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Abstract

Background: Recent findings suggest that NADH-dependent enzymes of the plasma membrane redox system (PMRS) play
roles in the maintenance of cell bioenergetics and oxidative state. Neurons and tumor cells exhibit differential vulnerability
to oxidative and metabolic stress, with important implications for the development of therapeutic interventions that
promote either cell survival (neurons) or death (cancer cells).

Methods and Findings: Here we used human neuroblastoma cells with low or high levels of the PMRS enzyme NADH-
quinone oxidoreductase 1 (NQOT) to investigate how the PMRS modulates mitochondrial functions and cell survival. Cells
with elevated NQOT1 levels exhibited higher levels of oxygen consumption and ATP production, and lower production of
reactive oxygen species. Cells overexpressing NQO1 were more resistant to being damaged by the mitochondrial toxins
rotenone and antimycin A, and exhibited less oxidative/nitrative damage and less apoptotic cell death. Cells with basal
levels of NQO1 resulted in increased oxidative damage to proteins and cellular vulnerability to mitochondrial toxins. Thus,
mitochondrial functions are enhanced and oxidative stress is reduced as a result of elevated PMRS activity, enabling cells to
maintain redox homeostasis under conditions of metabolic and energetic stress.

Conclusion: These findings suggest that NQO1 is a potential target for the development of therapeutic agents for either
preventing neuronal degeneration or promoting the death of neural tumor cells.
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Introduction mitochondria-mediated programmed cell death pathways are
often disabled [11,12]. Cellular energy metabolism is also typically
altered in cancer cells such that glycolysis is increased and
oxidative phosphorylation reduced [12].

Mitochondria are a hub for cellular energy metabolism because
they produce the majority of ATP required for cell survival and
maintenance of cell physiology [1,2]. However, during oxidative
phosphorylation, mitochondria generate free radicals, which can
cause oxidative damage and mitochondrial dysfunction. Alter-
ations in mitochondrial function and energy metabolism are
believed to contribute to aging and age-related diseases [3,4].
Defective activities of mitochondrial complexes I, II, III and IV
have been identified in several major neurodegenerative diseases
and to a lesser extent during normal aging [5,6,7,8], and may
result in reductions of ATP levels and ATP-dependent biochem-
ical processes [9]. In addition, neurons are very vulnerable to
acute oxidative and metabolic stresses that may occur under
conditions of ischemia or hypoglycemia [1,10]. It is therefore
important to understand mechanisms by which neurons can
maintain mitochondrial function under stressful conditions.

In contrast to postmitotic neurons, tumor cells are relatively
resistant to metabolic and oxidative stress, in part because their

The PMRS (plasma membrane redox system) can regulate
redox homeostasis by promoting maintenance of a relatively high
NAD"/NADH ratio [13]. In response to oxidative stress, electrons
are transferred across the plasma membrane, from internal
reductants such as NAD(P)H to external oxidants [14,15,16].
Coenzyme Q (CoQ), a key electron shuttle in the plasma
membrane, can be reduced either by NAD(P)H-quinone oxido-
reductase 1 (NQO1) [17,18,19] or by cytochrome b5 reductase
[20,21]. NQOV is of particular interest because its expression Is
induced by Nrf2, a transcription factor involved in adaptive
cellular responses to oxidative and metabolic stress, and NQO1
can be translocated to the inner surface of the plasma membrane
under stressful conditions [22].

Recently, it was shown that neurons can be protected from
oxidative and metabolic stresses through the activation of
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detoxifying enzymes including NQO in response to the activation
of Nrf2 [23,24]. Other reports indicate that altered NQOI
expression is related to the pathogenesis of Alzheimer®s disease
(AD) [25,26], and suggest a potential neuroprotective role for
NQOI in diseases involving metabolic and oxidative stresses
including AD [27]. NQO1 can protect cultured cells against toxic
insults by regulating PMRS activity [28]. However, it is not known
whether NQO1 can modulate mitochondrial function.

In this study, we used human neuroblastoma cells with low or
high NQOI levels and assessed several mitochondrial functions in
the absence or presence of mitochondrial inhibitors. We found
that elevated levels of NQOI1 enhance mitochondrial activity
without causing increased production of reactive oxygen species
(ROS), and protect cells against mitochondrial toxins, suggesting
that mitochondrial bioenergetics is improved by the PMRS
enzyme NQOI.

