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[6]-Gingerol enhances the radiosensitivity of gastric cancer
via G2/M phase arrest and apoptosis induction
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Abstract. Ionizing radiation (IR) is the main modality for
locoregional control of unresectable gastric cancer (GC).
[6]-Gingerol is an active major phenolic compound isolated
from ginger (Zingiber officinale Roscoe), and it has been
demonstrated to possess antitumor activity in previous
studies. In the present study, we aimed to evaluate the poten-
tial activity of [6]-gingerol as a radiosensitizer and to further
explore the underlying mechanism. A CCK-8 assay revealed
that [6]-gingerol inhibited the cell viability of HGC-27 cells
in a dose-dependent manner (P<0.05). Colony formation
assay indicated that pretreatment of [6]-gingerol prior to IR
decreased the clonogenic survival of HGC-27 cells. Notably,
the combination of [6]-gingerol with IR enhanced IR-induced
cell cycle arrest at the G2/M phase compared with IR alone
(41.3% in IR alone vs. 53.5% in [6]-gingerol+IR; P=0.006), and
increased IR-induced apoptosis compared with IR alone (9.6%
in IR alone group vs. 15.1% in [6]-gingerol+IR; P=0.07). DAPI
staining detected the apoptotic nuclear morphological changes
in the cells treated with [6]-gingerol and/or IR. Furthermore,
western blotting and qRT-PCR revealed that [6]-gingerol
pretreatment following IR downregulated the protein expres-
sion of cyclin B1, cyclin A2, CDC2 and cyclin D1, upregulated
the mRNA expression of p27, and induced active caspase-9,
active caspase-3 and cytochrome c. In conclusion, the present
study demonstrated that [6]-gingerol enhanced radiosensi-
tivity of GC cells, and that the mechanisms involved at least
G2/M phase arrest and apoptosis induction.

Introduction

Gastric cancer (GC) is the second leading cause of cancer
mortality and the fifth most common type of cancer, imposing
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a serious health burden for the whole world. It is estimated that
there were 951,600 new cases and 723,100 deaths in 2012 (1,2).
Despite multimodal therapies for GC including surgery,
chemotherapy and ionizing radiation (IR), the prognosis of
GC remains dismal (3,4), which is mainly due to the advanced
stage at diagnosis and the high rate of recurrence. Due to the
complexity of GC, complementary therapies are required
to improve the efficacy of conventional approaches and the
survival of GC patients (5). Radiotherapy plays an important
role in management of unresectable GC. It is a critical compo-
nent of adjuvant therapy for GC after surgical resection, and
considered as palliative treatment for relieving local symptoms
of locally advanced GC patients (6,7). However, during the IR
procedure in the treatment of GC, surrounding organs such
as the kidneys, liver, and spleen also receive irradiation that
could lead to toxicity, which limits the efficacy of radiotherapy
in GC (8,9). Therefore, it is essential to explore effective
radiosensitizers to enhance the IR response and reduce the IR
toxicity in GC.

Phytochemicals have become a promising approach in
the management of malignancies (10,11). [6]-Gingerol, an
active phenolic compound derived from ginger, possesses
pharmacological activities including anti-inflammatory,
antioxidant, and antitumor properties (12,13). In vivo and
in vitro studies revealed that [6]-gingerol was effective in
the suppression of carcinogenesis, angiogenesis and metas-
tasis against various types of cancer (14-18). However, the
chemopreventive effects of [6]-gingerol on GC have not
been fully elucidated. To the best of our knowledge, there is
no evidence on the radiosensitivity effect and the underlying
mechanisms of [6]-gingerol. Therefore, in the present study
we aimed to investigate whether [6]-gingerol can sensitize
GC cells to IR.

Materials and methods

Cell lines and cell culture. The HGC-27 cell line was obtained
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Cells were maintained in a T-25 flask with
RPMI-1640 (Gibco, Grand Island, NY, USA), supplemented
with 1% penicillin streptomycin (Nanjing KeyGen Biotech
Co., Ltd., Nanjing, China) and 10% fetal bovine serum (FBS;
Gibco). The cells were incubated at 37°C, in a 5% CO, humidi-
fied incubator.



