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Curcumin induces apoptotic cell death and protective autophagy
in human gastric cancer cells
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Abstract. Curcumin possesses an anticancer effect against a
wide assortment of tumors with selective cytotoxicity for tumor
cells. However, the mechanism involved in the curcumin-induced
anticancer effect remain unclear. In the present study, we inves-
tigated the efficacy of curcumin against human gastric cancer
cell growth and the molecular mechanism involved. Our results
demonstrated that curcumin inhibited the viabilities of gastric
cancer cell lines BGC-823, SGC-7901 and MKN-28 in both a
time- and dose-dependent manner. In addition, curcumin treat-
ment induced gastric cancer cell apoptosis in a dose-responsive
manner. Western blotting of apoptosis-related proteins further
confirmed the pro-apoptotic potential of curcumin. After expo-
sure to curcumin, a robust induction of autophagy was observed
in gastric cancer cells, which was characterized by the forma-
tion of acidic vesicular organelles (AVOs), conversion of LC3-1
to LC3-II and an increase in the levels of autophagy-related
proteins. Activation of the PI3K/Akt/mTOR signaling pathway
was suppressed in gastric cancer cells with curcumin treatment.
However, administration of the autophagy inhibitor 3-methyl-
adenine (3-MA) significantly promoted the apoptotic cell death
induced by curcumin. Collectively, our findings provide new
evidence that curcumin induces apoptotic cell death and protec-
tive autophagy in human gastric cancer cells in vitro. Autophagy
inhibitor treatment may provide a novel and effective strategy
for improving the anticancer effect of curcumin against gastric
cancer.

Introduction

Gastric cancer is one of the most common malignant tumors
worldwide (1). Although improvements in the early diagnosis
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and treatment have recently been made, the morbidity and
mortality rates are still high (2). For patients with advanced
gastric cancer, chemotherapy is still the primary thera-
peutic regimen as preoperative and postoperative adjuvant
therapy (3,4).

Curcumin, a polyphenol extracted from turmeric
(Curcuma longa), is an agent with anticancer potential against
various types of tumors. As a natural compound, it has been
proven to be effective with minimal toxicity, which selectively
acts on cancer cells over normal cells (5,6). Hitherto, curcumin
and its analog have been reported to play an anticancer role
in several tumor models, including glioblastoma (7), liver (8),
colorectal (9), lung (10), ovarian (11), breast (12) and oral (13)
cancer. The underlying mechanisms have been demonstrated
to be associated with the inhibition of proliferation, angio-
genesis, invasion and metastasis of cancer cells, or apoptosis
induction by curcumin (14-16). However, research on the
anticancer effect of curcumin against gastric cancer and the
related molecular mechanism remain to be elucidated.

Autophagy, a self-degradative process that is highly
conserved among different types of mammalian cells, has been
demonstrated in studies to play a critical, and complicated role
in cancer development and progression as well as therapy resis-
tance (17-19). Autophagy is an intracellular process starting
with the formation of double membrane vesicles. Then, the
contents of the vesicles, long-lived proteins and damaged
organelles, are delivered to the lysosome to degrade. It has been
found that autophagy exerts a dual effect on cancer (17,18).
On one hand, autophagy may function as a tumor suppressor
by preserving cellular integrity. Autophagy-deficient cells
are prone to develop tumorigenesis in vivo. On the other
hand, autophagy may play an oncogenic role by maintaining
tumor cell survival and preventing apoptotic cell death after
anticancer treatment. Recently, several studies demonstrated
that natural compounds with anticancer abilities could induce
autophagy in different types of tumors (20-22). However, the
precise role of autophagy (tumor suppressor or promoter)
involved in the mechanism of natural compound-induced
cancer cell death needs to be further studied.

In the present study, the anticancer effect of curcumin
on human gastric cancer and the underlying mechanism
were investigated. We designed the study to determine the
regulatory role of curcumin in the survival or apoptosis of
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three different gastric cancer cell lines BGC-823, SGC-7901
and MKN-28. Thereafter, the effect of curcumin-induced
autophagy on gastric cancer cells and the related molecular
mechanism were further elucidated.

