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Nuclear factor erythroid 2-related factor 2 (Nrf2) is an oxidant-responsive transcription factor known to induce detoxifying and
antioxidant genes. Cigarette smoke, with ifs large oxidant content, is a major stress on the cells of small airway epithelium, which
are vulnerable to oxidant damage. We assessed the role of cigarette smoke in activation of Nrf2 in the human small airway ep-
ithelium in vivo. Fiberoptic bronchoscopy was used to sample the small airway epithelium in healthy-nonsmoker and healthy-
smoker, and gene expression was assessed using microarrays. Relative to nonsmokers, Nrf2 protein in the small airway epithelium
of smokers was activated and localized in the nucleus. The human homologs of 201 known murine Nrf2-modulated genes were
identified, and 13 highly smoking-responsive Nrf2-modulated genes were identified. Construction of an Nrf2 index to assess the ex-
pression levels of these 13 genes in the airway epithelium of smokers showed coordinate control, an observation confirmed by
quantitative PCR. This coordinate level of expression of the 13 Nrf2-modulated genes was independent of smoking history or de-
mographic parameters. The Nrf2 index was used to identify two novel Nrf2-modulated, smoking-responsive genes, pirin (PIR) and
UDP glucuronosyltransferase 1-family polypeptide A4 (UGT1A4).Both genes were demonstrated to contain functional antioxidant
response elements in the promoter region. These observations suggest that Nrf2 plays an important role in regulating cellular de-
fenses against smoking in the highly vulnerable small airway epithelium cells, and that there is variability within the human popu-
lation in the Nrf2 responsiveness to oxidant burden.
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INTRODUCTION

In cigarette smokers, phase II detoxi-
fying and antioxidant enzymes are an
important mechanism in the protection
of the small airway epithelium from the
more than 10" oxidants present in each
puff of cigarette smoke (1-4). Defense
against oxidants is a critical cellular
function, and oxidant-mediated somatic
mutations play an important role in the
mechanisms of malignant transforma-
tion of the airway epithelium in associa-
tion with cigarette smoking (2,5-7). Cen-
tral to the cellular oxidant defense

mechanism is the nuclear factor ery-
throid 2-related factor 2 (NFE2L2, Nrf2),
a member of the “Cap 'n’” Collar” family
of the basic leucine transcription factors,
known to coordinate the induction of
phase II detoxifying and antioxidant en-
zymes (8-11). In the resting state, Nrf2 is
bound to the cytoplasmic inhibitor
Kelch-like epichlorohydrin-associated
protein 1 (KEAP1) (12,13). Upon activa-
tion, Nrf2 dissociates from KEAP1,
translocates into the nucleus, and binds
to antioxidant response element se-
quences, resulting in transcriptional acti-
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vation of genes that help to protect the
cell from oxidants (8,12,13).

Understanding of the role of Nrf2 in
the lung has been advanced by studies of
Nrf2 knockout mice exposed to a variety
of mediators of lung injury, including
bleomyrcin, elastase, mechanical ventila-
tion, ovalbumin sensitization,
lipopolysaccaride, and environmental
stresses including hyperoxia, butylated
hydroxytoluene, benz(a)pyrene, diesel
exhaust particles, and cigarette smoke
(14-26). Microarray analyses of lungs
from Nrf2 knockout mice and wild-type
controls have helped to identify Nrf2-
modulated genes, for example, genes
that help protect mice from the develop-
ment of cigarette smoke-induced lung
injuries (23).

On the basis of the knowledge that
Nrf2-modulated genes respond to ciga-
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rette smoke and other toxic reagents, and
in the context that cigarette smoking
places a major oxidant stress on the lung,
with the initial damage in the small air-
way epithelium (1-4,20,23,27-30), we
asked: does cigarette smoking induce ac-
tivation of Nrf2 in the human small air-
way epithelium with coordinate control
of genes with antioxidant response ele-
ments, and are these genes the same or
different from those observed in mice?
To address these questions, we sampled
the small airway epithelium of 83 indi-
viduals (38 healthy nonsmokers and 45
healthy smokers) to determine if Nrf2
was activated in healthy smokers, and if
so, to identify which of the known
murine Nrf2-modulated genes are up-
regulated by smoking in this cell popula-
tion. The data demonstrate that Nrf2 is
activated in the small airway epithelium
of healthy smokers. Using the known
murine Nrf2-modulated genes in the
lung as a starting point (14,16-26), and
Affymetrix Human Genome U133 Plus
2.0 microarrays to assess genome-wide
gene expression, we observed that 13
human homologues of 201 known
murine Nrf2-modulated genes were
highly responsive to cigarette smoke in
the small airway epithelium of healthy
smokers. To identify additional genes
that may also be regulated by Nrf2 in the
human small airway epithelium, an
index was created to quantify the extent
of Nrf2-responsive gene expression. We
then searched among all genes expressed
in the small airway epithelium of healthy
individuals for genes whose expression,
with TagMan quantitative confirmation,
correlated with the Nrf2 index. Using
this strategy, we identified two genes not
previously recognized to be controlled
by Nrf2, PIR and UGT1A4, both of which
contained several antioxidant response
elements 5 to the gene, and both of
which responded in vitro to Nrf2.

MATERIALS AND METHODS
Study Population

Healthy nonsmokers (n = 38) and
healthy current cigarette smokers (n = 45)

were recruited through advertisements in
local newspapers and on electronic bul-
letin boards, and through an ongoing
program of free spirometry screening in
the Department of Genetic Medicine and
Division of Pulmonary and Critical Care
Medicine. The evaluation of all individu-
als was performed at the Weill Cornell
NIH Clinical and Translational Science
Center and Department of Genetic Medi-
cine Clinical Research Facility, using insti-
tutional review board-approved clinical
protocols. Nonsmokers and smokers
were determined to be healthy on the
basis of standard history, physical exam,
complete blood count, coagulation stud-
ies, liver function tests, HIV-1 serology,
urine studies, chest x-ray, electrocardio-
gram, and pulmonary function tests. Cur-
rent smoking status was evaluated on the
basis of history (pack-year), venous car-
boxyhemoglobin levels, and urine analy-
sis for nicotine metabolites. The inclusion
criteria for healthy nonsmokers were
“never smoking history” and normal
physical exam, lung function, and chest
x-ray, with smoking-related blood and
urine within the nonsmoker range. The
criteria for healthy smokers were current
smoking history, normal physical exam,
lung function, chest x-ray, and smoking-
related urine and blood parameters con-
sistent with that of a current smoker
(31,32).

Sampling Small Airway Epithelium

We collected small airway epithelium
brushes by using fiberoptic bronchoscopy,
as previously described (33,34). Briefly,
after the study participant had received
mild sedation with meperidine and mi-
dazolam and routine anesthesia of the
vocal cords and bronchial airways with
topical lidocaine, a fiberoptic broncho-
scope (Pentax, EB-1530T3) was directed
to proximal to the opening of a desired
lobar bronchus. Small airway epithelium
cells were collected from the 10th- to
12th-order bronchi of the right lower
lobe. A 2.0-mm disposable brush was ad-
vanced 7 to 10 cm further distally from
the third-order bronchial branching, and
the distal end of the brush was wedged
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into the 10th- to 12th-generation branch-
ing of the right lower lobe. Small airway
epithelium was collected by gently glid-
ing the brush back and forth 5 to 10
times in 8 to 10 different locations in the
same general area. Cells were detached
from the brush by flicking and were im-
mediately transferred into aliquots of ice-
cold LHC8 medium (Gibco, Grand Is-
land, NY, USA). Total cell number was
counted on a hemocytometer, and cell vi-
ability was estimated by Trypan Blue ex-
clusion and expressed as a percentage of
the total cells recovered. About 1-2 x 10*
cells were processed immediately for
RNA extraction, and 2-5 x 10° cells were
frozen at -80°C in cell-freezing medium
(Sigma-Aldrich, St. Louis, MO, USA) for
further processing for Western analysis
and electrophoretic mobility shift assays.
Additionally, 2 x 10* cells per slide were
used for a differential cell count and for
immunohistochemistry. Slides for a dif-
ferential cell count and for immunohisto-
chemistry were prepared by centrifuga-
tion (Cytospin 11; Shandon Instruments,
Pittsburgh, PA, USA), and stored at 4°C
until further processing. For differential
cell count, cells were stained with Dif-
fQuik (Baxter Healthcare, Miami, FL,
USA). All samples were confirmed as
bonafide small airway epithelial sam-
ples by expression of genes encoding
surfactant proteins and Clara secretory
protein (33).

