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Abstract
Diepoxybutane (DEB) is the most potent metabolite of the environmental chemical 1, 3-butadiene
(BD), which is prevalent in petrochemical industrial areas. BD is a known mutagen and human
carcinogen, and possesses multi-systems organ toxicity. We recently reported that DEB-induced cell
death in TK6 lymphoblasts was due to the occurrence of apoptosis, and not necrosis. In this study,
we investigated the molecular mechanisms responsible for DEB-induced apoptosis in these cells.
Bax and Bak were found to be over-expressed and activated, and the mitochondrial trans-membrane
potential was attenuated in cells undergoing DEB-induced apoptosis. Cytochrome c was depleted
from the mitochondria of TK6 cells undergoing apoptosis, and was released into the cytosol in Jurkat-
T lymphoblasts exposed to the same concentrations of DEB. Executioner caspase 3 was deduced to
be activated by initiator caspase 9. DEB induced reactive oxygen species (ROS) formation, and the
ROS scavenger N-acetyl-L-cysteine effectively blocked DEB-induced apoptosis in TK6 cells.
Collectively, these results demonstrate that the mitochondrial apoptotic pathway is activated to
mediate DEB-induced apoptosis in human TK6 lymphoblasts. These results further demonstrate that
DEB-induced apoptosis is also mediated by the DEB-induced generation of ROS. This is the first
report to examine the mechanism of DEB-induced apoptosis in human lymphoblasts.
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1. Introduction
Diepoxybutane (DEB) is the most toxic metabolite of 1, 3-butadiene (BD). BD (CH2=CH-
CH=CH2, CAS No. 106-99-0) is a high production volume industrial chemical, largely
produced through the processing of petroleum, and extensively used in the manufacture of
synthetic rubber, polymers, and plastics (NTP, 2005). Exposure to BD occurs principally in
the occupational settings of industrial facilities that produce and use this compound (Jackson
et al., 2000; Anttinen-Klemetti et al., 2006). However, exposure to low levels of BD in urban
air and in door settings do occur, since BD is also found in automobile exhaust and cigarette
smoke (Adam et al., 2006; Grant et al., 2007). BD is currently regulated as a hazardous air
pollutant (NTP, 2005).

BD is a mutagen, and is classified by the National Toxicology Program as a known human
carcinogen (NTP, 2005). The toxicity of BD, however, is mediated through its epoxy
metabolites, 1, 2-epoxy-3-butene (EB), 1,2:3,4-diepoxybutane (DEB), and 1,2-dihydroxy-3,4-
epoxybutane (EBD). Although all three metabolites are genotoxic, carcinogenic and
mutagenic, and induce chromosomal aberrations, micronucleus formation, sister chromatid
exchanges, and mutations in various animal and human cells, DEB is the most potent
(Kligerman and Hu, 2006). DEB is a bi-functional alkylating agent that exhibits both inter-
strand and intra-strand DNA cross-linking ability (Millard et al., 2006). DEB also generates
reactive oxygen species (ROS) that can damage DNA or produce H2O2 (Erexson and Tindall,
2000a). Although DEB is cytotoxic, the cellular and molecular mechanisms mediating this
process are not completely understood. In a recent study, we reported that the DEB-induced
cell death in human TK6 lymphoblasts exposed to low concentrations of DEB was due to the
occurrence of apoptosis, and not necrosis (Yadavilli and Muganda, 2004). Apoptosis in
response to DEB exposure has also been observed in the Big Blue Rat cultured cells, mouse
L929 cultured cells, as well as in human CD34+ bone marrow cells (Erexson and Tindall,
2000b; Irons et al., 2000; Brockmann et al., 2006). The molecular mechanisms by which DEB
induces apoptosis, however, have not yet been elucidated.

Apoptosis is a highly ordered cellular suicidal mechanism that regulates normal physiological
processes (such as development and immune function), and plays a crucial role in maintaining
normal homeostasis by eliminating aged, damaged, and cancerous cells from the system (Hail
et al., 2006). It is characterized by distinct morphological and biochemical changes in the
nucleus, as well as in the cell membrane and cytoplasm. Morphological changes in the nucleus
include condensation/margination of chromatin, DNA fragmentation in a laddering pattern,
and nuclear fragmentation. Apoptotic cells are also characterized by the externalization of
phosphatidyl-serine (PS), cell shrinkage, membrane blebbing, a peculiar boiling action of the
plasma membrane (zeiosis), and fragmentation of the cell into apoptotic bodies (Vermeulen
et al., 2005; Wang et al., 2005).

Apoptosis in response to cellular stress may be executed through two well known principal
pathways that lead to the activation of effector caspases, the central event in the effector phase
of apoptosis (Jin and El-Deiry, 2005; Vermeulen et al., 2005). The extrinsic apoptosis pathway
is initiated through ligation of death receptor family receptors by their ligands (Fas et al.,
2006). The intrinsic or mitochondrial pathway is triggered by stress stimuli, including growth
factor deprivation, DNA damage, and oxidative stress (Mohamad et al., 2005). This pathway
is regulated by the pro-apoptotic (Bax, Bad, Bak, Bim, t-BID) and anti-apoptotic (such as
Bcl-2) Bcl-2 family proteins, which induce or prevent, respectively, the release of apoptogenic
factors from the mitochondrial inter-membrane space into the cytosol (Mohamad et al.,
2005; Er et al., 2006). Execution of apoptosis through this pathway involves increased
permeability of the mitochondrial membrane, resulting in the release of apoptosis promoting
proteins [such as cytochrome c, SMAC/DIABLO, and apoptosis inducing factor (AIF)] from
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the mitochondrial inter-membrane space. The release of mitochondrial cytochrome c facilitates
the formation of the apoptosome complex (composed of cytochrome c, the adapter molecule
apoptotic protease activating factor 1 (APAF1) and pro-caspase 9), which then leads to the
activation of caspase 9 by cleavage, subsequently activating the effector caspases, such as
caspases 3, 6, and 7 (Jin and El-Deiry, 2005; Wang et al., 2005), which execute the final stages
of apoptosis.