Materials and methods

Cell culture and reagents. Human gastric cancer cell lines
BGC-823, SGC-7901 and MKN-28 were gifts from The First
Affiliated Hospital of Soochow University (Jiangsu, China).
The cells were routinely cultured in RPMI-1640 medium
supplemented with 10% (v/v) fetal bovine serum (FBS) (both
from Gibco, Invitrogen Corporation, Carlsbad, CA, USA) at
37°C in a humidified atmosphere of 5% CO,. The adherent
cells were subcultured every 2-3 days and harvested for the
subsequent experiments.

Reagents of curcumin (C1386), MTT (M2128), acridine
orange (AO; A6014), 3-methyladenine (3-MA; M9281) and
dimethyl sulfoxide (DMSO; D2650) used in the present study,
were all obtained from Sigma-Aldrich (St. Louis, Mo, USA).
Curcumin or autophagy inhibitor 3-MA was dissolved in
DMSO as stock solution and kept at -20°C prior to usage. In
addition, MTT or AO was dissolved in phosphate-buffered
saline (PBS) for solution preparation.

Cell viability assay. The regulatory effect of curcumin on
gastric cancer cell growth was evaluated using an MTT assay.
Briefly, cells were seeded at a density of 1x10* cells/well in a
96-well culture plate, incubated overnight and treated with or
without increasing amounts of curcumin (0-200 xM) for 24,
48 and 72 h, respectively. Subsequently, 10 ul of MTT solution
(5 mg/ml) was added into each well and incubated with the
cells at 37°C for another 4 h. Then, the solution was discarded
and 150 ul of DMSO was added into the remaining cells to
dissolve the formazan crystals. The optical density (OD) at
490 nm was measured using a microplate reader (Benchmark,
Bio-Rad Laboratories, Hercules, CA, USA). The formula
used in the present study was: Cell viability (%) = (OD of the
experimental sample/OD of the control group) x 100%.

TUNEL assay. TUNEL staining was performed in the present
study to determine the apoptosis-promoting effect of curcumin
on gastric cancer cells. In brief, the cells were seeded in a
24-well plate at a density of 7x10* cells/well. After incubation
overnight, gastric cancer cells were exposed to the indicated
concentrations of curcumin for 48 h. Then, the cells were
fixed with 4% paraformaldehyde and stained for the TUNEL
assay. In the present study, TUNEL staining was performed
with a One Step TUNEL Apoptosis Assay kit (Beyotime
Biotechnology, Nantong, China) according to the manufac-
turer's instructions. Thereafter, the cells were observed and
photographed under a fluorescence microscope (Olympus
Optical Co., Hamburg, Germany) and the red stained nuclei
were considered as TUNEL-positive.

Flow cytometric analysis. Flow cytometry was used to
confirm the apoptosis-inducing effect of curcumin on gastric
cancer cells. After 12 h of incubation, gastric cancer cells
seeded into a 6-well plate (3x10° cells/well) were treated with
the indicated amounts of curcumin for 48 h. Then, the cells
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were harvested, washed with ice-cold PBS and re-suspended
with the complete culture medium. The cell suspension was
incubated with a Muse™ Annexin V & Dead Cell Assay
kit (EMD Millipore, Hayward, CA, USA) according to the
manufacturer's instructions, and analyzed on a Muse™ Cell
Analyzer system (EMD Millipore). Data were analyzed using
Muse™ Analysis software (EMD Millipore).

Western blotting. A western blotting assay was performed
to evaluate the expression of apoptosis- or autophagy-related
proteins in human gastric cancer cells. After exposure to
the indicated amounts of curcumin for 48 h, the cells were
harvested and solubilized in cold RIPA buffer supplemented
with complete protease inhibitors. Equal amounts of cellular
lysates were separated on SDS-PAGE and electrophoretically
transferred to polyvinylidine fluoride (PVDF) membranes.
The membranes were then blocked with 5% (w/v) blotting
grade milk for 1 h and then incubated with the primary anti-
bodies overnight at 4°C. The primary antibodies anti-Bcl-2,
anti-Bax, anti-caspase-3 and anti-caspase-9 were purchased
from Merck-Millipore (Billerica, MA, USA); anti-LC3 was
obtained from Abcam (Cambridge, MA, USA); anti-Beclinl
and anti-Atg7 were purchased from Abgent (San Diego, CA,
USA); anti-Atgl2-Atg5, anti-p-Akt, anti-Akt, anti-p-mTOR,
anti-mTOR, anti-p-p70S6K and anti-p70S6K were obtained
from Cell Signaling Technology (Beverly, MA, USA). Anti-
B-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
was used as an internal control. Subsequently, the membranes
were washed and treated with the appropriate HRP-conjugated
secondary antibodies for 2 h, and the bound antibodies were
visualized by an enhanced chemiluminescence (ECL) reagent
(Beyotime Biotechnology).

