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Xanthohumol, a prenylated flavonoid from Hops, exerts
anticancer effects against gastric cancer in vitro
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Abstract. Xanthohumol (Xn), a prenylated flavonoid isolated
from Hops (Humulus lupulus L.), has demonstrated potent
anticancer activity in multiple types of cancer. However, the
effect of Xn on gastric cancer (GC) remains unknown. The
aim of the present study was to investigate the effect of Xn
on GC cell proliferation, apoptosis and metastasis. It was
observed that Xn decreased the viability of GC cells, with very
low or no toxicity to normal gastric epithelial cells GES-1 at
a concentration of 1-100 M. The proliferation of AGS cells
was inhibited by Xn, as indicated by the decreased number
of EdU-positive cells. Xn treatment increased the number of
apoptotic cells, downregulated the expression of Bcl-2 and
upregulated the expression of Bax, suggesting induction of
apoptosis. The results from the wound healing and Transwell
assays indicated that Xn suppressed AGS cell metastasis.
Moreover, Xn induced reactive oxygen species (ROS) over-
production and inhibited nuclear factor (NF)-xB signaling
in AGS cells, which was reversed by the ROS inhibitor
N-acetylcysteine (NAC). NAC suppressed the effect of Xn on
the proliferation, apoptosis and metastasis of AGS cells. Taken
together, these results suggest that Xn exerts anticancer effects
against GC via induction of ROS production and subsequent

Correspondence to: Professor Daxiong Xiang or Dr Wenqun Li,
Department of Pharmacy, The Second Xiangya Hospital, Central
South University, 139 Renmin Road, Changsha, Hunan 410011,
P.R. China

E-mail: xiangdaxiong@163.com

E-mail: liwq1204@csu.edu.cn.

Abbreviations: GC, gastric cancer; Xn, xanthohumol, NSCLC,
non-small-cell lung cancer; DHE, dihydroethidium; ROS, reactive
oxygen species; SOD, superoxide dismutase; NF-xB, nuclear
factor xB

Key words: xanthohumol, gastric cancer, proliferation, apoptosis,
metastasis

inhibition of NF-kB signaling. Therefore, Xn may be a prom-
ising candidate treatment against GC progression.

Introduction

Gastric cancer (GC), the fourth most commonly diagnosed
malignant disease following lung, breast and colorectal
cancer, is the second leading cause of cancer-related mortality
worldwide. The National Comprehensive Cancer Network
(NCCN) guidelines recommend surgery, chemotherapy and
radiation therapy for GC patients (1). However, despite the fact
that the incidence of gastric cancer has decreased worldwide
over the last 3 decades, its burden remains substantial due
to common relapses originating from a residual nidus (2).
Therefore, there is an urgent need to identify novel anticancer
agents with milder toxicity profiles to enhance the efficacy of
GC treatments.

Accumulating evidence suggests that natural, bioactive
substances from plants (phytochemicals) may be promising
chemopreventive and chemotherapeutic agents in the treatment
of several human cancers. A number of phytochemicals have
been found to exert anticancer effects in in vitro studies, some
of which have been confirmed in vivo, such as certain poly-
phenols (e.g., resveratrol and gallocatechins) and flavonoids
(e.g., methoxy licoflavanone and alpinumisoflavone), among
others (3). More importantly, clinical trial evaluations of
several phytochemicals have been conducted in cancer
patients. For example, the anticancer activity of resveratrol
was evaluated in patients with colorectal cancer and hepatic
metastases in a phase I randomized double-blind pilot study,
which reported that resveratrol significantly increased the
apoptosis of hepatic cancer cells (4). Xanthohumol [Xn;
3'-(3,3-dimethylallyl)-2'4' 4-trihydroxy-6'-methoxychalcone],
the most abundant prenylated flavonoid (0.1-1% of dry weight)
in Hops (Humulus lupulus L), may be isolated from the female
inflorescences, as shown in Fig. 1. Xn is also a constituent
of beer, a major dietary source of prenylated flavonoids,
where it has been found at concentrations of up to 0.96 mg/l
(1.95 uM) (5). In recent years, an increasing number of studies
demonstrated the broad-spectrum anticancer activity of Xn in
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NSCLC (6), hepatocellular carcinoma (7), breast cancer (8),
leukemia (9), prostate cancer (10) and glioblastoma (11).
Exposure of cancer cells to Xn may inhibit their proliferation,
migration and invasion, as well as induce apoptosis and cell
cycle arrest. However, to the best of our knowledge, the effects
of Xn on GC have not been investigated to date.

