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Abstract
Cancer cells (relative to normal cells) demonstrate alterations in oxidative metabolism characterized
by increased steady-state levels of reactive oxygen species [i.e. hydrogen peroxide, H2O2] that may
be compensated for by increased glucose metabolism but the therapeutic significance of these
observations is unknown. In the current study, inhibitors of glucose [i.e., 2-deoxy-D-glucose, 2DG]
and hydroperoxide [i.e., L-buthionine-S, R-sulfoximine, BSO] metabolism were utilized in
combination with a chemotherapeutic agent paclitaxel [PTX], thought to induce oxidative stress, to
treat breast cancer cells. 2DG+PTX were found to be more toxic than either agent alone in T47D and
MDA-MB231 human breast cancer cells, but not in normal human fibroblasts or normal human
mammary epithelial cells. Increases in parameters indicative of oxidative stress, including steady-
state levels of H2O2, total glutathione, and glutathione disulfide accompanied the enhanced toxicity
of 2DG+PTX in cancer cells. Antioxidants, including N-acetyl-cysteine [NAC], polyethylene glycol-
conjugated catalase [PEG-CAT] and superoxide dismutase [PEG-SOD], inhibited the toxicity of
2DG+PTX and suppressed parameters indicative of oxidative stress in cancer cells, while inhibition
of glutathione synthesis using BSO further sensitized breast cancer cells to 2DG+PTX. These results
show that combining inhibitors of glucose [2DG] and hydroperoxide [BSO] metabolism with PTX
selectively (relative to normal cells) enhances breast cancer cell killing via H2O2-induced metabolic
oxidative stress, and suggests that this biochemical rationale may be effectively utilized to treat breast
cancers.
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Introduction
PTX, also known as taxol, is an effective chemotherapeutic agent that is used widely for the
treatment and management of breast carcinomas. PTX is routinely combined with
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anthracycline-based chemotherapy regimens to treat high-risk breast cancers but is also
effective as a single agent [1,2]. The mechanism by which PTX affects malignant cell division
is thought to include hyperstabilization of microtubules and inhibition of cytoskeletal
restructuring. These processes are thought to be essential during cell division [3,4]. The
inability of PTX to hyperstabilize microtubules has been associated with development of
resistance to this drug [5]. It has also been suggested that PTX can increase hydroperoxide
production causing oxidative stress [6], but the relationship of oxidative stress to the overall
mechanism by which PTX kills cancer cells is not well understood.

Glucose metabolism has been suggested to be an integral component of the intracellular
metabolic hydroperoxide detoxification pathways, and glucose deprivation-induced
cytotoxicity in breast cancer cells is believed to be, at least in part, mediated by metabolic
oxidative stress [7–9]. It has been hypothesized that cancer cells compensate for defects in
oxidative metabolism by increasing glucose metabolism to help detoxify hydroperoxides via
pyruvate and NADPH dependent reactions [7–8]. Since cancer cells demonstrate increased
utilization of glucose, as well as increased steady-state levels of hydroperoxides [7–8], we
hypothesized that inhibitors of glucose and hydroperoxide metabolism would enhance the
susceptibility of cancer cells to chemotherapeutic agents [i.e. PTX] thought to act via metabolic
oxidative stress.

2DG is a glucose analog that is able to competitively inhibit glucose uptake and metabolism
[9]. Since PTX and 2DG have both been suggested to kill cancer cells via oxidative stress, the
current experiments were designed to determine if treatment of human breast carcinoma cells
with 2DG could enhance the cytotoxicity of PTX via increases in metabolic oxidative stress,
as well as demonstrate the involvement of reactive oxygen species (ROS; H2O2 and O2

•−) in
the observed effects.

The results of the current studies show that treatment of both T47D and MDA-MB231 human
breast cancer cells with the combination of 2DG and PTX leads to increases in parameters
indicative of oxidative stress [i.e. H2O2 and GSSG] and enhanced cancer cell killing. An
inhibitor of glutathione synthesis, BSO, further sensitized human breast cancer cells to the
toxicity of 2DG+PTX. Furthermore, the non-specific thiol antioxidant [NAC], as well as
specific scavengers of H2O2 and O2

•− [catalase and superoxide dismutase, respectively],
inhibited the increased cell killing seen with 2DG+PTX. These findings strongly support the
hypothesis that the combination of 2DG and PTX leads to increased cytotoxicity via enhanced
metabolic oxidative stress. These results also support the hypothesis that combined modality
cancer therapies designed to inhibit glucose and hydroperoxide metabolism, while increasing
pro-oxidant production with commonly used chemotherapeutic agents, may provide a useful
biochemical rationale for the treatment of breast cancer.

