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Abstract
The aim of this study was to investigate the effect of garlic constituent diallyl trisulfide (DATS)
on the cell death signaling pathway in a human breast cell line (MDA-MB-231). We observed that
DATS (10–100 μM) treatment resulted in a dose- and time-dependent cytotoxicity. Treatment of
MDA-MB-231 cells with a cytotoxicity inducing concentration of DATS (50–80 μM) resulted in
an increase in the intracellular level of reactive oxygen species (ROS). Data from assay with
MitoSOX™ Red reagent suggest that mitochondria are the main source of ROS generation during
DATS treatment. DATS-induced oxidative stress was detected through glutaredoxin (GRX), a
redox-sensing molecule, and subsequently GRX was dissociated from apoptosis signal-regulating
kinase 1 (ASK1). Dissociation of GRX from ASK1 resulted in the activation of ASK1. ASK1
activated a downstream signal transduction JNK (C-Jun N-terminal kinase)-Bim pathway.
SP600125, a JNK inhibitor, inhibited DATS-induced Bim phosphorylation and protected cells
from DATS-induced cytotoxicity. Our results indicate that the cytotoxicity caused by DATS is
mediated by the generation of ROS and subsequent activation of the ASK1-JNK-Bim signal
transduction pathway in human breast carcinoma MDA-MB-231 cells.
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INTRODUCTION
Breast cancer has become the most frequently diagnosed cancer among women in the United
States and the second most frequent cause of cancer death [Jemal et al., 2006]. Even though
early diagnosis of breast cancer with mammography has improved over the last ten years,
the optimal management of this disease remains undefined. When breast cancers progress to
an advanced stage, treatment options are limited and are associated with significant
morbidity and mortality. Since a multi-step progression from small, low-grade lesions to
large, high-grade and metastatic carcinomas is involved in tumorigenicity as well as tumor
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growth and metastasis, one strategy to deal with breast cancer is the blockage of a stage of
this process with chemoprevention agents.

A relationship between consumption of allium vegetables (e.g., leeks, chives, onions, garlic,
etc.) and cancer reduction has been demonstrated by epidemiological studies [Gao et al.,
1999]. The curative agent has been localized to the primary sulfur compound, γ-glutamyl
cysteine, which generates alliin (S-alkenyl-L-cysteine sulfoxide), the precursor of the
organosulfur compounds (OSCs) which include diallyl sulfide (DAS), diallyl disulfide
(DADS), and DATS [Fleischauer et al., 2000]. Among these, DATS is known to be the most
effective antitumor agent [Xiao et al., 2004], and the effect of this oil-soluble compound has
been extensively studied [Stan and Singh, 2009; Zhang et al., 2009; Wu et al., 2009]. DATS
has been found to induce growth arrest and apoptotic death in a variety of tumor cell types
[Zhang et al., 2009; Wu et al., 2009; Singh et al., 2008; Xiao et al., 2009; Shankar et al.,
2008]. Although the antitumorigenic effect of DATS has been well established, the
mechanisms underlying such apoptotic death are not completely understood.

Previous studies reveal that differential modulation of reactive oxygen intermediates (ROI)
and mitochondria membrane potential (MMP) may account for the apoptotic effects of
DATS [Das et al., 2007; Kim et al., 2007]. The underlying hypothesis driving this study is
that DATS elevates the intracellular level of ROS and redox-regulatory proteins such as
thioredoxin (TRX) and GRX recognize DATS-induced oxidative stress and activate the
ASK1-MEK-JNK-Bim signal transduction pathway. Bim is a link in the ASK1-MEK-JNK-
Bim signal transduction pathway which triggers apoptosis through the Bax-dependent
mitochondrial apoptotic pathway. It is possible that Bim is activated during DATS treatment
to transmit the cytotoxic effects of DATS treatment for breast cancer—that is the subject of
this study.