LUO et al: [6]-GINGEROL ENHANCES THE RADIOSENSITIVITY OF GASTRIC CANCER

Chemicals and reagents. [6]-Gingerol (=98% purity) was
purchased from Sichuan Weikeqi Biological Technology Co.,
Ltd. (Sichuan, China). It was dissolved in DMSO as stock solu-
tions (500 mM) and stored at -20°C. For every experiment,
[6]-gingerol was diluted in complete cell culture medium
to indicated concentrations, with a final DMSO concentra-
tion under 0.1% (v/v). Primary antibodies against cyclin Bl
(cat. no. 55004-1-AP), CDK6 (cat. no. 14052-1-AP), (3-actin
(cat. no. HRP-60008) and tubulin (cat. no. HRP-66031)
were purchased from ProteinTech Group, Inc. (Chicago, IL,
USA). Antibodies against caspase-9 (cat. no. 9502), caspase-3
(cat. no. 9665), cleaved caspase-3 (Aspl75) (cat. no. 9664),
cytochrome c (cat. no. 4280), cyclin A2 (cat. no. 4656), CDC2
(cat. no. 77055) and cyclin D1 (cat. n0.2978) were purchased
from Cell Signaling Technology, Inc. (Beverly, MA, USA).
HRP-conjugated goat anti-rabbit IgG (cat. no. HSA0003) and
HRP-conjugated goat anti-mouse IgG (cat. no. HSA0001) were
obtained from Mai Bio Co., Ltd. (Shanghai, China).

Cell viability assay. The effect of [6]-gingerol on cell viability
of human HGC-27 cells was assessed with Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto,
Japan) according to the manufacturer's instructions. Briefly,
cells were seeded in 96-well plates at 5x10° cells/well in three
replicates and incubated for 24 h. The medium was removed
and the cells were exposed to [6]-gingerol (50, 100, 200, 400
and 500 M) or vehicle (0.1% DMSO) for 48 h. Then 10 ul
of CCK-8 solution was added to each well and incubated at
37°C for 1-4 h. The absorbance was assessed at 450 nm using
a microplate reader (BioTek Instruments, Inc., Winooski, VT,
USA). The viable ratio was presented compared to the vehicle
controls (100% active).

Colony formation assay. Cells (2x10%) were distributed in
6-well plates and allowed to adhere for 24 h. Then, the cells
were treated with vehicle control or [6]-gingerol (300 xM)
for 24 h, followed by exposure to different doses of IR. Cells
were harvested, counted and 500 cells of each treatment were
seeded into a 60-mm culture dish with fresh complete culture
medium. Following 10-14 days of incubation, the colonies
were stained with crystal violet staining solution (Beyotime
Institute of Biotechnology, Shanghai, China). The plates were
pictured using a digital camera, and the surviving colonies
(colonies containing more than 50 cells under a microscope in
x100 magnification) were counted by Adobe Photoshop CS6
(Adobe, San Jose, CA, USA). Cell survival curves were fitted
with the linear-quadratic model using GraphPad Prism 5 soft-
ware (GraphPad Software, Inc., La Jolla, CA, USA).

Flow cytometric analysis of the cell cycle. Cell cycle distribu-
tions were analyzed by assessing the cellular DNA content.
Briefly, cells (2x10%/well) were seeded onto 6-well plates,
allowed to incubate for 24 h, and then the cells were treated
with [6]-gingerol (300 M) or IR (4 Gy) alone or [6]-gingerol
(300 uM) for 24 h followed by IR (4 Gy). Twenty-four hours
after IR, the culture medium was aspirated and the cells were
washed with cold PBS twice and fixed with 70% ethyl alcohol
for >2 h. Then, the cells were washed and resuspendented in
0.5 ml PI/RNase Staining Buffer (BD Biosciences, San Jose,
CA, USA). After incubation at room temperature for 15 min
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protected from light, the cells were analyzed by a flow cytom-
eter (BD Biosciences).

