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a b s t r a c t

Deoxynyboquinone (DNQ), a potent novel quinone-based antineoplastic agent, selectively kills solid
cancers with overexpressed cytosolic NAD(P)H:quinone oxidoreductase-1 (NQO1) via excessive ROS
production. A genetically encoded redox-sensitive probe was used to monitor intraorganellar glutathione
redox potentials (EGSH) as a direct indicator of cellular oxidative stress following chemotherapeutic
administration. Beta-lapachone (b-lap) and DNQ-induced spatiotemporal redox responses were moni-
tored in human lung A549 and pancreatic MIA-PaCa-2 adenocarcinoma cells incubated with or without
dicumarol and ES936, potent NQO1 inhibitors. Immediate oxidation of EGSH in both the cytosol and
mitochondrial matrix was observed in response to DNQ and b-lap. The DNQ-induced cytosolic oxidation
was fully prevented with NQO1 inhibition, whereas mitochondrial oxidation in A549 was NQO1-
independent in contrast to MIA-PaCa-2 cells. However, at pharmacologic concentrations of b-lap both
quinone-based substrates directly oxidized the redox probe, a possible sign of off-target reactivity with
cellular thiols. Together, these data provide new evidence that DNQ's direct and discerning NQO1 sub-
strate specificity underlies its pharmacologic potency, while b-lap elicits off-target responses at its
effective doses.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Current chemotherapeutic strategies for challenging solid tu-
mors attempt to target cancer-specific processes in order to spare
normal cells from damage. Disrupting redox homeostasis in ROS-
burdened cancer cells is a proven anticancer strategy [1]. In
normal cells, a phase II flavoenzyme NAD(P)H:quinone
oxidoreductase-1 (NQO1, EC 1.6.99.2) is inducibly expressed to
detoxify potentially mutagenic and carcinogenic quinones [2,3].
NQO1 catalyzes a two-electron reduction of various quinones to
hydroquinones which can then be readily conjugated with gluta-
thione or glucuronic acid and excreted from cells. However, certain
quinones redirect NQO1 to a “futile redox cycle” where unstable
hydroquinone spontaneously re-oxidizes to parental compounds,
resulting in drastically elevated levels of superoxide anion which is
subsequently metabolized by superoxide dismutase into hydrogen
peroxide, thereby causing cellular oxidative damage [2,3]. Since
ov).
NQO1 is highly up-regulated in the cytosol of most solid tumors,
particularly in nonesmall cell lung, prostate, pancreatic, and breast
cancers, this enzyme is an attractive chemotherapeutic target [4,5].

The quinone derived chemotherapeutic drug 1,2-naphth-
oquinone (aka b-lapachone), produced by the Lapacho tree, was
reported to selectively kill NQO1-upregulated solid cancers in vitro
and in vivo [2,4,5]. B-lapachone (b-lap, clinical ARQ 761) has shown
great promise in medical trials, but more potent tumor-selective
compounds with decreased off-target side effects are needed [6].
Recently, side-by-side comparison of the efficacy of various NQO1
quinone-based substrates in their ability to kill cancer cells in cul-
ture in an NQO1-dependent manner showed that deoxy-
nyboquinone (DNQ) has a 10-fold superior efficacy to b-lap [7e9].

Early reports focused on the cytosolic activity of NQO1 as a
principal determinant of b-lap and DNQ cytotoxicity, whereas the
role of mitochondria is less understood. Both mitochondrial and
NQO1 activities were reported in b-lap bioreduction in mouse
melanoma B16eF10 cells expressing low NQO1 activity [10]. The
data indicated the mitochondrial electron transport chain, specif-
ically respiratory complex I, to be a principal factor in redox acti-
vation of b-lap [10]. Although the main mechanism of cancer cell
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killing by b-lap is ROS-dependent, recent evidence suggested an
alternative, ROS-independent, pathway for b-lap toxicity [11].
These results imply that chemotherapeutic quinones may react
with multiple cellular constituents to promote cancer cell death,
and the efficacy of NQO1-bioactivatable drugs may be improved by
concomitant targeting of several cancer-specific metabolic path-
ways [6,12]. Together, these findings open a great potential in
expanding antitumor therapeutic windows of NQO1-targeting
drugs.