Bim functions as part of the ASK1-JNK-Bim signal transduction pathway. This pathway can
be activated by redox-regulatory proteins such as TRX and GRX when these proteins
recognize ROS. We hypothesize that the intracellular level of ROS is elevated by DATS
when DATS is applied to treat breast cancer cells, ultimately activating the ASK1-JNK-Bim
signal transduction pathway. This overall schema is suggested because it has been found that
DATS produces a differential modulation of ROI correlated with downstream changes in
MMP and increased apoptosis [Das et al., 2007; Kim et al., 2007].

As the result of our efforts, presented here, we are able to state that DATS induces ROS
which is recognized by GRX to activate the ASK1-JNK-Bim signal transduction pathway.
This is evidenced by the fact that cytotoxicity is reduced during DATS application when
specific JNK inhibitor SP600125 is applied, resulting in the inhibition of Bim.

MATERIALS AND METHODS
Cell culture

Human breast carcinoma MDA-MB-231 cells are estrogen receptor negative, p53-mutant
and highly metastatic breast cancer cells. Mycoplasma infection is not detected with
MycoFluorTM Mycoplasma Detection Kit (Molcular Probes, Invitrogen, Carlsbad, CA).
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS) (HyClone, Logan, UT, USA) and 26 mM sodium bicarbonate for
monolayer cell culture. The cells were maintained in a humidified atmosphere containing
5% CO2 and air at 37°C.
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Drug treatment
DATS and SP600125 (a JNK inhibitor) were purchased from LKT Laboratories (St. Paul,
MN, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively. These drugs were
prepared and dissolved in dimethylsulphoxide (DMSO) and applied to cells. Treatment of
cells with drugs was accomplished by aspirating the medium and replacing it with medium
containing these drugs.

Determination of cell viability
One or two days prior to the experiment, cells were plated into 60-mm Petri dishes at a
density of 1 × 105 cells per plate in 5 ml tissue culture medium in triplicate. For trypan blue
exclusion assay, trypsinized cells were pelleted and resuspended in 0.2 ml of medium, 0.5
ml of 0.4% trypan blue solution and 0.3 ml of phosphate-buffered saline solution (PBS). The
samples were mixed thoroughly, incubated at room temperature for 15 min, and examined
under a light microscope. At least 300 cells were counted for each survival determination.
For the morphological evaluation of cell death, cells were treated and then analyzed by
phase-contrast microscopy.

Measurement of ROS generation
ROS generation in control and DATS-treated cells was measured by flow cytometry
following staining with 2′,7′-dichlorofluorescein diacetate (DCFH-DA) (Molecular Probes,
Invitrogen). Briefly, MDA-MB-231 cells were seeded in six-well plates (1 × 105 cells per
well), allowed to attach overnight and exposed to DMSO (control) or desired concentrations
of DATS for specified time periods. The cells were stained with 20 μM DCFH-DA for 30
min at 37°C, and the fluorescence was detected by a fluorescence microscope. Alternatively,
the fluorescence intensity of dichlorofluorescein in cells was determined using the flow
cytometer (Becton Dickinson and Co., Rockville, MD, USA).

Mitochondrial assays
Mitochondrial ROS levels were quantified as described by the manufacturer (Molecular
Probes, Invitrogen). MDA-MB-231 cells were seeded into 60-mm Petri dishes two days
prior to the experiments. Cells were treated with desired concentrations of DATS or 100 μM
H2O2 for 1 h. Before harvesting, cells were incubated with 5 μM MitoSOX™ Red reagent
(Molecular Probes, Invitrogen) for 10 min. Cells were washed with PBS, collected, and kept
on ice in the dark for immediate detection with a flow cytometer (Coulter Epics XL flow
cytometer).

