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Effects of ginkgol C17:1 on cisplatin-induced
autophagy and apoptosis in HepG2 cells
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Abstract. Previous studies have demonstrated that ginkgol
C17:1 significantly inhibits human liver cancer cells and
enhances the anticancer activity of cisplatin in vivo and
in vitro. However, the mechanism and biological function
of ginkgol C17:1 on cells undergoing chemotherapy remain
unclear. The aim of the present study was to determine the
antitumor activity and mechanism of ginkgol C17:1 in combi-
nation with cisplatin in human hepatoblastoma HepG2 cells.
The green fluorescent protein (GFP)-light chain 3 (LC3)
adenovirus was transfected into HepG2 cells and autophagic
flux was determined using fluorescence microscopy. Western
blot analysis was also conducted to measure the expres-
sion of proteins associated with apoptosis, autophagy and
their associated signaling pathways. Compared with the
control group, autophagic flux and nucleus aberration rates
were significantly increased (P<0.05), and the expression
of proteins associated with autophagy and apoptosis were
increased in the groups treated with cisplatin or ginkgol
C17:1, respectively. However, following co-treatment with
ginkgol C17:1 and cisplatin, the autophagic flux and the
expression of autophagy proteins decreased; however, the
nucleus aberration rate and apoptosis protein expression
significantly increased (P<0.05) compared with the group
treated with cisplatin alone. Additionally, the signaling
pathways of autophagy and apoptosis were also activated
following treatment with cisplatin, alone and in combination
with ginkgol C17:1. Taken together, these results indicate
that ginkgol C17:1 inhibits cisplatin-induced autophagy via
AMP-activated protein kinase/ULK 1signaling and increases
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cisplatin-induced apoptosis in HepG2 cells via the phos-
phoinositide 3-kinase/Akt/mechanistic target of rapamycin
pathway.

Introduction

Liver cancer is a leading cause of cancer-associated mortality
and morbidity worldwide, and consists of hepatocellular carci-
noma (HCC) and hepatoblastoma (HB) (1,2). HCC and HB are
two different types of liver cancer with their own distinctive
cytological features (3). HepG2 was previously considered to
be a HCC cell line; however, in 2009, Lépez-Terrada et al (4)
identified that HepG2 is a HB-derived cell line. The misidenti-
fication of HepG2 cells remains widespread. The properties of
the HepG2 cell line significantly differ from those of HCC (5);
thus, HepG2 is not an appropriate cell line to use to investigate
HCC but can be used in liver cancer research as a HB cell
line (6). Thus, the aim of the present study was to investigate
the mechanism of HepG2 cells to develop a potential novel
method of treating HB.

Although the overall incidence of HB is rare, it is the
most common type of liver tumor diagnosed in children (7).
Complete resection of the tumor via surgery often leads to
remission in patients with liver cancer; however, the majority
of patients are unable to undergo tumor resection at diagnosis,
as certain tumors are accompanied by familial hepatoblas-
tomas or adrenocortical tumors, for which surgical resection
is not the best treatment option (8). In such situations, patients
undergo chemotherapy as a first-line treatment. Cisplatin is
commonly used as a chemotherapeutic drug to treat patients
with cancer, as it is effective against cancer cells derived
from solid tumors. It is a DNA-damaging anticancer agent
and induces apoptosis in cancer cells (9). However, long-term
chemotherapy with cisplatin may induce resistance and
reduce the sensitivity of cancer cells to apoptosis, which is a
major cause of the uncontrolled progression of various types
of cancer (10). Due to the development of chemoresistance, the
prognosis of patients with advanced-stage cancer is particu-
larly poor (11). Current therapeutic strategies of treating
intermediate and advanced liver cancer use a combination of
cisplatin and other chemotherapy agents, including paclitaxel,
gemcitabine and cyclophosphamide. However, the mecha-
nism underlying their anticancer or apoptosis-promoting
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effects remains unclear and numerous studies have indicated
that autophagy may serve a potential role in the anticancer
effect of chemotherapeutic reagents (12,13).

Autophagy is a process of cell self-destruction that occurs
in all eukaryotic cells. Damaged molecules and organelles
are absorbed by autophagosomes and subsequently degraded
by lysosomal hydrolases to recycle energy. Previous studies
have demonstrated that autophagy acts as a double-edged
sword in the initiation, development and metastasis of cancer,
depending upon the stage of autophagy (14,15). For example,
in early stages of autophagy, the initiation and development of
cancer are stimulated, while cancer cell death begins to occur
during later stages of autophagy. Autophagy serves an impor-
tant antitumor role (16) but also protects tumor cells against
stress as an adaptive response (17,18). Autophagy dysregula-
tion has been associated with numerous diseases, including
cancer (19); however, the role of autophagy in the development
of cancer chemoresistance remains unknown. The inhibition
of autophagy significantly enhances the cytocidal activity
of combinatorial treatments, indicating that the induction
of autophagy is a compensatory response to therapeutic
stress (20).