Experimental Procedures
Cell Culture and Treatments

MDA-MB231 and T47D human breast cancer cells were obtained from the American Type
Culture Collection [Manassas, VA] and maintained in RPMI 1640 media supplemented with
10% fetal bovine serum [FBS; Hyclone, Logan, UT]. Normal (non-immortalized) human
mammary epithelial cells (HMEC) were purchased from Clonetics (East Rutherford, NJ) and
maintained in MEBM media (Clonetics). GM00038 normal skin fibroblasts were obtained
from the Coriell Institute [Camden, NJ] and maintained in Eagle’s Minimum Essential Medium
with Earle’s salts supplemented with 10 % FBS, L-glutamine, vitamins, essential and non-
essential amino acids. Cell cultures were maintained in 5% CO2 and air in a humidified 37 °
C incubator in the presence of antibiotics [0.1% gentamycin]. 2-Deoxy-D-glucose [2DG], N-
acetyl-cysteine [NAC], L-buthionine-[S, R]-sulfoximine, diphenyleneiodium [DPI] and
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apocynin [APO] were obtained from Sigma [St. Louis, MO]. Paclitaxel [PTX] was purchased
from Mayne Pharma Incorporated [Mulgrave, Australia]. Drugs were added to cells at the final
concentrations of 20 mM 2DG, 20 mM NAC, 10 μM DPI, 10 μM APO, 1 mM BSO, and 0.1
μM PTX. Stock solutions of 1 M NAC [in 1 M sodium bicarbonate pH 7.4] were added directly
to the cell cultures to obtain the desired concentration. Stock solutions of 1 mM APO and 1
mM DPI were dissolved in dimethylformamide and dimethyl sulfoxide, respectively, with the
final concentration of 0.1% in media (vehicle alone controls were also included). Stock
solutions of 1 mM PTX, 0.1 M BSO and 1 M 2DG, were dissolved in PBS and the required
volume was added directly to the cells to achieve the desired final concentrations. The
fluorescent dyes, oxidation sensitive MitoSOX [2 μM] and 5- [and-6]-carboxy-2′, 7′-
dichlorodihydrofluorescein diacetate [CDCFH2; 10 μg/ml], as well as the oxidation insensitive
5- [and-6]-carboxy-2′, 7′-dichlorofluorescein diacetate [CDCF; 10 μg/ml] and Mito\Tracker
green [100 nM], were purchased from Molecular Probes [Eugene, OR], dissolved in DMSO,
and added at a final concentration of 0.1% DMSO. Polyethylene glycol [PEG], polyethylene
glycol catalase [PEG-CAT], and polyethylene glycol superoxide dismutase [PEG-SOD] were
purchased from Sigma [St. Louis, MO] and added at the final concentration of 100 U/ml. PEG
alone at the same concentration (18 μM) was added as the control.

Pro-oxidant Production
Pro-oxidant production was determined using the oxidation-sensitive 5- [and-6]-carboxy-2′,
7′-dichlorodihydrofluorescein diacetate [CDCFH2; 10 μg/ml] and the oxidation insensitive 5-
[and-6]-carboxy-2′, 7′-dichlorofluorescein diacetate [CDCF; 10 μg/ml] fluorescent probes
[dissolved in DMSO] as described previously [9].

Clonogenic Cell Survival
Attached and floating cells in the experimental dishes were collected after trypsinization with
1x trypsin-EDTA [CellGro, Herndon, VA], centrifuged, re-suspended in fresh media, and
counted using a Coulter Counter. Cells were then plated at low density and clones were allowed
to grow for 14 days in complete media in the presence of 0.1% gentamycin. Cells were then
fixed with 70% ethanol and stained with Coomassie Blue dye for analysis of clonogenic cell
survival as previously described [10].

Glutathione Assay
Cell pellets collected from human breast cancer cells after various treatments were pipette-
homogenized in 50 mM PO4 buffer pH 7.8 containing 1.34 mM diethylenetriaminepentaacetic
acid [DETAPAC buffer]. Total glutathione content was determined using the Anderson method
[11]. To distinguish reduced glutathione [GSH] and glutathione disulfide [GSSG], 2 μl of a
1:1 mixture of 2-vinylpyridine and ethanol was added per 30 μl of sample and assayed as
described previously [12]. All glutathione determinations were normalized to the protein
content of whole homogenates using the method of Lowry et al. [13].

HPLC NAC Measurements
Cell pellets were thawed and homogenized in DETAPAC buffer, while the protein was
determined using the method of Lowry et al. [13]. First, the thiols in the 20 μl of samples were
derivatized by adding 230 μl Nanopure water [Barnstead-Thermolyne Corp., Dubuque, IA]
and then 750 μl of 0.5 mM 9-Acetoxy-2-[4-[2,5-dihydro-2,5-dioxo-1H-pyrrol-1-yl]phenyl]-3-
oxo-3H-naphtho{2,1-b}pyran [ThioGlo-3; dissolved in acetonitrile; Covalent Technologies,
Inc., Walnut Creek, CA]. After 5 minutes at 37°C, the samples were acidified by adding a 1:6
dilution of 12 N HCl, in order to achieve a pH of 2.5. Samples were then filtered through 0.45
μm nylon syringe filters and separated on a Shimadzu high-pressure liquid chromatography
[HPLC] system. The isocratic solvent system that was used as a mobile phase included 65%
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acetonitrile, 35% water with 0.05% glacial acetic acid and 0.05% of 85% O-phosphoric acid
with a flow rate of 0.5 ml/min and a fluorescent detector with excitation/emission wavelengths
of 365 and 445 nm, respectively. Shimadzu Class VP software was used to obtain and analyze
the data. NAC levels were normalized to the protein content of whole-cell homogenates.

Confocal Microscopy
Localization of superoxide production in cells was visualized using confocal microscopy.
MDA-MB231 cells [200,000 cells] were plated on microscope slides and after 6 hours, treated
with 20 mM 2DG and 0.1 μM PTX. After 24-hours, monolayer cultures were washed with
PBS and then labeled with MitoSOX red (Molecular Probes) [2 μM; 0.11% DMSO] and
MitoTracker green [100 nM; 0.11% DMSO] for 20 min in PBS [containing 5 mM pyruvate]
at 37°C. Cells were analyzed using Zeiss LSM 510 confocal laser-scanning system [excitation
488 nm and 543 nm]. Images were acquired with a 63 X 1.4 NA Apochromat objective [Zeiss].
For quantification of fluorescence intensities, non-saturated images were taken with a full-open
pinhole. During multi-channel imaging, each fluorescent dye was imaged sequentially in the
frame-interlace mode to eliminate cross-talk between the channels. Images were acquired using
4 slices at the depth of 0.5 μm and all image processing was performed using the Zeiss LSM
5 Image Examiner software with identical background and gain settings. Six to eight areas
were randomly picked and the representative images were collected.

