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One host susceptibility factor for ozone identified in epidemiologic
studies is NAD(P)H quinone oxidoreductase 1 (NQO1). We hypoth-
esized that after ozone exposure, NQO1 is required to increase 8-
isoprostane(alsoknownasF2-isoprostane)production,a recognized
marker of ozone-induced oxidative stress, and to enhance airway
inflammation and hyperresponsiveness. In this report, we demon-
strate that in contrast to wild-type mice, NQO1-null mice are
resistant to ozone and have blunted responses, including decreased
production of F2-isoprostane and keratinocyte chemokine, de-
creased airway inflammation, and diminished airway hyperrepon-
siveness. Importantly, these results in mice correlate with in vitro
findings in humans. In primary human airway epithelial cells, in-
hibition of NQO1 by dicumarol blocks ozone-induced F2-isoprostane
production and IL-8 gene expression. Together, these results
demonstrate that NQO1 modulates cellular redox status and influ-
ences the biologic and physiologic effects of ozone.
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Individuals living in urban centers of the United States fre-
quently are exposed to ambient concentrations of ozone that
exceed clean air standards promulgated by the EPA (0.12 ppm
for 1 h or 0.08 ppm for 8 h) (1, 2). In epidemiologic studies,
ozone levels have been found to directly correlate with emer-
gency department visits for asthma, school absences, and hospi-
talization rates (1, 3, 4). Ozone levels below the current national
standard cause asthma exacerbations in children on controller
medication for moderate to severe asthma (5). In addition, ozone
exposure remodels airway structure in developing animals (6).

Ozone is extremely reactive with unsaturated fatty acids at
the airway surface liquid–epithelial cell membrane interface
and does not penetrate the cell membrane. Ozone reacts with
the phospholipids that comprise the plasma membrane to
generate lipid ozonation products (LOP), including aldehydes,
hydroxyhydroperoxides, and hydrogen peroxide (7). LOPs
stimulate the activation of phospholipases (8, 9), and the release
of eicosanoids (10) and platelet-activating factor (8). Ozone
activates transcription factors, including NF-kB (11, 12), NF–
IL-6, and AP-1 (11). IL-8, a cytokine that recruits neutrophils
into the airway, is up-regulated after ozone exposure (11). In
humans, ozone exposure induces neutrophil-dominant airway
inflammation (13) and airway hyperresponsiveness (14–16).

However, in laboratory investigations and small cohort,
prospective environmental studies, vulnerability to ozone-in-
duced pulmonary injury varies among healthy individuals. For
example, inflammatory cells, eosinophilic cationic protein,
IL-8 (17), and bronchial epithelial expression of neutrophil
chemotactic factors including ENA-78, IL-8, and GRO-a (17,
18) are increased in bronchoalveolar lavage (BAL) fluids or
induced sputum samples from sensitive individuals. These
studies suggest that susceptible subjects have enhanced proin-
flammatory responses to ozone, and support the hypothesis
that candidate ozone-susceptibility genes influence oxidant
signaling initiated by ozone.

Several genotypes are associated with increased risk of
asthma in children living in communities with high-oxidant
air pollution. TNF-a–308 (19), Glutathione-S-transferase M1
(GSTM1) (20, 21), and NADPH quinone oxidoreductase 1
(NQO1) polymorphisms (22, 23) have been reported to
correspond to increased susceptibility to asthma exacerba-
tion by ozone. The combination of wild-type NQO1 and
GSTM1-null confers increased risk of ozone-induced oxidant
stress and decline in pulmonary function (23) in healthy
adults. Importantly, subjects homozygous for the null-NQO1
genotype, NQO1-C609T (187Ser/Ser), have no detectable
NQO1 activity; this polymorphism has a protective effect
against asthma in children with GSTM1-null genotype and
high lifetime ozone exposure (24). These epidemiologic
studies indicate that wild-type NQO1 is required for ozone-
induced oxidant signaling, particularly in the presence of
impaired antioxidant capacity (GSTM1-null).