The phosphoinositide 3-kinase (PI3K)/Akt/mechanistic
target of rapamycin (mTOR) signaling pathway is a key regu-
lator of the physiological cellular processes associated with
proliferation, differentiation, autophagy, apoptosis, motility
and metabolism (21). During energy and oxygen deficiency, the
PI3K/Akt signaling pathway negatively regulates autophagy
by mediating mTOR expression. Furthermore, AMP-activated
protein kinase (AMPK), which is a serine/threonine protein
kinase, positively regulates autophagy by phosphorylating
ULKI at specific sites (22). By contrast, the combination of
ULK1 and mTOR inhibits ULK1 activity, which inhibits the
interaction between ULK1 and AMPK. Furthermore, it has
been demonstrated that AMPK phosphorylates the tuberous
sclerosis complex, thus inhibiting the mTOR pathway (23).
However, the detailed mechanisms of different anticancer
drug treatments, all of which involve an association between
autophagy and apoptosis, remain poorly understood.

Gingko is the only living species of the gymnospermae
group and may exhibit considerable medicinal benefits (24).
Ginkgo biloba extract (EGDb) is one of the most commonly
administered therapeutic agents and is primarily used to
promote blood circulation and the dilation of blood vessels.
Chen et al (25) and the results of our previous study (26),
demonstrated that EGb effectively inhibits cell division and
induces apoptosis in the hepatoma cell line SMMC-7721.
However, to the best of our knowledge, the effect of ginkgol
on cisplatin-induced autophagy in HB has not yet been
investigated. The aim of the present study was to investigate
the effect of ginkgol C17:1 combined with chemotherapy on
autophagy and apoptosis in HepG2 cells.

Materials and methods

Reagents. NH,Cl was purchased from Sinopharm Chemical
reagent Co., Ltd. (Shanghai, China). MTT (cat. no. M5655),
Hoechst 33342 (cat. no. B2261), cisplatin (cat. no. P4394)
and 3-methyladenine (3-MA; cat. no. M9281) were
purchased from Sigma-Aldrich; Merck KGaA (Darmstadt,
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Germany). Penicillin and streptomycin were purchased
from Harbin Pharmaceutical Group Co., Ltd. (Harbin,
China). The Ad-mRFP-GFP-LC3 adenovirus was obtained
from the Hanheng Biotechnology Company (Shanghai,
China). Mouse monoclonal antibody (mAb) against
[B-actin (cat. no. sc-47778) was purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Rabbit mAbs against
Beclin-1 (cat. no. 3495), microtubule-associated protein 1
light chain 3 (LC3) I/II (cat. no. 12741), mTOR (cat. no. 2983),
phosphorylated (p)-mTOR (Ser2448; cat. no. 5536), p-ULK1
(Ser555; cat. no. 5869), PI3K (cat. no. 4249), p-PI3K (Tyr458;
cat. no. 4228), B-cell lymphoma 2 (Bcl-2)-associated X protein
(Bax; cat. no. 5023) and cleaved caspase-3 (cat. no. 9661) were
purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA). Horseradish peroxidase (HRP)-labeledanti-mouse (cat.
no. A0216) and HRP-conjugated anti-rabbit (cat. no. A0208)
secondary antibodies were purchased from Beyotime
Institute of Biotechnology (Haimen, China). Compound C
(cat. no. ab120843), rapamycin (cat. no. ab120224), rabbit
mAb SQSTM1/p62 (cat. no. ab91526) and rabbit anti-ULK1
(cat. no. ab128859) were purchased from Abcam (Cambridge,
UK). Dulbecco's modified Eagle's medium (DMEM), fetal
bovine serum (FBS), trypsin-EDTA solution, rabbit anti-Akt
(cat. no. IM001-0359), anti-p-Akt1/2/3 (Tyr315/316/312;
cat. no. IM001-0270), anti-c-JUN N-terminal kinase (JNK;
cat.no.IM001-0504), anti-p-JNK (Tyr185; cat no. IM001-0272)
and anti-Bcl-2 (cat. no. IM001-0363) were purchased from
Shanghai ExCell Biology, Inc. (Shanghai, China). Mouse
anti-AMPKal (cat. no. RLM3361) and anti-p-AMPKa.1/2
(Thr172; cat. no. RLMO0575) were purchased from Suzhou
Ruiying-Runze Trading Co., Ltd. (Suzhou, China). Skimmed
milk was purchased from Bright Dairy & Food Co., Ltd.
(Harbin, China). Ginkgol C17:1 (>96.5%, as determined by
high-performance liquid chromatography) was obtained from
the Laboratory of the Food and Biological Engineering School
at Jiangsu University.

