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ABSTRACT: Benzyl isothiocyanates (BITC), a member of the isothiocyanate (ITC) family, inhibits cell growth and induces
apoptosis in many types of human cancer cell lines. The present study investigated mechanisms underlying BITC-induced
apoptosis in A375.S2 human melanoma cancer cells. To observe cell morphological changes and viability, flow cytometric assays,
cell counting, and a contrast-phase microscopic examination were carried out in A375.S2 cells after BITC treatment. Cell cycle
distribution and apoptosis were assessed with the analysis of cell cycle by flow cytometric assays, DAPI staining, propidium iodide
(PI), and annexin V staining. Apoptosis-associated factors such as reactive oxygen species (ROS) formation, loss of
mitochondrial membrane potential (ΔΨm), intracellular Ca

2+ release, and caspase-3 activity were evaluated by flow cytometric
assays. Abundance of cell cycle and apoptosis associated proteins was determined by Western blotting. AIF and Endo G
expression was examined by confocal laser microscope. Results indicated that (1) BITC significantly reduced cell number and
induced cell morphological changes in a dose-dependent manner in A375.S2 cells; (2) BITC induced arrest in cell cycle
progression at G2/M phase through cyclin A, CDK1, CDC25C/Wee1-mediated pathways; (3) BITC induced apoptosis and
increased sub-G1 population; and (4) BITC promoted the production of ROS and Ca2+ and loss of ΔΨm and caspase-3 activity.
Furthermore, BITC induced the down-regulation of Bcl-2 expression and induced up-regulation of Bax in A375.S2 cells.
Moreover, BITC-induced cell death was decreased after pretreatment with N-acetyl-L-cysteine (NAC, a ROS scavenger) in
A375.S2 cells. In conclusion, the results showed that BITC promoted the induction of G2/M phase arrest and apoptosis in
A375.S2 human melanoma cells through ER stress- and mitochondria-dependent and death receptor-mediated multiple signaling
pathways. These data suggest that BITC has potential as an agent for the treatment of melanoma.
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■ INTRODUCTION
Apoptosis plays an important role in normal homeostasis and is
involved in multiple steps leading to cell death. Two major
pathways described as the extrinsic (death receptor) pathway
and the intrinsic (mitochondrial) pathway mediate apoptosis.1

The extrinsic cell death pathway is involved in Fas ligand
(FasL) binding to Fas receptors that induces intracellular signal-
ing and the cleavage and activation of caspase-8.2,3 Caspase-8 can

then cleave effector caspase-3 to induce apoptosis directly.4 The
intrinsic cell death pathway is involved in cleavage of Bid (a pro-
apoptotic protein) and changes the ratio of Bax/Bcl-2, causing
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mitochondria dysfunction (loss of mitochondrial membrane
integrity)5 and the release of cytochrome c.6 Cytochrome c acti-
vates caspase-9 and subsequently leads to the activation of
effector caspase-3, resulting in apoptosis.6,7

It is well documented that phytochemicals found in certain
food substances protect against cancer. Cruciferous vegetables
are recognized as potential diet components that may decrease
the risk of developing various types of malignancies.8−10

Isothiocyanates (ITCs), one kind of phytochemical, are major
components in cruciferous vegetables, which play significant
and important roles in anticarcinogenic effects in animal
models.11 The inhibition of phase I enzymes (cytochrome P-
450s), which are involved in the activation of carcinogens and/
or induction of phase II detoxifying enzymes (glutathione S-
transferases, quinone reductase, and UDP-glucuronosyltrans-
ferases) is the major cancer chemopreventive activity of ITCs.12

Benzyl ITC (BITC), one of the ITCs, has been shown to
induce apoptotic cell death in several different human cancer cell
types such as breast cancer cells,13,14 bladder cancer cells,15 pros-
tate cancer cells,16 ovarian cancer cells,17,18 and leukemia cells.19,20

Recently, we also found that BITC-mediated generation of reac-
tive oxygen species (ROS) causes cell cycle arrest and induces
apoptosis via activation of caspase-3, mitochondria dysfunction,
and nitric oxide in human osteogenic sarcoma U-2 OS cells.21 It
was also reported that antioxidant function contributed to BITC-
mediated chemoprevention and superoxide generation against
inflammation-related carcinogenesis in inflammatory leukocytes.22

Although BITC acts as an anticancer agent via the inhibition
of cell growth, little is known about the anticancer effect of
BITC on human melanoma A375.S2 cells. Therefore, in the
present study, we evaluated the effects of BITC on cell growth
and death in A375.S2 cancer cells. We found that BITC-
induced cell death is mediated through G2/M phase arrest and
ROS, caspases, and modification of mitochondrial function in
A375.S2 cells.