Adenovirus vectors
Adenoviral vector containing HA-tagged ASK1 (Ad.HA-ASK1) or His-tagged GRX
(Ad.His-GRX) was constructed as described previously [Song et al., 2002]. In brief, all
recombinant adenoviruses were constructed by employing the Cre-lox recombination system
[Hardy et al., 1997]. The selective cell line, CRE8, has a β-actin-based expression cassette
driving a Cre recombinase gene with an NH2-terminal nuclear localization signal stably
integrated into 293 cells. Cells (5 × 105) were plated into a six-well plate 1 day before
transfection. For the production of recombinant adenovirus, CRE8 cells were cotransfected
with shuttle vector and ψ 5 viral genomic DNA by using LipofectAMINE Reagent
(Invitrogen, Carlsbad, CA, USA). The recombinant adenoviruses were generated by
intermolecular homologous recombination between the shuttle vector and ψ5 viral DNA.
The new virus had an intact packaging site and carried a recombinant gene. Plaques were
harvested, analyzed, and purified. The insertion of HA-ASK1 or His-GRX to adenovirus
was confirmed by western blot analysis after infection of the corresponding recombinant
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adenovirus into MDA-MB-231 cells. The adenovirus containing human catalase was kindly
provided by B. Davidson (University of Iowa).

Antibodies
Anti-JNK antibody was purchased from Santa Cruz (Santa Cruz, CA, USA), anti-
phosphorylated JNK, anti-phospho-Bim and anti-Bim antibody were from Cell Signaling
(Beverly, MA, USA), anti-HA (clone 3F10) from Roche Diagnostics (Mannheim,
Germany), anti-His (penta-His; mouse) from Qiagen (Valencia, CA, USA), and anti-actin
antibody from ICN (Costa Mesa, CA, USA).

Protein extracts and polyacrylamide gel electrophoresis (PAGE)
Cells were lysed with Laemmli lysis buffer (2.4 M glycerol, 0.14 M Tris, pH 6.8, 0.21 M
sodium dodecyl sulfate (SDS), 0.3 mM bromophenol blue) and boiled for 10 min. Protein
content was measured with BCA Protein Assay Reagent (Pierce, Rockford, IL, USA). The
samples were diluted with lysis buffer containing 1.28 M β-mercaptoethanol, and equal
amounts of protein were loaded on 8–12% SDS–polyacrylamide gels. SDS–PAGE analysis
was performed according to Laemmli [1970] using a Hoefer gel apparatus.

Immunoblot analysis
Proteins were separated by SDS–PAGE and electrophoretically transferred to nitrocellulose
membrane. The nitrocellulose membrane was blocked with 5% non-fat dry milk in
PBSTween-20 (0.1%, v/v) at 4°C overnight. The membrane was incubated with primary
antibody (diluted according to the manufacturer’s instructions) for 2–16 h. Horseradish
peroxidase conjugated anti-rabbit or anti-mouse IgG was used as the secondary antibody.
Immunoreactive protein was visualized by the chemiluminescence protocol (ECL,
Amersham, Arlington Heights, IL, USA). Quantitation of X-ray film was carried out by
scanning and followed by analysis with an image program.

Interaction between proteins
For immunoprecipitation, cells were lysed in buffer containing 150 mM NaCl, 20 mM Tris-
HCl (pH 7.5), 10 mM EDTA, 1% Triton X-100, 1% deoxycholate, 1 mM
phenylmethylsulfonyl fluoride (PMSF), protein inhibitor cocktail solution (Sigma-Aldrich),
and then the lysates were incubated with 1 μg of anti-penta-His mouse IgG1 (Qiagen) for 2
h. After the addition of protein-G agarose (Santa Cruz), the lysates were incubated an
additional 2 h. The beads were washed three times with lysis buffer, separated by SDS-
PAGE, and immunoblotted.

RESULTS
DATS induces cytotoxicity in human breast cancer cells

To investigate morphological changes, human breast carcinoma MDA-MB-231 cells were
treated with 0–100 μM DATS for 16 h or 50 μM DATS for various times (0–24 h) and then
observed under a light microscope and photographed. Observations made under the
microscope showed that, after DATS treatment, the cell number decreased in dose- and
time-dependent manner and, more interestingly, the shape of the cells changed in
comparison to control cells (Fig. 1A and 1B). Apoptotic cell death, which is associated with
typical morphological features like cell shrinkage and cytoplasmic membrane blebbing, was
observed. We further examined the effect of various concentrations of DATS on cell
viability. Data from trypan blue exclusion assay show that DATS treatment resulted in a
dose-dependent decrease in the viability until 50 μM dose and then no further cytotoxicity
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was observed (Fig. 1C). Unlike DATS, DMSO caused little or no cytotoxicity (data not
shown).

