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ABSTRACT: Chalcones have been described to represent cancer chemopreventive food components that are rich in fruits and
vegetables. In this study, we examined the anti-oral cancer effect of flavokawain B (FKB), a naturally occurring chalcone isolated
from Alpinia pricei (shell gingers), and revealed its molecular mechanism of action. Treatment of human oral carcinoma (HSC-3)
cells with FKB (1.25−10 μg/mL; 4.4−35.2 μM) inhibited cell viability and caused G2/M arrest through reductions in cyclin
A/B1, Cdc2, and Cdc25C levels. Moreover, FKB treatment resulted in the induction of apoptosis, which was associated with
DNA fragmentation, mitochondria dysfunction, cytochrome c and AIF release, caspase-3 and caspase-9 activation, and Bcl-2/Bax
dysregulation. Furthermore, increased Fas activity and procaspase-8, procaspase-4, and procaspase-12 cleavages were ac-
companied by death receptor and ER-stress, indicating the involvement of mitochondria, death-receptor, and ER-stress signaling
pathways. FKB induces apoptosis through ROS generation as evidenced by the upregulation of oxidative-stress markers HO-1/
Nrf2. This mechanism was further confirmed by the finding that the antioxidant N-acetylcysteine (NAC) significantly blocked
ROS generation and consequently inhibited FKB-induced apoptosis. Moreover, FKB downregulated the phosphorylation of Akt
and p38 MAPK, while their inhibitors LY294002 and SB203580, respectively, induced G2/M arrest and apoptosis. The profound
reduction in cell number was observed in combination treatment with FKB and Akt/p38 MAPK inhibitors, indicating that the
disruption of Akt and p38 MAPK cascades plays a functional role in FKB-induced G2/M arrest and apoptosis in HSC-3 cells.
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■ INTRODUCTION
Oral cancer is one of the 10 most frequently occurring cancers
worldwide, and its prevalence in Europe and the United States
ranges from 2 to 6% among all cancer patients.1 A wide varia-
tion exists in the incidence and mortality rates of oral cancer in
different regions around the world. The highest rates have been
reported in South Asia and Asia Pacific regions, especially India,
Sri Lanka, Taiwan, Japan, and Australia, and the incidence and
mortality in these regions are almost twice those of the global
rates.2 The treatment of oral cancer has primarily relied on
classical modalities encompassing surgery, radiation, and
chemotherapy or a combination of these methods.1 Thus, the
development of effective chemopreventive or chemotherapeutic
agents/approaches using nontoxic botanicals may represent one
strategy for the management of oral cancers.
Chemoprevention, which refers to the administration of

natural or chemically synthesized agents to prevent initiating and
promotional events associated with carcinogenesis, is increasingly
being considered an effective approach for the management of
neoplasms.3 Treatment with chemopreventive or chemotherapeu-
tic agents that regulate cell-cycle machinery result in cell-cycle

arrest in different phases. Therefore, controlling the growth and
proliferation of cancerous cells and inducing apoptosis are major
goals of cancer chemoprevention.4 Eukaryotic cell-cycle
progression involves the sequential activation of cyclin-depen-
dent kinases (CDKs), which is dependent upon association with
cyclins. Progression through the mammalian mitotic cycle is
controlled by multiple holoenzymes, including a catalytic CDK
and a cyclin regulatory subunit.5 These cyclin−CDK complexes
are activated at synchronized intervals during the cell cycle.
However, CDKs can be induced and regulated by exogenous
factors, such as UV light, ionizing radiation, thermal disruption
and industrial chemicals.3,4 Apoptosis is a complex process of
deliberate suicide by a cell in a multicellular organism. Apoptosis
represents one of the main types of programmed cell death and
involves an orchestrated series of biochemical events leading to a
characteristic cell morphology and death; features of apoptosis
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include cellular morphological changes, chromatin condensation,
internucleosomal DNA cleavage, and the activation of a family of
cysteine-aspartic acid proteases (caspases).6 Chemical and
biological agents that induce cell-cycle arrest and apoptosis
have been reported to be promising interventions in the manage-
ment of malignant cancer.
The rhizomes of Alpinia plants (family Zingiberaceae, which

includes ginger, turmeric, and cardamon plants) are widely used
as culinary spices in Asian countries, eaten raw, cooked as
vegetables, or used as food flavoring. Alpinia pricei Hayata (shell
gingers) is a perennial rhizomatous plant indigenous to Taiwan.
This plant has various traditional and commercial applica-
tions, such as the use of the leaves to make traditional zongzi
(glutinous rice dumplings) and the use of the aromatic rhizo-
mes as a folk medicine for dispelling abdominal distension and
enhancing stomach secretion and peristalsis.7 Recent studies
have reported that Alpinia plants possess a variety of biological
activities, including antioxidant,8,9 anti-inflammatory,7,10 anti-
cancer,11,12 immunostimulating,13 hepatoprotective,14 and anti-
nociceptive10 activities. Our previous studies have demon-
strated that ethanol extracts of Alpinia pricei exhibit antitumor
effects by inducing cell-cycle arrest and apoptosis in human
squamous carcinoma KB cells.11,12 However, the phytochem-
istry and bioactivity of Alpinia pricei extracts have not yet been
elucidated.
Chalcones (1,3-diaryl-2-propen-1-ones) are precursors in the

biosynthesis of flavonoids/isoflavonoids and are cancer
preventive food components in a human diet that is rich in
fruits and vegetables. Detailed investigations have revealed that
flavokawain B (FKB), a chalcone derivative in kava extracts
used by South Pacific Islanders for thousands of years, has
strong antiproliferative effects against several cancer cell
lines.11,15−17 An epidemiologic study has found that the cancer
incidence in the three highest kava-drinking countries
(Vanuatu, Fiji, and Western Samoa) is one-fourth to one-
third of that in non-kava-drinking countries, such as New
Zealand (Maoris) and the United States (Hawaii and Los
Angeles).17−19 These findings should encourage the develop-
ment of more potent chalcone derivatives for both the pre-
vention and treatment of cancer, as well as epidemiologic studies
of the relationship between kava consumption and cancer. The
chemopreventive properties of flavokawain B combined with
the epidemiologic and experimental data prompted this study of
the inhibitory effects of treatment with flavokawain B on human
oral cancer cells. Therefore, in an effort to develop an effective
chemotherapeutic agent for the prevention of oral cancers, we
examined the chemotherapeutic effect of FKB purified from 70%
ethanol extracts of Alpinia pricei rhizomes on human oral cancer
HSC-3 cells. We show that FKB (1.25−10 μg/mL) inhibits
growth and proliferation and induces apoptosis in HSC-3 cells.
Our study also provides insight into the mechanism by which
FKB induces cell-cycle arrest and apoptosis in HSC-3 cells.

■ MATERIALS AND METHODS
Reagents. Dulbecco’s modified Eagle medium (DMEM), Roswell

Park Memorial Institute (RPMI-1640) medium, nutrient mixture F-12,
fetal bovine serum (FBS), glutamine, and penicillin/streptomycin were
purchased from Invitrogen/Gibco BRL (Grand Island, NY). Anti-
bodies against cyclin B1, Cdc2, cytochrome c, Bcl-2, Bax, Fas, FasL,
Nrf2, and ERK1/2 were obtained from Santa Cruz Biotechnology Inc.
(Heidelberg, Germany). The rabbit polyclonal anti-PARP antibody was
purchased from Roche (Mannheim, Germany). The antibody against
β-actin and the MTT (3-[4,5-dimethyl-2-yl]-2,5-diphenyltetrazolium
bromide) were purchased from Sigma-Aldrich (St. Louis, MO).

