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Abstract The plasma membrane redox system (PMRS)
of nicotinamide adenine dinucleotide (NADH)-related
enzymes plays a key role in the maintenance of cellular
energetics. During the aging process, neural cells are
particularly sensitive to impaired energy metabolism and
oxidative damage, but the involvement of the PMRS in
these processes is unknown. Here, we used human
neuroblastoma cells with either elevated or reduced
levels of the PMRS enzyme NADH-quinone oxidore-
ductase 1 (NQO1) to investigate how the PMRS

regulates neuronal stress responses. Cells with elevated
NQO1 levels were more resistant to death induced by 2-
deoxyglucose, potassium cyanide (energetic stress), and
lactacystin (proteotoxic stress), but were not protected
from being killed by H2O2 and serum withdrawal. The
NAD+(an oxidized form of NADH)/NADH ratio was
maintained at a significantly higher level in cells
overexpressing NQO1, consistent with enhanced levels
of NQO1 activity. Levels of the neuroprotective
transcription factors nuclear factor kappa-light-chain-
enhancer of activated B cells and nuclear factor
(erythroid-derived 2)-like 2, and the protein chaperone
HSP70 were elevated in cells overexpressing NQO1.
Cells in which NQO1 levels were decreased by RNA
interference exhibited increased vulnerability to death
induced by 2-deoxyglucose and lactacystin. Thus, a
higher NAD+/NADH ratio and activation of adaptive
stress response pathways are enhanced by the PMRS in
neuroblastoma cells, enabling them to maintain redox
homeostasis under conditions of energetic and proteo-
toxic stress. These findings have implications for the
development of therapeutic interventions for neural
tumors and neurodegenerative conditions.
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Introduction

A preponderance of research on cellular energy
metabolism and oxidative stress has focused on
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mitochondria because this organelle generates
large amounts of both adenosine triphosphate
(ATP) and free radicals (Mattson et al. 2008;
Murphy 2009). Impaired mitochondrial function
and cellular energy metabolism are implicated in
the normal aging process and in diseases of the
cardiovascular, nervous, and musculoskeletal sys-
tems (Kim et al. 2008; Luft and Landau1995).
Neurons rely on a constant supply of glucose and so
are particularly vulnerable to conditions in which
glucose availability is limited (e.g., ischemic stroke
and hypoglycemia) or energy demand is increased
greatly (e.g., epileptic seizures; Mattson et al. 2008;
Sims 1992). The oxidative and metabolic alterations
that occur in neurons during aging are believed to
contribute to their dysfunction and degeneration in
Alzheimer’s disease (AD; Mattson 2004; Mosconi
et al. 2008), Parkinson’s disease (PD; Ferrer 2009),
and Huntington’s diseases (Browne 2008). A better
understanding of the mechanisms by which neurons
cope with metabolic and oxidative stress may
therefore provide opportunities for the development
of novel interventions to prevent and treat neuro-
degenerative diseases.

The plasma membrane (PM) regulates numerous
aspects of cell physiology and signaling, and also
protects cells against oxidative stress. The PM
contains enzymes involved in electron transport and
energy metabolism, the so-called PM redox system
(PMRS; Hyun et al. 2006b; Villalba and Navas 2000).
Coenzyme Q (CoQ) can be reduced at the PM by
either NAD(P)H-quinone oxidoreductase 1 (NQO1)
or NADH-cytochrome b5 reductase. NQO1 is a
nicotinamide adenine dinucleotide (phosphate)
(NAD(P)H)-dependent reductase that is translocated
to the inner surface of the PM under stress
conditions. (Li and Jaiswal 1992; Rushmore et al.
1991). CoQ is an important component of the PMRS
where it functions as an antioxidant that protects lipids
from oxidative damage either directly or by maintaining
the active reduced forms of ascorbate and α-tocopherol
(Crane 2001; Kagan et al. 1998; Turunen et al. 2004).