The present study aimed to investigate the anticancer
activity of Xn against GC cells in vitro, and preliminarily
explore the underlying mechanism. The effects of Xn on the
proliferation, apoptosis, migration and invasiveness of GC cells
were evaluated; in addition, whether these effects involved
reactive oxygen species (ROS) production and nuclear factor
(NF)-«B signaling was further investigated.

Materials and methods

Cell culture. GC cells (AGS, SGC-7901 and MGC-803) and
normal gastric epithelial cells GES-1 were obtained from the
American Type Culture Collection (Rockville, MD, USA).
These cell lines were cultured in RPMI-1640 (HyClone,
Logan, UT, USA), supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Gibco-Invitrogen; Thermo Fisher
Scientific, Inc., Carlsbad, CA, USA) in a humidified atmo-
sphere with 5% CO, at 37°C.

Reagents. Xn was obtained from Sigma-Aldrich; Merck KGaA
(St. Louis, MO, USA). CellTiter 96® AQueous One Solution
Cell Proliferation Assay kit was purchased from Promega
Corporation (Madison, WI, USA). The 5-ethynyl-20-de-
oxyuridine (EdU) incorporation assay kit was purchased
from RiboBio (Guangzhou China), the FITC Annexin V
Apoptosis Detection Kit I was obtained from BD Pharmingen
(BD Biosciences, Franklin Lakes, NJ, USA). Antibodies
against Bcl-2 (rabbit polyclonal antibody, dilution 1:1,000;
cat. no. ab194583), Bax (rabbit monoclonal antibody, dilu-
tion 1:1,000; cat. no. ab32503), p-IkBa (rabbit monoclonal
antibody, dilution 1:1,000; cat. no. ab133462), IkBa (rabbit
monoclonal antibody, dilution 1:1,000; cat. no. ab32518), p65
(rabbit polyclonal antibody, dilution 1:1,000; cat. no. ab16502),
histone H3 (rabbit polyclonal antibody, dilution 1:1,000;
cat. no. abl791) and GAPDH (rabbit polyclonal antibody,
dilution 1:1,000; cat. no. ab9485) were obtained from
Abcam (Cambridge, UK). ROS and superoxide dismutase
(SOD) assay kits were purchased from Beyotime Institute of
Biotechnology, Ltd. (Shanghai, China).

Cell viability assay. Cell proliferation was measured by the
CellTiter 96® AQueous One Solution Cell Proliferation Assay
kit, as reported previously (12). After treatment with Xn for
24 h, the cells were incubated with 20 ul/well MTS solution
for 1 h, and then measured using an optical density reader at
570 nm (BioTek, Winooski, VT, USA).

EdU incorporation assay. A total of 100 ul of 50 uM EdU
diluent medium was added into each well for 3 h. The cells
were fixed using 4% paraformaldehyde and incubated with
2 mg/ml aminoacetic acid for 5 min with oscillation. The cells
were then incubated with 100 u1 0.5% Triton X-100 added into
each well with 10 min of oscillation followed by 100 pl of 1X
Apollo® 488 fluorescent staining reaction liquid for 30 min at
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37°C. DAPI was used to stain the cell nuclei. The EdU incor-
poration rate was expressed as the ratio of EdU-positive cells
(green cells) to total DAPI-positive cells (blue cells).

Flow cytometric analysis. Flow cytometric analysis was
performed according to the manufacturers' instructions
(BD Biosciences). Cells were washed twice with cold
phosphate-buffered saline (PBS) and then resuspended in 1X
binding buffer at a concentration of 1x10° cells/ml. A total of
100 ul of the solution (1x10° cells) was transferred to a 5-ml
culture tube. After adding 5 ul FITC Annexin V and 5 ul prop-
idium iodide (PI), the cells were gently vortexed and incubated
for 15 min at room temperature (25°C) in the dark, followed
by the addition of 400 ul of 1X binding buffer to each tube.
Analysis by flow cytometry was performed within 1 h.

