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Benzyl isothiocyanate (BITC), a dietary cancer chemopreven-
tive agent, causes apoptosis in MDA-MB-231 and MCF-7
human breast cancer cells, but the mechanism of cell death is
not fully understood. We now demonstrate that the BITC-in-
duced apoptosis in human breast cancer cells is initiated by
reactive oxygen species (ROS) due to inhibition of complex III of
the mitochondrial respiratory chain. The BITC-induced ROS
production and apoptosis were significantly inhibited by over-
expression of catalase and Cu,Zn-superoxide dismutase and
pharmacological inhibition of the mitochondrial respiratory
chain. The mitochondrial DNA-deficient Rho-0 variant of
MDA-MB-231 cells was nearly completely resistant to BITC-
mediated ROS generation and apoptosis. The Rho-0MDA-MB-
231 cells also resisted BITC-mediatedmitochondrial transloca-
tion (activation) of Bax. Biochemical assays revealed inhibition
of complex III activity in BITC-treated MDA-MB-231 cells as
early as at 1 h of treatment. The BITC treatment caused activa-
tion of c-Jun N-terminal kinase (JNK) and p38 mitogen-acti-
vated protein kinase (MAPK), which function upstream of Bax
activation in apoptotic response to various stimuli. Pharmaco-
logical inhibition of both JNK and p38 MAPK conferred partial
yet significant protection against BITC-induced apoptosis.
Activation of JNKandp38MAPKresulting fromBITCexposure
was abolished by overexpression of catalase. The BITC-medi-
ated conformational change of Bax wasmarkedly suppressed by
ectopic expression of catalytically inactivemutant of JNKkinase
2 (JNKK2(AA)). Interestingly, a normal human mammary epi-
thelial cell linewas resistant to BITC-mediatedROS generation,
JNK/p38 MAPK activation, and apoptosis. In conclusion, the
present study indicates that the BITC-induced apoptosis in
human breast cancer cells is initiated by mitochondria-derived
ROS.

Despite significant advances toward targeted therapy and
screening techniques, breast cancer continues to claim more
than 40,000 lives each year in the United States alone (1). The
known risk factors for breast cancer include family history, Li-

Fraumeni syndrome, atypical hyperplasia of the breast, late age
at first full-term pregnancy, early menarche, and late meno-
pause (2–6). Because some of these risk factors are not easily
modifiable (e.g. genetic predisposition), other strategies for
reduction of breast cancer risk must be considered. Although
selective estrogen receptor (ER)2 modulators (e.g. tamoxifen)
appear promising for chemoprevention of breast cancer (7–9),
this strategy is largely ineffective against ER-negative breast
cancer (7, 8). Moreover, the clinical utility of ER antagonists is
often limited by side effects (7, 8, 10). Thus, identification of
novel agents that are relatively safe but can suppress growth of
both ER-positive and ER-negative human breast cancers is
highly desirable.
Epidemiological studies continue to support the premise that

dietary intake of cruciferous vegetables may lower the risk of
various types of malignancies, including breast cancer (11–14).
For example, Ambrosone et al. (14) observed an inverse corre-
lation between dietary intake of cruciferous vegetables and the
risk of breast cancer in premenopausal women in a population-
based case control study. The anticarcinogenic effect of crucif-
erous vegetables is attributed to organic isothiocyanates (ITCs),
which are generated upon processing of these vegetables due to
hydrolysis of the corresponding glucosinolates through cata-
lytic mediation of myrosinase (15–17). Benzyl-ITC (BITC) is
one such compound that has attracted a great deal of research
interest because of its remarkable anticancer effects (reviewed
in Refs. 15–17). BITC is a potent inhibitor of mammary, lung,
and liver carcinogenesis induced by environmental and dietary
carcinogens in rodent models (18–20). The N-acetylcysteine
conjugate of BITC inhibited benzo[a]pyrene-induced pulmo-
nary tumorigenesis in A/J mice (21).
In addition to the prevention of chemically induced cancers

(18–21), BITC can suppress proliferation of cancer cells in cul-
ture by causing cell cycle arrest and/or apoptosis induction
(22–27). Elucidation of the mechanism of cellular responses to
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BITC (cell cycle arrest and apoptosis induction) has been the
topic of intense research in the past several years. For example,
the BITC-induced apoptosis in leukemia cells correlated with
phosphorylation of Bcl-2 and activation of p38 mitogen-acti-
vated protein kinase (p38 MAPK) and c-Jun N-terminal kinase
(JNK) (24). The cell death caused by BITC in the 1483 human
head and neck cancer cell line was regulated by p38MAPK and
extracellular signal-regulated kinase (23). We have shown pre-
viously that BITC treatment causes suppression of nuclear fac-
tor-�B activation in human pancreatic cancer cells (25).
Despite these advances, however, the mechanism by which
BITC treatment triggers apoptosis in cancer cells is not fully
understood. For example, the signaling intermediates respon-
sible for the initiation of BITC-mediated apoptosis remain to be
identified.
We have shown previously that BITC treatment causes

caspase-mediated apoptosis in MDA-MB-231 and MCF-7
human breast cancer cells in association with generation of
reactive oxygen species (ROS) (27). However, the precise role of
ROS in BITC-mediated cell death is unclear. Likewise, the
mechanism by which BITC treatment causes ROS generation
remains elusive. Here, we demonstrate that BITC treatment
inhibits complex III of the mitochondrial respiratory chain
(MRC) in breast cancer cells to trigger generation of ROS,
which function upstream of JNK and p38MAPK activation and
mitochondrial translocation (activation) of Bax in BITC-in-
duced apoptosis.

EXPERIMENTAL PROCEDURES

Reagents—BITC (purity �98%) was purchased from Sigma.
Reagents for cell culture, including RPMI 1640 medium, peni-
cillin, and streptomycin antibiotic mixture, and fetal bovine
serumwere purchased from Invitrogen. The 4�,6-diamidino-2-
phenylindole (DAPI), rotenone, and diphenyleneiodonium
chloride (DPI) were from Sigma, and hydroethidine and 6-car-
boxy-2�,7�-dichlorodihydrofluorescein diacetate (H2DCFDA)
were from Molecular Probes, Inc. (Eugene, OR). The enzyme-
linked immunosorbent assay kit for quantitation of cytoplasmic
histone-associated DNA fragmentation was from Roche
Applied Science. The anti-cytochrome c and anti-Bax 6A7
monoclonal antibodies were from Pharmingen (Palo Alto, CA);
antibodies against Bax (polyclonal anti-Bax) and caspase-3
were from Cell Signaling Technology (Danvers, MA); the anti-
bodies against Cu,Zn-superoxide dismutase (Cu,Zn-SOD) and
catalase were from Calbiochem; the antibody against cyto-
chrome c oxidase subunit IV (COXIV) was from Molecular
Probes; the antibodies specific for detection of poly(ADP-ri-
bose) polymerase (PARP), total JNK, phospho-(Thr183/Tyr185)-
JNK, total p38 MAPK, phospho-(Tyr182)-p38 MAPK, and
phospho-(Ser63/73)-c-Jun were from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA); and anti-actin antibody was from
Oncogene Research Products (San Diego, CA). Pharmacologi-
cal inhibitors of MAPKs, including SB202190 (p38 MAPK
inhibitor) and SP600125 (JNK inhibitor), were purchased from
Calbiochem.
Cell Culture and Cell Viability Assay—The human breast

cancer cell lines MDA-MB-231 and MCF-7 were procured
from the American Type Culture Collection andmaintained as

described by us previously (27). The normal human mammary
epithelial cell line (HMEC)was procured fromLonza (Walkers-
ville, MD) and cultured in epithelial cell basal medium (Lonza).
Each cell line was maintained at 37 °C in an atmosphere of 95%
air and 5% CO2. Stock solution of BITC was prepared in
Me2SO, and an equal volume of Me2SO (final concentration
0.1%) was added to the controls. The effect of BITC treatment
on cell viability was determined by trypan blue dye exclusion
assay as described by us previously (27).
Ectopic Expression of Catalase and Cu,Zn-SOD by Transient