■ MATERIALS AND METHODS
Chemicals and Reagents. BITC, dimethyl sulfoxide (DMSO),

propidium iodide (PI), RNase A, and Triton X-100 were obtained
from Sigma-Aldrich Corp. (St. Louis, MO). In Western blot assay, the
primary and secondary antibodies were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). Minimum essential medium
(MEM), Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin/streptomycin, L-glutamine, and the fluorescent
probes 4′,6-diamidino-2-phenylindole (DAPI), 2,7-dichlorodihydro-
fluorescein diacetate (H2DCF-DA), Fluo-3/AM, 3′-dihexyloxacarbo-
cyanine iodide (DiOC6), DAF-FM diacetate, and 10-nonyl acridine
orange (NAO) were purchased from Invitrogen Life Technologies
(Carlsbad, CA).
Cell Culture. The human melanoma cell line (A375.S2) was

obtained from the Food Industry Research and Development Institute
(Hsinchu, Taiwan) and maintained in MEM.23 The human
keratinocyte cell line (HaCaT) was kindly provided by Dr. Jen-Hung
Yang (Department of Dermatology, Buddhist Tzu Chi General
Hospital) and seeded in DMEM.24 All media were supplemented with
10% FBS, 1% antibiotics (100 units/mL penicillin, and 100 μg/mL
streptomycin), and 2 mM L-glutamine under incubation and humi-
dified 5% CO2 and 95% air at 1 atm and at 37 °C. The cells were
examined each day, and the medium was changed every 2 days.
Determinations of Cell Viability and Morphology in A375.S2

and HaCaT Cells after Exposure to BITC. Both cell lines at an
initial density of 2 × 105 cells/mL were incubated with 5, 10, and
20 μM BITC and an equal amount of DMSO for control cells for 24
and 48 h at 37 °C. At the end of treatment, A375.S2 cells were
examined and photographed under a phase-contrast microscope at
200× magnification to determine morphological changes. Cells were

then harvested for the determination of viability using a FACSCalibur
flow cytometer (Becton-Dickinson, Franklin Lakes, NJ) as previously
described.23

Determinations of Cell Cycle Distribution in A375.S2 Cells
after Treatment with BITC. Cells were seeded at an initial density of
2 × 105 cells/mL and incubated with 10 μM BITC or vehicle (DMSO,
1% in culture media) for 0, 24, 36, and 48 h. After incubation, the cells
were trypsinized, washed with PBS, and fixed with 70% ethanol
overnight at −20 °C. Cells were then washed twice with cold PBS
containing 1% bovine serum albumin (BSA) and stained with PI
working solution (100 μg/mL RNase A and 40 μg/mL PI and 0.1%
Triton X-100) at room temperature for 1 h in the dark. DNA content
analysis was accomplished using a flow cytometric method, and data
were analyzed with a ModFit program as previously described.25

Fractions of cells in G0/G1, S, and G2/M phases and sub-G1
(apoptosis) were measured as described elsewhere.26,27

Assessments of Apoptosis by Flow Cytometric Assay and
DNA Gel Electrophoresis in A375.S2 Cells after BITC Treat-
ment. Cell apoptosis was determined using the annexin V-FITC/PI
apoptosis detection kit (BD Pharmingen, San Diego, CA) and DNA
gel electrophoresis. Cells were plated at a density of 2 × 105 cells/mL
and incubated with 0, 5, 10, and 20 μM BITC or vehicle (DMSO, 1%
in culture media) for 24 h. At the end of the incubation, cells were
harvested, and the percentage of apoptotic cells by flow cytometry was
assayed as previously described.28 Cells were harvested and DNA
isolated by using a DNA isolation kit (Genemark Technology Co., Ltd.
Tainan, Taiwan). DNA gel electrophoresis was used to determine the
extent of DNA fragmentation as previously described.25 Apoptosis was
also examined using DAPI staining. Cells at a density of 1× 105 cells/
mL in 6-well plates were incubated with 0, 5, 10, 15, and 20 μM BITC
or vehicle (DMSO, 1% in culture media) for 24 h. At the end of the
incubation, cells were stained with DAPI and photographed using a
fluorescence microscope as described elsewhere.29,30