Generation of ROS during treatment with DATS
To examine the mechanism of DATS-induced cytotoxicity, we measured the intracellular
level of ROS during treatment with DATS by using DCFH-DA, which has been shown to be
relatively specific for H2O2. H2O2 is able to oxidize DCFH to the fluorescent DCF. DCF
fluorescence signals were detected with a fluorescence microscope (Fig. 2A) and measured
using a flow cytometer (Fig. 2C). Figure 2A shows that significant fluorescence signals were
observed in cells which were exposed to H2O2 or DATS, but not untreated control cells.
Similar results were obtained with a flow cytometer (Fig. 2C). The oxidation of DCFH-DA
was dependent upon DATS dose (Fig. 2B). To examine whether mitochondria are the main
source of ROS generation during DATS treatment, cells were stained with MitoSOX™ Red
reagent which is a fluorogenic dye for highly selective detection of superoxide in the
mitochondria. Figure 3 shows that significant signals were detected in 50 μM DATS treated
cells. These results suggest that DATS generates ROS through the mitochondria.

Activation of ASK1 during treatment with DATS
Next, we examined whether DATS-induced ROS activates ASK1, upstream of JNK, which
is known to be associated with cell death. Previous studies illustrate that oxidative stress can
be detected through redox-sensing molecules including TRX and GRX. These molecules
bind to ASK1 and suppress its activation. It is well known that both GRX and TRX contain
two redox-active half-cystine residues, -Cys-Gly-Pro-Cys- or –Cys-Pro-Tyr-Cys-, in an
active center [Holmgren, 1989; Padilla et al., 1995]. These molecules form an
intramolecular disulfide bond between cysteine residues in the oxidizing environment
[Chrestensen et al., 1995; Song and Lee, 2003]. Formation of an intramolecular disulfide
bond leads to a conformational change and subsequently results in dissociation of TRX and
GRX from ASK1 [Yang et al., 1998; Zheng et al., 1998]. To investigate this possibility,
MDA-MB-231 cells were coinfected with adenoviral vector containing His-tagged GRX
(Ad.His-GRX) and HA-tagged ASK1 (Ad.HA-ASK1) and then exposed to various
concentrations (10 and 80 μM) of DATS for 1 h. The interaction between ASK1 and GRX
was evaluated by immunoprecipitation assay (Fig. 4A) and the ratio of ASK and GRX was
quantitated (Fig. 4B). Figure 4 shows that GRX dissociated from ASK1 during treatment
with DATS. To investigate the involvement of ROS in the dissociation GRX from ASK1,
cells were coinfected with adenoviral vector containing catalase (Ad.Catalase). Figure 4
shows that dissociation of GRX from ASK1 during 10 μM DATS treatment was suppressed
by Ad.Catalase infection. However, less suppression was observed during treatment with 80
μM DATS. This is probably due to the high concentration of DATS.

Activation of the JNK-Bim signal transduction pathway during treatment with DATS
It is well known that ASK1 is a member of the mitogen-activated protein kinase kinase
kinase family that activates the JNK pathways by directly phosphorylating and thereby
activating its respective mitogen-activated protein kinase kinases, MKK4/7 and MKK3/6
[Takekawa et al., 2005; Song and Lee, 2005]. We examined whether ASK1 activates the
JNK pathway during treatment with DATS. Figure 5B shows that DATS treatment induces
the activation (phosphorylation) of JNK and its downstream molecule BimEL. Previous
studies have shown that JNK phosphorylates Bim which is known to be involved in Bax
oligomerization and subsequently results in cytochrome c release. Indeed, we observed that
phosphorylation of BimEL occurred during treatment with DATS (Fig. 5B). DATS treatment
resulted in a dose-dependent phosphorylation of BimEL. Unlike DATS, DMSO alone did not
significantly induce phosphorylation of JNK and BimEL (Fig. 5A).
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JNK inhibitor suppresses DATS-induced Bim phosphorylation and protects cells from
DATS-induced cytotoxicity