Transfection—The MDA-MB-231 or MCF-7 cells were tran-
siently transfectedwith the pcDNA3.1 vector encoding catalase
or Cu,Zn-SODor the empty vector (generously provided byDr.
Larry W. Oberley, University of Iowa). Briefly, the cells were
seeded in 6-well plates and transfected at 50–70% confluence
with pcDNA3.1-catalase, pcDNA3.1-Cu,Zn-SOD, or empty
vector using Fugene6 transfection reagent (Roche Applied Sci-
ences) according to the manufacturer’s instructions. Twenty-
four hours after transfection, the cells were treatedwithMe2SO
or 2.5 �M BITC for specified time periods. The cells were col-
lected and processed for the desired assays.
Immunoblotting—The cells were treated with BITC as

described above, and both floating and attached cells were col-
lected. The cells were lysed as described by us previously (28).
The mitochondria-free cytosolic fraction for immunoblotting
of cytochrome c was prepared as described by us previously
(29). The mitochondrial and cytosolic fractions from control
and BITC-treated cells for immunoblotting of Bax and cyto-
chrome c were prepared using a kit from BioVision (Mountain
View, CA), as recommended by the manufacturer. The lysate
proteins were resolved by 6–12.5% SDS-PAGE and transferred
onto membrane. Immunoblotting was performed as described
by us previously (28, 29). The blots were stripped and reprobed
with anti-actin antibody to correct for differences in protein
loading. Change in protein level was determined by densito-
metric scanning of the immunoreactive band and corrected for
actin loading control. Immunoblotting for each protein was
performed at least twice using independently prepared lysates
to ensure reproducibility of the results.
ROS Generation Assay—Intracellular ROS generation was

measured by flow cytometry following staining with hydroethi-
dine and H2DCFDA essentially as described by us previously
(27). Briefly, 2 � 105 cells were plated in 60-mm culture dishes,
allowed to attach by overnight incubation, and exposed to
Me2SO (control) or the desired concentration of BITC for the
specified time intervals. The cells were stained with 2 �M
hydroethidine and 5 �M H2DCFDA for 30 min at 37 °C. The
cells were collected, and the fluorescence wasmeasured using a
Coulter Epics XL flow cytometer. In some experiments, cells
were pretreated for specified time periods with rotenone (0.4
�M) orDPI (10�M) prior to BITC exposure and analysis of ROS
generation.
Determination of Apoptosis—Apoptosis induction by BITC

was assessed by analysis of cytoplasmic histone-associated
DNA fragmentation, which has emerged as a highly sensitive
and reliable technique for quantitation of apoptotic cell death.
The cytoplasmic histone-associated DNA fragmentation was
determined as described by us previously (27). In some experi-
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ments, cells were pretreated with rotenone (0.4 �M) or DPI (10
�M) prior to BITC treatment and analysis of cytoplasmic his-
tone-associated DNA fragmentation.
Determination of Caspase-3 Activation—Activation of

caspase-3 was determined by flow cytometry using a kit from
Cell Signaling Technology. Briefly, the cells (3 � 105) were
plated in T25 flasks and allowed to attach by overnight incuba-
tion. The cells were then treated with Me2SO (control) or the
desired concentrations of BITC for the specified time periods.
Subsequently, the cells were collected by trypsinization and
processed for flow cytometric analysis of caspase-3 activation
according to the manufacturer’s instructions.
Generation of Rho-0 Variant of MDA-MB-231 Cells—The

Rho-0 variant of MDA-MB-231 cells was generated and main-
tained as described previously by King and Attadi (30) with
somemodifications. Briefly, the cells were cultured in complete
medium supplemented with 1 mM sodium pyruvate, 1 mM
uridine, and 2.5 �M ethidium bromide for more than 20 pas-
sages over a period of 7 weeks. Cells cultured in parallel in
medium without ethidium bromide were used as controls
(wild-type MDA-MB-231 cells). The cells were washed with
phosphate-buffered saline (PBS), trypsinized, and used for
different experiments.
Immunocytochemical Analysis for COXIV and Bax—Wild-

type and Rho-0 variant of MDA-MB-231 cells (1 � 105) were
cultured on coverslips and treated with 2.5 �M BITC orMe2SO
(control) for specified time periods. Cells were treated with 200
nM MitoTracker red at 37 °C for 30 min to stain mitochondria.
After washing with PBS, the cells were fixed with 2% paraform-
aldehyde overnight at 4 °C and permeabilized using 0.1%Triton
X-100 in PBS for 10 min. The cells were washed with PBS,
blocked with 0.5% bovine serum albumin in PBS for 1 h, and
incubated with anti-Bax or anti-COXIV antibody overnight
at 4 °C. The cells were then washed with PBS and incubated
with Alexa Fluor 488-conjugated secondary antibody
(1:1000 dilution; Molecular Probes) for 1 h at room temper-
ature. Subsequently, the cells were washed with PBS and
stained with DAPI (10 ng/ml) for 5min at room temperature.
The cells were washed twice with PBS and examined under
a Leica fluorescence microscope at �40 objective lens
magnification.
Analysis of Bax Conformation Change—The cells were

treated with 2.5 �M BITC or Me2SO (control) for the specified
time interval and lysed using a solution containing 10 mM
HEPES (pH 7.4), 150mMNaCl, 1%CHAPS, and protease inhib-
itor mixture. Aliquots containing 300 �g of lysate protein were
incubated overnight at 4 °C with 4 �g of anti-Bax 6A7 mono-
clonal antibody. Protein G-agarose beads (50 �l; Santa Cruz
Biotechnology) were then added to each sample, and the incu-
bation was continued for an additional 2 h at 4 °C. The immu-
noprecipitates werewashed five timeswith lysis buffer and sub-
jected to electrophoresis, followed by immunoblotting using
polyclonal anti-Bax antibody.
Measurement of MRC Enzyme Activities—Cells were plated

at a density of 1 � 106 in 100-mm culture dishes, allowed to
attach overnight, and treated with Me2SO or the desired con-
centrations of BITC for specified time periods. Cells were then
harvested by scraping, washed with PBS, and lysed. Protein

concentration was determined using the Bradford reagent. The
activity of complex I-linked NADH-ubiquinone oxidoreduc-
tase was determined bymeasuring the reduction of ubiquinone
to ubiquinol, which leads to decreased absorbance of NADH at
340 nm. The reaction was initiated by the addition of 50 �M
ubiquinone to the reaction mixture containing 100 �g of lysate
protein, 20 mM potassium phosphate (pH 7.2), 10 mM MgCl2,
0.15 mM NADH, 0.25% bovine serum albumin, 1 mM KCN at
30 °C. The reaction was monitored for 5 min, and then 10 �M
rotenone was added, and the reaction rate was followed for an
additional 5min. The activity of complex I was calculated using
the rotenone-sensitive rate and expressed as nmol/min/mg
protein. Complex II-linked succinate-ubiquinone oxidoreduc-
tase activity was determined bymeasuring the reduction of 2,6-
dichlorophenolindophenol, leading to formation of ubiquinol,
which can be monitored at 600 nm. The reaction was initiated
by the addition of ubiquinone Q2 to the reaction mixture con-
taining 100 �g of lysate protein, 50 mM potassium phosphate
buffer (pH 7.4), 20 mM sodium succinate, 0.1 mM EDTA, 74 �M
dichlorophenolindophenol, 1 mM KCN, and 10 �M rotenone
and followed for 5 min at 30 °C. 2-Thenoytrifluoroacetone was
then added to inhibit the complex II activity. The complex II
activity was calculated using the 2-thenoytrifluoroacetone-sen-
sitive rate. Complex III-linked ubiquinol cytochrome c reduc-
tase activity was determined by monitoring reduction of cyto-
chrome c by the electrons donated from ubiquinol, which can
be monitored at 550 nm. This is a first order enzymatic reac-
tion, which is dependent on the concentrations of both ubiqui-
nol and cytochrome c. The reaction was initiated by the addi-
tion of ubiquinol (substrate) to the reactionmixture containing
100 �g of protein lysate, 35 mM potassium phosphate (pH 7.2),
1 mM EDTA, 5 mM MgCl2, 1 mM KCN, 5 �M rotenone, and 15
�M cytochrome c. The absorbance of cytochrome c was fol-
lowed at 550 nm for 5min at 30 °C. The complex III activity was
calculated using the pseudo-first order constant, and the results
are presented as K/min/mg of protein.
Determination of Mitochondrial Membrane Potential—Mi-