Western blotting. Proteins were extracted with RIPA buffer
(containing 0.1% PMSF), separated by 10% SDS/PAGE
and transferred to polyvinylidene fluoride membranes. The
membranes were then incubated with primary antibodies
overnight at 4°C, and horseradish peroxidase-conjugated goat
anti-mouse or goat anti-rabbit secondary antibody (sc-2005,
1:2,000 and sc-2030, 1:5,000; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) for 1 h. The chemiluminescence signals
were detected with the EasySee Western Blot Kit (Beijing
TransGen Biotech, Beijing, China). ImageJ 1.43 software
(National Institutes of Health, Bethesda, MD, USA) was used
for densitometric analysis.

Wound healing assay. A p200 pipette tip was used to create
a scratch after the cells had grown to 80-90% confluence in
6-well culture plates. Images were captured at 0, 24 and 48 h
after wounding. To ensure that all wounds were of the same
width at the beginning of each experiment, an ocular ruler was
used to measure wound width.

Transwell assay. Transwell inserts (24-well) with an 8-ym
pore size (Corning Incorporated, Corning, NY, USA) were
used in the migration and invasion assays. The invasion assay
was performed by precoating the Transwell inserts with
Matrigel Basement Membrane Matrix (BD Biosciences).
Briefly, the protocol was as follows: Cells suspended in
serum-free medium with different concentrations of Xn were
seeded in the upper chamber and were allowed to transmigrate
towards the bottom chamber, which contained medium with
15% FBS for 24 h. The membrane inserts were then fixed
with 4% paraformaldehyde and stained with 1% gentian violet
solution. Images were captured from each membrane, and the
number of migrating and invading cells was counted under a
microscope.

Intracellular ROS and SOD activity measurement. The
fluorescent probe dihydroethidium (DHE) was used to monitor
intracellular ROS levels. Intracellular DHE is oxidized to
ethidium, which binds to DNA and stains the nuclei bright
fluorescent red. Cells were incubated with different concentra-
tions of Xn and 5 mM DHE for O, 1 and 3 h. The cultures were
washed twice with ice-cold PBS, then visualized using a Zeiss
inverted fluorescence microscope (Carl Zeiss AG, Oberkochen,
Germany). The total red fluorescence intensities of 5 views per
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Figure 1. Hops (Humulus lupulus L.) and structure of xanthohumol.
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Figure 2. Cytotoxicity of xanthohumol (Xn) on GC cells and normal gastric epithelial cells. (A) GC cells (MGC-803, SGC-7901 and AGS) and normal gastric
epithelial cells (GES-1) were treated with Xn at concentrations of 0-100 M for 24 h. (B) The ICj, for each cancer cell line was calculated according to the
data in (A). Cell viability was determined by the MTS assay. Treatment with 0 #M Xn was used as control. Data are expressed as mean =+ standard error of the

mean. n=3. "P<0.05, “P<0.01 vs. control (0 M Xn).

well were quantitated using ImageJ analysis software (National
Institutes of Health). Total SOD activity was determined by
detecting superoxide radicals generated from hypoxanthine
and xanthine oxidase, according to the manufacturer's instruc-
tions (Beyotime Institute of Biotechnology, Ltd.).

Statistical analysis. The results are presented as means =+ stan-
dard error of the mean. Statistical analysis was performed by
analysis of variance followed by the Newman-Student-Keuls
test for multiple comparisons. The results were considered
statistically significant when P<0.05.

Results

Cytotoxicity of Xn on GC cells and normal gastric epithelial
cells. To investigate the effect of Xn on GC, the cytotoxicity
of Xn on GC cell lines (AGS, SGC-7901 and MGC-803) was
determined by the MTS assay after 24 h. As shown in Fig. 2,
Xn significantly inhibited the viability of AGS, SGC-7901 and
MGC-803 cells in a dose-dependent manner, with an ICs, of
16.04, 35.81 and 111.16 uM, respectively. The highest inhibi-
tory activity of Xn was observed in AGS cells. Thus, AGS
cells and three concentrations distributed around its ICs, value
(5, 10 and 20 M) were selected for further experiments.