The cytotoxicity exerted by b-lap and DNQ is determined by
both their dosage and the activity of intracellular antioxidant en-
zymes [6,13,14]. Furthermore, DNQ upregulates glutathione-
specific genes, both catalytic and regulatory subunits of
glutamate-cysteine ligase, in breast cancer cells [15]. Therefore, we
reasoned that the formation of ROS resulting from the bioactivation
of quinone substrates would be mediated by the glutathione sys-
tem, the major antioxidant in mammalian cells [16,17]. Recent
synthesis of DNQ analogues using computationally guided design
and subsequent live-dead assays confirmed that DNQ is an excep-
tional NQO1 substrate that induces DNA damage, hyperactivates
PARP1, causes dramatic losses of NADþ and ATP, and finally results
in energy depletion and programmed necrosis [9]. However,
whether NQO1 enzymatic activity is the only determinant causing
DNQ-mediated ROS generation in both cytosol and mitochondria of
NQO1-enriched cancer cells is unknown.

The aim of the present study was to define the real-time
changes in subcellular glutathione redox homeostasis arising
from DNQ-induced ROS production in NQO1-enriched human lung
and pancreatic cancer cells. A genetically encoded fluorescent
probe, enabling real-time monitoring of the drug-induced changes
in compartmentalized glutathione redox potentials (EGSH), and in-
hibitors of NQO1 enzymatic activity were foundational to the study
[18,19]. We provide evidence indicating that increased cytosolic
oxidation by DNQ relative to b-lap is a result of its outstanding
NQO1 substrate specificity in NQO1-enriched cancer cells, while
mitochondrial oxidative responses to DNQ are cell type dependent.

2. Materials and methods

2.1. Materials

Unless stated otherwise, reagents were obtained from Sigma (St.
Louis, MO, USA). Lipofectamine 2000 was purchased from Invi-
trogen (Carlsbad, CA, USA). DNQ and its derivatives were kind gifts
of Dr. Paul Hergenrother (University of Illinois, IL, USA). MitoSOX
Red and the cationic dye tetramethylrhodamine ethyl ester (TMRE)
were purchased from Life Technologies (Grand Island, NY, USA). All
quinones were dissolved in dimethyl sulfoxide (DMSO).

2.2. Genetic constructs

The cytosolic and mitochondrial redox-sensitive sensors Grx1-
roGFP2 were cloned into lentiviral pCDH-CMV-MCS-EF1-puro
vector (System Biosciences, CA, USA). To target the probe to mito-
chondria, the mitochondrial matrix targeting sequence adenosine
triphosphate synthase protein 9 originating from the fungus
Neurospora crassa was used [20]. Grx1-roGFP2 in pQE60 and mito-
Grx1-roGFP2 in pLPCX were kind gifts from Dr. Tobias Dick (Cancer
Research Center, Heidelberg, Germany).

2.3. Cell culture, transfection, and cell sorting

A549 and MIA-PaCa-2 cells were provided by Dr. Hergenrother
(University of Illinois, IL, USA). CHO cells were obtained from ATCC
(Manassas, VA, USA). Cells were cultured at 37 �C with 5% CO2 in
RPMI 1640 (A549) or DMEM (CHO, MIA-PaCa-2) media supple-
mented with 10% FBS (University of Illinois Cell Media Facility,
Urbana, IL, USA). Lentiviral transfection using lipofectamine was
performed as suggested by manufacturer, and fluorescence acti-
vated cell sorting was described elsewhere [21].

2.4. Measurement of mitochondrial ROS levels by confocal
microscopy

MitoSOX Red dye was used to analyze the extent of ROS gen-
eration by mitochondria via confocal microscopy as described
previously [22].

2.5. Measurement of mitochondrial transmembrane potential

Time-dependent changes in mitochondrial transmembrane
potential were measured using the cationic dye TMRE. To assess
alteration in mitochondrial membrane potential, cells in Dulbecco's
phosphate-buffered saline supplemented with 5% FBS and 10 mM
glucose were exposed to 50 nM TMRE and incubated with 0.6 mM
DNQ for various times. Data were acquired every 10 min using a BD
LSR II (Becton Dickson, San Jose, CA) flow cytometer, with at least
10,000 cells per sample. The 488 nm laser line at 20 mW was used
to excite TMRE dye. Fluorescence was collected using 575/26 nm
bandpass filter along with 550 nm long-pass dichroic splitter. The
data were analyzed using FACS Express Version 3 (De Novo Soft-
ware, Thornhill, Ontario, Canada).