Statistics
Statistical analysis was performed using GraphPad Prism version 4.0 for Windows [GraphPad
Software, San Diego, CA]. To determine differences between three or more means, one-way
or two-way ANOVA test was done with Tukey’s post-hoc analysis. Error bars represent
standard error of the mean [SEM] unless otherwise specified. P-values <0.05 were accepted
as statistically significant.

Results
The final concentration of 20 mM 2DG was chosen for cell culture experiments to ensure
maximal competitive inhibition of glucose metabolism in RPMI culture medium containing
11 mM glucose and 0.1 μM PTX was chosen as a clinically relevant drug dose that can be
easily achieved in humans [1,2,9]. When MDA-MB231 and T47D cells were assayed for cell
growth in the presence of 20 mM 2DG, 0.1 μM PTX or 2DG+PTX for 0–48 hours, cells treated
with 2DG+PTX experienced the largest growth inhibition relative to the control cells [data not
shown]. These differences in growth were most significant at 48 hrs time when comparing the
untreated cells to 2DG-, PTX- and 2DG+PTX-treated cells [data not shown]. Due to the fact
that more cells remained attached to the culture dishes at 24 hours, relative to 48 hours, the 24
hour time point was selected for subsequent experiments when examining the mechanisms
responsible for drug-induced cytotoxicity.

Treatment of exponentially growing MDA-MB231 and T47D cells with 20 mM 2DG or 0.1
μM PTX for 24 hours caused a significant decrease in cell survival (20–25% and 60–70%,
respectively) compared to the control cells, but the combination of 2DG+PTX resulted in the
greatest increase in clonogenic cell killing [90–95% of MDA-MB231 and T47D] when
compared to either agent alone [Fig 1A]. These results support the conclusion that the toxicity
of 2DG+PTX is at least additive in these human breast cancer cell lines [Fig 1A].

To determine if oxidative stress mediated by H2O2 was contributing to 2DG+PTX-induced
cytotoxicity, steady-state levels of H2O2 were assayed by measuring catalase [a specific
H2O2 scavenger] inhibitable oxidation of 5- [and-6]-carboxy-2′, 7′-dichlorodihydrofluorescein
diacetate [CDCFH2]. When MDA-MB231 and T47D cells were exposed to 0.1 μM PTX or
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2DG+PTX for 24 hours in the absence [Fig 1B] and presence [Fig 1C] of 100 U/ml PEG-CAT
significant 3- and 5-fold increases [relative to the control cells] in PEG-CAT inhibitable probe
oxidation [indicative of increases in steady-state H2O2] were observed [Fig 1D]. In the control
and 2DG groups approximately 33–50% of the signal is inhibitable by PEG-CAT indicating
that in these treatment groups 33–50% of the MFI is mediated by H2O2, depending on the cell
line. In the PTX and 2DG+PTX groups 67–80% of the signal is inhibitable by PEG-CAT
indicating that in these treatment groups 67–80% of the signal is mediated by H2O2. Most
importantly, in the presence of PEG-CAT none of the treatment groups differ from their
respective control strongly supporting the conclusion that all the drug induced differences
between the treatment groups were mediated by H2O2. Interestingly, steady-state levels of
probe oxidation both in the presence and absence of PEG-CAT detected with this assay were
significantly higher in T47D cells than in MDA-MB231 cells [Fig 1B–D]. Since T47D cells
also consumed significantly higher levels of glucose than MDA-MB231 cells [data not shown],
these results may suggest that intracellular steady-state levels of H2O2 could be greater in cells
with a greater requirement for glucose metabolism, but a rigorous analysis of this relationship
goes beyond the scope of the current experiments.

To ensure that changes in CDCFH2 fluorescence measured in Figure 1B–D were detecting
changes in probe oxidation, and not changes in cell size, probe uptake, ester cleavage of the
probe, and probe efflux [independent of changes in probe oxidation] the previous experiments
were repeated using the oxidation insensitive analog of CDCFH2 [CDCF]. The data in Figure
1E show no differences among treatment groups when the cells were labeled with CDCF, which
supports that conclusion that changes fluorescence that were being detected in Figures 1B–D
were caused by changes in the oxidation of CDCFH2. Overall, the results in Figure 1B–E
strongly support the conclusion that treatment of cells with PTX or PTX+2DG caused
significant increases in steady-state levels of intracellular H2O2 in both human breast cancer
cell lines.

In order to determine the role of ROS (i.e., H2O2 and O2
•−) in cell killing induced by 2DG

+PTX, MDA-MB231 and T47D cells were treated with 20 mM 2DG + 0.1 μM PTX for 24
hours in the presence and absence of 100 U/mL PEG-CAT and/or PEG-SOD [a specific
O2

•− scavenger]. PEG-CAT was found to modestly inhibit 2DG- or PTX-induced clonogenic
killing [data not shown]. In addition, PEG-CAT significantly inhibited the toxicity of 2DG
+PTX in both MDA-MB231 and T47D cells [Fig 2A]. However, PEG-CAT appeared to protect
the T47D breast cancer cells more effectively than the MDA-MB231 cells [Fig 2A]. PEG-SOD
alone only modestly protected cells from 2DG+PTX but the combination of PEG-CAT+PEG-
SOD completely protected both MDA-MB231 and T47D from clonogenic cell killing induced
by 2DG+PTX [Fig 2A] during the 24 hour treatment interval. In contrast, PEG alone [not
conjugated to the enzymes] did not protect cells from 2DG+PTX [Fig 2A]. Finally, when PEG-
CAT was boiled to inactivate the enzyme, it no longer protected cells from 2DG and/or PTX
toxicity [data not shown] indicating that enzymatic activity of catalase was required to produce
the effect. These results support the conclusion that H2O2 and O2

•− are responsible for the
enhanced cytotoxicity seen when early exponential growth phase human breast cancer cells
are treated with 2DG+PTX.

