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Inhibition of glycolysis using 2-deoxy-D-glucose (2DG, 20 mM, 24–48 h) combined with inhibition of the
pentose cycle using dehydroepiandrosterone (DHEA, 300 mM, 24–48 h) increased clonogenic cell killing
in both human prostate (PC-3 and DU145) and human breast (MDA-MB231) cancer cells via a mechanism
involving thiol-mediated oxidative stress. Surprisingly, when 2DGþDHEA treatment was combined with
an inhibitor of glutathione (GSH) synthesis (L-buthionine sulfoximine; BSO, 1 mM) that depleted
GSH490% of control, no further increase in cell killing was observed during 48 h exposures. In contrast,
when an inhibitor of thioredoxin reductase (TrxR) activity (Auranofin; Au, 1 mM), was combined with
2DGþDHEA or DHEA-alone for 24 h, clonogenic cell killing was significantly increased in all three human
cancer cell lines. Furthermore, enhanced clonogenic cell killing seen with the combination of DHEAþAu
was nearly completely inhibited using the thiol antioxidant, N-acetylcysteine (NAC, 20 mM). Redox
Western blot analysis of PC-3 cells also supported the conclusion that thioredoxin-1 (Trx-1) oxidation
was enhanced by treatment DHEAþAu and inhibited by NAC. Importantly, normal human mammary
epithelial cells (HMEC) were not as sensitive to 2DG, DHEA, and Au combinations as their cancer cell
counterparts (MDA-MB-231). Overall, these results support the hypothesis that inhibition of glycolysis
and pentose cycle activity, combined with inhibition of Trx metabolism, may provide a promising
strategy for selectively sensitizing human cancer cells to oxidative stress-induced cell killing.
& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
Introduction

Cancer cells, relative to normal cells, demonstrate up regulation
of glucose metabolism and a loss of regulation between glycolysis
and aerobic respiration [1–3]. Growing evidence supports the
hypothesis that tumor cells have altered mitochondrial metabo-
lism leading to increased steady-state levels of intracellular re-
active oxygen species (ROS) including superoxide (O2

��) and hy-
drogen peroxide (H2O2) [4–10]. It has also been hypothesized that
cancer cells compensate for increases in steady-state levels of ROS
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by increasing glycolysis and pentose cycle activity to provide re-
ducing equivalents for hydroperoxide metabolism (Fig. 1) [4–9].
Glucose provides electrons for hydroperoxide metabolism via the
activity of the pentose cycle to regenerate nicotinamide adenine
dinucleotide phosphate (NADPH) to serve as the electron donor for
glutathione (GSH) and thioredoxin (Trx) dependent peroxidase
activity as well as through glycolysis to form pyruvate that can
directly react to detoxify hydroperoxides through a decarboxyla-
tion reaction (Fig. 1) [8,11,12].

Consistent with the hypothesis that cancer cells have increased
glycolysis and pentose cycle activity as a mechanism of protection
against increased fluxes of hydroperoxides, inhibition of these
pathways through glucose deprivation is known to cause selective
oxidative stress and cytotoxicity in cancer cells versus normal cells
[9,13,14]. The glucose analog, 2-deoxyglucose, inhibits glycolysis
and cannot be fully oxidized in the pentose cycle, regenerating
only half as much NADPH as a molecule of glucose [15]. Previous
studies have demonstrated that 2DG treatment disrupts the
NADPþ/NADPH balance [16,17], is cytotoxic to tumor cells in vitro
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. The pathways involving glucose and hydroperoxide metabolism believed to be involved with protection of cancer cells from metabolic oxidative stress (inhibitors of
Trx and GSH metabolism are shown in italics). 2DG competes with glucose for uptake into the cells competitively inhibiting pyruvate production and the pentose cycle after
glucose-6-phosphate-dehydrogenase (G6PD). DHEA inhibits G6PD. The GSH and Trx dependent systems participate in the detoxification of H2O2 and organic hydroper-
oxides. NADPH is a source of reducing equivalents for the Trx/GSH-dependent systems. BSO inhibits glutamate cysteine ligase (γ-GCL) preventing glutathione synthesis.
Auranofin is the inhibitor of thioredoxin reductase (TrxR), which reduces the oxidized Trx to the reduced form. These inhibitors were used alone and in combination to
increase the cancer cell oxidative stress, resulting in cancer cell cytotoxicity.
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[18,19] and enhances the inhibition of tumor growth by agents
that kill cancer cells via an oxidative stress mechanism in vivo
[16,20,21].

Glucose-6-phosphate dehydrogenase (G6PDH) is the rate lim-
iting enzyme in the oxidation of glucose through the pentose
phosphate pathway. G6PDH catalyzes the chemical reaction of D-
glucose-6-phosphate to 6-phospho-D-glucono-lactone regenerat-
ing NADPH (Fig. 1) [22]. Studies have shown that G6PDH expres-
sion and activity is increased in tumor tissues compared with
normal cells [23,24] and is strongly related to cellular oxidative
stress responses [25]. Dehydroepiandrosterone (DHEA) is an en-
dogenous primate steroid precursor that has been shown to be an
inhibitor of mammalian G6PDH [26,27]. It has been shown that
treatment with DHEA leads to a 30–40% decrease of
NADPH/NADPþ ratio, which may compromise cellular hydroper-
oxide metabolism [26].

GSH and Trx are cellular thiol redox cofactors that participate in
redox sensitive signaling pathways, scavenging hydroperoxides
and allowing for the maintenance of cellular redox potential.
Studies have demonstrated that these antioxidant systems are up
regulated in multiple cancer types compared to matched non-
cancerous tissue [28–32]. In this regard up-regulation of GSH and
Trx metabolism in breast and prostate cancer is correlated with
disease progression and poor patient outcomes [29,32]. The rate
limiting step in GSH synthesis is glutamate cysteine ligase, which
is inhibited by buthionine sulfoximine (Fig. 1; BSO). Trx is main-
tained in the reduced state by thioredoxin reductase (Fig. 1; TrxR).
Auranofin (Au; Fig. 1) is a potent inhibitor of both cytosolic and
mitochondrial TrxR [33,34]. We have previously demonstrated
that simultaneous inhibition of the GSH and Trx pathways results
in cancer cell death via metabolic oxidative stress [35–37].

To determine drug combinations that were less toxic to normal
versus cancerous human cells that could selectively cause meta-
bolic oxidative stress induced cell-killing in cancer cells, the cur-
rent study focused on combining pharmacological agents that in-
hibit glycolysis and the pentose cycle (2-DG and DHEA) with in-
hibitors of thiol-dependent hydroperoxide metabolism (BSO and
Au). Treatment of human prostate and breast cancer cells with
either 2DG or DHEA was found to decrease clonogenic cell survival
and cell killing was further enhanced by combining both agents.
Although this decrease in cancer cell survival was associated with
disruptions in GSH metabolism, depleting GSH using BSO did not
further enhance clonogenic cell killing. In contrast, inhibiting Trx
metabolism using Au resulted in significantly increased clonogenic
cell death when combined with DHEA or 2DGþDHEA that was
reversed using NAC a small molecule thiol antioxidant. Im-
portantly, normal human mammary epithelial cells (HMEC) were
not as sensitive to 2DG, DHEA, and Au induced cell killing as their
cancer cell counterparts (MDA-MB-231). These results support the
hypothesis that cancer cells are more dependent on glucose as
well as hydroperoxide metabolism than are normal cells and that
combining inhibitors of glycolysis and the pentose cycle with Au
may represent a promising approach for selectively causing oxi-
dative stress-induced cell killing in breast and prostate cancer
cells.
Results

DHEA inhibits G-6-PDH activity and enhances 2DG cell killing in
breast and prostate cancer cells

We have previously determined that 2DG inhibits cancer cell
growth through an oxidative stress mechanism in multiple cancer
cell lines including MDA-MB231 breast cancer cells [20,35,37–39].
To test the hypothesis that an inhibitor of G6PDH could further
enhance metabolic oxidative stress caused by 2DG (Fig. 1) MDA-
MB231 breast cancer cells, PC-3 and DU145 prostate cancer cells
were treated with 2DG and/or DHEA for 24 and 48 h followed by
clonogenic cell survival assay (Fig. 2). DHEA inhibits the activity of
human recombinant G6PDH with an IC50 of �330 mM in vitro [27].
In the current studies 300 mM DHEA significantly inhibited G6PDH
activity 35–50%, in all three of the cancer cell lines (Table 1).
20 mM 2DG was used to ensure that a relevant ratio of 2DG to
glucose (E1.8) was used to competitively inhibit glucose meta-
bolism in the cells grown in RPMI 1640 medium, which contains
11 mM glucose. As expected, treatment with 2DG or DHEA de-
creased surviving fractions of all 3 cell lines by 10–20% or 20–40%
after 24 or 48 h, respectively (Fig. 2A–C). Interestingly, treating the
cells with DHEA in combination with 2DG significantly inhibited
clonogenic cell survival compared to treatment with 2DG or DHEA
alone, at both 24 and 48 h, in all three cancer cell lines tested
(Fig. 2A–C). These results support the hypothesis that simulta-
neous disruption of glucose metabolism using both a glycolysis
inhibitor (2DG) and an inhibitor of the pentose cycle (DHEA) en-
hanced cancer cell killing.