Materials and Methods

Cell Culture and Transfection

SH-SY5Y human neuroblastoma cells were cultured in DMEM
medium supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, USA), 100 IU/ml penicillin (Invitrogen) and
100 pg/ml streptomycin (Invitrogen) in a humidified 5% COy/
95% air atmosphere. The cells were transfected with pBE8 vector
containing the full-length NQO1 ¢cDNA (a generous gift from Alan
Sartorelli at the Yale University School of Medicine) as described
previously [29]. The cells were selected using G-418 and their
relative levels of NQO1 were established by immunoblot analysis

[28].

Cell Viability Assays

Cell viability was determined by evaluating mitochondrial
activity using 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (Sigma, St. Louis, MO, USA) or membrane
Integrity using trypan blue staining [30,31]. When cells reached
80% confluence, they were exposed to normal culture medium
containing 100 uM rotenone (Sigma) or 100 uM antimycin A
(Sigma) for 1-3 days. For the trypan blue assay, cells were
trypsinized, washed twice with PBS (Invitrogen), and trypan blue
dye solution was added and the number of dye-excluding cells
counted on a hemocytometer in cells from 3 separate cultures. For
the MTT assay, cell suspensions with equal numbers of cells were
transferred into a 96-well plate for 1 day. MTT solution (10 pL)
was then added to each well. The absorbance was read at 540 nm
following incubation of the mixture for 1 hr at 37°C.

Isolation of Mitochondria

Mitochondrial fractions were isolated from the cells by
centrifugation, and kept at 4°C, as described previously with
minor modifications [32]. Briefly, cells were washed with ice-cold
PBS and homogenized in 10 mM Tris buffer (pH 7.6) with a
protease inhibitor cocktail (1.5 mM) (Sigma). The homogenates
were centrifuged at 600 g for 10 min at 4°C and then the
supernatants were centrifuged again at 14,000 g for 10 min at
4°C. The resulting pellets were carefully removed and resuspended
in the assay buffer.

Confirmation of the Purity of the Mitochondrial Fractions

Immunoblot assays using enzyme markers for the cytosol and
mitochondria were performed to establish the relative purity of the
isolated mitochondrial fractions using antibodies against peroxir-
edoxin II (cytosol marker, 1:2,000, Ab Frontier, South Korea),
peroxiredoxin III (mitochondrial marker, 1:2,000, Ab Frontier),
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Complex I (1:2,000, Invitrogen), Complex II (1:2,000, Abcam,
Cambridge, MA, USA), Complex III (1:2,000, Abcam), Complex
IV (1:2,000, Abcam), and prohibitin (1:4,000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Briefly, the isolated
mitochondrial fractions were lysed in PBS (pH 7.4) containing
5 pg/ml aprotinin, 5 pg/ml leupeptin, 5 pg/mL pepstastin A, and
0.1% Triton X-100, and placed on ice for 5 min. The lysates were
centrifuged at 12,000 g for 10 min, and the supernatants were
transferred into new Eppendorf tubes. Protein levels were
measured using the Bradford reagent [33], and 10 ug of protein
was separated by SDS-PAGE, as described previously [34,35].
The separated proteins were transferred electrophoretically to a
nitrocellulose membrane (Whatman GmBH, Dassel, Germany),
which was then incubated with the primary antibodies. Immune
complexes were detected with horseradish peroxidase-conjugated
secondary antibodies and enhanced chemiluminescence reagents
(1:5,000, Ab Frontier).

ATP Production Rate

Mitochondria were isolated from the cells and the ATP
production rate (APR) was determined as previously described,
with minor modifications [36]. Isolated mitochondria (10 pg) were
suspended in reaction buffer A (0.1% BSA, 150 mM KCIL,
0.1 mM MgCl,, 25 mM Tris-HCI, 10 mM potassium phosphate,
pH 7.4) containing 160 pM diadenosine pentaphosphate, 1 mM
pyruvate, 100 uM ADP, and either 5 mM NADH or 5 mM
glutamate/malate or 5 mM succinate. To determine APR,
luciferase assays were performed with buffer B (500 mM Tris-
acetate, pH 7.75) containing 20 pug/ml luciferase (Invitrogen) and
0.8 mM D-luciferin (Invitrogen). The light emission was moni-
tored using a luminometer (20/20", Turner Biosystems, Sunny-
vale, CA) for 5 min at 10 sec intervals. A standard curve for
luminescence was made by using solutions containing increasing
concentrations of ATP.