Previous studies using MCF-7 and HL-60 cells have suggested that the source of ROS
production during PTX exposure might be the membrane bound NADPH oxidase enzyme
[15]. To determine the contribution of NADPH oxidase enzymes to ROS production in our
model system, MDA-MB231 human breast cancer cells were treated with NADPH oxidase
inhibitors, 10 μM APO [A] or 10 μM DPI [B] for 24 hours, in the presence of 2DG and/or PTX
[21–23]. The results in Supplemental Figure 1 demonstrate that neither APO [10 μM] nor DPI
[10 μM] protected cells from clonogenic cell killing mediated by PTX or 2DG+PTX. These
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results support the conclusion that in our model system NADPH oxidase enzymes did not
contribute to the cytotoxicity of PTX or 2DG+PTX.

To determine whether mitochondria contributed to ROS production during exposure to 2DG
+PTX, confocal microscopy was used to visualize mitochondria using MitoTracker green (100
nM), and the O2

•− production was visualized by measuring MitoSOX red [Fig 2B] in MDA-
MB231 cells. In Figure 2B [a] the red signal shows that, although the oxidation of MitoSOX
occurred in every treatment group, prominent probe oxidation was observed in cells treated
with PTX or 2DG+PTX. Furthermore the MitoTracker green signal [Fig 2B(b)] co-localized
very well with the MitoSOX red oxidation signal [Fig 2B(c)] producing yellow signal. These
results support the hypothesis that intracellular O2

•− production in cells treated with 2DG and/
or PTX originated from mitochondria [Fig 2B].

To determine if disruptions in glutathione metabolism were involved in the oxidative stress
and toxicity caused by 2DG+PTX, levels of total glutathione [GSH] and glutathione disulfide
[GSSG] were measured in MDA-MB231 and T47D cell homogenates. When MDA-MB231
and T47D cells were treated for 24 hours with 20 mM 2DG or 0.1 μM PTX, 1.5- to 2.0-fold
increases in total GSH content, were noted [Fig 3A]. Treatment of MDA-MB231 and T47D
cells with the combination of 2DG+PTX resulted in 2.3- to 3.4-fold increases, respectively, in
the levels of total GSH [Fig 3A]. Interestingly, in T47D breast cancer cells, the basal levels of
total GSH that were significantly higher relative to MDA-MB231 [Fig 3A] consistent with the
increased steady-state levels of H2O2 detected in these cells [Fig 1B]. Most importantly, MDA-
MB231 cells treated with 2DG, PTX, or 2DG+PTX showed 3-fold, 5-fold, and 7-fold increases
in GSSG, respectively, compared to the untreated cells [Fig 3B]. Since glutathione represents
the major small molecular weight soluble thiol in cells, these results showed that 2DG or PTX
are capable of inducing oxidative stress, as evidenced by increases in GSSG, and cells
attempted to compensate for this by increasing the synthesis of GSH. Furthermore, the
combination of 2DG+PTX appeared to enhance the severity of oxidative stress as well as
cytotoxicity in MDA-MB231 breast cancer cells (Figures 3B and 1A). Interestingly, GSSG
levels were below detection limits in T47D cells [data not shown]. To determine if undetectable
GSSG levels in T47D cells could be attributed to altered glutathione reductase [GR] activity,
GR levels were compared in both cell lines using the method described by Mavis and
Stellwagen [14] and found to be three times higher in T47D cells than in MDA-MB231 cells
[data not shown].

To determine if glutathione metabolism significantly contributed to 2DG+PTX-induced
cytotoxicity, MDA-MB231 and T47D cells were treated with 1 mM BSO [an inhibitor of GSH
synthesis] 1 hr before and during exposure to 10 mM 2DG and 0.05 μM PTX [Fig 4A]. BSO
significantly enhanced clonogenic cell killing in the presence of 2DG+PTX [Fig 4A] as well
as depleted total GSH at least 70% and inhibited drug-induced increases in total GSH [Fig 4B].
Interestingly, depletion of total GSH in MDA-MB231 cells with BSO resulted in the remaining
fraction of total glutathione being nearly all in the disulfide form (Figure 4C). Also combining
BSO with 2DG+PTX also enhanced endpoints indicative of oxidative stress in MDA-MB231
cells, as evidenced by significant increases in %GSSG [Fig 4C]. These results support the
conclusion that compromising the metabolism of glutathione with an inhibitor of glutathione
synthesis significantly enhances the toxicity of 2DG+PTX by a mechanism involving oxidative
stress.

To determine if a non-specific thiol antioxidant, NAC, could protect human breast cancer cells
from 2DG+PTX-induced toxicity, MDA-MB231 and T47D cells were treated with 20 mM
NAC, 20 mM 2DG, 0.1 μM PTX and/or 1 mM BSO for 24 hours. Figures 5A and 5B show
that NAC was able to enter the cells in the reduced form and protect them from 2DG+PTX-
induced toxicity. Most importantly, NAC was also able to inhibit 2DG+PTX+BSO-mediated
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toxicity and suppress increases in %GSSG without reversing the effects of BSO on GSH
depletion [Fig 5C–D]. These results indicate that NAC inhibits metabolic oxidative stress
associated with 2DG+PTX+BSO independent of increasing GSH levels, supporting the
hypothesis that NAC is augmenting intracellular thiol antioxidant pools and inhibiting thiol
oxidation reactions that do not depend entirely on the metabolism of GSH. These findings
continue to support the conclusion that metabolic oxidative stress plays a causal role in 2DG
+PTX+BSO-mediated breast cancer cell killing.