Cell line and culture. The human HB HepG?2 cell line was
obtained from the Institute of Cell Biology at the Chinese
Academy of Sciences (Shanghai, China). HepG2 cells were
cultured in DMEM supplemented with 10% FBS, penicillin
and streptomycin (10 mg/1) at 37°C in a humidified atmosphere
containing 5% CO, and 95% air. The medium was replenished
every 2 days and cells were maintained at sub-confluence.

MTT assay. HepG2 cells were seeded in a 96-well plate
(5x10° cells/well) in a humidified atmosphere with 5% CO, at
37°C and treated with ginkgol C17:1 alone (0, 10, 20, 40, 80
and 160 pg/ml), cisplatin alone (0, 1, 2, 4, 8 and 16 pg/ml), or
ginkgol (0, 20, 40 and 80 pg/ml) in combination with cisplatin
(2 pg/ml) for 24 h. Subsequently, 10 ul MTT (5 mg/ml) was
added to each well and cells were incubated for an additional
4-6 h. Following removal of the supernatant, dimethyl sulf-
oxide (100 ul/well) was added to dissolve the blue formazan
crystals converted from MTT by living cells. Cell viability
was assessed using a microplate reader at an optical density
of 490 nm.

Analysis of cell autophagy. HepG2 cells were seeded in a
24-well plate (5x10* cells/well) in a humidified atmosphere
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with 5% CO, at 37°C for 12 h. Cells were infected with
Ad-mRFP-GFP-LC3 adenovirus for 12 h (MOI=50) and the
DMEM medium was replaced every 2 h. This process was
performed as the weakening of GFP expression is considered
to indicate the formation of autophagy-lysosomes and is
therefore able to reflect the level of cell autophagic flux. After
10-12 h, the cells were treated with ginkgol C17:1 (0, 20, 40
and 80 pg/ml) and/or cisplatin (2 pg/ml) for 24 h. Cell fixa-
tion was performed using 4% paraformaldehyde at room
temperature for 15 min. Subsequent to fixation and washing
to remove the excess water, sealing was performed using
drops of Aqueous Mounting Medium (Beyotime Institute of
Biotechnology; cat. no. PO126) were applied to each of the
treated wells. The treated cells were immobilized for 20 min
at room temperature. LC3 is a marker protein of autophagy,
and LC3 proteins cluster together to form LC3 puncta. In the
present study, LC3 puncta (fluorescing green) were observed
under a fluorescence microscope at a magnification of x200.
The numbers of LC3 puncta (green, selected to demonstrate
the intensity of autophagy, and not the autophagy flux) from
five different wells that underwent the same treatment were
calculated using ImageJ software 1.48u (National Institute of
Health, Bethesda, MD, USA) (19,27).

Hoechst 33342 staining. HepG2 cells were seeded in a 24-well
plate (5x10* cells/well) in a humidified atmosphere with 5%
CO, at 37°C. Following 24 h treatment, cells were fixed with
4% paraformaldehyde for 2 h at room temperature. Cells
were counterstained with Hoechst 33342 reagent (5 pg/ml)
for 15 min at room temperature and stained cell nuclei were
observed using a fluorescence microscope. Subsequently, the
amount of nuclei aberration from five different wells that
underwent the same treatment was calculated using ImagelJ
software (National Institute of Health).

Protein extraction. HepG2 cells (1x10° cells/well) were
cultured with ginkgol C17:1 (0, 20, 40 or 80 pg/ml) or cisplatin
(2 pug/ml) with/without NH,CI (an upstream inhibitor of
autophagy; 0.535 mg/ml) or 3-MA (a downstream inhibitor
of autophagy; 0.75 mg/ml), rapamycin (an mTOR inhibitor;
100 ng/ml) or compound C (an AMPK inhibitor; 8 ug/ml)
for 24 h in 6-well plates until they reached ~80% confluence.
Subsequently, cells were lysed in lysis buffer [SO mM Tris,
150 mM NaCl, I mM EDTA and 1% Triton X-100 (pH 7.4)],
washed 3 times with cold PBS and treated with 1 mM phenyl-
methylsulfonyl fluoride (Shanghai Bogoo Biotechnology Co.,
Ltd., Shanghai, China) for 30 min on ice. Following transfer
into an Eppendorf tube (Corning Incorporated, Corning, NY,
USA), proteins were centrifuged at 12,000 x g for 5 min at
4°C. Finally, the supernatant was obtained as the whole cell
protein extract.