To investigate whether the inhibition of Xn was selec-
tive for cancer cells, the effect of Xn on normal gastric

epithelial cells (GES-1) was also tested. The results demon-
strated that Xn exerted very mild or no toxic effects on
GES-1 cells compared with GC cells, with an ICs, of up to
285.26 uM (Fig. 2A and B). There was no cytotoxicity at
concentrations of 0-10 xM. Moreover, Xn exerted no effect on
the proliferation or apoptosis of GES-1 cells (Fig. 3A-D), as
indicated by the unchanged percentage of EdU-positive cells
and the expression of apoptosis-related proteins (Bcl-2 and
Bax) following treatment with Xn. These results indicated that
Xn selectively targets GC cells, but not normal cells.

Effect of Xn on the proliferation and apoptosis of AGS cells.
In view of the abnormal proliferation of cancer cells playing
a key role in the development and progression of GC (13), the
effect of Xn on the proliferation of AGS cells was investi-
gated through EdU assay. Following treatment with different
concentrations of Xn for 24 h, both the total number of cells
and the percentage of EdU-positive cells were dose-depend-
ently decreased (Fig. 4A and B), suggesting that Xn effectively
suppresses the proliferation of AGS cells.

The decreased total number of cells under Xn treatment
may be due to apoptosis induction in addition to proliferation
inhibition. Therefore, the effect of Xn on the apoptosis of AGS
cells was assessed by flow cytometry and the expression of
apoptosis-related proteins. The results of flow cytometry
demonstrated that Xn increased the percentage of apoptotic
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Figure 3. Effect of xanthohumol (Xn) on the proliferation and apoptosis of GES-1 cells. Cells were treated with different concentrations of Xn (0-10 ¢M) for
24 h. After treatment, (A) EAU incorporation assay was used to assess the proliferative ability; representative images are shown. (B) Percentage of EdU-positive

cells. (C and D) The expression of apoptosis-related proteins, including pro-apoptosis protein Bax and anti-apoptosis protein Bcl-2, was measured through
western blotting. Data are expressed as mean + standard error of the mean. n=3.
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Figure 4. Effect of xanthohumol (Xn) on the proliferation and apoptosis of AGS cells. Cells were treated with different concentrations of Xn (0-20 xM)
for 24 h. After treatment, (A) EdU incorporation assay was used to assess cell proliferative ability; representative images are shown. (B) Percentage of
EdU-positive cells. (C and D) The number of apoptotic cells was determined by flow cytometry. (E and F) The expression of apoptosis-related proteins,

including pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2, was measured through western blotting. Data are expressed as mean + standard error of
the mean. n=3. "P<0.05, “P<0.01 vs. control (0 M Xn).
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Figure 5. Effect of xanthohumol (Xn) on wound healing, migration and invasion of AGS cells. (A and B) Cells were treated with different concentrations of Xn
(0-20 uM) for 0, 24 and 48 h, followed by measurement of the relative wound width. (C and D) The Transwell assay was performed to evaluate cell migration
and invasion ability; cells were treated with Xn as mentioned above in culture wells for 24 h, and the migrating and invading cells were stained by crystal violet
solution. Data are expressed as mean + standard error of the mean. n=3. "P<0.05, “P<0.01 vs. control (0 xM Xn).

cells in adose-dependent manner. Early apoptosis was observed
at concentrations of 5 and 10 M, while incubation with 20 uM
Xn induced late apoptosis of AGS cells (Fig. 4C and D).
Moreover, the expression of apoptosis-related proteins,
including the pro-apoptotic protein Bax and the anti-apoptotic
protein Bcl-2, may reflect the apoptosis level. As shown in
Fig. 4E and F, Bcl-2 expression was decreased, while Bax
expression was increased following treatment with Xn for
24 h. Taken together, these results indicate that Xn induces the
apoptosis of AGS cells.