Detection of acidic vesicular organelles (AVOs). Acridine
orange (AO) staining was used to determine the vacuolar
acidification of autophagosomes, which is a characteristic of
efficient autophagy. Briefly, gastric cancer cells were seeded
in a 6-well plate at a density of 3x10° cells/well and incubated
overnight. Following exposure to the indicated concentrations
of curcumin for 48 h, the cells were treated with AO (1 yg/ml)
for 15 min, washed with PBS and visualized under a fluores-
cence microscope (Olympus Optical Co.). The orange-red
fluorescence in the cytoplasm was recognized as AO-positive
staining.

Statistical analysis. All quantitative data are expressed as
the mean + SEM and plotted with the GraphPad Prism soft-
ware 6.0 (GraphPad Software, La Jolla, CA, USA). Statistical
analysis was performed by non-parametric Mann-Whitney
U test using SPSS 16.0 statistical software and a P-value <0.05
was considered as statistically significant.

Results

Gastric cancer cell proliferation is regulated by curcumin.
To confirm the potential role of curcumin in gastric cancer
cell growth, we performed an MTT assay to assess the cell
viability after treatment with curcumin over a wide range of
concentrations (0-200 xM). As shown in Fig. 1A, curcumin
inhibited the proliferation of three different gastric cancer
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Figure 1. Viability and apoptosis in human gastric cancer cells after curcumin treatment. (A) BGC-823, SGC-7901 and MKN-28 cells were treated with
curcumin at the indicated concentrations for 24, 48 and 72 h, and cell viability was assessed using an MTT assay. (B) BGC-823, SGC-7901 and MKN-28
cells were treated with curcumin at increasing concentrations for 48 h and apoptotic cell death was determined by TUNEL staining (magnification, x200).
BGC-823: a, DMSO; b, 5 uM curcumin; c, 10 yuM curcumin; d, 15 yM curcumin. SGC-7901 and MKN-28: a, DMSO; b, 5 yuM curcumin; ¢, 10 uM curcumin;

d, 20 M curcumin. Cur, curcumin.

Table I. The ICs, values (#M) of curcumin against gastric
cancer cells.

Cell lines 24 h 48 h 72h
BGC-823 37.58 15.18 13.00
SGC-7901 50.45 18.53 16.72
MKN-28 16.17 15.84 14.04

cell lines BGC-823, SGC-7901 and MKN-28 in both a
time- and dose-dependent manner, albeit to varying degrees.
The ICs, values of curcumin against gastric cancer cells are
presented in Table I. After 24 h of culture, MKN-28 cells were
found to be the most sensitive to curcumin (IC5,=16.17 M)
and SGC-7901 cells were the most resistant (IC5,=50.45 uM),
whereas BGC-823 cells provided an intermediate sensitivity
(IC5,=37.58 uM). At 48 h after treatment, the IC, values of
each cell line decreased and were similar. Thus, the regulatory
effects of curcumin on gastric cancer cells were all observed
after 48 h of exposure in our following studies, at a range of
concentrations between 0 and 20 yM.

Apoptotic cell death in gastric cancer cells is induced by
curcumin. To explore the effect of curcumin on gastric
cancer cell apoptosis, a combination of TUNEL staining,
flow cytometry and western blotting assays was performed
in our investigation. As shown in Fig. 1B, the nuclei of

curcumin-treated gastric cancer cells were condensed and
exhibited bright red fluorescence at 48 h post-treatment in a
dose-dependent manner. Consistent with this observation,
the results of flow cytometric analysis indicated a significant
increase in the apoptotic population (early apoptosis plus
late apoptosis) of gastric cancer cells treated with the
increasing concentrations of curcumin, compared with
the DMSO-control group (Fig. 2A). Furthermore, western
blotting was used to detect the expression of apoptosis-related
proteins. Fig. 2B revealed that curcumin significantly induced
the downregulation of Bcl-2 and the upregulation of Bax
expression in all of the three gastric cancer cell lines. Moreover,
curcumin clearly cleaved pro-caspase-3 and -9 to their active
forms in each gastric cancer cell line at a concentration over
10 uM. Therefore, the aforementioned observations reveal that
curcumin could induce apoptotic cell death in human gastric
cancer cells in a dose-dependent manner.