2.6. Live cell imaging and image processing

Image acquisition of live cells stably transfected with cytosolic
or mitochondrial Grx1-roGFP2 probe was performed in m-Slide
eight-well ibiTreat microscopy chambers (Ibidi, Munich, Germany).
The cells were washed twice with Dulbecco's phosphate-buffered
saline supplemented with 5% FBS and 10 mM glucose prior to im-
aging. Time-lapse images were collected with a fluorescence-
enabled inverted microscope (Axiovert 200 M, Carl Zeiss, Feld-
bach, Switzerland) using an imaging protocol discussed in detail
elsewhere [20]. Time-resolved images were acquired every 15 s or
30 s at a 512� 512 pixel resolution. The region of interest (ROI) used
for analysis was always a well-defined cytosolic or mitochondrial
compartment. Images were exported to the Axiovision software in
which ROI intensities were calculated and the background fluo-
rescence intensity was subtracted. All results were analyzed by
ANOVA, and are expressed as mean ± SD [20].

3. Results and discussion

3.1. Cytosol and mitochondria respond distinctly to NQO1-
bioactivable quinone DNQ

The role of cytosolic NQO1 in quinone-based cytotoxicity is
characterized by induction of extensive ROS generationwhich leads
to tumor-selective killing [4,5,23]. Human lung A549 and pancre-
atic ductal MIA-PaCa-2 adenocarcinoma cell lines with well-
characterized levels of NQO1 activity, 2700 nmol/min/mg and
1130 nmol/min/mg, respectively, were selected as cancer cell
models of oxidative stress following chemotherapeutic adminis-
tration [9]. Green fluorescent protein-based redox biosensors
enable real-time monitoring of compartmentalized glutathione
redox potentials in live cells [19]. Specifically we have utilized the
Grx1-roGFP2 biosensor, which features a glutaredoxin 1 (Grx1)
enzyme fused to the cysteine-based roGFP2 biosensor, thereby
improving its specificity and response kinetics to alterations in
glutathione redox potentials [18]. To monitor DNQ-induced
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oxidative responses in the cytosol and mitochondrial matrix in
real-time, the redox-sensitive cytoGrx1-roGFP2 (cGFP2) and
mitoGrx1-roGFP2 (mGFP2) sensors were expressed in the respec-
tive compartments of NQO1-expressing A549 andMIA-PaCa-2 cells
[4].

Fig. 1 shows fluorescence images of A549 and MIA-PaCa-2 cells
expressing the redox probes in cytosol and mitochondria with the
corresponding ratiometric analysis depicted below following
exposure to DNQ in the absence or presence of dicumarol and
ES936, potent inhibitors of NQO1. The mitochondrial probe exhibits
the characteristic tubular shape of the organelle, while in the
cytosol fluorescence is diffusely distributed [20]. Ratiometric
analysis of time course imaging is expressed through the time
resolved changes in excitation ratio of 395 nm and 494 nm chan-
nels. Conveniently, the 395/494 nm dual-excitation ratio is directly
linked to the portion of sensor oxidation; the higher ratio corre-
sponds to stronger GSH oxidation. The compartmental EGSH at
steady-state or after treatment with quinones is assigned after
probe calibration at the end of the experiment with the chemicals
diamide and DTT, which elicit full oxidation and full reduction,
respectively.

Under resting conditions both cytosolic (Fig. 1A) and mito-
chondrial (Fig. 1B) probes expressed in A549 cells are strongly
reduced at excitation ratio near 0.1. Following addition of DNQ at a
concentration (0.6 mM; t¼ 1.5 min) that effectively kills cancer cells
[8,9], the cytosolic probe showed dramatic change in the 395/
Fig. 1. DNQ-induced cytosolic oxidation is NQO1-dependent, whereas mitochondrial oxidat
Grx1-roGFP2 localized in the (A) cytosol (cGFP2) and (B) mitochondria (mGFP2) in wells with
with mGFP2 and cells 3, 4 with cGFP2) in a single well. Panels (A0eD0, A00eD00) under image
treatments with (A, B) 0.6 mM DNQ (arrow) with or without incubation with 25 mM dicumaro
probe calibration with 2 mM diamide (vertical solid line) and 10 mM dithiothreitol (DTT, v
separate cell. The data are representative of three independent experiments with multiple
494 nm excitation ratio indicating immediate full oxidation within
30 s (Fig. 1A). When treated with a similar DNQ concentration the
mGFP2 probe reacted as quickly as the cGFP2 probe, but the in-
crease in oxidation reflected in the 395/495 nm excitation ratio was
substantially less (Fig. 1B). Thus, these data demonstrate rapid
oxidation in both cytosol and mitochondrial matrix of A549 cells
exposed to a NQO1-bioactivated quinone.