In order to determine if normal cells were sensitized to PTX-induced cell killing by 2DG,
normal human skin fibroblasts [GM00038] and normal human mammary epithelial cells
[HMECs] were treated with 20 mM 2DG and/or 0.1 μM PTX for 24 hours. Supplemental Figure
2 demonstrates that at the doses tested, using the same protocol as was used for the cancer cells,
neither 2DG nor PTX [in the presence or absence of 2DG] caused clonogenic cell killing in
the GM00038 normal human fibroblasts cells. Surprisingly, 2DG significantly enhanced the
percentage of cells capable of forming colonies in the presence and absence of PTX, relative
to the vehicle controls (Supplemental Figure 2). When the experiment was repeated with
HMECs treated with 20 mM 2DG and/or 0.1 μM PTX for 24 hours in the presence and absence
of 1 mM BSO, treatment with 2DG alone caused no significant clonogenic cell killing and
PTX caused 40–50% clonogenic cell killing in these normal human mammary epithelial cells
(Figure 6A). In contrast to what was seen in human breast cancer cells (Figure 1A), HMECs
did not demonstrate additive toxicity when treated with 2DG+PTX (Figure 6A). Most
importantly, when HMECs were treated with 2DG+PTX+BSO no significant cell killing was
noted and 2DG+BSO appeared to protect HMECs from PTX-induced clonogenic cell killing
[Fig 6A]. Overall, the findings in supplemental Figure 2 and Figure 6A clearly support the
hypothesis that the 2 normal human cell types (GM00038 fibroblasts and HMECs) are far less
susceptible to clonogenic cell killing mediated by the interaction of 2DG+PTX in the presence
and absence of BSO when compared to the 2 human breast carcinoma cell lines (Figure 1 and
4).

Discussion
Although the mechanism by which PTX kills cancer cells is thought to involve the
hyperstabilization of microtubules and inhibition of cytoskeletal restructuring associated with
mitosis, metabolic oxidative stress has also been suggested to play a role in the antitumor effects
of PTX [1–3]. It has been proposed by other authors that PTX can increase production of
hydroperoxides and cause oxidative stress in human lung cancer cells and breast cancer cells
[6,15]. Furthermore, in a report by Alexandre et al. a significant induction of H2O2 release at
1 hour of PTX treatment was noted in A549 lung cancer cells [15]. Also consistent with this
hypothesis, treatment of human lung and breast cancer cells with PTX was shown to cause
increases in endpoints indicative of oxidative stress [6,15]. Furthermore, the thiol antioxidants,
NAC and reduced GSH, have been found by other authors to protect human lung cancer cells
from the toxicity of PTX, and catalase was found to protect bystander cells from the toxicity
of PTX [6,15]. These results all support the hypothesis that PTX may mediate its cytotoxic
effects in cancer cells via the production of ROS such as hydrogen peroxide. However a
definitive data demonstrating the relative involvement of H2O2 and O2

•− in the toxicity of PTX
as well as data showing that inhibitors of glucose and hydroperoxide metabolism can enhance
the toxicity of PTX via H2O2-induced oxidative stress are lacking.

It has been suggested that cancer cells demonstrate increased steady-state levels of
hydroperoxides, relative to normal cells, because of defects in oxidative metabolism [8,16–
19]. Cancer cells have been hypothesized to increase glucose metabolism in order to detoxify
hydroperoxides via direct deacetylation reactions with α-keto acids [such as pyruvate formed
during glycolysis], as well as through regeneration of NADPH [from the pentose cycle] which
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acts as a co-factor for the glutathione and thioredoxin dependent peroxidase systems [8, Fig
6B]. The increased dependency of cancer cells on glucose and hydroperoxide metabolism for
detoxification of hydroperoxides could represent a potential target when attempting to
selectively sensitize cancer cells to therapeutic agents that induce oxidative stress. From this
model [Fig 6B] we predicted that treating human breast cancer cells with inhibitors of glucose
and hydroperoxide metabolism [2DG and BSO] in combination with a chemotherapeutic agent
[PTX] that induces oxidative stress would significantly enhance breast cancer cell killing.

In order to determine if inhibition of glucose metabolism sensitized human breast cancer cells
to the cytotoxicity and oxidative stress induced by exposure to PTX, MDA-MB231 and T47D
clonogenic survival was measured after treatment of early, exponentially growing cultures with
20 mM 2DG and/or 0.1 μM PTX for 24 hours. It was observed that treatment of both breast
cancer cell lines with 2DG and PTX alone decreased clonogenic cell survival but the
combination of 2DG+PTX resulted in at least additive toxicity [Fig 1A]. Furthermore,
increased steady-state levels of H2O2 were detected in both breast cancer cell lines treated with
PTX and 2DG+PTX suggesting that metabolic oxidative stress mediated by H2O2 could be
contributing to the cytotoxicity of this drug combination [1B-D]. When the cells were exposed
to 2DG+PTX in the presence and absence of PEG-CAT [specific scavenger of H2O2] and PEG-
SOD [specific scavenger of O2

•−] the results showed that PEG-CAT provided the most
protection from 2DG+PTX-induced toxicity relative to PEG-SOD [Fig 2]. In addition, the
protection that was observed was due to catalase enzymatic activity and not the PEG, showing
that H2O2 was significantly contributing to the cytotoxicity of 2DG+PTX [Fig 2]. Interestingly,
the combination of PEG-CAT+PEG-SOD was more effective at protecting MDA-MB231 cells
than either enzyme alone, strongly suggesting that both H2O2 and O2

•− were contributing to
2DG+PTX toxicity, as has been previously suggested for 2DG treatment in human head and
neck cancer cells [20] as well as glucose deprivation in human prostate cancer cells [19].