Effect of Xn on the migration and invasion of AGS cells.
Unrestricted metastasis is an important trait of GC, apart
from disruptions in proliferation and apoptosis (14). The
wound healing and Transwell assays were performed to
determine the effect of Xn on cell motility. As shown in
Fig. 5A and B, wound recovery was significantly delayed
by Xn in a time- and dose-dependent manner; the inhibi-
tory effect increased gradually with increasing incubation
time and Xn concentration. In the Transwell assay, the
migrating and invading cells were counted and normalized
to mock. Xn treatment for 24 h significantly decreased the
number of migrating and invading cells in a dose-dependent
manner (Fig. 5C and D).

Effect of Xn on ROS production and SOD activity in AGS
cells. Alterations of the intracellular redox balance are known
to play a regulatory role in cell proliferation and apoptosis (15).
To explore whether the proliferation inhibition and apoptosis
induction by Xn involves ROS production, DHE was used to
monitor the intracellular ROS levels derived from superoxide
anion and superoxide. The representative fluorescent images
and corresponding statistics (Fig. 6A and B) revealed that
treatment with different concentrations of Xn for various
times (0, 1 and 3 h) increased DHE fluorescence intensity
in a time- and dose-dependent manner, suggesting that Xn
induces ROS overproduction in AGS cells. It is well-known
that SOD activity reflects the endogenous antioxidant ability
against superoxide radicals. As shown in Fig. 6C, the relative
SOD activity in AGS cells was decreased following exposure
to Xn for 3 h. These results indicated that Xn promotes ROS
production and suppresses SOD activity, resulting in intracel-
lular redox imbalance.

Effect of ROS inhibitor N-acetylcysteine (NAC) on the
anticancer activity of Xn against GC. On the basis of
abovementioned findings, to further determine whether ROS
mediated the anticancer activity of Xn against GC, AGS cells
were pre-treated with the ROS inhibitor NAC (5 mM) prior to
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Figure 6. Effect of xanthohumol (Xn) on reactive oxygen species (ROS) production and superoxide dismutase (SOD) activity in AGS cells. (A and B) Cells
were treated with different concentrations of Xn (0-20 #M) for 0, 1 and 3 h, followed by measurement of ROS levels. Representative fluorescence images were
captured, and red fluorescence intensity reflected the ROS level. (C) SOD activity was determined after the cells were treated with Xn as mentioned above for
3 h. Data are expressed as mean * standard error of the mean. n=3. “P<0.01 vs. control (0 xM Xn).

treatment with Xn (20 gM). As shown in Fig. 7A and B, NAC
inhibited the ROS overproduction induced by Xn (20 uM).
Furthermore, Xn decreased the percentage of EdU-positive
cells, delayed wound recovery and induced cell apoptosis, as
evidence by decreased Bcl-2 and increased Bax expression.
However, these effects of Xn were reversed by pretreatment
with NAC (Fig. 7C-H), indicating the inhibitory effect of the
ROS inhibitor NAC on the anticancer activity of Xn.

Effect of Xn on the NF-«xB signaling pathway in AGS
cells. NF-xB is known to modulate apoptosis, acting as a
‘pro-survival’ factor (16). NF-kB signaling is responsible for
regulating transcription through NF-kB p65 translocation into
the nucleus, which is controlled by the targeted phosphoryla-
tion and subsequent degradation of IxBa. To examine the
effect of Xn on NF-«B signaling, the expression of p-IkBa,
IkBa, p65 (nuclear) and p65 (cytosolic) were measured upon
Xn treatment for 24 h. As shown in Fig. 8A-C, Xn decreased
the expression of p-IkBa and increased the expression of
IkBa, suggesting that the phosphorylation and subsequent

degradation of IxBa was inhibited by Xn. Moreover, the
expression of nuclear p65 was decreased, while the expression
of cytosolic p65 was increased with Xn treatment (Fig. 8D-F),
suggesting a suppressive effect of Xn on the NF-kB p65
nuclear translocation. These results indicate that Xn inhibits
NF-kB signaling.