We have previously reported that susceptibility to pulmo-
nary inflammation and airway hyperresponsiveness in response
to ozone (25) occurs differentially in genetically diverse inbred
strains of mice. In the present study, we demonstrate for the first
time that the presence of NQO1 is required for ozone-induced
F2-isoprostane production and neutrophil chemokine gene
regulation in an animal model in vivo and human cells
in vitro. We propose that NQO1 is an essential enzyme for
translation of ozone-induced oxidative stress to a proinflamma-
tory response in the airways.

CLINICAL RELEVANCE

This study demonstrates in vitro and in vivo that NAD(P)H
quinone oxidoreductase 1 is a host susceptibility factor that
confers oxidative stress, inflammation, and airway obstruc-
tion after ozone exposure in mice. To our knowledge, this
is the first demonstration relating a cellular redox pathway
with a candidate host susceptibility gene that has been
previously identified in epidemiologic investigations of
asthma risk.
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MATERIALS AND METHODS

Mice

C57BL/6J mice were purchased from the Jackson Laboratories (Bar
Harbor, ME). A breeding colony was established at Duke University
from breeding pairs of NQO1-null mice (on a C57BL/6 background),
obtained from Dr. Frank Gonzalez at the National Cancer Institute
(Bethesda, MD). Male C57BL/6J or NQO1-null mice were used at 6 to
8 weeks of age. Experimental protocols were approved by the In-
stitutional Animal Care and Use Committee at Duke University
Medical Center and were performed in accordance with the standards
established by the U.S. Animal Welfare Act.

Cell Culture

Primary normal human bronchial epithelial (NHBE) cells were harvested
from human tracheobronchial tissues from donors obtained from the Lung
Transplant Program and the Department of Pathology, Duke University
Medical Center, or were purchased commercially (Clonetics/Lonza,
Walkersville, MD). The protocol was approved by the Institutional Review
Board for Clinical Investigations, Duke University Medical Center. Cells
were plated as previously described on 6- or 12-well Transwell Clear
chambers (Corning, Corning, NY), in a serum-free growth factor–supple-
mented media with all-trans-retinoic acid (RA) added fresh at each
medium change (26, 27) and cultured in air–liquid interface (ALI) culture
conditions. Experiments were performed at Days 10 to 14 after the change
of the culture condition from immersed to ALI. NHBE cells were changed
to media supplemented with only two factors, bovine serum albumin and
RA, for 24 hours before ozone exposure. Cells were preincubated with
dicumarol (10 mM) or the equivalent volume of control vehicle (0.1 M
sodium hydroxide) and then coincubated with ozone or filtered air (see
OZONE EXPOSURE below).

Ozone Exposure

Mice were exposed to either ozone (OZ) (1 ppm) or filtered air (FA) for
3 hours. The mice were placed individually in stainless steel wire cages and
the cages were then placed in a 55-L Hinners-style exposure chamber.
Chamber air was kept at 20 to 258C, and 50 to 65% relative humidity was
supplied at a rate of approximately 20 changes/hour. The ozone concentra-
tion in the chamber was continuously monitored with an ozone ultraviolet
light photometer (Dasibi model 1003AH; Dasibi Environmental Corp.,
Glendale, CA). Ozone was generated by directing 100% medical grade
oxygen through an ultraviolet light ozone generator.

NHBE cells were exposed to either filtered air or 0.4 ppm OZ for
5 hours in in vitro exposure chambers; each gas was provided at 20 L/
minute, balanced with 5% CO2, and at 88% relative humidity.
Immediately after the exposure, RNA was isolated and cell medium
was collected for assessment of IL-8 mRNA expression and 8-
isoprostane production, respectively.