tochondrial membrane potential was measured using a poten-
tial-sensitive dye, 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylben-
zimidazolylcarbocyanine iodide (JC-1) (31). A stock solution of
JC-1 (1mg/ml) was prepared inMe2SO and freshly dilutedwith
the assay buffer. Briefly, cells (2� 105)were plated inT25 flasks,
allowed to attach by overnight incubation, exposed to the
desired concentrations of BITC for the specified time periods,
and collected by trypsinization. The cells were incubated with
medium containing JC-1 (10 �g/ml) for 15 min at 37 °C. The
cells were washed, resuspended in 0.5 ml of assay buffer, and
analyzed using a Coulter Epics XL Flow Cytometer. Mitochon-
drial uncoupler carbonyl cyanide 4-(trifluoromethoxy)phenyl-
hydrazone (25 �M) was used as a positive control.
Genetic Suppression of JNK in MDA-MB-231 Cells—The

MDA-MB-231 cells were transiently transfected with the plas-
mid encoding the catalytically inactive mutant of JNK kinase 2
(JNKK2(AA)) (32), a generous gift from Dr. Michael Karin
(University of California at San Diego, La Jolla, CA), or empty
pcDNA3.1 vector as described by us previously (33). The cells
were then treated withMe2SO (control) or 2.5 �MBITC for the
specified time periods and processed for analysis of DNA frag-
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mentation, immunoblotting for phospho-JNK and phospho-c-
Jun or conformational change of Bax.
Statistical Analysis—Statistical significance of difference in

measured variables between control and treated groups was
determined by t test or one-way ANOVA. Difference was con-
sidered significant at p � 0.05.

RESULTS

BITC-induced Apoptosis in MDA-MB-231 and MCF-7 Cells
Was Inhibited by Ectopic Expression of Catalase—We have
shown previously that BITC treatment causes apoptosis in
MDA-MB-231 (an estrogen-independent cell line) and MCF-7

(an estrogen-responsive cell line)
human breast cancer cell lines in
association with ROS generation
(27). We also found that the BITC-
induced apoptosis in both cell lines
is significantly inhibited by pretreat-
ment with a combined mimetic of
superoxide dismutase and catalase
(27). Although these results sug-
gested that ROS might be critical
signaling intermediates in BITC-
mediated apoptosis, caution must
be exercised in interpretation of
results using small molecules due to
the possibility of an off-target
effect(s). To rule out this possibility,
we determined the effect of ectopic
expression of antioxidative enzyme
catalase on ROS generation and
apoptosis induction by BITC. As
can be seen in Fig. 1A, the level of
catalase protein was �6-fold higher
in MDA-MB-231 cells transiently
transfected with pcDNA3.1 vector
encoding catalase compared with
cells transfected with the empty
vector. In addition, BITC treatment
(2.5 �M, 24 h) did not have any
appreciable effect on levels of
endogenous (empty vector-trans-
fected cells) or overexpressed cata-
lase protein (Fig. 1A). Similar to
untransfected cells (27), the BITC-
mediated oxidation ofH2DCFDA to
fluorescent 2�,7�-dichlorofluores-
cein (DCF), a measure of ROS gen-
eration (34, 35), was observed in
empty vector-transfected MDA-
MB-231 cells (Fig. 1B). On the other
hand, overexpression of catalase
conferred complete protection
against BITC-mediated oxidation of
H2DCFDA to DCF in MDA-MB-
231 cells (Fig. 1B). Treatment of
empty vector-transfected MDA-
MB-231 cells with 2.5 �M BITC for

24 h resulted in an �4-fold increase in cytoplasmic histone-
associated apoptotic DNA fragmentation compared with
Me2SO-treated control cells (Fig. 1C). The extent of BITC-me-
diated cytoplasmic histone-associatedDNA fragmentationwas
significantly lower in catalase-overexpressing MDA-MB-231
cells in comparison with the empty vector-transfected cells
(Fig. 1C). Consistent with these results, the BITC-mediated
cleavage of procaspase-3 wasmarkedly higher in empty vector-
transfected MDA-MB-231 cells than in the cells with overex-
pression of catalase (Fig. 1D).
We consistently observed varying levels of basal pro-

caspase-3 cleavage in immunoblotting experiments even in the

FIGURE 1. Ectopic expression of catalase conferred protection against BITC-mediated ROS generation
and apoptosis in MDA-MB-231 cells. A, immunoblotting for catalase using lysates from MDA-MB-231 cells
transiently transfected with the empty pcDNA3.1 vector or pcDNA3.1 vector encoding catalase and treated for
24 h with Me2SO (control) or 2.5 �M BITC. The blot was stripped and reprobed with anti-actin antibody to
ensure equal protein loading. The numbers above the immunoreactive bands represent change in protein
levels relative to empty vector-transfected control cells treated with Me2SO (first lane). B, DCF fluorescence
(ROS generation). C, cytoplasmic histone-associated DNA fragmentation (results are expressed as enrichment
factor relative to Me2SO-treated empty vector-transfected cells). D, cleavage of procaspase-3 in MDA-MB-231
cells transiently transfected with the empty vector or catalase plasmid and treated for 2 h (B) or 24 h (C and D)
with Me2SO (control) or 2.5 �M BITC. In D, the numbers above the immunoreactive bands represent change in
protein level relative to empty vector-transfected control cells treated with Me2SO (first lane). E, flow cytometric
analysis of caspase-3 activation in untransfected MDA-MB-231 cells treated for 16 h with Me2SO (control) or the
indicated concentrations of BITC. Results are expressed as enrichment factor relative to Me2SO-treated control.
F, flow cytometric analysis of caspase-3 activation in MDA-MB-231 cells transiently transfected with the empty
vector or catalase plasmid and treated for 24 h with Me2SO (control) or 2.5 �M BITC. Results are expressed as
enrichment factor relative to empty vector-transfected cells treated with Me2SO. Results in B, C, E, and F are
mean � S.E. (n � 3). *, significantly different (p � 0.05) between the indicated groups by one-way ANOVA
followed by Dunnett’s (E) or Bonferroni’s multiple comparison test (B, C, and F). Experiments were performed
three times independently with triplicate measurements in each experiment. Similar results were observed in
three independent experiments. Representative data from a single experiment are shown.
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absence of BITC treatment, especially in the empty vector-
transfected cells (Fig. 1D), which may be attributed to endoge-
nous ROS, because this effect was not as pronounced in catalase-
overexpressing cells. Although the level of cleaved caspase-3 was
consistently higher in empty vector-transfected cells after treat-
ment with BITC compared with the Me2SO-treated control (Fig.
1D), we proceeded to determine the effect of BITC treatment on
caspase-3 activity. As shown in Fig. 1E, BITC treatment caused
activation of caspase-3 in a concentration-dependent manner in
untransfectedMDA-MB-231 cells, as determined by flow cytom-
etry. Consistent with the immunoblotting data (Fig. 1D), the
BITC-mediated caspase-3 activation was completely abolished in
catalase-overexpressing cells (Fig. 1F).