RNA Extraction, Microarray
Processing, and Data Analysis
Analyses were performed by using
Affymetrix (Santa Clara, CA, USA)
Human Genome U133 Plus 2.0 microar-
rays (54,675 probe sets representing ap-
proximately 47,000 full-length human
gene transcripts) and associated proto-
cols. Total RNA was extracted by using
a modified version of the TRIzol
method (Invitrogen, Carlsbad, CA,
USA), followed by RNeasy (Qiagen,
Valencia, CA, USA) to remove residual
DNA. RNA samples were stored in
RNA Secure (Ambion, Austin, TX, USA)
at —80°C until further processing. An
aliquot of each RNA sample was run on



an Agilent Bioanalyzer (Agilent Tech-
nologies, Palo Alto, CA, USA) to visual-
ize and quantify the degree of RNA
integrity. The concentration was deter-
mined using a NanoDrop ND-1000
spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE, USA).
Double-stranded cDNA was synthe-
sized from 1-2 ug of total RNA using the
GeneChip One-Cycle cDNA Synthesis
Kit, followed by cleanup with a
GeneChip Sample Cleanup Module, in
vitro transcription reaction performed by
using the GeneChip IVT Labeling Kit,
and clean-up and quantification of the
biotin-labeled cRNA yield by spec-
trophotometric analysis. All kits were
from Affymetrix. Hybridizations to test
chips and to the microarrays were per-
formed according to Affymetrix proto-
cols, and microarrays were processed by
the Affymetrix fluidics station and
scanned with the Affymetrix GeneChip
Array Scanner 3000 7G. Overall microar-
ray quality was verified by the following
criteria: (a) RNA integrity number >7.0;
(b) 3'/5' ratio for GAPDH <3; and (c)
scaling factor <10.0. Captured images
were processed by using the MAS 5.0 al-
gorithm (Affymetrix Microarray Suite
Version 5.0 software), which takes into
account the perfect match and mismatch
probes. The data were normalized by
using GeneSpring version 7.3 software
(Agilent Technologies) per array, by di-
viding the raw data by the 50th percen-
tile of all measurements and by gene.

Nrf2 Activation in Small Airway
Epithelium of Healthy Nonsmokers
and Smokers

On the basis of the knowledge that
Nrf2 translocates to the nucleus to pro-
tect cells from oxidative stress, such as
that caused by smoking (11,12,20,23,30,
35), we applied immunohistochemical
and Western analysis of Nrf2 to assess
the activation status of Nrf2 in small
airway epithelial cells obtained from
healthy nonsmokers and healthy
smokers.

For immunohistochemistry, slides with
cytospins of the small airway epithelium

were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS), pH 7.4,
at 23°C for 20 min. To enhance staining,
an antigen retrieval step was carried out
by incubating the slide at 90°C for 20
min in a water steamer (Black & Decker,
Hunt Valley, MD, USA), in citrate solu-
tion (BD Biosciences Pharmingen, San
Diego, CA, USA), followed by cooling at
23°C for 20 min. The slides were blocked
in 5% donkey serum for 45 min to re-
duce background staining, then incu-
bated overnight at 4°C with an affinity-
purified rabbit polyclonal antibody,
mapped to the C-terminus of human
Nrf2 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), diluted 1:1000 in PBS
with 5% donkey serum. To ensure the
specificity of the Nrf2 antibody, blocking
Nrf2 peptide (Santa Cruz Biotechnology)
was used as a control. The Vectastain
Elite ABC kit (Vector Laboratories,
Burlingame, CA, USA) and the 3-amino-
9-ethyl carbazole substrate kit (Vector
Laboratories) were used to detect anti-
body binding, and the slides were coun-
terstained with hematoxylin (Sigma-
Aldrich) and mounted using GVA
mounting medium (Zymed, San Fran-
cisco, CA, USA). Brightfield microscopy
was performed using a Nikon Microphot
microscope equipped with a Plan 40 x
N.A. 0.70 objective lens. Images were
captured with an Olympus DP70 CCD
camera.

To quantify the nuclear accumulation
of Nrf2 in small airway epithelium in re-
sponse to smoking, cytoplasmic and nu-
clear extracts from small airway epithe-
lium cells of healthy nonsmokers and
healthy smokers were assessed by West-
ern analysis. Cytoplasmic and nuclear
extracts were isolated stepwise by using
a commercially available nuclear and cy-
toplasmic extraction kit (Pierce Biotech-
nology, Rockford, IL, USA). Briefly, after
thawing and one washing with PBS (pH
7.4), small airway epithelium cells were
lysed in 200 uL of ice cold cytoplasmic
extraction reagent 1 for 10 min, and 11 uL
of ice-cold cytoplasmic extraction reagent
2 for 1 min, according to the manufac-
turer’s protocol. After centrifugation at
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16,000¢ for 5 min, the supernatant (cyto-
plasmic extract) was stored on ice, while
the insoluble pellet fraction was resus-
pended in 25 uL of nuclear-extraction
reagent. After a 40-min incubation pe-
riod, with vortexing every 10 min, and
another centrifugation at 16,000¢ for 10
min, the supernatant (nuclear extract)
was collected. Protein concentration was
assessed in nuclear and cytoplasmic ex-
tracts by using a BCA protein concentra-
tion kit (Pierce). Samples were adjusted
to equal amounts of protein (50 ug
protein/lane for cytoplasmic protein and
30 ug protein/lane for nuclear protein).
Samples were mixed with Nupage LDS
sample buffer and reducing agent (Invit-
rogen) and loaded onto a Novex Tris-
Glycine 4%-12% gel (Invitrogen). Pro-
teins were transferred (25 V, 90 min,
23°C) to a 0.45-um pore size polyvinyli-
dene fluoride membrane (BioRad) in
Tris-glycine transfer buffer (Invitrogen).
After transfer, the membrane was
blocked in PBS containing 5% milk pow-
der (Bio-Rad) for 1 h, then the membrane
was incubated overnight at 4°C with a
1:1000 dilution of antihuman Nrf2 mono-
clonal IgG (Abnova, Taipei, Taiwan). De-
tection was performed by using horse-
radish peroxidase-conjugated secondary
antimouse antibody (Santa Cruz), at a
1:2000 dilution, and the enhanced chemi-
luminescence reagent system (GE
Healthcare, Pittsburgh, PA, USA), using
Kodak BioMax light film. To evaluate the
levels of nuclear protein in the nuclear
extracts, the blots were stripped in
Western-blot stripping buffer (Pierce) for
15 min, at 23°C. After being blocked in
PBS containing 5% milk powder for 1 h
at 23°C, the blots with nuclear extracts
were incubated with a polyclonal goat-
antihuman lamin B antibody (Santa Cruz
Biotechnology) at a 1:300 dilution, and
with a secondary antigoat horseradish
peroxidase-conjugated antibody (Santa
Cruz Biotechnology) at 1:2000, for 90 min
each at 23°C, with detection as described
above. The blots with cytoplasmic ex-
tracts were incubated with a polyclonal
rabbit anti-p-tubulin antibody (Imgenex,
San Diego, CA, USA) at a 1:1000 dilution,
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and with a secondary antirabbit horse-
radish peroxidase-conjugated antibody
(Santa Cruz Biotechnology) at 1:2000, for
90 min each at 23°C. To quantitatively as-
sess the amount of Nrf2 in the nucleus
and cytoplasm, the films were digitally
imaged, maintaining exposure within the
linear range of detection. The contrast
was inverted, the pixel intensity of each
band determined, and the background
pixel intensity for a negative area of film
of identical size was subtracted by using
MetaMorph image analysis software
(Universal Imaging, Downingtown, PA,
USA). Bands on the lamin B and
B-tubulin Western blots were scanned
and analyzed by densitometry to ensure
equal protein loading.

Expression Levels of Nrf2-Modulated
Genes in the Small Airway Epithelium
We compiled a list of known murine

Nrf2-modulated genes consisting of all
murine genes reported to be responsive
to different oxidative stress conditions in
the lung, as identified in a total of 12 re-
ports by several groups using Nrf2
knockout mice (14,16-26). This list in-
cluded 201 genes that were upregulated
in wild-type mice compared with Nrf2
knockout mice (Supplemental Data,
Table 1). Among these 201 genes, 187
human homologs were identified by
using the NCBI (National Center for
Bioinformatics) HomoloGene database
(http:/ /www.ncbi.nlm.nih.gov/
homologene) and the Information Hy-
perlinked Over Proteins database

(http:/ /www.ihop-net.org/UniPub/
iHOP/). The impact of smoking on these
187 human genes was assessed by using
the gene expression micorarray data
from the 45 smokers and 38 nonsmokers
with following criteria: (2) Affymetrix de-
tection call of Present (“P call”) in > 20 %
of samples, (b) magnitude of fold-change
in average expression value for healthy
smokers versus nonsmokers > 1.5, (c) sig-
nificance level in expression value for
healthy smokers versus nonsmokers P <
0.01. A final list was established consisting
of putative, highly smoking-responsive,
Nrf2-modulated human genes.

Index for Nrf2-Modulated Gene
Expression in the Small Airway
Epithelium of Healthy Smokers

If Nrf2-modulated genes are coordi-
nately controlled in the small airway ep-
ithelium of smokers, then all of the Nrf2
human homologs that are significantly
modulated by smoking should be modu-
lated to a similar extent (for example,
low, medium, or high expression level)
in each individual. To assess this thesis,
an Nrf2 index was created that ranked
healthy smokers based on their expres-
sion levels of the 13 Nrf2-modulated
genes. For each gene, the individuals
were divided into quartiles based on the
level of gene expression; each individual
was assigned a quartile designation of 1,
2,3, or 4 for each of the putative Nrf2-
responsive genes. To avoid biasing the
Nrf2 index toward genes that were rep-
resented by multiple probe sets, the
quartile designations were averaged and
rounded to the nearest single-decimal
unit for genes represented by more than
1 probe set. To calculate the Nrf2 index
for each individual, the quartile designa-
tions of that individual were averaged
across all Nrf2-modulated genes and re-
ported as mean + SD. A z score Nrf-2
index was used to validate the quartile-
based index. This validation was accom-
plished by determining for each subject
the z score for each expression value and
summing the z scores for the 13 genes in
the initial gene list for each of the 45
smokers.