The PMRS is also important for modulating the
cellular NAD+/NADH ratio in response to fluctuations
in energy demand. Indeed, PMRS activity has been
linked to processes such as cell survival, growth, and
differentiation where changes in pyridine nucleotide
balance play important roles (Buron et al. 1993; De
Luca et al. 2005; Medina et al. 1997). In addition, we

recently demonstrated that the PMRS can compensate
for the dysfunction of mitochondria; mitochondria-
deficient cells exhibit increased activities of multiple
PMRS enzymes and, though more sensitive to glycol-
ysis inhibitors, are more resistant to oxidative stress
(Hyun et al. 2007). The contributions of individual
PMRS to cytoprotection are unknown. Among the
PMRS enzymes, NQO1 is of particular interest
because its expression is induced by Nrf2, a transcrip-
tion factor involved in adaptive cellular responses to
oxidative and metabolic stress (Jaiswal 2004). Recent
findings suggest that activation of Nrf2 can protect
neurons against oxidative and metabolic insults
(Johnson et al. 2008; Son et al. 2010), but whether
NQO1 plays a pivotal role in such neuroprotection is
unknown. Other studies have associated changes in
NQO1 expression with the pathogenesis of AD
(Raina et al. 1999), suggesting a potential role for
NQO1 in cellular reactions to the metabolic impair-
ment and increased oxidative stress known to occur
in this disease (Mattson 2004).

In the present study, we used molecular genetic
technologies to selectively increase or decrease levels of
NQO1 in human neuroblastoma cells. We found that
higher NQO1 levels resulted in increased resistance of
the cells to energy deprivation and proteotoxicity but
did not protect the cells against direct oxidative insults.
Cells with higher NQO1 levels maintained a higher
NAD+/NADH ratio, suggesting that this PMRS en-
zyme improves cellular energetics.

Methods

Cell culture and transfection

SH-SY5Y human neuroblastoma cells were cultured
in Dulbecco's modified Eagle's medium supplemented
with 10% fetal bovine serum (Invitrogen, Carlsbad,
CA), 100 IU/ml penicillin (Invitrogen), and 100 μg/
ml streptomycin (Invitrogen) in a humidified 5%
CO2/95% 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 (Seow et al. 2004). Six different clones
were selected using G-418. To reduce NQO1 levels, the
cells were transfected with NQO1-specific short hairpin
RNA (shRNA) in the pLKO.1 vector according the
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manufacturer’s protocol (Open Biosystems, Rockford,
IL), and puromycin-resistant clones were selected.

Characterization of the transfected cells

Cells were lysed, and NQO1 protein levels were
determined by immunoblotting using NQO1 mono-
clonal antibody provided by David Ross (University
of Colorado, Denver, CO). Levels of NQO1 proteins
in the PM of the transfected cells were measured
following isolation of the PMs by a two-phase
partition, as described previously (de Cabo et al.
2004; Hyun et al. 2006a). NQO1 activity was
determined in vitro using electron donors, as de-
scribed previously (de Cabo et al. 2004).

Isolation of plasma membranes

The PM isolation procedure was carried out using
the two-phase partition, as described previously
(de Cabo et al. 2004; Navas et al. 1989). Protein
concentration in PM fraction was determined by the
Bradford Assay (Bradford 1976). Immunoblotting assay
using enzyme markers for PM and mitochondria was
performed to measure the purity of the isolated fractions
as described previously (de Cabo et al. 2004). For
immunoblotting, anti-Na+/K+-ATPase α-subunit mono-
clonal antibody (1:1,000 dilution, Affinity BioReagents,
Golden, CO) and anti-cytochrome c oxidase subunit I
monoclonal antibody (1:1,000 dilution, Molecular
Probe, Eugene, OR, USA) were used.

Levels of metabolites

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 μl NAD+

cycling buffer and 2 μl 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].

Cell viability assay

Cells were exposed to normal culture medium
containing 2-deoxyglucose (5, 10, 15, 20 mM),
potassium cyanide (KCN; 5, 10, 15, 20 mM),
lactacystin (10, 20, 30, 40 mM), or to serum-free
medium for 24 h. In the case of H2O2 treatment, the
cells were exposed to hydrogen peroxide (50, 100,
150, 200 μM) in the absence of serum for 1 h and
then incubated with normal culture medium for 24 h.
Cell viability was measured using WST-8 (Dojindo,
Japan), and intensity was read at 450 nm.