We hypothesize that JNK-mediated Bim phosphorylation potentiates Bax oligomerization,
resulting in cytochrome c release and cytotoxicity. To test the hypothesis, we pretreated cells
with JNK inhibitor SP600125 and then treated with DATS in the presence of SP600125.
Figure 6A clearly demonstrates that DATS-induced phosphorylation of JNK and Bim was
inhibited by treatment with SP600125. DATS-induced changes in morphological shape (Fig.
6B) and viability (Fig. 6C) were protected by treatment with SP600125. These results
suggest that DATS-induced activation of the JNK-Bim signal transduction pathway plays an
important role in DATS-induced cytotoxicity.

DISCUSSION
In this study, we examined the cytotoxic mechanism of one potential chemoprevention
agent, DATS, which is a constituent of allium vegetables. DATS concentrations that
significantly decrease human breast carcinoma MDA-MB-231 cell viability have similar
effects on other cancer cell cultures, such as lung [Wu et al., 2009], prostate [Xiao et al.,
2004], and colon [Hosono et al., 2005]. These observations suggest that DATS can be used
as a chemoprevention agent for a variety of cancers.

Our studies and literatures demonstrate that DATS functions as a chemoprevention agent by
inducing apoptosis of tumor cells through the generation of ROS which creates oxidative
stress (Figs. 1 and 2) [Das et al., 2007,Kim et al., 2007,Antosiewicz et al., 2006,Xiao et al.,
2005]. Although ROS may be generated both by organellar sources (mitochondrial electron
transport chain and peroxisomal cytochrome P-450 oxidases) and endogenous enzyme
systems (plasma membrane NADPH oxidase and cytoplasmic xanthine oxidase) [Gamaley
and Klyubin, 1999], our data suggest that the mitochondria are the main source of ROS
generation during DATS treatment (Fig. 3). Other agents have also been found to generate
ROS through the mitochondria, notably DATS in human prostate cancer [Kim et al., 2007],
and several chemopreventive agents such as benzyl isothiocyanate, phenethyl
isothiocyanate, and sulforaphane through inhibiting complex I or III of the mitochondrial
respiratory chain and disrupting the mitochondrial membrane potential [Xiao et al.,
2008;Xiao et al., 2006;Singh et al., 2005]. During mitochondrial respiration, O2 acts as the
terminal acceptor of electrons, with the 4-electron reduction of O2 yielding H2O. In normal
tissue, this has been estimated to occur at least 96–99% of the time. However, it is possible
for a one-electron reduction of O2 to yield superoxide, probably in the electron transport
chain at Site I (NADH-dehydrogenase) or Site III (ubiquinone-cytochrome b) [Boveris and
Cadenas, 1982]. Manganese superoxide dismutase (MnSOD) catalyzes this superoxide to
dismute to H2O2 and O2. The H2O2 is detoxified to H2O and O2 either by glutathione
peroxidase in the mitochondria, or, if it diffuses into the cytosol, by catalase in peroxisomes.
It is possible that DATS-induced elevation of the intracellular level of ROS is due to
disruption of mitochondrial electron transport chain activity and/or the downstream
glutathione peroxidase/glutathione reductase system. This possibility needs to be
investigated in the future studies.