Western blot analysis. Total protein was quantified using a
bicinchoninic acid assay and proteins (5 ug/lane) underwent
electrophoresis on 10% (for proteins with a molecular weight
<60kDa) or 12% (for proteins with amolecular weight>60 kDa)
SDS polyacrylamide gels. Subsequently, the proteins were
transferred onto PVYDF membranes (Bio-Rad Laboratories,
Inc.). PVDF membranes were initially blocked with 5%
skimmed milk for 1 h at room temperature. Subsequently,

ONCOLOGY LETTERS 15: 1021-1029, 2018

1023

proteins were incubated with the following primary antibodies:
B-actin, Beclin-1, LC3I/II, p62, mTOR, p-mTOR, ULKI,
p-ULKI, PI3K, p-PI3K, Bcl-2, Bax and cleaved caspase-3
(dilution, 1:1,000), at 4°C overnight. They were subsequently
incubated with horseradish peroxidase-conjugated anti-mouse
and anti-rabbit secondary antibodies (dilution, 1:1,000) for 1 h
at room temperature. Immobilon western chemiluminescent
HRP substrates (EMD Millipore, Billerica, MA, USA) were
used as visualization reagents and bands were imaged using
a MiniChemi miniature chemiluminescence imager (Beijing
Sage Creation Science Co., Ltd., Beijing, China).

Statistical analysis. All data are presented as the
mean =+ standard deviation (n=5). Independent sample one-way
analysis of variance was used to assess the differences between
experimental groups. Dunnett's test was used to perform
multiple comparisons. All data were analyzed using SPSS
16.0 software (SPSS, Inc., Chicago, IL, USA) and P<0.05 was
considered to indicate a statistically significant difference.

Results

Ginkgol C17:1 induces autophagy and apoptosis in HepG?2
cells. Prior to investigating the effects of ginkgol C17:1 on the
viability of HepG2 cells treated with cisplatin, the cytotoxicity
of ginkgol C17:1 was initially analyzed by performing an
MTT assay. It was revealed that ginkgol C17:1 significantly
decreased the viability of HepG2 cells at doses of 40, 80 and
160 ug/ml (P<0.05; Fig. 1A). This inhibition of HepG2 cell
viability occurred in a dose-dependent manner. Inhibition
was higher following treatment with higher concentrations of
ginkgol C17:1.

Autophagy and apoptosis are two different forms of
programed cell death. To determine whether ginkgol C17:1
induces autophagy in HepG2 cells, cells were infected
with Ad-mRFP-GFP-LC3 adenovirus. The results of the
LC3 punctum assay revealed that ginkgol C17:1 enhanced
autophagy as the LC3 punctarate increased (Fig. 1B and C).
Furthermore, LC3 upregulation enhanced upstream autophagy
and suppressed downstream degradation. During autophagy,
NH,Cl, a downstream inhibitor of autophagy, may stimulate
the accumulation of autophagy proteins. Following the treat-
ment of HepG2 cells with ginkgol C17:1, the expression of
Beclin-1 and LC3I/IT autophagy proteins was increased and
that of autophagy downstream protein, p62, was decreased
through autophagic degradation, consequently increasing
the level of autophagy. Following treatment with NH,CI in
combination with ginkgol C17:1, increased the expression
of autophagy proteins compared with ginkgol C17:1 mono-
therapy (Fig. 1D), indicating that NH,CI induces autophagy.
To determine whether ginkgol C17:1 induces apoptosis in
HepG2 cells, HepG?2 cells that underwent Hoechst 33342
staining were treated with ginkgol C17:1 (40 pg/ml). Cells
treated with ginkgol C17:1 exhibited nuclear shrinkage and
rupture (Fig. 1E), along with a significantly increased nuclear
aberration rate (Fig. 1F). In addition, treatment with ginkgol
CI17:1 increased the expression of the pro-apoptotic proteins
Bax and cleaved caspase-3 but reduced the expression of the
anti-apoptotic protein Bcl-2 (Fig. 1G). These results indicate
that ginkgol C17:1 induced the apoptosis of HepG2 cells.
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Figure 1. Ginkgol C17:1 boosts autophagy and apoptosis in HepG2 cells.
(A) Following treatment of HepG2 cells with the indicated concentrations
of ginkgol C17:1 (0, 10, 20, 40, 80 and 160 pug/ml) for 24 h, cell viability was
detected by an MTT assay. (B) The autophagy protein LC3 was examined
by an immunofluorescence assay (magnification, x200) following infection
with GFP-RFP-LC3 adenovirus for 36 h and treatment with ginkgol C17:1
(40 pg/ml) for 24 h; (C) the relative rate of GFP-LC3 puncta was then quanti-
fied. (D) Following treatment of HepG2 cells with ginkgol C17:1 (40 pg/ml)
with or without NH,C1 (0.535 mg/ml) for 24 h, the expression of Beclin-1,
LC3I/IT and p62 were analyzed by western blotting. Following treatment
with ginkgol C17:1 (40 ug/ml) for 24 h, the morphology of HepG2 nuclei was
observed by (E) immunofluorescence microscopy (magnification, x200) and
they were stained with Hoechst 33342. (F) The nucleus aberration rate was
then analyzed and (G) western blot analysis was performed to determine the
expression of cleaved caspase-3, Bax and Bcl-2. All values are presented as
the mean + standard deviation from three independent experiments (n=5).
“P<0.05 and “P<0.01 vs. control. GFP, green fluorescent protein; RFP, red
fluorescent protein; LC3, light chain 3; Bcl-2, B-cell lymphoma 2; Bax,
Bcl-2-associated X protein.