To determine the origin of H2O2 and O2
•− responsible for the toxicity of 2DG+PTX, NADPH

oxidase inhibitors were utilized and found to offer no protection from clonogenic cell killing
in our model system, suggesting that NADPH oxidase activity was not contributing to cell
killing induced during exposure to 2DG+PTX (Supplemental Figure 1). In the next series of
experiments the involvement of mitochondria in the ROS production seen during treatment
with 2DG+PTX was visualized using confocal microscopy to monitor the site of MitoSOX red
oxidation as a marker for intracellular O2

•− production in combination with MitoTracker green
as a marker for mitochondrial localization [Figure 2B]. Oxidation of the MitoSOX probe was
most prominent in the PTX- and 2DG+PTX-treated cells and co-localized with MitoTracker
green, indicating that these treatments cause an increase in intracellular O2

•− production
localized to mitochondria [Figure 2B]. These results support the hypothesis that mitochondria
may be the major source of pro-oxidant [H2O2 and O2

•−] production during 2DG and/or PTX
exposure. These findings are consistent with a report by Varbiro et al. [24], showing that PTX
increased ROS production in isolated mitochondria. In this previous report, the authors propose
that PTX-induced mitochondrial ROS production was greater in the lipid phase relative to the
aqueous phase, suggesting that the ROS induced by PTX were localized mainly to the
mitochondrial membrane [24].

To confirm that metabolic oxidative stress was involved in 2DG+PTX-induced toxicity, as
well as to probe the involvement of cellular thiols in the response, total glutathione [GSH
+GSSG] and glutathione disulfide [GSSG] were also measured. Total GSH and GSSG levels
were found to be significantly increased in human breast cancer cells treated with 2DG+PTX
[Fig 3A-B]. Since GSH is the most abundant soluble thiol in cells and functions as a cofactor
for peroxide and electrophile detoxification through the activity of GPx and glutathione-S-
transferase enzymes [25–27], increases in the levels of total GSH could represent an attempt
by the 2DG+PTX-treated cells to enhance their peroxide [or electrophile] metabolic capability
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in response to oxidative stress [8,19,25]. In addition, the fact that GSSG accumulates [a product
of the GPx reaction with hydroperoxides] supports the hypothesis that GSH-dependent
hydroperoxide metabolism may be compromised and the recycling of GSSG back to GSH
via GR may be limited in cells treated with 2DG+PTX [28]. An equally viable alternative to
this hypothesis which is also consistent with the current observations, is that 2DG+PTX
enhances endoplasmic reticulum (ER) stress, resulting in ER calcium release, activation of
mitochondrial ROS production, and tumor cell killing via oxidative stress [29–31]. Regardless
of the exact pathway leading to H2O2-mediated oxidative stress, the results in the current report
are all consistent with the hypothesis that 2DG+PTX treatment is inducing oxidative stress and
thiol oxidation in human breast cancer cells that significantly contributes to clonogenic cell
killing.

BSO is a relatively specific inhibitor of glutamate cysteine ligase [GCL; the rate-limiting
enzyme in GSH synthesis; 27, 32] that has been tested in clinical trials as a chemosensitizing
agent [32]. Based on our observation that GSH content was apparently increasing during
treatment with 2DG+ PTX, it was reasoned that inhibition of GSH synthesis with BSO in
combination with 2DG or PTX could further increase oxidative stress and cytotoxicity in
human breast cancer cells. In support of this hypothesis, treatment with 2DG+PTX+BSO was
found to inhibit the synthesis of GSH, enhance toxicity, and cause a significant increase in the
%GSSG in human breast cancer cells, relative to cells treated with 2DG+PTX [Fig 4].
Interestingly, BSO alone also caused a significant increase in the %GSSG in breast cancer cells
and this is thought to be due to the inability of cancer cells to effectively recycle GSSG to GSH
in the presence of BSO due to relatively high steady-state levels of metabolic production of
ROS [28]. Because 2DG and BSO are well-tolerated and relatively non-toxic agents [32–35],
combining them with a chemotherapeutic agent [PTX] that increases steady-state levels of
H2O2 could represent an effective means of selectively targeting breast cancer cells for killing
via a mechanism involving metabolic oxidative stress, while allowing for a reduction in the
systemic dose of the chemotherapeutic agent being used.

In order to establish that oxidative stress was causally related to the enhanced cell killing seen
in the presence of BSO, cells were treated with 2DG+PTX+BSO in the presence of a non-
specific thiol antioxidant, NAC. The results in Figure 5 showed that NAC inhibited cell killing
as well as suppressed endpoints indicative of oxidative stress in breast cancer cells treated with
2DG+PTX+BSO [Fig 5]. Furthermore, it is clear that NAC suppressed the oxidative stress and
cytotoxicity caused by 2DG+PTX+BSO by inhibiting thiol oxidation reactions that are
independent of GSH synthesis, since GSH levels were nearly undetectable in 2DG+PTX+NAC
+BSO treated cells [Fig 5]. Overall, these results strongly support the conclusion that the
cytotoxicity and H2O2-mediated oxidative stress caused by 2DG+PTX in human breast cancer
cells can be significantly enhanced by inhibition of GSH synthesis via a mechanism that
appears to involve oxidative stress as well as thiol oxidation.