Autophagy in gastric cancer cells is induced by curcumin. It
has been reported that apoptosis and autophagy have a complex
relationship in the process of cancer cell death (23,24).
Therefore, we wondered whether the activation of autophagy is
also involved in the anticancer effect of curcumin. To confirm
the ability of curcumin to trigger autophagy in human gastric
cancer cells, we firstly performed AO staining to assess the
formation of AVOs, a characteristic of autophagolysosomes, in
curcumin-treated cancer cells. As shown in Fig. 3A, curcumin
treatment resulted in pronounced accumulation of orange-red
autophagic vacuoles in all of the three cell lines (BGC-823,
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Figure 2. Apoptotic cell death in human gastric cancer cells confirmed by flow cytometry and western blotting after curcumin treatment. (A) BGC-823,
SGC-7901 and MKN-28 cells were treated with curcumin at the indicated concentrations for 48 h and apoptosis was detected by flow cytometry with
Annexin V staining. (B) After treatment with curcumin at the indicated concentrations for 48 h, the expression of apoptosis-related proteins in gastric cancer

cells was detected by western blotting. Cur, curcumin.

SGC-7901 and MKN-28) in a dose-dependent manner, whereas
the DMSO-control group displayed green fluorescence, indi-
cating the absence of AVO formation in the cytoplasm.
Furthermore, we detected conversion of microtubule-asso-
ciated protein 1 light chain 3 (LC3) from LC3-I to LC3-II by
western blotting assay. When autophagy is activated, LC3-I
residing in the cytosol is cleaved to LC3-II and aggregated
on the autophagosomal membranes. Transformation of LC3-1
to LC3-II is thus a good marker for autophagy introduction.
Our data showed LC3 turnover in all of the three different
gastric cancer cell lines after exposure to curcumin and the
accumulation of LC3-II was more significant following the
increase of curcumin concentration (Fig. 3B). Thereafter, we
investigated the regulatory effect of curcumin on the expres-
sion of autophagy-related (Atg) proteins in gastric cancer cells
using western blotting assay. As shown in Fig. 3C, the levels of
Beclinl, Atg7 and Atg5-Atgl2-conjugate were all upregulated
in BGC-823, SGC-7901 and MKN-28 cells by curcumin treat-
ment in a dose-dependent manner, suggesting that curcumin
has a potent ability to induce the activation of Atg protein

expression in human gastric cancer cells, which is a critical
characteristic for autophagy. Therefore, these data suggest
that curcumin could induce autophagy activation as well as
apoptotic cell death in human gastric cancer cells.

The PI3K/Akt/mTOR signaling pathway in gastric cancer
cells is regulated by curcumin. Since the PI3K/Akt/mTOR
signaling pathway has been confirmed to play an important
role in the process of both apoptosis and autophagy, we
further studied the effect of curcumin on the phosphorylation
of Akt, mTOR and p70S6K in human gastric cancer cells.
Results of western blotting assay conveyed that the expres-
sion levels of phospho-Akt in the three cell lines (BGC-823,
SGC-7901 and MKN-28) were all obviously downregulated
by curcumin treatment in a dose-dependent manner, followed
by the downregulation of downstream phospho-mTOR and
phospho-p70S6K (Fig. 4). This observation indicates that
curcumin could inhibit the Akt/mTOR signaling pathway in
gastric cancer cells, which may contribute to its induction of
both apoptosis and autophagy in human gastric cancer cells.
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Figure 3. Activation of autophagy in human gastric cancer cells after curcumin treatment. (A) BGC-823, SGC-7901 and MKN-28 cells were treated with
curcumin at the indicated concentrations for 48 h and the formation of acidic vesicular organelles (AVOs) was determined by acridine orange staining. (B) BGC-
823, SGC-7901 and MKN-28 cells were exposed to curcumin at the indicated concentrations for 48 h and the conversion of LC3-I to LC3-II was confirmed by
western blotting assay. (C) After treatment with the indicated amounts of curcumin for 48 h, BGC-823, SGC-7901 and MKN-28 cells were assessed by western
blotting for the expression of autophagy-related proteins. Cur, curcumin.
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Figure 4. The PI3K/Akt/mTOR signaling pathway in human gastric cancer cells after curcumin treatment. Gastric cancer cells were treated with curcumin
at the indicated concentrations for 48 h and the expression of phospho-Akt, phospho-mTOR and phospho-p70S6K was detected by western blotting. Cur,
curcumin.