DAPI staining. The apoptotic nuclear morphological changes
were observed using DAPI staining. Cells (2x10°/well) were
seeded onto 6-well plates, and were treated with [6]-gingerol
(300 uM) or IR (4 Gy) alone or [6]-gingerol (300 uM) for 24 h
followed by IR (4 Gy). Twenty-four hours after IR, the cells
were washed with PBS and fixed with 4% paraformaldehyde
(Nanjing KeyGen Biotech., Co., Ltd.) for 20 min. Fixed cells
were washed with PBS, and stained with DAPI (Beyotime
Institute of Biotechnology) solution for 10 min in the dark at
room temperature, and then the cells were washed with PBS
three times. Images were captured using a fluorescence micro-
scope.

Flow cytometric analysis of apoptosis. Apoptosis was
analyzed using an Annexin V-FITC/PI Apoptosis Detection
kit (BD Biosciences) according to the manufacturer's instruc-
tions. In brief, cells (2x10°) were plated in 6-well plates and
incubated for 24 h. The cells were then treated with [6]-gingerol
(300 #kM) or IR (4 Gy) alone or [6]-gingerol (300 uM) for 24 h
followed by IR (4 Gy), and subsequently, both the floating and
the attached cells were collected, stained and analyzed by a
flow cytometer (BD Biosciences) for apoptosis 24 h post IR.

RNA extraction and quantitative real time-polymerase chain
reaction (qRT-PCR). Total RNA was extracted using TRIzol
(Invitrogen, Carlsbad, CA, USA) and was reverse-transcribed
into complementary DNA (cDNA). The sample was subjected
to real-time PCR using Real-Time Quantitative PCR
SYBR-Green detection reagent (Takara Bio, Inc., Tokyo,
Japan) and performed by a Fast 7300 Real-Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.,
Foster City, CA, USA) according to the manufacturer's instruc-
tions. The primer sequences for p27 and fB-actin were as
follows: p27 forward, 5'-CAAATGCCGGTTCTGTGGAG-3'
and reverse, 5'-TCCATTCCATGAAGTCAGCGATA-3;
p-actin forward, 5'-CATTGCCGACAGGATGCAG-3' and
reverse, 5'-CTCGT CATACTCCTGCTTGCTG-3.

Western blot analysis. Cells were washed with cold PBS, and
lysed in SDS Lysis Buffer containing protease inhibitors PMSF
(all from Beyotime Institute of Biotechnology). The whole cell
lysate was centrifuged at 18,000 x g for 20 min at 4°C, and
the protein concentration was quantified by the BCA assay
(Mai Bio Co., Ltd.). Twenty micrograms of whole cell lysate
was separated on a 12% SDS-PAGE, and then transferred onto
PVDF membranes (EMD Millipore, Billerica, MA, USA).
The membranes were probed with primary antibodies against
cyclin A2 (1:2,000), cyclin B1 (1:3,000), CDC2 (1:3,000),
CDKG6 (1:3,000), cyclin D1 (1:2,000), capase-9 (1:3,000),
caspase-3 (1:3,000), cleaved caspase-3 (1:2,000) and cyto-
chrome ¢ (1:2,000) at 4°C overnight, followed by incubation
with HRP-conjugated secondary antibodies (1:5,000) for 1 h
at room temperature. The bands were visualized using ECL
(EMD Millipore).