Stress-response proteins

Levels of stress-response molecules were examined
by immunoblot analysis using antibodies against the
following proteins: p65 (1:1,000 dilution, Cell Sig-
naling Technology, Danvers, MA), p50 (1:1,000
dilution, Cell Signaling Technology), heat shock
protein 70 (HSP70) (1:1,000 dilution, Cell Signaling
Technology), and nuclear factor (erythroid-derived 2)-
like 2 (Nrf2) (1:1,000 dilution, Abcam, Cambridge,
MA). Briefly, the samples were lysed using phosphate
buffered saline (pH 7.4) containing 5 μg/ml aprotinin,
5 μg/ml leupeptin, 5 μg/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 (Bradford 1976), and a total of
20 μg of protein was separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis. The sepa-
rated 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
(Amersham Biosciences, Piscataway, NJ, USA).

Statistical analysis

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

NQO1 protects human neuroblastoma cells
against energetic but not oxidative stress

We first generated six different clones of SH-SY5Y
human neuroblastoma cells stably overexpressing
NQO1 and measured levels of NQO1 protein and
enzymatic activity in these clones. Among these
clones, four expressed NQO1 at levels three- to
fivefold greater than in vector-transfected control cell
clones (Fig. 1). These four clones were used for
further evaluation of the subcellular localization and
functional activity of NQO1. Immunoblot analysis of
PM and cytosolic subcellular fractions demonstrated
that NQO1 was present in both cellular compartments
with levels being approximately threefold greater in
samples from neuroblastoma cells overexpressing
NQO1 (Fig. 2a). Measurements of NQO1 enzyme
activity showed that clones overexpressing NQO1
possessed an approximately threefold greater NQO1
activity compared with control clones (Fig. 2b).

To determine the impact of NQO1 on cellular
bioenergetics, we determined levels of NAD+ and
NADH in neuroblastoma cells expressing basal or

elevated levels of NQO1. The NAD+/NADH ratio
was significantly elevated by more than ninefold in
cells overexpressing NQO1 compared with control
cells (Fig. 2c).

We next performed experiments in which cells
with basal or elevated levels of NQO1 were exposed
to five different cytotoxic conditions: 2-deoxyglucose,
an inhibitor of glycolysis; KCN, a mitochondrial
toxin that inhibits complex IV in the electron
transport chain; H2O2, a reactive oxygen species
(ROS) that induces oxidative stress; the proteasome
inhibitor lactacystin; and serum-free medium, which
triggers apoptosis. Cell viability was quantified at
24 h after exposure to the insults. Because their
primary energy substrate utilized by neurons is
glucose, they are particularly vulnerable to being
killed by 2-deoxyglucose (Cater et al. 2001).
However, the severe restriction of glucose availabil-
ity imposed by 2-deoxyglucose can induce a severe
endoplasmic reticulum stress response that, in turn,
triggers apoptosis in many types of normal and
tumor cells (Dwarakanath 2009). In neuroblastoma
cells with basal levels of NQO1, cell viability was
significantly reduced in cultures exposed to 2-
deoxyglucose at concentrations of 10–20 mM, com-
pared with untreated cells or cells exposed to a lower
concentration of 2-deoxyglucose (Fig. 3a). In con-
trast, cells overexpressing NQO1 were resistant to
being killed by 10–20 mM 2-deoxyglucose. Cell
viability was decreased by KCN in a concentration-
dependent manner, with no significant differences in
cells with basal or elevated levels of NQO1,
although there was a trend towards greater cell
viability in cells overexpressing NQO1 (Fig. 3b).
We next exposed cells with basal or elevated levels
of NQO1 to increasing concentrations of H2O2

(50–200 μM) and found that NQO1 did not protect
the cells from being killed by this oxidative insult
(Fig. 3c). The proteasome inhibitor lactacystin
reduced neural cell viability in a concentration-
dependent manner, and cells with elevated levels of
NQO1 were significantly less vulnerable to lactacys-
tin compared with cells with basal levels of NQO1
(Fig. 3d). Finally, we determined whether cells with
elevated levels of NQO1 would be more or less
vulnerable to serum withdrawal, a classic method of
inducing neuronal apoptosis (Pedersen et al. 2002).
The vulnerability of human neuroblastoma cells to
serum withdrawal was not different in cells with

Fig. 1 Characterization of human neuroblastoma cells over-
expressing NQO1. Cells from the indicated clones of untrans-
fected control SH-SY5Y cells and NQO1 transfected cells were
lysed, and immunoblot analysis was performed using NQO1
monoclonal antibody

362 AGE (2012) 34:359–370



basal or elevated NQO1 levels (Fig. 3e), suggesting
that this PMRS enzyme does not modify this form of
programmed cell death.

