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ABSTRACT

The induction of phase 2 detoxifying enzymes, such as UDP-glucurono-
syltransferases (UGTs), in response to an array of naturally eccurring and
synthetic agents, such as oltipraz (4-methyl-5-[2-pyrazinyl]-1,2-dithiole-3-
thione), provides an effective means of protection against a variety of
carcinogens. Transcription factor Nrf2 is an essential regulator of the
inducible expression of detoxifying enzyme genes by chemopreventive
agents. In this study, we investigated in Nrf2-deficient mice the suscepti-
bility to the urinary bladder-specific carcinogen N-nitresobutyl{4-
hydroxybatyl)amine (BBN) and the chemopreventive efficacy of oltipraz.
The incidence of urinary bladder carcinoma by BBN was significantly
higher in Nrf2~/~ mice than in wild-type mice; invasive carcinoma was
found in 24.0 and 38.5% of wild-type and Nrf2™'~ mice, respectively.
Otltipraz induced the phase 2 enzymes responsible for BBN detoxification
in the liver and wrinary bladder in an Nrf2-dependent manner. As ex-
pected, therefore, oltipraz decreased the incidence of urinary bladder
carcinoma by BBN in wild-type mice but had little effect in Nrf2 ™'~ mice,
In wild-type mouse liver, oltipraz significantly induced BBN glucuronida-
tion and decreased the urinary concentration of N-nitrosobutyl(3-
carboxypropyl)amine, a proximate carcinogen of BEN. Importantly, BBN
was found to suppress the expression of UGTIA specifically in the urinary
bladder. This suppression was counteracted by oltipraz in wild-type mice
but not in Nrf2 ™'~ mice. These results show that Nrf2 and its downstream
target genes are responsible for BBN detoxification. Furthermore, oltipraz
prevents carcinogenesis by BBN by enhancing detoxification of this car-
cinogen in the liver and urinary bladder.

INTRODUCTION

The relationship between chemical exposure and urothelial cancer
has been well established since 1893, when it was suggested that men
working in the dye industry were at increased risk of bladder cancer
(1). 2-Naphthylamine subsequently was determined to be one of the
causative agents (2). Currently, cigarette smoking is considered a
major tisk factor for the development of bladder cancer in industri-
alized countries (1). Similarly, N-nitroso compounds (NOCs} have
been proposed as etiologic agents of bladder cancer associated with
schistosomiasis (3). NOCs also are thought to play roles in the
carcinogenesis of the stomach, esophagus, and pharynx in humans (4).
N-nitrosodibutylamine, which was first identified as a rat bladder
carcinogen, has been detected as a pollutant in tobacce smoke, cor-
rosion inhibitor, food, and rubber products (5). Although it exists in a
low concentration, it is considered practically as carcinogenic to
humans (6). N-nitrosodibutylamine is metabolized mainly in the liver,
and tumor induction in the rat bladder seems to depend on the
formation of two w-oxidized metabolites, N-nitrosobutyl(4-hydroxy-
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butylamine (BBN) and its proximate carcinogen N-nitrosobutyl(3-
carboxypropyl)amine (BCPN; ref. 7). Oral administration of BBN to
rats and mice induces cancer specifically in the urinary bladder (8).
BBN-induced urinary bladder carcinogenesis in rodents is an excel-
lent model systern to understand the carcinogenic mechanisms
by NOC.

Several lines of epidemiologic and experimental evidence suggest
that a decreased expression in carcinogen-detoxifying enzymes, such
as N-acetyl transferase 2 (9, 10), glutathione S-transferase (GST) M1
(9, 11), NAD{(P)H quinone oxidoreductase (NQOI1; ref. 12), and
UDP-glucuronosyltransferase (UGT) 1A (13), is associated with uri-
nary bladder cancer. The urinary bladder-specific carcinogenic effect
of BBN may result, at least in part, from the metabolic fate of the
compound because BCPN, the major urinary metabolite of BBN, has
been shown to have carcinogenic effects on urothelial cells (14, 15).
Following e-hydroxylation, BCPN and BBN are chemically cleaved
to their corresponding alkylcarbonium ion that binds covalently to
DNA and enhances carcinogenesis (16).

Carcinogens are normally detoxified by conjugation with water-
soluble cofactors. Typical examples of such cofactors are glutathione
and glucuronic acid, which are conjugated to carcinogens through the
actions of GSTs and UGTs, respectively. These conjugating enzymes
have been categorized as phase 2 detoxifying enzymes (17). It has
been proposed that induction of phase 2 detoxifying enzyme genes
plays a major role in protection against carcinogens (18). A recog-
nized characteristic action of chemopreventive agents, including the
phenolic antioxidants 2,3-butyl-4-hydroxyanisole (19} and 1,2-dithi-
ole-3-thione (20) and the isothiocyanates (21), is their potential to
induce phase 2 enzymes. Oltipraz (4-methyl-5-[2-pyrazinyl]-1,2-
dithiole-3-thione) represents one of the most potent inducers of phase
2 enzymes (22, 23).

The induction of phase 2 enzyme genes is regulated by their
cis-acting antioxidant response element (ARE) or electrophile respon-
sive element (EpRE; refs. 24-26). Transcriptional factor Nrf2 binds to
and regulates transcription through the ARE/EpRE after heterodimer-
izing with one of the small Maf proteins (27-29). Germlinz mutant
mice specifically lacking the Nrf2 gene have been established (30,
31). When we treated these mice with 2,3-butyl-4-hydroxyanisole, we
found that Nrf2~/~ mice lack the inducible expression of phase 2 and
antioxidant enzymes, providing conclusive evidence for the notion
that Nrf2 regulates their transcription (30).

