu-
mulation of ROS in pancreatic cancer cells.

Inhibition of autophagy enhances ROS production

in pancreatic cancer cells treated with GA

Mitochondrial damage produces large amounts of ROS,
which induce autophagy in healthy cells and remove
damaged mitochondria and peroxides to protect-them-
selves [24], Thus, the inhibition of autophagy causes

(See figure on next page.)

Fig. 2 Inhibition of autophagy sensitizes pancreatic cancer cells to gambogic acid (GA). a PANC-1 and BxPC-3 cells were pretreated with the
indicated concentrations of chloroquine (CQ) for 24 h, and then treated with the indicated concentrations of GA for another 24 h. Cell viability
was detected with the MTT assay. b The combination index (Cl) for PANC-1 and BxPC-3 cells was calculated using the Chou-Talalay method
and CalcuSyn software. “Fa" refers to the inhibitory rate. Cl < 0.90 indicates synergism; a Cl between 0.90 and 1.10 indicates an additive effect;

CI>1.10 indicates antagonism. ¢ PANC-1 and BxPC-3 cells were pretreated with CQ (40 uM) for 24 h, and then treated with GA (1 uM) for another
24 h. Apoptosis was detected using the Annexin V/PI double stain, and flow cytometry was performed. d PANC-1 and BxPC-3 cells were treated
with 2 uM GA in the absence or presence of 3-methyladenine (3-MA) (10 mM), or CQ (40 uM) for 24 h. The expression of cleaved caspase-9 and
cleaved-PARP protein was analyzed with western blot. Data are presented as mean 4 SD (n=3); *** indicates P < 0.001
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Fig. 3 Inhibition of autophagy with knockdown of Atg-7 Si-RNA enhanced gambogic acid (GA) cytotoxicity in cells. PANC-1 and BxPC-3 cells were
transiently transfected with Si-Atg-7, cultured for 48 h, and then treated with GA for another 24 h. Cell viability was detected by the MTT assay (a). b
The expression of Atg-7, LC-3, cleaved-PARP, cleaved caspase-3, and cleaved caspase-9 proteins was analyzed by western blot. Data are presented as

the accumulation of ROS under the conditions of mito-
chondrial damage. The aforementioned results dem-
onstrate that GA induces cell protective autophagy in
pancreatic cancer cells, and the inhibition of autophagy
relieved its protective function. To further demon-
strate whether the inhibition of autophagy causes
ROS accumulation under GA treatment, we detected
the mitochondrial membrane potential and ROS lev-
els in pancreatic cancer cells. As shown in Fig. 6a, GA
significantly reduced the mitochondrial membrane
potential in PANC-1 and BxPC-3 cells, which was fur-
ther reduced under CQ treatment. However, the pres-
ence of NAC ameliorated these effects. The ROS levels
were evidently higher in the combination treatment
group, and NAC significantly reduced ROS produc-
tion (Fig. 6b, c). These results suggest that the blocking
of autophagy could impair the clearance of damaged

mitochondria from pancreatic cancer cells, contribute
to the excessive accumulation of ROS, and eventually
lead to apoptosis. Consistently, as shown in Fig. 4d, the
expression of the apoptosis-related proteins, cleaved-
PARP, cleaved caspase-3, and cleaved caspase-9 was
significantly elevated when cells were co-treated with
CQ and GA. In contrast, when the ROS were eliminated
by NAC, the expression of the aforementioned proteins
was reduced, and cell viability showed a similar trend.
As the activation of autophagy could eliminate dam-
aged mitochondria and reduce ROS production, we
investigated whether the pre-activation of autophagy
with rapamycin in pancreatic cancer cells would reduce
GA-induced ROS production. We found that the activa-
tion of autophagy prior to treatment with GA reduced
ROS levels (Additional file 1). Furthermore, this activa-
tion reduced the cytotoxicity of GA (Additional file 2).
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Fig. 4 Gambogic acid (GA) inhibited p-mTOR and Bcl-2 expression, and increased Beclin-1 expression in cells. a PANC-1 and BxPC-3 cells were
either treated with the indicated concentrations of GA for 24 h, or 1 uM GA for the indicated times. b The protein expression of p-mTOR, mTOR,
Bcl-2, and Beclin-1 was analyzed by western blot

