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Bcl-2 Modulates Resveratrol-Induced ROS Production
by Regulating Mitochondrial Respiration in Tumor Cells
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Abstract

Resveratrol is a naturally occurring flavanoid with potent apoptosis-inducing activity against human tumor
cells. We investigated the effect of resveratrol on human leukemia cell lines, in particular its ability to induce
intracellular reactive oxygen species production and the effect of Bcl-2 overexpression on this model. Exposure of
CEM cells to increasing concentrations of resveratrol (0–50 mM) resulted in an increase in mitochondrial su-
peroxide production, decrease in transmembrane potential, and a concomitant decrease in cell viability. Whereas
overexpression of Bcl-2 increased mitochondrial oxygen consumption and complex IV activity, CEM=Bcl-2 cells
responded to the increased mitochondrial oxidative stress induced by resveratrol by significantly reducing
mitochondrial respiration, complex IV activity, and O2

- production, and promoted cell survival. The inhibitory
effect of Bcl-2 on resveratrol-induced mitochondrial O2

- production is further corroborated by the neutralization
of this regulatory effect upon siRNA-mediated gene silencing of Bcl-2. These data provide evidence implicating
mitochondrial metabolism in the anticancer activity of resveratrol, and underscore a novel regulatory role of
Bcl-2 against exogenous oxidative stress through its ability to fine tune mitochondrial respiration, and by doing
so maintaining mitochondrial O2

- at a level optimal for survival. Antioxid. Redox Signal. 13, 807–819.

Introduction

Resveratrol (RSV) is a naturally occurring polyphenolic
phytoalexin with diverse biological activity in a variety

of disease models. Experimental evidence over the past cou-
ple of decades has established that, depending upon its con-
centration, RSV could have cytoprotective or cytotoxic effects
on mammalian cells (26). These observations have provided
the recent impetus to investigations into the molecular
mechanisms and clinical potential of this flavanoid. To that
end, our work and that of others have clearly highlighted the
apoptosis-inducing effects of RSV in human tumor cells
in vitro and in vivo, implicating a variety of cellular signaling
networks (26). Interestingly, a significant number of earlier
reports linked the various cellular effects of RSV to its ability
to function as an antioxidant (12, 21, 25). However, this dog-
matic view has been challenged by recent experimental evi-
dence indicating that the compound at significantly higher
concentrations is a strong inducer of intracellular reactive
oxygen species (ROS) (6, 7, 17), and that some of the biological
effects could be attributed to its pro- rather than antioxidant
activity (2, 3, 32). This is particularly relevant to its death-

inducing activity on transformed or cancer cells; however, the
underlying mechanism(s) of RSV-mediated ROS production
remain undefined, despite some recent evidence implicating
members of the NOX family (26).

A potent intracellular source of ROS is the mitochondrial
electron transport chain, where the high probability of elec-
trons leaking onto molecular oxygen (O2) favors the one
electron reduction of O2 to superoxide anion (O2

-) (4). Con-
sidering the obligatory involvement of mitochondria in the
execution of the intrinsic death pathway, excessive generation
of ROS within the mitochondria could trigger oxidative
modification of mitochondrial membrane lipids with a re-
sultant change in mitochondrial outer membrane permeabil-
ity and egress of pro-apoptotic proteins, such as cytochrome
C, Smac=Diablo, and apoptosis-inducing factor (AIF). The
permeabilization of mitochondria is a function of the balance
between the pro-apoptotic and the anti-apoptotic members of
the Bcl-2 family, whereby the former (Bax=Bak) upon trans-
location and oligomerization facilitate permeabilization and
the latter (Bcl-2=Bcl-xL) stabilize mitochondrial membranes
by inhibiting Bax=Bak oligomerization (1). Of note, involve-
ment of intracellular ROS in the activation and mitochondrial
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localization of Bax, as well as the ability of Bax to trigger
mitochondrial ROS have been previously reported by our
group and others (2). In addition, we recently demonstrated
the effect of Bcl-2 overexpression on mitochondrial oxygen
consumption, complex IV (cytochrome C oxidase; COX) ac-
tivity, and O2

- production in human cancer cells (8). These
data provided evidence to link the pro-survival effect of Bcl-2
to a significant increase in mitochondrial respiration, COX
activity, and O2

- generation. Intriguingly, in the event of overt
mitochondrial oxidative stress induced upon obstruction of
the electron transport chain with antimycin A or glucose
deprivation or hypoxia, Bcl-2 expression resulted in regulat-
ing mitochondrial respiration and COX activity to prevent
deleterious accumulation of ROS and their effect on cell sur-
vival (8, 9).

Considering the essential role that the mitochondria plays
in apoptotic execution as well as ROS generation, targeting
mitochondria remains a major cornerstone of novel anticancer
therapeutics and to that end, the aim of this study was to
investigate the involvement of the mitochondria in RSV-
induced ROS generation in tumor cells, and how that might be
affected in cells harboring overexpression of the death inhibi-
tory protein Bcl-2. Using human leukemia cells, we provide
evidence that RSV induces dose-dependent increase in mito-
chondrial O2

- production, which correlates with an increase in
caspase 9 and 3 activity, a drop in mitochondrial transmem-
brane potential (Dcm), release of cytochrome C, and cell death.
Of note, overexpression of Bcl-2 blunts the pro-apoptotic effect
of RSV by regulating mitochondrial metabolism.