An obvious hypothesis then is that Nrf2™/~ mice are more suscep-
tible to oxidative and electrophilic stresses, and this hypothesis has
been tested in various contexts (32-40). For example, the forestomach
tumor formation caused by benzo{a)pyrene is markedly increased in
Nrf2~'~ mice, and the chemoprotective activities of oltipraz and
sulforaphane were lost (33-35). Similarly, Nrf2~'~ mice are more
susceptible to the acute toxicities of acetarminophen, diesel exhaust,
2,3-butyl-4-hydroxytoluene, and hyperoxia (36-40). These results
argue that the Nrf2-mediated induction of phase 2 and antioxidant
enzymes is critical for cellular defense against electrophilic and oxi-
dative stresses. The results further suggest that oltipraz prevents
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chemical carcinogenesis by inducing Nrf2-regulated cytoprotective
enzymes.

The contribution of the Nrf2 regulatory pathway in pretection
against urinary bladder carcinogenesis requires clarification, even
though a large number of studies on chemically induced cancer
formation have been reported, Thus, we investigated the susceptibility
of Nrf2~/~ mice to the urinary bladdet-specific carcinogen BBN and
the preventive efficacy of oltipraz in these mice. In wild-type mice,
oltipraz up-regulated the detoxification activity of carcinogens in the
liver and consequently decreased the BCPN concentration in the
urine. Importantly, oltipraz also induced the expression of phase 2
enzyme genes in the wild-type urinary bladder and counteracted
BBN-induced suppression of UGTIA gene expression. In Nif2™/~
mice, loss of Nrf2 significantly enhanced susceptibility to BBN and
largely abolished the chemopreventive efficacy of oltipraz. These
results show that the cellular defense enzymes under the regulation of
Nrf2 play key roles in preventing urinary bladder carcinogenesis.

MATERIALS AND METHODS

Reagents. BBN was purchased from Tokyo Kasei (Tokyo, Japan). The
Chemoprevention Branch of the National Cancer Institute (Bethesda, MD)
provided the oltipraz. UDP-glucuronic acid (UDPGA) was purchased from
Sigma (St. Louis, MO). Dr. Yukio Mori (The Gifu Pharmaceutical University,
Gifu, Japan) provided the BCPN,

Animals. Nrf2-deficient mice of ICR/129SV background have been estab-
lished at the University of Tsukuba (Tsukuba, Ibaraki, Japan; ref. 30). A
colony of ICR/1298V background mice were backcressed for nine generations
with C57BL/6 mice, which were purchased from CLEA Japan (Tokye, Japan).
Mice were housed in stainless steel cages in an animal room maintained at
24 = 2 °C. Mice were maintained with a 12-hour kight/dark cycle and fed 2
purified AIN-76A diet (Oriental MF; Oriental Yeast Co., Tokyo, Japan) and
water ad libitum.

BBN-Induced Biadder Carcinogenesis. Oltipraz was fed ad libirum at the
concerttration of 250 mg/kg diet from 1 week before carcinogen administration
until termination of the study 18 weeks later. BBN was dissolved in tap water
to a concentration of 0.05% and supplied ad libitum for 8 weeks with the dark
bottles. After the experimental period, mice were analyzed by autopsy. Urinary
bladders were removed and inflated with and fixed in 10% buffered formalin.
Each bladder then was sectioned sagittally, and each cup-shaped area was cut
into four pieces. These eight strips of bladder tissue were serially embedded in
one block of paraffin, cut into thin sections, and stained with H&E. Bladder
Jesions were histologically diagnosed according to the criteria of Oyasu et al.
(41).

RNA Blot Analysis. Total RNAs from liver and whole wrinary bladder
were extracted with Isogen (Nippon Gene, Toyama, Japan) according to the
manufacturer’s instructions. Total RNAs (10 pg) were separated by 1.5%
agarose gel electrophoresis containing 2.2 mol/L formaldehyde and transferred
to nylon membrane, DNA probes for Nrf2 and UGT1A6 have been described
previously (37), and Dr. Kimihiko Satoh (Hirosaki University School of
Medicine, Hirosaki, Japan) provided probe for GSTar (GSTP). DNA probes for
'UGTI1AT and total UGT1A were prepared by PCR using the following sets of
primers: UGTIA7 sense primer, 5'-GCAGATGGTTGTGGAGAAACTC-3";
with antisense primer, 5'-GAGGTCTGTCATAGTCACTGG-3'; total UGTIA
sense primer, 5'-AGCCTATGTCAACGCCTCTGG-3'; and with antisense
primer, 5'-CCACTTCTCAATGGGTCTTGG-3'.

Establishment of Primary Culteres of Mouse Urothelial Cells. We
adopted and modified the protecol to isolate bladder epithelium from male
mice (42). Briefly, after the whole bladder was excised, it was everted to
expose the mucosal surface. The bladder was digested in 20 units of dispase
(Life Technologies, Inc., Rockville, MD) in PBS for 1 hour at 37°C. Following
digestion, the bladder mucosa was gently detached from the underlying muscle
tissue using fine-toothed forceps with coarse tips under a dissecting micro-
scope. Mucosa was collected in PBS and further digested with 0.15% trypsin/
EDTA at 37°C for 5 to 10 minutes. Trypsinized cells were mechanically
dissociated by rigorous pipetting, filtered through a 100-um nyloa cloth, and
centrifuged at 200 X g for 5 minutes. Approximately 5 to 10 X 10° cells were

seeded in a 50-mm plastic dish containing a 1:! mixture of serum-free
keratinocyte medium and DMEM with 5% (v/v) fetal bovine serum, epidermal
growth factor (5 ng/mL), bovine pituitary extract (50 pg/mL}, cholera toxin
(30 ng/mL), penicillin (100 units/mL), and streptomycin (1 pg/mL). The
reagents used for this culture experiment were from Life Technologies,