Fig. 2. Clonogenic cell survival curves for PC-3 cells (A), DU145 cells (B), and MDA-
MB-231 cells (C) treated with 2DG, DHEA, and BSO. 500,000–1,000,000 Cells were
plated in 60 mm dishes. After 24 h cells were treated with 20 mM 2DG, 300 mM
DHEA, and 1 mM BSO. Cells were collected for clonogenic survival assay at the 24,
and 48 h after the treatment started. Each measurement represents mean71 SD
from two experiments. *po0.001 difference versus control treatment, #po0.001
difference versus 2DG or DHEA treatment alone. One-way ANOVA was used with
Tukey's post-hoc analysis was used to test for statistical significance.

Table 1
G-6-PDH activity (mU/mg) on the PC-3, DU145, and MD-MB231 cells treated with
300 mM DHEA for 24 h.

Cell line G-6-PDH activity on
vehicle control (mU/
mg)

G-6-PDH activity on
DHEA treatment (mU/
mg)

% Inhibition

PC-3 81.776.0 53.4710.8 34.6
DU145 222.3720.4 114.572.0 48.5
MDA-MB231 66.372.6 40.174.6 39.5
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Disruption to GSH metabolism does not further increase cancer cell
killing

The GSH/glutathione disulfide (GSSG) redox couple is an
abundant thiol redox buffer in the cell and the ratio of GSH to
GSSG is considered a good indicator of intracellular redox status as
well as providing a source of reducing equivalents that protects
cells from oxidative stress. GSH levels were examined in the 3 cell
lines, 24 and 48 h after treatment with 2DG and DHEA (Fig. 3).
Glutathione levels varied from 5 to 10 nmol/mg of protein in these
cancer cell lines. Treatment with 2DG caused total GSH and GSSG
levels to rise at 24 h and/or 48 h, in all 3 cell lines (Fig. 3A and B).
DHEA treatment alone only increased GSH and GSSG levels in PC-3
cells at 48 h. As seen with 2DG alone, DHEA combined with 2DG
treatment significantly increased total GSH and GSSG by 48 h in all
3 cell lines except for GSSG in DU145 cells. As expected following
1 mM BSO treatment, total GSH decreased to r10% of control
(Fig. 3A). Furthermore GSSG was non-detectable in all cell lines
treated with BSO (data not shown). Surprisingly, adding 1 mM BSO
to the combination of 2DG and DHEA did not significantly enhance
clonogenic cell killing in any of the 3 cell lines tested at 24 or 48 h
(Fig. 2A–C). These results indicate that drug treatment causes
disruptions to GSH metabolism. However depletion of GSH does
not enhance clonogenic cell killing, suggesting that if drug treat-
ment was mechanistically related to thiol-disruptions, total GSH
content was not the critical factor determining toxicity.

Disrupting Trx metabolism with Au potentiates 2DG and DHEA cancer
cell killing

Trx provides the reducing equivalents for the metabolism of
hydroperoxides by peroxiredoxins (Prx) that plays an important
role in protecting cells from oxidative stress that complements the
GSH-dependent metabolism of hydroperoxides by glutathione
peroxidases (GPx) (Fig. 1). When PC-3 and MB-231cells were
treated with 1 mM Au for 24 h, TrxR activity was inhibited by 50–
80% (Po0.05, N¼3) compromising the ability of Trx and Prx
metabolism to scavenge hydroperoxides in cancer cells. Treating
PC-3 and MDA-MB231 cells with 1 mM Au for 24 h decreased
clonogenic survival by �30% while having no effect on DU145
cells (Fig. 4A–C). Combining Au with 2DG or with 2DGþDHEA
significantly increased cytotoxicity in all 3 cell lines compared to
2DG or 2DGþDHEA treatments, respectively (Fig. 4A–C). Inter-
estingly, Au combined with DHEA treatment also significantly in-
creased clonogenic cell death in all three cancer cell lines com-
pared to either drug treatment alone (Fig. 4A–C). These results
support the hypothesis that Trx-mediated metabolism of hydro-
peroxides is relatively more important than GSH metabolism to
protecting these cancer cells from oxidative stress induced by in-
hibition of glucose metabolism and the pentose cycle.

NAC protects cancer cells from clonogenic cell killing mediated by
DHEA and Au

NAC is a nonspecific thiol antioxidant that has been shown to
inhibit metabolic oxidative stress [14,35,37]. In the current study,
NAC (20 mM for 24 h) significantly inhibited clonogenic cell killing
in MDA-MB-231 and PC-3 cells treated with Au or the combination



Fig. 3. Effect of 2DG, DHEA and BSO treatment on glutathione levels in PC-3, DU145, and MDA-MB-231 cells. 1,000,000 Cells were plated into 100 mm dishes and after 24 h
treated with 20 mM 2DG, 300 mM DHEA, and 1 mM BSO. At the end of 24 and 48 h total glutathione (A) and glutathione disulfide (GSSG) (B) were measured using
spectrophotometric recycling assay. One way ANOVA with least significant difference (LSD) post-hoc analysis was performed resulting in *Po0.05, compared to control at
the same time point.
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of DHEAþAu (Fig. 5A and B). To further investigate the mechan-
isms by which NAC could act as a protective agent, redox Western
blots investigating oxidation of cytoplasmic Trx-1 were performed
(Fig. 5C and D). The results showed that DHEAþAu treatment
caused significant Trx-1 oxidation in PC-3 cells that was inhibited
by NAC (Fig. 5C and D). These data support the hypothesis that
cancer cells treated with DHEAþAu have increased oxidation of
intracellular thiols that is inhibited by treatment with NAC.
Au, 2DG, and DHEA demonstrate differential cell killing in normal
versus cancer breast epithelial cells

To investigate whether these drug combinations were selectively
toxic to MDA-MB-231 (human breast cancer) versus HMEC cells
(normal human untransformed breast epithelial), exponentially
growing cultures were exposed to combinations of 20 mM 2DG and
300 mM DHEA for 18 h followed by 1 mM Au for 15 min prior to



Fig. 4. Au treatment enhances cancer cell killing from 2DG and DHEA treatment in
PC-3 (A), DU145 (B), and MDA-MB-231 (C) cells. Cells were plated in 60 mm dishes
and treated with 2DG and DHEA as before with the addition of 1 mM Au for 24 h
after which clonogenic cell survivals assay was performed. One-way ANOVA was
used with Tukey's post-hoc analysis resulted in *po0.001 differences versus
control, #po0.01 versus all other experimental conditions without Au.
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clonogenic assay (Fig. 6). 2DG, Au, 2DGþAu, DHEAþAu and
2DGþDHEAþAu treatment groups were found to be significantly
more cytotoxic to MDA-MB-231 cells, relative to HMEC cells (Fig. 6).
These results demonstrate that drug treatments targeting inhibition
of glycolysis and pentose cycle activity, combined with inhibition of
thioredoxin metabolism are selectively cytotoxic to human breast
cancer cells versus normal breast epithelial cells.