Materials and Methods

Cell lines and culture conditions

CEM human leukemia cells stably transfected with the
control vector (CEM=Neo) or vector-containing human Bcl-2
(CEM=Bcl-2) were maintained in RPMI 1640 supplemented
with 2 mM L-glutamine, 1% streptomycin-penicillin (v=v),
5% FBS (v=v) and 20mg=ml of G418 disulfate salt solution.
HCT116 Wild Type and Bax=Bak-=- cell lines were gener-
ous gifts from Dr. Bert Vogelstein at Johns Hopkins University
(Baltimore, MD). HCT116 cell lines were maintained in
McCoy’s5A (Invitrogen Life Technologies, Inc., Carlsbad,
CA), supplemented with 10% fetal bovine serum,1% L-
glutamine, and 1% S-penicillin. Cells were subcultured in
75 cm2 flasks every 3 days with a subculture ratio of 1:8
and maintained at 378C in an incubator with humidified
atmosphere of 95% air and 5% CO2.

Determination of cell viability

Cell viability was determined by the MTT assay. In a typ-
ical assay, 0.5�105 cells were mixed with 50ml of 4 mg=ml of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(dissolved in RPMI-1640) in a 96-well format and incubated
for 2 h at 378C. After incubation, cells were centrifuged at
3000 rpm for 10 min, and the resultant formazan crystals were
dissolved in a cocktail of 200ml DMSO and 10ml of Sorenson’s
glycine buffer (0.1 M glycine and 0.1 M NaCl, adjusted to pH
10.5). Cell viability was then quantified spectrophotometri-
cally at an absorbance wavelength of 570 nm using a Spec-
trafluor Plus spectrophotometer (TECAN, GmbH, Grödig,
Austria).

As the presence of N-acetyl cysteine (NAC) interferes with
the MTT assay (14), cell viability was determined by the try-
pan blue dye exclusion test in all experiments involving NAC.
Briefly, 1�106 cells=ml were loaded with trypan blue dye on a
hemocytometer slide at 1:1 (v=v) ratio. The number of cells
was counted in all four quadrants under light microscope and
the percentage of live cells was determined.

Determination of caspases 3, 8 and 9 activities
by enzymatic assay

Caspases 8, 9, and 3 activities were assayed using AFC-
conjugated substrates (BioMol, Plymouth Meeting, MA).
CEM=Neo and CEM=Bcl-2 (1�106) cells were plated in 12-
well plates and immediately subjected to RSV treatment. Cells
were harvested and washed with 1X PBS, resuspended in
chilled cell lysis buffer (BD Pharmingen, San Diego, CA), and
incubated on ice for 10 min. Subsequently, 50ml of 2X reaction
buffer (10 mM HEPES, 2 mM EDTA, 10 mM KCl, 1.5 mM
MgCl2,10 mM DDT) and 1ml of the fluorogenic caspase-
specific substrates (DEVD-AFC for caspase 3, LETD-AFC for
caspase 8, and LEHD-AFC for caspase 9) were added to each
sample and incubated at 378C for 1 h. Protease activity was
determined by measuring the relative fluorescence intensity
at 505 nm with excitation at 400 nm using a Spectrafluor Plus
spectrophotometer (TECAN, GmbH).

Preparation of mitochondria-enriched fractions

Cells were harvested, washed once with ice-cold 1�PBS
and pelleted by centrifugation at 1200 rpm for 5 min at 48C.
Pellet was resuspended in 10 volumes of buffer A (extraction
buffer) containing a cocktail of protease inhibitors (1 mM
PMSF, 1mg=ml leupeptin, 1mg=ml pepstatin, and 1mg=ml
aproptinin) and incubated on ice for 20 min. After incubation,
cells were homogenized with a manual homogenizer for 30
passages and then centrifuged at 300 g (48C) for 10 min. The
supernatant obtained was transferred into a new Eppendorf
microcentrifuge tube and centrifuged at 13,000 g for 20 min at
48C. The pellet consisted of intact mitochondria fraction,
which was resuspended in mitochondrial medium II (200 mM
mannitol, 100 mM sucrose, 0.1 mM EDTA, and 10 mM tris
HCl adjusted to a pH of 7.4) and used immediately for oxygen
consumption experiments.

Measurement of mitochondrial oxygen consumption

Oxygen consumption of isolated mitochondria fraction
obtained from 1�108 cells was measured using the Oxytherm
Electrode (Hansatech Instruments, Norfolk, UK). For the ini-
tiation of each measurement, the chamber was added with
1.25 ml of mitochondrial buffer III (200 mM mannitol, 75 mM
sucrose, 0.1 mM EDTA, 10 mM K2HOP4, 10 mM KCl, and
10 mM Tris-HCl adjusted to pH7.4) containing 10 mM succi-
nate, 5mM rotenone, 80 mM ATP, and 90 mg of purified mito-
chondria. Oxygen consumption measurement was then
initiated and monitored for 15 min at 308C. To measure state
3 respiration, 0.2 mM ADP was added 5 min after initiation.
Each measurement was initiated with 5 min of state 4 respi-
ration, followed by another 10 min of state 3 respiration. Data
acquisition and analysis were carried out using Oxygraph
Plus software developed for high-resolution respirometry
(Hansatech Instruments).
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Measurement of cytochrome c oxidase activity

Quantitative analysis of human complex IV or cytochrome
c oxidase (COX) activity was performed using the Human
Complex IV activity Microplate Assay Kit provided by
MitoSciences (Eugene, OR). Experiments were carried out
according to the protocol provided by the manufacturer.