Immunoblot Analysis, The nuclei of mouse hepatic cells and primary
mouse urothelial cells prepared as described previously were solubilized with
SDS-sample buffer without loading dye and 2-mercaptoethancl. Protein con-
centrations were estimated by BCA protein assay (Pierce, Rockford, IL).
Proteins were separated by 6.0% SDS-PAGE and electrotransferred onto an
Immobiton membrane (Millipore, Bedford, MA). Anti-Nrf2 antibody was used
as described previously (32). Drs. Shigeru Taketani (Kyoto Institute of Tech-
nology, Kyoto, Japan) and John Hayes (University of Dundee, Dundee, United
Kingdom) provided anti-heme oxygenase 1 (HQ-1) and anti-GSTA1/A2 anti-
bodies, respectively. Immunoreactive proteins were detected using horseradish
peroxidase-conjugated anti-IgG antibody and ephanced chemiluminescence
{Amersham Biosciences, Piscataway, NJ).

Determination of BCPN, The urinary level of BCPN was determined as
reported previously (43) with modification. The urine sample (0.1 mL} was
diluted to 0.5 mL with distilled water before assay. A 3.3-uL aliguot of 12
mol/L. HCl was added, and the sample was extracted with 0.5 mL of ethyl
acetate three times. The erganic layers were collected after centrifugation for
5 minutes at 10,000 X g and dried using a speed vacuum concentrator with a
cooling trap <30°C. The residues dissolved in ethy] acetate were spotied onto
a silica gel 70 Fps, precoated plate (Wako, Osaka, Japan) and developed with
chioroform/methanol/acetic acid (18:1:1, v/v) in the dark. The bands corre-
sponding to BBN or BCPN (Rf = 0.68 to 0,72} were scraped off and eluted
from the silica with 4 mL acetone. The eluates then were concentrated by speed
vacuum as before and diluted with acetonitrile to a final volume of 0.2 mL.
Samples were filtered through a MINISART RC4 filter (0.2-pem pore size;
Sartorius, Gottingen, Germany) and analyzed by high-performance liquid
chromatography (HPLC). The urinary BCPN level was determined with a
Shimazu LC9A apparatus (Shimazu, Kyoto, Japan) on a Finepak SIL C,4
column (Jasco, Tokyo, Japan; 250 X 4.6 mm, inner diameter) at 239 om.
Separation was performed with a mobile phase consisting of a 3:7 mixture
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Fig. 1. BBN-induced carcinogenesis in wild-type and Nrf2~'~ mouse urinary bladders.
A, biotransformation processes of BEN; G, glucuronic acid. B, histopathologic analysis of
tumor regions. Tissue sections of urinary bladder from wild-type (top) and Nrf2™'~
(Bottom) mice were analyzed by H&E staining. Noninvasive carcinoma (leff) and invasive
carcinoma (righs) are shown.
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Table 1 BEN-induced carcinogenesis of the urinary bladder in wild-type and Nif2 =
male mice and effect of oltipraz on the carcinogenesis

Invasive cancer

Cancer incidence incidence
Qliipraz Total number
Genotype  treatment Number (%) Number (%) {entry number)
Wild type - 9 (36.0) 6 (24.0) 25 (26)
+ 4(13.8) 1(3.4) 2929)
Nrf2—/- - 17 (65.4) 10 (38.5) 26 (27)
+ 15 (65.2)* 6(26.1) 22 (26)

* P < 0,05 compared with untreated wild-type mice.

(v/v) of acetonitrile and 20 mmol/L. sodium acetate buffer (pH 4.3) at a flow
rate of 1 mL/min. Under these conditions, the retention time of BCPN was 7.8
minutes. The recovery rate of BCPN from the urine was ~60% in our assay
conditions.

Measurement of BBN-Glucuronide Ir vitro. Microsomes were prepared
from mouse liver as described previously (44). A typical reaction mixture
consisted of 100 mmol/L. potassium phosphate buffer (pH 7.4), 1 mmol/L
BBN, 5 mmoVL UDPGA, 0.05% Brij 58, and microsome preparation (600 pg)
in a final volume of 1,0 mL. Reactions were initiated by the addition of BBN,
and incubations were performed at 37°C for 30 minutes. BSA (1 mg) and 24%
trichloroacetic acid (0.1 mL) were added to the incubation mixture to terminate
the reaction. After centrifugation at 10,000 X g for 5 minutes, the supernatant
(0.1 mL) was injected into the HPLC as described previously. Separation of
BBN and its glucuronide was carried out with a mobile phase consisting of a
2:8 mixture (v/v) of acetonitrile and 20 mmol/L sodium acetate buffer (pH 4.5)
at a flow rate of 1 mL/min. '

N2
UGT1A6
Total UGT
GSTP
185 rRNA
Oltipraz
Fig. 2. Effect of oltipraz on the expression of phz;se 2 enzyme
mRNAs in the liver and urinary bladder. A and B, effect of oltipraz on
the expression of phase 2 enzyme genes in the liver (A} and urinary
bladder (B) in wild-type and Nrf2 ™/~ mate mice. Ohipraz was fed at
the concentration of 1 g/kg diet for 48 hours. Densitometric data of
RNA blot analysis were normalized by 185 rRNA and expressed as B
ratios to vehicle-treated controls. Values are represented as oo .
mean * SE (rn = 4). a, P = 0.05 compared with nontreated wild-type N2~
mice. b, P = 0.01 compared with nontreated wild-type mice.
UGT1A6
UGT1A7
Total UGT
GSTP
185 rBNA
Oltipraz

Statistical Analyses. Data were expressed s mean * SEM. The Student ¢
test was used to determine the statistical difference among groups. The values
for urinary bladder incidence were analyzed using the x* or Fisher’s exact
probability test: A P value < 0.05 was accepted as statistically significant.