Antibodies against cyclin A, Cdc25C, caspase-3, caspase-9, p-Akt, Akt,
PI3K, JNK1/2, and p38 were obtained from Cell Signaling Technology
Inc. (Danvers, MA). The antibody against caspase-4 was obtained from
BIOMOL Inc. (Montgomery, PA), The antibody against caspase-12 was
purchased from Millipore Inc. (Temecula, CA), and the antibodies
against caspase-8 were obtained from NeoMarkers Inc. (Fremont, CA).
Anti-rabbit polyclonal HO-1, p-JNK1/2, p-ERK1/2, and p-p38 were
purchased from Abcam (Cambridge, U.K.), and the antibody against
HSP70 was purchased from BD Transduction Laboratories (Hayward,
CA). DAPI (4′,6-diamidino-2-phenylindole dihydrochloride), the Akt
inhibitor LY294002, the p38 inhibitor SB203580, the ERK inhibitor
PD98059, and the JNK inhibitor SP600125 were obtained from
Calbiochem (La Jolla, CA). All other chemicals were reagent grade or
HPLC grade and supplied by either Merck & Co. Inc. (Darmstadt,
Germany) or Sigma-Aldrich (St. Louis, MO).

Isolation and Characterization of FKB. Air-dried rhizomes
(2 kg) from Alpinia pricei were extracted with 10 L of 70% (v/v)
ethanol at room temperature as previously described.11,19,20 We further
characterized the main composition of the A. pricei extracts using
chromatography followed by spectral analysis. The A. pricei extracts
were separated by semipreparative HPLC. A Luna silica column
(250 mm × 10 mm, Phenomenex Co., Torrance, CA) was employed
with two solvent systems: A, H2O; B, acetonitrile. The gradient elution
profile was as follows: 0−3 min, 80% (v/v) A to B; 3−60 min, 80−0%
A to B (linear gradient); 60−80 min 0% A to B; the flow rate was
2.5 mL/min and the detector wavelength was set at 280 nm. The three
major compounds in the A. pricei extracts were obtained at retention
times of 32.5 min (1), 37.0 min (2) and 46.7 min (3). The structures
of compounds 1−3 were determined by spectroscopic analysis. The
UV spectra of these compounds were recorded with a Jasco V-550
spectrometer, and the IR spectra were obtained with a Bio-Rad FTS-
40 spectrophotometer. Electron-impact mass spectrometry (EIMS)
and high-resolution electron-impact mass spectrometry (HREIMS)
data were collected with a Finnigan MAT-958 mass spectrometer. The
NMR spectra were recorded with Bruker Avance 500 and 300 MHz
FT-NMR spectrometers at 500 MHz (1H) and 75 MHz (13C).
According to the mass and NMR analysis, compounds 1−3 were
identified as follows: 1, desmethoxyyangonin; 2, cardamonin; and 3,
flavokawain B (FKB).19 The standard calibration curves (peak area vs
concentrations) of compounds 1−3 ranged from 5 to 100 μg/mL.
According to the results of HPLC analysis, the amounts of the com-
pounds desmethoxyyangonin, cardamonin, and FKB in the A. pricei
extracts were 1.1%, 8.9%, and 5.7%, respectively. The obtained FKB
(Figure 1A) purity was above 99%, which was confirmed by HPLC
and 1H NMR analysis. A stock solution of FKB (10 mg/mL or
35.2 mM) was prepared in 100% DMSO and subsequently diluted in
medium so that the final concentration of DMSO was 0.1% in the
medium.

Cell Cultures and Sample Treatments. Human oral squamous
carcinoma (HSC-3), human melanoma (A-2058), oral adenosquamous
carcinoma (Cal-27), and lung carcinoma (A-549) cells were obtained
from the American Type Culture Collection (ATCC, Rockville, MD).
HSC-3 cells were grown in DMEM/F-12 (1:1) supplemented with 10%
(v/v) heat-inactivated FBS, 1.5 g/L sodium bicarbonate, and 1%
penicillin/streptomycin. The A2058 cells were grown in DMEM supple-
mented with 10% FBS, 2 mM glutamine, 3.7 g/L sodium bicarbonate,
2% nonessential amino acids, and 1% penicillin/streptomycin. The Cal-
27 cells were grown in DMEM supplemented with 10% FBS, 2 mM
glutamine, 3.7 g/L sodium bicarbonate, and 1% penicillin/streptomycin.
The A-549 cells were grown in RPMI-1640 supplemented with 10%
FBS, 2 mM glutamine, 2 g/L sodium bicarbonate, and 1% penicillin/
streptomycin. The cells were maintained in an incubator with a humi-
dified atmosphere of 95% air and 5% CO2 at 37 °C. The final con-
centration of DMSO in all experiments was adjusted to 0.1% (v/v). In
additional experiments, HSC-3 cells were pretreated with 2.5 mM NAC
and 10−30 μM Akt (LY294002), 10−30 μM p38 (SB203580), 25−
50 μM ERK (PD98059), or 15−30 μM JNK (SP600125) inhibitors for
1 h followed by incubation with or without the indicated concentration
of FKB for 24 h.
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Cell Viability Assay. The effect of FKB on cell viability was moni-
tored by the MTT colorimetric assay, as previously described.15 In
brief, after overnight incubation, cells were treated with various con-
centrations of FKB (0, 1.25, 2.5, 5, 7.5, and 10 μg/mL [0, 4.4, 8.8, 17.6,
26.4, and 35.2 μM]) for 24 or 48 h. The culture supernatants were
removed, and 500 μL of MTT (0.5 mg/mL) in PBS was added into
each well. After incubation at 37 °C for 2 h, 300 μL of isopropanol was
added to dissolve the MTT formazan crystals. The absorbance was
then measured at 570 nm, and the obtained values were compared
with the MTT standard cure. The effect of FKB on cell viability was
assessed as the percent of viable cells compared with the vehicle-
treated control, which was arbitrarily assigned 100% viability. The
assay was performed in triplicate for each concentration.
Cell-Cycle Analysis. Cellular DNA content was determined by

flow cytometric analysis with propidium iodide (PI)-labeled cells as
previously described.15 HSC-3 cells were seeded at a density of 4 × 105

cells/10 cm dish for overnight incubation, and the synchronization of
the cell cycle was achieved using a double thymidine block. Briefly,

HSC-3 cells were treated with 3 mM thymidine in DMEM medium
containing 10% FBS for 16 h. After treatment, the cells were washed
twice with PBS and then cultured in fresh medium for another 10 h.
The cells were then blocked with DMEM medium containing 3 mM
thymidine for 16 h. Cell-cycle synchronized cells were then washed
with PBS and restimulated to enter the G1 phase together by addition
of fresh DMEM medium containing FKB (1.25−10 μg/mL). The cells
were harvested at 24 h by trypsinization and then fixed in 3 mL of ice
cold 70% ethanol at −20 °C overnight. Cell pellets were collected by
centrifugation, resuspended in 500 μL of PI staining buffer (1% Triton
X-100, 0.5 mg/mL RNase A, and 4 μg/mL PI in PBS), and incubated
at room temperature for 30 min. The cell-cycle progression was
detected on a FACScan cytometer (BD Biosciences, San Jose, CA)
equipped with a single argon ion laser (488 nm). The forward and
right-angle light-scattering, which correlates with cell size and cyto-
plasmic complexity, respectively, were used to establish size gates and
exclude cellular debris from the analysis. The DNA content of 1 × 104

cells/analysis was monitored using the BD FACSCalibur system. The
cell-cycle profiles were analyzed with ModFit software (Verity
Software House, Topsham, ME).

Determination of Apoptosis. Apoptotic cell death was measured
using terminal deoxynucleotidyl transferase-meditated dUTP-fluores-
cein nick end-labeling (TUNEL) with the fragmented DNA detection
kit (Roche, Mannheim, Germany) following the supplier’s instruction.
Cells (2 × 104 cells/well) were seeded on eight-well Tek chambers
(Nunc, Denmark) and treated with various concentrations of FKB
(0, 1.25, 2.5, 5, 7.5, and 10 μg/mL) for 24 h. After incubation, the cells
were washed with PBS twice, fixed in 2% paraformaldehyde for
30 min, and permeabilized with 0.1% Triton X-100 for 30 min at room
temperature. The cells were then incubated with TUNEL reaction
buffer in a 37 °C humidified chamber for 1 h in the dark, rinsed twice
with PBS, and incubated with DAPI (1 mg/mL) at 37 °C for 5 min;
images of the stained cells were obtained under a fluorescence micro-
scope.