To visualize whether Nrf2-modulated
genes were concordantly regulated
among the healthy smokers, Nrf2 genes
were ordered alphabetically, and all
healthy smokers were ranked according
to the Nrf2 index. Gene clusters were vi-
sualized based on the level of gene ex-
pression, with a different color assigned
to each quartile. The distribution of the
Nrf2 index was compared with that of
indices generated in the same way
using control genes. Two other gene
lists were compiled as controls, both
compromised of randomly chosen genes
(“P call” in >20% of samples) generated
by using Excel 2003 software (Microsoft
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Corporation, Redmond, WA, USA): (a)
genes randomly chosen from all probe
sets corresponding to unique genes and
(b) genes randomly chosen from a total
of 476 smoking-responsive genes
identified from our dataset (defined as
> 1.5-fold, P < 0.01 after Benjamini-
Hochberg correction, for healthy smok-
ers versus nonsmokers; Supplemental
Data, Table 2). To rule out the possibility
that the Nrf2 index might reflect differ-
ing demographic characteristic or differ-
ing exposure to smoking, we compared
the demographics and smoking history
of individuals from each quartile. In ad-
dition, the overall coordination of the
expression levels of the Nf2-related
genes was determined by averaging the
1* values for all pairs of genes from all
healthy smokers and comparing that
mean * value to the mean value from
the set of random genes and set of ran-
dom smoking-related genes (Supple-
mentary Table 2).

TagMan Confirmation of Microarray
Data

TagMan real-time reverse-transcription—
polymerase chain reaction (RT-PCR) was
performed on RNA samples from the
small airway epithelium of healthy
smokers with low and high Nrf2 index
values, and the results compared with
those from the Human Genome U133
Plus 2.0 microarray. cDNA was synthe-
sized from 2 ug RNA in a 100 uL reaction
volume, using the TagMan Reverse Tran-
scriptase Reaction Kit (Applied Biosys-
tems, Foster City, CA, USA), with ran-
dom hexamers as primers. Two dilutions,
1:10 and 1:100, were made from each
sample, and duplicate wells were run for
each dilution. TagMan PCR reactions
were carried out using pre-made gene-
expression kits from Applied Biosystems
for Nrf2-modulated genes, and 2 uL of
c¢DNA was used in each 25 uL reaction.
The endogenous control was human
B-actin (Applied Biosystems). Relative
expression levels were determined using
the AA Ct method, with the average
value of the low-ranked smokers as the
calibrator. The PCR reactions were run in



an Applied Biosystems Sequence Detec-
tion System 7500, and the relative quan-
tity was determined using the algorithm
provided by the manufacturer.

Identification of Potential New Human
Nrf2-Modulated Genes in the Small
Airway Epithelium

To identify unknown genes that may
also be modulated by Nrf2 in the small
airway epithelium, the Nrf2 index was
correlated with the expression values of
all genes expressed in the lung of healthy
smokers (“P call” in >20% of samples),
using the 7* value to identify known and
putative new Nrf2-modulated genes.
For the 25 most highly correlated genes,
the presence of the primary core se-
quence of the antioxidant response ele-
ment (RTGAYNNNGCR) (23,36) in the
promoter region of each gene (5" untrans-
lated region and 10,000-bp upstream of
the transcriptional start site) was deter-
mined by searching with Genamics Ex-
pression 1.1 Pattern Finder Tool Software
(Genamics, Hamilton, New Zealand).

Validation of Newly Identified Nrf2-
Modulated Genes

Newly identified Nrf2-modulated
genes were validated with elec-
trophoretic mobility shift assay (37,38).
We incubated 10 pg of nuclear extract
from small airway epithelium with a
**P-labeled antioxidant response element
oligonucleotide from NAD(P)H dehydro-
genase, quinone 1 (NQOT1), a known Nrf2-
modulated gene (10,37). A fifty-fold ex-
cess of unlabeled NQOT1 oligonucleotide
was used as a specific competitor to de-
termine the specificity of binding. A fifty-
fold excess of nonspecific oligonucleotide
(a random sequence from the von Wille-
brand factor gene) was used as a negative
control for the competition. To demon-
strate that putative antioxidant response
elements from the newly identified
Nrf2-modulated genes bind to Nrf2 in a
similar manner as does the NQO1-
antioxidant response element, unlabeled
antioxidant response element oligonu-
cleotides from each newly identified
Nrf2-modulated gene were used as spe-

cific competitors, in a fifty-fold excess,
against the labeled NQO1 oligonu-
cleotide. To confirm the results, one of
the antioxidant response element
oligonucleotides from each gene proven
to be functional was radioactively la-
beled and competed with an unlabeled
oligonucleotide as a specific competitor,
and with a nonspecific oligonucleotide as
a negative control. The sequences of the
oligonucleotides (Operon Biotechnolo-
gies, Huntsville, AL, USA) are listed in
Supplemental Data Table 3. The oligo-
nucleotides were annealed by heating

to 95°C in an annealing buffer of

10 mmol/L Tris, pH 8.0, 50 mmol /L
NaCl, and 1 mmol/L EDTA (ethylenedi-
aminetetraacetic acid). These oligonu-
cleotides (200 ng) were end-labeled with
300 uCi P ATP by a T4 polynucleotide
kinase (New England Biolab, Ipswich,
MA, USA), and afterward purified, ac-
cording to the protocol, using the
QIAquick Nucleotide Removal kit (Qia-
gen, Valencia, CA, USA). Approximately
3 ng (300,000 cpm) of labeled probe was
used in each reaction. The probes were
incubated with nuclear protein, extracted
as described above, for 30 min at 23°C in
a binding buffer of 0.02 mol/L Hepes pH
8.0, 0.05 mol/L KCl, 0.05 umol/L EDTA,
1 umol/L MgCl,, and 5% glycerol, and
with a fifty-fold excess of an unrelated,
noncompetitive oligonucleotide to re-
duce nonspecific binding. For super shift
analysis (39), labeled oligonucleotides
were incubated with 1.65 ug of an affin-
ity purified antihuman Nrf2 rabbit poly-
clonal IgG (Atlas Antibodies, Stockholm,
Sweden) for 30 min. Pure rabbit IgG
(Jackson Immunoresearch, West Grove,
PA, USA) was used as a control at the
same concentration. The mixture was
separated on a 6% native polyacrylamide
gel (Invitrogen). The gels were subse-
quently dried, and exposed to a BioMax
X-Ray film for 5 to 24 h.

Statistical Analysis

Human Genome U133 Plus 2.0 micro-
arrays were analyzed using GeneSpring
software. Average expression values in
small airway samples were calculated
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from normalized expression levels for
healthy nonsmokers and healthy smok-
ers. Statistical comparisons between
nominal variables were calculated using
an unpaired, two-tailed ¢ test with un-
equal variance. The comparison of SDs
in the index of Nrf2-modulated genes
against indices of random genes and ran-
dom smoking-responsive genes was cal-
culated with the nonparametric Wilcoxon
rank test. A chi-square test was used for
statistical comparison for categorical var-
iables. To rule out the possibility that the
Nrf2 index might reflect differing demo-
graphic characteristics or differing expo-
sure to smoking, individuals of each
quartile were compared by ANOVA.
Correlation analyses were all performed
using the Spearman Correlation. All tests
other than the two-tailed f test were cal-
culated using StatView version 5.0 (SAS
Institute). Data are presented as mean +
standard error. A P value < 0.05 was con-
sidered to be significant.

Web Deposition of Data

All data have been deposited in the
Gene Expression Omnibus (GEO) site
(http:/ /www.ncbi.nlm.nih.gov/geo),
which is curated by the NCBI under ac-
cession number GSE11952.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Study Population of Smokers and
Nonsmokers

Small airway epithelial samples were
collected from 83 individuals comprising
38 healthy nonsmokers and 45 healthy
smokers (Table 1). The nonsmoker and
smoker groups were similar with regard
to age (P > 0.4), sex (P > 0.8), and ethnic-
ity (P > 0.2). Healthy smokers had a
mean smoking history of 27 + 2 pack-
years. Compared with healthy nonsmok-
ers, healthy smokers demonstrated a
mildly higher total number of cells recov-
ered in the brushings (P < 0.04, Table 1).
The differentials of the epithelium cells
mostly did not differ between healthy
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Table 1. Study population demographics and biologic sample data®

Parameter Healthy nonsmokers  Healthy smokers P value®
n 38 45
Sex, male/female 28/10 32/13 P>0.8
Age.y 43 +2 43 £ 1 P>0.4
Ancestry, B/W/H/A/O° 16/16/4/1/1 28/11/6/0/0 P>0.2
Smoking history, pack-year 00 27 +2 P<1x10M
Urine nicotine, ng/mL 0+0 967 + 161 P<4x107
Urine cotinine, ng/mL 0+0 1055 + 119 P<4x10™"
Venous carboxy hemoglobin, % 0+0 20+0.3 P<2x10%
Pulmonary function parameters®
FvC 109 £ 2 109 + 2 P>0.6
FEV1 105+ 3 108 + 2 P>0.5
FEV1/FVC 81 +1 81«1 P>0.7
TLC 103 + 2 100 + 2 P>0.4
DLCO 9 x2 95+2 P>0.3
Epithelial cells recovered, n x 10° 58+0.3 65+04 P<0.04
Epithelial cells, % 99.7+0.2 99.8 +0.1 P>0.4
Inflammatory cells, % 02+0.1 02+0.1 P>0.8
Differential cell count
Ciliated, % 763+ 1.1 723+ 1.3 P> 0.06
Secretory, % 7.1+£06 7.1+£0.5 P>0.4
Basal, % 10.1£0.8 10.6 £ 0.7 P>0.5
Undifferentiated, % 7306 10.0+£0.9 P<0.01

“Data are presented as mean + standard error.
PGroup comparison with unpaired, two-tailed t test with unequal variance and chi-square

test.