Statistical analysis. SPSS 23.0 (SPSS, Inc., Chicago, IL, USA)
was used for statistical analysis. All the experiments were
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Figure 1. Growth inhibitory effects of [6]-gingerol on the HGC-27 cell line.
Cells were treated with various concentrations of [6]-gingerol for 48 h. The
cell viability (%) was determined using a CCK-8 assay. Data were assessed
in triplicate (presented as the mean = SD, n=3). ““P<0.001, “P<0.05 vs. the
control group.

performed three times or more. The data were presented as
the mean + SD and error bars represent the standard deviation.
The statistical analysis of compared groups was assessed using
Student's t-test. The symbols *, ™ and ™ represent P-values,
and P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

[6]-Gingerol inhibits the proliferation of HGC-27 cells.
To evaluate the effect of [6]-gingerol on the proliferation
of human GC cell line HGC-27 cells, HGC-27 cells were
exposed to increasing concentrations of [6]-gingerol or vehicle
(0.1% dimethyl sulfoxide) for 48 h and then analyzed using
a CCK-8 kit. As shown in Fig. 1, [6]-gingerol reduced the
viability of HGC-27 cells in a dose-dependent manner, and
the half-maximal inhibitory concentration (ICs,) value at 48 h
was 386.3 uM.

[6]-Gingerol sensitizes HGC-27 cells to IR. To determine the
radiosensitivity of [6]-gingerol in HGC-27 cells, a clonogenic
survival assay was performed. A concentration below the
IC;, value was chosen for this assay. Cells were pretreated
with [6]-gingerol (300 uM) or vehicle for 24 h before being
exposed to IR treatment. As shown in Fig. 2A and B, we found
that [6]-gingerol sensitized HGC-27 cells to IR. Survival frac-
tions (SFs) of the combination group at 4, 6 and 8 Gy were
decreased from 49.2 to 37.3%, 19.35 to 15.8% and 6.6 to 3.3%
respectively, compared with the IR group alone (P<0.05).
The mean lethal dose (DO) value was decreased from
1.92 to 1.38 Gy, and the sensitization enhancement ratio (SER)
was 1.39. These results revealed that [6]-gingerol enhanced the
radiosensitivity of HGC-27 cells.

[6]-Gingerol enhances IR-induced G2/M phase arrest. To
investigate the mechanisms by which [6]-gingerol induced the
radiosensitization effect in HGC-27 cells, we first examined the
effect of [6]-gingerol or IR alone and in combination on the cell
cycle progression. Cells were treated with [6]-gingerol (300 xM)
or IR (4 Gy), or preincubated with [6]-gingerol (300 xM) for
24 h followed by 4 Gy of IR exposure. Cells were then collected
and analyzed by flow cytometry. As shown in Fig. 3A and B,
[6]-gingerol alone arrested the cell population at the G1 phase
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Figure 2. [6]-Gingerol radiosensitizes HGC-27 cells. Cells were treated with
[6]-gingerol (300 M) or indicated doses of radiation alone or pretreated
with [6]-gingerol (300 uM) for 24 h followed by 2, 4, 6 and 8 Gy of IR.
(A) After 10-14 days of incubation, the colonies were counted and the sur-
vival curve was fitted with the linear quadratic model. Data were assessed in
triplicate (presented as the mean + SD, n=3). (B) Representative images of
the colonies. IR, ionizing radiation.

(43.1% in the control vs. 49.5% in [6]-gingerol alone; P=0.005),
and decreased the S phase cell proportion (35.7% in the control
vs. 29.7% in [6]-gingerol alone; P=0.006), while the G2 phase
was not affected (15.7% in the control vs. 14.5% in [6]-gingerol
alone; P=0.34). However, when [6]-gingerol was combined
with IR, the G2/M phase blocking was significantly enhanced
compared with the IR group (41.3% in IR alone vs. 53.5%
in [6]-gingerol+IR; P=0.006). The S phase population of the
cell cycle was decreased in the combination group compared
with the IR group (32.8% in IR vs. 14.3% in [6]-gingerol+IR;
P=0.02). Populations in the G2/M phase are known to be more
sensitive to IR, while cells in the S phase are relatively resistant
to IR, therefore the results imply that the radiosensitization
effect of [6]-gingerol on HGC-27 cells may partly be due to the
G2/M arrest of the cell cycle.