Cells overexpressing NQO1 exhibit elevated levels
of proteins involved in cell survival signaling
and protein stabilization

To further elucidate the mechanism by which NQO1
protects neural cells against metabolic and proteotoxic
insults, we measured levels of several proteins known
to protect neurons against various stressors including
the transcription factors nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) (p65 and
p50 subunits) and Nrf2, and the protein chaperone
HSP70. Immunoblot analysis showed that levels of

p65, p50, Nrf2, and HSP70 were all greater in cells
overexpressing NQO1 (Fig. 4).

Depletion of NQO1 using RNA interference renders
neuroblastoma cells vulnerable to energetic stress

To determine whether basal levels of endogenous NQO1
influenced the vulnerability of neural cells to metabolic
stress we transfected neuroblastoma cells with a vector to
express NQO1 shRNA. Immunoblot analysis showed
that two different clones of neuroblastoma cells trans-
fected with NQO1 shRNA exhibited less than 20% of
the NQO1 protein levels compared with control
untransfected cells (Fig. 5a). In contrast, levels of
b5-reductase were similar in cells expressing NQO1
shRNA and untransfected control cells. Levels of

**

A 

B C 

Fig. 2 NQO1 enzymatic
activity and the NAD+/
NADH ratio are elevated
in neuroblastoma cells
overexpressing NQO1.
Plasma membranes (PMs)
were isolated by a two-
phase partition. a NQO1
protein levels in cytosolic
and PM fractions of control
and NQO1-overexpressing
cells were examined by
immunoblot analysis. b
NQO1 activity was deter-
mined using menadione and
cytochrome c as substrates.
c Cells were lysed, and the
NAD+/NADH ratio was
measured. Values are the
mean and SEM (n=6).
*p<0.01 compared with the
value for untransfected
control cells under normal
culture conditions
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NQO1 enzyme activity were significantly reduced in
NQO1 shRNA-expressing cells to less than 15% of
the NQO1 activity level in control cells (Fig. 5c),
whereas levels of b5-reductase activity were unaf-
fected by expression of NQO1 shRNA.

Cells in which NQO1 was depleted by RNA
interference were significantly more vulnerable to
being killed by 2-deoxyglucose compared with cells

with basal levels of NQO1 (Fig. 6a). Cell viability
was decreased by KCN in a concentration-dependent
manner, with cells depleted of NQO1 exhibiting more
cell death than cells with basal levels of NQO1
(Fig. 6b). We next exposed cells with basal or reduced
levels of NQO1 to increasing concentrations of H2O2

(50–200 μM) and found that NQO1 depletion
increased the vulnerability of the cells to the highest

* * *

* * * *

A B 

C

E

D

Fig. 3 Neuroblastoma cells
overexpressing NQO1 ex-
hibit reduced vulnerability
to metabolic and proteotoxic
insults, but are not protected
against oxidative stress and
trophic factor withdrawal.
Cells were exposed to 2-
deoxyglucose (a), KCN (b),
H2O2 (c), lactacystin (d), or
serum-free medium (e) for
24 h, and cell viability was
measured using theWST-8 as-
say (see Methods for details).
Values are the mean and
SEM (n=6)
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concentrations of H2O2 (150 and 200 μM; Fig. 6c).
The proteasome inhibitor lactacystin reduced neural
cell viability in a concentration-dependent manner,
and cells with reduced levels of NQO1 were
somewhat more vulnerable to lactacystin compared
with cells with basal levels of NQO1 (Fig. 6d).
Finally, the vulnerability of human neuroblastoma
cells to serum withdrawal was not different in cells
with basal or reduced NQO1 levels (Fig. 6e), suggest-
ing that this PMRS enzyme does not modify this form
of programmed cell death.