B, black; W, white; H, Hispanic; A, Asian; O,other.

dPulmonary function testing parameters are given as percentage of predicted value, with
the exception of FEV1/FVC, which is reported as percentage observed; FVC, forced vital
capacity; FEV1, forced expiratory volume in 1 s; TLC, total lung capacity; DLCO, diffusing

capacity.

nonsmokers and smokers (P > 0.07), ex-
cept that undifferentiated cells were
more frequently found in smokers than
in nonsmokers (P < 0.01).

Localization of Nrf2 in Healthy Small
Airway Epithelium of Nonsmokers and
Smokers

To confirm airway epithelium expres-
sion, and on the basis of knowledge that
Nrf2 translocates to the nucleus to pro-
tect cells from oxidative stresses such as
smoking (11,12,20,23), we carried out im-
munohistochemical analysis by using
small airway epithelial cells obtained by
brushing. With an antibody dilution of
1:1000, we stained about 20%-30% of
brushed cells for Nrf2 (Figure 1 A-B,
D-F), which were specifically blocked by
using a blocking peptide as a negative
control (Figure 1C, F). The intensity of

Nrf2 staining was variable among cells.
However, for nonsmokers there was
minimal Nrf2 detected in the nucleus
(Figure 1A, B). In contrast, the epithelial
cells of smokers showed faint cytoplas-
mic Nrf2 staining with prominent strong
areas of stain in the nucleus (Figure 1D, E).
There were typically 2 or 3 spots of Nrf2
staining per cell consistent with location
at the nucleoli (arrows).

To quantify the nuclear accumulation
of Nrf2 in small airway epithelium in re-
sponse to smoking, nuclear and cyto-
plasmic extracts from healthy nonsmok-
ers and smokers were assessed by
Western analysis. Using multiple
brushes from the airway, we obtained
approximately 30 ug of nuclear and
50 ug of cytoplasmic protein from each
individual. Equal protein loading among
the samples was verified with antibodies
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that identify the nucleus (lamin B) and
cytoplasm (B-tubulin). Western analysis
demonstrated increased Nrf2 protein
concentration in the cytoplasm of
healthy nonsmokers as compared with
healthy smokers (Figure 1G). In contrast,
the nuclear extract showed a higher
amount of Nrf2 protein in smokers com-
pared with nonsmokers (Figure 1H).
Quantification of single bands by densit-
ometry revealed a 3.6-fold increase in
levels of Nrf2 in the cytoplasm of
healthy nonsmokers compared with
healthy smokers (P < 0.02; Figure 1I),
and a 3.7-fold increase in levels of Nrf2
in the nucleus of healthy smokers com-
pared with healthy nonsmokers (P <
0.05, Figure 1J). Because of limitations in
biological materials from human sub-
jects, it was not possible to correlate
gene expression at the mRNA level with
protein levels measured by Western
analysis in the same subject.

Expression Levels of Nrf2-Modulated
Genes in Small Airway Epithelium

A list of murine Nrf2-modulated
genes was compiled based on reports of
genes responsive to different oxidative
stress conditions in the lung of Nrf2
knockout mice (14,16-26). In total, 201
murine oxidative stress responsive genes
in the lung were identified, and 187
human homologs were determined to be
expressed in the small airway epithe-
lium (Supplemental Data, Table 1). The
impact of smoking on these 187 human
genes was assessed by using the gene
expression micorarray data from the 45
smokers and 38 nonsmokers described
above. From these 187 genes, we estab-
lished a final list consisting of 13 puta-
tive human, Nrf2-modulated, highly
smoking-responsive genes (Table 2). All
13 genes were significantly upregulated
in smokers compared with nonsmokers
(all comparisons, P < 1074 Figure 2),
with a mean increase in expression level
of 4.5- + 1.7-fold in response to smoking.
Among the other known murine Nrf2-
modulated genes, an additional 16 genes
were found to be significantly modu-
lated by smoking, with smoker-to-
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Figure 1. Localization of Nrf2 in small airway epithelium of healthy nonsmokers and
healthy smokers. Cytospin preparations of small airway epithelium were assessed by im-
munohistochemical analysis and Western analysis. (A-F) Immunohistochemistry. (A, B)
Healthy nonsmokers, + Nrf2 antibody; (C) healthy nonsmoker, + Nrf2 anfibody + blocking
peptide; (D-E) healthy smokers, + Nrf2 antibody; (F) healthy smoker, + Nrf2 antibody +
blocking peptide. For (D-E), arrows indicate nucleoli positive for Nrf2 staining. For (A-F), bar =
10 um. (G-J) Western analyses. For the Western analyses, small airway epithelial cells of
four healthy nonsmokers and four healthy smokers provided nuclear and cytoplasmic ex-
fracts, which were normalized to equal profein concentration. (G) Western analysis of Nrf2
in cytoplasmic extracts from small cirway epithelial cells of healthy nonsmoker and
smoker (upper panel) and p-tubulin as an equal loading control (lower panel). Lane 1-4,
examples of nonsmokers; lanes 5-8, examples of smokers. (H) Western analysis of Nrf2 in
nuclear extract from small airway epithelium from healthy nonsmoker and healthy smoker
(upper panel) and lamin B as loading control (lower panel). Lanes 9-12, examples of non-
smokers; lanes 13-16, examples of smokers. (I) Quantitative analyses of band densities for
Nrf2 in cytoplasm (normalized to B-tubulin). (J) Quantitative analysis of band densities for
Nrf2 in nucleus (normalized to lamin B). Data shown are mean + standard error.

identified, then it follows that there
should be coordinate regulation of the 13
genes among the smoking subjects (that
is, a subject who has a high expression
level of 1 of the 13 genes should also
have high expression of the other 12). To

nonsmoker P values of 0.05 to 107,
However, because the fold-change of
smoker to nonsmoker was <1.5 in all
cases, these genes were not considered
further (Supplemental Data, Table 4).

Index for Nif2-Modulated Genes in
the Small Airway Epithelium of Healthy
Smokers

If the human Nrf2-modulated, smok-
ing responsive genes have been correctly

assess the average small airway epithe-
lium gene expression of the Nrf2-
modulated smoking responsive genes, an
Nrf2 index was created that ranks healthy
smokers on the basis of their overall ex-
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pression levels of the 13 Nrf2-modulated
genes. For each gene, individuals were
divided into quartiles on the basis of the
level of gene expression, so each individ-
ual was assigned a quartile designation
of 1 to 4 for each of the 13 genes. This
analysis demonstrated that among smok-
ers, there were clearly individuals who
had expression levels for most or all
genes in the upper quartile, whereas
other subjects had expression levels for
most or all genes in the lower quartile.
The Nrf2 index for each individual is the
average of the 13 quartile designations
(Figure 3A). The use of a discontinuous
score for determining the Nrf2 index was
validated by calculating the index by
using an alternate strategy in which the
sum of the z scores for each gene was
calculated for each subject. This method
gave an index that was strongly corre-
lated (* = 0.95) with the quartile-based
score (see Supplementary Figure S1).
The healthy smokers showed a wide
range of Nrf2 index values, with a 25th-
to-75th percentile range of 1.7 to 3.2, and
individuals were almost evenly distrib-
uted among the index groups. Of all 45
smokers, 13 smokers ranked in the Nrf2
index between 1 and 2, 17 smokers be-
tween 2 and 3, and 15 smokers between
3 and 4 (Figure 3B). To demonstrate that
this result represents coordinate control,
the distribution of the smokers according
to the 13 Nrf2-modulated gene index
was compared with that of an index gen-
erated in the same way by using 13 ran-
dom genes (Supplemental Table 2). This
comparison gave a narrower range with
a 25th to 75th percentile range of 2.2 to
2.7. Similarly, for 13 smoking-responsive
genes randomly chosen from a total of
476 smoking-responsive genes identified
from our data set (corrected P < 0.05,
fold-change > 1.5), the 25th and 75th
perctentile of the index was 2.2 to 2.8,
narrower than the range of the putative
Nrf2-modulated, smoking-responsive
genes. For both control gene indices,
smokers were predominately distributed
between the index values two and three,
suggesting a random distribution of
these control genes, without coordinate
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Table 2. Human homologues of murine Nrf2-modulated genes highly smoking-responsive in the human small cirway epithelium.®

Mouse Human Fold-change, P value

gene homolog smoker/ (smoker/

symbol Mouse gene ftitle symbol nonsmoker nonsmoker)® References
Adh7 Alcohol dehydrogenase 7 ADH7 5.7 P<4x107 (19,23)

Farp, Fr-1 Aldo-keto reductase family 1, member B10 AKRI1BI10 23.5 P<2x10% (23)
Aldh3al Aldehyde dehydrogenase 3 family, memberA1l ALDH3AT 4.8 P<6x 107" a9.71)
Gépdx Glucose-6-phosphate dehydrogenase G6PD 1.9 P<6x10°¢ (19,23,71)
Gcle Glutamate-cysteine ligase, catalytic subunit GCLC 1.6 P<2x10™ (16,18,19,22-24,26)
Gpx2 Glutathione peroxidase 2 GPX2 6.4 P<2x107"%  (10,17,18,23,25,26)
Gsr Glutathione reductase GSR 1.6 P<1x10% (10,23,24)
Mdh-1,Mod-1  Malic enzyme 1, NADP( +)-dependent, cytosolic ME1 3.8 P<2x10™" (10,19,23,26)
Ngol NAD(P)H dehydrogenase, quinone 1 NQOI1 2.4 P<2x107" (10,16-21,23,41)
Pgd Phosphogluconate dehydrogenase PGD 1.6 P<8x10°¢ 23)