To exclude experimental variation and further confirm coordi-
nated compartmental NQO1-bioactivated quinone responses, A549
or MIA-PaCa-2 cell lines stably expressing mGFP2 and cGFP2 were
seeded together in the same experimental well and exposed to
DNQ. Fig. 1C and D shows fluorescence images of A549 and MIA-
PaCa-2 cells with two representative cells selected from each
population for data analysis. Below each cell type, corresponding
panels display the response of mGFP2 (cells 1, 2) and cGFP2 (cells 3,
4) probes to challenge with DNQ in the absence or presence of
NQO1 inhibitor ES936. Because the application of 0.6 mM DNQ
elicited a complete oxidative response of cGFP2 in A549 cells
(Fig. 1A0), 0.2 mM DNQ was used in further experiments (Fig. 1C, D).
This reduced DNQ concentration applied to A549 cells still trig-
gered nearly-full oxidation of the cytosolic probe concomitant with
lesser oxidation of the mitochondrial probe (Fig. 1C0). In contrast to
A549 cells, similar (0.2 mM) DNQ concentration triggered full
mGFP2 oxidation and lesser oxidation of cGFP2 in MIA-PaCa-2 cells
(Fig.1D0). The strong oxidation of the cytosolic probe in A549 cells is
consistent with the previously-determined higher NQO1 activity
ion depends on cell type. Live A549 cell microscopic images showing the expression of
a single probe and (C) A549 and (D) MIA-PaCa-2 cell lines with mixed probes (cells 1, 2
s are corresponding time-lapse responses of the probe 395/494 nm excitation ratio to
l and (C, D) 0.2 mM DNQ with or without incubation with 0.1 mM ES936 followed by the
ertical dashed line). Scale bar represents 20 mm. Each trace within panels designates a
wells using a minimum of four ROIs per well.
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level relative to MIA-PaCa-2 cells [9]. Thus, although the quinone's
tumor cell killing mechanism relies on cytosolic NQO1-dependent
redox cycling consuming oxygen and generating superoxide, DNQ
triggers distinct levels of oxidation not only between compart-
ments of a single cell, but also between cell lines. Whereas cytosolic
DNQ responses correlate with the previously-established NQO1
enzymatic activity levels determined for A549 and MIA-PaCa-
2 cells, mitochondrial responses do not. Therefore, we next asked to
what extent NQO1 contributes to these unique responses by
monitoring real-time alterations of EGSH in the presence of NQO1
inhibitors.

3.2. NQO1 redox cycling is the main, but not only, determinant of
DNQ-induced cellular oxidation

To gain further insight into the mechanism of mitochondrial
DNQ response, A549 cells were incubated with dicumarol, a potent
inhibitor of NQO1 [24]. The DNQ-induced oxidative response of the
cytosolic probe was fully abolished in dicumarol-treated cells as
evidenced by an unchanged 395/494 nm excitation ratio near 0.1
both before and after challenge with DNQ (Fig. 1A00), confirming the
cytosolic NQO1 enzyme is a major target for DNQ in A549 cells.
Interestingly, dicumarol failed to prevent mitochondrial oxidation
(Fig. 1B00). This result indicates that DNQ induces oxidation of the
mitochondrial matrix compartment independent of NQO1 activity.
Fig. 2. B-lapachone exhibits direct oxidation of redox-sensitive probe. (A) Representative fl