Detection of mitochondrial and intracellular ROS levels

Intra-mitochondrial O2
- level was determined by MitoSOX

Red (Invitrogen) staining and flow cytometric analysis. Mi-
toSOX Red is a fluorescent probe that is highly sensitive to O2

-

oxidation. It is specifically targeted to the mitochondria, thus
allowing the detection of mitochondrial specific O2

- produc-
tion (24). Approximately 1�106 cells were pelleted and then
resuspended with 100ml of plain RPMI-1640 containing 10mM
MitoSOX Red reagent. Resuspended cells were then incu-
bated for 15 min at 378C, washed twice with 1X PBS, and
resuspended again in fresh medium. Stained cells were im-
mediately analyzed by flow cytometry (Beckman-Coulter
Epics ALTRA flow cytometer) with excitation set at 510 nm
and cell counter set at 10,000 events. Subsequent data analysis
was performed using the WinMDI software.

Intracellular H2O2 was assessed by flow cytometry with the
fluorescent probe 20,70-dichlorofluorescein diacetate (DCHF-
DA, Molecular Probes, Invitrogen, Eugene, OR; 20 mM), as
described previously.

Determination of mitochondrial
transmembrane potential

Mitochondrial transmembrane potential (DCm) was
measured by flow cytometry using the membrane potential
sensitive dye, 3,30-dihexyloxacarbocyanine iodide (DiOC6,
Molecular Probes, 40 nM). Stained samples were immediately
analyzed by flow cytometry (BD FACSCalibur, BD Bio-
sciences, San Jose, CA) with excitation set at 488 nm (FL-1). All
data were analyzed using the WinMDI software.

Western blot analysis

Normalized protein samples were mixed with appropriate
volumes of 5X loading buffer and heated at 1008C for 5 min.
The samples were subjected to 12% (v=v) sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at
100 V and 30 mA for about 2 h using the Bio-Rad Mini-
PROTEAN 3 Cell (Hercules, CA). Resolved proteins were then
transferred onto a polyvinyl difluoride (PVDF) membrane by
the semi-dry transfer method at 30 V and 270 mA for 45 min
using the Hoefer� TE 77 semi-dry transfer unit (Amersham
Biosciences, Piscataway, NJ). The membrane was then blocked
with 5% (w=v) fat-free milk in Tris-buffered saline containing
0.1% (v=v) Tween 20 (TBST) for 1 h with continuous rocking
at 80rpm. Excess milk was then washed off with TBST (3X
10 min). The membrane was subsequently probed for the
protein of interest with the relevant primary antibody at 1:1000
dilution in TBST overnight at 48C, together with gentle rocking.
Unbound primary antibodies were washed off with TBST (3X
10 min) and probed again with the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibody at 1:5000
dilution in TBST containing 1% (w=v) fat-free milk for 1 h at
room temperature (RT). The membrane was again subjected to
three washes to remove excess secondary antibody before the

addition of HRP substrates (SuperSignal Chemiluminescent
Substrate from Pierce, Rockford, IL). The desired proteins were
next detected with Kodak Biomax MR X-ray film.

siRNA-mediated gene silencing of Bcl-2

CEM=Bcl-2 cells were transfected with 50 mM Bcl-2-specific
siRNA (Ambion, Applied Biosystem, Carlsbad, CA) or
scrambled siRNA using Oligofectamine� reagent (Invitro-
gen) according to the manufacturer’s protocol. Bcl-2 expres-
sion level was subsequently confirmed via Western blot assay
as mentioned earlier.

Purification of recombinant Bcl-2 proteins

Escherichia coli BL21 cells were transformed with GST-fusion
construct containing the DNA of interest in 500 ml of LB me-
dium with 100mg=ml of ampicillin and grown at 378C over-
night to reach OD600. The cultures were then induced with
0.4 mM of IPTG (isopropyl thio-b-D-Galactoside) at 258C for
6 h. Cells were subsequently harvested and resuspended in
50 ml buffer containing 50 mM Tris, pH 8.0, 150 mM NaCL, 1%
Trtion X-100, 1 mM DTT, 5 M EDTA, and 1 tablet of complete
protease inhibitors cocktail (Boehringer, Ridgefield, CT). The
cells were then sonicated on ice and centrifuged at 27,500 g for
10 min. The supernatant was then collected, added with 1 ml of
glutathione separose resin (Amersham Biosciences, Sweden),
and gently rocked on a shaker overnight at 48C. Next, the beads
with the bound proteins were packed in a column and washed
with PBS for at least three times. In order to cleave GST tag
from the recombinant proteins, 20 U=mL of thrombin protease
(Amersham Biosciences) was added to the GST fusion protein
still bound to the affinity column for 2 h at room temperature.
The recombinant proteins were then eluted with high salt
binding buffer with the Benzamide FF column connected in
series with the affinity column as provided in the Amersham
Biosciences GST purification Kit. The identity and purity of
proteins was analyzed by SDS-PAGE and checked by Coo-
massie brilliant blue staining before being stored at �808C.

Transient transfection of pBabe-Bcl-2 plasmid

Transient transfection of HCT116WT and Bax=Bak-=-cells
with Bcl-2 was performed using pBabe-Bcl-2 plasmids gen-
erously provided by Dr. Elizabeth Yang, Nashville, TN).
2�105 cells were seeded in 6-well plates and transfected with
Superfect Tranfection Reagent� (Qiagen, AR, Singapore) ac-
cording to manufacturer’s protocol. Cells were incubated in
2 ml of 10% McCoy’s medium for 48 h before being harvested
for further analysis.

Measurement of superoxide dismutase activity

Quantitative analysis of superoxide dismutase (SOD) ac-
tivity in isolated mitochondria was performed using the SOD
activity Microplate Assay Kit provided by Assay Designs Inc.
(Ann Arbor, MI). Mitochondria were isolated from 10�106

cells per sample and subsequent experiment was carried out
according to the protocol provided by the manufacturer.