[6]-Gingerol regulates the levels of IR-induced cell
cycle-associated proteins and p27 mRNA expression. To
demonstrate the mechanisms underlying the enhanced
IR-induced G2/M arrest by [6]-gingerol, we then examined
the expression levels of G2/M transition regulators including
cyclin B, cyclin A2, CDC2 and p27. As shown in Fig. 4, we
observed that the protein levels of cyclin Bl, cyclin A2, and
CDC2 were downregulated and p27 mRNA expression was
upregulated in the [6]-gingerol+IR group compared with the
IR alone group. Since the previous cellular results revealed
G1 phase arrest in the combination treatment group, we also
investigated G1 phase- associated checkpoints, and determined
that cyclin D1 was downregulated however, CDK6 remained
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Figure 3. [6]-Gingerol increases IR-induced cell cycle arrest at the G2/M phase. HGC-27 cells were treated with the vehicle, [6]-gingerol (300 uM), 4 Gy of IR
alone, or exposed to IR (4 Gy) post [6]-gingerol (300 M) incubation. The cells were collected 24 h post-IR, stained with PI and analyzed for their cell cycle
distributions by flow cytometry. (A) Representative cell cycle distribution status. (B) The cell distributions in each treatment. Data were assessed in triplicate
(presented as the mean + SD, n=3). "Significant difference between the indicated groups; “P<0.01, “P<0.05. IR, ionizing radiation.
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Figure 4. Effects of [6]-gingerol on IR-induced cell cycle regulatory proteins and p27 mRNA expression. HGC-27 cells were treated with the vehicle, [6]-gin-
gerol (300 uM), 4 Gy of IR alone, or exposed to IR (4 Gy) post [6]-gingerol (300 M) incubation. (A) After treatment, the cells were harvested and total cell
lysates were subjected to western blotting. The levels of cyclin DI, cyclin B1, cyclin A2, CDC2, CDK6 and B-actin were analyzed. Typical images of three
independent experiments were presented. (B-F) Statistical analysis of the protein expression levels. (G) The relative mRNA level of p27 in the indicated
treatments was assessed by qRT-PCR. "Significant difference between the indicated groups; “P<0.01, "P<0.05. #Significant difference between the IR and
[6]-gingerol+IR treatment groups; “#P<0.01, “P<0.05. IR, ionizing radiation; NS, no statistical significance.
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Figure 5. [6]-Gingerol increases IR-induced cell apoptosis in the HGC-27 cell line. Cells were seeded to 6-well plates and treated with the vehicle, [6]-gingerol
(300 uM), IR (4 Gy) alone, or pretreated with [6]-gingerol for 24 h before being exposed to IR. (A) DAPI staining for the indicated treatments, condensed chro-
matin and fragmented nuclei (—) were noted. (B) Cells were stained with Annexin V/PI and detected by flow cytometry. Representative results of apoptosis in
three independent experiments. (C) The apoptosis ratio in each treatment group. Data were assessed in triplicate (presented as the mean + SD, n=3). “Significant
difference between the treatment groups and the controls; ““P<0.001, “P<0.01, "‘P<0.05. “Significant difference between the IR and [6]-gingerol+IR treatment
groups; P<0.01. IR, ionizing radiation.

Control  [6]-Gingerol IR [6]-Gingerol+IR B
Caspasc- | g e w— - ‘

Cleaved caspase-9

Caspasc-B[ — — — —— |

57 [ Caspase-3 ##
El Clcaved caspase-3 | ¥
4_
ccnsa - [

l* ﬂr
Cytochrome ¢ | - - - | Izl
tl-

Relative expression

Control [6]- Glnggrnl IR [6]- Gmggrnl-'- IR
T'ubulin | — — — _-—I
C 10 i D 259 [ Caspase-9 £
-E 4 = Bl Clcaved caspase-9 *
& g4 2 2.09
G 5 15
;- o g
S 4 g 1.0
& 5
o K-
56_- 24 2 0.5
e 0.0-
Control [6]-Gingerol IR [6]-Gingerol+IR . Control  [6]- Gmgerol ]R [6]- Gmgeral+[R