Our data demonstrate that treatment activates the JNK-associated signal transduction
pathway through redox-sensing molecules including GRX (Figs. 4 and 5). In the oxidizing
environment created by ROS, TRX and GRX dissociate from ASK1, an upstream protein in
the JNK-associated signal transduction pathway, causing activation of the pathway [Saitoh
et al., 1998;Song et al., 2002]. In a non-oxidizing environment, TRX and GRX bind to the
N-terminal or C-terminal portion of ASK1, respectively [Saitoh et al., 1998;Song et al.,
2002], but TRX and GRX contain two redox-active half-cystine residues, -Cys-Pro-Tyr-
Cys- or -Cys-Gly-Pro-Cys-, in an active center [Holmgren, 1989;Padilla et al., 1995], and,
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under oxidizing conditions, an intramolecular disulfide bond forms, for both TRX and GRX
according to some investigators, between the cysteine residues leading to a conformational
change and subsequently resulting in dissociation of TRX and GRX from ASK1, a
dissociation which activates the ASK1-MEK-JNK signal transduction pathway [Saitoh et
al., 1998;Song et al., 2002]. Previously we observed differential roles for TRX and GRX in
oxidative stress-induced ASK-1 activation [Song and Lee, 2003], raising the possibility that
GRX may activate ASK1 by a way other than through the mitochondria. Unlike TRX, GRX
is highly selective for glutathione-containing mixed disulfides, and its catalytic cycle
involves a covalent glutathionyl-enzyme disulfide intermediate (GRX-SSG) rather than an
intramolecular disulfide at its active site [Yang et al., 1998]. GRX may recognize DATS-
induced oxidative stress through catalytic reactions with oxidized glutathione (GSSG),
forming GRX-SSG which is interconverted between GRX-SSG and an intramolecular
disulfide form of GRX (GRX-[S-S]) by side reaction [Yang et al., 1998]. The oxidized
GRX, GRX-SSG or GRX-[S-S], would then dissociate from ASK1 resulting in the
activation of ASK1.

After DATS treatment produces ROS which causes dissociation of TRX and GRX from
ASK and subsequently activation of ASK1, ASK1 activates JNK and leads to apoptotic
death. This is plausible because ASK1 is a MAPK kinase kinase which can activate both the
SAPKs (via activation of MKK4/7) and the p38 MAPKs (via activation of MKK3/6) [Ichijo
et al., 1997], and previous studies suggest that sustained activation of the JNK signal causes
apoptosis [Tobiume et al., 2001]. After being activated, JNK may phosphorylate Bim, a
member of the BH-3 only proapoptotic subfamily of the Bcl-2 protein family, to cause
apoptosis. This occurs because JNK’s phosphorylation of Bim, in the non-transient BimL
and BimEL isoforms [O’Reilly et al., 2000], interferes with Bim’s dynein light chain (DLC)
binding motif and prevents the suppression of Bim’s apoptotic function, which under normal
conditions is sequestered to the dynein motor complex by binding with the dynein light
chain LC8/DLC1 [Lei and Davis, 2003; Puthalakath et al., 1999]. After JNK
phosphorylation, phosphorylated Bim may activate Bax to activate the mitochondrial
pathway [Lei and Davis, 2003; Putcha et al., 2001].

In this paper, we present the possibility that the cytotoxic mechanism of DATS operates
through production of ROS which causes activation of the ASK1-MEK-JNK-Bim pathway
and subsequently the Bax-dependent mitochondrial apoptotic pathway. Our model can be
used in future studies of these linkages.

Acknowledgments
This work was supported by the following grants: NCI grant funds (CA121395 and CA140554), and Susan G.
Komen Breast Cancer Foundation fund (BCTR60306).

Abbreviations used in this paper

Ad.Catalase adenoviral vector containing catalase

Ad.HA-ASK1 adenoviral vector containing HA-tagged ASK1

Ad.His-GRX adenoviral vector containing His-tagged GRX

ASK1 apoptosis signal-regulating kinase 1

DADS diallyl disulfide

DAS diallyl sulfide

DATS diallyl trisulfide
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DCFH-DA 2′,7′-dichlorofluorescein diacetate

