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Deguelin promotes apoptosis and inhibits
angiogenesis of gastric cancer
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Abstract. Gastric cancer is often diagnosed in locally
advanced or metastatic stages, which preludes a poor
prognosis. As only 10% of patients with advanced gastric
cancer treated with chemotherapy survive 2 years, new
approaches for preventing and controlling the disease are
required. We therefore, assessed in gastric cancer cells the
chemotherapeutic potential and mechanism of deguelin, a
rotenoid of the flavonoid family isolated from several plant
species. The effect of deguelin on the proliferation and apop-
tosis in the gastric cancer cells were assessed by MTT and
flow cytometry. The growth of gastric cancer cells (SNU-
484, AGS and MKN-28) was inhibited by deguelin in a
dose-dependent manner. G,/M phase arrest was induced
by deguelin in gastric cancer cells. Deguelin (1 zM) induced
chromatin condensation and DNA fragmentation. Also the
exposure to 1 yM deguelin resulted in the increase in early-
apoptotic cells (Annexin V-positive/Propidium iodide-
negative) after 24 h, compared to the cells in the control
medium (31 versus 12%). Deguelin-induced apoptosis
involved the caspase-9 and caspase-3 pathways in gastric
cancer cells. Akt phosphorylation, hypoxia-inducible factor-1a
accumulation, and vascular endothelial growth factor
expression in gastric cancer cells was inhibited by deguelin.
Taken together, deguelin showed anticancer activity in
gastric cancer cells, which is correlated with the inhibition
of angiogenesis and induction of apoptosis. Deguelin may
be a potential agent in inhibiting the progression of gastric
cancer by virtue of its activity on these crucial cell charac-
teristics.
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Introduction

Regardless of its decreasing global incidence and mortality,
gastric cancer remains the second most common cause
of cancer related death worldwide after lung cancer (1-3).
It is the major cancer type in Asia, representing 20.8% of
malignant neoplasms. Seventy-five percent of patients with
gastric cancer are considered incurable at diagnosis because
of disseminated disease. Even among patients with resectable
tumors, recurrence rates are high, with 80-90% of patients
ultimately presenting advanced cancer (4). Advanced gastric
cancer patients have a poor prognosis with a median survival
time, if untreated, of 3-5 months. Gastric cancer is often
diagnosed in locally advanced or metastatic stages, creating
a poor prognosis; only 10% of patients with advanced
gastric cancer treated with chemotherapy survive 2 years
(5). Systemic chemotherapy is widely accepted as palliative
treatment, leading to objective responses, improvement of
the quality of life, and prolonged survival. Based on response
results of some combination chemotherapy regimens, advanced
gastric cancer is believed to be a chemotherapy-sensitive
disease.

Deguelin, a rotenoid isolated from several plant species
including Mundulea sericea (Leguminosae), exhibits chemo-
preventive activities both in vitro and in vivo, and suppresses
the formation of carcinogen-induced aberrant crypt foci in
mouse colons and cigarette smoke-induced lung carcino-
genesis (6). It also increases the sensitivity of leukemia cells
to chemotherapeutic agents (7) and suppresses the growth
of human colon cancer cells (8). Deguelin blocks the
proliferation of premalignant and malignant human bronchial
epithelial (HBE) cells by inducing apoptosis (9). It is active
at nano-molar levels, with no apparent cytotoxicity to normal
HBE cells. Furthermore, deguelin selectively blocks Akt
activity in a phosphoinositide 3-kinase (PI3K)-dependent or
-independent manner, thereby, diminishing the activity of a
major anti-apoptotic pathway (9,10). Additionally, deguelin
strongly inhibits cyclooxygenase (COX)-2 expression in
squamous HBE cells, without affecting COX-1 protein
level (11).

While deguelin exhibits potential chemotherapeutic
activities against several types of cancers, the effects of
deguelin in gastric cancer remain unknown. In this study,
therefore, we assessed deguelin as a chemotherapeutic agent
against gastric cancer and investigated its mechanism.
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Materials and methods

Materials and reagents. FBS, RPMI-1640, Ham's F-12,
penicillin-streptomycin and trypsin-EDTA were purchased
from Hyclone Laboratories (Logan, UT, USA). Propidium
iodide (PI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), and proteinase K were purchased
from Sigma-Aldrich (St. Louis, MO, USA). RNase A was
purchased from Qiagen (Valencia, USA). Deguelin was
manufactured from the natural product rotenone (Sigma-
Aldrich, Milwaukee, WI, USA) in a four-step reaction,
dissolved in dimethyl sulfoxide (DMSO) at a stock con-
centration of 20 mM, and was stored at -20°C.