Tkt, P68 Transketolase (Wernicke-Korsakoff syndrome) TKT 1.8 P<3x10% a9

Txnrd1 Thioredoxin reductase 1 TXNRD]1 1.9 P<6x10™" (18,19,22,23,26)
Ugt1-06 UDP glucuronosyltransferase 1 family, polypeptide A6 UGTIAS 2.0 P<3x107 16-19)

“Criteria: () Affymetrix Detection Call of Present ("P call”) in > 20 % of samples; (b) magnitude of fold-change in average expression
value for healthy smokers versus nonsmokers >1.5; (¢) significance level in expression value for healthy smokers versus nonsmokers P < 0.01.
PGroup comparison with unpaired, two-tailed ttest with unequal variance.

regulation (Figure 3B). Of the 45 smokers
37 (82%) were ranked between the index
values two and three in the random gene
index, and 33 of 45 smokers (73%) were
ranked between two and three in the ran-
dom smoking-responsive gene index (P <
0.0001 versus Nrf2-modulated genes, chi-
square test). Other evidence of the coordi-
nate regulation of the Nrf2 genes is the
comparison of SDs of the Nrf2 index for
each individual, which should be small if
all genes are coordinately regulated. For
Nrf2-modulated genes, the mean + SD of
all smokers was 0.67 + 0.03, a value sig-
nificantly lower than for random genes
(1.08 + 0.02, P < 10™) or that of random
smoking-responsive genes (1.06 + 0.03,

P <10 Figure 3C).

To confirm the relatedness of the ex-
pression profile of these genes, we used
pairwise Pearson correlations between
the 13 genes across all subjects and then
compared the average of these correla-
tions to correlations derived from ran-
dom sets of genes on the array or smok-
ing-related genes. The mean 7 for the
Nrf2-modulated genes was 0.36 + 0.02
compared with 0.10 + 0.01 for random
genes and 0.05 + 0.01 for random
smoking-regulated genes.

To assess whether the Nrf2 index re-
flected differing demographic character-

istics or differing exposure to smoking
among the subjects examined, the
healthy smokers were divided into three
ranges (1-2, low expression of Nrf2-
modulated genes; 2-3, moderate expres-
sion; 3-4, high expression). The demo-
graphic characteristics (sex, age, and
ethnicity) were not different among the
three groups (P > 0.05 by chi-square test
for sex and ethnicity, ANOVA for age,
Table 3). Similarly, the smoking exposure
as assessed by history in pack-years,
urine nicotine, urine cotinine, and serum
carboxyhemoglobin was not different
among the three groups (all comparisons
P > 0.05 by ANOVA, Table 3). Thus, the
Nrf2 index is not influenced by known
demographic characteristics. Similarly,
with analysis using the z score method,
the P value for correlation of Nrf2 index
with smoking history (P = 0.10), urine
nicotine (P = 0.50), urine cotinine (P =
0.19), and carboxyhemoglobin (P = 0.24)
were all insignificant.

Correlation of Nrf2 Index to Expression
of all Genes in Small Airway
Epithelium

If Nrf2-modulated genes have coordi-
nate regulation in the human small air-
way epithelium, then other potential
Nrf2-modulated genes might be identi-
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fied by searching among all genes ex-
pressed in the lung of healthy smokers
for genes whose expression correlates
with the Nrf2 index. Of the top 25 probe
sets whose small airway expression level
was correlated with the Nrf2 index
(Table 4), 24 were smoking responsive,
with a mean increase of expression level
of 2.9- + 0.2-fold in response to smoking
(P values all < 6 x 10™). The 25 probe sets
corresponded to 18 uniquely identified
genes. Overall, these 25 probe sets were
highly correlated with the Nrf2 index,

(¥ > 0.51, P < 0.0001), suggesting that all
these genes might have the same coordi-
nate regulation and control. The gene ex-
pression that was most strongly associ-
ated with the Nrf2 index was that of
transaldolase 1 (TALDO1, Figure 4A), a key
enzyme of the pentose phosphate path-
way, which protects cellular integrity from
oxygen injury. Other strongly correlated
genes included: ALDH3A1 (Figure 4B), an
enzyme that plays an important role in
the detoxification of alcohol-derived ac-
etaldehydes; NQO1 (Figure 4C), an en-
zyme that prevents the reduction of
quinones that results in the production of
radical species; and TXNRD1 (Figure 4D),
a protein that reduces thioredoxins and
plays a role in selenium metabolism and
protection from oxidative stress.
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Figure 2. Expression levels of Nrf2-modulated genes in small airway epithelium. A list of
murine Nrf2-modulated genes was compiled and used to identify the human homologs.

The gene expression in small airway epithelium

was examined to generate a list of puta-

tive human Nrf2-modulated genes that are highly responsive to smoking (Supplemental

Table 1). Shown is the normalized expression lev:

el for each individual (38 healthy non-

smokers (0), 45 healthy smokers (®)). The gene names and the P values are located on
the abscissa, the relative gene expression levels are on the ordinate as a log scale.

The coordinate regulation of these
genes was confirmed by unsupervised
clustering. The complete set of smoking-
responsive genes was clustered for a set
of healthy smokers, and the locations of
the NRF2-modulated genes within the
cluster was determined. A small subsec-
tion of the cluster containing 52 genes
(Supplementary Figure S2) included 12
of the genes listed in Table 4, a finding

that suggests a strong coordinate regula-
tion. Other genes found in this part of
the cluster, for example, carbonyl reduc-
tases 1 and 3 (CBR1, CBR3) may also be
modulated by Nrf2.

TagMan Confirmation of Microarray
Data

To validate the results obtained from
the microarrays, TagMan real-time RT-
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PCR was carried out to assess several
Nrf2-modulated genes by use of RNA
samples from six healthy smokers classi-
fied as low expressers (Nrf2 index 1-2)
and six healthy smokers categorized as
high expressers (Nrf2 index 3—4). The
TagMan-PCR data were consistent with
the microarray data for all three genes
(Figure 5A). In the microarray analyses,
TALDOI1 (3.0-fold, P < 10™), ME1 (4.3-
fold, P < 10°) and TXNRD1 (2.8-fold, P <
107*) were significantly upregulated in
the high expressers compared with the
low expressers, in small airway epithe-
lium. Use of TagMan analysis on the
same subjects confirmed that TALDO1,
ME1, and TXNRD1, were significantly
upregulated in the high expressers (2.4-
fold, 4.3-fold and 2.8-fold, respectively;
all P < 0.05; Figure 5B).

Identification of Potential New Human
Nrf2-Modulated Genes in Smalll
Airway Epithelium

If correlation with the Nrf2 index pre-
dicts regulation of small airway gene ex-
pression level by Nrf2, then some of the
genes identified by this method may
have previously been reported to be Nrf2
modulated. Of the 18 genes that were
identified as having a strong association
to the Nrf2 index, 14 have previously
been reported as Nrf2-modulated on the
basis of a transcription induction by Nrf2
in studies using Nrf2 knockout mice
and/or by gel-shift assays specific for
Nrf2: TALDO1 (10,40); ALDH3A1 (23),
NQOT1 (10,16-21,23,41); TXNRD1 (18,19,
22,23,26); ME1 (10,19,23,26); aldo-keto re-
ductase family 1, member C1 and member
C2 (AKR1C1, AKR1C2) (42); glutathione
peroxidase 2 (GPX2) (10,17,18,23,25,26);
transketolase (TKT) (19); UGT1A6 (16-19,
43); glutamate-cysteine ligase, modifier sub-
unit (GCLM) (10,19,23,25); sequestome 1
(SQSTM1) (23); ADH7 (19,23); and GSR
(10,23,24). We identified a very similar
(22 of 25) list of potential Nrf2-modulated
genes by using the continuous z score
method of index calculation.

However, some genes identified had
not previously been reported as tran-
scriptionally induced by Nrf2 but have
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Figure 3. Index for Nrf2-modulated genes in the small airway epithelium of healthy smok-
ers. We created an Nrf2 index that ranks the expression levels of the 13 Nrf2-modulated
genes significantly modulated by smoking for all 45 healthy smokers. For each gene, indi-
viduals were divided into quartiles on the basis of the level of gene expression. Each indi-
vidual was assigned a quartile designation of one, two, three, or four for each of the 13
genes. To calculate the Nrf2 index, for each individual the quartile designations for the in-
dividual were averaged across all genes. (A) Cluster analysis of Nrf2-modulated genes
(from left to right) for 45 healthy smokers (from top fo the bottom). The number in each
object represents the quartile based on the gene expression, first quartile bright green,
second dark green, third dark red, fourth bright red. The mean + SD of the Nrf2 index is
presented af the right. Note that all of the healthy smokers tend to have the same quar-
tile for all genes, with some smokers showing low expression (that is, all green bars) of the
13 genes, some smokers intermediate expression (mixed colors), and some smokers with
all 13 genes showing high Nrf2 expression (that is, all red bars). (B,C) The Nrf2 index distri-
bution for the 45 healthy smokers was compared with an index generated in the same
way by using 13 “random genes” or 13 “random smoking-responsive genes” (see Supple-
mental Table 2). (B) Comparison of frequency distribution of smokers among index values.
Shown are the indices for the 13 Nrf2-modulated genes, the 13 random genes and the 13
“random smoking-response genes.” For each, the data is grouped by index values of 1-2,
2-3, and 3-4. Note that smokers ranked by random genes or random smoking-responsive
genes have indices mostly distributed between 2 and 3, but smokers ranked by the Nrf2
genes are almost evenly distributed. (C) Comparison of SDs of individual smokers of the
13 Nrf2-modulated genes, 13 random genes, and 13 random smoking-responsive genes.
Data shown are mean + standard error. Note that the Nrf2-modulated genes have signifi-
cantly less variation.