Effects of BITC on DNA Damage in A375.S2 Cells Using the
Comet Assay. Cells were plated at a density of 5 × 105 cells/mL and
incubated with 0, 5, 10, 15, and 20 μM BITC or vehicle (DMSO, 1%
in culture media) for 24 h. At the end of the incubation period, cells
were harvested, and DNA damage was determined using the comet
assay and analyzed using CometScore software (Tritek Corp,
Sumerduck, VA) as previously described.25,31

Determination of ROS, Mitochondrial Membrane Potential
(ΔΨm), Intracellular Ca2+ and NO Release, and Levels of
Cardiolipin Oxidation and Caspase-3 Activity in A375.S2 Cells
by Flow Cytometry after Exposure to BITC. Cells at an initial
density of 2 × 105 cells/mL in 12-well plates were incubated with 10
μM BITC or vehicle (DMSO, 1% in culture media) for 0.5, 1, 2, 3, 6,
12, 24, 36, or 48 h to detect if this compound would affect ROS, ΔΨm,
Ca2+, NO, and caspase-3 that were measured as previously
described.21,25 Cells were harvested and washed with PBS twice,
resuspended in 500 μL of H2DCF-DA (10 μM) for ROS, DiOC6
(1 μmol/L) for ΔΨm, Fluo-3/AM (2.5 μg/mL) for Ca2+ release, and
DAF-FM (5 μM) for monitoring NO and NAO (500 nM) for
cardiolipin oxidation. Cells were incubated at 37 °C for 30 min and
then were analyzed for the levels of ROS, ΔΨm, Ca

2+, NO, and
cardiolipin oxidation by flow cytometry as previously described.21,25

Caspase-3 activity was determined using caspase-3 substrate
(PhiPhiLux-G1D2 kit, OncoImmunin, Inc., Gaithersburg, MD) flow
cytometry as described elsewhere.25

Western Blot Analysis for Protein Levels in A375.S2 Cells
after Exposure to BITC. Cells in 6-well plates at a density of 1 × 106

cells/well were treated with 10 μM BITC, or DMSO solvent, for 0, 12,
24, 36, and 48 h. At the end of each incubation, cells were harvested
and washed twice with cold PBS, then scraped and washed twice, and
then centrifuged at 1000g for 5 min at 4 °C. Cell protein was extracted
into a high-salt buffer (PRO-PREP protein extraction solution,
iNtRON Biotechnology, Seongnam, Gyeonggi-Do, Korea), and
protein concentrations were determined by a BCA Protein Assay kit
(Pierce, Rockford, IL). Sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS-PAGE) was used to separate proteins as
previously described.16,21,23 Protein samples (30 μg) were loaded on
a 12% gel SDS-PAGE and subjected to electrophoresis. Samples were
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then transferred to Immobilon-P transfer membrane (Millipore,
Bedford, MA) and individually incubated with the appropriate primary
antibodies (Santa Cruz Biotechnology Inc.) followed by secondary
antibodies. The antibody−protein complexes were detected using
ECL kit (Immobilon Western HRP substrate, Millipore) and auto-
radiography using X-ray film according to the manufacturer’s
instructions.23,29

Co-localization of Proteins in A375.S2 Cells Treated with
BITC. Cells were plated on 4-well chamber slides at a density 5 × 104

cells/well and treated with 10 μM BITC for 12 h. Cells were then fixed
in 3% formaldehyde (Sigma-Aldrich Corp.) in PBS for 15 min
followed by permeabilization with 0.1% Triton X-100 in PBS for 1 h
with blocking of nonspecific binding sites using 2% BSA.26 The fixed
cells were stained by using primary antibody anti-AIF and -Endo G
(1:100) overnight. Cells were then washed three times with PBS and
incubated with secondary antibody (FITC-conjugated goat anti-mouse
IgG at 1:100 dilution) (green fluorescence). Cells were washed twice
with PBS and stained with PI (red fluorescence) for nuclei. Photo-
micrographs were obtained using a Leica TCS SP2 confocal spectral
microscope as previously described.25,29

Statistical Analysis. Values are expressed as the mean ± SD, and
statistical analysis was calculated by Student’s t test; a p value of <0.05
was considered to be statistically significant. All experiments were
performed in triplicate.