Cell culture. The human gastric cancer cell lines MKN-28,
SNU-484 and AGS were purchased from the Korean Cell
Line Bank (KCLB, Seoul, Korea). MKN-28 and SNU-484
cells were cultured in RPMI-1640 medium and AGS cells
were cultured in Ham's F-12 medium, supplemented with
10% FBS and 1% penicillin/streptomycin. Cultures were
maintained at 37°C in controlled humidified atmosphere
composed of 95% air and 5% CO,.

Cytotoxicity assay. Cell viability was performed by the MTT
assay. Briefly, MKN-28, SNU-484 and AGS cells were
plated at a density of 1-4x10° cells/well in 96-well plates
for 24 h. Then, the medium was removed, and the cells were
treated with either DMSO as a control or various concen-
trations of deguelin. The final concentration of DMSO in the
medium was <0.1% (v/v). After the cells were incubated for
72 h, 20 ul MTT solution (5 mg/ml) was added to each well
for another 4 h at 37°C. The formed formazan crystals were
dissolved in DMSO (200 pl/well) by constant shaking for
5 min. The plate was then read on a microplate reader at
540 nm. Three replicate wells were used for each analysis.
The median inhibitory concentration (ICs,, defined as the
drug concentration at which cell growth was inhibited by
50%) was assessed from the dose-response curves.

Cell cycle analysis. SNU-484 cells were plated in 100 mm-
diameter culture dishes. The next day, cells were treated with
various concentrations of deguelin or vehicle (0.1% DMSO)
for 24 h. Floating and adherent cells were collected and fixed
in cold 70% ethanol at 4°C overnight. After washing, the cells
were subsequently stained with 20 pg/ml PI and 100 pg/ml
RNase A for 1 h in the dark and subjected to FACS analysis
to determine the percentage of cells at specific phases of the
cell cycle (subG,, Gy/G,, S, and G,/M). Flow cytometric
analysis was performed using a FACSCalibur flow cytometer
(Becton-Dickinson, San Jose, CA, USA) equipped with a
488-nm argon laser. Events (~20,000) were evaluated for
each sample and the cell cycle distribution was analyzed
using Cell Quest software (Becton-Dickinson). The results
are presented as the number of cells versus the amount of
DNA as indicated by the intensity of the fluorescence signal.
All the experiments were performed three times.

DAPI staining and TUNEL assay. To detect morphological
evidence of apoptosis, cell nuclei were visualized following
DNA staining with the fluorescent dye DAPI. SNU-484 cells
were plated onto 18-mm cover glass in RPMI-1640 medium
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at ~70% confluence for 24 h. The cells were then treated with
deguelin at 1 M for 24 h. They were fixed with 1% parafor-
maldehyde, washed with PBS, and then stained with 2 pzg/ml
4 6-diamidio-2-phenylindole (DAPI) for 20 min at 37 °C. The
stained cells were observed using fluorescence microscope
(Carl Zeiss, Germany) with a peak excitation wavelength of
340 nm. Terminal deoxynucleotidyl transferase-mediated
nick end labeling (TUNEL) was performed following the
manufacturer's protocol (TUNEL kit, Chemicon, USA).

Annexin V assay. For flow cytometric analysis of apoptosis,
SNU-484 cells were treated with deguelin for 24 h, 5x103
cells were removed from the culture, washed twice with cold
PBS, and double stained with Annexin V-fluorescein iso-
thiocyanate (FITC) and PI (BD Biosciences) in Annexin-
binding buffer, followed by analysis on a FACSCalibur flow
cytometer (Becton-Dickinson) equipped with a 488-nm
argon laser. To avoid non-specific fluorescence from dead
cells, live cells were gated using forward and side scatter.

Western blot analysis. Cells were washed three times with
ice-cold phosphate-buffered saline (PBS) before lysis. Cells
were lysed with buffer containing 1% Triton X-100, 1%
Nonidet P-40, and the following protease and phosphatase
inhibitors: aprotinin (10 (g/ml), leupeptin (10 pg/ml) (ICN
Biomedicals, Asse-Relegem, Belgium), phenylmethylsulfonyl
fluoride (1.72 mM), NaF (100 (M), NaVO; (500 (M) and
Na,P,0, (500 pg/ml) (Sigma-Aldrich). Equal amounts of
protein were separated by 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, transferred onto nitrocellulose
membranes and the protein transfer was checked by Ponceau
S solution staining (Sigma-Aldrich). Immunostaining of the
blots was performed using the primary antibodies, followed
by the secondary antibody conjugated to horseradish
peroxidase and detection by enhanced chemiluminescence
reagent (Amersham Biosciences, Piscataway, NJ, USA).
Restore Western blot striping buffer (Pierce, Rockford, IL,
USA) was used to strip an immunostained blot before re-
staining for a second protein. Primary antibodies were the
mouse monoclonal antibodies for anti-caspase-9 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-HIF-1a (BD
Biosciences), and anti-PARP-1 and anti-cleaved caspase-3
(Cell Signaling Technologies, Danvers, MA, USA). The
secondary antibodies were purchased from Amersham
Biosciences.