Statistical analysis

All experiments were performed at least three times and
Student’s t-test was used for obtaining significance when
comparing data sets.
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Results

Bcl-2 alleviates RSV-induced mitochondrial
O2

- production and cell death

To investigate the effect of Bcl-2 expression on RSV-
induced cell death, CEM=Neo and CEM=Bcl-2 cells were ex-
posed to increasing concentrations of RSV (0–50 mM) and cell
viability was determined by the MTT assay. Results showed
that overexpression of Bcl-2 endowed leukemia cells with
a significant survival advantage, compared to the empty
vector-transfected cells (Fig. 1A). To provide evidence that the
growth inhibitory effect of RSV was a function of the execu-
tion of the apoptotic machinery, the activities of three major
caspases (8, 9, and 3) were determined. A dose-dependent
induction of caspase 8, 9, and 3 was detected in CEM=Neo

subjected to RSV treatment, while Bcl-2 overexpression sig-
nificantly blunted the induction of caspase 9 and 3, but not
caspase 8 (Figs. 1B, 1C, and 1D).

Furthering this, DCm, cytosolic translocation of cyto-
chrome C, and Bax=Bak oligomerization status were also
determined to ascertain the involvement of the mitochondrial
apoptotic pathway. Whereas, exposure of CEM=Neo cells to
RSV resulted in a dose-dependent decrease in DCm (Fig. 2B)
and egress of cytochrome C (Fig. 2A), the overexpression of
Bcl-2 significantly inhibited both, the effect of RSV on DCm
and cytochrome C release. Intriguingly, the activation of both
Bax and Bak could not be detected in cell lysates following
treatment with RSV (Fig. 2C), indicating the ability of RSV in
triggering mitochondrial apoptotic execution independently
of Bax=Bak activation. However, the ability of RSV to target

FIG. 1. Bcl-2 overexpression blocks RSV-induced apoptotic cell death. (A) CEM=Neo and CEM=Bcl-2 were treated with
increasing concentrations of Trans-resveratrol (RSV; Sigma-Aldrich, MO) for 18 h and cell survival was assessed by the MTT
assay as described in Materials and Methods. (B, C, and D) RSV-treated cells were harvested and assayed for caspase activity
as described in Materials and Methods. Cells assayed for both caspase 8 and 9 activities were harvested at 6 h after RSV
treatment while cells assayed for caspase 3 activity were harvested after 8 h of treatment. Data shown are Mean� SD of three
independent experiments.
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an alternative caspase 8-mediated cell death pathway that may
function independently of the mitochondrial amplification
loop could not be completely ruled out, as shown in our
earlier communication (10).

Next, the effect of RSV on mitochondrial ROS production
was assessed. Interestingly, kinetic analysis of mitochondrial
O2

- clearly indicated the ability of RSV to induce a dose-
dependent increase in intra-mitochondrial O2

- levels in CEM=
Neo cells, which was significantly inhibited in CEM=Bcl-2
cells (Fig. 3A). These data were corroborated by in vitro
study using isolated mitochondria with recombinant Bcl-2
protein (rBcl-2); pre-incubation of mitochondria isolated
from CEM=Neo with rBcl-2 significantly inhibited the in-
crease in RSV-induced mitochondrial O2

- production, mea-
sured by Lucigenin-based chemiluminescence assay (Fig. 3B).
These data correlated well with the cell viability data (Fig.
1A), strongly suggesting a link between RSV-induced mito-

chondrial O2
- and its mitochondrial death-inducing effect.

Intriguingly, despite being more resistant to RSV-induced
oxidative stress, CEM=Bcl-2 cells consistently exhibited a
mildly elevated level of basal mitochondrial O2

- relative to its
CEM=Neo counterpart (Fig. 3A). Indeed, this is in corrobo-
ration with our earlier report revealing a slight pro-oxidant
state in CEM=Bcl-2 cells (8, 11).

Compared to the dose-dependent increase in mitochon-
drial O2

- observed after 6 h of RSV treatment, mitochondrial
O2

- was highest in CEM cells treated with 10mM of RSV for
18 h, followed by a lower O2

- level observed in cells treated
with 30mM and 50mM RSV respectively (Figs. 3C and 3D). A
kinetic analysis revealed that higher concentrations (30 and
50mM) triggered an initial burst of mitochondrial O2

- in CEM
cells, which gradually decreased over time (Fig. 3D). Of note,
Bcl-2 overexpressing cells resisted the early (6 h) increase in
mitochondrial O2

- at lower concentrations of RSV (10mM),

FIG. 2. Bcl-2 overexpression inhibits RSV-induced mitochondrial apoptotic pathway. (A) CEM=Neo and CEM=Bcl-2 cells
were incubated with RSV (0–50mM) for 6 h, followed by Western blot analysis for cytochrome C and Bcl-2 in the cytosolic and
mitochondrial fractions. VDAC expression was used as control for mitochondrial enrichment. (B) RSV-treated cells were
loaded with the potential sensitive probe DiOC6 and DCm was analyzed by flow cytometry, as described in Materials and
Methods. (C) Bax and Bak oligomerization status in CEM cells was determined via Western blot analysis after 6 h of RSV
treatment. Cell lysates were pre-incubated with cross-linking agent, bismaleimidohexane (BMH from Thermo Scientific
PIERCE, Rockford, IL), for 30 min at room temperature before being processed for Western blot analysis. 10mM etoposide
was used as positive control for the oligomerization of Bax and Bak. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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and even upon 12 and 18 h of exposure to RSV, the increase in
O2

- was significantly lower than in the mock transfected cells
(Figs. 3C and 3D). These data provide strong support to the
results shown in Figure 1 demonstrating RSV-mediated acti-
vation of the mitochondrial apoptotic pathway in CEM cells
(Figs. 2A and 2B), thus indicating the involvement of a ROS-
dependent mechanism inhibitable by Bcl-2 overexpression.
As activation of the mitochondrial apoptotic pathway is ex-
pected to bring about the permeabilization of mitochondrial
outer membrane and subsequent mitochondrial fragmenta-
tion (16, 33), not surprisingly RSV-induced apoptosis would
be characterized by a drop in intracellular mitochondrial

content, with the observed reduction in mitochondrial O2
-

production upon high doses of RSV treatment being an ob-
vious consequence.