Fluorescent Imaging of Mitochondrial and Endoplasmic
Reticulum (ER) Activity. Fluorescent imaging of mitochondria and
endoplasmic reticulum was accomplished using a Mito-Tracker Green
or ER-Tracker Green detection kit (Molecular Probe, Eugene, OR)
following the manufacturer’s instructions. Mito-Tracker is a green
fluorescent mitochondrial stain that appears to localize to mitochon-
dria regardless of mitochondrial membrane potential. ER-Tracker
green dye is a cell-permeant, live-cell stain that is highly selective for
the ER. HSC-3 cells (2 × 104 cells/well) were seeded on eight-well
Tek chambers and treated with various concentrations of FKB
(0, 1.25, 2.5, 5, 7.5, and 10 μg/mL) for 24 h. After FKB treatment, the
cells were fixed in 2% paraformaldehyde in PBS for 15 min and then
incubated with 1 μMMito-Tracker for 30 min or 2 μM ER-Tracker for
60 min. The cells were stained with 1 μg/mL DAPI for 5 min, and
stained cells were visualized using a fluorescence microscope at 400×
magnification.

Immunofluorescence Assay. HSC-3 cells (2 × 104 cells/well)
were cultured in DMEM/F-12 medium with 10% FBS on glass eight-
well Tek chambers. After FKB treatment, the cells were fixed in 2%
paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100
for 10 min, washed/blocked with 10% FBS in PBS, and then incubated
for 1 h with anti-HO-1 primary antibody in 1.5% FBS. The cells were
incubated with a FITC (488 nm)-conjugated secondary antibody for
another 1 h in 6% bovine serum albumin. The cells were stained with
1 μg/mL DAPI for 5 min. Stained cells were washed with PBS and
visualized using a fluorescence microscope at 400× magnification.

Measurement of ROS Generation. Intracellular ROS accumu-
lation was detected by fluorescence microscopy using the cell-permeable
fluorogenic probe 2′,7′-dihydrofluorescein diacetate (DCFH-DA).
HSC-3 cells (1 × 105 cells/well; 12-well plate) were cultured in
DMEM/F-12 medium supplemented with 10% FBS, and the culture
medium was replaced when the cells reached 80% confluence. To
evaluate the generation of ROS in a time-dependent manner, cells
were treated with 7.5 μg/mL of FKB for 0, 1, 5, 10, 30, and 60 min.
After FKB treatment for the indicated time periods, culture super-
natants were removed, and the cells were then incubated with 10 μM

Figure 1. FKB inhibits the growth of human cancer cells. (A)
Chemical structure of FKB. (B) HSC-3, A2058, Cal-27, and A549 cells
(5 × 104 cells/well) were treated with different concentrations of FKB
(1.25−10 μg/mL) and grown in 24-well plates for 24 h. Vehicle alone
(0.1% DMSO in media) served as the control. (C) HSC-3 cells were
treated with FKB (1.25−10 μg/mL) for 24 and 48 h. The inhibitory
effects of FKB were determined by MTT assay. Cell viability (%) was
calculated as [(A570 of treated cells)/(A570 of untreated cells)] × 100.
Each value is expressed as the mean ± SD (n = 3). *Significant
difference compared with the control group (p < 0.05).
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DCFH-DA in fresh medium at 37 °C for 30 min. During loading, the
acetate groups on DCFH-DA were removed by intracellular esterase,
trapping the probe inside the HSC-3 cells. After incubation, the culture
medium was removed, and the cells were then washed with warm
PBS buffer. The production of ROS can be measured by changes in
fluorescence due to the intracellular accumulation of dichlorofluorescein
(DCF) caused by oxidation of DCFH. Intracellular ROS, as indicated
by DCF fluorescence, was measured with a fluorescence microscope
(Olympus 1×71 at 200× magnification).
Western Blot Analysis. HSC-3 cells (7.5 × 105 cells/dish; 10 cm

dish) were incubated with or without various concentrations of FKB
for 24 h. After incubation, adherent and detached cells were harvested,
pooled, washed once in PBS, and then suspended in 100 μL of lysis
buffer (10 mM Tris-HCl, pH 8, 320 mM sucrose, 1% Triton X-100,
5 mM EDTA, 2 mM DTT, and 1 mM PMSF). Cell suspensions were
kept on ice for 20 min and then centrifuged at 15000g for 30 min at
4 °C. Total protein content was determined using Bio-Rad protein
assay reagent (Bio-Rad, Hercules, CA) and BSA as a standard. The
protein extracts were reconstituted in sample buffer (62 mM Tris-HCl,
2% SDS, 10% glycerol, and 5% β-mercaptoethanol), and the mixture
was boiled at 97 °C for 5 min. Equal amounts (50 μg) of denatured
protein samples were loaded into each lane, separated by SDS−PAGE
on 8−15% polyacrylamide gradient, and then transferred onto a
polyvinylidene difluoride (PVDF) membrane overnight. Membranes
were blocked with 5% nonfat dried milk in PBS containing 1% Tween-
20 for 1 h at room temperature followed by incubation with primary
antibodies overnight and either horseradish peroxidase-conjugated
goat anti-rabbit or anti-mouse antibodies for 2 h. The blots were
detected by ImageQuant LAS 4000 mini (Fujifilm) with the Super-
Signal West Pico chemiluminescence substrate (Thermo Scientific, IL).
Western blot analyses were performed using antibodies against
cytochrome c, AIF, caspase-3, caspase-4, caspase-8, caspase-9 and
caspase-12, PARP, Bcl-2, Bax, Fas, FasL, cyclin A, cyclin B1, Cdc2,
Cdc25C, HO-1, Nrf2, PI3K, p-Akt, Akt, p-p38, p38, p-JNK1/2, JNK1/2,
p-ERK1/2, and ERK1/2. Densitometry analyses were performed using
commercially available quantitative software (AlphaEase, Genetic
Technology Inc. Miami, FL) with the control representing 1-fold as
shown just below the data.
Statistics. In vitro results are presented as the mean ± standard

deviation (mean ± SD). All study data were analyzed using an analysis
of variance, followed by Dunnett’s test for pairwise comparison.
Statistical significance was defined as p < 0.05 for all tests. Each sample
was tested in triplicate.

■ RESULTS

FKB Inhibits the Growth of Human Cancer Cells.
Human carcinoma cell lines (HSC-3, A-2058, Cal-27, and
A-549) were treated with various concentrations of FKB for
24 h. MTT assay shows that FKB treatment significantly
(p < 0.05) reduced HSC-3, A-2058, and Cal-27 cell survival in a
dose-dependent manner with IC50 values of 4.9, 5.2, and
7.6 μg/mL, respectively, indicating the susceptibility of cancer
cells to FKB treatment (Figure 1B), whereas FKB exerted a
very minimal effect against A-549 cells (Figure 1B). However, the
significant cytotoxic effect of FKB (>20 μ/mL) was not observed
in normal human gingival fibroblast HGF cells as demonstrated
in our previous report.19 In addition, cell survival was evaluated in
a time-dependent fashion. FKB (1.25−10 μg/mL) treatment for
24 and 48 h significantly induced a time- and dose-dependent
diminution of HSC-3 cell viability, indicating its potential ability
to impair tumor growth (Figure 1C). All treated cells showed a
reduction in cell viability, which differed according to the cell
type and concentration of drug. However, the reduction was
more pronounced in HSC-3 cells than in A-2058, Cal-27, and
A-549 cells. These data suggest that FKB has a broad inhibitory
effect on the growth and survival of HSC-3 cancer cells.