RT-PCR. SNU-484 cells were seeded in 100 mm-diameter
culture dishes and continually incubated for 24 h. Then,
cells were treated with various concentrations of deguelin
and 100 uM CoCl, for hypoxic conditions in a complete
medium for 24 h. Total RNA from the cells was isolated using
TRIzol reagent (Invitrogen) according to the manufacturer's
instructions. Single-strand cDNA was synthesized from 1 pg
total RNA using a reverse transcription system (Promega,
Madison, WI, USA) according to the manufacturer's
instructions in a total volume of 20 ul. Equal amounts of
cDNA were subsequently amplified by PCR in a 25 ul
reaction volume containing 1X PCR reaction buffer, 200 M
dNTPs, 0.5 pmol specific primer for each gene and 1 unit of
Taq DNA polymerase (Takara Biotech, Shiga, Japan). The
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gastric cancer cells, the relative DNA content of SNU-484
cells was measured using flow cytometry. Deguelin treatment
resulted in an evident increase in G,/M phase population
together with a concomitant decrease in G,/G,. As shown
in Fig. 2A, there was little change in the cell cycle until the
deguelin concentration was 2.5 uM. SNU-484 cells treated
with 5 and 10 M deguelin for 24 h had 38.6 and 55%
cells in G,/M phase, respectively, as compared with only
23.8% in the control. Conversely, G,/G, phase population
was decreased to 31.4% and 11% in 5 and 10 M deguelin,
respectively, as compared with 49.9% in the control. The
percentage of SubG, phase population increased in a dose-
dependent manner, confirming its apoptotic effect on SNU-
484 cells.

Nuclei condensation and TUNEL reaction were studied to
investigate whether cell death was a result of apoptosis in
SNU-484 cells. To characterize the cell death induced by
deguelin, we examined nuclear morphology of dying cells
with a fluorescent DNA-binding agent, DAPI. SUN-484 cells
treated with deguelin displayed typical morphological features
of apoptotic cells, with condensed and fragmented nuclei,
while homogeneous nuclear chromatin was evident in control
cells. The induction of apoptosis by deguelin was confirmed
by TUNEL assay. TUNEL assay based on labelling of
DNA strand breaks generated during apoptosis revealed that
deguelin induced apoptosis in SNU-484 cells (Fig. 2B).

Bz spANDIDOSs; temperature was 60°C for VEGF, 55°C for HIF-1a SNU-484
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Figure 1. Effects of deguelin on proliferation of gastric cancer cells. SNU-484,
AGS and MKN-28 cells were seeded in 96-well culture plates (1-4x10°
cells/well). After incubation for 24 h, the cells were treated with various
concentrations of deguelin or 0.1% DMSO as a control. After incubation
for 72 h, they were subjected to MTT assay. Results are expressed as a
percentage for proliferation of DMSO-treated cells (control). Each value
is the mean (£SD) from triplicate wells.

Deguelin promotes early-apoptosis of gastric cancer cells.
Cells treated with 1 M deguelin for 24 h showed apoptosis-
related changes (chromatin condensation, TUNEL-positive
cells), prompting the examination of whether deguelin could
induce apoptosis in gastric cancer cells. SNU-484 cells
were incubated with 0.1-10 M deguelin for 24 h to evaluate
the dose-dependency of the pro-apoptotic effect of deguelin
(Fig. 3A). Induction of apoptosis was observed by the
treatment of 0.1 uM deguelin. Exposure to 1-uM deguelin
resulted in a 19% increase in early-apoptotic cells (Annexin
V-positive/Pro-pidium iodide-negative) after 24 h, compared
to the cells in the control medium (31 versus 12%).
Deguelin seemed to increase apoptosis and not necrosis
as evidenced by the increased population of early-apoptotic
cells (Fig. 3B). Additional evidence for an increase in
apoptosis was an increase in total percentage of Annexin V-
positive cells, which included late apoptotic cells.
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Figure 2. Deguelin induces G,/M phase arrest and apoptosis in gastric cancer cells. SNU-484 cells were incubated with the various concentration of
deguelin for 24 h and analyzed by flow cytometry for DNA content. The percentages of cells in specific phases of cell cycle by means of PI staining were
determined. Each value is the mean (+ SD) from triplicate samples (A). DAPI Staining (top of B); condensed nuclei were revealed by DAPI staining.
TUNEL assay (bottom of B); condensed and marginated chromatin was shown to be stained dark brown.