Oxygen Consumption Rate

Oxygen consumption rate of the isolated mitochondria was
monitored using an Instech Two Channel Fiber Optic Oxygen
Monitor System (Instech Laboratories, Inc., Plymouth Meeting,
PA, USA), as described previously [35]. Cell chambers were
maintained at 37°Ci in a circulating water bath. All measurements
were assessed with Fiber Optic Oxygen Monitor Operating
Software and Slope Calculator Software (Instech Laboratories).
Respiration rates were determined in 20 pg of each mitochondrial
fraction in the presence of 5 mM NADH, 5 mM glutamate/
malate or 5 mM succinate, and results were calculated as nmol
oxygen consumed/min/mg protein. Activated oxygen consump-
tion rate was measured following addition of ADP. Resting
respiration rate was determined as the oxygen consumption rate
under conditions where no inhibitors or uncouplers were
administered to themitochondria. Non-mitochondrial oxygen
consumption was determined as the respiration rate following
incubation of cells with 100 uM potassium cyanide (KCN) (Fluka
BioChemika, Bruchs, Germany).

Production of Reactive Oxygen Species in the
Mitochondria

Mitochondrial fractions isolated freshly from isolated freshly
were analyzed. Hydrogen peroxide (HyOy) released from the
mitochondria was measured using the fluorescent dye Amplex Red
(Molecular Probes, Eugene, OR, USA) which reacts with HyOq
with a 1:1 stoichiometry in the presence of horseradish peroxidase,
and thereby produces the highly fluorescent chemical resorufin
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[37,38,39,40]. Briefly, a reaction buffer (50 mM Tris, pH 7.4) was
supplemented with 5 pM Amplex Red, 0.5 U/ml HRP and
20 U/mL Cu,Zn-superoxide dismutase to prevent the auto-
oxidation of Amplex Red and interference with quantitative
assessment of low rates of HyOy production [41]. The supple-
mented buffers were preincubated at 37°C: and mitochondrial
fractions and electron donors (5 mM succinate or 5 mM glycerol
3-phosphate) were added to the reaction mixture. The detection of
Hy0O5 in mitochondrial suspensions (0.1 mg protein/mL) was
recorded as an increase in Amplex Red fluorescence using
excitation and emission wavelengths of 560 and 590 nm,
respectively. The response of Amplex Red to HyOg was calibrated
by incubation with known amounts of HyO, solution from 100 to
1000 pmol. The concentration of commercial 30% HyO4 solution
was calculated from light absorbance at 240 nm using E**
mM=43.6 cm ! and the stock solution was diluted to 100 pM
with water and used for calibration immediately.

Activities of Mitochondrial Complexes | and I

Mitochondrial complex I and II activities were assessed using
decylubiquinone and dichloroindolphenol (DCIP), as described
earlier [42]. Briefly, 10 pg of the isolated mitochondrial fractions
were preincubated in the reaction buffer for complex I (70 uM
decylubiquinone, 60 uM DCIP, 1 uM antimycin A, 0.35% BSA,
25 mM potassium phosphate, pH 7.4) or complex II (70 pM
decylubiquinone, 60 pM DCIP, 1 uM antimycin A, 50 uM
rotenone, 500 uM EDTA, 200 uM ATP, 0.1% BSA, 80 mM
potassium phosphate, pH 7.4) at 37°C. The reaction was initiated
by the addition of substrates (complex I: 5 mM NADH or 5 mM
glutamate/malate and complex II: 5 mM succinate and 300 uM
potassium cyanide) to the mixture and absorbance was read at
600 nm for 5 min with 20 sec intervals.