FKB Treatment Caused G2/M Cell-Cycle Arrest in HSC-
3 Cells. To examine whether FKB treatment could affect the cell-
cycle progression of HSC-3 cells, synchronized cells were treat-
ed with FKB (5 μg/mL; IC50) for 12, 24, 36, and 48 h and
subjected to flow cytometric analysis of DNA staining. Figure 2A

shows that FKB exposure resulted in progressive and sustained
accumulation of cells in G2/M phase. At 12 h after the
beginning of the FKB treatment, 21% of the cell population was
observed to be in the G2/M transition phase of the cell cycle,
and this percentage reached 25%, 35%, and 26% after 24, 36,
and 48 h, respectively. These percentages were comparatively
higher than the proportion of cells that were in G2/M phase
(17%, 13%, 13%, and 7% at 12, 24, 36, and 48 h, respectively)
in the vehicle (0.1% DMSO) treated cells (Figure 2A). Further-
more, the accumulation of cells in G2/M phase was ac-
companied by a decrease in the population of cells in G1 phase.
Indeed, in response to FKB treatment, 62% of the cells were
detected in G1 phase at 12 h, which increased to 45%, 53%, and
53% at 24, 36, and 48 h, respectively, compared with 68%, 79%,

Figure 2. FKB induces G2/M arrest in human oral carcinoma HSC-3
cells. (A) Cells were treated with or without 5 μg/mL of FKB for 12,
24, 36, and 48 h, stained with PI and analyzed for cell-cycle phase by
flow cytometry. Representative flow cytometry profiles are shown. The
cellular distributions (percentage) in different phases of the cell cycle
(sub-G1, G1, S, and G2/M) were determined after treatment with FKB.
(B) The effects of FKB (1.25−10 μg/mL for 24 h) on cell-cycle
regulatory protein levels (cyclin A, cyclin B1, Cdc2, and Cdc25C)
were examined by Western blot analysis. Protein (50 μg) from each
sample was resolved by 8−15% SDS−PAGE with β-actin as a loading
control. The photomicrographs shown here are from one representative
experiment repeated three times with similar results.
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72% and 77% in cells treated with vehicle (0.1% DMSO). Also,
flow cytometric analysis showed that a significant sub-G1 cell
population appeared following treatment with FKB for 48 h
(Figure 2A). In untreated HSC-3 cells, 6% of cells were PI-
positive, whereas 16% of cells were PI-positive after treatment
with 5 μg/mL of FKB for 48 h. The percentages of sub-G1
population at 48 h which are shown in Figure 2A demonstrate
the significant increase in the apoptosis at later stage. Moreover,
compare to control the percentage of apoptotic cells at 48 h
was more than 16%. Therefore, our findings suggest that FKB
promotes cell growth inhibition by inducing G2/M phase arrest
and induces apoptosis in HSC-3 oral cancer cells.
FKB Treatment Downregulates Cyclin A, Cyclin B1,

Cdc2, and Cdc25C Expression in HSC-3 Cells. Eukaryotic
cell-cycle progression involves sequential activation of CDKs,
whose activity is dependent upon the formation of complexes
with regulatory cyclins.21 The formation of a complex between
Cdc2 (CDK-1) and cyclin A/B1 is an important event for cells
to enter into mitosis.22 Therefore, we hypothesized that the
FKB-induced G2/M cell-cycle arrest may be due to the in-
hibition of cyclin A, cyclin B1, Cdc2, and Cdc25C, which are
critically involved in G2/M progression. As expected, FKB
(1.25−10 μg/mL) treatment for 24 h caused a significant
reduction in the protein levels of cyclin A, cyclin B, Cdc2
(mitotic-cyclin dependent kinase), and Cdc25C (mitotic
phosphatase) in a dose-dependent manner (Figure 2B).
These data imply that FKB inhibits cell-cycle progression by
reducing the levels of cyclin A, cyclin B1, Cdc2, and Cdc25C in
HSC-3 cells.
FKB Induces Apoptotic DNA Fragmentation in HSC-3

Cells. To further define the mechanism of cell death caused by
FKB, HSC-3 cells were treated with FKB (1.25−10 μg/mL) for
24 h, and DNA fragmentation was measured by the TUNEL
assay. FKB treatment for 24 h caused active apoptosis, and
DNA single-strand breaks were labeled with dUTP-fluorescein
at the 3′-OH ends of nuclei (Figure 3A). In the control
cells and those treated with a lower concentration of FKB
(1.25 μg/mL) for 24 h, the green fluorescence intensity was
almost undetectable. However, increases in the fluorescence
intensity were observed in a dose-dependent manner (Figure 3A).
These data demonstrate that FKB treatment effectively induces
apoptosis in HSC-3 cells.
FKB Treatment Induces Mitochondrial Membrane

Permeability in HSC-3 Cells. We further examined whether
the FKB-induced apoptosis was mediated by the mitochondrial
pathway. HSC-3 cells were treated with FKB (1.25−10 μg/mL)
for 24 h, and changes in the mitochondrial membrane potential
were monitored using a Mito-Tracker assay kit as described in
Materials and Methods. Mito-Tracker is a green fluorescent dye
that stains mitochondria in live cells, and its accumulation is
dependent upon membrane potential. Bright green fluores-
cence was observed in the control cells, whereas exposure of
cells to FKB for 24 h caused a dose-dependent decrease in the
green fluorescence, indicating that FKB treatment induced mito-
chondrial membrane permeability in HSC-3 cells (Figure 3A).
These data are direct evidence that mitochondrial function is
critically impaired in FKB-induced apoptosis in HSC-3 cells.
FKB Treatment Upregulates the Mitochondrial Apo-

ptotic Cascades in HSC-3 Cells. A number of key protein
markers involved in mitochondria-mediated apoptosis were also
examined by Western blot analysis. Initially, we determined the
levels of cytochrome c in both mitochondrial and cytosolic frac-
tions. The incubation of cells with FKB resulted in a reduction

in cytochrome c in mitochondria. Conversely, increased
cytochrome c levels were detected in the cytosolic fraction
(Figure 3B). The FKB-induced release of cytochrome c from
the mitochondria into the cytoplasm occurred in a concen-
tration-dependent fashion and reached a plateau at 10 μg/mL.

Figure 3. FKB-induced apoptosis in HSC-3 cells. (A) TUNEL assay was
performed to determine apoptotic DNA fragmentation. HSC-3 cells
were exposed to FKB (1.25−10 μg/mL, 24 h). The green florescence
indicates the average number of apoptotic-positive cells in microscopic
fields (magnification ×400) from three separate samples (upper panel).
The effects of FKB (1.25−10 μg/mL for 24 h) on the mitochondrial
activity and endoplasmic reticulum distribution in HSC-3 cells. The
activity of the mitochondria was determined by uptake of Mito-Tracker
(green CMXRos) of mitochondria (middle panel). Fluorescent imaging
of endoplasmic reticulum was accomplished using ER-Tracker (Green
glibenclamide-BODIPY FL) (lower panel). After FKB treatment, HSC-3
cells were incubated for 60 min with 2 μM ER-Tracker or for 30 min
with 1 μM Mito-Tracker at 37 °C. The cells were incubated with DAPI
(1 μg/mL) for 5 min and examined by fluorescence microscopy
(magnification ×300) as described in Materials and Methods. (B−D)
Western blot analysis of apoptotic-related proteins in HSC-3 cells
exposed to FKB. (B) The effects of FKB (1.25−10 μg/mL, 24 h) on the
protein levels of mitochondrial and cytosolic cytochrome c, AIF, caspase-9,
caspase-3, PARP, Bcl-2, and Bax (mitochondrial pathway); (C) Fas,
FasL, and caspase-8 (death receptor pathway); (D) caspase-4, caspase-12,
and HSP70 (ER stress pathway) in HSC-3 cells. Protein (50 μg) from
each sample was resolved by 8−15% SDS−PAGE with β-actin as a
control. The photomicrographs shown here are from one representative
experiment repeated twice with similar results.
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Cytochrome c is reportedly involved in the activation of the
downstream caspases that trigger apoptosis.11 We investigated
the roles of caspase-9 and caspase-3 in the cellular response to
FKB. Western blot analysis showed that treatment of HSC-3
cells with FKB induced the proteolytic cleavage of procaspase-9
(47 kDa) and procaspase-3 (35 kDa) into their active forms
(Figure 3B). PARP-specific proteolytic cleavage by caspase-3 is
considered to be a biochemical characteristic of apoptosis.
Figure 3B also shows that, in response to FKB treatment, the
115 kDa PARP protein is cleaved into a 85 kDa fragment in
HSC-3 cells. The Bcl-2 family proteins are critical regulators of
mitochondrial-mediated apoptotic induction and act as either
activators (Bax, Bad, Bak, and Bok) or inhibitors (Bcl-2, Bcl-xL,
and Bcl-w).23 As shown in Figure 3B, the exposure of HSC-3
cells to FKB caused a dramatic reduction in the levels of Bcl-2,
a potent cell death inhibitor, and increased the levels of Bax
protein, which heterodimerizes with Bcl-2 and inhibits Bcl-2
activity. In addition to the classic caspase-mediated apoptosis,
mammalian cells can undergo caspase-independent apoptosis
that is mediated by mitochondrial membrane permeability
followed by apoptosis-inducing factor (AIF) release.24 In addi-
tion to FKB-induced changes in mitochondrial membrane po-
tential, a significant decrease in AIF was observed (Figure 3B).
Taken together, these data suggest that FKB-induced apoptosis is
mediated by both caspase-dependent and caspase-independent
mechanisms.
FKB Activates Fas-Mediated Apoptosis through the