Discussion

Cancer cells appear to have up regulated glycolytic metabolism
and demonstrate some alterations aerobic respiration [1–3].
A possible consequence of this altered cancer cell metabolism is
disruptions in mitochondrial electron transport chain activity
which could result in increased one-electron reductions of O2 to
form superoxide (O2

��), which can undergo dismutation reactions
to become H2O2[8,9,40,41]. Glucose metabolism via the pentose
phosphate pathway leads to the regeneration of NADPH and the
formation of pyruvate which have been shown to function in the
cellular peroxide detoxification pathways [8,9,42,43]. Both the
GSH and the Trx pathways which use cysteine thiol-disulfide ex-
change reactions in the detoxification of H2O2 and other hydro-
peroxides, use NADPH for a co-factor to regenerate the reduced
thiol (Fig. 1). These observations have led to the proposal that
tumor cells increase their glucose utilization to form NADPH and
pyruvate to compensate for the increased production of ROS (i.e.,
O2

�� and H2O2), which may be produced from abnormal mi-
tochondrial electron transport chain activity [8,9]. In support of
this idea it has been demonstrated that changes in G6PDH activity,
which is responsible for the regeneration of NADPH by the pentose
cycle, can alter steady-state levels of intracellular ROS [25]. This
suggests that inhibiting pentose cycle metabolism and peroxide
detoxification pathways could preferentially kill cancer cells via
metabolic oxidative stress. Consistent with this hypothesis, studies
have shown that inhibiting glycolysis either through glucose de-
privation or with 2DG preferentially induces increased cytotoxicity
and oxidative stress in transformed versus non-transformed cells
[8,9,14]. Interestingly, the clinically relevant inhibitor of glycolysis,
2DG, was found to cause less severe cancer cell cytotoxicity (re-
lative to glucose deprivation), presumably because 2DG can only
partially inhibit the pentose cycle since it is still a substrate for
G6PD [9,15].

Based on this background information, the current study as-
sessed cancer versus normal cell toxicity associated with si-
multaneous inhibition of glucose metabolism in both glycolysis
and the pentose cycle as well as the relative importance of GSH-
versus Trx-dependent peroxide metabolic pathways in the re-
sulting cell killing seen in human breast and prostate cancer cells.
2DG, DHEA, BSO and Au were chosen because they are well tol-
erated drugs in humans and they have the ability to inhibit the
glucose and/or hydroperoxide metabolism, as shown in Fig. 1.

The combination of 2DG and DHEA appeared to cause at least
additive cytotoxicity, as well as significant increases in total GSH
and GSSG in all cancer cells tested. Surprisingly, BSO treatment
depleted GSH levels but did not enhance 2DGþDHEA toxicity,
suggesting that, while thiol metabolism appeared disrupted, GSH
itself was not directly involved in the cytotoxic mechanism of the
drug combination. It was thought that other thiol redox systems
could be compensating for this stress and/or be more directly in-
volved in the cytotoxicity induced by 2DGþDHEA treatment.
Therefore, Trx metabolism was investigated for the role it might
play in 2DG and DHEA induced cytotoxicity.

The antirheumatic agent, Au at a dose which inhibited TrxR
activity by approximately 50–80%, resulted in a decrease in clo-
nogenic survival of PC-3 and MB231 cells but not DU145 cells. Au
treatment also enhanced the cytotoxicity of 2DG in all 3 cell lines.
Most interesting was the significant decrease in clonogenic sur-
viving fraction seen in all cancer cells when Au was combined with
DHEA treatment. This increased toxicity correlated with increased
Trx-1 oxidation status, suggesting that disruption to Trx metabo-
lism was casually related to the cytotoxic mechanism of the drug
combination. This hypothesis was further supported by the evi-
dence that NAC treatment was able to protect against cytotoxicity
as well as inhibit increases in the oxidation of Trx-1 seen with
DHEAþAu. Furthermore, Au treatment alone or in combination
with 2DG and/or DHEA caused increased clonogenic cell killing in
cancer cells (MDA-MB-231) versus normal cells (HMEC). These
results support the hypothesis that these drug combinations might



Fig. 5. NAC rescues cancer cells from the cytotoxicity induced by combined DHEA and Au. Cells were plated and treated as above with the addition of 20 mM NAC for 24 h to
select dishes followed by the clonogenic survival assay for PC-3 (A) and MB231 (B). Results were normalized to control and error bars represent mean71SD from two
different experiment treatment dishes. Each treatment dish was then plated into at least three cloning dishes each. One-way ANOVA with Tukey's post-hoc analysis resulted
in *po0.001 versus control, #po0.01 versus treatment without NAC. After 24 h treatment, PC-3 cells were also harvested for redox western blotting for oxidized and
reduced Trx-1 as described in methods (N¼4) (C). DTT and H2O2 were added during the final 10 min of incubation as positive and negative controls but were not included in
the quantitative analysis (C). Quantification of the treatment groups included in the immuno-blot was performed using ImageJ (N¼4) (D). One-way ANOVA followed by the
LSD post-hoc analysis was used to test for statistical significance (*po0.05).

Fig. 6. Effect of 2DG, DHEA and Au on normal breast HMEC cells versus breast
cancer MDA-MB-231 cells. Cells were plated and 24 h later treated with 20 mM
2DG and 300 mM DHEA for 17–18 h. 1 mM Au was added 15 min before cells were
collected for clonogenic assay. One-way ANOVA was used with Tukey's post-hoc
analysis resulted in *po0.001 when MD-MB231 cells are compared with the same
treatment groups in HMEC cells.
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be selectively toxic in cancer cells, providing a potential ther-
apeutic advantage for use as an adjuvant therapy.

DHEA is an endogenous hormone produced by the adrenal
glands that is present in young male athletes at approximately
0.18 mM [44] and decreases from that peak level with age. DHEA
supplementation has been investigated for many age related ill-
nesses. Doses of up to 200 mg/day have been given to large groups
of subject for up to a year with very few side effects however
supplementation results in at most a 25 fold increase in DHEA
levels which is still lower than the 300 mM dose needed for G6PD
inhibition [45]. There is active research looking for more potent,
less androgenic DHEA analogs [46–48] and non-steroid G6PD in-
hibitors for cancer treatment [27]. Au is a gold phosphine that has
been used safely in humans as an anti-rheumatoid arthritis drug
for three decades and is an excellent inhibitor of both cytosolic and
mitochondrial TrxR with an IC50 of 5–20 nM [33,34]. Arthritis
patients are typically given a dose of 6 mg/day orally which results
in steady state serum level of 0.44–2.8 mM [49,50] which is within
the range needed for TrxR inhibition. It has been reported that Trx-
1 levels are increased in several human tumors, and that higher
Trx-1 levels are associated with more aggressive tumor growth
[28,29,31]. We and others have shown that Au has antitumor ac-
tivity, both in vitro and in vivo when combined with agents that
increase oxidative stress [36,51–53]. This paper is the first to show
that Au combined with a G6PD inhibitor results in significant
enhancement of metabolic oxidative stress in cancer cells. These
results also support the hypothesis that simultaneous inhibition of
glycolysis and the pentose cycle [59] is selectively cytotoxic to
prostate and breast cancer cells by a pathway that can be further
enhanced by inhibition of Trx metabolism. These results support
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the speculation that combined modality cancer therapies designed
to increase metabolic oxidative stress and cancer cell killing by
inhibiting the pentose cycle as well as Trx-mediated hydroper-
oxide metabolism may provide a useful adjuvant for the treatment
of prostate and breast cancer.
Materials and methods

Cells and culture conditions

All the cancer cell lines were obtained from American Type
Culture Collection (Manassas, MA). Human prostate cancer cell
lines PC-3 and DU145, and human breast cancer cell line MDA-
MB231 were maintained in RPMI-1640 medium from Mediatech,
Inc. (Herndon, VA, USA) with 10% fetal bovine serum (FBS, Hy-
clone, Logan, Utah). Stock cultures were maintained in 5% CO2 and
21% O2 in a humidified 37 °C incubator in the absence of anti-
biotics. Normal non-immortalized human mammary epithelial
cells (HMEC) were purchased from Lonza (Walkersville, MD) and
the cells were maintained in MEBM media (Lonza), and were
cultured per vendor's instructions.