In the case of the inhibition study, cells were cultured in the
presence of 50 and 100 uM rotenone for 6 hr and the
mitochondrial fractions were isolated and used for the assays.
Experiments using the mitochondrial fractions isolated from the
cells cultured under normal conditions were also performed for the
assays and then rotenone was added to the reaction mixture at
lower concentrations (10 and 100 nM rotenone).

NAD(P)*/NAD(P)H Ratio

NAD" and NADH levels were determined separately using a
NAD/NADH Quantitation Kit (BioVision, Mountain View, CA).
Briefly, in order to measure total levels of NAD* and NADH,
lysates were transferred into a 96-well plate, and 100 ul NAD*
cycling buffer and 2 ul NAD*cycling enzyme mix were added.
The mixtures were incubated at room temperature for 5 min to
convert NAD" to NADH, and NADH developer was then added
to each well. The plate was incubated for 2 h, and absorbance was
read at 450 nm. To measure NADH, NAD" was decomposed by
heating the lysates at 60°C for 30 min, followed by the same
procedures described above. A standard curve was generated by
serial dilution of standard NADH solution and the NAD"/NADH
ratio was calculated as [(NADtotal-NADH)/NADH].

Turnover Rate of p53

Cells were cultured in the presence of 0.5 pM cycloheximide for
an appropriate time to prevent further protein synthesis. Then
cells were lysed for immunoblot assays using an antibody against
the tumor suppressor protein pd3.
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Determination of Levels of Oxidative Stress Markers

Lipid peroxidation levels were assessed using the 8-Isoprostane
Assay Kit (OxisResearch, Portland, OR, USA). Briefly, following
exposure to each of the mitochondrial toxins, cells were lysed and
cell extracts (100 pL) were added to a 96-well plate and incubated
with 100 pL horseradish peroxidase-conjugated antibody at room
temperature for 1 hr; 200 pL substrate was added to the plate and
it was incubated for 30 min. Absorbance was read at 450 nm after
stopping the reaction by adding 50 pL. 3 M sulfuric acid. Protein
carbonyl content was determined as described previously [43],
except the final cell extracts were dissolved in 1 ml of 6 M
guanidinium hydrochloride. Carbonyl content was calculated as
nmol/mg protein [44]. Measurement of protein-bound nitrotyr-
osine content of isolated plasma membranes was performed using
the Nitrotyrosine Assay Kit (OxisResearch).

Evaluation of Apoptosis

Following exposure to rotenone or antimycin A for 6, 12, 18
and 24 hr, cells were lysed and a cleaved form of PARP was
identified by immunoblot analysis using a PARP antibody (1:2,000
dilution, Cell Signaling, Danvers, MA). Cell membrane damage
(propidium iodide-positive cells) and chromatin condensation were
also assessed using propidium iodide and Hoechst 33258, as
described previously [30,31].

Statistical Analysis

Statistical differences were determined by one-way ANOVA,
and multiple comparisons were performed with a post-hoc
Bonferroni t-test.

Results

Previously, we demonstrated that cells overexpressing NQO/1
exhibited relative resistance to being damaged by KCN [28]. Here
we found that MTT-reduction activity in NQOI transfectants was
higher than that in control cells under normal culture conditions
(Fig. SI). These findings suggested that mitochondrial activity is
influenced by the PMRS enzyme, NQOI.

Mitochondria from Cells with Elevated NQO1 Levels
Exhibit Increased ATP Production and Oxygen
Consumption

In order to determine whether ATP synthesis in the mitochon-
dria was affected by NQO! levels, mitochondrial ATP production
rate (APR) was measured by a luciferase assay. Mitochondrial
APR was significantly enhanced by overexpression of NQOI in
the presence of NADH or glutamate/malate (p<<0.01) (Fig. 1A
and B). Oxygen consumption rate was also elevated in NQOI
transfectants compared with control cells in the presence of
NADH or glutamate/malate (p<<0.01) (Fig. 1D and E). Activated
oxygen consumption rate (state 3 respiration) was also significantly
increased when the electron donors were added (p<<0.01) (Fig.
S2C and D). APR and oxygen consumption rate were slightly
higher in NQOI1 transfectants treated with succinate (Fig. 1C and
I); however, they were not significant.