Activation of Caspase-8. Upon ligand binding, death
receptors trigger apoptosis through the activation of caspase-
8-mediated apoptotic cascades. To assess whether FKB
promotes apoptosis via a death receptor-mediated pathway,
the expression levels of Fas and FasL were detected in HSC-3
cells by Western blot analysis. As shown in Figure 3C, FKB
caused a significant dose-dependent induction of Fas expres-
sion. In sharp contrast, treatment of cells with FKB caused an
increase in the expression of FasL protein at lower concen-
tration (1.25 μg/mL), whereas sustained reductions in FasL
expression were observed at >2.5 μg/mL of FKB. We reasoned
that concentrations of FKB above 2.5 μg/mL may rapidly
convert the membrane bound FasL (40 kDa) into soluble FasL
(26 kDa). Therefore, the detectable amount of 40 kDa mem-
brane bound FasL was dose-dependently reduced (converted)
by FKB (Figure 3C). In addition, we also observed that FKB
treatment significantly activated the downstream death receptor
cascade, as evidenced by the reduction in procaspase-8
(44 kDa) levels in the cytoplasm, which may further amplify
the mitochondrial membrane permeability. Taken together,
these results strongly suggest that FKB also induces apoptosis
of HSC-3 cells through the Fas/FasL-mediated death receptor
pathway.
ER Stress Is Involved in FKB-Induced HSC-3 Cell

Apoptosis. Recently, prolonged ER stress has been shown to
result in apoptosis. To demonstrate the role of ER stress in
FKB-induced apoptosis, HSC-3 cells were incubated with a
specific ER tracking marker. ER-Tracker Green reagent is con-
jugated with glibenclamide, which binds the sulfonylurea re-
ceptors found in large concentrations on the endoplasmic
reticulum. Therefore, ER-Tracker Green reagent provides highly
selective ER labeling in living cells. The ER-Tracker green
fluorescence in control cells was observed in perinuclear areas
and in the cytoplasm, consistent with endoplasmic reticulum
localization, whereas cells treated with FKB (>5 μg/mL) showed
a heterogeneous distribution of green fluorescence (Figure 3A).

Several mechanisms have been proposed for linking ER stress to
apoptosis, including activation of ER-associated caspases,
especially caspase-4 in human and caspase-12 in mice.25 Western
blot analysis showed that FKB treatment for 24 h appeared to
increase the activation of caspase-4 and caspase-12, as evidenced
by the reduction of procaspase-4 (43 kDa) and procaspase-12
(55 kDa) in HSC-3 cells (Figure 3D). Eukaryotes react rapidly
to ER stress through protective ER-resident stress proteins, such
as heat shock proteins HSP70 and HSP90, to reestablish normal
function. Therefore, the induction of heat shock proteins is a
molecular marker of ER-stress. We also observed that FKB treat-
ment significantly augmented the expression of ER chaperons,
such as HSP70, in a dose-dependent manner (Figure 3D).
Therefore, we conclude that ER stress induced by FKB may also
play an important role in FKB-induced HSC-3 cell apoptosis.

FKB Treatment Induces Intracellular ROS Generation
in HSC-3 Cells. ROS generation has been implicated as an early
event in apoptosis. To determine whether FKB-induced apo-
ptosis is ROS-dependent, cells were incubated with 5 μg/mL of
FKB for 1−60 min before fluorescence microscopy analysis.
shown in Figure 4A, rapid generation of ROS was detected at
1 min following FKB treatment, with a value 260% above that
in control cells, whereas FKB treatment for 5, 10, 30, and
60 min caused a time-dependent decrease in the increased ROS
generation to 190%, 165%, 140%, and 132%, respectively, com-
pared with control cells (100%; p < 0.05). These data suggest
that FKB treatment induces an early increase in intracellular
ROS generation that could be an event upstream of changes in
mitochondrial membrane potential and caspase activation.

FKB Activates Oxidative Stress-Related Proteins in
Response to ROS Generation. The results described above
suggested that FKB-induced apoptosis is mediated by ROS gen-
eration and ER stress. Therefore, we sought to examine whether
oxidative stress-related proteins, such as HO-1 and Nrf2, are
induced in FKB-treated HSC-3 cells. The inducible isoform of
HO-1 effectively counteracts oxidative stress. Immunoblotting
and immunofluorescence assays showed that HO-1 protein
expression was faintly detected in control cells, a 5-fold induction
in HO-1 expression was observed upon treatment with 5 μg/mL
of FKB for 24 h, and a further 10-fold increase was observed
upon treatment with 7.5 μg/mL of FKB. In contrast, a significant
2-fold decrease in the HO-1 protein level was observed upon
treatment with 10 μg/mL of FKB, suggesting that higher
concentrations of FKB may have irreversible cytotoxic effects on
HSC-3 cells (Figure 4B,C). Nrf2 is a bZIP transcription factor
that is responsible for ARE-dependent HO-1 transcription.
Therefore, we examined whether FKB induced Nrf-2 activation.
Compared with the control, FKB significantly increased the Nrf2
protein levels as measured by Western blot analysis (Figure 4B).
A sustained increase in the nuclear Nrf2 expression was observed
upon treatment with 2.5 μg/mL of FKB, gradually decreased to
the basal level at 7.5 μg/mL, and was completely abolished at
10 μg/mL of FKB. We reasoned that the reduction in nuclear
Nrf2 at higher concentrations of FKB may rapidly induce Nrf-2
transcriptional activation. Moreover, cytoplasmic Nrf2 was sig-
nificantly reduced by 0.7-fold and 0.5-fold at 7.5 and 10 μg/mL
of FKB, respectively (Figure 4B). In addition, total cell lysates
exhibits increased Nrf2 turnover in a dose-depended manner,
which strongly supports the notion that FKB induces oxidative
stress in HSC-3 cells.