Ginkgol C17:1 reduces cisplatin-induced autophagy and
enhances cisplatin-induced apoptosis in HepG2 cells.
Following treatment of cells with various concentrations of
cisplatin, cell viability was measured using an MTT assay
(Fig. 2A). The results revealed that 2,4, 8 and 16 pzg/ml cisplatin
significantly decreased the viability of HepG2 cells; therefore,
2 pg/ml cisplatin was used to treat HepG2 cells in subsequent
experiments. Combination therapy of 2 ug/ml cisplatin with
various concentrations of ginkgol C17:1 significantly inhibited
the viability of HepG2 cells in a dose-dependent manner
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(P<0.05; Fig. 2B). Furthermore, the results of the LC3 punctum
assay revealed that cisplatin significantly enhanced autophagy
(P<0.01); however, treatment with all concentrations of ginkgol
C17:1 significantly reduced it (P<0.05; Fig. 2C). Additionally,
the results of western blotting demonstrated that ginkgol
CI17:1 inhibits cisplatin-induced autophagy (Fig. 2D). Fig. 2D
demonstrates that the expression of autophagy-associated
proteins is decreased following treatment with ginkgol C17:1,
thereby indicating that this drug inhibited cisplatin-induced
autophagy. Hoechst 33342 staining revealed that ginkgol C17:1
significantly enhanced the nucleus aberration rate associated
with cisplatin-induced apoptosis in a dose-dependent manner
(P<0.05; Fig. 2E) and the results of the western blot analysis
revealed that ginkgol C17:1 and cisplatin increased the expres-
sion of cleaved caspase-3 and the ratio of Bax/Bcl-2 (Fig. 2F),
indicating that ginkgol C17:1 increases the rate of HepG2 cell
apoptosis.

Inhibition of autophagy can enhance apoptosis during chemo-
therapy. To determine the association between autophagy and
apoptosis in HepG2 cells treated with cisplatin, cells were incu-
bated with cisplatin, 3-MA (an upstream inhibitor of autophagy)
or ginkgol C17:1. LC3 punctum and western blot assays revealed
that 3-MA significantly inhibited the induction of autophagy by
cisplatin (P<0.05; Fig. 3A and B). Furthermore, Hoechst 33342
staining indicated that 3-MA significantly enhanced the nuclear
aberration rate of cells treated with cisplatin (P<0.05; Fig. 3C)
and the ratio of Bax/Bcl-2 (Fig. 3D). The effects of ginkgol
C17:1 on cisplatin-induced autophagy and apoptosis were
similar to 3-MA (Fig. 3E and F). The present study revealed
that ginkgol C17:1 has a similar function to that of 3-MA in
regulating cisplatin-induced autophagy and apoptosis in HepG2
cells; ginkgol C17:1 and 3-MA enhance cisplatin-induced apop-
tosis and inhibit cisplatin-induced autophagy.