a strong association to the Nrf2 index.
These included PIR, a gene of the cubin
family (Figure 6A); ATB binding cassette,
sub-family B, member 6 (ABCB6), encod-
ing a transporter protein of the super-
family of the ATP-binding cassette (Fig-
ure 6B); UDP gluconosyltransferase 1

family, polypeptide A4 (UGT1A4), part of
the complex locus which encodes sev-
eral UDP-glucuromosyltransferases
(Figure 6C); and aldo-keto reductase fam-
ily 1, member C3 (AKR1C3), a member of
the aldo/ketoreductase superfamily
(Figure 6D).
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To evaluate whether PIR, ABCB6,
UGT1A4, and AKRC3 are potential can-
didate genes modulated by Nrf2, the
presence of the primary core sequence
of the antioxidant response element
(RTGAYNNNGCR) (10,37) was assessed
by searching the promoter region of
each gene with Genamics Expression 1.1
Pattern Finder Tool software. This anal-
ysis showed that PIR, ABCB6, and
UGT1A4, but not AKR1C3, contain one
or more antioxidant response elements
in the genomic sequence upstream of
their transcription start sites, suggesting
these genes as novel Nrf2-modulated
genes (Table 4).

Validation of Newly Identified Nrf2-
Modulated Genes

If PIR, ABCB6, and UGT1A4 are Nrf2-
modulated genes, then the DNA binding
activity of Nrf2 to the antioxidant re-
sponse element of these genes should be
detectable by electrophoretic mobility-
shift assay. A strong DNA-binding activ-
ity of nuclear protein from the small air-
way epithelium of healthy smokers for
NQO1-antioxidant response element
was observed (Figure 7A, lanes 2, 6, 10,
18, 23). Nrf2 binding was demonstrated
by the disappearance of DNA-protein
complexes by competition with excess
unlabeled NQOT1 oligonucleotides
(lanes 3, 11, 19, 24), but not with nonspe-
cific unlabeled oligonucleotides (lanes 4,
16, 21, 29). Specificity was further con-
firmed by the disappearance of the gel
shift band in the presence of an anti-
Nrf2 affinity-purified polyclonal anti-
body (lane 7), whereas no disappearance
was seen with the use of a correspon-
ding IgG control (lane 8). Instead of a
supershift, the disappearance of the gel
shift band suggests a competition for
binding between the Nrf2 antibody and
NQOI1 oligonucleotide, similar to that
reported for Nrf2 binding to an antioxi-
dant response element of UGT1A1 with
nuclear extracts from HepG2 cells after
oxidative stress (38).

PIR contains four antioxidant response
elements located 33 bp (lane 12) down-
stream of the transcription site and -3209



Table 3. Comparison of demographics of healthy smokers with different ranges of the Nrf2

index.?
Ranges of Nrf2 index®
Parameter 1-2 2-3 3-4 P value®
n 13 17 15
Age, years 40+ 2 42 + 1 46 + 2 P>02
Sex, male/female 716 11/6 14/1 P>0.8
Ancestry, B/W/H/A/O 7/2/4/0/0 12/4/1/0/0 9/5/1/0/0 P>02
Smoking history, pack-year 22+3 27 +4 32+5 P>04
Urine nicotine, ng/mL 1205 + 412 801 + 217 935 + 212 P>0.2
Urine cotinine, ng/mL 894 + 206 913 +192 1367 + 212 P>0.3
Venous carboxyhemoglobin, % 1.6+04 1.8+£0.6 20+03 P>0.1

°Data are presented as mean + standard error.

P1-2 = low expression of Nrf2-modulated genes; 2-3 = moderate expression level of Nrf2-
modulated genes; 3-4 = high expression of Nrf2-modulated genes.

°Group comparison with ANOVA or chi-square test,

9B, black; W, white; H, Hispanic; A, Asian; O, other.

bp (lane 13), -3480 bp (lane 14), and
-5566 bp (lane 15) upstream of the tran-
scription start site. If these are functional
Nrf2-regulated antioxidant response ele-
ments, then an excess of oligonucleotides
consisting of these antioxidant response
elements should compete specifically
against the labeled NQO1 antioxidant re-
sponse element. For PIR, functional anti-
oxidant response elements were found at
the locations of -3209 bp (lane 13) and
-5566 bp (lane 15) upstream of the tran-
scription start site, but not at 33 bp (lane
12) or 3480 bp (lane 14) from the tran-
scription site.

For ABCB6, one antioxidant response
element was identified at 7575 bp up-
stream of the transcription site. An ex-
cess of oligonucleotides consisting of this
antioxidant response element did not
compete against the labeled NQO1 anti-
oxidant response (lane 20).

For UGT1A4, which contains 4 anti-
oxidant response elements at -3043 bp
(lane 25), 3159 bp (lane 26), -3885 bp
(lane 27), and -5523 bp (lane 28) up-
stream of the transcriptional start site,
two antioxidants response elements, at
-3885 bp (lane 27) and -5523 bp (lane
28), competed against the NQO1-
antioxidant response element—though
not as strongly as either the NQO1
olignucleotide itself or as the functional
pirin antioxidant response elements—

suggesting that these two are probably
functional antioxidant response
elements.

To confirm these results, one of the
antioxidant response element oligonu-
cleotides of PIR and UGT1A4 that was
proven to be functional was radioac-
tively labeled and competed with an
unlabeled oligonucleotide as a specific
competitor, and with a nonspecific
oligonucleotide as a negative control. A
strong DNA binding activity of nuclear
protein from small airway epithelium
was observed for labeled PIR antioxi-
dant response element -3209 bp (Fig-
ure 7B, lane 31, 35) and for labeled
UGT1A4 antioxidant response element
-3385 bp (Figure 7C, lane 39, 43). Nrf2
binding was demonstrated by the dis-
appearance of DNA—protein complexes
by competition with excess unlabeled
PIR oligonucleotides (Figure 7B, lane
32) and UGT1A4 oligonucleotide (Fig-
ure 7C, lane 40), but not with nonspe-
cific vVWF unlabeled oligonucleotides
(Figure 7B and 7C, lanes 33 and 41).
Specificity was further confirmed by
the disappearance of the gel shift band
in the presence of an anti-Nrf2 affinity
purified polyclonal antibody (Figure 7B
and 7C, lanes 36 and 44), whereas no
disappearance was seen using a corre-
sponding IgG control (Figure 7B and
7C, lanes 37 and 45).
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DISCUSSION

Nuclear factor erythroid 2-related fac-
tor 2 (NFE2L2, Nrf2), an oxidant re-
sponding transcription factor, is known
to induce phase 2 detoxifying and anti-
oxidant genes to protect cells from oxida-
tive stress (8-11). Based on the knowl-
edge that cigarette smoke with its large
oxidant content is a major stressor of the
small airway epithelium, with cells that
are vulnerable to oxidant damage and its
associated malignant transformation
(2,5-7), we asked the questions: does cig-
arette smoking induce activation of Nrf2
in the human small airway epithelium, is
there an associated coordinate control of
Nrf2-modulated genes, and are the
highly-responsive Nrf2-modulated genes
the same or different from those ob-
served in Nrf2 murine models? Fiber-
optic bronchoscopy was used to sample
pure populations of small airway epithe-
lium in 38 healthy nonsmokers and 45
healthy smokers, and gene expression of
human homologs of 201 known murine
Nrf2-modulated genes were assessed
using Affymetrix Human Genome U133
Plus 2.0 microarrays. In the human small
airway epithelium of healthy normal
smokers compared with healthy non-
smokers, Nrf2 protein was significantly
activated in the cells, and 13 Nrf2-
modulated genes were identified as
highly smoking responsive. Comparing
different indices created based on the ex-
tent of gene expression of Nrf2-modulated
genes and other control genes, we ob-
served a significant concordant regula-
tion for Nrf2-modulated genes. To iden-
tify new human Nrf2-modulated genes,
the index of Nrf2-modulated genes was
correlated to all genes expressed in the
small airway epithelium. There was a
concordant regulation of gene expression
among some highly associated genes,
which was confirmed with TagMan
quantitative PCR and was independent
of smoking history. Two additional
highly smoking-responsive Nrf2-
modulated genes in the small airway
epithelium were identified, PIR and
UGT1A4, both of which contain several
antioxidant response elements 5’ to the
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Table 4. Identification of genes not previously associated with Nrf-2 control identified by the correlation of the Nrf2 index with the level of
expression of all genes in the small airway epithelium of healthy smokers.®

Gene

Probe set IDP symbol Gene title r? Location of ARE, bp® References

201463_s_at  TALDOI Transaldolase 1 0.81 -5578 (10,40)

205623_at ALDH3A1 Aldehyde dehydrogenase 3 family, memberAl 0.79 -7761 (23)

201467_s_at  NQOI NAD(P)H dehydrogenase, quinone 1 0.79 -8447,-386 (16-21,41)

201266_at TXNRD1 Thioredoxin reductase 1 0.77 -9409, -4225, -20, 20179, (18,19,22,23,26)
21409, 21979, 2809