To rule out a possibility that the protective effect of catalase
overexpression against BITC-mediated ROS generation and
apoptosis was cell line-specific, we carried out similar experi-
ments using MCF-7 cells. Similar to MDA-MB-231 cells (Fig.
1), a 3-fold overexpression of catalase in MCF-7 cells (Fig. 2A)

afforded marked protection against BITC-mediated (a) ROS
generation (Fig. 2B), (b) cytoplasmic histone-associated DNA
fragmentation (Fig. 2C), (c) cleavage of procaspase-3 and
release of cytochrome c to the cytosol (Fig. 2D), and (d) activa-
tion of caspase-3 (Fig. 2E). Collectively, these results indicated
that ROS served as critical signaling intermediates in BITC-
induced apoptosis in human breast cancer cell lines regardless
of their estrogen responsiveness.
Overexpression of Cu,Zn-SOD Conferred Significant Protec-

tion against BITC-mediated ROS Generation and Apoptosis in
MDA-MB-231 Cells—Superoxide anions are the primary oxy-
gen free radicals produced by the mitochondria and are rapidly
removed by conversion to hydrogen peroxide in a reaction cat-
alyzed by SOD (36). To test whether BITC-mediated peroxide
production, which was revealed by an increase in DCF fluores-
cence (Figs. 1B and 2B), in ourmodel involved superoxide anion
production, we determined the effect of ectopic expression of
Cu,Zn-SOD on BITC-mediated ROS generation and apoptosis
induction using MDA-MB-231 cells. As can be seen in Fig. 3A,
transient transfection of MDA-MB-231 cells with Cu,Zn-SOD
plasmid resulted in an about 21-fold increase in the protein
level of Cu,Zn-SOD compared with the empty vector-trans-
fected cells. Similar to catalase (Fig. 1A), BITC treatment (2.5
�M, 24 h) did not alter the level of Cu,Zn-SOD protein either in
empty vector-transfected cells or in Cu,Zn-SOD-overexpress-
ing MDA-MB-231 cells (Fig. 3A). Treatment of empty vector-
transfected MDA-MB-231 cells with 2.5 �M BITC for 2 h
resulted in an�4-fold increase in DCF fluorescence, whichwas

FIGURE 2. The BITC-mediated ROS generation and apoptosis induction
was inhibited by overexpression of catalase in MCF-7 cells. A, immuno-
blotting for catalase using lysates from MCF-7 cells transiently transfected
with the empty pcDNA3.1 vector or vector encoding catalase. The blot was
stripped and reprobed with anti-actin antibody to ensure equal protein load-
ing. Change in protein level relative to empty vector-transfected MCF-7 cells
is shown above the immunoreactive band. B, DCF fluorescence (ROS genera-
tion); C, cytoplasmic histone-associated DNA fragmentation; D, cleavage of
procaspase-3 and cytosolic release of cytochrome c; E, activation of caspase-3
in MCF-7 cells transiently transfected with the empty vector or catalase plas-
mid and treated for 2 h (B) or 24 h (C–E) with Me2SO (control) or 2.5 �M BITC.
Results in C and E are expressed as enrichment factor relative to empty vector-
transfected cells treated with Me2SO. Results are mean � S.E. (n � 3). *, sig-
nificantly different (p � 0.05) between the indicated groups by one-way
ANOVA followed by Bonferroni’s multiple comparison test. D, the numbers
above the immunoreactive bands represent change in protein levels relative
to empty vector-transfected control cells treated with Me2SO. Quantitative
results are not shown for cleaved caspase-3, because the band was not
detected in empty vector-transfected cells treated with Me2SO. Experiments
were performed three times independently with triplicate measurements in
each experiment. Similar results were observed in three independent exper-
iments. Representative data from a single experiment are shown.

FIGURE 3. Ectopic expression of Cu,Zn-SOD protected against BITC-
mediated ROS generation and apoptosis in MDA-MB-231 cells.
A, immunoblotting for Cu,Zn-SOD using lysates from MDA-MB-231 cells
transiently transfected with the empty pcDNA3.1 vector or pcDNA3.1 vec-
tor encoding Cu,Zn-SOD and treated for 24 h with Me2SO (control) or 2.5
�M BITC. The blot was stripped and reprobed with anti-actin antibody to
ensure equal protein loading. The numbers above the immunoreactive bands
represent change in protein levels relative to empty vector-transfected cells
treated with Me2SO. B, DCF fluorescence (ROS generation); C, cytoplasmic
histone-associated DNA fragmentation; D, cleavage of procaspase-3 and
cytosolic release of cytochrome c in MDA-MB-231 cells transiently transfected
with the empty pcDNA3.1 vector or Cu,Zn-SOD plasmid and treated for 2 h (B)
or 24 h (C and D) with Me2SO (control) or 2.5 �M BITC. In B and C, results are
mean � S.E. (n � 3). *, significantly different (p � 0.05) between the indicated
groups by one-way ANOVA followed by Bonferroni’s multiple comparison
test. Experiments were repeated twice with triplicate measurements in each
experiment. The results were consistent, and representative data from a sin-
gle experiment are shown.
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reduced partially yet statistically significantly in Cu,Zn-SOD-
overexpressing cells (Fig. 3B). Ectopic expression of Cu,Zn-
SOD also conferred significant protection against BITC-medi-
ated cytoplasmic histone-associated DNA fragmentation (Fig.
3C), cleavage of procaspase-3, and cytosolic release of cyto-
chrome c (Fig. 3D). Together, these results firmly established
involvement of ROS in BITC-induced apoptosis in human
breast cancer cells.
BITC-induced ROS Generation and Apoptosis Induction in

Breast Cancer Cells Was Attenuated by Pretreatment with
Inhibitors of MRC—Mitochondria are an important source of
cellular ROS, which are generated due to incomplete reduction
of oxygen during normal oxidative phosphorylation (37–39).
To test whether ROS generation in our model was mitochon-
dria-derived, we determined the effect of MRC inhibitors rote-
none and DPI on BITC-mediated ROS generation. Both rote-
none and DPI are inhibitors of MRC complex I, whereas DPI
can also inhibit other flavoprotein oxidoreductases. As can be
seen in Fig. 4, A and B, the BITC-mediated increase in DCF
fluorescence was significantly inhibited in the presence of both
rotenone and DPI. In addition, rotenone and DPI treatments
conferred significant protection against BITC-mediated cyto-
plasmic histone-associated DNA fragmentation in both MDA-
MB-231 (Fig. 4C) and MCF-7 cells (Fig. 4D).

Because rotenone and DPI are inhibitors of the MRC, treat-
ment of cells with these agents alone is expected to cause ROS
production. For example, MacKenzie et al. (40) have shown
increased DCF fluorescence in cells exposed to rotenone. To
our surprise, ROS production upon treatment with rotenone or

DPI alone was either insignificant or not observed at all in
MDA-MB-231 (Fig. 4A) and MCF-7 cells (Fig. 4B). This dis-
crepancy is most likely attributable to differences in cellular
models and the experimental conditions between the present
work and the MacKenzie study (40). First, the ROS production
in the MacKenzie study was observed at 5–25 �M rotenone
concentrations (40), which are 12.5–62.5-fold higher than that
used in our study (0.4 �M). Second, MacKanzie et al. (40) uti-
lized NIH3T3 murine fibroblasts to demonstrate ROS produc-
tion by rotenone as opposed to the breast cancer cells used in
our study. In another study, treatment of HEK293 (a human
embryonic kidney cell line) and U87 glioma cells with a very
high concentration of rotenone (50 �M) resulted in ROS pro-
duction (41). On the other hand, in agreement with the results
of the present study, the ROS production wasminimal inHCT-
116 human colon cancer cells exposed to 10�MDPI (42). Thus,
it is reasonable to postulate that the ROS production in
response to treatment with rotenone/DPI probably depends
upon cell type, concentration of the agent, and treatment dura-
tion. Nonetheless, our data suggested that ROS generation
upon treatment of human breast cancer cells with BITC might
be mitochondria-derived.
Mitochondrial DNA-deficient Rho-0 Variant of MDA-MB-