■ RESULTS
BITC Altered Cell Morphology and Reduced the

Percentage of Viable A375.S2 Cells. The results from the
flow cytometric assay are shown in Figure 1A,B, which indi-
cated that the percentage of viable cells was decreased when
the concentration of BITC was increased for 24 h (Figure 1A)
and 48 h (Figure 1B) exposure, and these effects were a dose-
and time-dependent response. The half-maximal inhibitory

concentration (IC50) of BITC was 9.76 μM after a 48 h treat-
ment. It is reported that HaCaT cells are a nontumorigenic
phenotype24,32 and have been used as a model for skin toxicity
studies in in vitro model.33,34 Importantly, we found that BITC
had less cytotoxic effect on normal human keratinocyte HaCaT
cells when compared to A375.S2 melanoma cells. Moreover,
BITC at the 10 μM concentration induced morphological
changes in a time-dependent manner as seen in Figure 1C.

BITC Affected Cell Cycle Distribution and Triggered
Apoptosis in A375.S2 Cells. To investigate the mechanisms
leading to loss of cells induced by BITC, we tested whether the
compound stimulates cell cycle arrest and apoptosis. The DNA
content of cells was measured by flow cytometry. As shown in
Figure 2A, treatment of A327.S2 cells with 10 μM BITC
increased the percentage of cells in G2/M phase (G2/M phase
arrest) after 24, 36, and 48 h of exposure (Figure 2A), but
decreased the percentage of cells in G0/G1 and S phases. BITC
caused an increase of the G2/M phase fraction from 12 to 50%,
as compared to control samples (Figure 2B).

BITC Induced Apoptosis, DNA Damage, Chromatin
Condensation, and DNA Fragmentation in A375.S2
Cells. To evaluate BITC-induced apoptosis, DNA damage,
chromatin condensation, and DNA fragmentation, cells were
treated with 10 μM BITC for indicated intervals of time or with
various concentrations of BITC for 24 h. Cells were isolated for
flow cytometry by using an annexin V-FITC/PI kit, DAPI
staining, comet assay, and DNA gel electrophoresis assays. The
results are shown in Figure 3A−D, which indicated that the
percentage of annexin V binding A375.S2 cells significantly in-
creased in a time-dependent manner after treatment for 6−24 h

Figure 1. BITC decreased the percentage of viability and induced cell morphological changes in human melanoma A375.S2 cells in vitro. A375.S2
cells or human normal HaCaT cells at a density of 2 × 105 cells/well in 12-well plates were treated with 0, 5, 10, and 20 μM BITC and then
harvested for the determination of percentage of viable cells for 24 h (A) and 48 h (B) of exposure. Cell morphology was examined, and then cells
were photographed by a phase-contrast microscope (C) as described under Materials and Methods. The arrows show the shrinkage and rounding of
apoptotic cells. Data are presented as the mean ± SD in triplicate. p < 0.05 is significantly different compared between BITC- and DMSO-treated
groups.
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(8.2−25.51%, p < 0.05) (Figure 3A). BITC induced DNA con-
densation as shown by an increase in fluorescence intensity
(Figure 3B), DNA damage as seen by increased comet tail (Figure
3C,D), and an increased DNA ladder (apoptosis-related DNA
laddering) (Figure 3E). The higher dose of BITC showed the
longest comet tail (Figure 3C) and heavy white color on nuclei,
but there was a low number of cells (Figure 3B) but with high
fluorescence intensity. These results indicate that BITC produces
DNA damage and chromatin condensation in A375.S2 cells.
BITC Affected ROS Production, Mitochondrial Mem-

brane Potential (ΔΨm), Intracellular Ca2+ Release, NO
Production, Cardiolipin Oxidation (NAO), and Caspase-3
Activity in A375.S2 Cells. For investigating the roles of ROS,
ΔΨm, Ca