Figure 6. Effects of [6]-gingerol on the IR-induced levels and activities of proteins involved in apoptosis. Cells were seeded to 6-well plates and treated with
the vehicle, [6]-gingerol (300 xM), IR (4 Gy) alone, or pretreated with [6]-gingerol for 24 h before being exposed to IR. Twenty-four hours after 4 Gy of IR, the
cells were collected and whole cell lysates were immunoblotted with antibodies against caspase-9, caspase-3, cleaved-caspase-3, cytochrome ¢, using tubulin
as a control. (A) Representative data is shown of three independent experiments. (B-D) Statistical analysis of the protein expression levels. “P<0.01, "P<0.05.
*Significant difference between the IR and [6]-gingerol+IR treatment groups; “#P<0.001, #P<0.01, “P<0.05. IR, ionizing radiation.

unchanged. The data were consistent with the results of the  apoptosis. Cells were treated with vehicle control, [6]-gingerol
cellular cell distribution analysis. (300 uM), IR (4 Gy), and [6]-gingerol (300 yuM) + IR (4 Gy),

and then were stained with DAPI. As shown in Fig. 5A, apop-
[6]-Gingerol increases IR-induced apoptosis. We next  totic cells with condensed chromatin and fragmented nuclei
investigated whether [6]-gingerol could increase IR-induced  were clearly visible in both single-treatment of [6]-gingerol
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Figure 7. Molecular mechanism of [6]-gingerol sensitizing HGC-27 cells to IR. [6]-Gingerol effectively sensitizes HGC-27 cells to IR by inducing G2/M phase

arrest and increasing apoptosis. IR, ionizing radiation.

or IR and in the combination treatment, but not in the control.
Apoptosis was further analyzed by Annexin V/PI-staining.
As shown in Fig. 5B and C, [6]-gingerol or IR alone induced
apoptosis of HGC-27 cells, and the apoptosis rates were
9.5+1.6 and 9.6%=+1.2% respectively, compared with the
vehicle control (3.9+1.0%). [6]-Gingerol pretreatment signifi-
cantly increased IR-induced cell apoptosis compared with IR
alone in HGC-27 cells (9.6+1.2% in IR alone vs. 15.1+1.4%
in [6]-gingerol+IR; P=0.007). These results revealed that
[6]-gingerol increased the apoptosis induction of IR in
HGC-27 cells.

[6]-Gingerol enhances the levels and activities of IR-induced
apoptosis regulatory proteins. To elucidate the mechanisms
of the [6]-gingerol-enhanced IR-induced cell apoptosis,
we performed western blot analysis to examine the protein
levels of several key regulatory molecules including
caspase-9, cleaved-caspase-9, caspase-3, cleaved-caspase-3
and cytochrome ¢, which are initiators and executors of the
apoptotic process. Fig. 6 revealed that the levels of procas-
pase-9 (47 kDa), and cytochrome ¢ were upregulated in the
cells treated with IR or [6]-gingerol alone compared with
the control, meanwhile, the cleaved fragments of caspase-9
(35 kDa) were also observed. Procaspase-3 (35 kDa) was
decreased and cleaved-caspase-3 (17/19 kDa) was markedly
increased in the combination treatment group. Furthermore,
the combination treatment of [6]-gingerol with IR was more
effective in upregulating those proteins levels compared with
either treatment alone. These findings were consistent with
the previous flow cytometric data of apoptosis, indicating that
[6]-gingerol enhanced IR-induced apoptosis via the activation
of caspase-9, caspase-3 and the release of cytochrome c.

Discussion

GC places a big burden on societies due to its high incidence
and poor prognosis. Radiotherapy is an important modality for
the treatment of GC, however, the efficacy is limited due to
the intrinsic and extrinsic IR resistance and toxicity to normal
tissues. Existing radiosensitization approaches like combining
chemotherapeutic drugs such as cisplatin, 5-fluorouracil with

IR can produce synergistic effects but also increase side
effects in some cases (19). Therefore, searching for new radio-
sensitizers is of great importance. Phytochemicals have drawn
wide attention as promising radiosensitizers in the course of
radiotherapy (20-23). [6]-Gingerol has demonstrated potential
chemopreventive ability in various cancer types. For the first
time, our study investigated the possibility of [6]-gingerol as a
radiosensitizer in GC cells.