Mouse Pulmonary Function Testing

Twenty-four hours after FA or OZ exposure, mice were anesthetized
(60 mg/kg Nembutal; Ovation, Deerfield, IL) and surgically prepared with
a tracheal cannula, then placed on a computer-controlled ventilator
(flexiVent; SCIREQ, Montreal, PQ, Canada) at a constant tidal volume
of 6 to 8 ml/kg and a peak expiratory end pressure of 3 cm H2O. The animals
were then given a neuromuscular blockade (8 mg/kg Pancuronium Bro-
mide; Sigma-Aldrich, St. Louis, MO) and allowed 5 minutes to adjust to the
ventilator. Measurements of airway pressure were made at a side port of the
tracheal cannula via a differential pressure transducer, and airway resistance
was monitored from pressure and volume data that were generated by
applying a 2-second sine wave volume perturbation to the tracheal cannula
with an amplitude of 0.2 ml and a frequency of 2.5 Hz. Bronchospasm was
induced with methacholine in 0.9% NaCl at increasing concentrations of 10
mg/ml, 25 mg/ml, and 100 mg/ml through an ultrasonic nebulizer (UltraNeb
2000; DeVilbiss, Somerset, PA) placed inline with the ventilator and
delivered to the airway cannula for 30 seconds at a rate of 130 breaths/
minute. Airway resistance measurements were acquired at baseline and
after each methacholine aerosol challenge every 20 seconds for 5 minutes,
ensuring that the parameters calculated had peaked. The resistance
measurements were then averaged at each dose and graphed linearly
(Ave RT cm H2O/mls) along with the initial baseline measurement.

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) was performed immediately after
exposures or at 6, 12, 24, or 48 hours after air or OZ exposure. The
trachea was exposed and intubated with PE-90 tubing (0.86- and
1.27-mm inner and outer diameter, respectively). Sterile saline (3 ml)
was instilled 1 ml at a time in the tracheal catheter at a pressure of 25
cm water and retrieved. Return volume was recorded and was
consistently greater than 75% of the instilled volume. Cells were
isolated by centrifugation (1,500 rpm, 15 min), and the supernatant
was stored at 2808C for assessment of cytokine and F2-isoprostane
levels. Cells were resuspended in Hanks’ balanced salt solution (1 ml)
and counted via a hemocytometer. Cell differential was determined
from an aliquot of the cell suspension (120 ml) by centrifugation on
a slide (Cytospin 3; Shandon, Pittsburgh, PA) and Wright-Giemsa
stain (Diff-Quik Stain set; Harleco, Gibbstown, NY). Total and
neutrophil cell counts were expressed as number of cells/ ml, means
6 SEM for each group of animals.

Total RNA Collection and Real-Time Reverse-Transcriptase

Polymerase Chain Reaction

RNA was isolated from NHBE cells or snap frozen mouse lung tissue
using Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. For in vivo studies, mouse lungs were snap-frozen and RNA
was isolated from pulverized mouse lung tissue using Trizol (1 ml Trizol/
100 mg tissue). After quantitation of mouse RNA, a DNase digest step
was performed according to the manufacturer’s instructions (Invitrogen).
RNA was requantitated and one-step real-time RT-PCR was performed
for NQO1 on an SDS 7300 machine (Applied Biosystemsm, Foster City,
CA) in a 25-ml reaction that included a 6-carboxyfluorescein (FAM) dye-
labeled TaqMan minor groove binding (MGB) probe (all real-time RT-
PCR reagents and Taqman gene expression assay are from Applied
Biosystems) using universal amplification conditions: 508C for 30 minutes,
followed by 958C for 10 minutes, and then 40 cycles of 958C, 15 seconds
followed by 608C, 1 minute. Amplification reaction of the b-actin control
was similar except that we used a VIC (Applied Biosystems proprietary
dye)-labeled probe. For NHBE cells, DNase digest was not required. For
NHBE cells, RT-PCR was performed for IL-8 using a Taqman Gene Ex-
pression assay from Applied Biosystems according to the manufacturer’s
instructions and an 18 s rRNA control in a 25-ml reaction as described
above for mice. Each sample was amplified in duplicate reactions for both
the gene of interest and the control gene. The relative gene expression
level was calculated by the DDCt method which represents the fold
difference in gene expression corrected for the 18 s rRNA control gene
expression, and normalized to the control treated sample (27, 28).