Scavenging of O2
-, but not H2O2, protects CEM cells

from RSV-induced cell death

Despite being widely recognized as an antioxidant, RSV
has been shown to exhibit pro-oxidant activity in several cell
lines reported previously (3, 6, 32). Likewise, we report a
similar burst in mitochondrial O2

- in CEM cells upon RSV
treatment. In order to elucidate whether this burst of O2

- does

FIG. 3. RSV induces mitochondrial O2
- production in CEM cells, which is blocked by Bcl-2 expression. (A) Intra-

mitochondrial O2
- level was measured in CEM=Neo and CEM=Bcl-2 following 6 h of RSV treatment by loading with MitoSOX

RED and analyzed by flow cytometry using WinMDI software. Data shown are fold increase in G mean plotted in a graphical
manner. (B) Mitochondria isolated from CEM=Neo cells were maintained in mitochondria medium II and were pre-incubated with
100 nM of recombinant Bcl-2 protein prior to 6 h incubation with 50mM RSV. Mitochondria were subsequently spun down and
assayed for O2

- production via a lucigenin-based chemiluminescence method. *p value represents mitochondria treated with RSV
compared to nontreated mitochondria, whereas **p value is for the comparison of RSV-treated mitochondria with mitochondria pre-
incubated with recombinant Bcl-2 prior to RSV treatment. (C) Kinetics (6, 12, and 18 h) of intramitochondrial O2

- in CEM=Neo and
CEM=Bcl-2 cells following exposure to various concentrations of RSV. Analysis for O2

- was performed as in A. (D) Graphic
representation of the differences in the kinetics of O2

- production in CEM=Neo and CEM=Bcl-2 cells upon exposure to RSV. *p value
represents CEM=Neo cells treated with RSV compared to nontreated cells (medium), whereas **p value is for CEM=Neo cells treated
with RSV vs CEM=Bcl-2 cells treated similarly. All data shown are representative of three different experiments. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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indeed play a role in RSV-induced cell death, we pretreated
both CEM=Neo and CEM=Bcl-2 cell lines with SOD 1 h
prior to RSV treatment. SOD enzyme’s potent catalytic ac-
tivity is responsible for the transmutation of O2

- into
H2O2. Pretreatment of both RSV-treated CEM=Neo and
CEM=Bcl-2 cells with 50 and 100 units=ml SOD significantly
protected the cells from RSV-induced cell death (Fig. 4A). In
addition, a similar inhibitory effect of SOD (100 units=ml)
was observed on RSV-induced cytochrome C release as well
as on the activation of caspase 9 and 3 (Figs. 4B and 4C).
However, it is of importance to note that this protection was
absent in CEM cells pre-incubated with 200 units=ml SOD
(Fig. 4A), possibly due to the overwhelming accumulation of
intracellular H2O2 in the cells as the conversion of O2

- into
H2O2 increased. In order to further substantiate our reason-
ing, pre-incubation of RSV-treated CEM cells with 200
units=ml SOD concurrently with increasing doses of N-acetyl
cysteine (NAC), a known scavenger of H2O2, restored the

viability of the cells to a level comparable to CEM cells pre-
treated only with 100 units=ml of SOD (Supplemental Fig.
1A; see www.liebertonline.com=ars). Nevertheless, pre-
incubation of RSV-treated CEM cells with NAC alone did not
yield any protection, suggesting that in the absence of SOD,
only O2

- but not H2O2, was responsible for the death-inducing
effect of RSV. Taken together, these data suggest that the
burst in O2

- may be a potential trigger of RSV-induced cell
death, while Bcl-2 overexpression ameliorates this death
trigger by suppressing the production of mitochondrial O2

- in
these cells.

Furthering this, we monitored the level of intracellular
H2O2 in RSV-treated CEM cells across three different treat-
ment time points via a flow cytometry-based method using
DCHF-DA as the fluorescent probe. However, no detectable
change in intracellular H2O2 level was observed compared to
exogenous addition of H2O2 or the ROS inducing compound
LY30 (27,31) used as positive controls (Fig. 5A). In addition,

FIG. 4. Scavenging of O2
- protects CEM cells from RSV-induced cell death. (A) MTT cell viability assay was performed

on CEM=Neo and CEM=Bcl-2 cells following 18 h of RSV treatment. Cells were pre-incubated with increasing units of SOD
(Sigma-Aldrich) for 1 h prior to RSV treatment. (B) RSV-treated (6 h) CEM cells were assayed for cytosolic translocation of
cytochrome C after 1 h pre-incubation with 100 units=ml of SOD. Cytosolic and mitochondrial fractions were attained and
processed for Western blot analysis, as described in Materials and Methods. VDAC expression was used as control for
mitochondrial enrichment. (C) Activity of caspase 8, 9, and 3 of CEM=Neo and CEM=Bcl-2 cells were determined as described
for Figure 1B. Cells were pre-incubated with 100 units=ml SOD for an hour prior to RSV treatment. Data shown are
Mean� SD of at least three independent experiments.
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SOD activity in isolated mitochondria and the expression of
MnSOD, enzymes involved in the conversion of mitochon-
drial O2

- into H2O2 (30), in both CEM=Neo and CEM=Bcl-2
was also analyzed after 18 h of RSV treatment. Despite nu-
merous reports demonstrating the upregulation of MnSOD in
response to oxidative stress (18, 28) as well as to chronic RSV
treatment (29), no observable changes in mitochondrial SOD
activity and MnSOD expression level was detected in both
CEM=Neo and CEM=Bcl-2 following RSV treatment (Figs. 5B
and 5C). These data point towards an H2O2-independent
pathway of death execution activated upon exposure to RSV,
but one that essentially requires the critical involvement of
mitochondrial O2

-.