roGFP2 localized in mitochondria (cells 1 and 2 with mGFP2) and cytosol (cells 3 and 4 with
the probe 395/494 nm excitation ratio to treatments with 4 mM b-lap (arrow) with or wit
(vertical solid line) and 10 mM dithiothreitol (DTT, vertical dashed line). (C, D) Representativ
cytosol. Panels (C0 , C00 , D0 , D00) under images are corresponding time-lapse responses of the pr
3 mM DNQ (arrow) followed by the probe calibration. Scale bar represents 20 mm. Each tra
pendent experiments.
However, while dicumarol is a competitive inhibitor of NQO1, it has
additionally been reported to impair mitochondrial electron
transport in human myeloid leukemia cells, and therefore its
impact on mitochondrial oxidation cannot be excluded [25]. To
account for this possibility, ES936, an alternative irreversible in-
hibitor of NQO1, was also used. Fig. 1C00 and 1D00 show compart-
mental responses in A549 and MIA-PaCa-2 cells to challenge with
DNQ in the presence of ES936. ES936 effectively abolished DNQ-
mediated cytosolic oxidation in both lines whereas the mitochon-
drial response was distinct between cell lines. Similar to dicumarol,
ES936 was ineffective in preventing DNQ-induced mitochondrial
oxidation in A549 cells (Fig. 1C00). Hence, mGFP2 oxidation in
A549 cells is independent of NQO1 activity and thus represents a
marginal off-target effect of DNQ-induced mitochondrial matrix
oxidation. In contrast, oxidation in both compartments of MIA-
PaCa-2 cells was prevented with ES936 treatment (Fig. 1D00). This
result emphasizes that in MIA-PaCa-2 cells NQO1 is the major
determinant in DNQ-induced ROS generation leading to tumor-
selective killing. Intriguingly, the cytosolic ROS generated via bio-
reductive activation of DNQ in A549 cells had no significant impact
on mGFP2 despite the diffusion of H2O2 from cytosol to mito-
chondria in A549 cells (not shown). The demonstration that cyto-
solic and mitochondrial oxidation can be uncoupled from one
another and independently elicited as shown in A549 cells may
have potential for future manipulations of cellular cytotoxicity
uorescence images of A549 and (B) MIA-PaCa-2 cells showing the expression of Grx1-
cGFP2). Panels (A0 , A00 , B0 , B00) under images are corresponding time-lapse responses of
hout 0.2 mM ES936 incubation followed by the probe calibration with 2 mM diamide
e fluorescence images of CHO cells showing the expression of Grx1-roGFP2 localized in
obe 395/494 nm excitation ratio to treatments with 2 and 4 mM b-lap (arrow) or 0.6 and
ce within panels designates a separate cell. The data are representative of three inde-



V.L. Kolossov et al. / Biochemical and Biophysical Research Communications 483 (2017) 680e686684
pathways. Next, oxidative responses to the better characterized
chemotherapeutic agent, belap, were explored to gain further
insight on quinone-induced compartmental ROS generation.

3.3. b-lapachone exhibits NQO1-independent oxidation of redox-
sensitive probe

Further biologic characterization of the therapeutic outcome of
NQO1-mediated ROS formation is needed for the potent anticancer
compound belap, which is currently in clinical trials (ARQ-761)
[6,26]. Fig. 2A and B show fluorescence images of A549 and MIA-
PaCa-2 cells expressing both mGFP2 (cells 1, 2) and cGFP2 (cells 3,
4) probes and their corresponding ratiometric analysis. Differences
were not observed between subcellular responses to 4 mM belap as
both compartments were fully oxidized in all cells (Fig. 2A0 , B0).
However, the belap-induced oxidative responses in presence of
ES936 were markedly different from that of DNQ despite sharing a
similar mode of action. The concentration of ES936 sufficient to
inhibit NQO1 enzymatic activity in MIA-PaCa-2 and A549 could not
protect either the cytosolic or mitochondrial matrix probe from
b-lap-induced oxidation (Fig. 2A00 , 2B00). The oxidation of both
Fig. 3. DNQ induces oxidative responses in mitochondria of A549 cells. (A) DNQ increases
ization. Cells stained with MitoSOX Red (5 mM; A) or TMRE (50 nM; C) before 0.6 mM DNQ in
with MitoSOX dye after DNQ treatment for 30 min. Plot graphs present corresponding quanti
are statistically different from control *p < 0.05. (B) Tiron scavenges DNQ-induced ROS in cy
showing Grx1-roGFP2 targeted to the cytosol and mitochondria. Plot graphs are correspondi
excitation ratio to treatments with 0.4 mM DNQ of cells with or without incubation with 10
probes despite NQO1 inhibition may be interpreted as a reduced
reliance on NQO1 for ROS generation; however, this finding would
be wholly inconsistent with the previously established mechanism
of b-lap-driven ROS generation [2,4].