RESULTS

High Susceptibility of Nrf2~'~ Mice to BBN-Induced Carcino-
genesis, BBN is metabolized primarily through two pathways (45):
one is alcohol/aldehyde dehydrogenase-mediated oxidation to yield
BCPN, whereas the other is UGT-catalyzed conjugation to form
BBN-glucuronide (Fig. 1; pathways I and II, respectively). Because
glucuronide conjugation is an important process for detoxifying reac-
tive chemicals, it has been suggested that a change in the distribution
of BBN metabolites, such as a decrease in BCPN or an increase in
BBN-glucuronide, might affect the incidence of tumor formation
during exposure to BBN.

To elucidate the roles of Nrf2 in the prevention of urinary bladder
carcinogenesis by BBN, we examined the susceptibility of Nrf2™/~
mice to BBN carcinogenesis. Although Nrf2™~ mice were slightly
heavier (<2.0 g) than wild-type animals, there was no significant
difference in the body weight gained between the two groups during
the experimental period. Several mice died before the end of the
experiment (Table 1). In the group of wild-type mice, one mouse died
within the experimental period, and its death was not attributable to
BBN treatment. Conversely, five mice from the group of Nrf2 ™'~ died
before the end of the experiment. Autopsy revealed abdominal masses
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involving kidney and lymph nodes in three of these dead mice,
apparently attributable to the BBN treatment. Bladder lesions were
diagnosed histologically according to the previously described criteria
(41). All of the noninvasive carcinomas were nodular rather than
papillary in shape. The term “cancer” has been applied to transitional
and squamous cell carcinomas because most of the lesions contained
both components. No pathologic differences in noninvasive (Fig. 1B,
top and bottom left) and invasive tumors (Fig. 1B, top and bottom
right) were found between wild-type and Nrf2 ™/~ mice, respectively.

Table 1 summarizes the incidence of urinary bladder cancer caused
by BBN treatment. The incidence of noninvasive and invasive carci-
noma was significantly higher in Nrf2™'~ mice (65.4%) than in
wild-type mice (36.0%; P = 0.036). In BEN-treated mice, invasive
carcinoma was found in 38.5% and 24.0% of Nrf2™'~ and wild-type
mice, respectively. In wild-type mice, oltipraz treatment reduced the
incidence of urinary bladder cancer by 61.6% and the incidence of
invasive cancer by 85% (P = 0.041). However, in Nr_-fz_'" mice,
oltipraz significantly lost its chemopreventive efficacy, although ol-
tipraz partially reduced the incidence of invasive cancer, These results
clearly indicate that detoxifying enzymes under Nrf2 regulation con-
tribute to the cancer chemopreventive effect of oltipraz.

Expression of Phase 2 Genes in the Liver and Urinary Bladder
of Nrf2~'~ and Wild-Type Mice Treated with Oltipraz. To eluci-
date the roles that Nrf2 may play in the protection against BBN
carcinogenesis afforded by oltipraz, we examined changes in the
expression of detoxifying enzyme genes in the liver and urinary
bladder following oltpraz treatment. For this purpose, oltipraz (1
g/kg) was added to the diet and fed to mice for 48 hours. The mRNA
levels of UGT1AS6, total UGT1A, and GSTP were monitored by RNA
blot analysis. The constitutive expression of these detoxifying genes
was 40 to 50% lower in the livers of Nrf2™'~ mice than in wild-type
mice (Fig. 24). Although oltipraz increased the mRNA levels of
UGT1A6 and GSTP by approximately fourfold and that of total
UGTI1A by twofold in the livers of wild-type mice, the inducible
expression of these genes by oltipraz was markedly reduced in the
livers of N72™/~ mouse (Fig. 24).

Next, the expression profiles of these detoxifying enzyme genes in
“the urinary bladder were examined. We found that the basal level of
these detoxifying enzyme mRNAs in the bladder were lower in
Nrf2~'" mice than in wild-type mice (Fig. 2B). Oltipraz induced the
expression of these enzymes in the urinary bladder of wild-type mice,
but the magnitude of induction was less, approximately twofold for
UGT1A6 and threefold for GSTP. The inducible expression of these
genes by oltipraz was significantly abrogated in the Nr2™'~ mouse
urinary bladder (Fig. 2B). We also examined the expression of
UGT1A7 mRNA, UGT1A7 mRNA was detected in the vrinary blad-
der (Fig. 2B) but not in the liver {data not shown), and the constitutive
and inducible expressions were affected in the Nrf2™'~ mouse urinary
bladder. These results revealed that phase 2 detoxifying enzymes are
expressed in the urinary bladder and that Nrf2 regulates their expres-
sion in response to electrophilic inducers.