Lung Homogenate Preparation and NQO1 Activity Assay

Lung were harvested from mice; snap frozen; homogenized in buffer
containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
DTT, 1 mM PMSF, 13 protease inhibitor, and 13 phosphatase inhibitor
(300 ml/100 mg tissue; all chemicals from Sigma, except EDTA from
Invitrogen); sonicated for 3 3 15 seconds; and then incubated with
rocking for 1 hour at 48C. Homogenates were clarified by centrifugation
(16,000 3 g, 48C, 30 min). The resulting supernatant corresponded to
lung lysate protein, and was quantitated using the DC Protein Assay
(Bio-Rad) following the manufacturer’s instructions (27, 28).

NQO1 activity was measured in mouse lung lysate protein by
a spectrophotometric method (29). Mouse lung glysate protein (400–
900 mg) was added to Tris-HCl buffer, pH 7.76 containing 0.2% Tween-
20, 2,6-Dichlorophenolindophenol (DCPIP, 80 mM), 0.075% BSA,
NADPH (200 mM), in the presence or absence of dicumarol
(10 mM), with a total reaction volume of 1 ml (all reagents from
Sigma). Enzyme activity was determined by spectrophotometric assay
of the dicumarol-inhibitable reduction of DCPIP at 600 nm over time
(20 s), and was corrected for protein concentration.

NQO1 Western Analysis

Mouse lung lysate proteins (50 mg) were separated by electrophoresis
on a 12% SDS-polyacrylamide gel, transferred to a nitrocellulose
membrane, and blocked with 5% nonfat milk in 15 mM Tris,
150 mM NaCl, 0.1% Tween-20 (48C, overnight or 1 h, room temper-
ature). Membranes were incubated with polyclonal goat anti-NQO1
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antibody (1:1,000 [Abcam], room temperature [RT], 1 h), followed by
horseradish peroxidase (HRP)-conjugated anti-goat IgG (1:5,000
[Abcam, Cambridge, MA], RT, 1 h). Antigen–antibody complexes
were visualized by enhanced chemiluminescence (ECL plus; GE
Healthcare Life Sciences, Piscataway, NJ). Membranes were re-probed
with a monoclonal antibody to confirm equivalent protein loading.
Nonimmune goat IgG or the absence of primary antibody served as
negative controls in place of primary NQO1 antibody.

Statistical Analysis

All data were analyzed using the Kruskal-Wallis one-way nonpara-
metric ANOVA and post hoc comparisons by the Wilcoxon rank sum
test (30) NQO1 activities were compared using comparison of linear
regressions (30). Statistical analysis was performed using Statistix
Software (Analytical Software, Tallahasee, FL). Differences were con-
sidered significant at P , 0.05.

RESULTS

NQO1 Is Associated with Pulmonary Susceptibility

to Ozone In Vivo

In humans, the combination of the wild-type NQO1 genotype
and null-GSTM-1 polymorphism, has been associated with
airway obstruction in healthy subjects after ozone exposure
(22, 23) and with asthma prevalence in children in Mexico City
(24), a city with high levels of ambient ozone. Therefore, we
investigated whether NQO1 played an essential and necessary
role in susceptibility to ozone-induced oxidant signaling and
lung inflammation. We exposed NQO1-null mice and their
congenic strain, C57BL6 mice, to FA or OZ. Twenty-four hours
after exposures, we evaluated the mice for airway hyperres-
ponsiveness using the flexivent system of impulse oscillometry
(Figure 1). We found that absence of NQO1 protected mice
from OZ-triggered airway hyperresponsiveness. We next eval-
uated whether OZ exposure up-regulated NQO1 expression in
mouse lungs. Immediately after exposure and up to 48 hours