2+, NO, NAO, and caspase-3 activity on BITC-induced
DNA damage, fragmentation, and apoptosis in A375.S2 cells,
cells were treated with 10 μM BITC for various time periods.
The results shown in Figure 4 indicated that BITC increased
ROS levels (Figure 4A), Ca2+ (Figure 4C), NO (Figure 4D),
and caspase-3 activity (Figure 4E), but it decreased levels of
ΔΨm (Figure 4B) and NAO (Figure 4E) in A375.S2 cells.
These effects occurred in a time-dependent manner.
BITC Altered G2/M Arrest and Apoptosis-Associated

Proteins in A375.S2 Cells. To investigate the molecular
mechanisms of BITC-induced G2/M phase arrest and apoptosis
in A375.S2 cells, we determined the G2/M phase-modulated
relative and apoptotic protein levels. Results shown in Figure
5A indicate that the levels of cyclin A, CDK1, and CDC25C
were decreased, but the levels of Chk1 and Wee1 were
increased. These protein changes were associated with BITC-
induced G2/M phase arrest in A375.S2 cells. On the basis of

these results, we suggest that BITC-induced G2/M phase arrest
in A375.S2 cells involves CDC25C/cyclinA/Wee1 signaling.
Apoptosis-associated protein levels and results are shown in
Figure 5B−D, which indicated that BITC promoted the levels
of Bax (Figure 5B), cytochrome c, Apaf-1, caspase-9 and -3,
AIF, and Endo G (Figure 5C), and Fas, FasL, FADD, and
caspase-8 (Figure 5D), but reduced levels of Bcl-2 and Bid
(Figure 5B) that could contribute to cell apoptosis. On the
basis of these results, we propose that BITC-triggered apoptosis
is carried out through mitochondria-, Fas-, and caspase-3-
dependent pathways. Furthermore, results from Figure 5E,F
indicate that BITC increased the levels of GADD153 and
GRP78 (Figure 5E), which are hallmarks of ER stress. Results
from Figure 5F indicated that BITC promoted the levels of
catalase, SOD (Mn), and SOD (Cu/Zn). Taken together, these
findings indicate that BITC-induced apoptotic cell death in
A375.S2 cells occurs via ER stress and intrinsic and extrinsic
multiple signaling pathways.

BITC Stimulated AIF and Endo G Translocation to
Nuclei in A375.S2 Cells. To confirm BITC acting on AIF and
Endo trafficking, we examined the levels of AIF and Endo G
by immune staining and confocal microscopy. The results are
shown in Figure 6, which indicated that BITC promoted protein
trafficking of AIF and Endo G to the nucleus in A375.S2 cells.
These results indicated that BITC-induced apoptosis occurs via
mitochondria-dependent and caspase-independent pathways in
A375.S2 cells.

BITC Altered Viable Cell Number, Morphology, DAPI
Staining, ROS Production, and ΔΨm Level in A375.S2
Cells after Pretreatment with NAC. To further examine the

Figure 2. BITC caused G2/M phase arrest in A375.S2 cells: (A) representative profiles of DNA content; (B) percentage of cells in G0/G1, S, and
G2/M phases in A375.S2 cells. Cells at a density of 2 × 105 cells/well were placed in 12-well plates and then were treated without and with 10 μM
BITC for 24, 36, and 48 h. Cells were harvested for evaluating the cell cycle distribution by flow cytometeric assay as described under Materials and
Methods. Data are revealed as a representative experiment in triplicate with similar results.
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role of ROS production in BITC-induced apoptotic death in
A375.S2 cells, cells were pretreated with a ROS scavenger

(NAC) and then exposed to BITC for 24 h. Results shown in
Figure 7 indicated that NAC pretreatment in BITC-treated

Figure 3. BITC induced DNA damage and apoptosis in A375.S2 cells. Cells were maintained and incubated with 10 μM BITC for various time
periods following staining with annexin V (A) or with 0, 5, 10, 15, and 20 μM BITC for 24 h and then were isolated for the examination of apoptosis
by DAPI staining (B), DNA damage using the comet assay (C), and quantification by CometScore software (D) or for the examination of apoptosis
using DNA gel electrophoresis (E) and photographed under fluorescence microscopy as under Materials and Methods. The arrows show chromatin
condensation and comet tail in BITC-treated cells when compared to the control group. Half-percent H2O2 was used as positive control. The data
are shown in triplicates and exhibited similar results.
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A375.S2 cells inhibited effects of BITC, resulting in a greater
percentage of viable cells (Figure 7A), a reduction of cell debris
morphology (Figure 7B), decreased chromatin condensation
(Figure 7C) and ROS levels (Figure 7D), and loss of ΔΨm
(Figure 7E) in comparison to BITC-treated alone cells. On the
basis of these observations, we confirmed that BITC-induced
cell death in A375.S2 cells was mainly through a ROS-
dependent apoptotic pathway.