Proliferation and apoptotic cell death in gastric cancer cells  a paradoxical effect on cancer cell death or survival with
after 3-MA treatment. Autophagy has been reported to have  various stimuli (17,25). To study the contribution of autophagy
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Figure 5. Viability and apoptosis in human gastric cancer cells after treatment with curcumin and autophagy inhibitor 3-MA. Gastric cancer cells were exposed
to either curcumin (15 M for BGC-823 cells and 20 #M for SGC-7901 and MKN-28 cells) or 3-MA (10 mM), or a combination of curcumin and 3-MA for
48 h. (A) Cell viability was detected by MTT assay in gastric cancer cells."P<0.05 vs. cells treated with curcumin alone. (B) Apoptotic cell death was assessed
by TUNEL staining in gastric cancer cells (magnification, x200). (C) The apoptotic ratio was assessed by flow cytometry with Annexin V staining in gastric
cancer cells. (D) The expression of apoptosis-related proteins was detected by western blotting in gastric cancer cells. Cur, curcumin.

to curcumin-induced apoptosis in human gastric cancer cells,
we used the autophagy inhibitor 3-MA to prevent comple-
tion of autophagy at the early stage and co-treated the cancer
cells with curcumin and 3-MA for 48 h. As shown in Fig. 5A,
curcumin and 3-MA co-treatment significantly decreased
the viability of the three different gastric cancer cell lines,
compared with the control group treated with curcumin
alone. Furthermore, our data indicated that gastric cancer
cells co-treated with curcumin and 3-MA exhibited increased
apoptosis cell death compared with the control group treated
with curcumin alone, which was demonstrated by a combina-
tion of TUNEL staining, flow cytometry and western blotting
assays (Fig. 5B-D). Collectively, these results suggest that
curcumin-induced autophagy could play a protective role in
gastric cancer cell death and prevention of autophagy may
enhance the anticancer effect of curcumin in human gastric
cancer.

Discussion

Curcumin, a natural polyphenol derived from the root of
turmeric (Curcuma longa), has been reported to be a potential
traditional remedy in cancer prevention and therapy with phar-
macological safety (16,26). However, the effect of curcumin
on human gastric cancer and the underlying mechanisms have
not been well documented. Previous studies demonstrated that
curcumin attenuates gastric cancer cell proliferation, induces
apoptotic cell death and suppresses lymphatic vessel density
in vivo or in vitro (27-29). In the present study, we provided the

first evidence that curcumin inhibited cell growth and induced
protective autophagy against apoptotic cell death in human
gastric cancer.

As an anticancer agent, curcumin has been reported to play
a potent role in the regulation of proliferation and apoptosis in
various types of cancer. Bimonte et al revealed that curcumin
treatment inhibited tumor growth and angiogenesis in human
breast cancer both in vivo and in vitro (14). Koprowski et al
revealed that curcumin could induce growth suppression and
apoptosis of cholangiocarcinoma at low treatment concentra-
tions (30). Zou et al reported that an analog of curcumin,
WZ35, exhibited the anticancer effect on gastric cancer via
activation of the JNK and ER stress apoptotic pathways medi-
ated by ROS generation (31).