Ginkgol CI17:1 regulates cisplatin-induced autophagy by
inhibiting the AMPK/ULKI pathway. AMPK is one of the
primary stress-sensing enzymes and actively regulates cell
metabolism and proliferation. The AMPK/ULKI1 pathway
serves an important role in regulating autophagy. A western
blot assay was therefore performed to investigate the effect of
ginkgol C17:1 on the AMPK/ULKI1 pathway in HepG2 cells.
The expression of p-AMPK was increased in cells treated with
cisplatin, indicating that cisplatin induces autophagy (Fig. 4A).
However, treatment with ginkgol C17:1 decreased the expres-
sion of p-AMPK (Thrl72) and p-ULK1 (Ser555) in cells
treated with cisplatin in a dose-dependent manner. In addition,
the AMPK inhibitor compound C reduced the expression of
p-AMPK and p-ULKI1 (Fig. 4B). The expression of Beclin-1
and LC3 I/II were increased following treatment with cisplatin
and this was inhibited following treatment with ginkgol C17:1
(Fig. 4B). However, the effects of ginkgol C17:1 were reversed
following the inhibition of AMPK by compound C. By
contrast, the expression of Bax and Bcl-2 remained unchanged
following treatment with compound C, indicating that ginkgol
C17:1 still induced a pro-apoptotic effect in cells treated with
compound C and ginkgol C17:1 (Fig. 4B). These data imply
that the AMPK/ULKI signaling pathway is a vital regulatory
pathway involved in cisplatin-induced autophagy on HepG2
cells.
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Figure 2. Effects of ginkgol C17:1 on cisplatin-induced autophagy and apoptosis in HepG2 cells. (A) Following treatment with cisplatin (0, 1, 2, 4, 8 and
16 ug/ml) for 24 h, HepG2 cell viability was determined via an MTT assay. (B) Cell viability was detected by MTT assay following treatment with cisplatin
(2 ug/ml) and ginkgol C17:1 (0, 20, 40 and 80 pg/ml) for 24 h. Following co-treatment with cisplatin and ginkgol C17:1, LC3 autophagosomes were detected by
an (C) immunofluorescence assay (magnification, x200) and the expression of Beclin-1, LC3I/II and p62 were analyzed by (D) a western blot assay. Under the
same conditions, the morphology of HepG2 nuclei was observed by (E) immunofluorescence microscopy (magnification, x200) staining with Hoechst 33342
and the expression of cleaved caspase-3, Bax and Bcl-2 were analyzed by (F) western blot analysis. Data are presented as the mean + standard deviation from
three independent experiments. “P<0.05 and “P<0.01 vs. control group, and *P<0.01. LC3, light chain 3; Bcl-2, B-cell lymphoma 2; Bax, Bel-2-associated X

protein; GFP, green fluorescent protein.

Ginkgol Cl17:1 regulates cisplatin-induced apoptosis by
inhibiting the PI3K/Akt/mTOR pathway. The PI3K/Akt/mTOR
signaling pathway is involved in the molecular biological
mechanisms by which autophagy or apoptosis occur (21). The
expression of p-PI3K (Tyr458), p-Akt (Tyr315) and p-mTOR
(Ser2448) decreased in a dose-dependent manner following
the co-culture of HepG2 cells with cisplatin and ginkgol
C17:1 (Fig. 5A). To determine whether ginkgol C17:1 affects
the autophagy and apoptosis induced by cisplatin via the
PI3K/Akt/mTOR signaling pathway, HepG2 cells were treated
with rapamycin (an mTOR inhibitor). The effect of ginkgol
C17:1 on the expression of Bax and Bcl-2 activated by cisplatin
was attenuated following rapamycin treatment, however, the
expression of the autophagy proteins Beclin-1 and LC3I/I1
remained evidently unchanged following co-treatment with
or without ginkgol C17:1, and following the inhibition of
mTOR signaling by rapamycin (Fig. 5B). These data imply
that ginkgol C17:1 stimulated cisplatin-induced apoptosis by
inhibiting the PI3K/Akt/mTOR signaling pathway in HepG2
cells, but did not affect cisplatin-induced autophagy.