Effect of the ROS inhibitor NAC on the NF-xB signaling
pathway in Xn-treated AGS cells. High ROS levels have been
shown to inhibit NF-«kB activation, which in turn regulates
cancer cell survival (16). To determine whether ROS medi-
ated the anticancer activity of Xn through regulating NF-xB
activation, the expression of NF-kB activation-related proteins
was measured following pre-treatment with the ROS inhibitor
NAC in Xn-treated AGS cells. The results demonstrated that
Xn decreased the phosphorylation and subsequent degradation
of IkBa, and suppressed the nuclear translocation of NF-kB
p65, which were inhibited by NAC (Fig. 9A-F). Collectively,
these results suggest that ROS mediates the anticancer activity
of Xn against GC via the NF-«B signaling pathway.
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Figure 9. Effect of the reactive oxygen species (ROS) inhibitor N-acetylcysteine (NAC) on the nuclear factor (NF)-«B signaling pathway in xanthohumol
(Xn)-treated AGS cells. Cells were pre-treated with the ROS inhibitor NAC (5 mM) for 1 h, and then treated with Xn (20 uM) for 24 h; they were then
harvested and lysed to measure NF-kB signaling proteins through western blotting. (A-C) Expression of IkBa and p-IkBa protein; (D-F) Expression of
nuclear and cytosolic p65 protein. Histone H3 served as the nuclear loading control, GAPDH served as the cytosolic loading control. Data are expressed as
mean = standard error of the mean. n=3.""P<0.01 vs. control (0 uM Xn); “P<0.05, "P<0.01 vs. Xn (20 M Xn).

Discussion 4-14% polyphenols, mainly phenolic acids, prenylated chal-
cones, flavonoids, catechins and proanthocyanidins (20). As

Hops, a principle raw material of beer, is widely used in the  the most abundant prenylated flavonoid, Xn exhibits extensive

brewing industry worldwide. Hops acts as a preservative and  biological activities.

gives beer its unique aroma and flavor (17,18). In addition, The structure of Xn was first identified by Verzele et al in

hops has long been used as a medicinal plant, as it is rich in 1957 (21). However, the beneficial pharmacological properties

a variety of phenolic compounds (19). Dried hops contains  of Xn, including antioxidant, anti-inflammatory, antibacterial,
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antiviral,antifungal and antiplasmodial activities, were not fully
elucidated until the 1990s (22). Recently, the anticancer activity
of Xn was validated in a variety of cancer cells. However, to
the best of our knowledge, the present study is the first to inves-
tigate the anticancer activity of Xn in GC. We found that Xn
dose-dependently decreased the viability of GC cells, particu-
larly AGS cells, with an ICy, as low as 16.04 uM. It has been
reported that Xn exerts very mild or no toxic effects on normal
cells, including human lung fibroblast cells (MRC-5), primary
human hepatocytes, oligodendroglia-derived cells (OLN-93)
and human skin fibroblasts (23-25). Encouraged by the results
of these studies, we further investigated the cytotoxicity of Xn
on the normal gastric epithelial cell line GES-1. No cytotox-
icity was observed up to a concentration of 10 M, with an IC,
of up to 285.26 uM. Moreover, Xn exerted no effects on the
proliferation and apoptosis of GES-1 cells at concentrations of
0-10 xM. By contrast, Xn significantly decreased the viability
of GC cells from a concentration of 5 uM, and all the IC,,
values in GC cells were higher compared with that in GES-1
cells. These findings indicate that Xn specifically targets GC
cells; therefore, Xn may be a safe and effective treatment for
GC.