In the present study, proliferation was obviously inhibited
in both a time- and dose-dependent manner in three different
gastric cancer cell lines (BGC-823, SGC-7901 and MKN-28)
treated with curcumin. Moreover, curcumin was demonstrated
to induce marked apoptosis in human gastric cancer cells in a
dose-dependent manner, which was conveyed by the increase
in TUNEL-positive cells and the apoptosis population by flow
cytometry, as well as the upregulation of apoptosis-related
proteins. Consistent with our findings, studies have majorly
focused on apoptosis to elucidate the mechanisms by which
curcumin exerts its anticancer effect (16,28). However, the
role of curcumin-induced autophagy and the exact mechanism
involved in the interaction between apoptosis and autophagy
with curcumin treatment have not been generally clarified,
particularly in human gastric cancer.
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Autophagy, a catabolic degradation process in which
cellular proteins or organelles are degraded in the lysosome and
recycled, is designated as a non-apoptotic form of programmed
cell death called autophagy-induced cell death. It has recently
emerged as a critical player in the development of different
diseases, particularly cancer. Accumulating studies have
reported that medicinal plant-derived compounds or extracts
with anticancer properties, such as curcumin, could induce
autophagy in various types of cancer and it has been established
that the role of autophagy in human cancer is complicated.
Kim et al revealed that curcumin-induced autophagy acts as a
pro-death signal, which contributes to the decreased survival
of oral cancer cells (32). In contrast, Zhou et al demonstrated
that a novel curcumin analog EF25-(GSH), which induced
autophagy could be inhibited by chloroquine, thus leading to
significantly enhanced apoptosis and cytotoxicity in hepato-
cellular carcinoma (33). Moreover, Wang et al revealed that
quercetin could induce autophagy antagonizing apoptotic cell
death in gastric cancer cells, by modulation of the Akt/mTOR
and HIF-1a signaling pathways (20).

In the present study, curcumin treatment caused a dose-
dependent formation of acidic vesicular organelles (AVOs) in
human gastric cancer cells. Western blotting also demonstrated
a conversion from LC3-I to LC3-II and the upregulated expres-
sion of autophagy-related proteins including Beclinl, Atg7
and Atg5-Atgl2 conjugate in gastric cancer cells exposed to
curcumin. These characteristic changes firstly demonstrated that
curcumin could trigger the autophagic process in human gastric
cancer cells in vitro. Furthermore, whether curcumin-induced
autophagy plays a protective role or promotes cell death in
gastric cancer was confirmed later in our investigation.

The PI3K/Akt/mTOR signaling pathway has been
reported to be the major negative regulator of both apop-
tosis and autophagy. Numerous signaling molecules of the
PI3K/Akt/mTOR pathway have oncogenic properties and
constitutive activation of this signaling pathway is often
involved in the progression of various human cancers (34,35).
Contrary to tumor suppressor genes such as PTEN and p53
which can stimulate autophagy, oncogenes of PI3K and Akt
have been confirmed to play an inhibiting role in autophagy
activation. The results of our present study revealed that
curcumin treatment obviously inhibited the phosphorylation
of Akt and downstream mTOR as well as p70S6K in all of the
three different human gastric cancer cell lines in vitro. This
finding indicated that the inhibition of the PI3K/Akt/mTOR
signaling pathway may play an important role in the autophagy
of gastric cancer cells treated with curcumin. However, since
other signaling pathways such as Erk1/2, AMPK and JNK may
be also responsible for autophagy activation, further research
is still warranted in the future.

In addition, autophagy inhibitor 3-MA was used in
the present study, to prevent autophagy in order to further
investigate the dual role of curcumin-induced autophagy in
gastric cancer cells. Consequently, our results demonstrated
that autophagy inhibition significantly decreased cell viability
and enhanced apoptotic cell death in human gastric cancer
cells treated with curcumin. These findings revealed that the
prevention of autophagy significantly promoted the anticancer
effect and the toxicity of curcumin in gastric cancer. In other
words, curcumin-induced autophagy plays a protective role

3465

in human gastric cancer, which may lead to drug resistance
by curcumin in cancer treatment. Therefore, inhibition of this
protective autophagy with the application of an autophagy
inhibitor may improve the therapeutic efficacy of curcumin in
human gastric cancer.

In summary, the present study demonstrated for the first
time that the anticancer effect of curcumin was associated
with its inhibition of proliferation and promotion of apoptotic
cell death in gastric cancer cells. Moreover, the present study
provides the first evidence that curcumin induced a protec-
tive autophagy antagonizing apoptotic cell death in human
gastric cancer cells and combination of curcumin with an
autophagy inhibitor could enhance the anticancer toxicity of
this chemotherapeutic drug. Thus, it can be concluded that our
findings provide a valuable strategy for improving therapeutic
treatment with curcumin or its analog in human gastric cancer.
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