In recent years, evidence has accumulated to indicate that oxidative stress may play a role in
the regulation of apoptosis (Curtin et al., 2002). Oxidative stress occurs when the antioxidant
systems are overwhelmed by increased generation of reactive oxygen species (ROS). An
increase in cellular ROS generation has been observed in apoptotic processes triggered by
various toxicants in various cell types (Buttke and Sandstrom, 1994). Although, oxidative stress
has been implicated in DEB-induced cytotoxicity (Pagano et al., 2003), there have been no
reports to indicate whether oxidative stress plays a role in mediating DEB-induced apoptosis
in exposed cells.

The mechanisms mediating apoptosis cannot be predicted, for they are toxicant and cell type
dependent (Hail et al., 2006; Modjtahedi et al., 2006). Thus, in this study, we investigated the
molecular mechanisms responsible for DEB-induced cytotoxicity by examining the role of the
mitochondrial pathway in mediating DEB-induced apoptosis in human TK6 lymphoblasts. The
involvement of the mitochondrial pathway was deduced by examining the occurrence of
several rate-limiting steps of this pathway in TK6 lymphoblasts undergoing DEB-induced
apoptosis. The role of oxidative stress in mediating DEB-induced apoptosis in TK6 cells was
also examined.

2. Materials and Methods
2.1. Chemicals

DEB (11.267 M) was purchased from Sigma Aldrich Chemical Company. Acridine-orange
(AO, 10 mg/ml), ethidium-bromide (EB, 10 mg/ml), Prolong Gold anti-fade reagent (Cat #
P36931) and CM-H2DCFDA (5-(and-6)-chloromethyl-2’,7’-dichlorodihyrofluorescein
diacetate) were purchased from Molecular Probes, Inc. The caspase inhibitor Z-LEHD-FMK
was purchased from MBL International, Inc. as a 2 mM sterile solution. N-acetyl-l-cysteine
(NAC) was purchased from Calbiochem, Inc. All manipulations were performed under class
2 type B3 conditions, since most of these chemicals are hazardous.

2.2. Antibodies
Antibodies directed against the active forms of Bax (N-20) and Bak (AM03) were purchased
from Santa Cruz Biotechnology and EMD Biosciences, Inc, respectively. A monoclonal
antibody against cytochrome c oxidase complex IV (COX IV, Cat. # 4850), as well as an
antibody specific for the cleaved form of caspase 3 (Cat. # 9661) were obtained from Cell
Signaling Technology, Inc. The mouse monoclonal antibodies against cytochrome c utilized
for immunofluorescence (clone 6H2.B4) and western blot analysis (Cat # MSA06) were
purchased from BD Biosciences, Inc, and Mitosciences, Inc, respectively. Alexa Flour® 488-
anti-COX IV (Cat. # A21296), and Alexa Flour® 594-conjugated goat anti-mouse secondary
antibody were obtained from Molecular Probes. Anti-glyceraldehyde 3-phosphate
dehydrogenase antibody (GAPDH, MAB374) was purchased from Chemicon, Inc. The
secondary (horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit) antibodies
purchased from Kirkegaard & Perry Laboratories were utilized at 1:5000 dilution.
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2.3. Exposure of cells to diepoxybutane
The human B lymphoblastic cell line TK6 (American Type Culture collection) was propagated
at 2 × 105 cells/ml in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS,
Invitrogen Life Technologies), 2 mM l-glutamine and penicillin-streptomycin. The human T-
cell line Jurkat was also obtained from the American Type Culture collection, and was
propagated in RPMI 1640 medium at 2 × 105 cells/ml, according to vendor instructions. Cells
were passaged into fresh media at 24 h prior to each experiment. Cells were then washed,
seeded in fresh media, and exposed to DEB stock solutions prepared in media (such that the
final vehicle concentration was 0.1%). Exposures to DEB in the presence of caspase inhibitors
or N-acetyl-l-cysteine were performed by pre-treating cells with either vehicle or inhibitor for
1 h prior to the addition of DEB or vehicle; the final vehicle concentration was 0.1%.

2.4. Quantitation of diepoxybutane-induced apoptosis
This was performed by assessing nuclear morphology using dual staining with acridine orange
and ethidium bromide, as previously described (Yadavilli and Muganda, 2004).

2.5. Western blot analysis
Western blot analysis was performed as previously described (Yadavilli and Muganda,
2004). Antigen levels were detected by utilizing a chemi-luminescent substrate (Kirkegaard &
Perry Laboratories) and a Fluorichem 8000 Chemifluorimager (Alpha Innotech). Quantitation
of the bands was performed by densitometry tracing using the AlphaEase™ software.