Nrf2 Regulatory Pathway Is Activated in Liver and Urothelial
Cells. We next examined Nrf2 activation by oltipraz in Hver and
urothelial cells, The mRNA levels of Nrf2 itself did not change
substantially on treatment with oltipraz in either tissue (Fig. 3A).
Because we carried out a targeting knockout of the Nrf2 gene by
introducing the B-galactosidase gene into the Nrf2 locus, creating
Nrf2-B-galactosidase fusion mRNA (30), we detected larger-sized
mRNA in the Nrf2 ™'~ mice. The level of the larger-sized mRNA did

not change much on treatment with oltipraz (Fig. 34). These obser- -

vations are consistent with our contention that activation of Nrf2
correlates with nuclear accumulation of Nrf2 protein. To confirm this

point further, we examined the nuclear expression of Nrf2 protein in '

A Nrf2 ++ —i-
Nrf2
Liver
18S rRNA
Nr2
Bladder
18S rRNA
Oltipraz - + - +
B N2 +H+ —f -
: w—— -1 111 Bu
Ollipraz — + - +
C
Nrf2
HO-1
GSTA1/2
B - | B-actin
Oltipraz ¢ 10 30 to00 (HM)

Fig. 3. Effect of oltipraz on Nrf2 activation in the liver and urinary bladder. A, effect
of oltipraz on the expression of Nrf2 mRNA in the liver and vrinary bladder of male
wild-type and Nr72™'~ mice. Mice were fed oltipraz at the concentration of 1 g/kg diet for
48 hours, Densitometric analysis of RNA blot results was normalized by 185 rRNA levels
and expressed gs ratios to vehicle-treated controls. Values are represented as mean = SE
(n = 4). B, Nrf2 activation in mouse liver by oltipraz. Male wild-type and Nrf2~'~ mice
were fed oltipraz at the concentration of | g/kg diet for 48 hours, and hepatic nuclear
extracts were examined by immunoblot analysis using anti-Nrf2 antibody. Lamin B was
used as a [oading control, C, immunoblot analyses of Nrf2, HO-1, and GSTA1/2 in mouse
uroepithelial primary cell cultures. Total cell extract prepared from wild-type uroepithelial
cells was treated with 10, 30, and 100 gmol/L oltipraz or vehicle for 8 hours. S-Actin was
used as a loading control.

the liver after treatment with oltipraz. Immunoblot analysis showed an
increased nuclear accumulation of Nrf2 protein in wild-type mice, but
not in Nrf2~/~ mice, following exposure to oltipraz (Fig. 38).

To date, there have been no reports describing the expression of
Nrf2 and its target genes in urothelial cells, However, the Nrf2-
dependent expression of phase 2 enzyme genes in the urinary bladder
suggests that the Nrf2 regulatory pathway is functioning in vrothelial
cells, We clarified that this is the case by establishing a primary
urothelial cell culture system and examining the expression of Nrf2.
Immunoblot analysis of total cell extracts with anti-Nrf2 antibody
showed that the armnount of Nif2 protein is increased by oltipraz in a
dose-dependent manner (Fig. 3C). Oltipraz also induced the nuclear
accumulation of Nrf2 {data not shown) and the expressions of HO-1
and GSTAI1/A2 (Fig, 3C).

Elevated BCPN Concentration in the Urine of Nrf2~'~ Mice,
BCPN is a proximate metabolite of BBN, and BCPN and BBN are
metabolized through a-hydroxylation/spontaneous cleavage to pro-
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duce their alkylcarbonium ion. These reactive species can covalently
bind to DNA and are associated with the formation of a butyl-guanine
adduct in the urothelial DNA of animals treated with BBN (16). We
hypothesized that increased carcinogenesis in N2~ mice is asso-
ciated with a higher than normal uvrinary BCPN concentration. We
measured by HPLC the urinary concentration of BCPN 2 weeks after
administration of 0.05% BBN to mice treated either with or without
oltipraz (Fig. 44). Mice were fed oltipraz (250 mgrkg) 1 week before
BBN administration. The urinary concentration of BCPN was signif-
icantly higher in Nrf2~'~ mice than in wild-type mice (P = 0.0231).
Oltipraz treatment significantly reduced the urinary concentration of
BCPN in wild-type mice (P = 0.0482) but not in Nrf2™'~ mice.

Oltipraz Enhanced BBN Glucuronidation Activity in Liver Mi-
crosomes. Considering that BBN glucuronidation occurs mainly in
the liver, it is reasonable to assume that an increase in BBN glucu-
ronidation in the liver would contribute, at least in part, to a decrease
in BCPN concentration in the urine and consequent suppression of
carcinogenesis in the urinary bladder. Therefore, we measured the
glucuronidation activity of BBN in hepatic microsomes in vitre by
HPLC. Incubation of BBN (peak 2) with the Brij 58-solubilized
microsome of wild-type mouse liver in the presence of UDPGA
resulted in a new product (peak 1) with a retention time of 4.5 minutes
(Fig. 4B, a). This metabolite was not detected when the enzyme
preparation (Fig. 48, b}, UGPGA (data not shown), or BBN (data not
shown) was excluded from the incubation mixture, indicating that the
product was BBN-glucuronide generated from BBN.

The basal activity of BBN glucuronidation was significantly lower
in the hepatic microsomes of N7f2~'~ mice than in wild-type mice

Retention time (min)

(P = 0.001). Oltipraz significantly induced the BBN glucuronidation
activity in wild-type mouse liver microsomes (P = (.001) but not in
Nrf2™'~ mouse liver microsomes (Fig. 4C). Collectively, these results’
suggest that the administration of oltipraz reduces the concentration of
BCPN in the urine by enhancing the hepatic BBN glucuronidation
activity.

" BBN Decreases UGT Expression, and Oltipraz Counteracts the
Suppression in Urinary Bladder. It was reported previously that
UGTIA gene expression in cancerous human urinary bladder was
either lost or decreased to a low level compared with that in normal
bladder tissue (13). Such down-regulation of UGT expression in the
urinary bladder may reduce the local glucuronidation activity of
carcinogenic compounds, allowing their accumulation and promoting
DNA mutations in the urinary bladder.