Drug treatment

2DG, DHEA, BSO, and NAC were obtained from Sigma Chemical
Co. (St. Louis, MO). Au was obtained from Axxora, LLC (San Diego,
CA). A final concentration of 20 mM 2DG, 300 mM DHEA, 1 mM
BSO, and/or 1 mM Au were added to cells cultures in exponential
growth. A stock solution of 1 M 2DG and 20 mM BSO was dis-
solved in phosphate-buffered saline (PBS), and 0.5 M DHEA were
dissolved in DMSO. 1 mM Au was dissolved in 100% ethanol. NAC
was dissolved in 1 M sodium bicarbonate (pH 7.0) immediately
prior to use. 2DG, DHEA, BSO, and NAC solutions were sterile fil-
tered prior to addition to cell cultures and the required volume
added directly to the media to achieve a final concentration as
mentioned above.

Clonogenic assays

Cells were plated in 60-mm tissue culture dishes at densities to
assure exponential growth for 24 h at which time 2DG, DHEA, BSO
and/or Au were added as specified in the legend of each figure.
Following treatment cells were trypsinized, counted and plated for
clonogenic cell survival assay. Briefly, cells were diluted and plated
at low densities, 200–2000 cells, in 60 mm dishes in complete
media with antibiotics (gentamycin, 50 mg/L), and allowed to
grow for 14 days. Surviving colonies were fixed with 70% ethanol
and stained with G250 Coomassie Blue and counted (450 cell
colonies were considered survivors). The surviving fraction was
defined as the number of colonies counted divided by the number
of cells plated. The normalized surviving fraction was defined as
surviving fraction of each dish divided by the average surviving
fraction from sham treated controls with at least 3 cloning dishes
per condition, repeated in at least 3 separate experiments (unless
otherwise noted in legend).

GSH/GSSG assay

Following treatment, cells were scraped and harvested in ice-
cold PBS and centrifuged at 4 °C. The supernatant was discarded,
and the cell pellets were frozen at �20 °C prior to biochemical
analysis. Pellets were thawed and homogenized in 50 mM po-
tassium phosphate buffer, pH 7.8, containing 1.34 mM DETAPAC.
Total glutathione content was determined by the method of An-
derson [54]. The yellow color of 5-thio-2-nitrobenzoic acid (TNB)
generated from GSH and DTNB was detected at 412 nm. The rate at
which color accumulates is proportional to the amount of total
glutathione. Reduced and oxidized glutathione were distinguished
by the addition of 2 ml 2-VP mixed 1:1 (v:v) with ethanol per 30 ml
of sample followed by incubation for 1 h and assayed as described
by Griffith [55]. Glutathione levels were normalized to the protein
content using the method of Lowry et al. [56].

G6PDH activity assay

The activity of glucose 6-phosphate dehydrogenase was mea-
sured by the method of Glock & McLean with minor modifications
[57]. Immediately prior to the assay, DETAPAC buffer was added to
the cell pellet and the mixture was sonicated at low power. The
reaction was started by adding 12 mM 6 Phosphogluconic Acid
(6PGA), 12 mM glucose-6-phosphate for the combined substrates
to 2 mM NADPþ solution and incubating at 37 °C for 2 min.
Samples were added to the reaction solutions and the spectro-
photometric activity was measured for 5 min at 340 nm. The
G6PDH activity is calculated by subtracting the absorbance for
6PGA alone from the combined substrate.

Thioredoxin reductase assay

Enzymatic activity of thioredoxin reductase was determined by
subtracting the time dependent increase in absorbance at 412 nm
in the presence of the TrxR activity inhibitor, aurothioglucose from
total activity, using the assay kit provided Sigma Chemical Co. (St.
Louis, MO). One unit of activity was defined as 1 mM TNB formed/
min mg protein.

Thioredoxin redox western

Trx-1 redox Western blots were done as described [58]. Briefly,
after 24 h treatment, cells were harvested by scraping directly into
G-Lysis buffer containing 50 mM of sodium iodoacetate (IAA, Sig-
ma I9148) pH 8.3, for a positive control for Trx-1 oxidation and
reduction, 2 mM DTT and 2 mM H2O2 were added to some plates,
incubated at 37 °C for 10 min prior to incubating with IAA. After
incubating with IAA at 37 °C for 30 min, excess IAA was removed
using desalting MicroSpin G-25 columns (GE Healthcare, Bio-Sci-
ences Corp., Piscataway, NJ) [58]. Protein concentration was then
determined using Bio-Rad protein assay dye reagent. 55 mg of
protein were loaded onto a 15% Ready-Gel (Bio-Rad). Gels were
electroblotted to a nitrocellulose membrane and probed for Trx-1
using an anti-Trx-1 primary antibody (American Diagnostica,
Greenwich, CT) and horseradish peroxidase-conjugated anti-goat
IgG secondary antibody, followed by chemiluminescent detection
(SuperSignal West Pico, Pierce) with X-ray film. Band integrated
densities were determined using imageJ software as described
[37].

Statistical analysis

Statistical analysis was done using GraphPad Prism version
4 for Windows (GraphPad Software, San Diego, CA). To determine
differences between 3 or more means, one-way ANOVA with Tu-
key's post-hoc analysis were performed. Error bars represent the
standard error of the mean. All statistical analysis was performed
at the Po0.05 level of significance.

Helsinki Declaration of 1975

All procedures performed are in accordance with the Helsinki
Declaration of 1975.



L. Li et al. / Redox Biology 4 (2015) 127–135134
Acknowledgements

The authors would like to thank the Radiation and Free Radical
Research Core Laboratory and Dr. Michael McCormick for their
technical support of the biochemical measurements. The authors
also thank Mr. Gareth Smith for help with making figures and
editorial assistance. The authors would also like to acknowledge
the support of NIH grants R01CA133114, R01CA182804,
R01CA100045, T32CA078586, R21CA139182, and P30CA086862.
References

[1] O. Warburg, On the origin of cancer cells, Science 123 (3191) (1956) 309–314.
http://dx.doi.org/10.1126/science.123.3191.309 13298683.

[2] G. Weber, Enzymology of cancer cells (first of two parts), New England Journal
of Medicine 296 (9) (1977) 486–492. http://dx.doi.org/10.1056/
NEJM197703032960905 319362.

[3] G. Weber, Enzymology of cancer cells (second of two parts), New England
Journal of Medicine 296 (10) (1977) 541–551. http://dx.doi.org/10.1056/
NEJM197703102961005 189189.

[4] L.W. Oberley, G.R. Buettner, Role of superoxide dismutase in cancer: a review,
Cancer Research 39 (4) (1979) 1141–1149 217531.

[5] L.W. Oberley, T.D. Oberley, G.R. Buettner, Cell differentiation, aging and cancer:
the possible roles of superoxide and superoxide dismutases, Medical Hy-
potheses 6 (3) (1980) 249–268. http://dx.doi.org/10.1016/0306-9877(80)
90123-1 6253771.

[6] I.B. Bize, L.W. Oberley, H.P. Morris, Superoxide dismutase and superoxide ra-
dical in Morris hepatomas, Cancer Research 40 (10) (1980) 3686–3693
6254638.

[7] E.L. Springer, Comparative study of the cytoplasmic organelles of epithelial cell
lines derived from human carcinomas and nonmalignant tissues, Cancer Re-
search 40 (3) (1980) 803–817 7193514.

[8] D.R. Spitz, J.E. Sim, L.A. Ridnour, S.S. Galoforo, Y.J. Lee, Glucose deprivation-
induced oxidative stress in human tumor cells. A fundamental defect in me-
tabolism? Annals of the New York Academy of Sciences 899 (2000) 349–362
10863552.

[9] N. Aykin-Burns, I.M. Ahmad, Y. Zhu, L.W. Oberley, D.R. Spitz, Increased levels of
superoxide and H2O2 mediate the differential susceptibility of cancer cells
versus normal cells to glucose deprivation, Biochemical Journal 418 (1) (2009)
29–37. http://dx.doi.org/10.1042/BJ20081258 18937644.