GA and CQ act synergistically against pancreatic cancer

in vivo

To further validate the efficacy of combined treat-
ment with CQ and GA against pancreatic cancer cells
in vivo, BxPC-3 cells were used to create a xenograft
tumor model in nude mice. Tumor-bearing mice were
randomly divided into four groups, which were respec-
tively treated with saline, CQ, GA, and CQ+ GA. The
treatment duration in all groups was 27 days. Xeno-
graft tumors in the four groups are shown in Fig. 7a.
As depicted in Fig. 7b, CQ treatment had little effect
on tumor growth in comparison to the control. As
expected, treatment with GA or GA combined with CQ
significantly inhibited tumor growth, and the combined

treatment had superior efficacy to the GA treatment
alone. Tumor weight was also measured in the four
groups, and the results were consistent with those of
tumor volume (Fig. 7c). Further IHC experiments were
performed to explore the expression of Ki-67 and LC3-
II in xenograft tumor tissues, and the TUNEL assay was
used to detect apoptosis. As shown in Fig. 7d, Ki-67
staining confirmed a significant reduction in prolifera-
tion in the GA and combined treatment groups, with
the latter group showing less proliferation than the
former. In contrast, the results of the TUNEL assay
showed that the combination group showed the high-
est levels of apoptosis in comparison to other groups.
The CQ, GA, and combined treatments all increased
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LC3-1I staining, which was consistent with the results inhibitor, CQ, in pancreatic cancer. The combination of
observed in vitro. These findings all corroborated the = GA and CQ could be a potential treatment regimen for
in vitro results and demonstrated the synergistic anti- patients with pancreatic cancer.

tumor effects of combining GA with the autophagy
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Discussion
In the present study, we found that GA induced
autophagy and apoptosis in pancreatic cancer cells.
Furthermore, GA-induced autophagy was able to pro-
tect pancreatic cancer cells from apoptosis, which was
associated with ROS scavenging and mitochondrial
damage. Moreover, the inhibition of autophagy with
CQ eliminated the autophagy-induced cell survival
effect and increased the cytotoxicity of GA in vitro and
in vivo.

Autophagy is a very common phenomenon and a
highly conserved cellular process that plays an impor-
tant role in maintaining homeostasis in cells. It plays

ambiguous roles in various cancers and the mecha-
nisms remain unknown [5, 25, 26]. High expression of
the autophagy-associated genes, LC3 and Beclin-1, are
reportedly associated with a poor prognosis in various
cancer patients [27-29]. However, studies also dem-
onstrate that autophagy induces cell death and acts
as a tumor suppressor [30, 31]. In pancreatic cancer,
increasing evidence suggests that autophagy plays a
cytoprotective role under conditions of cellular stress
and chemotherapy [32-34]. The cytoprotective roles
of autophagy confer chemotherapeutic resistance.
Various types of chemotherapeutics could reportedly
induce autophagy in pancreatic cancer and lead to
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chemoresistance [14, 35]. We found that the inhibition
of autophagy in pancreatic cancer cells augmented the
cytotoxicity of GA in vitro and in vivo. Moreover, we
also found that the activation of autophagy with rapa-
mycin at low concentrations could promote pancreatic
cancer cell survival under GA treatment. These findings
indicate that GA-induced autophagy is a cytoprotective
autophagy. Degenhardt et als study demonstrated that
autophagy promoted tumor cell survival by preventing
apoptosis and death [36]. Marchand et al. found that
autophagy induced by the inhibition of GSK3 promotes
pancreatic cancer cell survival [32].

The mechanism by which autophagy is induced has
been widely reported, and inhibition of the AKT/mTOR,
ROS/AMPK, and Bcl-2/Beclin-1 signaling pathways are
known to induce autophagy in cancer cells [24, 37, 38].
Our previous study showed that GA inhibits the phos-
phorylation of AKT in pancreatic cancer cells [18]. Accu-
mulated evidence demonstrates that inhibition of AKT/
mTOR signaling pathway activates Beclin-1 which is
the key regulator of autophagy [4, 39]. In this study, we
found that GA inhibited the phosphorylation of mTOR
in a dose and time dependent manner, and the expres-
sion of beclin-1 also increased, suggesting that GA could
activate beclin-1 through inhibiting AKT/mTOR signal-
ing pathway. AKT/mTOR signaling pathway also plays
an important role in cell growth, studies have confirmed
that inhibition of it induced cell apoptosis [40], which
indicated that GA-induced cell apoptosis also was partly
contributed to the inhibition of AKT/mTOR signaling
pathway. Meanwhile, GA downregulated the expression
of P62, and promoted the autophagic flux and the gen-
eration of AVOs in pancreatic cancer cells, which all sug-
gested that autophagy was induced by GA.