2.6. Assessment of mitochondrial trans-membrane potential
Changes in mitochondrial transmembrane potential (ψm) after exposure of TK6 cells to DEB
were assessed by utilizing the Mitocapture Apoptosis Detection kit (EMD Biosciences),
according to the manufacturer’s instructions. The mitocapture reagent, a cationic dye,
accumulates and forms aggregates in the mitochondria, giving off a bright red fluorescence in
healthy cells that maintain their mitochondrial ψm. On the contrary, cells with altered
mitochondrial ψm generate cytoplasmic green fluorescence, since the dye fails to accumulate
in the mitochondria, and remains in the cytoplasm in its monomeric green form. Samples were
analyzed by fluorescence microscopy, utilizing fluorescein (excitation at 488 nm, emission at
520 nm) and rhodamine (excitation at 550 nm, emission at 565 nm) filters. In order to quantitate
green and red fluorescence, samples were also analyzed at the indicated wavelengths by
utilizing a Molecular Devices fluorescence micro-plate reader.

2.7. Immunofluorescence detection of activated Bax, activated Bak, and cytochrome c
Immunofluorescence was performed as previously described, with minor modifications
(Kandasamy et al., 2003). Briefly, cells were harvested, and washed in phosphate buffered
saline (PBS, Sigma-Aldrich). Cells were then fixed in 4% paraformaldehyde for 10 min, and
permeabilized in 0.2% Triton X-100 for an additional 5 minutes. Cells were subsequently
washed in PBS, and incubated in blocking buffer (PBS containing 2% FBS, 1 μg/ml appropriate
control IgG, 0.1% sodium azide) for 1 h. Cells were then washed (with PBS containing 2%
FBS, 0.1% sodium azide) and incubated with primary antibody {mouse anti-cytochrome c
antibody (6H2.B4, 2 μg/ml), rabbit polyclonal anti-Bax (N-20), or mouse anti-Bak (AM03)}
for 1 h; control cells were incubated with appropriate control rabbit or mouse IgG. The antibody
was removed by washing, and the cells were further incubated with an Alexa Flour® 594-
labeled appropriate secondary antibody for 1 h. After washing to remove unbound secondary
antibody, cells were incubated with an Alexa Flour® 488-labeled anti-COX IV antibody for
an additional hour. Cells were stained with 4’, 6-Diamidino-2-phenylindole (DAPI, 1 μg/ml
in PBS) or Prolong Gold Anti-fade reagent with DAPI to visualize nuclei. Stained cells were
analyzed utilizing a Nikon E400 fluorescent microscope equipped with a Diagnostic
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Instruments RT-Spot Slider digital camera to detect cytochrome c, activated-Bax, activated-
Bak, mitochondrial marker COX IV and cell nuclei.

2.8. Sub-cellular fractionation of cell lysates
All manipulation steps were carried out at 4°C. Mitochondrial and cytosolic fractions were
prepared as described previously (Mihara and Moll, 2003), with minor modifications. Briefly,
cells were harvested and re-suspended in buffer A (10 mM HEPES, 10 mM KCl, 1 mM EDTA,
1 mM EGTA, 68 mM sucrose, 220 mM mannitol, 0.1% BSA), supplemented with protease
inhibitors (1 mM PMSF, 2 μg/ml aprotinin, and 0.1 mM leupeptin). After 30 min incubation
on ice, cells were disrupted with a dounce homogenizer (25-40 strokes with pestle B), and the
homogenates were centrifuged at 200g for 2 min to eliminate unbroken cells. The 500g
supernatants were then centrifuged at 7,000g for 15 min to obtain the heavy membrane pellet
enriched with mitochondria. The resultant supernatants pre-cleared at 16,000g for 30 min were
collected as the cytosolic fractions. Mitochondrial fractions were subsequently solubilized in
TBSTDS (10 mM Tris, [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.5% SDS, 0.02% NaN3, 0.0004% NaF) supplemented with protease inhibitors
(1 mM PMSF, 2 μg/ml aprotinin, and 0.1 mM leupeptin). All fractions were stored at −70 °C
until used.

2.9. Measurement of Reactive Oxygen Species
TK6 cells were pre-incubated with vehicle or 20 mM NAC for 1 hr prior to treatment of cells
with 0, 10, or 20 μM DEB for indicated times. Cells were washed three times, and incubated
for 20 min in Dulbecco’s PBS (PBS) containing 5 μM of the ROS-sensitive cell-permeable
probe CM-H2DCFDA, according to vendor instructions. To determine the total number of cells
by nuclear staining, and to identify apoptotic cells by their nuclear morphology, Hoechst 33342
(4 μg/ml final concentration) was included in the reactions containing CM-H2DCFDA. Cells
were then washed two times with PBS, and the induction of ROS was examined by fluorescence
microscopy. For statistical analysis, the percentage of ROS-positive (green) cells from four
different fields was averaged.

3. Results
3.1. Bax and Bak proteins are up-regulated and activated in lymphoblasts undergoing DEB-
induced apoptosis

Exposure of TK6 cells to 10 μM and 20 μM DEB for 24h triggers apoptosis in 30% and 50%
of the cells, respectively (Yadavilli and Muganda, 2004). To understand the mechanism of
apoptosis, we examined the regulation of the pro-apoptotic Bcl2 factors Bax and Bak at the
protein and mRNA levels in control and TK6 cells exposed to 10 μM DEB for 24 h (Figure
1). Under conditions where GAPDH levels remained unchanged, Bax (panel A, left) and Bak
(panel A, right) protein levels were elevated 21.5-fold and 6-fold, respectively, in TK6 cells
undergoing DEB-induced apoptosis as compared to control-unexposed cells. Bax steady-state
mRNA levels (panel B, left) were consistently found to be elevated approximately 3-fold in
exposed cells as compared to control cells, while Bak steady-state mRNA levels (panel B,
right) were not significantly elevated under these conditions. These results imply that up-
regulation of Bax and Bak proteins in cells exposed to 10 μM DEB for 24 h occurs
predominantly at the protein level. Since pro-apoptotic Bax and Bak are known to exert their
effects by acting on the mitochondria, the observed up-regulation of the Bax and Bak proteins
in cells undergoing DEB-induced apoptosis suggested that the mitochondrial apoptotic
pathway in these cells could be activated.