[10] G.T. Wondrak, Redox-directed cancer therapeutics: molecular mechanisms
and opportunities, Antioxidants and Redox Signaling 11 (12) (2009)
3013–3069. http://dx.doi.org/10.1089/ARS.2009.2541 19496700.

[11] S. Lord-Fontaine, D.A. Averill-Bates, Heat shock inactivates cellular antioxidant
defenses against hydrogen peroxide: protection by glucose, Free Radical
Biology and Medicine 32 (8) (2002) 752–765. http://dx.doi.org/10.1016/S0891-
5849(02)00769-4 11937301.

[12] T.Y. Aw, C.A. Rhoads, Glucose regulation of hydroperoxide metabolism in rat
intestinal cells. Stimulation of reduced nicotinamide adenine dinucleotide
phosphate supply, Journal of Clinical Investigation 94 (6) (1994) 2426–2434.
http://dx.doi.org/10.1172/JCI117610 7989600.

[13] Y.J. Lee, S.S. Galoforo, C.M. Berns, J.C. Chen, B.H. Davis, J.E. Sim, P.M. Corry, D.
R. Spitz, Glucose deprivation-induced cytotoxicity and alterations in mitogen-
activated protein kinase activation are mediated by oxidative stress in multi-
drug-resistant human breast carcinoma cells, Journal of Biological Chemistry
273 (9) (1998) 5294–5299. http://dx.doi.org/10.1074/jbc.273.9.5294 9478987.

[14] R.V. Blackburn, D.R. Spitz, X. Liu, S.S. Galoforo, J.E. Sim, L.A. Ridnour, J.C. Chen,
B.H. Davis, P.M. Corry, Y.J. Lee, Metabolic oxidative stress activates signal
transduction and gene expression during glucose deprivation in human tumor
cells, Free Radical Biology and Medicine 26 (3–4) (1999) 419–430. http://dx.
doi.org/10.1016/S0891-5849(98)00217-2 9895234.

[15] A.N. Wick, D.R. Drury, H.I. Nakada, J.B. Wolfe, Localization of the primary
metabolic block produced by 2-deoxyglucose, Journal of Biological Chemistry
224 (2) (1957) 963–969 13405925.

[16] M.C. Coleman, C.R. Asbury, D. Daniels, J. Du, N. Aykin-Burns, B.J. Smith, L. Li, D.
R. Spitz, J.J. Cullen, 2-deoxy-D-glucose causes cytotoxicity, oxidative stress, and
radiosensitization in pancreatic cancer, Free Radical Biology and Medicine 44
(3) (2008) 322–331. http://dx.doi.org/10.1016/j.freeradbiomed.2007.08.032
18215740.

[17] S.H. Audi, M.P. Merker, G.S. Krenz, T. Ahuja, D.L. Roerig, R.D. Bongard, Coen-
zyme Q1 redox metabolism during passage through the rat pulmonary cir-
culation and the effect of hyperoxia, Journal of Applied Physiology 105 (4)
(2008) 1114–1126. http://dx.doi.org/10.1152/japplphysiol.00177.2008
18703762.

[18] X. Lin, F. Zhang, C.M. Bradbury, A. Kaushal, L. Li, D.R. Spitz, R.L. Aft, D. Gius, 2-
deoxy-D-glucose-induced cytotoxicity and radiosensitization in tumor cells is
mediated via disruptions in thiol metabolism, Cancer Research 63 (12) (2003)
3413–3417 12810678.

[19] R.L. Aft, F.W. Zhang, D. Gius, Evaluation of 2-deoxy-D-glucose as a che-
motherapeutic agent: mechanism of cell death, British Journal of Cancer 87 (7)
(2002) 805–812. http://dx.doi.org/10.1038/sj.bjc.6600547 12232767.
[20] M.A. Fath, A.R. Diers, N. Aykin-Burns, A.L. Simons, L. Hua, D.R. Spitz, Mi-
tochondrial electron transport chain blockers enhance 2-deoxy-D-glucose in-
duced oxidative stress and cell killing in human colon carcinoma cells, Cancer
Biology & Therapy 8 (13) (2009) 1228–1236. http://dx.doi.org/10.4161/
cbt.8.13.8631 19411865.

[21] A.L. Simons, M.A. Fath, D.M. Mattson, B.J. Smith, S.A. Walsh, M.M. Graham, R.
D. Hichwa, J.M. Buatti, K. Dornfeld, D.R. Spitz, Enhanced response of human
head and neck cancer xenograft tumors to cisplatin combined with 2-deoxy-
D-glucose correlates with increased 18F FDG uptake as determined by PET
imaging, International Journal of Radiation Oncology - Biology - Physics 69 (4)
(2007) 1222–1230. http://dx.doi.org/10.1016/j.ijrobp.2007.07.2343 17967311.

[22] M.M. Wamelink, E.A. Struys, C. Jakobs, The biochemistry, metabolism and
inherited defects of the pentose phosphate pathway: a review, Journal of In-
herited Metabolic Disease 31 (6) (2008) 703–717. http://dx.doi.org/10.1007/
s10545-008-1015-6 18987987.

[23] J. Wang, W. Yuan, Z. Chen, S. Wu, J. Chen, J. Ge, F. Hou, Z. Chen, Overexpression
of G6PD is associated with poor clinical outcome in gastric cancer, Tumour
Biology 33 (1) (2012) 95–101. http://dx.doi.org/10.1007/s13277-011-0251-9
22012600.

[24] R. Bokun, J. Bakotin, D. Milasinović, Semiquantitative cytochemical estimation
of glucose-6-phosphate dehydrogenase activity in benign diseases and carci-
noma of the breast, Acta Cytologica 31 (3) (1987) 249–252 3035846.

[25] W.N. Tian, L.D. Braunstein, K. Apse, J. Pang, M. Rose, X. Tian, R.C. Stanton,
Importance of glucose-6-phosphate dehydrogenase activity in cell death,
American Journal of Physiology 276 (5 Pt 1) (1999) C1121–C1131 10329961.

[26] W.N. Tian, L.D. Braunstein, J. Pang, K.M. Stuhlmeier, Q.C. Xi, X. Tian, R.
C. Stanton, Importance of glucose-6-phosphate dehydrogenase activity for cell
growth, Journal of Biological Chemistry 273 (17) (1998) 10609–10617. http:
//dx.doi.org/10.1074/jbc.273.17.10609 9553122.

[27] J. Preuss, A.D. Richardson, A. Pinkerton, M. Hedrick, E. Sergienko, S. Rahlfs,
K. Becker, L. Bode, Identification and characterization of novel human glucose-
6-phosphate dehydrogenase inhibitors, Journal of Biomolecular Screening 18
(3) (2013) 286–297. http://dx.doi.org/10.1177/1087057112462131 23023104.

[28] J. Ceccarelli, L. Delfino, E. Zappia, P. Castellani, M. Borghi, S. Ferrini, F. Tosetti,
A. Rubartelli, The redox state of the lung cancer microenvironment depends
on the levels of thioredoxin expressed by tumor cells and affects tumor pro-
gression and response to prooxidants, International Journal of Cancer 123 (8)
(2008) 1770–1778. http://dx.doi.org/10.1002/ijc.23709 18661523.

[29] M.K. Cha, K.H. Suh, I.H. Kim, Overexpression of peroxiredoxin I and thior-
edoxin1 in human breast carcinoma, Journal of Experimental and Clinical
Cancer Research 28 (2009) 93. http://dx.doi.org/10.1186/1756-9966-28-93
19566940.

[30] H. Han, D.J. Bearss, L.W. Browne, R. Calaluce, R.B. Nagle, D.D. Von Hoff, Iden-
tification of differentially expressed genes in pancreatic cancer cells using
cDNA microarray, Cancer Research 62 (10) (2002) 2890–2896 12019169.

[31] H. Nakamura, J. Bai, Y. Nishinaka, S. Ueda, T. Sasada, G. Ohshio, M. Imamura,
A. Takabayashi, Y. Yamaoka, J. Yodoi, Expression of thioredoxin and glutar-
edoxin, redox-regulating proteins, in pancreatic cancer, Cancer Detection and
Prevention 24 (1) (2000) 53–60 10757123.