In conclusion, the current study supports the hypothetical relationships between cancer cell
cytotoxicity, glucose metabolism, prooxidant production, chemotherapeutic agents, and
cellular antioxidants that are illustrated in Fig 6B. Inhibition of breast cancer cell glucose
metabolism could enhance cytotoxicity and oxidative stress by limiting the recycling of
NADP+ to NADPH via the pentose phosphate pathway or by decreasing the formation of
pyruvate by glycolysis [19,28,36–40]. In addition, it is also possible that 2DG+PTX could
enhance ER stress, resulting in ER calcium release, activation of mitochondrial ROS
production, increased oxidative stress, and increased cytotoxicity [29–31]. Regardless of the
pathway leading to H2O2-induced oxidative stress the results presented in this report are
consistent with the biochemical rationale that inhibitors of glucose and hydroperoxide
metabolism can be combined with chemotherapeutic agents that increase H2O2 and O2

•−
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formation to provide an effective means for sensitization of malignant cells to metabolic
oxidative stress [Fig 6B;9,20,28].

Our study is also the first to report the differential susceptibility of human breast cancer cells
vs. normal human cells to clonogenic cell killing induced by 2DG+PTX in the presence and
absence of BSO [Supplemental Figure 2 and Figure 6A]. This point is critically important since
the efficacy of combined modality cancer therapies is in large part based upon the ability of
cytotoxic agents to selectively kill cancer vs. normal cells. If relatively non-toxic (to normal
cells) agents such as 2DG and BSO could selectively enhance oxidative stress in cancer cells,
then they could be combined with toxic agents (such as PTX) that induce oxidative stress to
selectively sensitize cancer vs. normal cells to oxidative stress induced cell killing while
causing less normal tissue injury. The current data set together with previous data showing that
breast cancer cells have significantly higher steady-state levels of H2O2 and O2

•− that
contributes to differential sensitivity of cancer vs. normal cells to 2DG-induced cell killing
[28], continues to support the hypothesis that the differential susceptibility of cancer cells to
2DG+PTX could be due to fundamental differences in oxidative metabolism that exist between
cancer vs. normal cells [8, 28]. Considering that PTX is already used widely in the treatment
of human cancers, our findings may provide a novel biochemical rationale for the development
of new combined modality therapies to enhance the therapeutic efficacy of PTX in the treatment
of breast cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