NAC Pretreatment Prevents FKB-Induced Apoptosis
in HSC-3 Cells. To elucidate whether ROS generation is
directly associated with FKB-induced mitochondrial dysfunction
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and apoptosis, we examined ROS generation and mitochondrial
membrane potential in HSC-3 cells preincubated with NAC
(2.5 mM) for 1 h followed by treatment with FKB (7.5 μg/mL)
for 1−5 min. As expected, NAC treatment significantly
(p < 0.05) inhibited FKB-induced ROS generation (Figure 5A).
Consequently, FKB-induced cell death was significantly
(p < 0.05) prevented by NAC (Figure 5B). For example, com-
pared with control, the percentage of cell viability significantly
decreased to 40 ± 3% treatment upon treatment with FKB for
24 h, whereas the cell viability increased to 60 ± 5% upon
pretreatment with NAC (Figure 5B). Furthermore, the

TUNEL and Mito-Tracker fluorescence assays indicated that
FKB treatment resulted in a profound DNA fragmentation and
mitochondrial injury (Figure 5C), whereas NAC pretreatment
significantly prevented the FKB-induced apoptotic DNA
fragmentation and mitochondrial dysfunction in HSC-3 cells
(Figure 5C). The immunofluorescence assay showed that pre-
incubation with NAC caused a significant decrease in the FKB-
induced HO-1 induction (Figure 5D). Figure 5E also shows
that pretreatment with NAC significantly decreased the FKB-
mediated HO-1/Nrf2 induction and Bax/Bcl-2 dysregula-
tion. These results confirm that FKB-induced ROS generation
might involve mitochondrial-mediated apoptosis in human oral
carcinoma HSC-3 cells.

FKB Inhibits Phosphorylation of PI3K/Akt in HSC-3
Cells. The PI3K/Akt signaling pathway and its downstream
transcription factors have been extensively studied for their role
in cell proliferation, survival, cell-cycle control, and other
cellular functions.26 Indeed, the dysregulation of the PI3K/Akt
signaling pathway leads to tumorigenesis in vitro and in vivo.27

Figure 4. (A) Effects of FKB on intracellular ROS generation in HSC-
3 cells. Cells were treated with FKB (7.5 μg/mL) for 0, 1, 5, 10, 30,
and 60 min. The nonfluorescent cell membrane-permeable probe
DCFH-DA (10 μM) was added to the culture medium 30 min before
the end of each experiment. DCFH-DA permeable to cell membrane
reacts with cellular ROS and is metabolized into fluorescent DCF,
acting as an indicator of ROS that was measured by fluorescence
microscopy (200× magnification). The intracellular ROS level, as a
percentage of the control, is expressed in the graph. (B) The effects of
FKB (1.25−10 μg/mL, 24 h) on the induction of HO-1 and Nrf2 in
HSC-3 cells were measured by Western blotting. Protein (50 μg) from
each sample was resolved by 8−15% SDS−PAGE with β-actin as a
control. (C) Effect of FKB (1.25−10 μg/mL, 24 h) on HO-1
expression in HSC-3 cells was detected by an immunofluorescence
assay using the appropriate antibodies. The cells were stained with
DAPI (1 μg/mL) for 5 min and examined by fluorescence microscopy
(magnification ×300).

Figure 5. FKB-induced ROS generation is involved HSC-3 apoptosis.
(A) Cells were pretreated with a 2.5 mM concentration of the
antioxidant N-acetylcysteine (NAC) for 1 h followed by incubation
with or without FKB (7.5 μg/mL) for 1−5 min, and the intracellular
ROS generation was measured using the DCFH-DA fluorescence
method. (B) The cell viability was determined by MTT assay as
described in Materials and Methods. (C) Apoptosis induction was
determined by TUNEL, and mitochondrial membrane potential was
measured by Mito-Tracker assays as described in Materials and
Methods. (D) HO-1, Nrf2, Bcl-2, and Bax proteins levels were
monitored by Western blot analysis as described in Materials and
Methods. The photomicrographs shown here are from one
representative experiment that was repeated three times with similar
results. Each value is expressed as the mean ± SD (n = 3).
*,#Significant difference compared with control and FKB-treated group
(p < 0.05).
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We therefore investigated whether FKB treatment could affect
the activation of PI3K/Akt by assessing phosphorylation of Akt
and its direct upstream kinase PI3K in cells that were incubated
with 1.25−10 μg/mL of FKB for 0.5−24 h. Western blot
analysis showed that FKB treatment significantly inhibited the
activation of Akt as shown by a decrease in the phosphorylation
of Akt in a dose- and time-dependent manner (Figure 6A).
Also, FKB decreased total Akt expression in a dose- and time-

dependent manner (Figure 6A). In contrast, phosphorylated
PI3K levels were undetectable in HSC-3 cells. In addition, the
total PI3K protein levels were significantly inhibited in response
to FKB treatment (Figure 6A).
FKB Treatment Downregulates p38 MAPK and

Upregulates ERK and JNK Proteins in HSC-3 Cells. In
light of the evidence that MAP kinase family proteins, including
p38, ERK, and JNK, play a critical role in cell fate,28 the effects
of FKB on the expression and activation of MAPKs was

examined. HSC-3 cells were treated with 1.25−10 μg/mL of
FKB for 0.5−24 h, and the phosphorylation of p38, ERK, and
JNK was assessed by Western blot analysis. As shown in Figure
6B, FKB significantly inhibited the activation of p38 MAPK in a
dose- and time-dependent manner, and FKB (10 μg/mL)
nearly completely inhibited the phosphorylation of p38 MAPK.
However, FKB did not change the expression levels of p38
MAPK. In contrast, FKB treatment resulted in a 1.47- and 2.7-
fold increase in ERK1/2 activity at 5 μg/mL and 10 μg/mL,
respectively (Figure 6B). In addition, a 2-, 2.3-, and 3.4-fold
increase in the phosphorylation of JNK1/2 resulted from
FKB treatment at 2.5, 5, 7.5, and 10 μg/mL, respectively
(Figure 6B). Similarly, FKB induced the phosphorylation of
ERK in a time-dependent manner. A 7-fold induction in
phosphorylation of ERK1/2 was observed at 1 h; this activation
diminished at 3 h, then continued 9.4-fold at 24 h. JNK1/2 was
also maximally phosphorylated at 1, 12, and 24 h as demon-
strated by a 5.91-, 7.85-, and 9.64-fold induction in phosphor-
ylation, respectively (Figure 5B). However, neither ERK1/2 nor
JNK1/2 expression levels were affected by FKB treatment.

FKB Mediated Inactivation of PI3K/Akt Plays a Func-
tional Role in G2/M Arrest and Apoptosis in HSC-3 Cells.
The PI3K/Akt signaling pathway is known to be involved
in cell-cycle regulation, proliferation, and survival. To further
determine whether the FKB-mediated inhibition of G2/M
arrest and apoptosis occurred mainly through the suppression
of the Akt signaling pathway, HSC-3 cells were pretreated with
an Akt-specific inhibitor (LY294002) for 1 h followed by
treatment with FKB for 24 h. The results from the MTT assay
demonstrated that a single treatment of FKB (2.5 μg/mL) or
LY294002 (30 μM) reduced cell viability by 91.0 ± 1.8% and
63.2 ± 2.8%, respectively. The cell viability was further reduced
to 45.8 ± 5.1% (p < 0.05) upon combination treatment with
FKB and LY294002 for 24 h (Figure 7A). We next sought to
examine whether pharmacological inhibition of Akt could
enhance G2/M cell-cycle arrest and apoptosis. The cells were
incubated with a 2.5−10 μM concentration of the Akt-specific
inhibitor LY294002 for 24 h, and the major G2/M cell-cycle
check point and apoptotic proteins were measured by Western
blot analysis. As shown in Figure 7B, treatment of HSC-3 cells
with the Akt inhibitor LY294002 let to concentration-
dependent decrease in cell-cycle regulatory proteins, including
cyclin A, cyclin B, Cdc2, and Cdc25C. The reduction in cell via-
bility following LY294002 treatment was significantly associa-
ted with apoptosis, as shown by the activation of caspase
cascades, including caspase-3, caspase-4, caspase-8, caspase-9,
and caspase-12 and the inhibition of Bcl-2 (Figure 7C). These
results clearly demonstrated that pharmacological inhibition of
PI3K/Akt could induce G2/M cell-cycle arrest and apoptosis, as
evidenced by downregulation of cell-cycle regulatory proteins
and upregulation of the apoptosis cascade. Taken together,
these data suggest that inhibition of PI3K/Akt activity using a
pharmacological approach enhances FKB-induced apoptosis
and cell-cycle arrest in human oral carcinoma.