Discussion

The major finding in the present study is that NQO1
plays a pivotal role in the survival of human neuroblas-
toma cells under conditions of metabolic and proteo-
toxic stress. The NAD+/NADH ratio was significantly
greater in cells overexpressing NQO1 and significantly
lower in cells deficient in NQO1. Both neural tumor
cells (Nahimana et al. 2009) and normal neurons

(Alano et al. 2010; Kruman et al. 2000; Liu et al.
2009) have high cellular energy requirements and so
are sensitive to a drop in the NAD+/NADH ratio. By
maintaining NAD+ levels, NQO1 may therefore
promote the growth and survival of some tumor cells.
Consistent with a role for NQO1 in tumor cell survival,
NAD+ synthesis inhibitors were recently shown to
induce the regression of neuroblastomas in vivo (Fuchs
et al. 2010) and suppress hematologic cancers
(Nahimana et al. 2009). Altered intracellular redox
balance caused by knocking-down of NQO1 can
impair synthesis of pyridine nucleotides and metabo-
lism of glucose and fatty acids (Gaikwad et al. 2001).
On the other hand, apoptosis of non-small-cell lung
cancer cells can be promoted by B-lapachone, which is
bioactivated by NQO1 (Bey et al. 2007), suggesting
complex roles for this PMRS in cancers that may
depend on factors such as the cell type, and the
metabolic and redox states of the cells.

Because they exhibit some features of differentiated
neurons, neuroblastoma cells are widely used as a model
of neurons and, indeed, results obtained in studies of
neuroblastoma cell lines have often been extended to
primary neurons (Xie et al. 2010). For example, SH-
SY5Y cells exhibit properties of dopaminergic neurons
and are vulnerable to being killed by dopaminergic
neurotoxins (Elkon et al. 2001; Li et al. 2010b; Sadan
et al. 2009) and α-synuclein, a proteotoxic peptide of
fundamental importance in PD (Bellucci et al. 2008;
Hettiarachchi et al. 2009). Recently, a report showed
that overexpressed N-ribosyldihydronicotineamide-qui-
none oxidoreductase 2 (NQO2), an isozyme of NQO1,
causes elevated production of ROS, leading to neuronal
cell death (Wang et al. 2008). NQO2 plays an
important role in dopamine metabolism (Wang et al.
2008) and can generate ROS; inhibition of NQO2 can
protect cells from neuronal damage (Mailliet et al.
2004; Nosjean et al. 2000). In contrast, NQO1 is
involved in reduction of oxidized CoQ (Crane 2001;
Kagan et al. 1998; Turunen et al. 2004). Human
neuroblastoma cells have also been used to elucidate
the molecular underpinnings of the neurotoxic actions
of amyloid β-peptide (Aβ), findings relevant to the
pathogenesis of AD (Datki et al. 2004; Lambert et al.
1994; Li et al. 2010a). Because impaired cellular
energy metabolism and abnormal accumulation and
self-aggregation of pathogenic peptides are believed to
play pivotal roles in the dysfunction and degeneration
of neurons in several major neurodegenerative disor-

Fig. 4 Levels of the stress-response transcription factors Nrf2
and NF–κB, and the protein chaperone HSP70 are elevated in
neuroblastoma cells overexpressing NQO1. Cells were lysed,
and levels of the indicated proteins (p65 and p50 subunits of
NF–κB, Nrf2, and HSP70) were determined by immunoblot
analysis

AGE (2012) 34:359–370 365



ders, our findings suggest a potential for NQO1 in
protecting neurons against such disorders, consistent
with a previous result (Incerpi et al. 2007). On the other
hand, age-related declines in NQO1 and other PMRS
enzymes (Hyun et al. 2006a) may predispose neurons
to energy failure and proteotoxicity. Although the
amount of NQO1 in the plasma membrane fraction
was much greater than in the cytosolic fraction in
neuroblastoma cells overexpressing NQO1, NQO1 in
the cytosol may also contribute to the cytoprotective
effect of NQO1.