Activation of the mitochondrial apoptotic pathway requires activation and translocation of the
pro-apoptotic proteins Bax and/or Bak to the mitochondria. To investigate whether the Bax
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and Bak proteins in cells undergoing DEB-induced apoptosis were activated and translocated
to the mitochondria, control and cells exposed to 10 μM DEB for 14 h were analyzed by
immunofluorescence staining, using antibodies specific for Bax and Bak in active
conformation (Figure 2). Immunofluorescence staining for Bax (panel A, red) and Bak (panel
B, red) were detected only in DEB-exposed cells undergoing apoptosis (as shown by the
differential blue DAPI staining marked by arrows). The detected Bax and Bak immunostaining
co-localized with the cytochrome c oxidase complex IV (COX IV) mitochondrial marker
(green) in cells undergoing DEB-induced apoptosis(marked by arrows), as shown by the yellow
or orange colors in the respective merged images. These results demonstrate that Bax and Bak
proteins in cells undergoing DEB-induced apoptosis are localized to the mitochondria, where
they are in active conformation. Collectively, the results shown in figures 1 and 2 suggest that
the mitochondrial apoptotic pathway is activated in cells undergoing DEB-induced apoptosis.

3.2. Mitochondrial trans-membrane potential is attenuated in cells undergoing DEB-induced
apoptosis

To further investigate the activation of the mitochondrial apoptotic pathway by DEB, the effect
of DEB exposure on the mitochondrial transmembrane potential (ψm) of exposed TK6 cells
was investigated. Cells were treated with vehicle alone, 10 μM, or 20 μM DEB for various
times (6, 8, 10, 12, and 14 h). Control and DEB-exposed cells were then stained using the
Mitocapture Apoptosis Detection kit (see Methods section for details), and changes in ψm were
assessed by fluorescence microscopy and fluorescence microplate reader (Figures 3A-B). The
Mitocapture dye reagent exhibits dual fluorescence emission depending on the status of ψm.
Panel A shows a representative of the fluorescence microscopy photographs taken at 10 h post-
DEB exposure, an optimal time point for changes in ψm between control, 10 μM and 20 μM
DEB-exposed cells. Control unexposed cells displayed bright red fluorescence with little green
fluorescence. Exposure of cells to DEB progressively decreased the red fluorescence and
increased the green fluorescence, as the concentration of DEB increased from 0 μM to 20 μM.
Prevalence of green fluorescence occurs when the dye fails to aggregate as a dimer in the
mitochondria (due to loss of ψm), and remains in the cytoplasm in monomeric form. Although
less than 12% and 20% of the cells exposed to 10 μM and 20 μM DEB, respectively, were
apoptotic at 10 h post-DEB exposure, the observed normalized increase in green fluorescence
of total cells was quantifiable by a fluorescence plate reader, and this increase directly
correlated with DEB concentration (Figure 3B). Collectively, these results demonstrate that
the ψm is maintained in control-unexposed cells and attenuated in TK6 cells undergoing DEB-
induced apoptosis. These results thus confirm that the mitochondrial apoptotic pathway is
activated by DEB, and may mediate DEB-induced apoptosis in human lymphoblasts.

3.3. Diepoxybutane affects the distribution of cytochrome c levels in exposed cells
To further confirm the role of the mitochondrial apoptotic pathway in mediating DEB-induced
apoptosis, the distribution of cytochrome c within TK6 cells undergoing DEB-induced
apoptosis was examined. TK6 cells were exposed to vehicle or 10 μM DEB for 14h (time post-
DEB exposure with maximum alterations in mitochondrial ψm for cells exposed to 10 μM
DEB), and cells were analyzed by immunofluorescence microscopy. As shown in figure 4,
cytochrome c (red) was found to co-localize with the COX IV mitochondrial marker (green)
in control unexposed cells, resulting in a predominantly yellow/orange overlay (see merged
image). In contrast, in TK6 cells undergoing DEB-induced apoptosis (as demonstrated by the
condensed nuclei identified by DAPI staining and marked by arrows in the DEB-exposed
panels), there was considerably less or no detectable cytochrome c (red), although
mitochondrial staining (green) was still detected. Consequently, there is a dramatic reduction
in the yellow overlay color in cells undergoing early apoptosis (see merged images marked by
arrows), due to the lack of co-localization of cytochrome c (red) with the COX IV mitochondrial
marker (green). Since cytochrome c is a mitochondria resident protein, these results suggest
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that DEB causes the depletion of cytochrome c from the mitochondria of TK6 cells undergoing
DEB-induced apoptosis.