DLC1 dynein light chain 1

DMEM Dulbecco’s modified Eagle’s medium

DMSO dimethylsulphoxide

FBS fetal bovine serum

GRX glutaredoxin

GSSG oxidized glutathione

JNK c-Jun N-terminal kinase

MMP mitochondria membrane potential

MOI multiplicity of infection

OSC organosulfur compound

PAGE polyacrylamide gel electrophoresis

PBS phosphate-buffered saline

PMSF phenylmethylsulfonyl fluoride

ROI reactive oxygen intermediates

ROS reactive oxygen species

SDS sodium dodecyl sulfate

TRX thioredoxin
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Figure 1. DATS induces cytotoxicity in human breast carcinoma MDA-MB-231 cells
Cells were treated with various concentrations (0–100 μM) for 16 h (A and C) or 50 μM
DATS for various times (0–24 h) (B). A and B: Morphological features of each cell were
analyzed with a phase-contrast inverted microscope. C: After DATS treatment, the cytotoxic
effects of DATS were determined using the trypan blue exclusion assay. Error bars represent
SEM from triplicate experiments.
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Figure 2. DATS treatment induces ROS generation in MDA-MB-231 cells
(A) Cells were treated with either 100 μM H2O2 or 50 μM DATS for 1 h. (B) Cells were
treated with various concentrations (10–80 μM) of DATS for 1 h. Hydrogen peroxide
generation was measured by incubation with 20 μM fluorescence probe DCFH-DA for 30
min using a fluorescence microscope. Control: untreated cells. (C) As an alternative way of
measurement of hydrogen peroxide generation, flow cytometry was used. After H2O2/
DATS-treated MDA-MB-231 cells were incubated with 20 μM fluorescence probe DCFH-
DA for 30 min, stained cells were analyzed with a FACscan flow cytometer. Data from
panels a, b, and c were summarized in panel d. Con: untreated cells.
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Figure 3. Measurement of mitochondrial ROS during DATS treatment
(A) To measure mitochondrial ROS, MDA-MB-231 cells were treated with DATS (10 or 50
μM) or 100 μM H2O2 for 1 h, and stained with 5 μM MitoSOX™ Red for 10 min. Stained
cells were analyzed with a flow cytometer. Control: untreated cells. (B) Data from panels a,
b, c and d were summarized.
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Figure 4. Effect of DATS on the interaction between GRX and ASK1 in MDA-MB-231 cells
(A) Cells were coinfected with adenoviral vectors containing His-tagged GRX (Ad.His-
glutaredoxin, 30 MOI), HA-tagged ASK1 (Ad.HA-ASK1, 5 MOI), and catalase
(Ad.Catalase, 10 MOI). After 24 h of incubation, cells were treated with DATS (10 or 80
μM) for 1 h. Cell lysates were divided into two fractions. One fraction of lysates was
immunoprecipitated with 2 μg of His antibody, and then immunoblotted with anti-HA
antibody or anti-His antibody. The other fraction of lysates was immunoblotted with anti-
HA antibody. Actin was used to confirm that similar amounts of proteins were loaded in
each lane. (B) The ratio of ASK1:GRX for each experimental group was plotted.
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Figure 5. DATS treatment induces the JNK-Bim signal transduction pathway in MDA-MB-231
cells
(A) Cells were treated with various concentrations of DMSO (0.5–1%) for 16 h and then
harvested. (B) Cells were treated with various concentrations of DATS (10–100 μM) for 16
h and then harvested. Equal amounts of protein (20 μg) were separated by SDS-PAGE and
immunoblotted with anti-phospho-JNK, anti-JNK, anti-phospho-Bim, and anti-Bim
antibody. Actin was used to confirm that similar amounts of proteins were loaded in each
lane.
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Figure 6. Effect of JNK inhibitor on DATS-induced JNK phosphorylation and cytotoxicity
MDA-MB-231 cells were pretreated with SP600125 (25 μM), a JNK inhibitor, for 30 min
and then treated with DATS (50 μM) for 16 h. (A) Equal amounts of protein (20 μg) were
separated by SDS-PAGE and immunoblotted with anti-phospho-JNK, anti-JNK, anti-
phospho-Bim, and anti-Bim antibody. Actin was used to confirm that similar amounts of
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proteins were loaded in each lane. (B) Morphological features of each cell were analyzed
with a phase-contrast inverted microscope. (C) Survival was determined using the trypan
blue exclusion assay. Error bars represent SEM from triplicate experiments.
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