207469_s_at  PIR Pirin 0.76 -5466,-3480, -3209, 33 None

204059_s_at  MET Malic enzyme 1, NADP( +)-dependent, cytosolic 0.76 -7400, -2164,-129 (10,23,26,37)

210519_s_at  NQOI NAD(P)H dehydrogenase, quinone 1 0.74 -8447,-386 (10,16-23,41)

211653_x_at  AKRICZ2 Aldo-keto reductase family 1, member C2 0.74 -8778,-6724,-5404, -2803, 42)
-1689, -1655

202831_at GPX2 Glutathione peroxidase 2 0.73 -6897,-5842,-3600, -55 (10,17,23,25,26,37)

208700_s_at  TKT Transketolase 0.70 -7278,-6731,-5713,-1261 a9

203192_at ABCB6 ATP-binding cassette, sub-family B, member 6 0.69 -7575 None

209699 _x_at  AKRIC2 Aldo-keto reductase family 1, member C2 0.67 -8778,-6724,-5404,-2803, 42)
-1689, -1655

204532_x_at  UGTIA4 UDP glucuronosyltransferase 1 family, polypeptide A4 0.66 -5523,-3885, -3159, -3043 None

215125_s_at  UGTIAI-10  UDP glucuronosyltransferase 1 family, polypeptide A1-10° 0.66 No unique gene®

207126_x_at  UGTIA4 UDP glucuronosyltransferase 1 family, polypeptide A4 0.65 -5523,-3885, -3159, -3043 None

206094_x_at  UGTIA6 UDP glucuronosyltransferase 1 family, polypeptide A6 0.65 -7826 (16-19,43)

209160_at AKRIC3 Aldo-keto reductase family 1, member C3 0.65 No ARE®

216594 _x_at  AKRICI Aldo-keto reductase family 1, member C1 0.65 -9655,-6191,-4718,-3583, 42)
-1717

203925_at GCLM Glutamate-cysteine ligase, modifier subunit 0.63 -9 (10,19.23,25)

204151 _x_at  AKRICI Aldo-keto reductase family 1, member C1 0.63 -9655,-6191,-4718,-3583, 42
-1717

15556854 _at — Transcribed locus 0.61 Not unique gene’

208596_s_at  UGTIAI-10  UDP glucuronosyliransferase 1 fomily, polypeptide A1-10  0.61 Not unique gene®

201471_s_at  SQSTM1 Sequestosome 1 0.60 -1313,-345 (23)

210505_at ADH7 Alcohol dehydrogenase 7 0.60 -2859 (19.23)

225609_at GSR Glutathione reductase 0.55 -9339,-12 (10,23,24)

°Nrf2 index was correlated with the expression values of all genes expressed in the lung of healthy smokers (*P call”in > 20 % of samples),
the 25 probe sets representing the highest correlation are listed.
PProbe set identification number (ID) based on Affymterix Human Genome U133 plus 2.0 Array:

°Location of primary core sequence (RTGAYNNNGCR) of the antioxidant response element (ARE) in base pairs (op) upstream (minus) or
down stream (plus) of franscription site by searching the promoter area of each gene with Genamics Expression 1.1 Pattern Finder Tool

soffware.

9Probe set does not represent a unique gene. It includes several members of UDP-glucuromosyltransferase family, including UGTIAT,
UGTIAIO UGTIASE, UGTIA4, UHTIASL, UGTIAS, UGTIA7Z, UGTIAS, UGTIAQ.
°No antioxidant response element (ARE) identified with Genamics Expression 1.1 Pattern Finder Tool software
Probe set does not represent a unique gene. The transcribed locus lies between AKRCT and AKRC2 genes.

gene. Using electrophoretic mobility shift
assay, we found that some antioxidant
response elements of PIR and UGT1A4
responded in vitro to activated Nrf2.
These observations are consistent with
the concept that Nrf2 plays an important
role in regulating cellular defenses
against smoking in the highly vulnerable
small airway epithelium cell population,
and that there is variability among the

population in the relative Nrf2 respon-
siveness to a similar oxidant burden.

Nuclear Factor Erythroid 2-Related
Factor 2

Oxidants and related radicals are
known inducers of phase II detoxifica-
tion and antioxidant pathways (1-4).
The ability of cells to activate these path-
ways is an important cellular defense
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system. Studies of the “Cap ‘n” Collar”
family of transcription factors identified
Nrf2 as the master regulator of antioxi-
dant protection (8-11). The cellular
mechanism of Nrf2 activation is not
fully understood and may include sev-
eral pathways. It is known that phos-
phorylation of Nrf2 through protein ki-
nases controls the binding of Nrf2 to
Keapl in the cytoplasm, where it rests in
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Figure 4. Correlation of expression of the Nrf2-modulated genes in small airway epithelium
with the Nrf2 index. Shown are four examples of highly correlated genes. Each point in
each panel represents a healthy smoker. (A) Transaldolase 1 (TALDOT); (B) aldehyde de-
hydrogenase 3 family, memberA1 (ALDH3AT); (C) NAD(P)H dehydrogenase, quinone 1

(NQOT); (D) thioredoxin reductase 1 (TXNRDT).

the inactivated form and is targeted for
ubiquitin-dependent degradation in the
absence of antioxidant stress (12,13).
Keap1 constitutively targets Nrf2, and
this complex serves as a biological sen-
sor in the cytosol (12,13). During oxida-
tive stress, oxidants react with thiol
groups of Keap1, eliciting a conforma-
tional change that causes a dissociation
of Nrf2, allowing Nrf2 to translocate into
the nucleus (12). An alternative model
proposes that electrophilic stresses im-
pair the Keapl-modulated proteosomal
degradation of Nrf2, which enables Nrf2
synthesized de novo after exposure to the
stress to accumulate directly in the nu-
cleus, bypassing the Keap1 gate (13).
Once in the nucleus, Nrf2 forms a het-
erodimer with muscle aponeurotic fi-
brosarcoma protein, and the heterodimer
binds with high affinity to antioxidant
response elements upstream of the anti-
oxidant genes (8,12,13). In addition, mi-
togen-activated protein kinases also reg-
ulate antioxidant response element
binding activity of Nrf2 (8).

The role of Nrf2 in the lung has been
significantly advanced by studies of
Nrf2 knockout mice exposed to a vari-
ety of mediators of lung injury. After
stress, lungs of Nrf2-deficient mice are
characterized by inflammation, evidence
of oxidative stress, and increased apo-
ptosis compared with the wild-type lit-
termates (14-26). Microarray analyses of
gene expression in lungs from Nrf2
knockout mice and wild-type controls
have helped to identify Nrf2-modulated
genes, for example, genes that help
protect mice from development of ciga-
rette smoke—induced lung injuries (23).
Comprehensive studies of changes in
gene expression using microarrays
have helped to identify novel Nrf2-
modulated genes (19,22,23). For exam-
ple, Rangasamy et al. (23) have shown
that after exposure to cigarette smoke,
Nrf2 induces expression of 45 genes in
the lung, mainly related to the glu-
tathione, thioredoxin, and NADPH re-
generating systems. Similarly, oxidative
lung injury upregulated 125 Nrf2-

Figure 5. Quantitative TagMan RT-PCR
confirmation of the microarray data. Tag-
Man RT-PCR was used to assess three
Nrf2-modulated genes by use of RNA
samples from six healthy smokers classi-
fied as low expressers (Nrf2 index 1-2)
and six healthy smokers who were cate-
gorized as high expressers (Nrf2 index 3-4).
The normalized average gene expression
level is represented on the ordinate, and
the individual genes are represented on
the abscissa. (A) Microarray data; (B) Tag-
Man RT-PCR data. Data shown are mean +
standard error. TALDO1, tfransaldolase 1;
MET, malic enzyme 1; TXNRD1, thioredoxin
reductase 1.

modulated genes, including many
known antioxidant genes, but also novel
genes, such as protein kinase C o (19), a
gene linked to asthma and pulmonary
adenocarcinoma (44). Aoki et al. (15)
demonstrated that Nrf2 knockout mice
bred with transgenic mice that are sus-
ceptible to in vivo mutations (guanine
phosphoribosyltransferase delta mice)
have enhanced spontaneous and
benz(a)pyrene-induced mutation rates
in the lungs, suggesting that Nrf2 also
protects genomic DNA from certain
types of cancer. These observations are
consistent with the concept that Nrf2-
modulated genes confer protection
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Figure 6. Identification of human Nrf2-modulated genes not previously linked to Nrf2 con-
frol. Shown are genes not previously reported as franscriptionally induced by Nrf2, but
whose expression in the small airway epithelium is strongly associated with the Nrf2 index.
Each point in each panel represents a healthy smoker with Nrf2 index plotted against ex-
pression level for: (A) Pirin (PIR); (B) ATP-binding cassette, sub-family B, member 6 (ABCB6);
(C) UDP gluconosyltransferase 1 family, polypeptide A4 (UGT1A4); (D) Aldo-keto reduc-

tase family 1, member C3 (AKR1C3).

against carcinogenesis. For example, the
NQO1 gene catalyzes the detoxification
of quinones and stabilizes the tumor
suppressor p53 protein (45,46). Addi-
tionally, NQO1-deficient individuals
have a higher risk of developing
leukemia (47,48) and other type of can-
cers (49,50). Another example is the
family members of glutathione-S-
transferases (GSTs) that catalyze the
conjugation of reduced glutathione. Hu-
mans lacking GST have a increased risk
of developing cancer in many organs,
including breast, colorectal, thyroid,
lung, stomach, prostate, and bladder
(51-57). Some cancer chemopreventive
agents, such as isothiocyanates, induce
Nrf2-modulated genes and are protec-
tive against carcinogen-induced tumor-
genesis (10,58,59). Some cancer cell lines
are also characterized by high induction
of Nrf2-modulated genes. For example,
mutations in Keapl of lung cancer cell
lines lead to an increased constitutive

expression of Nrf2-modulated genes,
with associated increased resistance to
chemotherapeutic drugs (60-62).