231 Cells Was Resistant toward BITC-mediated Cellular
Responses—To firmly establish the contribution of mitochon-
dria in ROS generation by BITC, we generated the Rho-0 vari-
ant ofMDA-MB-231 cells.Many of the proteins encoded by the
mitochondrial DNA are integral components of theMRC com-
plexes (43). The survival of Rho-0 cells is dependent on ATP
derived from anaerobic glycolysis, but these cells have func-
tional F1-ATPase (31, 44, 45). The Rho-0 cells lack normal oxi-
dative phosphorylation and are unable to generate ROS from
MRC. Initially, we carried out experiments to confirm the
Rho-0 phenotype of the variantMDA-MB-231 cells cultured in
the presence of 1 mM sodium pyruvate, 1 mM uridine, and 2.5
�M ethidium bromide. Fig. 5A depicts morphology of the wild
type (cells cultured in parallel in medium without ethidium
bromide) and Rho-0 variant of MDA-MB-231 cells. The Rho-0
MDA-MB-231 cells were slightly larger in size with elongated
shape and grew at a slower rate comparedwithwild-typeMDA-
MB-231 cells. We also stained the wild-type and Rho-0 MDA-
MB-231 cells with mitochondria labeling dyeMitoTracker red.
Themitochondria of Rho-0 cells have alteredmorphology (46).
The mitochondria in wild-type MDA-MB-231 cells were
brightly stained with MitoTracker red and COXIV, which is
encoded for by the mitochondrial DNA, as revealed by immu-
nofluorescencemicroscopy (Fig. 5B). The intensity of theMito-
Tracker red and COXIV staining was much weaker in Rho-0
cells than in the wild-type MDA-MB-231 cells (Fig. 5B). In
addition, the Rho-0 variant of MDA-MB-231 cells exhibited
significantly diminished activities of both complex I (Fig. 5C)
and complex III (Fig. 5D) of the MRC. These results confirmed
Rho-0 phenotype of the variant MDA-MB-231 cells.
Next, we proceeded to determine the effect of BITC treat-

ment on ROS generation and apoptosis induction using wild-
type and Rho-0 MDA-MB-231 cells. As expected, exposure of
wild-typeMDA-MB-231 cells to 2.5�MBITC for 1 h resulted in
ROS generation, as evidenced by a statistically significant

FIGURE 4. The BITC-mediated ROS generation and apoptosis induction
was inhibited in the presence of inhibitors of MRC. Effect of pretreatment
with rotenone and DPI on BITC-mediated ROS generation in MDA-MB-231
cells (A) and MCF-7 cells (B) and cytoplasmic histone-associated DNA frag-
mentation in MDA-MB-231 cells (C) and MCF-7 cells (D). The cells were pre-
treated for 1–2 h with either Me2SO (control), 0.4 �M rotenone, or 10 �M DPI.
The cells were then either left untreated (Me2SO, rotenone, and DPI alone
control groups) or exposed to 2.5 �M BITC for 1–2 h for analysis of ROS gen-
eration and 16 –24 h for analysis of cytoplasmic histone-associated DNA frag-
mentation. Results are mean � S.E. (n � 3); significantly different (p � 0.05)
compared with Me2SO-treated control (a) and BITC alone treatment group (b)
by one-way ANOVA followed by Tukey’s test. Experiments were performed
twice independently with triplicate measurements in each experiment. The
results were consistent, and representative data from a single experiment are
shown.
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increase in DCF fluorescence overMe2SO-treated control (Fig.
6A). Oxidation ofH2DCFDA toDCFwas not observed inRho-0
MDA-MB-231 cells by a similar treatment with BITC (Fig. 6A).
The BITC treatment (2.5 �M, 24 h) caused an approximately
4-fold increase in cytoplasmic histone-associated DNA frag-
mentation in the wild-typeMDA-MB-231 cells compared with
corresponding Me2SO-treated control (Fig. 6B). The cytoplas-
mic histone-associated DNA fragmentation was marginally
affected in Rho-0 MDA-MB-231 cells by a similar BITC treat-
ment (Fig. 6B). In agreement with these results, the Rho-0 cells
were significantly more resistant to BITC-mediated suppres-
sion of cell viability compared with the wild-type MDA-MB-
231 cells (Fig. 6C).
We have shown previously that BITC treatment causes disrup-

tion of the mitochondrial membrane potential in breast cancer
cells, as revealed by accumulation ofmonomeric JC-1 in the cyto-
plasm (27). The JC-1 dye bearing a delocalized positive charge
enters themitochondrial matrix due to the negative charge estab-
lished by the intact mitochondrial membrane potential (31). In
healthy cells, the JC-1 accumulates in the mitochondria and
forms aggregate (red fluorescence). The collapse of the mito-
chondrial membrane potential is characterized by green fluo-
rescence due to accumulation ofmonomeric JC-1 in the cytosol
(31). We raised the question of whether the BITC-mediated
disruption of the mitochondrial membrane potential in human
breast cancer cells was caused by ROS generation. To address
this question, we determined the effect of BITC treatment on
mitochondrial membrane potential using wild-type and Rho-0

FIGURE 5. Characterization of Rho-0 variant of MDA-MB-231 cell line. A, mor-
phology of wild-type and Rho-0 MDA-MB-231 cells visualized by microscopy.
B, fluorescence microscopic analysis of mitochondrial and COXIV staining. The
staining for MitoTracker red, COXIV, and nuclei are indicated by red, green, and
blue fluorescence, respectively. C, activity of complex I using lysate proteins from
wild-type and Rho-0 MDA-MB-231 cells. D, activity of complex III using lysate pro-
teins from wild-type and Rho-0 MDA-MB-231 cells. Results are mean � S.E. of 3–5
determinations. *, significantly different (p � 0.05) compared with wild-type MDA-
MB-231cellsbyunpaired t test.Eachexperimentwasrepeatedat leasttwice,andthe
results were consistent. Representative data from a single experiment are shown.

FIGURE 6. Rho-0 variant of MDA-MB-231 cell line was significantly more
resistant to growth suppression and apoptosis induction by BITC com-
pared with wild-type cells. A, analysis of DCF fluorescence (ROS generation)
in wild-type and Rho-0 MDA-MB-231 cells following a 1-h treatment with
Me2SO (control) or 2.5 �M BITC. B, analysis of cytoplasmic histone-associated
DNA fragmentation in wild-type and Rho-0 MDA-MB-231 cells following 24-h
treatment with Me2SO (control) or 2.5 �M BITC. C, trypan blue dye exclusion
assay to assess cell viability in wild-type and Rho-0 MDA-MB-231 cells follow-
ing a 24-h treatment with Me2SO (control) or 2.5 �M BITC. D, analysis of mito-
chondrial membrane potential (monomeric JC-1-associated green fluores-
cence) in wild-type and Rho-0 MDA-MB-231 cells following a 6-h treatment
with Me2SO (control) or 2.5 �M BITC. Results are mean � S.E. (n � 3); signifi-
cantly different (p � 0.05) compared with corresponding Me2SO-treated con-
trol (a) and between BITC-treated wild-type and BITC-treated Rho-0 cells (b)
by one-way ANOVA followed by Bonferroni’s multiple comparison test. Each
experiment was performed at least twice with triplicate measurements in
each experiment. The results were consistent, and representative data from a
single experiment are shown.
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MDA-MB-231 cells. A large fraction of wild-type MDA-MB-
231 cells treated for 30min with 25 �M carbonyl cyanide 4-(tri-
fluoromethoxy)phenylhydrazone (positive control), an uncou-
pler of mitochondrial oxidative phosphorylation, exhibited
monomeric JC-1-associated green fluorescence (results not
shown). The BITC treatment (2.5 �M, 6 h) caused a marked
increase in monomeric JC-1-associated green fluorescence in
wild-type MDA-MB-231 cells, which was much less pro-
nounced in the Rho-0 variant (Fig. 6D). Collectively, these
results not only confirmed the mitochondrial origin of ROS in
BITC-treated breast cancer cells but also indicated that ROS
acted upstream of disruption of the mitochondrial membrane
potential in the BITC-induced apoptosis cascade.
BITC-mediated ROS Generation Triggered Mitochondrial