■ DISCUSSION
BITC induces cell death via cell cycle arrest and induction of
apoptosis in many types of human cancer cell lines, but there is
no available information on BITC-induced apoptosis in human

melanoma cells. Here we show that BITC induced cytotoxic
effects in human melanoma A375.S2 cells in vitro. Results from
Figures 1 and 2 indicated that BITC induced cytotoxicity and
reduced cell viability through induction of G2/M phase arrest.
Other investigators reported that cell cycle control represents a
major regulatory mechanism for cell growth,35 that anticancer
agents can block the progression of cell cycle, and that such an
approach should be considered for new cancer therapy in the
future.36,37 Cell cycle progression is partly controlled by a
family of protein kinase complexes in eukaryotic cells including
cyclin-dependent kinases (CDKs) and their activating partners,
the cyclins.38

Figure 4. BITC affected the ROS production, the level of ΔΨm, intracellular Ca
2+ release, NO and cardiolipin alterations, and caspase-3 activity

in A375.S2 cells. Cells in 12-well plates were treated with or without 10 μM BITC for various time periods, and then cells from each treatment
were harvested and washed with PBS twice, resuspended in 500 μL of H2DCF-DA) (10 μM) for ROS, DiOC6 (1 μmol/L) for ΔΨm, Fluo-3/AM
(2.5 μg/mL) for Ca2+ release, DAF-FM (5 μM) for NO, NAO (500 nM) for cardiolipin, and PhiPhiLux-G1D2 (10 μM) for caspase-3. Cells then
were incubated and were analyzed by flow cytometry as under Materials and Methods. The results are shown as the mean ± SD (n = 3). An asterisk
(∗) indicates significant difference (p < 0.05) compared to control.
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BITC treatment altered levels of proteins associated with the
G2/M phase. Results showed that the expression levels of cyclin

A, CDK1, and CDC25C (Figure 5A) were decreased, which is
a critical complex regulating the G2/M phase of the cell cycle in

Figure 5. BITC altered the G2/M arrest and apoptosis-associated proteins in A375.S2 cells. Cells (1 × 106/well) seeded into 6-well plates were treated
with 10 μM BITC, incubated for 0, 12, 24, 36, and 48 h or for 0, 0.5, 2, 4 or 6 h, and then harvested for Western blotting to examine the protein levels of
cyclin A, CDK1, CDC25C, Chk1, and Wee1 (A); Bid, Bcl-2, and Bax (B); cytochrome c, Apaf-1, caspase-9 and -3, AIF, and Endo G (C); Fas, FasL,
FADD, and caspase-8 (D); GADD153 and GRP78 (E); and catalsase, SOD(Cu/Zn), and SOD(Mn) (F) as described under Materials and Methods.
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A375.S2 cells. Furthermore, Chk1 and Wee1 (Figure 5A)
protein levels associated with G2/M phase arrest were increased
in A375.S2 cells. On the basis of these observations, we propose
that alterations in the levels of various cell cycle regulatory
proteins were responsible for cell cycle arrest in BITC-induced
death in A375.S2 cells. Cell cycle arrest may partially explain
the induction of apoptosis and cytotoxic effects of BITC in
A375.S2 cells.
In the present study, treatment with BITC caused sub-G1

population augmentation, suggesting apoptosis was involved in
BITC-induced A375.S2 cell death. Results from DNA gel
electrophoresis showed DNA laddering formation (Figure 3D),
and DAPI staining also revealed the appearance of apoptotic
bodies (Figure 3B). These results are further evidence of BITC-
induced apoptosis in A375.S2 cells. Kerr et al. have
demonstrated that cells after exposure to an apoptosis inducer
displayed activation of endonucleases and cleavage of DNA into
fragments of approximately 180−200 base pairs.39 Our results,
shown in Figure 3E, indicated that BITC provoked DNA
fragmentation in A375.S2 cells and are in agreement with the