Suppression of the p38 MAPK Signaling Pathway Is
Involved in FKB-Induced G2/M Arrest and Apoptosis in
HSC-3 Cells. p38 MAPK has been demonstrated to play a
major role in cell survival, proliferation, differentiation, and apo-
ptosis in mammalian cells.29 To determine whether p38 MAPK
is involved FKB mediated cell-cycle arrest and apoptosis, HSC-
3 cells were preincubated with a pharmacological inhibitor of
p38 MAPK (SB203580) for 1 h followed by treatment of
FKB for 24 h. Figure 7A shows that a single treatment of FKB

Figure 6. FKB downregulates PI3K/Akt and p38 MAPK and
upregulates JNK1/2 and ERK1/2 activation in HSC-3 cells. (A)
Western blot analysis shows that FKB treatment suppressed the
phosphorylation of Akt and p38 and enhanced the phosphorylation of
ERK1/2 and JNK1/2 in HSC-3 cells. Cells were treated with 1.25−
10 μg/mL FKB for 24 h or with 7.5 μg/mL FKB for 0.5−24 h, and the
levels of phosphorylated Akt (p-Akt), p38 (p-p38), ERK1/2 (p-ERK1/2),
and JNK1/2 (p-JNK1/2) were evaluated using phosphorylation-specific
antibodies against Akt, p38, ERK1/2, or JNK1/2 by Western blot analysis.
Total Akt, p38, ERK1/2, or JNK1/2 levels were assessed as the loading
controls. The levels of the indicated proteins in the cell lysates were
analyzed using specific antibodies, and the amounts of β-actin were used as
internal controls for sample loading. The photomicrographs shown here
are from one representative experiment repeated twice with similar results.
The results are presented as the mean ± SD of three assays. *Significant
difference compared with the control group (p < 0.05).
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(2.5 μg/mL) or SB203580 (30 μM) reduced the cell viability
by 91.0 ± 1.8% and 77.2 ± 1.3%, respectively, and the com-
bination treatment (SB203580 and FKB) reduced the cell
viability even more dramatically by 66.2 ± 1.4% (p < 0.05).
Western blot analysis also showed that treatment with 10−
30 μM SB203580 for 24 h dose-dependently attenuated the
expression of the G2/M cell-cycle regulatory kinase Cdc25C
and the antiapoptotic Bcl-2 in HSC-3 cells (Figure 7D). There-
fore, we concluded that the inactivation of p38 MAPK may be
involved in FKB-induced cell-cycle arrest and/or apoptosis.
However, neither the ERK nor JNK inhibitor (PD98059 nor

SP600125) showed a protective effect against FKB-induced cell
death in HSC-3 cells (Figure 7E). Western blot analysis and
TUNEL assays also demonstrated that ERK and JNK inhibitors
failed to modulate G2/M arrest and apoptotic regulatory pro-
teins in HSC-3 cells (data not shown). Thus, these data clearly
demonstrate that ERK and JNK activation is not involved in
FKB-induced cell-cycle arrest and apoptosis in HSC-3 cells.

■ DISCUSSION

Oral cancer is the leading cause of cancer-related deaths in
Taiwan, India, and South Asian countries. Therefore, the develop-
ment of effective chemopreventive or chemotherapeutic agents is
highly warranted to address this issue. Currently, many reports
have emphasized that use of dietary bioactive compounds is be-
coming an alternative, safe and striking approach to control and
treat cancer. Chalcones (one of the major classes of naturally
occurring biological compounds with widespread distribution in
fruits, vegetables, spices, tea, and soy-based foodstuffs) have
recently been gaining much attention for their interesting pharma-
cological applications.30 Several epidemiological studies have
shown that chalcones present in cruciferous vegetable are
protective against several human malignancies.31 In the present
study, we have evaluated the chemopreventive effects of FKB, a
naturally occurring chalcone isolated from the rhizomes of Alpinia
pricei (shell gingers), against human oral carcinoma HSC-3 cells in
vitro. Previous studies have shown that FKB exhibits cytotoxic
potency against human colon (HCT-116), lung adenocarcinoma
epithelial (A-549), prostate (PC3 and DU-145), and squamous
carcinoma (KB) cell lines.16,19,32 We found that FKB also has sig-
nificant cytotoxic effects against human oral carcinoma (HSC-3),
oral adenosquamous carcinoma (Cal-27), melanoma (A-2058),
and lung adenocarcinoma epithelial (A-549) cell lines. A profound
cytotoxic effect of FKB was observed in HSC-3 cells compared
with Cal-27, A-2058, and A-549. Here, we describe the mech-
anism through which FKB induces G2/M cell-cycle arrest and
apoptosis of human oral carcinoma HSC-3 cells. We initially
found that FKB treatment had a profound effect on cell-cycle pro-
gression, evidenced by an increased population of cells in G2/M
phase. FKB decreased cyclin A and cyclin B protein levels with a
concomitant decrease in the kinase Cdc2 activity in HSC-3 cells.
Furthermore, FKB was able to suppress Cdc2 activity through the
downregulation of Cdc25C, thus controlling the entry of cells into
mitosis by maintaining the G2/M transition phase. These data
revealed that FKB-induced G2/M arrest and inhibition of cyclin
A/B was achieved through the downregulation of Cdc2/Cdc25C
in HSC-3 cells. These data are in agreement with our previous
study that suggested that FKB induces G2/M cell-cycle arrest in
human squamous carcinoma KB cells.19 Notably, flavokawain A, a
close analogue of FKB in kava extracts, increases the expression of
p21/WAF1 and p27/KIP1 proteins, which results in a decrease in
cyclin-dependent kinase 2 (CDK2) activity and subsequent G1
cell-cycle arrest in the p53 wild type bladder cancer RT4 cell line.
Flavokawain A also induced a G2/M arrest in six p53 mutant
bladder cancer cell lines.33 Interestingly, HSC-3 cells also have
mutations causing a C-terminal truncation of the p53 protein.34

However, HSC-3 cells display a stronger response to FKB treat-
ment than A549 cells, which have wild type p53.
FKB not only induced cell-cycle arrest at the G2/M boundary

but also caused apoptotic cell death of human oral carcinoma
HSC-3 cells through the mitochondrial-mediated pathway as
evidenced by mitochondrial cytochrome c release, activated
caspase-3, caspase-9, and PARP cleavage and dysegulation of
the Bax/Bcl-2 ratio. Other researchers have found that the
mechanisms through which FKB induces apoptosis depended
primarily on mitochondrial damage,17 GSH-sensitive oxidative
stress,35 upregulation of Bim and death receptors,16 and gen-
eration of ROS and GDD153-mediated mitochondrial mem-
brane depolarization.32 Several lines of evidence have suggested
that caspase-independent apoptosis can occur based on studies
involving an irreversible loss of mitochondrial function and those

Figure 7. FKB mediates G2/M arrest and apoptosis by inactivating the
Akt signaling pathways. HSC-3 cells were pretreated with an Akt
inhibitor (LY294002; 10, 20, or 30 μM) or p38 inhibitor (SB203580;
10, 20, or 30 μM) for 1 h and then treated with or without 2.5 μg/mL
FKB for 24 h; the effects on G2/M arrest and apoptosis were evaluated
by cell viability (A) and Western blotting (B−D) as described in
Materials and Methods. Immunoblotting against p-Akt, Akt, caspase-3,
caspase-4, caspase-8, caspase-9, caspase-12, Bcl-2, Bax, cyclin A, cyclin
B1, Cdc2, and Cdc25C was performed. Each value is expressed as the
mean ± SD (n = 3). (E) HSC-3 cells were pretreated with an ERK
inhibitor (PD98059; 50 μM) or JNK inhibitor (SP600125; 30 μM) for
1 h and then treated with or without 7.5 μg/mL FKB for 24 h; the
effects on the cell viability was evaluated by MTT assay as described in
Materials and Methods. *p < 0.05 is the FKB or inhibitor-treated
groups compared with the control.
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demonstrating mitochondrial release of caspase-independent
death effectors, including AIF and EndoG.36 Our study showed
that treatment of HSC-3 cells with FKB induced a dose-
dependent decrease in AIF expression. Taken together, the data
in the present study suggest that FKB-induced apoptosis is
mediated by both caspase-dependent and caspase-independent
mechanisms.
Investigations have shown that apoptosis is controlled by

both mitochondrial and membrane death receptor pathways.
The extrinsic pathway is initiated by the binding of trans-
membrane death receptors, including Fas, FasL, TNFR1, and
TRAIL receptors with cognate extracellular ligands.37 A recent
report has demonstrated that chalcones transiently enhance
death ligand-mediated apoptosis in various cancer cell lines.38