In the present study, we first investigated the effect of
[6]-gingerol alone on the proliferation of HGC-27 GC cells
and determined that [6]-gingerol could inhibit cell viability
in a dose-dependent manner. To determine the potential of
[6]-gingerol as a radiosensitizer, we next chose [6]-gingerol at
300 M (<ICs,) for a colony formation assay. According to the
survival curve, radiobiological parameters were calculated.
In the field of radiobiology, the combined therapeutic effects
based on drug and ionizing irradiation is obtained by the
SFs (24-26). SER is commonly used as a direct reflection of
radiosensitivity. SER was calculated by dividing the DO value
of the IR alone group by the DO value of the combined
[6]-gingerol and IR group (the DO value refers to mean lethal
dose). In the present study, at 4, 6 and 8 Gy, the SFs of the
combination treatment were decreased compared with IR
alone; the DO value of the combination group was relatively
lower suggesting that the reasonable lower doses of X-ray
can also kill tumor cells when coupled with [6]-gingerol; the
SER was 1.39. Therefore, pretreatment with [6]-gingerol could
sensitize HGC-27 cells to IR.

There are several factors that influence IR sensitivity,
including the modulation of cell apoptosis, cycle distribution,
hypoxia, DNA damage repair and signaling pathways (27-29).
G2/M phase is the most radio-sensitive stage of the cell cycle,
therefore drugs that can induce G2/M arrest are potential
radiosensitizers. Previous studies reported chemotherapeutic
agents that enhanced the radiosensitivity of cancer cells by
accumulating the G2/M population, such as zerumbone and
docetaxel (20,30). [6]-Gingerol was reported to induce cell
cycle arrest in various cancers. A study by Rastogi et al
reported that [6]-gingerol induced G2/M cell cycle arrest
in cervical cancer cells (31), and another study by Lee et al
revealed that [6]-gingerol caused cell cycle arrest at the
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G1 phase in colorectal cancer cells (16). However, the effect
of [6]-gingerol on cell cycle distribution of GC cells remains
unknown. In the present study, treatment with [6]-gingerol
(300 uM) alone arrested cells at the G1 phase, and the
alteration of the G2/M phase was slight. Notably, when
[6]-gingerol was combined with IR, the G2/M phase [the
most radiosensitive stage of the cell cycle (32)] was signifi-
cantly increased compared to IR alone, with the S phase
(relatively resistant to IR) decreased and the G1 phase (less
sensitive to IR) increased. Cell cycle progression is primarily
regulated by activation of cyclins and cyclin-dependent
kinases (Cdks), and inhibition of these checkpoints may have
the potential to mediate radiosensitization (33). The cyclin
B/CDC2 complex is responsible for the phosphorylation and
activation of enzymes that are required for normal mitosis
and is considered as a crucial checkpoint for G2 to M phase
transition (34). The impairment of the cyclin B/CDC2
complex activity blocked G2/M transition. Cyclin A is also
essential for G2 progression (35). The CDK inhibitors (CKIs)
are important negative regulators of cell cycle progression.
They interact with cyclin/CDK complexes and inhibit their
activities. p27, a CDK inhibitor, binds to CDC2 and inhibits
its activity (36). In the present study, we analyzed the
involved regulatory proteins by western blotting and found
that [6]-gingerol decreased cyclin B1, cyclin A2 and CDC2
expression and increased the mRNA expression of p27.
Pretreatment with [6]-gingerol before IR exposure down-
regulated the cell protein levels of cyclin B1, cyclin A2, and
CDC2 compared with IR alone. qRT-PCR revealed that the
p27 mRNA level was markedly enhanced by the combina-
tion treatment, thus we hypothesized that the increase of p27
may contribute to the decrease of CDC2. How p27 interacts
with CDC2 and influences its expression is worth studying in
the future. Therefore, we suggest that [6]-gingerol enhances
IR-induced arrest at the G2/M phase through inhibition of
G2/M checkpoints. We also observed G1 phase blocking
and an S phase decrease, and the G1 phase was associated
with cyclin D1 downregulation. The CDK4/6-cyclin D1
complex is a central checkpoint of Gl progression and
G1/S transition (37). Thus, the decrease of cyclin D1 and the
resultant G1 arrest may also mediate the radiosensitization of
[6]-gingerol in HGC-27 cells.