Translocation of Bax—We have shown previously that SV40
immortalized embryonic fibroblasts derived from Bax and Bak
double knock-out mice are significantly more resistant to apo-
ptosis induction by BITC comparedwith embryonic fibroblasts
derived from wild-type mice (27). In normal cells, the multido-
main proapoptotic Bcl-2 family member Bax resides in the
cytosol but is translocated to the mitochondria upon apoptotic
stimuli (47–49). To gain insight into the mechanism down-

stream of ROS production in BITC-
induced apoptosis, we initially
determined the effect of BITC treat-
ment on cellular localization of Bax.
As shown in Fig. 7A, the Bax protein
was mainly localized in the cytosol
in Me2SO-treated MDA-MB-231
cells. Treatment of MDA-MB-231
cells with 2.5 �M BITC for 16 h
resulted in enrichment of the Bax
protein in the mitochondrial frac-
tion with a concomitant decrease in
its cytosolic level (Fig. 7A). The
immunoblotting for cytochrome c
revealed its localization in the mito-
chondria in Me2SO-treated control
MDA-MB-231 cells (Fig. 7A). The
immunostaining for cytochrome c
in BITC-treated (2.5 �M, 16 h) cells
was restricted to the cytosolic frac-
tion. The blots were stripped and
reprobed with anti-actin and anti-
COXIV antibodies not only to
ensure equal protein loading but
also to rule out cross-contamination
of the cytosolic and mitochondrial
fractions (Fig. 7A). Next, we studied
BITC-mediated translocation of Bax
to the mitochondria using wild-type
and Rho-0 MDA-MB-231 cells. Fig.
7B depicts immunocytochemical
analysis of Bax (green fluorescence),
mitochondria (red fluorescence), and
nuclei (blue fluorescence) in wild-type
and Rho-0 MDA-MB-231 cells
treated for 8 h with either Me2SO

(control) or 2.5 �M BITC. The Me2SO-treated wild-type MDA-
MB-231 cells exhibited weak Bax-associated green fluores-
cence but clearly visible mitochondria (red fluorescence). The
wild-type MDA-MB-231 cells exposed for 8 h to 2.5 �M BITC
exhibited an increase in Bax-associated green fluorescence as
well as mitochondrial translocation of Bax, as evidenced by the
appearance of a yellow-orange color due to themerging ofMito-
Tracker red-associated red fluorescence and Bax-associated
green fluorescence around DAPI-stained nuclei (Fig. 7B). The
BITC-mediated induction of Bax or its mitochondrial translo-
cation was not readily evident in Rho-0 MDA-MB-231 cells
(Fig. 7B).
Because the BITC-mediated translocation of Bax to the

mitochondria was not observed in the Rho-0 variant of MDA-
MB-231 cells (Fig. 7B), we raised the question of whether ROS
caused conformational change (activation) of Bax. We
addressed this question by immunoprecipitation of active Bax
from lysates of control and BITC-treated wild-type and Rho-0
MDA-MB-231 cells using a monoclonal antibody (6A7) that
recognizes an epitope at the N terminus of the activated Bax
followed by immunoblotting using polyclonal anti-Bax anti-
body. The BITC-mediated conformational change of Bax was

FIGURE 7. Rho-0 MDA-MB-231 was resistant to BITC-mediated conformational change and mitochon-
drial translocation of Bax. A, immunoblotting for Bax (using polyclonal anti-Bax antibody) and cytochrome c
using cytosolic and mitochondrial fractions prepared from MDA-MB-231 cells treated for 16 h with Me2SO
(control) or 2.5 �M BITC. The blots were stripped and reprobed with anti-actin and anti-COXIV antibodies to
ensure equal protein loading as well as to rule out cross-contamination of cytosolic and mitochondrial frac-
tions. B, immunocytochemical staining for Bax (Bax-associated green fluorescence), mitochondria (Mito-
Tracker red-associated red fluorescence), and nuclei (DAPI-associated blue fluorescence) in wild-type and
Rho-0 MDA-MB-231 cells following an 8-h treatment with Me2SO (control) or 2.5 �M BITC. C, analysis of confor-
mational change of Bax using lysates from wild-type and Rho-0 MDA-MB-231 cells treated for 16 h with Me2SO
(control) or 2.5 �M BITC. Bax protein was immunoprecipitated from equal amounts of lysate protein using
anti-Bax monoclonal antibody 6A7, which recognizes activated Bax. Immunoprecipitated (IP) complexes were
subjected to immunoblotting (IB) using polyclonal anti-Bax antibody. D, immunoblotting for cleaved PARP and
cleaved caspase-3 using lysates from wild-type and Rho-0 MDA-MB-231 cells following treatment with Me2SO
(control) or 2.5 �M BITC. The blots were stripped and reprobed with anti-actin antibody to ensure equal protein
loading. The numbers above the immunoreactive bands represent change in protein levels relative to Me2SO-
treated wild-type MDA-MB-231 cells. Each experiment was performed twice, and the results were comparable.
Representative data from a single experiment are shown.
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observed in the wild-type cells but not in the Rho-0 MDA-
MB-231 cells (Fig. 7C). In addition, BITC treatment caused
cleavage of procaspase-3 and PARP in wild-type MDA-MB-
231 but not in Rho-0 variant (Fig. 7D). Collectively, these
results indicated that ROS acted upstream of Bax activation
in BITC-induced apoptosis.
BITC Treatment Inhibited Complex III Activity of MRC in

MDA-MB-231 Cells—To identify the target of BITC-mediated
ROS generation, we determined the effect of BITC treatment
on activities ofMRC enzymes usingMDA-MB-231 cells. Com-
plex I (Fig. 8A) or complex II activity (results not shown) was
not altered upon treatment of MDA-MB-231 with 5 �M BITC.
On the other hand, BITC treatment resulted in a statistically
significant decrease in activity of complex III of MRC inMDA-
MB-231 cells (Fig. 8B). These results indicated that BITC treat-
ment inhibited activity of complex III ofMRC inMDA-MB-231
cells.
BITC Treatment Caused ROS-dependent Activation of JNK

and p38 MAPK in Breast Cancer Cells—The results shown
above indicated the critical role of ROS production and Bax
activation in BITC-induced apoptosis but did not provide any
insight into the signaling pathways linking these effects. Previ-

ous studies have implicated stress-activated protein kinases
JNK and p38 MAPK in Bax activation by different stimuli,
including H2O2 (50). Involvement of ROS in activation of Bax
has also been suggested in some models of apoptosis (51, 52).
Because oxidative stress can activate JNK (33, 53, 54), we raised
the question of whether BITC-mediated apoptosis was regu-
lated by ROS-dependent activation of stress-activated protein
kinases. Initially, we determined the effect of BITC treatment
on activating phosphorylations of JNK and p38MAPK, and the
results are shown in Fig. 9. The BITC treatment increased acti-
vating phosphorylations of JNK and p38 MAPK in both MDA-
MB-231 and MCF-7 cells, which was not attributable to an
increase in their total protein level (Fig. 9).We used pharmaco-
logical inhibitors to determine the role of JNK (SP600125) and
p38MAPK (SB202190) in BITC-induced apoptosis. The BITC-
induced apoptosis in MDA-MB-231 (Fig. 10A) andMCF-7 cell
lines (Fig. 10B) was partially but significantly inhibited in the
presence of both SP600125 and SB202190. Moreover, catalase
overexpression conferred marked protection against BITC-
mediated activation of both JNK and p38 MAPK (Fig. 10C).
Collectively, these results pointed toward involvement of ROS
in BITC-mediated activation of JNK and p38 MAPK.
BITC-mediated Activation of Bax Was Inhibited by Ectopic