Discussion

The theory of substrate selectivity in autophagy has received
increasing recognition. This differs from the original
understanding of autophagy, which was that autophagy was
a non-specific process of self-destruction (28). In its ‘active
form’, LC3II assists in elongating the phagophore membrane
and in the recruitment of damaged or degraded organelles
to the phagophore (29). Beclin-1 is sometimes essential
for autophagy (27). However, it has been suggested that
Beclin-1 expression is only necessary for autophagy occur-
ring in certain types of cells and that it may not be required
for autophagy induced by cytotoxic compounds, including
resveratrol, staurosporin or gossypol (30). To the best of our
knowledge, the impact of autophagy on antitumor therapy
has not yet been demonstrated. It has been demonstrated that
autophagy and apoptosis are distinctive; however, the two
processes are associated and cross-talk also occurs between
them, where by individual proteins may serve functions in
both processes (31). The cross-talk that occurs between them
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Figure 3. Ginkgol C17:1 enhances apoptosis and inhibits the autophagy of cells, similar to 3MA. Following infection of HepG2 cells with the GFP-LC3 virus
and treatment with or without cisplatin and 3-MA for 24 h, (A) LC3 autophagosomes were detected by an immunofluorescence assay and the average rate of
LC3 puncta was valued (magnification, x200). (B) Western blot analysis measuring the expression of Beclin-1 and p62 was performed. Following treatment
with or without cisplatin and 3MA for 24 h, (C) nuclei morphology were observed by immunofluorescence microscopy (magnification, x200) following staining
with Hoechst 33342 and (D) the expression of Beclin-1, LC3 and p62 were measured by western blotting. Following treatment of HepG2 with cisplatin with or
without ginkgol C17:1 and 3MA for 24 h, western blot analysis investigating the expression of (E) Beclin-1 and p62 and (F) Bax and Bcl-2 was performed. Data
are presented as the mean + standard deviation from five independent experiments. "P<0.05 and #/P<0.01. Cisplatin, 2 ug/ml; 3MA, 0.75 mg/ml and ginkgol
C17:1,40 pg/ml. GFP, green fluorescent protein; LC3, light chain 3; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; 3-MA, 3-methyladenine.

is partly complicated by the fact that they share numerous
common regulatory molecules, including Bcl-2 and Beclin-1,
as well as the PI3K/Akt/mTOR signaling pathway (32,33).
Cisplatin is commonly used in chemotherapeutic regimes
to treat patients with cancer. However, the efficacy of cisplatin
is limited due to the development of drug resistance in many
patients and the fact that it causes multiple side effects; there-
fore, it is important to improve the pharmacological effect of
cisplatin (34). It has been demonstrated that cisplatin induces
autophagy and apoptosis in cancer cells (35,36), which has also
been determined in the present study. Apoptosis directly causes
the death of cancer cells; by contrast, autophagy may have two
effects on tumors; an antitumor or protective effect (14,37).
Therefore, autophagy may beinvolved in the regulation of tumor
growth. A previous study demonstrated that ginkgol ultimately
induced apoptosis by activating the expression of caspases via
inhibition ofthe PI3K/Akt pathway (38). In the present study,
ginkgol C17:1 not only induced apoptosis in HepG2 cells but
also induced autophagy. Following co-treatment with cisplatin,
ginkgol C17:1 stimulated cisplatin-induced apoptosis, however,
it also inhibited cisplatin-induced autophagy. Previous studies

have demonstrated that inhibitors of autophagy administered
in combination with anti-cancer agents may enhance chemo-
sensitization in human cancer cells (39-41). The resultsof
the present study indicating the effects of ginkgol C17:1 on
cisplatin-induced autophagy are in accordance with the results
of a study by Bao er al (33); they suggest that ginkgol C17:1
may overcome cisplatin resistance.

The present study revealed that ginkgol C17:1 and cisplatin
may affect the PI3K/Akt/mTOR and AMPK/ULKI signaling
pathways, which are two primary methods of regulating
autophagy and apoptosis (42-44). Co-treatment with ginkgol
CI17:1 and cisplatin inhibited these pathways, while treatment
with ginkgol C17:1 or cisplatin alone caused the AMPK/ULK1
pathway to become activated. However, monotherapy with
either drug resulted in the inhibition of the PI3K/Akt/mTOR
pathway.

AMPK is a multi-functional protein kinase; thus, its activa-
tion may promote apoptosis by inducing the phosphorylation
of p53, activating the nuclear factor-xB and c-myc, or the
c-Jun pathway (45-47). Based on this function, activation of
the AMPK pathway may block tumor cell proliferation and
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Figure 4. Effect of ginkgol C17:1 on the AMPK/ULK1 pathway. (A) Following
co-treatment of HepG2 cells with cisplatin (2 ug/ml) and ginkgol C17:1
(0, 20, 40 and 80 pg/ml) for 24 h, western blot analysis was performed to
determine the expression of AMPK, p-AMPK (Thr172), ULK1 and p-ULK1
(Ser555). (B) Following treatment of cells with cisplatin (2 pg/ml) with
or without ginkgol C17:1 (40 ug/ml) and compound C (8 ug/ml) for 24 h,
western blot analysis was performed to measure the expression of p-AMPK
(Thr172), p-ULKT1 (Ser555), Beclin-1, LC31I/II, Bax and Bcl-2. AMPK,
AMP-activated protein kinase; p-, phosphorylated; LC3, light chain 3; Bcl-2,
B-cell lymphoma 2; Bax, Bcl-2-associated X protein.

regulate tumor development. Thus activating the AMPK
pathway may be a novel method of treating patients with
cancer.