To determine if the pro-apoptotic effect of deguelin was
accompanied by activation of caspase, processing of caspase-9
and caspase-3 was examined by Western blot analysis. Treat-
ment of SNU-484 cells with deguelin for 24 h increased
caspase-3 and caspase-9 cleavage. To confirm the activation
of caspase-3, we examined cleavage of the DNA repair
enzyme poly(ADP-ribose) polymerase (PARP), one of the
major substrates of activated caspase-3, which is cleaved

into an N-terminal DNA-binding domain and C-terminal
catalytic domain. Deguelin-induced cleavage of PARP was
also observed in a dose-dependent manner (Fig. 3C).

Effect of deguelin on hypoxia-inducible factor-1 o (HIF-1a)
accumulation and vascular endothelial growth factor (VEGF)
expression in gastric cancer cells. Since deguelin is a natural
chemotherapeutic agent (14-17), we investigated whether
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Figure 3. Deguelin promotes early-apoptosis of gastric cancer cells. SNU-484 cells were treated with various concentrations of deguelin for 24 h. Apoptosis
was determined by flow cytometric analysis using Annexin V-FITC and PI staining. (A) The percentage of early-apoptotic cells was measured by the
percentage of Annexin V-positive/PI-negative cells after incubation with various concentration of deguelin for 24 h. (B) Representative flow cytometric analysis
of apoptosis in SNU-484 cells. Numbers in the quadrants indicate the percentage of cells labelled with Annexin V-FITC (bottom right) or Annexin V-FTIC
and PI (top right). Each value is the mean (+ SD) from triplicate samples. (C) The expression of PARP, caspase-9 and caspase-3 cleavage fragments

were evaluated in SNU-484 cells after 24 h of deguelin treatment.

deguelin exerted an anti-angiogenic effect in gastric cancer
cells. HIF-1 transcription activity and the expression of
angiogenic factors are subjected to regulation by the PI3K/
AKT pathway. Deguelin was recently recognized as a PI3K
pathway inhibitor (9,10,12-14). Therefore, we investigated
the effects of deguelin on the phosphorylation of Akt, a
downstream target of PI3K in gastric cancer cells. SNU-484
cells were treated with 0.1-10 M deguelin for 16 h and then
stimulated by 5% fetal bovine serum (FBS) for 30 min.

Treatment with deguelin decreased phosphorylation of
Akt*™7 in a dose-dependent manner (Fig. 4A). However,
total Akt expression was unchanged by deguelin.

Deguelin has been reported to be an anti-angiogenic
drug that targets HIF-1a in lung cancer (31-35). To determine
the effect of deguelin on expression of angiogenic factors
in gastric cancer cells, VEGF and HIF-1la expression were
investigated by RT-PCR. After treatment of deguelin for 2 h,
SNU-484 cells were treated with the hypoxia mimicking
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Figure 4. Effect of deguelin on PI3K/Akt pathway and the angiogenic factor.
(A) SNU-484 cells were treated with various concentration of deguelin
for 24 h and stimulated by treatment with 5% FBS for 30 min. Deguelin
treatment inhibited Akt phosphorylation in SNU-484 cells. (B) Treatment
of SNU-484 cells with various concentration (0.01-1 yM) deguelin for
24 h under CoCl,-induced hypoxic conditions reduced the expression of
VEGEF in a dose-dependent manner. (C) SNU-484 cells were treated with
various concentrations of deguelin under hypoxic conditions by the treat-
ment of 100 M CoCl, to for 24 h. Deguelin abolished the stabilization

of HIF-1la. One representative experiment from three independent experi-
ments was shown.

agent CoCl, for 24 h. Deguelin treatment reduced mRNA
expression of VEGF in a dose-dependent manner, whereas
the expression of HIF-1a remained unchanged (Fig. 4B).

We examined whether deguelin might play a role in stabi-
lization of HIF-1a. After treatment of deguelin for 2 h, SNU-
484 cells were treated with CoCl, for 24 h. As a result,
deguelin abolished CoCl,-induced HIF-1a accumulation
(Fig. 4C).