To further confirm the observed results on the depletion of cytochrome c from the mitochondria
of TK6 cells undergoing DEB-induced apoptosis, TK6 cells were exposed to vehicle or 10
μM DEB for 14h, and cytosolic and mitochondrial fractions were analyzed for cytochrome c,
COX IV (mitochondrial marker), and GAPDH levels by western blot analysis (Figure 5A,
upper panel). As shown in the graphical representation of the results (Figure 5A, lower panel),
only 35% of the cytochrome c levels detected in the mitochondrial fraction of control un-
exposed cells was detected in the mitochondrial fraction of exposed cells; under these
conditions, levels of the mitochondrial marker COX IV remained unchanged in exposed cells
as compared to control unexposed cells. Cytochrome c levels were repeatedly undetectable in
the cytosolic fractions of control and DEB-exposed TK6 cells under our experimental
conditions (tested up to 24 h post-DEB-exposure and 20 μM DEB). To demonstrate that the
inability to detect the release of cytochrome c into the cytosol of TK6 cells undergoing DEB-
induced apoptosis was not due to experimental artifacts, a positive control system composed
of Jurkat cells exposed to vehicle only or 1 μM of actinomycin-D was utilized, and
mitochondrial and cytosolic fractions were analyzed by western blot analysis (Figure 5B).
Cytochrome c levels increased three fold in the cytosolic fraction of actinomycin D-exposed
cells as compared to control un-exposed cells, confirming the fact that the experimental
conditions being utilized were capable of detecting the release of cytochrome c into the cytosol.
In fact, under conditions where GAPDH levels remained unchanged, exposure of Jurkat cells
to 10 μM DEB for 17 h resulted in a four fold increase in cytosolic cytochrome c levels as
compared to control un-exposed cells (Figure 5B). Collectively, the results of figures 4 and 5
imply that DEB caused the depletion of cytochrome c from the mitochondria of exposed TK6
cells, without a detectable increase in cytosolic cytochrome c levels under all the experimental
conditions tested. These results also demonstrate that DEB caused the release of mitochondrial
cytochrome c into the cytosolic fraction of exposed Jurkat cells, which are T-lymphoblastic
cells that undergo apoptosis at approximately half the frequency of TK6 cells under identical
DEB concentrations. These results thus imply that the induction of different patterns of
cytochrome c distribution/release occur in a cell type-specific manner. The basis of these
differences is currently under investigation, and will be published elsewhere. Nevertheless,
since cytochrome c is a mitochondrial protein, these results further strengthen the so far
observed influence of DEB upon the mitochondrial apoptotic pathway.

3.4. Activation of caspase 3 occurs downstream of caspase 9 in diepoxybutane-induced
apoptosis

Since the mitochondrial apoptotic pathway was found to be activated in TK6 lymphoblasts
undergoing DEB-induced apoptosis, we examined whether executioner caspase 3 serves as a
downstream substrate for mitochondrial apoptotic pathway initiator caspase 9. TK6 cells pre-
treated with DMSO or 2 μM of the caspase 9 inhibitor Z-LEHD-FMK for 1 h were exposed
to vehicle alone or 10 μM DEB for 24 h (Figure 6). Samples were then analyzed for apoptosis
by nuclear morphology fluorescent dye staining (panel A) as well as for activated (cleaved)
caspase 3 by western blot analysis (panel B). DEB-induced apoptosis was found to be inhibited
by approximately 50% in the presence of the caspase 9 inhibitor. Likewise, under conditions
where GAPDH levels remained unchanged, the DEB-dependent activation (cleavage) of
caspase 3 was inhibited by approximately 50% in cells exposed to 10 μM DEB in the presence
of the caspase 9 inhibitor as compared to exposed cells without the inhibitor (panel B). No
cleaved caspase 3 band was observed in control un-exposed cells. Since the specific inhibitor
of caspase 9 suppressed DEB-induced apoptosis as well as the activation (cleavage) of caspase
3 in the same cells, these results imply that caspase 3 activation in DEB-induced apoptosis
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occurs downstream of caspase 9 activation. These results further support the involvement of
the mitochondrial pathway of apoptosis in mediating DEB-induced apoptosis.

3.5. Diepoxybutane-induced apoptosis is mediated through the production of reactive
oxygen species in TK6 cells

DEB is known to generate reactive oxygen species (ROS) and induce oxidative DNA damage
in exposed cells (Erexson and Tindall, 2000b), conditions that have been implicated in
mediating apoptosis induced by some toxicants (Mohamad et al., 2005). To investigate whether
oxidative stress is involved in mediating DEB-induced apoptosis, TK6 cells were pre-treated
with the ROS-scavenger N-acetyl-L-cysteine (NAC) for 1 h, and cells were then exposed to
vehicle, 10 μM, or 20 μM DEB for 24 h. The percentage of apoptotic cells was then determined
by fluorescent dye staining and nuclear morphology analysis. As shown in figure 7A, DEB
treatment induced apoptosis in a DEB-concentration-dependent manner. In the presence of
NAC, however, apoptosis in cells treated with 10 μM and 20 μM DEB for 24 h was effectively
decreased by 57% and 75%, respectively. To confirm that ROS were indeed generated and
mediated the DEB-induced apoptosis in TK6 cells, cells exposed to vehicle, 10 μM, or 20 μM
DEB for 12 h in the presence or absence of NAC, were assayed for reactive oxygen species,
using the cell permeable ROS indicator CM-H2DCFDA. Figure 7B shows that only cells
undergoing apoptosis (determined by Hoechst 33342 staining and marked by arrows) stained
positive for ROS, and both ROS production and apoptosis were markedly inhibited by NAC.
In fact, the percentage of ROS positive cells increased as the DEB concentration increased,
while treatment with NAC reduced the percentage of ROS positive cells by ~84%, regardless
of whether cells were exposed to 10 μM or 20 μM DEB (Figure 7C). Interestingly, the
percentage of apoptotic cells at 12 h post-DEB exposure (Figure 7D) correlated perfectly to
the percentage of ROS positive cells (Figure 7C). These observations are in line with the results
of figure 7B, further supporting the observations that at early times in the apoptotic process
(12 h), all the cells undergoing DEB-induced apoptosis are positive for increased ROS. Since
prevention of ROS formation effectively blocks DEB-induced apoptosis in TK6 cells, the
results of figure 7 collectively demonstrate that DEB-induced apoptosis in TK6 cells is
mediated through the DEB-induced generation of ROS.