Cross-talk exists between the extrinsic and intrinsic pathways;
activated caspase-8 can cleave Bid to produce truncated Bid
(t-Bid), which then binds to mitochondria and promotes mito-
vchondrial membrane integrity.39 Previously, we have also
shown that treatment of human squamous carcinoma KB cells
with FKB results in apoptosis through death-receptor and
mitochondrial pathways, while these effects were not observed
in normal human gingival fibroblast HGF cells.19 These reports
prompted us to further examine whether the death receptor
pathway is also involved in FKB-induced apoptosis in HSC-3
cells. We found that FKB enhances death receptor-induced
apoptosis in HSC-3 cells. This conclusion was supported by
following evidence that FKB activated caspase-8 and induced
Fas/FasL expression in HSC-3 cells.
ER stress-induced apoptosis has its own signaling pathway.

The precise molecular mechanism of ER stress-induced apo-
ptosis still poorly understood.40 Bcl-2 family proteins are loca-
lized in the ER membrane and have been shown to influence
ER homeostasis and membrane permeability.41 This pathway is
independent of mitochondria and death receptors and is
thought to be mediated by caspase-12.40 Stimulated caspase-12
reportedly further activates caspase-9 independent of Apaf-1,
followed by activation of caspase-3.25 As an alternative to
caspase-12 in human, caspase-4 is involved in the ER stress-
induced cell death pathway. Both murine caspase-12 and
human caspase-4 are localized to the ER and are cleaved specif-
ically by ER stress.25 Our data supports the notion that FKB-
induced apoptosis is mediated by the ER stress pathway as
evidenced by the increased activation of Bax and caspase-4 and
caspase-12 in HSC-3 cells. These results also imply that FKB
influences an additional apoptotic pathway that functions
independently of the release of mitochondrial proteins.
Many anticancer drugs have been suggested to generate

ROS, which causes oxidative stress-induced apoptosis in cancer
cells, while many inhibitors of apoptosis show antioxidant
activity.42 Indeed, factors that cause or promote oxidative stress,
such as ROS production, lipid peroxidation, downregulation of
antioxidant defenses characterized by reduced glutathione
levels, and reduced transcription of superoxide dismutase, cat-
alase, and thioredoxin, have been shown to be involved in apo-
ptotic processes.11 Kuo et al. have reported that the generation
of ROS acts as an important cellular event induced by FKB and
results in mitochondrial-dependent apoptosis in human colon
cancer cells.32 In agreement with a previous report,32 our
current data also demonstrate that FKB remarkably increased
intracellular ROS accumulation in human oral cancer HSC-3
cells.
ROS have been shown to induce oxidative stress in a variety

of organisms. When oxidative stress is triggered, cells are able to

maintain a state of redox homeostasis. This equilibrium can
only be activated by a cellular antioxidant defense system. The
induction of HO-1 represents a key defense mechanism against
cellular oxidative stress. Previous studies have demonstrated
that Nrf2/ARE-mediated HO-1 expression is induced by a
variety of plant-derived polyphenols.43 In this study, a sig-
nificant increase in HO-1 expression was associated with FKB
treatment. The mechanism of HO-1 induction by FKB was
observed to be by ROS production, which activated nuclear
translocation of Nrf2, a transcription factor that binds to ARE
in the HO-1 promoter region. It is worthy to note that HO-1
protein expression was almost undetectable in control cells.
Our data are also consistent with the notion that the activation
of HO-1 by FKB in HSC-3 cells required ROS generation
because pharmacological inhibition of ROS using the anti-
oxidant NAC significantly reduced HO-1 and Nrf2 protein
levels, whereas HO-1/Nrf2 expression levels were reversible in
response to FKB treatment. This result is consistent with pre-
vious observations in which the expression of HO-1/Nrf2 has
been thought to be a cellular defense mechanism against ROS-
induced oxidative stress in HSC-3 cells.44

Akt, a serine/threonine kinase, is recruited to the cell mem-
brane by PI3K, which blocks apoptosis in a variety of cells.45

Conversely, the inhibition of PI3K/Akt activation may result in
cell growth arrest and apoptosis.46 Kumar et al. have reported
that combination treatment with cisplatin and a PI3K inhibitor
(LY294002) results in a significant apoptotic effect against oral
squamous cell carcinoma (OSCC-3) and endothelial cells com-
pared with each agent used alone.47 To test this phenomenon,
we performed combination treatment studies with FKB and
various inhibitors, including PI3K (LY294002), p38 MAPK
(SB203580), ERK (PD98059), and JNK (SP600125) inhibitors
which by themselves did not show very significant inhibition of
HSC-3 survival. Combination treatment with FKB and
LY294002/SB203580 significantly decreased HSC-3 cell
survival and induced apoptosis, whereas the combination of
FKB with ERK and JNK inhibitors failed to show any sig-
nificant inhibition of HSC-3 survival. In addition, the com-
bination of FKB with LY294002 showed a significantly higher
level of inhibition of HSC-3 cell survival compared with the
combination of FKB and SB203580.
The critical role of MAPK family proteins in cell proliferation

and apoptosis is well characterized by the observation that dys-
regulation of these kinase cascades can result in cell transforma-
tion and cancer.28 The p38 MAPK has recently gained attention
as a tumor suppresser that is activated upon cellular stress and
often engages pathways that can block proliferation or promote
apoptosis.48 However, p38 MAPK has been shown to induce
apoptosis in some cells but prevent apoptosis in others.49 Our
results indicated that the p38 MAPK inhibitor SB203580
reduced HSC-3 survival and caused the downregulation of a
cell-cycle regulatory protein (Cdc25C) and antiapoptotic protein
(Bcl-2). These data correlate with others' observations that p38
MAPK inhibitors block tumor cell growth by modulating the
activity of Cdc25 phosphatases50 and decreasing the expression
of Bcl-2.28 Therefore, we concluded that the inactivation of p38
MAPK may be involved in FKB-induced cell-cycle arrest and/or
apoptosis in HSC-3 cells.
The ERK pathway primarily directs a program of prolifera-

tion and survival, while the JNK pathway cannot promote
either proliferation or apoptosis. Transient activation of ERK
and JNK leads to increased proliferation and survival of cancer
cells, although inactivation of JNK in some instances may also
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promote tumorigenesis.28 We found that FKB significantly en-
hanced the activation of ERK and JNK, but no significant
modulation of cell survival, G2/M arrest, and apoptotic in-
duction was observed in cells pretreated with the ERK or JNK
inhibitors, PD98059 or SP600125, respectively. These findings
indicate that activation of JNK and ERK is not involved in
FKB-induced cell-cycle arrest and/or apoptosis in HSC-3 cells.
The mechanisms by which FKB induces G2/M arrest and

apoptosis through ROS generation and Akt/p38 MAPK in-
activation in HSC-3 cells are summarized in Figure 8. Indeed,
the induction of apoptosis by FKB is associated with mito-
chondrial, death receptor, and ER stress-induced pathways.
These data provide an important new insight into the possible
molecular mechanisms of FKB and its promising potential as a
chemopreventive agent against human oral cancer. Further in
vivo studies are required to confirm whether FKB represents an
effective chemotherapeutic agent for the management of oral
cancers.
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