We analyzed the effect of BBN on UGTIA gene expression in the
urinary bladder by supplementing drinking water with 0.01%, 0.05%,
or 0.1% BBN for 2 weeks. The expressions of UGTIAG, UGTIA7Z,
and total UGTIA were significantly decreased by BBN treatment in a
dose-dependent manner (Fig. 5A). Importantly, this pattern of UGTIA
suppression by BBN also was observed in Nrf2™'~ mice (Fig. 5B).

. We tested whether oltipraz counteracts the down-regulation of

UGTIA gene expression by BBN. Mice were given 250 mg/kg of
oltipraz in the diet 1 week before carcinogen administration (0.01%
BBN) in the drinking water for 2 weeks. In wild-type mice, BBN
decreased the expressions of UGTIA6, UGTIA7, and total UGTIA by
50.1%, 54.0%, and 52.0%, respectively, whereas in Nrf2~'~ mice,
BBN markedly reduced the expressions of UGTIAS, UGTIAZ, and

" total UGTIA to <10% (Fig. 54 and C). Oltipraz effectively inhibited
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the down-regulation of {/GTIA genes caused by BBN in the urinary
bladder of wild-type mice but completely lost its efficacy in Nrf2 ™'~
mice (Fig. 5B and C). BBN did not suppress GSTP gene expression,
indicating that BBN specifically targets UGTIA genes (Fig. 5). Thus,
these results show that BBN suppresses UGTIA gene expression in
the urinary bladder through mechanisms independent of the Nrf2
regulatory pathway.

DISCUSSION

Our study has shown that N2/~ mice are more susceptible to
BBN-induced carcinogenesis of the urinary bladder than wild-type
mice. The elevated incidence of BBN carcinogenesis in Nrf2 ™/~ mice
was associated with the higher concentration of BCPN in the urine
and lower activity of BBN-glucuronidation in the liver. Whereas
oltipraz effectively reduced the incidence of urinary bladder carci-
noma initiated by BBN in wild-type C57BL/6 mice, it showed little
effect in Nrf2™'~ mice. In wild-type mice, oltipraz significantly
increased the activity of BBN-glucuronidation in the liver, an increase
that correlated well with the increased UGTIA gene expression, and
thereby reduced the urinary concentration of BCPN. Furthermore,
oltipraz increased the expression of phase 2 enzyme genes and sup-
pressed the BBN-induced down-regulation of UGTIA expression in
urinary bladder in an Nrf2-dependent manner. Collectively, these
results highlight the importance of a set of detoxifying and cytopro-
tective enzymes under the regulatory influence of Nif2 in the preven-
tion of wrothelial carcinogenesis.

Epidemioclogic and experimentat lines of evidence also suggest that
the activity of detoxifying enzymes is tightly linked to urinary bladder

carcinogenesis. However, the mechanism as to how the decrease in
detoxifying enzyme activity contributes to carcinogenesis of the uri-
nary bladder remains to be clarified. It was reported previously that
oltipraz, an inducer of phase 2 detoxifying enzymes, reduces the
incidence of bladder cancer caused by BBN (46). Exploiting Nrf2 =/~
mice for the BBN-carcinogenesis experiment, this study proved that
oltipraz acts to prevent the initiation of cancer through activation of
detoxification enzymes under Nrf2 regulation. It is of note that olti-
praz repressed the incidence of invasive cancer and urinary BCPN
concentration even in Nrf2™' mice, indicating that oltipraz exerts its
chemopreventive function partially through a pathway independent of
Nrf2, Oltipraz was reported to induce GSTA2 gene expression by
activating CAAT/enhancer binding protein B (47).

One salient observation in this study was that the detoxification
processes in the liver and urinary bladder act simultaneously and
cooperatively to prevent chemical carcinogenesis of the urinary blad-
der. Our current model for the roles of Nrf2 and its downstream gene
products in protection against BBN carcinogenesis is summarized in
Fig. 6. In this model, oltipraz prevents BBN carcinogenesis primarily
through the induction of BBN glucuronidation in the liver, Oltipraz
also induces phase 2 and antioxidant enzymes in the urinary bladder
in an Nrf2-dependent manner. Because BBN and BCPN are metabo-
lized to reactive species in urothelial cells, it is likely that the defense
systemn in the urinary bladder plays a key role in the anticarcinogenic
mechanism (16). Therefore, induction of Nrf2-mediated detoxifying
enzymes in the peripheral urothelial cells and in liver may become an
important strategy to prevent BBN-induced bladder carcinogenesis.

It has been shown that decreased expression of phase 2 detoxifying
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Fig. 6. Mechanism of chemoprotection by oltipraz against
urinary bladder carcinogenesis. Oltipraz reduced BBN-induced
carcinogenesis by suppressing the urinary exeretion of BCPN
by means of Nrf2-dependent induction of BBN glucuronidation
in the liver. Moreover, oltipraz also works in the urinary bladder
by inducing phase 2 enzymes and antioxidant proteins, such as
HO-1, to suppress BBN-induced carcinogenesis. Furthermore,
oltipraz counteracted the BBN-provoked wrinary bladder-
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enzymes predisposes cells to neoplastic transformation. For example,
Nelson et al. (48) reported that the loss of GSTP! expression in the
_prostate precedes neoplastic transformation. Expression of the GSTPI
gene, which is the major GST isoform expressed in normal human
prostate, is silenced in the majority of prostate tumors by the hyper-
methylation of CpG islands residing in the 5 regulatory region.
Conversely, overexpression of GSTP/ in the prostate cell line LNCaP
inhibited the cytotoxicity and DNA-adduct formation caused by a
potential dietary carcinogen (49). Down-regulation of UGTIA gene
expression also was found in an early stage of hepatocarcinogenesis
(50). .