4. Discussion
Diepoxybutane-induced cell death observed in human lymphoblasts at low concentrations of
DEB was recently reported to be due to the occurrence of apoptosis, and not necrosis (Yadavilli
and Muganda, 2004). In this report, we have demonstrated for the first time that the
mitochondrial apoptotic pathway is activated to mediate DEB-induced apoptosis in human
lymphoblasts. This was deduced from the occurrence of several rate limiting hallmarks of this
pathway. Up-regulation and activation of Bax and Bak, attenuation of the mitochondrial trans-
membrane potential, release of cytochrome c into the cytosol of DEB-exposed Jurkat-T
lymphoblasts, and activation of executioner caspase 3 by initiator caspase 9 were observed in
cells undergoing apoptosis induced by DEB. In this report, we have also demonstrated for the
first time that DEB-induced apoptosis is mediated through the increased generation of ROS
initiated by DEB. This is supported by observations that N-acetyl-l-cysteine, a ROS-scavenger,
effectively blocked apoptosis initiated by DEB in TK6 cells under conditions where it
prevented the DEB-dependent increase in the generation of ROS. This is the first report to
examine the mechanism of apoptosis induced by DEB in human lymphoblasts.

A variety of apoptotic stimuli, including DNA damaging agents and oxidative stress, have been
reported to stimulate the intrinsic mitochondrial apoptotic pathway by activating, and up-
regulating, pro-apoptotic Bcl-2 family proteins (Bax and Bak), thereby provoking dissipation
of the mitochondrial trans-membrane potential (Mandic et al., 2001; Jungas et al., 2002;
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Panaretakis et al., 2002; Chada et al., 2006; Donahue et al., 2006; Kuhar et al., 2006; Zhang
et al., 2006; Baysan et al., 2007; Jantova et al., 2007). Our observations of Bax and Bak
activation and up-regulation, together with attenuation of mitochondrial trans-membrane
potential in lymphoblasts undergoing DEB-induced apoptosis, are in line with these reports.
Collectively, these observations suggest that the mitochondrial apoptotic pathway is activated
and involved in mediating apoptosis in our system. This is the first report to examine the
involvement of the mitochondrial pathway in DEB-induced apoptosis.

Activation of the mitochondrial pathway by toxicants frequently results in the release of
cytochrome c from the mitochondria into the cytosol (Gogvadze et al., 2006; Kuhar et al.,
2006). Experiments conducted to examine cytochrome c release in lymphoblasts undergoing
DEB-induced apoptosis consistently demonstrated a decrease in mitochondrial cytochrome c
levels in DEB-exposed TK6 cells. However, release of cytochrome c from the mitochondria
into the cytosol was only observed in DEB-exposed Jurkat-T lymphoblastic cells under the
same experimental conditions. These observations are in line with the fact that the patterns and
kinetics of cytochrome c release in various systems is differentially regulated depending in
part on the cell type and the nature of the apoptotic stimulus (Tang et al., 1998; Martinou et
al., 2000; Renz et al., 2001; Gogvadze et al., 2006). For instance, U937 lymphoma cells, HL60
leukemic cells, and PC3 epithelial cells treated with staurosporine released cytochrome c from
the mitochondria into the cytosol, while no cytosolic cytochrome c accumulation was observed
in the same cell types upon treatment with BMD188 (a potent apoptotic inducer) (Tang et
al., 1998). Likewise, others (Tikhomirov and Carpenter, 2005) reported changes in
mitochondrial membrane potential as well as apoptosis, but no significant release of
cytochrome c from the mitochondria. Thus, it is possible for mitochondrial related apoptosis
to occur in the absence of detectable cytochrome c release into the cytosol. In fact, alternative
cytochrome c-independent means for activating the mitochondrial apoptotic pathway initiator
caspase 9 have been reported (Bitzer et al., 2002; Costantini et al., 2002; Kim and Park,
2003). The basis for the variation in the patterns of cytochrome c release between the DEB-
exposed Jurkat and TK6 cells lines is currently under investigation, and so is the question of
how mitochondrial initiator caspase 9 becomes activated in DEB-exposed cells. Nonetheless,
the observed DEB-induced changes in the distribution of cytochrome c in TK6 and Jurkat cells,
together with the observed activation and translocation of Bax and Bak, and the attenuation of
mitochondrial transmembrane potential collectively support a role for the mitochondrial
pathway in mediating DEB-induced apoptosis.

In a recent study (Yadavilli and Muganda, 2004), we reported the involvement of caspases 3
and 9 in mediating DEB-induced apoptosis in TK6 lymphoblasts. In the present study, we
confirmed the role of caspase 3 in DEB-induced apoptosis (data not shown). In addition, our
results demonstrated a significant reduction in DEB-induced cleavage of caspase 3, as well as
DEB-induced apoptosis, in the presence of the caspase 9-inhibitor. Since caspase 9 is the
initiator caspase responsible for activating the executioner caspases (such as caspases 3 and 7)
within the mitochondrial pathway of apoptosis (Fan et al., 2005; Wang et al., 2005; Hail et
al., 2006), suppression of caspase 3 activation as well as DEB-induced apoptosis by the caspase
9 inhibitor further confirms the involvement of the mitochondrial pathway in DEB-induced
apoptosis of human lymphoblasts.