after exposure, lung NQO1 protein levels (Figure 2) and NQO1
activity levels (Table 1) were not significantly altered by OZ in
C57BL6 wild-type mice. As expected, NQO1 protein was not
detected by Western or by real-time RT-PCR in lung homoge-
nates from the NQO1-null mice (data not shown). Importantly,
these results suggest that it is the presence or absence of NQO1
and not increased expression of NQO1 that regulates OZ-
induced airway hyperresponsiveness. The suppression of airway
hyperresponsiveness in NQO1-null mice correlated temporally
with attenuation of OZ-induced airway inflammation in NQO1-
null mice (Figure 3). NQO1-null mice had slightly less lung

Figure 1. Airway hyperresponsiveness in C57BL/6 wild-type and

NAD(P)H quinone oxidoreductase 1 (NQO1)-null mice after filtered
air (FA) or ozone (OZ) exposure. Twenty-four hours after OZ or FA

exposure, mice were anesthetized for invasive measures of total

pulmonary resistance in response to methacholine by impulse oscill-

ometry with the flexivent ventilator (n 5 5 animals/group; mean 6

SEM; *significantly different from corresponding air control, P , 0.05;
#significantly different from WT-ozone exposed animals, P , 0.05).

Figure 2. NQO1 Western analyses in

C57BL/6 wild-type and NQO1-null mice

after FA or OZ exposure. C57BL/6 mice and

congenic strain, NQO1-null mice were
exposed to OZ (1 ppm, 3 h) or FA. Imme-

diately after exposure (0 h) and 6, 12, 24,

and48 hours afterOZorFAexposure, lungs
were harvested for NQO1 protein expres-

sion. (A) Western analyses were performed

for NQO1. Total lung protein (50 mg) was

separated by 12% SDS-PAGE, transferred
to a nitrocellulose membrane, and incu-

bated with a polyclonal goat-anti NQO1

antibody (1:1,000), followed by HRP-con-

jugated anti-goat IgG (1:5,000). Antigen–
antibody complexes were visualized by

chemiluminescence with ECL plus and au-

toradiography. Western analyses for b-ac-
tin were performed to confirm equivalent

protein loading. (B) The graph was made

from two separate autoradiographs; the

24-hour time point data, from a separate
autoradiograph, was added to the autora-

diograph which included the data from the

other time points. NQO1 band densities

were quantitated and expressed relative to
b-actin band densities, and then normal-

ized to the corresponding FA-exposed

animals. Dashed line represents 0-time

control-FA levels (mean 6 SEM, n 5 5
animals/group).
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inflammation as measured by total cell counts in the BAL after
OZ exposure (Figure 3A); this represented primarily a signifi-
cant decrease in the number of BAL neutrophils that infiltrated
the lung in the NQO1-deficient mice exposed to OZ (Figure
3B). The protection afforded to NQO1-null mice in response to
OZ, and attenuation of airway inflammation, also paralleled the
decreases in OZ-induced keratinocyte chemokine (KC) in BAL
fluids collected from these same mice (Figure 4). Furthermore,
OZ induced an increase in oxidant signaling manifest by
increased BAL F2-isoprostane content between 12 and 48 hours
after ozone exposure that was blunted in NQO1-null mice
(Figure 5). These results demonstrate that NQO1 is a necessary
factor for amplification of oxidant signaling in lung cells and
neutrophil chemokine up-regulation.