Discussion

Gastric cancers remain one of the major causes of cancer
deaths around the world (1,2). Among the chemotherapeutic
drugs for gastric cancer, 5-fluorouracil remains the primary
agent in clinical use and, to date, many new drugs have been
in clinical trials. Recently, the PI3K/Akt pathway has been
implicated in the development of multiple human cancers.
The PI3K pathway plays a critical role in cell progression by
promoting cell proliferation and inhibiting apoptosis. Akt, an
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important and probably essential downstream component of
PI3K-mediated oncogenic signalling, provides a critical cell
survival signal for tumor progression by phosphorylating a
number of proteins involved in cell cycle regulation and pro-
apoptotic factors (13,19). Overexpression and/or activation of
Akt have also been detected in gastric cancer (20). In addition,
phosphatase and tensin homolog (PTEN), a tumor suppressor
gene product, negatively regulates Akt. A PTEN gene muta-
tion has been identified in gastric cancer, which may lead to
Akt activation (21,22). Activation of Akt has been suggested
to be associated with chemoresistance of human tumors
including gastric cancer (23,24).

The ability of deguelin to inhibit PI3K/Akt-mediated
signalling pathways contributes to an anti-proliferative effect.
Deguelin is a novel PI3K inhibitor and potential chemo-
preventive agent in breast, skin, colon, and lung cancers
(12,17), and effectively prevents tobacco carcinogen-induced
lung carcinogenesis by blocking PI3K/Akt activation (6,14).
We, therefore, investigated whether deguelin, as a cancer
chemotherapeutic agent or inhibitor of carcinogenesis, could
inhibit proliferation of gastric cancer cells and PI3K/Akt
activation. Proliferation of MKN-28, AGS, and SNU-484
cells were inhibited in a dose-dependent manner by deguelin
treatment, and Akt phosphorylation were attenuated in SNU-
484 cells.

In a previous study, premalignant and malignant human
HBE cells treated with deguelin were observed to accumulate
in the G,/M phase of the cell cycle (9). The researchers also
observed that deguelin promoted cell cycle arrest in colon
and lung cancer cells, which was followed by apoptosis
induction. In colon cancer cells, deguelin arrested the cell
cycle at the Gy/G, phase (8). In this study, we found that SNU-
484 cells treated with deguelin were arrested at the G,/M
phase. This cell cycle arrest may have been due to the binding
of deguelin to the heat shock protein 90 (Hsp90)-mediated
regulation of the cell cycle and subsequent disruption of
Hsp90 (25-27).

Previously, we reported that deguelin induces apoptosis
in hepatocellular carcinoma cells (28). We further inves-
tigated whether deguelin could promote apoptosis of gastric
cancer cells. In this study, we found clear evidence from flow
cytometry and Western blot analysis that deguelin induces
apoptosis in SNU-484 cells. We demonstrated the increase of
early apoptosis in the presence of 1 yM deguelin, indicating
that deguelin may induce apoptosis in SNU-484 cells. We
determined that this apoptosis was mediated by caspase-3
and caspase-9 pathway. These data support the potent apop-
totic effects of deguelin on gastric cancer.

Angiogenesis is essential for tumor growth and meta-
stasis. Tumor neovascularization depends on the production
of specific angiogenic factors, either by host or tumor cells,
which shifts the angiogenic balance toward a pro-angiogenic
phenotype. Much attention has been focused on the VEGF
family as the major factor that contributes to angiogenesis
and metastasis in numerous tumor types, and VEGF over-
expression has been associated with tumor progression and
poor clinical outcome (29,30). Hypoxia, a characteristic of
solid tumors, is an important inducer of VEGF. The tran-
scription factor hypoxia-inducible factor 1 (HIF-1), a hetero-
dimer consisting of a HIF-1oa and a HIF-18 subunit, is an
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Drug development targeting HIF-1a has evoked extensive
interest in cancer therapy. HIF-1a is a new target for the anti-
angiogenic therapy of gastric cancer. Deguelin has been
reported to be an anti-angiogenic agent that targets HIF-1a in
lung cancer (31-35). Earlier studies showed that the PI3K/
Akt/mTOR pathway regulates HIF-1a protein translation
through mTOR (36,37). Therefore, we investigated the anti-
angiogenic activities of deguelin in gastric cancer cells. We
observed that deguelin inhibited angiogenesis via down-
regulation of the VEGF mRNA and destabilization of HIF-1a
protein in SNU-484 cells. This may have been due to a
ubiquitin-mediated degradation of HIF-1a by the binding of
deguelin to Hsp90 and the disruption of Hsp90 function, as
observed in previous studies (27,32-34).

Taken together, our data indicate that deguelin has
anticancer activity, which is correlated with the inhibition of
angiogenesis and induction of apoptosis in gastric cancer.
Deguelin may be a potential agent in inhibiting the prog-
ression of gastric cancer by virtue of its activity on these
crucial cell characteristics.
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