Downregulation of Bcl-2 sensitizes CEM=Bcl-2 cells
to RSV-induced oxidative stress

In order to corroborate the results presented with cells
stably expressing Bcl-2, gene silencing of Bcl-2 using Bcl-2
specific siRNA was performed in CEM=Bcl-2 cells, and the
effect of RSV treatment on the redox status of these cells were
investigated. Bcl-2 expression level was significantly reduced
48 h after transfection with Bcl-2-specific siRNA (Fig. 6A).
Silencing of Bcl-2 triggered a considerable increase in mito-
chondrial O2

- production in RSV-treated CEM=Bcl-2 cells,

whereas mock-transfected CEM=Bcl-2 exhibited mitochon-
drial O2

- level similar to that of nontransfected CEM=Bcl-2
cells (Fig. 6B). Here, reduction in Bcl-2 expression in CEM=Bcl-
2 paralleled an increase in RSV-induced mitochondrial O2

-

production, thus indicating that Bcl-2 overexpression was
indeed responsible for the protection of CEM=Bcl-2 against
RSV-mediated oxidative stress.

Bcl-2 alleviates RSV-induced cell death
and mitochondrial superoxide production
in HCT116 wild-type and Bax=Bak
double knockout cells

With numerous reports demonstrating the elevation of ROS
production downstream of Bax=Bak-mediated mitochondrial
membrane permeability transition (MPT) (19, 20), it appears
plausible that protection by Bcl-2 against RSV-induced mito-
chondrial O2

- production may simply be secondary to its ability
to inhibit Bax=Bak oligomerization and its associated release of
mitochondrial ROS. Therefore, we proceeded to investigate the
effect of Bcl-2 overexpression on the viability and mitochon-
drial redox status of RSV-treated HCT116 wild-type (HCTWT)
and HCT116 double knockout (HCTDKO) cells. Interestingly,
RSV was equally effective in the killing of both HCTWT and
HCTDKO cells, albeit the requirement of a higher killing dose

FIG. 5. RSV-induced oxidative stress and cell death is independent of H2O2 production. (A) Flow cytometric analysis of
intracellular H2O2 in CEM=Neo and CEM=Bcl-2 via DCHF-DA staining. Samples were analyzed after 6, 12, and 18 h of RSV
treatment, respectively. CEM cells treated with 1 h of 200mM H2O2 or 20mM LY303511 (LY30) served as positive controls. (B)
Mitochondria isolated from RSV-treated (18 h) CEM=Neo and CEM=Bcl-2 cells were assayed for SOD activity using a 96-well assay
kit provided by Stressgen (Assay Designs Inc.). Data shown are Mean� SD of at least three independent experiments. (C) Western
blot analysis of MnSOD and Bcl-2 expressions in lysates from CEM=Neo and CEM=Bcl-2 cells following 18 h of incubation with
RSV. b-actin was probed as a loading control. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article at www.liebertonline.com=ars).
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as compared to CEM cells (Fig. 7A). In addition, the absence of
Bax and Bak appeared to have little effect on RSV-induced
mitochondrial O2

- production in HCT116 cells (Fig. 7D). Im-
portantly, Bcl-2 overexpression, as compared to its empty
vector transfected counterpart, clearly protected HCT116 cells
against RSV-induced cell death and mitochondrial O2

- pro-
duction, even in the absence of Bax and Bak (Figs. 7B–7D).
These findings clearly indicate the ability of Bcl-2 in the regu-
lation RSV-induced mitochondrial O2

- in a manner indepen-
dent of Bax and Bak activation.

Homeostatic regulation of mitochondrial respiration
in CEM=Bcl-2 protects against RSV-induced
oxidative stress

Spurred by our recent reports demonstrating a possible
regulatory link between Bcl-2 and the mitochondrial respira-

tory system (8), oxygen consumption studies were performed
on mitochondria isolated from RSV-treated CEM=Neo and
CEM=Bcl-2 cells. 50mM of RSV was specifically selected as the
preferred treatment dose since the protection conferred by
Bcl-2 overexpression was previously observed to be most
significant at this particular dose (Fig. 1A). Here, succinate-
driven mitochondria respiration was clearly higher in
CEM=Bcl-2 compared to CEM=Neo (Fig. 8A). This is in
agreement with our postulated model that Bcl-2, being able to
engage the mitochondrial respiratory chain, enhances the
basal mitochondrial respiratory activity of the cells and thus
generates a mild pro-oxidant state that confers the cells with a
survival advantage (8, 11). More importantly, 6 h of 50 mM
RSV treatment triggered a drop in mitochondrial respiration
in CEM=Bcl-2 but not in CEM=Neo (Figs. 8B and 8C), whereby
oxygen consumption rate in CEM=Bcl-2 was brought down to
a level comparable to that of CEM=Neo (Fig. 8D). It is im-
portant to note that the higher oxygen consumption rate ob-
served in untreated CEM=Bcl-2 is not a result of an increase in
uncoupled respiration as determined by the higher respira-
tory control ratio (RCR) seen in untreated CEM=Bcl-2 cells
(Fig. 8E).