NQO1 Mediates Human Airway Epithelial Responses

to Ozone In Vitro

We tested whether NQO1 is necessary for OZ-induced oxidant
signaling in human airway epithelial cells, by evaluating IL-8
gene expression in human airway epithelial cells exposed
in vitro to ozone. We employed primary cultures of normal

human bronchial epithelial cells cultured at air–liquid interface
to induce mucociliary differentiation (27). Cells were exposed
to FA or OZ (0.4 ppm 3 5 h) in the presence or absence of
dicumarol (10 mM), a competitive inhibitor of NQO1. RNA was
isolated for IL-8 mRNA expression by real-time RT-PCR, and
the culture media was collected for EIA analysis of F2-
isoprostane. The OZ exposure conditions were based on pre-
vious reports demonstrating OZ-induced oxidant stress (31) and
up-regulation of IL-8 (11) in airway epithelial cells. Dicumarol
(10 mM) blocks NQO1 activity in NHBE cells based on
spectrophotometric assays of enzyme activity and inhibition of
neutrophil elastase (NE)-generated reactive oxygen species
(27). We found that dicumarol blocked the OZ-induced in-
crease in IL-8 mRNA expression (Figure 6A), suggesting that
NQO1 is required for IL-8 gene up-regulation after OZ
exposure. Dicumarol also inhibited ozone-generated F2-isopros-
tane production (Figure 6B). Taken together, the in vivo mouse
model results and the human in vitro data strongly suggest that
NQO1 is required for OZ-induced pulmonary oxidant signaling
and KC/IL-8 mRNA expression.

DISCUSSION

Our results suggest that NQO1 is a key factor for cellular
regulation of pulmonary tissue and epithelial cell suscepti-
bility to ozone. In addition, we have demonstrated that
absence or inhibition of NQO1 blocked OZ-induced F2-
isoprostane production, diminished IL-8 mRNA or KC pro-

TABLE 1. NQO1 ACTIVITY AT 0, 6, 12, 24, OR 48 HOURS AFTER FILTERED AIR OR OZONE EXPOSURE

Time: 0 h 6 h 12 h 24 h 48 h

Exposure: FA OZ FA OZ FA OZ FA OZ FA OZ

NQO1 activity

(31024, dA/min/mg

protein)

5.82 6 0.55 4.56 6 0.35 4.16 6 0.63 4.65 6 0.58 3.65 6 0.47 3.70 6 0.62 3.95 6 0.56 3.72 6 0.25 3.70 6 0.39 3.49 6 0.40

Definition of abbreviations: FA, filtered air; NQO1, NAD(P)H quinone oxidoreductase 1; OZ, ozone.

NQO1 activity in mouse lungs at each time point after FA or OZ exposure was determined by spectrophotometric assay measuring the dicumarol-inhibitable reduction

of a quinone substrate 2,6-Dichlorophenolindophenol, normalized to total protein (n 5 5/group, mean 6 SEM) (29). There was no difference in NQO1 activity between

FA and OZ exposures by ANOVA or by comparison of linear regression analyses. NQO1 activity was not detectable in NQO1-null mice (data not shown).

Figure 3. Bronchoalveolar lavage total and neutrophil cell counts in

C57BL/6 wild-type and NQO1-null mice after FA or OZ exposure.

Immediately after FA or OZ exposure (0 h), and 6, 12, 24, and 48 hours

after exposure, bronchoalveolar lavage (BAL) was performed as de-
scribed in MATERIALS AND METHODS. (A) Total cell counts and (B) neutrophil

counts were determined in wild-type and NQO1-null mice exposed to

FA or OZ (n 5 5 animals/group). Results are expressed as mean 6 SEM.

*OZ-exposed significantly different from FA-exposed, P , 0.05; #OZ-
exposed NQO1-null mice are significantly different from wild-type OZ-

exposed mice, P , 0.05.

Figure 4. Keratinocyte chemoattractant (KC) levels in BAL by ELISA in
C57BL/6 wild-type and NQO1-null mice after OZ exposure. C57BL/6

mice and congenic strain, NQO1-null mice were exposed to ozone

(1 ppm, 3 h) or FA. Immediately after OZ exposure (0 h), and 6, 12, 24,

and 48 hours after exposure, BAL was performed as described in
MATERIALS AND METHODS. BAL was used for ELISA assays to quantitate the

neutrophil chemotactic chemokine, KC (n 5 5 animals/group), accord-

ing to the manufacturer’s instructions. Results are expressed as mean 6

SEM. *OZ-exposed significantly different from FA-exposed, P , 0.05;
#wild-type OZ-exposed mice significantly different from OZ-exposed

NQO1-null mice, P , 0.05.
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tein expression, decreased neutrophilic inflammation in the
lung, and attenuated airway hyperresponsiveness.