Expression of JNKK2(AA)—Next, we raised the question of
whether JNK activation contributed to BITC-mediated activa-
tion of Bax. We addressed this question by determining the
effect of ectopic expression of a catalytically inactive mutant of
JNKK2,which is a JNK-specific upstreamkinase (32, 55). As can
be seen in Fig. 11A, BITC treatment (2.5 �M, 8 h) caused an
increase in phosphorylations of JNK and its downstream target
c-Jun in the empty vector-transfected MDA-MB-231 cells.
Ectopic expression of catalytically inactive JNKK2(AA) con-
ferred marked protection against BITC-mediated hyperphos-
phorylation of both JNK and c-Jun (Fig. 11A). A statistically
significant increase in cytoplasmic histone-associated DNA
fragmentation resulting from 24-h exposure to 2.5 �M BITC

FIGURE 8. The BITC treatment inhibited complex III activity in MDA-MB-
231 cells. Effect of BITC treatment on complex I-linked NADH ubiquinone
oxidoreductase activity (A) and complex III-linked ubiquinol cytochrome c
reductase activity (B) in MDA-MB-231 cells. The MDA-MB-231 cells were
treated with either Me2SO (control) or 5 �M BITC for the indicated time peri-
ods. Results are mean � S.E. (n � 3). *, significantly different (p � 0.05) com-
pared with Me2SO-treated control by paired t test. Experiments were per-
formed three times independently with triplicate measurements in each
experiment. Comparable results were observed in each experiment. Repre-
sentative data from a single experiment are shown.

FIGURE 9. The BITC treatment increased activating phosphorylations of
JNK and p38 MAPK in MDA-MB-231 and MCF-7 cells. Immunoblotting for
phospho-JNK, total JNK, phospho-p38 MAPK, and total p38 MAPK using
lysates from MDA-MB-231 and MCF-7 cells treated with Me2SO (control) or 2.5
and 5 �M BITC for the indicated time periods. The blots were stripped and
reprobed with anti-actin antibody to ensure equal protein loading. Immuno-
blotting for each protein was performed twice using independently prepared
lysates, and the results were similar. Representative data from a single exper-
iment are shown. -Fold change in phosphoprotein/total protein level relative
to Me2SO-treated control at each time point is shown above the immunore-
active band. The quantitative results are not shown for phospho-JNK levels,
because the immunoreactive band was not detectable in the Me2SO-treated
controls.
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was observed in the empty vector-transfected MDA-MB-231
cells but not in the MDA-MB-231 cells transiently transfected
with JNKK2(AA) (Fig. 11B). In addition, overexpression of

FIGURE 10. The BITC-induced apoptosis was inhibited by pharmacologi-
cal inhibition of JNK and p38 MAPK in MDA-MB-231 and MCF-7 cells.
Shown is the effect of pharmacological inhibitors of JNK (SP600125) and p38
MAPK (SB202190) on BITC-induced cytoplasmic histone-associated DNA
fragmentation in MDA-MB-231 cells (A) and MCF-7 cells (B). The cells were
pretreated for 2 h with the indicated concentrations of the inhibitors and then
exposed to 2. 5 �M BITC for 16 h. Results are mean � S.E. (n � 3); significantly
different (p � 0.05) compared with Me2SO-treated control (a) and BITC alone
(b) treatment group by one-way ANOVA followed by Bonferroni’s multiple
comparison test. Experiments in each cell line were performed twice with
triplicate measurements in each experiment. The results of the independent
experiments were consistent, and representative data from a single experi-
ment are shown. C, immunoblotting for phospho-JNK and phospho-p38
MAPK using lysates from MDA-MB-231 cells transiently transfected with the
empty pcDNA3.1 vector or pcDNA3.1 vector encoding catalase and treated
for 8 h with Me2SO (control) or 2.5 �M BITC. The blots were stripped and
reprobed with anti-actin antibody to ensure equal protein loading. The num-
bers above the immunoreactive bands represent change in protein levels rel-
ative to corresponding Me2SO-treated control.

FIGURE 11. The BITC-induced conformational change of Bax was regu-
lated by JNK signaling axis in MDA-MB-231 cells. A, immunoblotting for
phospho-JNK and phospho-c-Jun using lysates from MDA-MB-231 cells tran-
siently transfected with the empty pcDNA3.1 vector or pcDNA3.1 vector
encoding a catalytically inactive mutant of JNKK2 (JNKK2(AA)) and treated for
8 h with Me2SO (control) or 2.5 �M BITC. The blots were stripped and reprobed
with anti-actin antibody to ensure equal protein loading. The numbers above
the immunoreactive bands represent change in protein levels relative to cor-
responding Me2SO-treated control. B, cytoplasmic histone-associated DNA
fragmentation in MDA-MB-231 cells transiently transfected with the empty
pcDNA3.1 vector or pcDNA3.1 vector encoding JNKK2(AA) and treated for
24 h with Me2SO (control) or 2.5 �M BITC. Results are mean � S.E. (n � 3). *,
significantly different (p � 0.05) between the indicated groups by one-way
ANOVA followed by Bonferroni’s multiple comparison test. C, analysis of con-
formational change of Bax using lysates from MDA-MB-231 cells transiently
transfected with the empty pcDNA3.1 vector or pcDNA3.1 vector encoding
JNKK2(AA) and treated for 8 h with Me2SO (control) or 2.5 �M BITC. Bax protein
was immunoprecipitated from equal amounts of lysate proteins using anti-
Bax 6A7 monoclonal antibody. The immunoprecipitated complexes were
subjected to immunoblotting using anti-Bax polyclonal antibody. Each
experiment was repeated twice with comparable results. Representative data
from a single experiment are shown.
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JNKK2(AA) conferred protection against BITC-mediated (2.5
�M, 8 h) conformational change of Bax (Fig. 11C). Collectively,
these results indicated that the BITC-mediated conformational
change of Bax was regulated by JNK.
ANormalHumanMammary Epithelial Cell LineWasResist-

ant toward BITC-mediated Cellular Responses—We raised the
question of whether BITC-mediated cellular responses (e.g.
ROS production, JNK/p38 MAPK activation, and DNA frag-
mentation) were selective for cancer cells. We used a normal
human mammary epithelial cell line, HMEC, to address this
question. The BITC treatment (2.5, 5, or 10 �M) did not pro-
duce ROS in HMEC (Fig. 12A). The HMEC were also resistant
toward BITC-induced apoptotic DNA fragmentation (Fig.
12B), caspase-3 activation (Fig. 12C), and JNK/p38MAPK acti-
vation (Fig. 12D). These results indicated that BITC-mediated
ROS generation, JNK activation, and apoptosis was selective
toward breast cancer cells.

DISCUSSION

The results of the present study demonstrate that ROS act as
key signaling intermediates in BITC-mediated apoptosis in
human breast cancer cells, which is not a cell line-specific
response because the positive correlation between ROS pro-
duction and cell death is observed in both MDA-MB-231 and
MCF-7 cells (Figs. 1–3). The ROS generation and apoptotic
DNA fragmentation resulting from BITC exposure are signifi-

cantly inhibited by overexpression of antioxidative enzymes
catalase andCu,Zn-SOD (Figs. 1–3). These results indicate that
ROS serve to initiate the cell death process in these cells. ROS
generation by BITC has been documented previously in a rat
liver epithelial RL34 cell line (56–58). However, the concentra-
tions of the BITC used to observe ROS generation and apopto-
sis in RL34 cells (�20�M)were very high andmaynot be attain-
able either by dietary intake of cruciferous vegetables or
through pharmacological interventions. The pharmacokinetic
parameters for BITC in humans have not yet been determined,
but the maximal plasma concentration (Cmax) of phenethyl-
ITC, a close naturally occurring structural analogue of BITC,
following ingestion of 100 g of watercress ranged between 673
and 1155 nM (mean of 928 � 250 nM) (59). A mean Cmax of
1.04 � 0.22 �M ITC was reported in another study (60).