H2O2 Hydrogen peroxide

2DG 2-deoxy-D-glucose

BSO L-buthionine-S, R-sulfoximine

PTX paclitaxel

NAC N-acetyl-cysteine

PEG-CAT polyethylene glycol-conjugated catalase

PEG-SOD polyethylene glycol-conjugated superoxide dismutase

CDCFH2 5- [and-6]-carboxy-2′, 7′-dichlorodihydrofluorescein diacetate

CDCF 5- [and-6]-carboxy-2′, 7′-dichlorofluorescein diacetate

GSH reduced glutathione

GSSG glutathione disulfide
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Figure 1. Treatment of MDA-MB231 and T47D cells with 2DG+PTX enhances clonogenic cell
killing and increases pro-oxidant production
Cells were plated at 300,000–400,000 cells per 60-mm dish. [A] After 6 hours, cells were
treated with 20 mM 2DG and/or 0.1 μM PTX and incubated for 24 hours. Cells were then
collected for the clonogenic cell survival. The graphs represent the data from three independent
experiments. [B-D] Steady-state levels of H2O2 were determined using the PEG-CAT
inhibitable signal from the oxidation sensitive CDCFH2 probe and flow cytometry analysis.
Cells exposed to 20 mM 2DG and/or 0.1 μM PTX were either pre-treated [C] or not pre-treated
[B] with 100 U/mL PEG-CAT for 2 hours before and again during the labeling period. After
drug treatment, cells were trypsinized and harvested on ice, washed once and re-suspended in
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PBS on ice. Cells in panel [B] were labeled with the oxidation sensitive [CDCFH2] or in panel
[E] with the oxidation insensitive [CDCF] fluorescent probe for 15 minutes at 37°C. PEG-CAT
inhibitable mean florescence intensity (MFI) was calculated by subtracting the MFI values
measured in the presence of PEG-CAT from that measured in the absence of PEG-CAT [panel
D]. After labeling cells were placed on ice and analyzed by flow cytometry [excitation 488
nm, emission 585 nm]. The MFI of labeled cells was determined using 10,000 cells per sample
and then corrected for autofluorescence from unlabeled cells. [n=3]. *: P < 0.05 versus the
respective controls; **: P < 0.05 MDA-MB231 versus T47D cells.
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Figure 2. Treatment of MDA-MB231 and T47D cells with PEG-CAT+PEG-SOD protects from
2DG+PTX-mediated clonogenic cell killing
[A] Cells were plated and treated as in Figure 1. [A] Cells were treated in the presence and
absence of 18 μM PEG alone, 100 U/ml PEG-CAT and/or 100 U/ml PEG-SOD. Cells were
then harvested for the clonogenic cell survival assay. The graph represents the data from three
independent experiments. [B] Cells were plated [100,000–200,000 cells/dish] and treated as
in Figure 1. Cells were also labeled with MitoSOX [2 μM] and MitoTracker [100 nM] for 20
minutes at 37°C. Cells were then placed on ice and visualized using confocal microscopy. The
figure shows representative data from two separate experiments performed in duplicate. Cells
labeled red indicate MitoSOX oxidation; cells stained green indicate MitoTracker, and
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superimposed images in yellow indicate co-localization of MitoSOX and MitoTracker. *: P <
0.05 versus the respective controls; **: P < 0.05 MDA-MB231 versus T47D cells; Ψ: P < 0.05
versus respective 2DG+PTX.
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Figure 3. Total GSH and GSSG levels are significantly increased in human breast cancer cells
treated with 2DG+PTX
MDA-MB231 and T47D breast cancer cells were plated [2,000,000–3,000,000 cells/100-mm
dish] and allowed to recover from trypsinization for 6 hours. Cells were then treated with 20
mm 2DG and/or 0.1 μM PTX for 24 hours. After treatment, cells were scrape-harvested in cold
PBS and the pellets allowed to freeze/thaw before the samples were homogenized and various
assays were performed [n=3]. Results are presented in GSH equivalents per mg protein. Panels
[A] and [B] represent the measurements of total GSH [GSH+GSSG] and GSSG, respectively.*:
P < 0.05 versus the respective controls; **: P < 0.05 MDA-MB231 versus T47D cells.
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Figure 4. Oxidative stress and cytotoxicity induced by 2DG+PTX is significantly enhanced by
depleting GSH with BSO
[A] Cells were plated at 300,000–400,000 cells per 60-mm dish and incubated for 6 hours.
Cells were treated with 1 mM BSO 1 hour before and during 24-hour exposure to 10 mM 2DG
and/or 0.05 μM PTX. After treatment, cells were assayed for cell surviving fraction using the
clonogenic cell survival assay [n=3]. [B-C] MDA-MB231 and T47D breast cancer cells were
plated [2,000,000–3,000,000 cells/100-mm dish] and allowed to recover from trypsinization
for 6 hours. Cells were then treated with 20 mm 2DG and/or 0.1 μM PTX for 24 hours. After
treatment, cells were scrape-harvested in cold PBS and cell pellets allowed to freeze/thaw
before glutathione assay was performed [n=3]. Panels [B] and [C] represent the measurements
of total GSH [GSH+GSSG] and GSSG, respectively in GSH equivalents. *: P < 0.05 versus
the respective untreated control cells; **: P < 0.05 MDA-MB231 versus T47D cells; Ψ: P <
0.05 versus 2DG+PTX-treated cells.
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Figure 5. The thiol antioxidant, NAC, protect cells from clonogenic cell killing mediated by 2DG
+PTX
[A] Cells were plated and treated as in Figure 4 with 20 mM 2DG, 0.1 μM PTX, 1 mM BSO
or 20 mM NAC for 24 hours. After treatment, cells were assayed using the clonogenic cell
survival assay [n=3]. [B-D] For thiol analysis, MDA-MB231 and T47D breast cancer cells
were plated [2,000,000–3,000,000 cells/100-mm dish]. After 6–8 hours, cells were treated with
20 mm 2DG, 0.1 μM PTX, 1 mM BSO or 20 mM NAC for 24 hours. Following treatment,
cells were scrape-harvested using cold PBS and cell pellets allowed to freeze/thaw before
glutathione or HPLC assays were performed on homogenates [n=3]. Panel [B] represents
measurement of intracellular NAC by HPLC; Panels [C] and [D] represent measurements of
total GSH and GSSG, respectively. *: P < 0.05 versus the respective controls. **: P < 0.05
MDA-MB231 versus T47D; Ψ: P <0.05 versus the respective 2DG+PTX group; ND=not
detectable.
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Figure 6. PTX- and/or 2DG-induced clonogenic cell killing in HMECs (panel A) and a theoretical
model outlining potential mechanisms involved in the interaction between 2DG and PTX
[A] Cells were plated at 200,000 cells per 60-mm dish. After 6 hours, cells were treated with
20 mM 2DG, 0.1 μM PTX and/or 1 mM BSO and incubated for 24 hours. Cells were then
collected and plated for the clonogenic cell survival. The graphs represent the data of 5–6
cloning dishes counted from each treatment dish done in three independent experiments. *: P
< 0.05 versus the control. [B] 2DG competes with glucose for entry into cells and
phosphorylation by hexokinase into 2-deoxy-D-glucose-6-phosphate [2DG-6-P] and
glucose-6-phophate [G-6-P], respectively. G-6-P continues into the glycolytic pathway to
generate pyruvate, a known scavenger of hydrogen peroxide [H2O2], while 2DG-6-P is unable
to continue through glycolysis. G-6-P and 2DG-6-P can both proceed through the first step in
the pentose phosphate pathway via G-6-P dehydrogenase [G-6-PDH] to 6-
phosphogluconolactone and 6-phospho-2-deoxygluconolactone, respectively, leading to
regeneration of NADPH from NADPH+. However, 6-phospho-2-deoxygluconolactone cannot
proceed further in the pentose phosphate pathway. NADPH serves as the source of reducing
equivalents for the glutathione peroxidase/glutathione reductase [GPx/GR] and thioredoxin
peroxidase/thioredoxin reductase [TPx/TR] systems. The glutathione [GSH] and thioredoxin
[Trx] systems participate in the detoxification of H2O2 and other organic hydroperoxides. SOD
dismutes superoxide [O2

•−] to H2O2 and CAT or GPx (TPx) convert H2O2 to H2O. NAC
supplies cysteine, which reacts with L-glutamate to form γ–glutamyl-cysteine via glutamate
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cysteine ligase [GCL], which is inhibited by BSO. Glutathione synthetase [GS] converts γ–
glutamyl-cysteine to GSH.
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