The decreased cell viability may be attributed to inhibi-
tion of proliferation or induction of apoptosis. Xn suppressed
the proliferation of AGS cells, as indicated by the decreased
number of EdU-positive cells. Moreover, flow cytometric
analysis revealed an increased number of apoptotic cells
upon Xn treatment. Numerous apoptotic-related proteins are
involved in the apoptosis process, particularly the Bcl-2 family
members. Xn has been reported to induce apoptosis through
regulating the expression of Bcl-2 family proteins in several
types of cancer (8,10). Bcl-2 family members may be classified
into anti- and pro-apoptotic proteins. Most Bcl-2 family
members, including Bcl-2, Bel-XL, Bel-w, Mcl-1, Bfil/A-1 and
Bcl-B, have anti-apoptotic properties; however, a subset display
pro-apoptotic properties, including Bax, Bak and Bid. Among
these Bcl-2 family members, the pro-apoptotic protein Bax has
been identified as an inhibitory binding partner of Bcl-2, and
their expression is commonly used to predict apoptosis (26). In
the present study, downregulated Bcl-2 expression and upregu-
lated Bax expression were observed following Xn treatment;
this finding, in combination with the results of flow cytometric
analysis, suggest that Xn induces apoptosis of AGS cells. As
one of the major causes of cancer-related mortality worldwide,
GC has a poor prognosis. Metastasis accounts for the majority
of deaths and the poor prognosis, indicating that the preven-
tion and control of metastasis would contribute to improved
GC treatment outcome (27). The metastatic ability of AGS
cells under Xn treatment was further determined and it was
observed that Xn dose-dependently delayed wound healing,
cell migration and invasion, suggesting that metastasis of AGS
cells is suppressed by Xn. Taken together, these findings indi-
cated that Xn may be a potential anticancer agent via affecting
the proliferation, apoptosis and metastasis of GC cells.

It is well-known that oxidative stress plays a key role
in several aspects of cancer development and progression,
including cellular proliferation, evasion of apoptosis or anoikis,
tissue invasion, metastasis and angiogenesis. Thus, cancer
treatment is highly associated with regulation of oxidative
stress. Although oxidative stress caused by ROS accumulation

3221

promotes tumor growth, it can also increase the sensitivity to
treatment (28). Numerous commonly used chemotherapeutic
agents and phytochemicals with anticancer activity induce
ROS production. For example, the cytotoxicity induced by
the chemotherapeutic drugs 5-fluorouracil and oxaliplatin is
attributed to increased ROS levels (29). Piperlongumine, a
bioactive agent derived from the long pepper plant, potently
inhibits the growth of breast tumors and metastases in mice
by increasing ROS levels (30). Moreover, Xn induced ROS
overproduction in A549 NSCLC cells and T98G glioblastoma
cells, resulting in cancer cell apoptosis (6,11). The present
study further demonstrated that Xn promoted intracellular
ROS production in AGS cells. The damage that ROS causes
to cells depends not only on their intracellular concentra-
tion, but also on the equilibrium between the ROS and the
endogenous antioxidant species (e.g., SOD) (28). In the present
study, the relative SOD activity in AGS cells was decreased
following exposure to Xn, resulting in ROS overproduction.
Furthermore, reduction of ROS by NAC suppressed the effect
of Xn on the proliferation, apoptosis and metastasis of AGS
cells. These results indicate that ROS mediate the anticancer
activity of Xn against GC.

At sublethal levels, ROS have been shown to activate the
pro-inflammatory transcription factor, NF-kB, which in turn
controls the expression of signaling molecules associated with
cancer cell survival. However, high ROS levels reduce NF-«xB
activity, resulting in apoptosis of cancer cells (16). Melatonin
suppresses thyroid cancer growth and overcomes radioresis-
tance via inhibition of p65 phosphorylation and induction of
ROS (31). The induction of ROS overproduction mentioned
above prompted us to further explore the effect of Xn on
NF-«B signaling in AGS cells. The results demonstrated that
Xn inhibited NF-kB activity via suppressing IkBo degradation
and p65 nuclear translocation. However, the inhibitory effect
of Xn on NF-«B signaling may be reversed by ROS reduction,
suggesting that ROS mediates the anticancer activity of Xn
against GC via the NF-«B signaling pathway.

In conclusion, the present study demonstrated that Xn
significantly decreases the viability of GC cells, but not that
of normal gastric epithelial cells. Xn was shown to inhibit
the proliferation, induce apoptosis and suppress metastasis of
AGS cells. The underlying mechanism appears to involve ROS
overproduction and subsequent inhibition of NF-xB activity.
These results may provide a scientific basis supporting further
use of Xn in the treatment of GC.
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