[32] L. Chaiswing, W. Zhong, T.D. Oberley, Increasing discordant antioxidant pro-
tein levels and enzymatic activities contribute to increasing redox imbalance
observed during human prostate cancer progression, Free Radical Biology and
Medicine 67 (2014) 342–352. http://dx.doi.org/10.1016/j.free-
radbiomed.2013.11.006 24269899.

[33] Y. Omata, M. Folan, M. Shaw, R.L. Messer, P.E. Lockwood, D. Hobbs,
S. Bouillaguet, H. Sano, J.B. Lewis, J.C. Wataha, Sublethal concentrations of
diverse gold compounds inhibit mammalian cytosolic thioredoxin reductase
(TrxR1), Toxicology In Vitro 20 (6) (2006) 882–890. http://dx.doi.org/10.1016/j.
tiv.2006.01.012 16510263.

[34] M.P. Rigobello, G. Scutari, A. Folda, A. Bindoli, Mitochondrial thioredoxin re-
ductase inhibition by gold(I) compounds and concurrent stimulation of per-
meability transition and release of cytochrome c, Biochemical Pharmacology
67 (4) (2004) 689–696. http://dx.doi.org/10.1016/j.bcp.2003.09.038 14757168.

[35] M.A. Fath, I.M. Ahmad, C.J. Smith, J. Spence, D.R. Spitz, Enhancement of car-
boplatin-mediated lung cancer cell killing by simultaneous disruption of
glutathione and thioredoxin metabolism, Clinical Cancer Research 17 (19)
(2011) 6206–6217. http://dx.doi.org/10.1158/1078-0432.CCR-11-0736
21844013.

[36] A.L. Simons, A.D. Parsons, K.A. Foster, K.P. Orcutt, M.A. Fath, D.R. Spitz, In-
hibition of glutathione and thioredoxin metabolism enhances sensitivity to
perifosine in head and neck cancer cells, Journal of Oncology 2009 (2009)
519563. http://dx.doi.org/10.1155/2009/519563 19746172.

[37] P.M. Scarbrough, K.A. Mapuskar, D.M. Mattson, D. Gius, W.H. Watson, D.
R. Spitz, Simultaneous inhibition of glutathione- and thioredoxin-dependent
metabolism is necessary to potentiate 17AAG-induced cancer cell killing via
oxidative stress, Free Radical Biology and Medicine 52 (2) (2012) 436–443.
http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.493 22100505.

[38] A.L. Simons, I.M. Ahmad, D.M. Mattson, K.J. Dornfeld, D.R. Spitz, 2-deoxy-D-
glucose combined with cisplatin enhances cytotoxicity via metabolic oxidative
stress in human head and neck cancer cells, Cancer Research 67 (7) (2007)
3364–3370. http://dx.doi.org/10.1158/0008-5472.CAN-06-3717 17409446.

[39] T. Hadzic, N. Aykin-Burns, Y. Zhu, M.C. Coleman, K. Leick, G.M. Jacobson, D.
R. Spitz, Paclitaxel combined with inhibitors of glucose and hydroperoxide
metabolism enhances breast cancer cell killing via H2O2-mediated oxidative
stress, Free Radical Biology and Medicine 48 (8) (2010) 1024–1033. http://dx.
doi.org/10.1016/j.freeradbiomed.2010.01.018 20083194.

http://dx.doi.org/10.1126/science.123.3191.309
http://dx.doi.org/10.1126/science.123.3191.309
http://dx.doi.org/10.1126/science.123.3191.309
http://www.ncbi.nlm.nih.gov/pubmed/13298683
http://dx.doi.org/10.1056/NEJM197703032960905
http://dx.doi.org/10.1056/NEJM197703032960905
http://dx.doi.org/10.1056/NEJM197703032960905
http://dx.doi.org/10.1056/NEJM197703032960905
http://www.ncbi.nlm.nih.gov/pubmed/319362
http://dx.doi.org/10.1056/NEJM197703102961005
http://dx.doi.org/10.1056/NEJM197703102961005
http://dx.doi.org/10.1056/NEJM197703102961005
http://dx.doi.org/10.1056/NEJM197703102961005
http://www.ncbi.nlm.nih.gov/pubmed/189189
http://www.ncbi.nlm.nih.gov/pubmed/217531
http://dx.doi.org/10.1016/0306-9877(80)90123-1
http://dx.doi.org/10.1016/0306-9877(80)90123-1
http://dx.doi.org/10.1016/0306-9877(80)90123-1
http://dx.doi.org/10.1016/0306-9877(80)90123-1
http://www.ncbi.nlm.nih.gov/pubmed/6253771
http://www.ncbi.nlm.nih.gov/pubmed/6254638
http://www.ncbi.nlm.nih.gov/pubmed/7193514
http://www.ncbi.nlm.nih.gov/pubmed/10863552
http://dx.doi.org/10.1042/BJ20081258
http://dx.doi.org/10.1042/BJ20081258
http://dx.doi.org/10.1042/BJ20081258
http://www.ncbi.nlm.nih.gov/pubmed/18937644
http://dx.doi.org/10.1089/ARS.2009.2541
http://dx.doi.org/10.1089/ARS.2009.2541
http://dx.doi.org/10.1089/ARS.2009.2541
http://www.ncbi.nlm.nih.gov/pubmed/19496700
http://dx.doi.org/10.1016/S0891-5849(02)00769-4
http://dx.doi.org/10.1016/S0891-5849(02)00769-4
http://dx.doi.org/10.1016/S0891-5849(02)00769-4
http://dx.doi.org/10.1016/S0891-5849(02)00769-4
http://www.ncbi.nlm.nih.gov/pubmed/11937301
http://dx.doi.org/10.1172/JCI117610
http://dx.doi.org/10.1172/JCI117610
http://dx.doi.org/10.1172/JCI117610
http://www.ncbi.nlm.nih.gov/pubmed/7989600
http://dx.doi.org/10.1074/jbc.273.9.5294
http://dx.doi.org/10.1074/jbc.273.9.5294
http://dx.doi.org/10.1074/jbc.273.9.5294
http://www.ncbi.nlm.nih.gov/pubmed/9478987
http://dx.doi.org/10.1016/S0891-5849(98)00217-2
http://dx.doi.org/10.1016/S0891-5849(98)00217-2
http://dx.doi.org/10.1016/S0891-5849(98)00217-2
http://dx.doi.org/10.1016/S0891-5849(98)00217-2
http://www.ncbi.nlm.nih.gov/pubmed/9895234
http://www.ncbi.nlm.nih.gov/pubmed/13405925
http://dx.doi.org/10.1016/j.freeradbiomed.2007.08.032
http://dx.doi.org/10.1016/j.freeradbiomed.2007.08.032
http://dx.doi.org/10.1016/j.freeradbiomed.2007.08.032
http://www.ncbi.nlm.nih.gov/pubmed/18215740
http://dx.doi.org/10.1152/japplphysiol.00177.2008
http://dx.doi.org/10.1152/japplphysiol.00177.2008
http://dx.doi.org/10.1152/japplphysiol.00177.2008
http://www.ncbi.nlm.nih.gov/pubmed/18703762
http://www.ncbi.nlm.nih.gov/pubmed/12810678
http://dx.doi.org/10.1038/sj.bjc.6600547
http://dx.doi.org/10.1038/sj.bjc.6600547
http://dx.doi.org/10.1038/sj.bjc.6600547
http://www.ncbi.nlm.nih.gov/pubmed/12232767
http://dx.doi.org/10.4161/cbt.8.13.8631
http://dx.doi.org/10.4161/cbt.8.13.8631
http://dx.doi.org/10.4161/cbt.8.13.8631
http://dx.doi.org/10.4161/cbt.8.13.8631
http://www.ncbi.nlm.nih.gov/pubmed/19411865
http://dx.doi.org/10.1016/j.ijrobp.2007.07.2343
http://dx.doi.org/10.1016/j.ijrobp.2007.07.2343
http://dx.doi.org/10.1016/j.ijrobp.2007.07.2343
http://www.ncbi.nlm.nih.gov/pubmed/17967311
http://dx.doi.org/10.1007/s10545-008-1015-6
http://dx.doi.org/10.1007/s10545-008-1015-6
http://dx.doi.org/10.1007/s10545-008-1015-6
http://dx.doi.org/10.1007/s10545-008-1015-6
http://www.ncbi.nlm.nih.gov/pubmed/18987987
http://dx.doi.org/10.1007/s13277-011-0251-9
http://dx.doi.org/10.1007/s13277-011-0251-9
http://dx.doi.org/10.1007/s13277-011-0251-9
http://www.ncbi.nlm.nih.gov/pubmed/22012600
http://www.ncbi.nlm.nih.gov/pubmed/3035846
http://www.ncbi.nlm.nih.gov/pubmed/10329961
http://dx.doi.org/10.1074/jbc.273.17.10609
http://dx.doi.org/10.1074/jbc.273.17.10609
http://dx.doi.org/10.1074/jbc.273.17.10609
http://dx.doi.org/10.1074/jbc.273.17.10609
http://www.ncbi.nlm.nih.gov/pubmed/9553122
http://dx.doi.org/10.1177/1087057112462131
http://dx.doi.org/10.1177/1087057112462131
http://dx.doi.org/10.1177/1087057112462131
http://www.ncbi.nlm.nih.gov/pubmed/23023104
http://dx.doi.org/10.1002/ijc.23709
http://dx.doi.org/10.1002/ijc.23709
http://dx.doi.org/10.1002/ijc.23709
http://www.ncbi.nlm.nih.gov/pubmed/18661523
http://dx.doi.org/10.1186/1756-9966-28-93
http://dx.doi.org/10.1186/1756-9966-28-93
http://dx.doi.org/10.1186/1756-9966-28-93
http://www.ncbi.nlm.nih.gov/pubmed/19566940
http://www.ncbi.nlm.nih.gov/pubmed/12019169
http://www.ncbi.nlm.nih.gov/pubmed/10757123
http://dx.doi.org/10.1016/j.freeradbiomed.2013.11.006
http://dx.doi.org/10.1016/j.freeradbiomed.2013.11.006
http://dx.doi.org/10.1016/j.freeradbiomed.2013.11.006
http://dx.doi.org/10.1016/j.freeradbiomed.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24269899
http://dx.doi.org/10.1016/j.tiv.2006.01.012
http://dx.doi.org/10.1016/j.tiv.2006.01.012
http://dx.doi.org/10.1016/j.tiv.2006.01.012
http://dx.doi.org/10.1016/j.tiv.2006.01.012
http://www.ncbi.nlm.nih.gov/pubmed/16510263
http://dx.doi.org/10.1016/j.bcp.2003.09.038
http://dx.doi.org/10.1016/j.bcp.2003.09.038
http://dx.doi.org/10.1016/j.bcp.2003.09.038
http://www.ncbi.nlm.nih.gov/pubmed/14757168
http://dx.doi.org/10.1158/1078-0432.CCR-11-0736
http://dx.doi.org/10.1158/1078-0432.CCR-11-0736
http://dx.doi.org/10.1158/1078-0432.CCR-11-0736
http://www.ncbi.nlm.nih.gov/pubmed/21844013
http://dx.doi.org/10.1155/2009/519563
http://dx.doi.org/10.1155/2009/519563
http://dx.doi.org/10.1155/2009/519563
http://www.ncbi.nlm.nih.gov/pubmed/19746172
http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.493
http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.493
http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.493
http://www.ncbi.nlm.nih.gov/pubmed/22100505
http://dx.doi.org/10.1158/0008-5472.CAN-06-3717
http://dx.doi.org/10.1158/0008-5472.CAN-06-3717
http://dx.doi.org/10.1158/0008-5472.CAN-06-3717
http://www.ncbi.nlm.nih.gov/pubmed/17409446
http://dx.doi.org/10.1016/j.freeradbiomed.2010.01.018
http://dx.doi.org/10.1016/j.freeradbiomed.2010.01.018
http://dx.doi.org/10.1016/j.freeradbiomed.2010.01.018
http://dx.doi.org/10.1016/j.freeradbiomed.2010.01.018
http://www.ncbi.nlm.nih.gov/pubmed/20083194