Likewise, evaluation of COX activity revealed corre-
sponding observations to that of the oxygen consumption
profile of RSV-treated CEM cells. Corroborating our earlier
report (8), basal COX activity in CEM=Bcl-2 was significantly
higher than that of CEM=Neo (Figs. 8F and 8G). However, a
dose-dependent decline in COX activity was observed in
CEM=Bcl-2 cells upon RSV treatment, with COX activity be-
ing reduced to a level comparable to that of CEM=Neo cells
(Fig. 8F). In addition, silencing of Bcl-2 decreased COX ac-
tivity in CEM=Bcl-2 to a level similar to that of CEM=Neo,
whereas RSV-treatment did not alter the activity of COX in
Bcl-2 silenced CEM=Bcl-2 cells (Fig. 8G). Of note, neither
overexpression of Bcl-2 nor RSV-treatment affected the ex-
pression level of COX subunit I (Fig. 8H), indicating that the
observed changes in COX activity was not an effect of a
change in COX expression status.

Discussion

We provide evidence that overexpression of Bcl-2 endows
cancer cells the ability to downregulate COX activity in re-
sponse to increasing oxidative stress triggered by RSV treat-
ment. Reduction in COX activity is likely to reduce the flow of
electrons across the ETC, with the concomitant decrease in
mitochondrial O2

- by-production being the end result.
Therefore, Bcl-2 appears to function as a brake in the mito-
chondrial respiratory system, preventing the accumulation of
RSV-induced mitochondrial O2

- before it reaches a level cat-
astrophic to the cell. Indeed, these findings corroborate our
recent findings on the regulatory activity of Bcl-2 on mito-
chondrial oxygen consumption and COX activity. This allows
the tumor cell to adjust the ETC activities according to its
mitochondrial redox status, thereby facilitating the mainte-
nance of intracellular ROS at a level optimal for cell survival
upon stress triggers.

Our study highlighted the biphasic nature of O2
- as a sig-

naling molecule in the regulation of cell death and prolifera-
tion. As shown in our earlier report, a mild increase in
intracellular O2

- induced by low concentrations of RSV gen-
erates a slight pro-oxidant milieu that favors cell survival

FIG. 6. Knockdown of Bcl-2 increases RSV-induced mi-
tochondrial O2

- production in CEM/Bcl-2 cells. (A) Bcl-2
gene knockdown was performed in CEM=Bcl-2 cells by
transfection with Bcl-2 specific siRNA. Lysates from cells
following transfection for 48 h and 72 h were assessed for Bc-
2 expression by Western blot analysis. (B) Intramitochondrial
O2

- was detected in cells transfected siBcl-2 by loading with
the fluorescent probe, MitoSOX RED. Cells were then treated
with 6 h of RSV before being subjected for further analysis.
siMock represents CEM=Bcl-2 cells transfected with non-
specific scrambled siRNA. Data shown are Mean� SD of at
least three independent experiments. *p value represents the
difference between CEM=Bcl-2 and siBcl-2 cells following
treatment with 30mM RSV, whereas **p value represents the
difference between CEM=Bcl-2 and siBcl-2 cells following
treatment with 50 mM RSV.
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(2, 3), while here we provide evidence that relatively higher
concentrations of RSV stimulated mitochondrial O2

- produc-
tion, and contributed to the death-inducing effect of RSV.
Though the NADPH oxidase (Nox) family has been impli-
cated as the primary source of RSV-induced cytosolic O2

- (2,
3), the precise source of RSV-induced mitochondrial O2

- re-
mains uncertain. Previous studies suggest that the involve-
ment of transition metal ions as the catalyst of electron
transfer from RSV to oxygen molecules in the mitochondria
(6, 7) may be a possible mechanism that accounts for the in-
crease in mitochondrial O2

- observed in RSV-treated CEM cells.
Importantly, Bcl-2 overexpression significantly protected

CEM cells from the deleterious effects of RSV-induced oxi-
dative stress, possibly through downregulation of COX ac-
tivity and the resultant decrease in respiration-dependent O2

-

production. Indeed, our results suggest that the protection
conferred by Bcl-2 overexpression against RSV-induced cell
death may be partially attributed to its regulatory capacity on

mitochondrial ROS production. Therefore, we propose that
Bcl-2 overexpression empowers cells to modulate their mito-
chondrial respiratory profile, adjusting intracellular ROS to
nondetrimental levels even in the presence of ROS inducers
such as antimycin A and RSV (8). Although it was previously
suggested that the reinforcement of the antioxidant defenses
observed in Bcl-2 overexpressing cells may be a compensatory
response to the chronic mild pro-oxidant state (15), we pos-
tulate that the involvement of antioxidant enzymes in the
defense against RSV-induced mitochondrial oxidative burst
in our system is, at best, minimal. This is because the ex-
pression level of MnSOD, the primary SOD isoform respon-
sible for the scavenging of mitochondrial O2

- (30), was
comparable between CEM=Neo and CEM=Bcl-2 cells (Fig.
5C). In fact, the poor response of MnSOD against RSV-
induced oxidative stress in CEM cells further accentuates the
significance of our model as part of the mitochondrial anti-
oxidant defense machinery.