In this report, we have demonstrated for the first time that DEB-induced apoptosis is mediated
through the DEB-dependent generation of oxidative stress. The occurrence of DEB-induced
oxidative stress and its cytotoxicity effect has previously been reported (Erexson and Tindall,
2000a; Pagano et al., 2003), although its connection to apoptosis has not been previously
reported. Oxidative stress, however, has been implicated in mediating apoptosis induced by
various toxicants, including cisplatin and dolichyl phosphate (Rybak et al., 2007; Yokoyama
et al., 2007). Our results are, thus, in line with these observations. Oxidative stress may be
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involved in mediating apoptosis at early and/or late stages through different possible
mechanisms (Fleury et al., 2002). Oxidative stress may trigger or mediate apoptosis by causing
DNA damage, activation of apoptotic signaling pathways (such as MAP kinases and p53),
induction of mitochondrial permeability transition, the release of mitochondrial death
amplification factors, as well as activation of intracellular caspases (Datta et al., 2000; Kim
and Park, 2003; Le Bras et al., 2005). In DEB-exposed TK6 cells, increased ROS were observed
as early as 3 h post-exposure. This, and the fact that the observed percentage of ROS-positive
was proportional to the DEB exposure concentration, and equal to the percentage of cells
undergoing DEB-induced apoptosis, suggests that the DEB-generated oxidative stress may be
primarily involved in the early phase of apoptosis (the apoptotic signaling phase). This concept
is reinforced by the fact that treatment of DEB-exposed TK6 cells with N-acetyl-l-cysteine
prevents the activation of apoptotic signaling pathways (MAP kinases, p53, and others;
Martinez-Ceballos and Muganda, to be submitted elsewhere).