Cells Overexpressing NQO1 Exhibit Enhanced Activities
of Mitochondrial Electron Transport Chain Complexes
and Reduced ROS Production

To further elucidate the mechanism by which NQO1 influences
mitochondrial function in human neural tumor cells, we measured
activities of mitochondrial complexes I and II in cells expressing
high or lower levels of NQO1. Mitochondrial complex I activity
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Figure 1. ATP production and oxygen consumption are increased by overexpression of NQO1. Intact mitochondria were prepared and
ATP production and oxygen consumption were assessed in the presence of electron donors. (A-C) ATP production rates in the presence of NADH (A),
glutamate/malate (B) and succinate (C). (D-F) Oxygen consumption rates in the presence of NADH (D), glutamate/malate (E) and succinate (F). Values
are the mean = SEM (n=6). *p<<0.01 compared with the value for untransfected control cells.

doi:10.1371/journal.pone.0069030.g001
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was significantly elevated in NQOI1 transfectants compared to
control cells (p<<0.01) (Fig. 2A and B). Complex II activity was also
higher in cells overexpressing NQO1 compared to control cells
under normal culture conditions (p<<0.05) (Fig. 2C). Interestingly,
however, the production of ROS (in the presence of either NADH
or glutamate/malate or succinate) was significantly lower in cells
with elevated NQO1 levels compared to cells with a lower NQO|1
level (p<<0.01) (Fig. 2D, E and F).

NQO1 Enhances Cellular Energetics and Stabilizes p53

The increased ATP production and oxygen consumption of
cells overexpressing NQO1 suggests that NQO1 in the plasma
membrane enhances cellular bioenergetics. To further character-
ize the effects of NQOI1 on bioenergetics we measured levels of
NAD" and NADH in neuroblastoma cells with low or elevated
levels of NQO1. The NAD"/NADH ratio in the cytosol of cells
overexpressing NQO1 was approximately 10-fold greater than the
NAD*/NADH ratio of control cells with lower NQO1 levels
(p<0.01) (Fig. 3A). However, the NAD*/NADH ratio in the
mitochondria of NQOI transfectants was significantly decreased
(p<<0.01), by approximately 50% compared to control cells. Levels
of pb3 were highly expressed in cells overexpressing NQO1
(Fig. 3B). Following treatment with cycloheximide, an inhibitor of
protein synthesis, turnover rate of p53 was reduced in cells with
elevated NQOL levels.

NQOT1 Protects Neuroblastoma Cells from Mitochondrial
Toxins

We performed cell viability experiments with both control and
NQO1l-overexpressing cell lines following exposure to mitochon-
drial toxins (the complex I inhibitor rotenone, and the complex III
inhibitor antimycin A), which are known to induce ROS
production. Following treatment with rotenone, cell viability was
significantly decreased in the control cells with basal levels of
NQOLI in a concentration-dependent manner (Fig. 4A and C). In
contrast, cells overexpressing NQO1 were significantly more
resistant to rotenone across the range of concentrations tested
(p<<0.01). Antimycin A reduced the viability of the cells with basal
levels of NQOI in a dose-dependent manner, and cells with
elevated levels of NQO1 were significantly less vulnerable to the
complex III inhibitor compared with the control cells (p<<0.01)
(Fig. 4B and D).

The complex I activity in cells overexpressing NQO1 was
significantly higher when the mitochondria were incubated in the
presence of either NADH (Fig. 5A) or glutamate/malate (Fig. 5B).
As expected, complex I activity in cells overexpressing NQO1 and
treated with either NADH or glutamate/malate was significantly
reduced when cells were exposed to rotenone (p<<0.01) (Fig. 5A
and B). Complex I activity in control cells treated with rotenone
was also decreased following exposure to rotenone. However, it
was less affected by the inhibitor than NQOI transfectants (Fig. 5A
and B). Similar patterns were also shown when the mitochondria
were exposed to rotenone following isolation (Fig. 5C and D).