It has been demonstrated that AMPK activates autophagy
by directly and indirectly activating ULK1 (48). AMPK
indirectly activates ULK1 by inhibiting mTOR, which
phosphorylates and inhibits ULK1 to disrupt the interac-
tion between AMPK and ULK1 (49). However, as feedback,
activated ULK1 also phosphorylates AMPK and inhibits
its activation, providing a potential negative-feedback loop
resulting in autophagy induction (50). Following co-treatment
with ginkgol C17:1 and cisplatin, the AMPK/ULK1 pathway
was inhibited and the negative-feedback loop was activated by
ginkgol C17:1.

Due to the multifaceted role of autophagy in cancer
cells, manipulating the activation and inhibition of AMPK
may be developed as an additional therapeutic strategy for
cancer treatment. Enhancing AMPK activity may be a novel
method of sensitizing tumor cells to radiotherapy and chemo-
therapy (51). However, previous studies have demonstrated that
autophagy also provides a survival advantage against cancer
therapies by inducing AMPK and suppressing the apoptosis
pathway (52,53). Thus, suppressing autophagy enhances cell
death by inhibiting AMPK. In the present study, ginkgol C17:1
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Figure 5. Influence of ginkgol C17:1 on the PI3K/Akt/mTOR pathway.
(A) Following co-treatment of HepG2 cells with cisplatin (2 pg/ml) and
ginkgol C17:1 (0, 20, 40 and 80 pg/ml) for 24 h, western blot analysis was
performed to measure the expression of proteins in the upstream pathway:
PI3K and p-PI3K (Tyr458), Akt and p-Akt (Tyr315), mTOR and p-mTOR
(Ser2448), JNK and p-JNK (Tyrl85). (B) Following treatment of cells were
with cisplatin (2 pg/ml), with or without ginkgol C17:1 (40 pug/ml) and
rapamycin (100 ng/ml) for 24 h, western blotting was performed to measure
the expression of p-mTOR (Ser2448), Beclin-1, LC3I/11, Bax and Bcl-2.
p-, phosphorylated; PI3K, phosphoinositide 3-kinase; mTOR, mechanistic
target of rapamycin; LC3, light chain 3; Bcl-2, B-cell lymphoma 2; Bax,
Bcl-2-associated X protein.

reduced autophagy by inhibiting the activity of AMPK to
induce cell death.

When the two signaling pathways were interrupted, it
was revealed that rapamycin (mTOR inhibitor) blocked the
action of ginkgol C17:1 in cisplatin-induced apoptosis rather
than autophagy. This indicates that ginkgol C17:1 enhances
the apoptosis induced by cisplatin via the PI3K/Akt/mTOR
signaling pathway. Additionally, compound C (an AMPK
inhibitor) blocked the action of ginkgol C17:1 in cispl-
atin-induced autophagy rather than apoptosis, indicating
that the AMPK/ULKI1 pathway is a vital regulatory pathway
involved in cisplatin-induced autophagy in HepG2 cells. These
signaling pathways are associated with autophagy and apop-
tosis; however, studies highlight that different stimuli may
induce autophagy via different mechanisms under different
conditions (41,54). This may have therapeutic implications in
the treatment of HB.

In conclusion, autophagy and apoptosis are two important
mechanisms involved in cell regulation. In the present study,
treatment with ginkgol C17:1 affected cancer cells primarily
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through autophagy and apoptosis. Furthermore, the present
study indicated that ginkgol C17:1 inhibits cisplatin-induced
autophagy via AMPK/ULKI signaling and increases
cisplatin-induced apoptosis via the PI3K/Akt/mTOR pathway.
Ultimately, ginkgol C17:1 significantly inhibited human
liver cancer cells and enhanced the anticancer activity of
cisplatin. Furthermore, the present study provides an impor-
tant theoretical basis for the future of antitumor research.
To further assess the antitumor effect of ginkgol C17:1 and
potentially develop it as a novel cancer treatment, further
studies are required to identify the antitumor effects of ginkgol
CI17:1.
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