In summary, the studies reported here have shown that DEB-induced apoptosis in TK6
lymphoblasts involves activation and up-regulation of pro-apoptotic Bcl-2 proteins (Bax, Bak),
dissipation of mitochondrial membrane potential, depletion of mitochondria cytochrome c
levels, and activation of initiator caspase 9 to mediate DEB-induced apoptosis, accompanied
by activation of executioner caspase 3 by caspase 9. The occurrence of these rate-limiting steps
(Martinou et al., 2000; Jin and El-Deiry, 2005; Mohamad et al., 2005) implicates the activation
and involvement of the mitochondrial apoptotic pathway in mediating DEB-induced apoptosis
in human lymphoblasts. Our findings also point to the involvement of an oxidative stress-
mediated mechanism in the execution of DEB-induced apoptosis in human lymphoblasts. Since
the DEB-dependent generation of ROS is an early event proportional to the percentage of DEB-
induced apoptosis, and since the activation of DEB-induced apoptotic signaling pathways
(MAP kinases and p53) is prevented by the ROS scavenger NAC, then the DEB-dependent
oxidative stress is likely to exert its effect on the apoptotic pathway at early times, upstream
of mitochondria. Collectively, these findings contribute towards the understanding of DEB-
induced apoptosis and toxicity, and therefore of butadiene toxicity.
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Figure 1. Bax and Bak protein and mRNA levels in TK6 cells undergoing DEB-induced apoptosis
A. Protein Levels. Extracts (100 μg of protein) from cells exposed to vehicle and 10 μM DEB
for 24 h were subjected to western blot analysis. Relative normalized levels shown in graphical
representations for Bax (left panel) and Bak (right panel) were obtained after densitometer
tracing, followed by normalization to the corresponding GAPDH levels for each sample.
Representatives of three experiments are shown. B. Messenger RNA Levels. Total RNA
extracted from control and TK6 cells exposed to 10 μM DEB for 24 h was subjected to
quantitative real-time reverse-transcriptase polymerase chain reaction using Bax (left panel)
and Bak (right panel) gene specific primers. The results obtained were normalized against
GAPDH levels in the same samples, and the numbers obtained for exposed cells were compared
to control un-exposed cells using a computer program for relative quantitation.
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Figure 2. Localization of activated Bax and Bak proteins in TK6 cells after DEB treatment
Cells were exposed to vehicle or 10 μM DEB for 14 h, fixed, permeabilized, and subjected to
immunofluorescence analysis using antibodies specific for Bax (panel A, red) and Bak (panel
B, red) proteins in active conformation. Mitochondrial identification was performed by staining
with an Alexa-Fluor 488-conjugated mouse antibody against the mitochondria marker CoxIV
(green). Nuclei were counterstained with DAPI (blue). Fluorescence from the various samples
was detected by using a Nikon E400 fluorescence microscope. The same microscopic field for
each sample was analyzed for all three fluorochromes, and an overlay of all three microscopic
fields is also shown (as merge). Arrows point to cells undergoing early stage DEB-induced
apoptosis, as identified by their condensed nuclei after DAPI staining.
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Figure 3. The mitochondrial trans-membrane potential (ψm) is attenuated in DEB-exposed cells
TK6 cells exposed to vehicle alone, 10, and 20 μM DEB for various time periods (6, 8, 10, 12,
and 14 h) were evaluated for changes in the mitochondrial trans-membrane potential, as
described in Methods. The experiment was repeated three times. A. Representative
fluorescence microscope images of the same microscopic field obtained at 10 h post-DEB
exposure. Images are shown as a, b, c for each sample (at a 40X magnification). a. Images
obtained using the rhodamine filter, demonstrating aggregation of the cationic dye in the
mitochondria for cells which maintain the mitochondria membrane potential. b. Images
obtained using the fluorescein filter, demonstrating the failure of the cationic dye to accumulate
in the mitochondria, remaining in the cytoplasm in its monomeric green form. c. A merge of
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fluorescein and rhodamine images for each sample. B. Quantitation of changes in mitochondria
transmembrane potential. The samples analyzed by fluorescence microscopy were also
analyzed using a fluorescence micro-plate reader. The ratio for green fluorescence to red
fluorescence for each DEB-exposed sample was normalized against the corresponding ratio
for the control untreated sample, and the results were plotted as a fold increase in green
fluorescence against increasing DEB concentrations utilized for exposure.
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Figure 4. Immunofluorescence detection of cytochrome c release in cells undergoing DEB-induced
apoptosis
TK6 cells were exposed to vehicle alone or 10 μM DEB for 14 h. Cells were fixed,
permeabilized, and stained for cytochrome c (red, using mouse anti-cytochrome c antibody
6H2.B4 and Alexa-Fluor® 594-conjugated goat anti-mouse secondary antibody), the
mitochondrial marker COX IV (green, using Alexa-Fluor® 488-conjugated anti-COX IV
antibody), and for the location and morphology of nuclei using DAPI staining (blue).
Fluorescence from the various samples was detected by using a Nikon E400 fluorescence
microscope equipped a Diagnostic Instruments RT-Spot slider digital camera. The same
microscopic field for each sample was analyzed for all three fluorochromes, and an overlay of
all three microscopic fields is also shown. Arrows point to cells undergoing early stage DEB-
induced apoptosis.
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Figure 5. DEB affects the distribution of cytochrome c levels in exposed cells
Mitochondrial (M) and cytosolic (C) fractions from control and DEB-exposed cells were
analyzed for cytochrome c (using 7H8.2C12 antibody), mitochondrial marker COX IV, and
GAPDH levels by western blot analysis. The experiments were repeated three times, and
representative western blot data as well as the corresponding bar graph of the relative
normalized cytochrome c levels are shown. A. TK6 cells exposed to 10 μM DEB for 14 h.
Western blot data (top panel) obtained from mitochondria and cytosolic fractions, as well as
the graphic representation (bottom panel) of mitochondrial cytochrome c levels in control and
DEB-exposed TK6 cells are shown. Percent relative cytochrome c (Cyt-c) levels were obtained
by normalizing against COX IV levels in the same fraction, and expressing this value as a
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percentage of Cyt-c levels in the mitochondria of control unexposed cells. Since no cytochrome
c was detected in cytosolic fractions of TK6 cells under our experimental conditions, only
mitochondrial Cyt-c values in control and exposed cells are compared (bottom panel). B. Jurkat
cells exposed to 1 uM Actinomycin D and 10 μM DEB for 17 h. Western blot data (top panel)
as well as the graphic representation (bottom panel) of cytochrome c levels in the cytosolic
fractions of control and exposed cells are shown. Relative normalized cytochrome c (Cyt-c)
levels were obtained by normalizing against GAPDH levels in the same sample, and further
normalizing the obtained values against the corresponding control un-exposed cell values.
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Figure 6. Activation of caspase 3 in DEB-exposed TK6 cells is mediated by caspase 9
Cells were pre-incubated with vehicle alone or 2 μM caspase 9 inhibitor (Z-LEHD-FMK,
MBL) for 1 h, followed by exposure to vehicle alone or 10 μM DEB for 24 h. A. The percentage
of apoptotic cells was determined by nuclear morphology fluorescence dye staining. B.
Activation of caspase 3 was analyzed by the western blot technique, using 100 μg of extract
protein. The 17 K activated form of caspase 3 was detected using a cleaved caspase 3 specific
antibody (Cell Signaling Technology, Inc.). GAPDH levels were determined in order to
normalize for the quantity of protein retained on the blot. Relative normalized cleaved caspase
3 levels were obtained after densitometric analysis by normalizing the obtained caspase 3 to
GAPDH ratios for each sample to the lowest detectable caspase 3 to GAPDH ratios.
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Representative western blot data as well as the corresponding graphic representation of the
data obtained from three experiments are shown.
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Figure 7. DEB-induced apoptosis is mediated through DEB-induced reactive oxygen species
TK6 cells were exposed to DEB as indicated, in the presence or absence of the ROS scavenger
N-acetyl-cysteine (NAC), and apoptosis or ROS were quantitated, as described in Methods.
A. Effect of NAC on DEB-induced apoptosis at 24 h post-exposure. B. Representative
fluorescence microscopy pictures demonstrating the induction of ROS only in cells undergoing
DEB-induced apoptosis and the effect of NAC on ROS and apoptosis. Hoechst 33342 was
used to stain nuclei in order to identify apoptotic cells as well as total number of cells. CM-
H2DCFDA (5-(and 6)-chloromethyl-2’,7’-dichlorodihyrofluoroscein diacetate) was utilized
as the probe for the detection of ROS-positive cells. C. Effect of NAC on the DEB-induced
generation of ROS at 12 h post-exposure to DEB, expressed as a percentage of ROS positive
cells. D. The effect of DEB on the percentage of apoptotic cells at 12 h post-DEB exposure.
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