L. Li et al. / Redox Biology 4 (2015) 127–135 135
[40] H. Nohl, W. Jordan, The mitochondrial site of superoxide formation, Bio-
chemical and Biophysical Research Communications 138 (2) (1986) 533–539.
http://dx.doi.org/10.1016/S0006-291X(86)80529-0 3017331.

[41] A. Boveris, Mitochondrial production of superoxide radical and hydrogen
peroxide, Advances in Experimental Medicine and Biology 78 (1977) 67–82.
http://dx.doi.org/10.1007/978-1-4615-9035-4_5 197811.

[42] D.A. Averill-Bates, E. Przybytkowski, The role of glucose in cellular defences
against cytotoxicity of hydrogen peroxide in Chinese hamster ovary cells,
Archives of Biochemistry and Biophysics 312 (1) (1994) 52–58. http://dx.doi.
org/10.1006/abbi.1994.1279 8031146.

[43] S.W. Tuttle, M.E. Varnes, J.B. Mitchell, J.E. Biaglow, Sensitivity to chemical
oxidants and radiation in CHO cell lines deficient in oxidative pentose cycle
activity, International Journal of Radiation Oncology - Biology - Physics 22 (4)
(1992) 671–675. http://dx.doi.org/10.1016/0360-3016(92)90500-H 1544835.

[44] P. Van Renterghem, P. Van Eenoo, H. Geyer, W. Schänzer, F.T. Delbeke, Re-
ference ranges for urinary concentrations and ratios of endogenous steroids,
which can be used as markers for steroid misuse, in a Caucasian population of
athletes, Steroids 75 (2) (2010) 154–163. http://dx.doi.org/10.1016/j.ster-
oids.2009.11.008 19962394.

[45] P.M. Coates, Encyclopedia of Dietary Supplements, second edition, Informa
Healthcare, New York, 2010.

[46] B. Yu, X.J. Shi, P.P. Qi, D.Q. Yu, H.M. Liu, Design, synthesis and biological eva-
luation of novel steroidal spiro-oxindoles as potent antiproliferative agents,
Journal of Steroid Biochemistry and Molecular Biology 141 (2014) 121–134.
http://dx.doi.org/10.1016/j.jsbmb.2014.01.015 24508598.

[47] M. Garrido, M. Cabeza, F. Cortés, J. Gutiérrez, E. Bratoeff, Cytotoxic effect of
novel dehydroepiandrosterone derivatives on different cancer cell lines, Eur-
opean Journal of Medicinal Chemistry 68 (2013) 301–311. http://dx.doi.org/
10.1016/j.ejmech.2013.02.031 23994323.

[48] N.M. Hamilton, M. Dawson, E.E. Fairweather, N.S. Hamilton, J.R. Hitchin, D.
I. James, S.D. Jones, A.M. Jordan, A.J. Lyons, H.F. Small, et al., Novel steroid
inhibitors of glucose 6-phosphate dehydrogenase, Journal of Medicinal
Chemistry 55 (9) (2012) 4431–4445. http://dx.doi.org/10.1021/jm300317k
22506561.

[49] P.L. Van Riel, F.W. Gribnau, L.B. Van de Putte, C.W. Arts, A. Van Aernsbergen,
Serum gold concentrations during treatment with auranofin, Clinical Rheu-
matology 6 (1) (1987) 50–54. http://dx.doi.org/10.1007/BF02201000 3581698.
[50] M.S. Iqbal, M. Saeed, S.G. Taqi, Erythrocyte membrane gold levels after treat-
ment with auranofin and sodium aurothiomalate, Biological Trace Element
Research 126 (1–3) (2008) 56–64. http://dx.doi.org/10.1007/s12011-008-
8184-x 18649049.

[51] C. Marzano, V. Gandin, A. Folda, G. Scutari, A. Bindoli, M.P. Rigobello, Inhibition
of thioredoxin reductase by auranofin induces apoptosis in cisplatin-resistant
human ovarian cancer cells, Free Radical Biology and Medicine 42 (6) (2007)
872–881. http://dx.doi.org/10.1016/j.freeradbiomed.2006.12.021 17320769.