In the case of urinary bladder cancer, it has been reported that
carcinogenesis is associated with a decrease in or loss of UGTIA gene
expression {13). Therefore, the finding that BBN acts to repress
UGTIA gene expression in a urinary bladder-specific manner is

- intriguing. We found in this study that BBN significantly decreases
UGTIA gene expression in a dose-dependent manner and that this
decrease is observed as early as 1 day afier administration of BBN

(data not shown). This down-regulation of UGTIA leads to increased -

BBN or BCPN levels in urothelial cells, which may ultimately in-
crease DNA alkylation. These observations also suggest the presence
of bladder-specific regulation of UGTIA gene expression, which is
sensitive to BBN. Becanse suppression also was observed in Nrf2 =/~
mice, the mechanism seems to be independent of Nrf2 regulation. In
contrast, oltipraz counteracted the BBN-induced suppression in an
Nrf2-dependent manner, suggesting that expression of UGTIA genes
is under multiple regulatory influences. The Nrf2 regulatory pathway
may compensate for the BBN-induced down-regulation of UGTIA
gene expression in wild-type mice.

It was reported that p53 gene knockout mice (p33*/~ mice) are
susceptible to BBN-induced urinary bladder carcinogenesis (43). The
high susceptibility of p53*/~ mice to BEN was associated with an
increased cell proliferation without alteration of BCPN concentration
in the urine. If we consider the high level of BCPN in the urine of
Nrf2™/~ mice, the mechanism that makes Nrf2 '~ mice susceptible to
BBEN carcinogenesis must be different from that observed in pS3*'~
mice. Therefore, the use of a combination of oltipraz and other
chemopreventive agents with distinct molecular targets would provide
a strong synergistic efficacy. An attractive prospect also would be the
discovery of more powerful chemical agents that are specifically
delivered to the urinary bladder to induce the expression of phase 2
enzyme genes. Such strategies may be of importance in the protection
against urinary bladder carcinogenesis.
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Although inflammation and protease/antiprotease imbalance have been postulated to be critical in cigarette
smoke-induced (CS-induced) emphysema, oxidative stress has been suspected to play an important role in
chronic obstructive pulmonary diseases. Susceptibility of the lung to oxidative injury, such as that originating
from inhalation of CS, depends largely on its upregulation of antioxidant systems. Nuclear factor, erythroid-
derived 2, like 2 (Ncf2) is a redox-sensitive basic leucine zipper protein transcription factor thatis involved in
the regulation of many detoxification and antioxidant genes. Disruption of the Nvf2 gene in mice led to ear-
lier-onset and more extensive CS-induced emphysema than was found in wild-type littermates. Emphysema
in Nrf2-deficient mice exposed to CS for 6 months was associated with more pronounced bronchoalveolar
inflammation; with enbanced alveolar expression of 8-ox0-7,8-dihydro-2'-deoxyguanosine, a marker of oxi-
dative stress; and with an increased number of apoptotic alveolar septal cells — predominantly endothelial
and type I epithelial cells — as compared with wild-type mice. Microarray analysis identified the expression
of nearly 50 Nrf2-dependent antioxidant and cytoprotective genes in the lung that may work in concert to
counteract CS-induced oxidative stress and inflammation. The responsiveness of the Nrf2 pathway may act
as a major determinant of susceptibility to tobacco smoke-induced emphysema by upregulating antioxidant

defenses and decreasing lung inflammation and alveolar cell apoptosis.

Introduction

Pulmonary emphysema is a major manifestation of chronic
obstructive pulmonary disease (COPD), which affects more than
16 million Americans and is the fourth highest cause of death
in United Srates (1), COPD is the only disease among the top 10
causes of death with rising incidence in the United States, and itis
predicred to reach worldwide epidemic proportions (2). Cigarette
smoking accounts for most of this debilitating disease, but other
environmental risk factors include air pollution and chronic oceu-
pational exposure to various dusts (3).

Permanent destruction of peripheral air spaces distal to termi-
nal bronchioles is the hallmark of emphysema (4). Emphysema is
also characterized by accumulation of inflammatery cells such
as macrophages and neutrophils (1) in bronchioles and alveolar
structures. In humans, a deficiency in antiproteinase inhibitors
produced by inflammatory cells, such as al-antitrypsin, has

Nenstandard abbrevintions used: ARE, antioxidant response element; BAL,
bronchealveolar lavage; COPD, chronic obstructve pultnanary disease; CS, cigaretee
smoke; BMSA, electrophoretic mobility shift assay; GGPDH, glucose-6-phosphate
dehydrogenase; ¥-GCS, y-gluramyl cysceine synrhase; GPr, plurathione percaidase;
(SR, glutathione reductase; GST, glucathione S-transferase; HO-1, heme oxygenase-1;
NQO1, NADPH: quinone exidoreducrase-1; Nrf2, nuclear factor, erythroid-derived