earlier paper.39 Our data also demonstrated that BITC
promoted the levels of ROS, Ca2+, NO, NAO, and caspase-3
activity in a time-dependent manner in A375.S2 cells but BITC
decreased the levels of ΔΨm (Figure 4).
In cells, the agent led to an increase in the levels of ROS,

which can cause mitochondrial membrane depolarization,40 and
mitochondrial membrane depolarization is one of the earliest
intracellular events of apoptosis.41,42 It was reported that the
loss of ΔΨm was mediated by the opening of the mitochondrial
permeability transition pore,43 which was regulated by Bcl-2
family proteins.44 Results also showed that BITC increased
levels of AIF and Endo G (Figure 6). BITC-induced ROS
generation may involve the disruption of the mitochondrial
membrane potential in A375.S2 cells. Bcl-2 family proteins
(anti-apoptotic proteins such as Bcl-2 and Bcl-xl; pro-apoptotic
proteins such as Bax and Bad)45 are central regulators of
apoptosis, and the interactions among these proteins would set
the threshold for cell survival.46 BITC treatment up-regulated
pro-apoptotic members including Bax and Bid (Figure 5B), but
the anti-apoptotic members such as Bcl-2 were significantly

Figure 6. BITC translocated the AIF and Endo G expressions in A375.S2 cells. Cells at a density of 5 × 104 cells/well were placed on 4-well chamber
slides, treated with 10 μM BITC for 12 h, and then fixed. The primary antibodies anti-Endo G (A) or anti-AIF (B) were used to stain the fixed cells
overnight; the cells were then stained with secondary antibody (FITC-conjugated goat anti-mouse IgG at 1:100 dilution) (green fluorescence),
followed by nuclei counterstaining with PI (red fluorescence). Photomicrographs were obtained using a Leica TCS SP2 confocal spectral microscope
as described under Materials and Methods. Scale bar = 20 μm.
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down-regulated (Figure 5B). BITC altered the ratio of pro- and
anti-apoptotic proteins in favor of apoptosis in A375.S2 cells.
BITC promoted cytochrome c release and caspase-3

activations (Figure 5C), which is in agreement with a high
Bax/Bcl-2 ratio resulting in cytochrome c release.47 Figure 4B
indicated that BITC decreased the levels of ΔΨm in A375.S2
cells. These effects could stimulate release of cytochrome c and
reduce the mitochondrial membrane potential (ΔΨm) release.

48

Mitochondria may play an important role in regulating BITC-
induced apoptotic death in A375.S2 cells. Figure 5F indicates
that BITC promoted the expression of catalase and SOD (Mn)
and SOD (Cu/Zn), which may led to ROS production.
Furthermore, Figure 5E demonstrated that BITC promoted the
expression of GRP78 and GADD153, and these observations
indicated that BITC-induced apoptosis may be via ER stress in
A375.S2 cells. In the present study, NAC (a ROS scavenger)
was used to pretreat cells and then cells were incubated
with BITC. NAC pretreatment caused a reduction in ROS
levels (Figure 7A) and DNA condensation (Figure 7C)
when compared to BITC treatment only and increased the
percentage of viable cells (Figure 7D).
Overall, this study showed that BITC acted on regulatory

factors (cyclin A, CDC25C, and Wee1) causing G2/M phase
arrest, halting cell cycle progression and inducing apoptosis
through ROS production. This leads to ER stress and both
mitochondrial dysfunction and Fas signal, leading to activation
of caspase-3 and causing cell apoptosis in A375.S2 cells. A
model depicting the actions of BITC is presented in Figure 8.

BITC may have potential to be used in the treatment of
melanoma.
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results are shown as the mean ± SD (n = 3), and ∗ (p < 0.05) indicates significant difference when compared to untreated control.

Figure 8. Possible signaling pathways for BITC-induced G2/M phase
arrest through cyclin A, CDC25C, Chk1, and Wee1 signaling and
apoptosis via ROS-modulated ER stress, mitochondria- and death
receptor-dependent multiple pathways in A375.S2 human melanoma
cells.
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