Although a possible contribution of ROS in apoptotic
response to the ITC family of cancer chemopreventive agents,
including phenethyl-ITC, has been suggested previously (27,
61–63), the mechanism of ROS generation by these com-
pounds was not clear. The present study provides convincing
experimental evidence to indicate that ROS generation by
BITC in human breast cancer cells is mitochondria-derived.
This conclusion is supported by the following experimental
data: (a) the BITC-mediated ROS generation and apoptosis
induction are significantly attenuated in the presence of MRC
inhibitors rotenone and DPI (Fig. 4); (b) the mitochondrial
DNA-deficient Rho-0 variant of the MDA-MB-231 cell line is
significantly more resistant to ROS generation, growth sup-
pression, and apoptosis induction by BITC compared with
wild-type (parental) MDA-MB-231 cells (Fig. 6); (c) the BITC
treatment causes significant inhibition of complex III activity in
MDA-MB-231 cells (Fig. 8); and (d) the kinetics of the BITC-
mediated ROS generation mirrors inhibition of complex III,
both occurring as early as 1 h postexposure (27) (Fig. 8).
Although further studies are needed to determine the precise
mechanism of BITC-mediated inhibition of complex III activ-
ity, it is possible that BITC, being a highly electrophilic mole-
cule (64), covalently modifies critical sulfhydryl groups on a
subunit(s) of complex III. In this regard, direct covalent modi-
fication of cellular proteins has been suggested to be an impor-
tant early event in the induction of apoptosis by some ITCs,
including phenethyl-ITC (65).
Previous studies have shown that BITC treatment causes

inhibition of complex-I-linked state 3 respiration (57, 58).
However, inhibition of complex-I-linked state 3 respiration by
BITC treatment was observed using rat liver mitochondria and
relatively high concentrations of BITC (20–170 �M) (57, 58). It
is possible that the inhibitory effect of BITConMRC is different
between normal tissues/cells (e.g. rat liver mitochondria (57,
58)) and cancer cells (e.g. breast cancer cells used in the present
study). At the same time, the possibility that specificity of the
BITC-mediated inhibition ofMRC is altered in a dose-depend-
ent manner cannot be fully discarded. Further studies are
needed to experimentally explore these possibilities.
Another important question relevant to the mechanism of

BITC-induced apoptosis in our model relates to the signal
transduction downstream of ROS generation. The ROS have
been shown to function upstream of cytochrome c release and

FIGURE 12. Normal human mammary epithelial cell line HMEC was resist-
ant toward BITC-mediated cellular responses. Shown is the effect of BITC
treatment on ROS production (6-h treatment) (A), cytoplasmic histone-asso-
ciated DNA fragmentation (24-h treatment) (B), and activation of caspase-3
(16-h treatment) (C) in HMEC cells. Results are mean � S.E. (n � 3). Each assay
was performed twice independently with triplicate measurements in each
experiment. The results were comparable, and representative data from a
single experiment are shown. D, immunoblotting for phospho-JNK, total JNK,
phospho-p38 MAPK, and total p38 MAPK using lysates from HMEC treated
with Me2SO (control) or 2.5 and 5 �M BITC for 8 h. The blots were stripped and
reprobed with anti-actin antibody to ensure equal protein loading. Immuno-
blotting for each protein was performed twice using independently prepared
lysates, and the results were similar. Representative data from a single exper-
iment are shown. -Fold change in phosphoprotein/total protein levels rela-
tive to Me2SO-treated control is shown above the immunoreactive band.
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caspase activation by certain apoptotic stimuli, such as hyper-
oxia (51). At the same time, the generation of ROS downstream
of the release of cytochrome c has also been described in some
cellular models of mitochondria-mediated apoptosis (66, 67).
The present study clearly indicates that ROS act upstream of
mitochondrial changes in BITC-induced apoptosis. The BITC-
mediated cytosolic release of cytochrome c in MDA-MB-231
cells is inhibited by ectopic expression of Cu,Zn-SOD (Fig. 3).
TheRho-0 variant of theMDA-MB-231 cell line is also resistant
to the BITC-mediated cleavage of PARP and procaspase-3 (Fig.
7D). In addition, the BITC-mediated disruption of the mito-
chondrial membrane potential is obvious in wild-type MDA-
MB-231 cells but much less pronounced in its Rho-0 variant
(Fig. 6D).
We have shown previously that BITC treatment causes

induction of multidomain proapoptotic Bcl-2 family members
Bax and Bak in MDA-MB-231 and MCF-7 cells (27). In addi-
tion, the immortalized mouse embryonic fibroblasts derived
from Bax and Bak double knock-out mice are more resistant to
BITC-mediated apoptotic cell death comparedwith embryonic
fibroblasts derived fromwild-typemice (27). The present study
reveals that BITC treatment causes conformational change
(activation) and mitochondrial translocation of Bax (Fig. 7,
A–C). We also found that BITC-mediated activation andmito-
chondrial translocation of Bax are dependent on ROS genera-
tion, because these effects are not observed in the Rho-0 variant
ofMDA-MB-231 (Fig. 7, B andC). Previous studies have impli-
cated JNK and p38MAPK in Bax activation by different stimuli,
including H2O2 (50). Also, activation of Bax in response to dif-
ferent apoptotic stimuli (e.g. hyperoxia) is tightly linked to ROS
production. Activation of JNK and p38 MAPK is observed in
both MDA-MB-231 and MCF-7 cells upon treatment with
BITC (Fig. 9). Moreover, pharmacological inhibition of both
JNK and p38 MAPK confers partial but significant protection
against BITC-mediated apoptosis in MDA-MB-231 and
MCF-7 cells (Fig. 10, A and B). Ectopic expression of catalase
inhibits JNK/p38 MAPK activation caused by BITC treatment
(Fig. 10C). Furthermore, the BITC-mediated apoptotic DNA
fragmentation as well as conformational change of Bax is inhib-
ited by overexpression of a catalytically inactive mutant of
JNKK2, which is a JNK-specific kinase. Thus, it is reasonable to
conclude that BITC-mediated activation of Bax is regulated by
JNK.
Depletion of mitochondrial DNA or treatment with mito-

chondrial poison has been shown to initiate mitochondrial
stress in C2C12 rhabdomyoblasts and A549 human lung carci-
noma cells (68). The mitochondrial stress in these cells is char-
acterized by activation of calcineurin and calcium-responsive
factors, activation of MAPK, and up-regulation of gene targets
involved in regulation of glucose metabolism (e.g. hexokinase
and pyruvate kinase), oncogenesis (e.g. TGF�1 and cathepsin
L), and apoptosis (e.g. Bcl-2, Bcl-xL, Bad, and Bax) (68, 69). It is
interesting to note that the BITC treatment causes up-regula-
tion, conformation change (activation), and mitochondrial
translocation of Bax in wild-typeMDA-MB-231 cells but not in
its Rho-0 variant (Fig. 7, B and C). It is possible that the mito-
chondrial stress induced by BITC treatment is different from
that observed in C2C12 rhabdomyblasts and A549 human lung

carcinoma cells (68). However, further studies, such as compar-
ison of calcium signaling and analysis of other Bcl-2 family pro-
teins, are needed to substantiate this conclusion.
We also found that a normal humanmammary epithelial cell

lineHMEC is resistant toBITC-mediatedROSgeneration, apo-
ptotic DNA fragmentation, caspase-3 activation, and activation
of JNK and p38 MAPK. These results are consistent with our
previous study showing resistance of spontaneously immortal-
ized normal mammary epithelial cell line MCF-10A toward
ROS generation and apoptosis induction by BITC treatment
(27). Although these observations underscore contribution of
ROS and JNK/p38 MAPK in BITC-mediated apoptosis in
human breast cancer cells, the mechanism behind resistance of
normal mammary epithelial cells to the ROS production by
BITC remains to be elucidated.
In conclusion, the present study offers a mechanistic model

for BITC-induced apoptosis in human breast cancer cells
involving ROS, which are mitochondria-derived and serve to
function upstream of JNK/p38 MAPK activation, Bax translo-
cation to themitochondria,mitochondrialmembrane potential
collapse, cytosolic release of cytochrome c, activation of
caspase-3, and DNA fragmentation.
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