As a regulator of PCD (programmed cell death), Bcl-2
is also an important factor in the regulation of autophagy.
It inhibits autophagy by binding to and impeding Bec-
lin-1, which plays a central role in promoting autophagy
[41]. Our study revealed that GA suppresses the expres-
sion of Bcl-2, and increases the expression of Beclin-1 to
activate autophagy. Moreover, Bcl-2 is known as a tumor
suppressor, which inhibits apoptosis and promotes cell
survival. Thus, the inhibition of Bcl-2 could also explain
why GA is able to induce apoptosis [42]. An alternative
way to induce autophagy is via ROS, which could activate
AMPK and lead to the inhibition of the mTOR signaling
pathway. The ROS can also transcriptionally augment
the expression of P62 through KEAP1/NRF2 activation
[31, 33]. Our results showed that ROS levels were sig-
nificantly elevated in pancreatic cancer cells under GA
treatment. Furthermore, we demonstrated that ROS was
required for GA-induced autophagy.
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The ROS are chemically reactive species that can be
produced by mitochondria during the process of oxi-
dative phosphorylation in cells. They can induce both
apoptosis and autophagy [43]. Studies have demon-
strated that oxidative stress produces ROS by damaging
the mitochondria. Conversely, ROS-induced autophagy
can scavenge the damaged mitochondria and sustain
cellular homeostasis. Moreover, the accumulation of
ROS can occur if the stimulation of stress is sustained,
and can eventually lead to apoptosis and death [44—46].
Therefore, one possible method by which the accumula-
tion of ROS can be induced in cancer therapy is through
the inhibition of autophagy. However, the inhibition
of autophagy alone as a therapeutic strategy for cancer
would not necessarily have favorable therapeutic effects
[20]. Our results showed that the inhibition of autophagy
with CQ in pancreatic cancer cells had inferior antitu-
mor effects in vitro and in vivo. We also found that the
ROS levels in pancreatic cancer cells treated with CQ
showed only a limited increase, whereas the mitochon-
drial membrane potentials remained almost the same as
those of untreated pancreatic cancer cells. These find-
ings suggest that the inhibition of autophagy alone may
not sufficiently increase ROS levels to induce apopto-
sis. In contrast, when we co-treated pancreatic cancer
cells with CQ and GA, the ROS levels were significantly
increased and mitochondrial membrane potentials were
significantly reduced. Moreover, when we co-treated
pancreatic cancer cells with rapamycin and GA, the
GA-induced ROS production and apoptosis were both
reduced. These findings indicate that the activation of
autophagy could reduce ROS production by scavenging
the damaged mitochondria, which effectively protects
the cells from apoptosis. Furthermore, the inhibition of
autophagy could also inhibit ROS scavenging and thereby
lead to ROS accumulation, and eventually apoptosis. Pre-
vious reports have also shown that cellular senescence,
apoptosis, and autophagy are interconnected. The study
of Squillaro et al. demonstrated that impaired autophagy
could promote senescence and apoptosis in mesenchy-
mal stem cells (MSCs) [47]. Like autophagy, senescence
has defined roles in tumor suppression and tumor pro-
motion. However, the regulation of interactions between
the two processes still requires further research [48].
The present study showed that GA could simultaneously
induce autophagy and apoptosis in pancreatic cancer
cells, suggesting that GA-induced autophagy might share
a relationship with senescence. However, this association
requires further elucidation.

Cell protective autophagy is reportedly induced by
antitumor agents, and this can lead to the development
of resistance to cancer therapy [49-51]. Therefore, the
inhibition of protective autophagy may enhance drug
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resistance. Our previous study demonstrated that GA
induced apoptosis by directly activating the caspase
pathway [18]. Intracellular accumulation of ROS can
also induce apoptosis by activating the caspase pathway
[24, 52]. The results of the present study showed that GA
induced the expression of apoptosis-associated proteins
by increasing ROS levels, and NAC was able to inhibit
GA-induced apoptosis. These findings suggest that GA
could directly and indirectly activate the caspase path-
way. Our data also showed that GA induced protective
autophagy, which limited its cytotoxicity. Furthermore,
the inhibition of autophagy increased the GA-induced
ROS production and led to apoptosis, thereby alleviat-
ing GA-induced cytoprotective autophagy and mitigating
GA-resistance. Most remarkably, the combined treat-
ment of CQ and GA showed the greatest antitumor effect
in vivo. The above data all indicate that the inhibition of
autophagy could effectively promote the cytotoxicity of
GA in pancreatic cancer.

Conclusions

Collectively, our findings demonstrate that GA induces
cytoprotective autophagy in pancreatic cancer cells,
and the inhibition of autophagy augments the cytotoxic
effects of GA against pancreatic cancer. These results
provide a potential and promising combination treat-
ment of GA and CQ for pancreatic cancer. However, the
combined therapeutic approach needs to be validated by
follow-up clinical studies.

Additional files

Additional file 1. Rapamycin reduced GA-induced reactive oxygen
species (ROS) production in pancreatic cancer cells. PANC-1 and BxPC-3
cells were pretreated with 200 nM rapamycin for 24 h, and then treated
with 1 uM GA for another 24 h. The generation of reactive oxygen spe-
cies (ROS) was detected by CM-H2DCFDA staining and observed under
a fluorescence microscopes (100x). ROS production was detected by
CM-H2DCFDA staining and ROS levels were measured using a fluores-
cence microplate. Data are presented as mean = SD (n = 3); ** indicates
P<0.01, *** indicates P<0.001.

Additional file 2. Rapamycin reduced the cytotoxicity of GA in pancreatic
cancer cells. PANC-1 and BxPC-3 cells were pretreated with either 200 nM
or 500 nM rapamycin for 24 h, and then treated with 1 uM GA for another
24 h. Cell viability was detected by the MTT assay. Data are presented as
mean = SD (n=3); ** indicates P<0.01, *** indicates P<0.001.
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sis; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling.
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