[52] C.K. Mirabelli, R.K. Johnson, C.M. Sung, L. Faucette, K. Muirhead, S.T. Crooke,
Evaluation of the in vivo antitumor activity and in vitro cytotoxic properties of
auranofin, a coordinated gold compound, in murine tumor models, Cancer
Research 45 (1) (1985) 32–39 3917372.

[53] T.M. Simon, D.H. Kunishima, G.J. Vibert, A. Lorber, Screening trial with the
coordinated gold compound auranofin using mouse lymphocyte leukemia
P388, Cancer Research 41 (1) (1981) 94–97 6778607.

[54] M.E. Anderson, Determination of glutathione and glutathione disulfide in
biological samples, Methods in Enzymology 113 (1985) 548–555. http://dx.
doi.org/10.1016/S0076-6879(85)13073-9 4088074.

[55] O.W. Griffith, Determination of glutathione and glutathione disulfide using
glutathione reductase and 2-vinylpyridine, Analytical Biochemistry 106 (1)
(1980) 207–212. http://dx.doi.org/10.1016/0003-2697(80)90139-6 7416462.

[56] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with
the Folin phenol reagent, Journal of Biological Chemistry 193 (1) (1951)
265–275 14907713.

[57] G.E. Glock, P. McLEAN, Further studies on the properties and assay of glucose
6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase of rat
liver, Biochemical Journal 55 (3) (1953) 400–408 13105646.

[58] W.H. Watson, J. Pohl, W.R. Montfort, O. Stuchlik, M.S. Reed, G. Powis, D.
P. Jones, Redox potential of human thioredoxin 1 and identification of a sec-
ond dithiol/disulfide motif, Journal of Biological Chemistry 278 (35) (2003)
33408–33415. http://dx.doi.org/10.1074/jbc.M211107200 12816947.

[59] M.E. Tome, D.B. Johnson, B.K. Samulitis, R.T. Dorr, M.M. Briehl, Glucose
6-phosphate dehydrogenase overexpression models glucose deprivation and
sensitizes lymphoma cells to apoptosis, Antioxidants and Redox Signaling 8
(7–8) (2006) 1315–1327. http://dx.doi.org/10.1089/ars.2006.8.1315 16910779.

http://dx.doi.org/10.1016/S0006-291X(86)80529-0
http://dx.doi.org/10.1016/S0006-291X(86)80529-0
http://dx.doi.org/10.1016/S0006-291X(86)80529-0
http://www.ncbi.nlm.nih.gov/pubmed/3017331
http://dx.doi.org/10.1007/978-1-4615-9035-4_5
http://dx.doi.org/10.1007/978-1-4615-9035-4_5
http://dx.doi.org/10.1007/978-1-4615-9035-4_5
http://www.ncbi.nlm.nih.gov/pubmed/197811
http://dx.doi.org/10.1006/abbi.1994.1279
http://dx.doi.org/10.1006/abbi.1994.1279
http://dx.doi.org/10.1006/abbi.1994.1279
http://dx.doi.org/10.1006/abbi.1994.1279
http://www.ncbi.nlm.nih.gov/pubmed/8031146
http://dx.doi.org/10.1016/0360-3016(92)90500-H
http://dx.doi.org/10.1016/0360-3016(92)90500-H
http://dx.doi.org/10.1016/0360-3016(92)90500-H
http://www.ncbi.nlm.nih.gov/pubmed/1544835
http://dx.doi.org/10.1016/j.steroids.2009.11.008
http://dx.doi.org/10.1016/j.steroids.2009.11.008
http://dx.doi.org/10.1016/j.steroids.2009.11.008
http://dx.doi.org/10.1016/j.steroids.2009.11.008
http://www.ncbi.nlm.nih.gov/pubmed/19962394
http://refhub.elsevier.com/S2213-2317(14)00125-6/sbref45
http://refhub.elsevier.com/S2213-2317(14)00125-6/sbref45
http://dx.doi.org/10.1016/j.jsbmb.2014.01.015
http://dx.doi.org/10.1016/j.jsbmb.2014.01.015
http://dx.doi.org/10.1016/j.jsbmb.2014.01.015
http://www.ncbi.nlm.nih.gov/pubmed/24508598
http://dx.doi.org/10.1016/j.ejmech.2013.02.031
http://dx.doi.org/10.1016/j.ejmech.2013.02.031
http://dx.doi.org/10.1016/j.ejmech.2013.02.031
http://dx.doi.org/10.1016/j.ejmech.2013.02.031
http://www.ncbi.nlm.nih.gov/pubmed/23994323
http://dx.doi.org/10.1021/jm300317k
http://dx.doi.org/10.1021/jm300317k
http://dx.doi.org/10.1021/jm300317k
http://www.ncbi.nlm.nih.gov/pubmed/22506561
http://dx.doi.org/10.1007/BF02201000
http://dx.doi.org/10.1007/BF02201000
http://dx.doi.org/10.1007/BF02201000
http://www.ncbi.nlm.nih.gov/pubmed/3581698
http://dx.doi.org/10.1007/s12011-008-8184-x
http://dx.doi.org/10.1007/s12011-008-8184-x
http://dx.doi.org/10.1007/s12011-008-8184-x
http://dx.doi.org/10.1007/s12011-008-8184-x
http://www.ncbi.nlm.nih.gov/pubmed/18649049
http://dx.doi.org/10.1016/j.freeradbiomed.2006.12.021
http://dx.doi.org/10.1016/j.freeradbiomed.2006.12.021
http://dx.doi.org/10.1016/j.freeradbiomed.2006.12.021
http://www.ncbi.nlm.nih.gov/pubmed/17320769
http://www.ncbi.nlm.nih.gov/pubmed/3917372
http://www.ncbi.nlm.nih.gov/pubmed/6778607
http://dx.doi.org/10.1016/S0076-6879(85)13073-9
http://dx.doi.org/10.1016/S0076-6879(85)13073-9
http://dx.doi.org/10.1016/S0076-6879(85)13073-9
http://dx.doi.org/10.1016/S0076-6879(85)13073-9
http://www.ncbi.nlm.nih.gov/pubmed/4088074
http://dx.doi.org/10.1016/0003-2697(80)90139-6
http://dx.doi.org/10.1016/0003-2697(80)90139-6
http://dx.doi.org/10.1016/0003-2697(80)90139-6
http://www.ncbi.nlm.nih.gov/pubmed/7416462
http://www.ncbi.nlm.nih.gov/pubmed/14907713
http://www.ncbi.nlm.nih.gov/pubmed/13105646
http://dx.doi.org/10.1074/jbc.M211107200
http://dx.doi.org/10.1074/jbc.M211107200
http://dx.doi.org/10.1074/jbc.M211107200
http://www.ncbi.nlm.nih.gov/pubmed/12816947
http://dx.doi.org/10.1089/ars.2006.8.1315
http://dx.doi.org/10.1089/ars.2006.8.1315
http://dx.doi.org/10.1089/ars.2006.8.1315
http://www.ncbi.nlm.nih.gov/pubmed/16910779

	Combined inhibition of glycolysis, the pentose cycle, and thioredoxin metabolism selectively increases cytotoxicity and...
	Introduction
	Results
	DHEA inhibits G-6-PDH activity and enhances 2DG cell killing in breast and prostate cancer cells
	Disruption to GSH metabolism does not further increase cancer cell killing
	Disrupting Trx metabolism with Au potentiates 2DG and DHEA cancer cell killing
	NAC protects cancer cells from clonogenic cell killing mediated by DHEA and Au
	Au, 2DG, and DHEA demonstrate differential cell killing in normal versus cancer breast epithelial cells

	Discussion
	Materials and methods
	Cells and culture conditions
	Drug treatment
	Clonogenic assays
	GSH/GSSG assay
	G6PDH activity assay
	Thioredoxin reductase assay
	Thioredoxin redox western
	Statistical analysis
	Helsinki Declaration of 1975

	Acknowledgements
	References