NQO1 is well positioned as a control factor for OZ suscepti-
bility due to its localization and cellular functions in the lung.
NQO1 is highly expressed in airway epithelial cells (32). Although
NQO1 is predominantly a cytosolic enzyme, under oxidant stress
conditions, NQO1 may translocate to the plasma membrane (33,
34), the initial site of OZ deposition upon epithelial surfaces.
NQO1 uses either NADH or NADPH as a reducing cofactor to
catalyze the obligate two-electron reduction of quinones to hydro-
quinones (35). Depending on the quinone substrate, NQO1 can
function as an anti- or pro-oxidant enzyme. Thus, NQO1 may
reduce endogenous quinones such as ubiquinone and a-tocopher-
one; these reduced molecules have antioxidant properties and
serve to protect cellular membranes against lipid peroxidation (36).
However, NQO1 may also catalyze the reduction of a hydroqui-
none to a redox-labile product and consequently generate ROS
(36–39). Comproportionation reactions between substrates and
reduced quinone products contribute to the generation of semi-
quinones and superoxide (38).

We have recently reported that NE, an important mediator in
many inflammatory airway diseases, up-regulates mucin
MUC5AC gene expression in vitro in normal human bronchial
epithelial cells by a NQO1-dependent mechanism (27). Others
have demonstrated that NE levels in BAL collected from OZ-
exposed human volunteers are significantly elevated (13). Impor-
tantly, NE induces lipid peroxidation, as assayed by lipid
carbonyl production, a biomarker of oxidative stress, and this
effect is inhibited by dicumarol (27). Thus, this prior report
suggests that NQO1 exerts a key role in reactive oxygen species
(ROS) signaling that is a requirement for NE-induced MUC5AC
gene expression.

Dicumarol has other functions in addition to being an in-
hibitor of NQO1. It blocks murine glutathione S transferase A1-
1, mitochondrial electron transport, microtubule stabilization,
and SAPK/JNK activation (27). These effects may augment
oxidant stress after dicumarol treatment; in contrast, our results
using dicumarol are consistent with decreased production of F2-
isoprostane, a marker of oxidative stress, and its role as a com-
petitive inhibitor of NQO1.

NQO1 generates ROS through the bioactivation of chemo-
therapeutic agents, resulting in ROS generation in several
cancers. The antitumor agent b-lapachone selectively kills
non–small cell lung cancer cells that overexpress NQO1. This

agent stimulates ROS generation, and subsequent DNA dam-
age and poly(ADP-ribose) polymerase-1–mediated cell death,
and both responses rely upon NQO1-dependent mechanisms
(40). Other anti-cancer chemotherapeutic agents have also been
reported to take advantage of the bioactivation/bioreductive
activity of NQO1. Phenothiazinium redox cyclers induce cancer
cell apoptosis by an NQO1-dependent bioreductive generation
of ROS (41). NQO1 has also been reported to bioactivate
antitumor quinones such as RH1, resulting in cytotoxicity as
measured by growth inhibition and DNA strand breaks (42).

The balance between NQO1 anti- and pro-oxidant func-
tions influences the redox state of the cell, and therefore
influences the balance of downstream ROS signaling molecules
such as isoprostanes. Isoprostanes are free radical–generated
peroxidation products of arachidonic acid. F2-isoprostane is
considered a measure of ROS production or oxidative stress

Figure 5. F2-isoprostane levels in BAL by EIA in C57BL/6 wild-type and
NQO1-null mice after OZ exposure. BAL was performed at 0, 6, 12, and

48 hours after ozone (OZ) or filtered air (FA), and then analyzed for F2-

isoprostane by EIA according to the manufacturer’s instructions. BAL

KC quantitation is presented as pg/ml (mean 6 SEM, n 5 5 animals/
group).