Oxidants in Cigarette Smoke and the
Response of Small Airway Epithelium
to Smoking

Cigarette smoke can be divided into
particulate matter and a gas phase, both
rich sources of oxidants (1-4,63). The gas
phase of cigarette smoke contains a large
number of various species of oxidants
and free radicals, including nitrogen-,
carbon-, and oxygen-centered radicals,
and produces esters and peroxyesters of
nitrous and nitric acids (63,64). The radi-
cals in tar include a mixture of semi-
quinones, hydroquinones, and quinones,
which can penetrate mammalian cells and
bind to and nick DNA (63,65). Other
polyphenolic agents, such as catechol,
also generate hydrogen peroxide and su-
peroxide free radicals (63). It is estimated
that more than 10™ free radicals are in-
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haled per puff in the respiratory tract,
putting an enormous oxidative stress on
the small airway epithelium (1,27-30).
The epithelial surface of the respiratory
tract has an antioxidant defense system
that includes glutathione, vitamins C and
E, B-carotene, uric acid, and the enzymatic
antioxidants, such as superoxide dismu-
tases, catalases, enzymes associated with
glutathione metabolism, and other pro-
teins such as peroxiredoxins, thioredox-
ins, glutaredoxins, heme oxygenases and
reductases (2,4,11). The homeostasis of
lung cells depends on these antioxidants,
and lung injury results where oxidative
stress exceeds antioxidant defenses. In
smokers, cigarette smoking induces a
broad spectrum of oxidant-related genes
in the airway epithelium not seen in non-
smokers (11,12,20,23,28-30,33-35,66,67).
Interestingly, Spira ef al. (67) have evalu-
ated gene expression in the large airway
epithelium of smokers with possible lung
cancer and found that oxidant related de-
fense genes were downregulated in smok-
ers with proven lung cancers as compared
with smokers without lung cancer.

Nrf2-Modulated Genes in the Human
Small Airway Epithelium in Response
to Cigarette Smoking

Based on all reports of genes responsive
to different oxidative stress conditions in
the lungs of Nrf2 knockout mice
(14,16-26), we compiled a list of 201
murine oxidative stress-responsive genes
in the lung, and 187 human homologs
were identified as expressed in small air-
way epithelium in humans. Using the
gene expression data from 45 smokers and
38 nonsmokers, we identified a final list of
13 putative human, Nrf2-modulated,
highly smoking-responsive genes. In
agreement with the murine data
(14,16-26), these genes showed a coordi-
nate regulation in the small airway epithe-
lium with certain smokers showing a con-
sistently high level or consistently low
level of Nrf2-modulated genes by microar-
ray analysis with TagMan-quantitative
confirmation. Interestingly, the Nrf2 index
was not dependent on current smoking,
smoking history, or other demographic
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Figure 7. Validation of newly identified Nrf2-responsive genes by electrophoretic mobility shiff assay. Nuclear extract from small airway ep-
ithelium was incubated with *?P-labeled antioxidant response element (ARE) oligonucleotides and specifically competed with a fifty-fold
excess of ARE oligonucleotides from the same gene or with ARE oligonucleotides from putative Nrf2-modulated genes. (A) NAD(P)H de-
hydrogenase, quinone 1 (NQOT) ARE, located at -386 bp upstream of the franscription site. Lane 1, no protein; lane 2, nuclear protein
alone; lane 3, nuclear protein + specific competitor (NQO1 unlabeled ARE); lane 4, nuclear protein + nonspecific competitor (von Wille-
brand (VWF) oligonucleotides); lane 5, no protein; lane 6, nuclear protein alone; lane 7, nuclear protein + anti-Nrf2 antibody; lane 8, nu-
clear protein + IgG control; lane 9, no protein; lane 10, nuclear protein alone; lane 11, nuclear protein + specific competitor (NQOT1 unla-
beled ARE); lane 12, nuclear protein + pirin (PIR) unlabeled ARE at position + 33 bp (downstream of the transcription start site); lane 13,
nuclear protein + PIR unlabeled ARE at position -3209 bp (upstream of the franscription start site); lane 14, nuclear protein + PIR unla-
beled ARE at position -3480 bp; lane 15, nuclear protein + PIR unlabeled ARE at position -5566 bp; lane 16, nuclear protein + nonspecific
competitor (vVWF oligonucleotides); lane 17, no protein; lane 18, nuclear protein alone; lane 19, nuclear protein + specific competitor
(NQOT1 unlabeled ARE); lane 20, nuclear protein + ABCB6 unlabeled ARE at position -7575 bp; lane 21, nuclear protein + nonspecific
competitor (VWF oligonucleotides); lane 22, no protein; lane 23, nuclear protein alone; lane 24, nuclear protein + specific competitor
(NQOT1 unlabeled ARE); lane 25, nuclear protein + UGT1A4 unlabeled ARE at -3043 bp upstream of the transcription start site; lane 26, nu-
clear protein + UGT1A4 unlabeled ARE at position -3159; lane 27, nuclear protein + UGT1A4 unlabeled ARE at position -3885 bp; lane 28,
nuclear protein + UGT1A4 unlabeled ARE at position -5523 bp; lane 29, nuclear protein + nonspecific competitor (von Willebrand factor
(VWF) oligonucleotides). For lane 13, lane 15, lane 27, and lane 28, disappearance of gel-shift band indicates functional ARE. (B) Pirin
(PIR) ARE. Radioactively labeled PIR-ARE at position -3209 bp (lane 30-37). Lane 30, no protein; lane 31, nuclear protein alone; lane 32,
nuclear protein + specific competitor (PIR unlabeled ARE); lane 33, nuclear protein + nonspecific competitor (VWF oligonucleotides);
lane 34, no protein; lane 35, nuclear protein alone, lane 36, nuclear protein + anti-Nrf2 antibody; lane 37, nuclear protein + IgG control;
(C) radioactively labeled UGT1A4-ARE at position -3885 bp (lane 38-45). Lane 38, no protein; lane 39, nuclear protein alone; lane 40, nu-
clear protein + specific competitor (UGT1A4 unlabeled ARE); lane 41, nuclear protein + nonspecific competitor (vWF oligonucleotides);
lane 42, no protein; lane 43, nuclear protein alone, lane 44, nuclear protein + anti-Nrf2 antibody; lane 45, nuclear protein + IgG control.
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characteristics such as sex, age, and ethnic-
ity, raising the possibility that the variabil-
ity of Nrf2-modulated gene expression is,
at least in part, genetically determined.
This variability among smokers might
lead to the hypothesis for future studies
that healthy smokers with low Nrf2-
modulated gene expression may represent
a group of individuals at higher risk for
smoking-induced lung injuries. A recent
study identified a single polymorphism in
the promoter of Nrf2 significantly associ-
ated with a higher risk of acute lung in-
jury after major trauma in humans, and
proposed Nrf2 as a candidate susceptibil-
ity gene for oxidative related illnesses (68).
This is in agreement with a report pub-
lished by Malhotra ef al. (69), that the level
of expression of Nrf2-modulated genes in
the lung parenchyma were negatively cor-
related with severity of chronic obstructive
lung disease.

The Nrf2 index, which is based on the
expression level of the 13 putative human
highly smoking-responsive genes, was
used to identify further Nrf2-responsive
genes expressed in human small airway
epithelium. Most of the top genes which
were identified as having a strong associ-
ation with the Nrf2 index have been pre-
viously reported as Nrf2-modulated on
the basis of transcription induction by
Nrf2 in studies using Nrf2 knockout mice
and/or by gel shift assays specific for
Nrf2. Two additional highly smoking-
responsive genes were identified, PIR
and UGT1A4, both of which contain sev-
eral functional antioxidant response ele-
ments. PIR, a gene of the cubin family,
has been recently described to be highly
upregulated by chronic cigarette smok-
ing, and it was associated with bronchial
epithelium cell apoptosis (70). Interest-
ingly, the structure of pirin comprises two
B-barrel domains, with an iron-binding
cofactor, suggesting an enzymatic role in
biological redox reactions (71). UGT1A4 is
part of the complex locus encoding sev-
eral UDP-glucuronosyltransferases, which
are enzymes of the glucuronidation path-
way that transforms small lipophilic mol-
ecules, such as steroids, bilirubin, hor-
mones, and drugs, into water-soluble,
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excretable metabolites (43). Although
other UDP-glucuronosyltransferases have
already been connected with Nrf2
(16-19), UGT1A4 has not specifically been
shown to have a functional antioxidant
response element.

In conclusion, these observations dem-
onstrate that Nrf2 plays an important role
in regulating cellular defenses in highly
vulnerable cell populations such as the
small airway epithelium after cigarette
smoking. Nrf2-modulated genes have
been found to be upregulated in healthy
cigarette smokers in a concordant pattern.
The variability among the population in
the relative Nrf2 responsiveness to a sim-
ilar oxidant burden might suggest a ge-
netic determination, which would have
implications in the risk for lung disease
related to cigarette smoking.
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