Apoptosis is a main form of cell death after IR. Radio-
sensitizers could enhance the therapeutic effect of radiotherapy
by inducing apoptosis (38). Previous studies have shown that
[6]-gingerol induced apoptosis in various cancer cells through
several mechanisms. One study revealed that [6]-gingerol
enhanced TRAIL-induced apoptosis but alone inhibited
viability only slightly in GC cells (39). Conversely, our study
determined that [6]-gingerol alone inhibited cell viability
in a dose-dependent manner, and induced apoptosis in GC
cells. When combined with IR, [6]-gingerol decreased clono-
genic survival and increased IR-induced apoptosis. The two
major apoptosis pathways are the extrinsic pathway or death
receptor-mediated pathway and the intrinsic pathway or mito-
chondrial-mediated pathway. In the mitochondrial pathway,
cytochrome c is released from the mitochondrial intermem-
brane into the cytoplasm, which stimulates apoptosis. Then,
cytochrome ¢ interacts with Apaf-1, binding and activating
caspase-9 proenzymes, an initiator caspase. Caspase-3, a key
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effector caspase, is activated by active caspase-9, followed by
activation of the rest of the caspase cascades and apoptosis
induction (40). In the present study, the western blotting results
revealed that [6]-gingerol alone increased cleaved capsase-3
and cytochrome c, but the influence on cleaved caspase-9 was
not significant. In fact, in addition to caspase-9, caspase-3 can
be activated by caspase-8, which plays a role in the extrinsic
pathway. Previous studies have reported that [6]-gingerol
could sensitize TRAIL-induced apoptotic cancer cell death
through caspase-8 and caspase-3 activation (41). These results
indicated that [6]-gingerol can induce apoptosis and that the
manner in which [6]-gingerol induces and modulates apop-
tosis is complex, which inspires us to perform more studies
in the future. When [6]-gingerol was combined with IR,
cleaved caspase-9, cleaved caspase-3 and cytochrome ¢ were
markedly increased compared with either [6]-gingerol or IR
alone, indicating that [6]-gingerol sensitized HGC-27 GC
cells to IR through activation of caspases. Radiation induces
DNA damage directly and also generates abnormally elevated
ROS, which can cause large amounts of DNA damage,
thereby increasing the apoptosis effect of radiation on the
tumor (24,42). The present study revealed that [6]-gingerol
enhanced IR-induced apoptosis, and cytochrome c, a critical
molecule in the mitochondrial-mediated apoptosis pathway,
was significantly increased in the combination group, which
hinted to possible mitochondrial damage. Yet the specific
changes of the mitochondria and through what mechanism
these damages can be induced warrant further study in our
future research.

In conclusion, as depicted in Fig. 7, our study revealed for
the first time that [6]-gingerol could sensitize GC cells to IR.
Moreover, we demonstrated that the radiosensitization effect
of [6]-gingerol on HGC-27 cells was mediated through induc-
tion of G2/M arrest and apoptosis. Recently, the application of
natural phytochemicals in cancer control and management has
gained general acceptance. [6]-Gingerol is the most abundant
bioactive compound of ginger, and it is readily available and
inexpensive. Therefore, the use of [6]-gingerol as a radiosen-
sitizer would provide a promising future for GC radiotherapy
and bring great benefits for GC patients. To confirm the radio-
sensitization effect of [6]-gingerol, further studies focusing on
the distinct molecular mechanisms, animal experiments and
clinical trials are warranted.
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