Neuroblastoma cells overexpressing NQO1
exhibited elevated levels of two transcription factors
(Nrf2 and NF–κB) and the protein chaperone HSP70,
revealing a novel link between the PMRS and
systems that exert cell survival-promoting effects

elsewhere in the cell. Indeed, previous studies have
shown that NQO1 is involved in activation of NF–κB
(Ahn et al. 2006) and can interact with HSP70
(Anwar et al. 2002). Nrf2, a transcription factor
responsive to oxidative and metabolic stress, induces
the expression of multiple proteins that protect cells
against stress including heme oxygenase 1 (HO-1),
enzymes involved in glutathione metabolism, and
NQO1 (Wakabayashi et al. 2010). We found that levels
of Nrf2 are relatively low in non-transfected neuroblas-
toma cells and are elevated in cells that overexpress
NQO1. These findings suggest that there is a positive
feed-forward interaction between NQO1 and Nrf2 that
greatly increases the resistance of the cells to oxidative
stress. Stimuli that induce the expression of NQO1 via
an Nrf2-mediated pathway (sulforaphane, plumbagin,

A 

*

B C 

Fig. 5 Characterization of
human neuroblastoma cells
in which NQO1 levels were
depleted using RNA inter-
ference technology. a
Protein levels of NQO1 and
b5 reductase (b5R) were
examined by immunoblot
analysis. b NQO1 activity
levels in cells with normal
and reduced levels of
NQO1. c Levels of b5R
activity in cells with normal
and reduced levels of NQO1
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and other chemicals, for example) also protect neuro-
blastoma cells and primary neurons against oxidative
and metabolic insults (Jia et al. 2008; Soane et al. 2010;
Son et al. 2010). However, Nrf2 induces the expression
of multiple genes including HO-1 and phase 2
enzymes, and data in the present study suggest that
NQO1 is particularly important in protecting cells
against metabolic and proteotoxic stress.

NF–κB activation promotes the survival of cells by
up-regulating the expression of antioxidant enzymes
such as Mn-superoxide dismutase and the anti-
apoptotic protein Bcl-2 (Mattson and Meffert 2006)
but can also induce the expression of pro-inflammatory
cytokines (Hoffmann and Baltimore 2006). The
increased levels of p65 and p50, the prototypical
NF–κB heterodimeric transcription factor, in response

A

*
* * *

C

* *

D

*

B 

*
*

E 

Fig. 6 Neuroblastoma cells
with reduced NQO1 levels
exhibit increased vulnera-
bility to metabolic and pro-
teotoxic insults but are not
more vulnerable to oxida-
tive stress and trophic factor
withdrawal. Control cells
with normal levels of NQO1
and cells in which NQO1
was depleted using RNA
interference were exposed
to 2-deoxyglucose (a), KCN
(b), H2O2 (c), lactacystin
(d), or serum-free medium
(e) for 24 h, and cell viabil-
ity was measured using the
WST-8 assay (see Methods
for details). Values are the
mean and SEM (n=6)
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to NQO1 suggests a cooperative interaction of the Nrf2
and NF–κB adaptive stress-response pathways under
conditions of energetic and proteotoxic stress.

The proteasome has received considerable attention
in research on cell death (Sohns et al. 2010), cancer
(Hoeller and Dikic 2009), and neurodegenerative
disorders (Cecarini et al. 2007; Huang and
Figueiredo-Pereira 2010). We found that NQO1
protects neuroblastoma cells from being killed by the
proteasome inhibitor lactacystin, a model of proteotox-
icity. The mechanism responsible for NQO1-mediated
protection against proteotoxicity remains to be estab-
lished. The up-regulation of HSP70 in neuroblastoma
cells overexpressing NQO1 likely contributes to
protection in the lactacystin proteotoxicity model.
Indeed, a previous study showed that up-regulation of
HSP70 expression by heat or metabolic precondition-
ing protects myoblasts against death induced by
proteotoxicity-mediated ATP depletion (Kabakov et
al. 2002). Moreover, many types of cancer cells exhibit
elevated levels of protein chaperones including HSP70
(Mosser and Morimoto 2004). NQO1 is also respon-
sible for the stabilization of proteins degraded by the
20S proteasome (Alard et al. 2010; Asher et al. 2005).
By protecting against the proteotoxicity of neurode-
generative disease-associated proteins such as α-
synuclein and Aβ and prions, up-regulation of NQO1
in neurons would be expected to protect neurons
against pathogenic processes in AD, PD, and prion
disorder, as explained in a previous report (SantaCruz
et al. 2004). The latter possibility could be tested in
future studies using cell culture and animal models.
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