Another possibility would be a direct impact of b-lap on probe
performance. To test that, NQO1-deficient CHO cells were exposed
to b-lap treatment [27,28]. Fig. 2C0 shows near full cytosolic
oxidation of CHO cells treated with 4 mM b-lap; the level of probe
oxidation was substantial when treated with the half maximal
inhibitory concentration (IC50 z 2 mM) (Fig. 2C00). In contrast, probe
oxidation was not observed in CHO cells exposed to 0.6 mM DNQ
which is 10 fold higher than its IC50 z 0.06 mM (Fig. 2D0) in keeping
with expectations based upon null NQO1 expression [9]. However,
when DNQ was administered in high concentration close to that of
belap, cytosol oxidation was observed, demonstrating that the
compound also has a direct interaction with the probe (Fig. 2D00).
Thus, the enhanced NQO1 specificity of DNQ enables lower con-
centrations to be used in vivo and in vitro, and allowed further redox
investigation without affecting probe performance. Our results are
in line with recent evidence of b-lap reduction of cysteines in vitro
and the suggested alkylation of exposed thiol residues of
mitochondrial ROS production and (C) induces mitochondrial membrane hyperpolar-
cubation. Fluorescence emission (514 nm excitation) micrographs show changes in ROS
tative data at indicated times. The data represent means ± SD (n ¼ 3). DNQ treated cells
tosol and mitochondria. Representative fluorescence (Ex 494 nm) image of A549 cells
ng time-lapse responses of mGFP2 (cells 1, 2) and cGFP2 (cells 3, 4) probes 395/494 nm
mM tiron for 30 min.
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topoisomerase II-DNA complex [29]. Hence, based on the data
collected by us and others we hypothesize that both b-lap and DNQ
at micromolar concentrations exceeding pharmacologically-
relevant levels of DNQ perturb intracellular thiol homeostasis
through direct interactions with redox-sensitive cysteines. This b-
lap off-target effect may underlie undesirable side effects, as both
normal and tumor cells would be affected. Thus, DNQ may be
considered as a novel anticancer drug candidate alternative to b-lap
for solid tumors with reduced damage to normal cells.
3.4. DNQ triggers mitochondrial ROS production and an initial
increase in membrane potential

To further study A549 cell NQO1-independent mitochondrial
response to DNQ, fluorescent dyes MitoSOX Red and TMRE were
used to examine corresponding changes in mitochondrial ROS
production and mitochondrial membrane potential (DJm),
respectively (Fig. 3A, C). Quantitative analysis of DNQ-treated
A549 cells revealed significant (2 fold) increase in MitoSOX fluo-
rescence intensity compared to untreated control cells, confirming
the observed oxidation of the mito-Grx1-roGFP2 probe (Fig. 3A). In
keeping with NQO1-based ROS generation, treatment with the
membrane-permeable ROS scavenger 4,5-dihydroxy-1,3-
benzenedisulfonic acid (tiron) neutralized DNQ-driven oxidation
of both mGFP2 and cGFP2 probes compared with tiron-free cells
(Fig. 3B). A549 cells also responded to DNQ by an immediate in-
crease in DJm as evidenced by relative changes in TMRE fluores-
cence (Fig. 3C). Collectively these data indicate that by inducing
ROS production, oxidizing glutathione, and altering mitochondrial
membrane potential, DNQ treatment alters mitochondrial redox
homeostasis.

The present study aimed to characterize responses of com-
partmentalized glutathione redox potentials induced by the phar-
macologic quinones DNQ and b-lap. While cytosolic NQO1 is the
natural cellular target of these quinones, oxidation of the redox
probe was observed in the mitochondrial matrix of A549 cells
even following complete NQO1 inhibition. This oxidation was
confirmed bymeasureable mitochondrial ROS release and linked to
increased MMP, indications that prolonged exposure may lead to
mitochondrial-induced apoptosis. Further, with treatment of
pharmacological concentrations of b-lap, both DNQ and b-lap
exerted undesired oxidative effects on intracellular thiols; however,
the enhanced specificity of DNQ for NQO1 mediates use of con-
centrations well below this threshold, thereby reducing risk for off-
target effects during chemotherapeutic intervention.
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