FIG. 7. Bcl-2 overexpression protects against RSV-induced oxidative stress and cell death independent of Bax and Bak. (A)
HCT116 Wild Type (HCTWT) and HCT116 Bax and Bak Double Knock Out (HCT Bak=Bax-=-) cells were treated with increasing
doses of RSV (50–200mM) for 24 h before being harvested and assessed for cell viability via MTT assay, as described in previous
section. (B) Bcl-2 transfection of HCTWT and DKO was performed using Superfect Transfection Reagent (Qiagen) as described
by manufacturer’s protocol. pBabe plasmid were used as empty vector control and cells were harvested 48 h after transfection.
(C) pBcl-2 transfected HCTWT and DKO cells were treated with 200 mM RSV for 24 h before being harvested for cell viability
assay as described in A. Data shown are Mean� SD of at least three independent experiments. (D) pBcl-2 transfected HCTWT
and DKO cells were treated with 200mM RSV for 6 h before being harvested for mitochondrial O2

- measurement via FACS
analysis using MitoSOX Red dye. All data were analyzed using WinMDI software. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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The absence of H2O2 production, despite the observed burst
in O2

- upon RSV treatment, may be seemingly paradoxical, as
any increase in mitochondrial O2

- level would expectedly bring
about a concomitant increase in the conversion of O2

- into H2O2

by MnSOD. We nevertheless reason that without the upregu-
lation in MnSOD level upon RSV treatment, the increase in
mitochondrial O2

- induced by RSV would have rapidly satu-
rated the existing MnSOD enzymes. Therefore, any further
increase in mitochondrial O2

- production would not lead to a
corresponding increase in H2O2 production. In addition, any
minute increase in H2O2 production prior to the saturation of
MnSOD would be rapidly quenched by the vast plethora of
highly efficient H2O2 scavengers, such as gluthathione perox-

idase, catalase, and peroxiredoxins, residing in the mitochon-
dria. Moreover, expression of MnSOD in CEM cells appears
to be considerably lower than that of several other common
tumor cell types (data not shown), further justifying the higher
propensity for the saturation of MnSOD in our system. In fact,
it may be plausible that the observed O2

- burst triggered by
RSV may be a cell type-dependent phenomenon since a low
level of MnSOD may be a necessary criterion for the observed
burst in O2

- production.
The involvement of Bax and Bak in RSV-induced cell death

has remained elusive to date. While several studies have re-
ported the critical role of Bax and Bak in RSV’s death-inducing
effect (5, 13), others have reported the converse (22, 23).

FIG. 8. RSV slows down mitochondrial oxygen consumption and inhibits COX activity. (A, B, C, and D) Mitochondrial
oxygen consumption was monitored in succinate-respiring mitochondria isolated from CEM=Neo and CEM=Bcl-2 cells
following 6 h treatment with 50 mM RSV. State 4 respiration was initiated in the presence of ATP, while state 3 respiration was
initiated subsequently with 0.2 mM ADP. All samples were normalized prior to the initiation of experiment and reverse
electron flow was inhibited with rotenone. (E) Respiratory control ratio (RCR) indicating a tighter coupling in CEM=Bcl-2
than CEM=Neo cells. RCR values ranging from 3 to 10 are typical for oxygen consumption studies using isolated mito-
chondria. (F) COX activity was measured in CEM=Neo and CEM=Bcl-2 cells using the COX microplate assay kit obtained
from Mitosciences (Eugene, OR) as described in Materials and Methods. (G) COX activity was measured after siRNA-
mediated downregulation of Bcl-2 in CEM=Bcl-2 cells. siMock represents CEM=Bcl-2 cells transfected with non- scrambled
siRNA. Silencing of Bcl-2 was achieved 48 h after the transfection of CEM=Bcl-2 cells with Bcl-2 specific SiRNA. Data shown
are Mean� SD of at least three independent experiments. (H) Expression level of COX subunit I was analyzed 18 h after RSV
treatment by SDS-PAGE and Western blot analysis.
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However, such contradiction could be explained, at least in
part, by the difference in MnSOD level of the various cell types
being used. In line with this, H2O2 has been shown to be
critical in the signaling of the mitochondrial translocation of
Bax (2), and since cells deficient in MnSOD are unlikely to
produce sufficient H2O2 upon RSV-treatment, it is not sur-
prising that RSV-induced apoptosis is independent of Bax
under such conditions. In fact, our findings provide further
insights into an alternative mechanism in which RSV could
bypass H2O2-dependent Bax activation via accumulation of
mitochondrial O2

- to trigger mitochondrial apoptosis.
Unravelling the novel mechanism of Bcl-2 in the regulation

of mitochondrial respiration opens up a new chapter in our
endeavour to further understand the workings of this anti-
apoptotic protein from a noncanonical perspective. By virtue
of an increased Bcl-2 expression profile, tumor cells may gain
enhanced resilience by fine-tuning their mitochondrial respi-
ration profile to maintain intracellular ROS at a threshold
optimal for survival. Under basal conditions, mitochondrial
respiration is moderately higher in Bcl-2 overexpressing
cancer cells, generating a slight pro-oxidant milieu conducive
for tumor maintenance and progression. Conversely, upon
the presence of ROS triggers, electron flux across the ETC is
reduced to a level sufficient to keep potentially deleterious
ROS at bay by controlling the activity of the rate-limiting
COX enzyme. In this regard, levels of Bcl-2 expression may be
indicative of different tumor sensitivities towards ROS-
inducing chemotherapeutics. Thus, an augmented Bcl-2 ex-
pression may grant cancer cells with enhanced resistance
against ROS-inducing agents, countering the detrimental ef-
fects of ROS production via the modulation of mitochondrial
respiration. Further elucidation of the regulatory mechanism
governing this pathway may potentially reveal new strategies
for the sensitization of these resistant tumor cells to ROS-
inducing chemotherapeutics as well as other death stimuli.
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COX¼ cytochrome C oxidase
Dcm¼mitochondrial transmembrane potential:

DCHF-DA¼dichlorofluorescein diacetate
DiOC6¼ 20,70- 3,30-dihexyloxacarbocyanine iodide

ETC¼ electron transport chain
NAC¼N-acetyl cysteine
NAO¼nonyl acridine orange

O2
� ¼ reactive oxygen species

ROS¼ superoxide:
RSV¼ resveratrol
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