NQO1 Attenuates Levels of Oxidative Protein Damage
Levels of protein carbonyls, a biomarker for protein oxidation,
were slightly lower in NQOI transfectants compared with control
cells under normal culture conditions. Treatment with rotenone
dramatically increased levels of protein carbonyls in control cells
(p<<0.01) (Fig. 6A), and the rotenone-induced generation of
protein carbonyls was significantly attenuated in cells with elevated
NQOL levels (p<<0.01). Similarly, levels of nitrotyrosine, a marker
of protein nitration, were significantly increased following the
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addition of rotenone (p<<0.01), and this effect of rotenone was
significantly attenuated in cells with high levels of NQO1 (p<<0.01)
(Fig. 6C). Antimycin A also induced increased levels of protein
carbonyls (Fig. 6B) and 3-nitrotyrosine (Fig. 6D). Levels of both
types of oxidative protein damage induced by antimycin were
significantly lower in cells overexpressing NQO1 compared with
control cells (p<<0.01).

Apoptosis is Reduced in Neuroblastoma Cells with
Elevated Levels of NQO1

Cleavage of poly ADP ribose polymerase (PARP) was moni-
tored as a cell death marker in in control and NQOI
overexpressing cells exposed to mitochondrial toxins. Addition of
rotenone induced a cleaved form of PARP in a time-dependent
and dose-dependent manner (Fig. 7A). Accumulation of the
cleaved form of PARP occurred faster in control cells than in cells
overexpressing NQO1. At the same concentration of rotenone, the
appearance of propidium iodide-positive cells (Fig. 7C) and
chromatin condensation (Fig. 7E) were delayed in cells overex-
pressing NQO1 compared with control cells. A similar resistance
to apoptosis was evident in cells with elevated levels of NQOI
when antimycin A was used to trigger apoptosis (Fig. 7B, D and F).

Discussion

NQOI expression is known to be increased in response to
energetic and oxidative stress. Recently, it has shown that the
NQOL1 substrates CoQ); and idebenone could restore cellular ATP
levels when mitochondrial complex I is inhibited [45]. We found
that NQOI influences several aspects of mitochondrial function
including: elevation of mitochondrial complex I activity; increased
ATP production; maintenance of an elevated NAD'/NADH
ratio; and decreased ROS production. These effects of NQO1 on
mitochondrial function would be expected to promote mainte-
nance of cellular energy levels and reduce oxidative damage in
cells under conditions of metabolic and oxidative stress. Indeed,
we found that neuroblastoma cells overexpressing NQO1 were
more resistant to being killed by the mitochondrial toxins rotenone
and antimycin A.

Hydrocytyrosol, an inducer of Nrf2, can stimulate the
expression of detoxifying enzymes including NQO1 and enhances
mitochondrial biogenesis [46]. Other inducers of NQOI expres-
sion, such as 3H-1,2-dithiole-3-thione and sulforaphane can
protect cells against oxidative stress [47,48,49]. By stimulating
the Nrf2 pathway, sulforaphane induces NQOI1 expression and
may thereby preserve mitochondrial function and protect mito-
chondria from toxic insults in some cells. Consistent with a role for
NQOLI in cell survival, dicoumarol, a competitive inhibitor of
NQOI, inhibits mitochondrial electron transport and increases
the production of Oy, resulting in decreased cell proliferation
[50,51]. In some cells, on the other hand, NQO1 promotes cell
death. For example, NQOI1 causes apoptosis of non-small-cell
lung cancer cells [52], suggesting unconventional roles for NQO1
in some types of cancer cells. The biological actions of NQO1 may
therefore depend on the cell type and the metabolic/redox states
of the cells.

As a result of the activity of the electron transport chain, the
more ATP mitochondria produce, the more ROS they generate
[2]. However, we found that overexpression of NQOI results in
decreased mitochondrial ROS levels in human neuroblastoma
cells, even though they produce more ATP via increased activity of
mitochondrial electron transport chain complexes compared to
control cells under normal culture conditions. Interestingly, we
found that a greater portion of complex I activity in NQOI1
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transfectants was reduced by addition of the complex I inhibitor,
rotenone, compared with the control cells exposed to rotenone.
There are at least four possibilities to explain these results. First,
this might be causally linked to increased QH2/Q- and NAD/
NADH-levels. Second, ROS generated during oxidative phos-
phorylation can be scavenged by NQOI1 directly as NQO1 can
reduce the oxidized form of CoQ). An alternative explanation is
that, the effects are driven by uncoupling, caused by the
generation of a cytosolic-mitochondrial electron shuttle [45], with
an apparent higher complex I activity resulting, in part, from the
low specificity of this assay. However, it i1s very likely that
overexpressed NQOI is not involved in reduction of CoQ by the
electron shuttling because no NQO1 protein was detected in the
isolated mitochondrial fractions (Fig. S2A). Third, ROS may also
be neutralized by other mitochondrial antioxidant enzymes, some