Figure 6. IL-8 gene expression by real-time RT-PCR and F2-isoprostane
quantitation by EIA in cultured primary normal human bronchial

epithelial cells after OZ exposure. NHBE cells cultured at air–liquid

interface (ALI) were preincubated and coincubated with NQO1 in-
hibitor, dicumarol (10 nM, 1 h), or control vehicle at the apical and

basolateral compartments, and then exposed to OZ (0.4 ppm, 5 h) or

FA with media 6 dicumarol only in the basolateral compartments. At

the end of the exposure period, total RNA was collected using Trizol
reagent, and medium was collected for F2-isoprostane measurements

by EIA. As per the manufacturer’s instructions, BHT was added to the

medium to a final concentration of 0.005%. (A) Real-time RT-PCR

analysis of IL-8 mRNA expression was performed as described in
MATERIALS AND METHODS (n 5 6). (B) F2-isoprostane levels in the cell

culture medium were quantitated and expressed as a percentage of the

control for each experiment (n 5 11–12; two to four separate experi-

ments, mean 6 SEM are shown). *OZ-exposed cells significantly
greater than control, P , 0.05; #OZ1dicumarol–exposed cells were

significantly different from OZ-exposed cells, P , 0.05.
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(43). In vivo, F2-isoprostane has biologic activity in the lung
(44, 45). In guinea pigs, intratracheal installation of F2-
isoprostane increases airway resistance and increases airway
plasma exudation into the airways (46). Similarly, in a hyper-
oxia-exposed rat model, F2-isoprostanes correlate with pulmo-
nary oxygen toxicity and pulmonary plasma exudation (47).
F2-isoprostanes also induce vasoconstriction in rabbits, dogs,
and humans (48, 49). However, we do not as yet know whether
F2-isoprostanes directly regulate ozone-induced inflammation
or proinflammatory cytokine expression in airway epithelial
cells; or whether F2-isoprostanes indicate the presence of other
ROS responsible for these functions (50).

NQO1, in both our in vivo mouse studies and in vitro human
cells, support linking OZ (oxidant) exposure with inflammatory
(cellular and neutrophilic cytokine) tissue responses. Deficiency
in NQO1 activity (supported by results in the NQO1-null mice)
decreased OZ-induced inflammation and, by extension, may be
the mechanism that protects humans with the NQO1-null
genotype (187 Ser/Ser) from developing airflow obstruction
acutely after exposure to OZ.

We demonstrate both in vivo and in vitro that the presence
of NQO1 is necessary for up-regulation of IL-8/KC mRNA
expression, and neutrophilic inflammation after OZ exposure.
In addition, we found that inhibition of NQO1 diminished the
production of the OZ-activated ROS marker, 8-isoprostane/F2-
isoprostane. Others have reported that after OZ exposure of
human volunteers, F2-isoprostanes are significantly elevated in
BAL fluids (51) and expired breath condensates compared with
FA exposures. Together these results show a strong association
between increased 8-isoprostane/F2-isoprostane levels and neu-
trophilic inflammation after OZ exposure. Importantly, to our
knowledge, this is the first demonstration relating a cellular
redox pathway with a candidate host susceptibility gene that has
been previously identified in epidemiologic or clinical inves-
tigations of asthma risk. Controlled laboratory exposure studies
in humans have suggested that dietary (Vitamin C and a-
tocopherol) antioxidant supplementation ameliorates ozone-
induced acute changes in airway obstruction (52). We provide
proof of concept that the targeted approach of acute inhibition
of a host factor that influences cellular redox status can mitigate
the deleterious effects of ozone.
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