PLOS ONE | www.plosone.org

of which can be induced by the Nrf2 pathway [47,48,49]. Fourth,
the mitochondria in cells with higher levels of NQOI1 may
generate ATP more efficiently without causing further leakage of
electrons during the transfer of electrons from complex I or II to
complex III.

ROS can be generated spontaneously in mitochondrial
complexes involved in redox reactions, especially one-clectron
transfer via transition metals and semi-ubiquinone [53,54].
Considerable evidence suggests that semiquinones linked to
complexes I and III are responsible for the production of Oy
during oxidative phosphorylation [54,55]. Many researchers
measured ROS levels in the presence of specific inhibitors (e.g.
rotenone, antimycin A) and in pathological conditions (e.g.
hypoxia) [56,57]. Previous studies showed that succinate and
glutamate/malate are the best electron donors for mitochondria
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[58]. We found that cells with elevated NQO1 levels exhibited
attenuated ROS production in mitochondria and an elevated
NAD*/NADH ratio, suggesting that ROS can be neutralized by
NQOLI. Instead, we found that proteins and lipids in NQOI1
transfectants were more resistant to oxidative/nitrative stress
following treatment with either rotenone or antimycin A.
Human neuroblastoma cells including SH-SY5Y cell lines have
been widely used as a complement to primary neuronal cultures
because they have some common features of differentiated
neurons [59]. For example, SH-SY5Y cells have been used as a
study model of AD [60,61,62] and Parkinson’s disease (PD)
[63,64,65]. We found that human neuroblastoma cells overex-
pressing NQO1 were relatively resistant to being killed by
mitochondrial toxins as indicated by reduced PARP cleavage, cell
shrinkage and chromatin condensation. These data are consistent
with lower production of ROS, and lower levels of oxidative/
nitrative damage in cells with elevated NQOI levels. In fact,
impaired energy metabolism and increased oxidative damage are

PLOS ONE | www.plosone.org

known to contribute to degeneration of neurons in a variety of
neurodegenerative diseases. Previously, we showed that normal
aging is associated with reduced levels of NQO1 and other PMRS
enzymes in brain cells [34]. Therefore, our findings suggest that
NQOI may play a key role in protecting neurons against oxidative
stress and energy failure during aging and in neurodegenerative
disorders, consistent with a previous result [66]. The present
findings suggest that possibility that, by enhancing mitochondrial
bioenergetics and reducing oxidative stress, up-regulation of
NQOI might protect neurons against pathogenic processes in
neurodegenerative diseases including AD and PD.

Finally, our findings suggest that NQOI is a target for the
development of therapeutic interventions for neuroblastoma, and
possibly other types of neural tumors. We found that overexpres-
sion of NQOI prevents apoptosis of neuroblastoma cells which
suggests that inhibition of NQO1 would enhance death of these
cells. Consistent with the latter possibility, levels of NQOT1 are
elevated in glioblastoma cells and may protect them against
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apoptosis [67], and genetic deletion of NQO1 renders keratino-
cytes vulnerable to apoptosis [68]. On the other hand, activation
of NQOI can promote the death of some types of non-neural
tumor cells. For example, it was reported that dicoumarol and
other more specific inhibitors of NQOI1 reduce the death of
several types of cancer cells [69], and NQO/I-deficient mice
exhibit enhanced susceptibility to skin cancers [70]. Further work
will be required to develop tumor type-specific NQO1-modifying
agents for therapeutic intervention in cancers.

Supporting Information

Figure S1 The same number of control and NQO!1 transfected
cells were plated onto 96-well plates. The next day, mitochondrial
activity was assessed using a MTT-reduction assay. Values are the
mean £ SEM (n=6). *p<<0.01 compared with the value for
untransfected control cells under normal culture conditions.
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