2, Tike 2; OCT1, octamer transcription factor 1; 8-oxo-dG, 8-oxo-7,8-dibydro-2'-
deoxyguanasine; Prx-1, peraxtredoxin-1; SpC, surfactant protein C; TrxR, thioredavin
reduetase; TSS, transcription stast site; UGT, UDP-glucuronosy] transferase.
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been shown to conrribute to a prorease/antiprotease imbalance,
thereby favoring destruction of alveolar extracellular matrix in
cigarette smoke-induced (CS-induced) emphysema (5, 6). MMPs
play a central role in experimental emphysema, as documented
by the resistance of macrophage metalloelastase knockout mice
against emphysema caused by chronic inhalation of CS (7): More-
over, pulmonary overexpression of interleukin-13 in transgenic
mice results in MMP- and cathepsin-dependent emphysema (8).
There is recent evidencethar apoptosis of alveolar sepral cells also
contribures to human emphysema and is required for experimen-
tal emphysema caused by inhibition of the vascular endothelial
growth factor receptor (4),

Markers of oxidative stress {e.g., hydrogen peroxide and the end
products of lipid peroxidation such as ethane, pentane, and 8-iso-
prostane) are elevated in the breath and serum of patients with
COPD {9). Oxidative stress enhances inflammation, inactivates
¢ritical antiproteinase inhibitors such as «1-antitrypsin (10}, and
enhances apoptosis of alveolar cells (4). Inflammatory media-
tors such as interleukin-& and tumor necrosis factor-a, which
are increased in bronchoalveolar samples obtained from patients
with COPD (10, 11), are regulated by preinflammarory redox-sen-
sitive transeriprion factors, including nuclear factor-xB and acti-
vator protein-1. Numerous studies have demonstrated that the
susceptibility of the lung to oxidartive injury depends largely on
the upregulation of protective antioxidant systems (10). Although
oxidative stress, which originates from CS and infilrrating inflam-
matory cells, is suspected to be involved in the etiopathogenesis of
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the disease {10), there is no conclusive experimental evidence that
supports a central role for oxidative stress in pathogenesis of CS-
induced emphysema. Critical host factors that protect the lungs
against oxidative stress may either directly determine susceptibility
to alveolar tissue destruction in emphysema or act as modifiers
of risk by affecting the intensity of inflammation associated with
chrenic CS inhalation.

Linkage analysis of hyperoxia-resistant and -sensitive mouse
strains have identified suclear factor, erythroid-derived 2, like 2 (Nrf2)
as a candidate gene for resistance to hyperoxic injury (12). Nrf2
encodes a basic leucine zipper protein (bZIP) transcription factor
which, upon activation in response to oxidative or electrophilic
stress, deraches from irs cytosolic inhibitor, Keapl,translocates to
the nucleus, and binds to the antioxidant response element (ARE)
in the promoter of target genes, leading o their transcriptional
indaction {13). Though little is known abour Nrf2-regulated genes
in the Jungs, the recognized members of this group include sev-
eral critical antioxidant genes, such as heme oxygenase-1 (HO-1),
v-glutamyl cysteine synthase (y-GCS), and several members of the
glutathione S-transferase (GST) family (13).

We have postulated that Nrf2 is a critical transcription factor
thar determines susceptibility to lung inflamrmartion, oxidative
stress, and alveolar cell apoptosis caused by chronic exposure to
CS. In the present study, we demonstrare that disruption of the
Nrf2 gene led-to carlier-onset and more extensive CS-induced
emphysema in mice, Thus, responsiveness of the Nrf2 pathway in
lung cells plays a crirical role in artenuaring the development of
CS-induced emphysema.

Results

Histological and lung marphometric studies, Lungs from air-exposed
Nrf2-disrupted (Nrf2+) and wild-type (Nrf2**) mice showed nor-
mal alveolar structure (Figure 1), Since the alveolar diameter of air-
exposed Nrf27- mice was slightly smaller

than that of air-exposed wild-type mice
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Figure 1

Increased susceptibillty of Nrf2+- mice to CS-
induced emphysema. Shown are H&E-stained
lung sections from Nrf2++ and Nrf2+- mice
exposed to air alone (A and B, Eand F, and |
and Jyandto C8 (Cand D, G and H, and K and
L) at the indicated times. Sections from the air

{.

W’ﬁf X Ij’ : } -W . _iq‘, AL 2}} exposad Nrf2++ and Nrf2+- mice show normal
‘ ,, \ -:‘y ﬁf@ ”‘ alveolar structure (7 =5 per group). Lung sec-
.% %?: A .,, i tions from the CS-treated (6 months) Nif2 mice
3 show increased air space enlargement when

»&.3{ n )’ m L P J

compared with the lung sections from the CS-
treated Mif2++ mice. Original magnification, x20.

tent/full/ 114/1248/9/DC1). Histochemical staining for reticulin
and elastin showed similar alveolar archirecture in the wild-type
and knockout lungs, with progressive attenuation of alveolar septa
occurring between day 10 and 2 months of age in both genetic back-
grounds {(Supplemental Figure 1A). At 2 months of age, there was
no significant difference in the total lung capacity (Supplemental
Merhods) berween the air-exposed Nrf27* (1.19 £ 0.16 ml; average
weight of mice, 23 £ 1.4 g) annd Nrf2~" mice (1.12 £ 0.19 ml; average
weight of mice, 23 + 1.2 g), and the proliferation rate was similar in
Nrf2** and Nrf2- lungs (Supplemental Figure 1D). Finally, Nrf2¥*
and Nrf27~ Iungs bad similar ultrastructural alveolar organization,
with alveolar-capillary membranes lined by type I epithelial cells,
and both had normal alveolar type [T cell populations (Supplemen-
tal Figure 2, Aand B). Histological examinarion of the lung sections
did not reveal avy tumors in dir- or CS-exposed mice. Furthermore,
H&E-stained lung sections did nor show any significant inflamma-
tion inthe lungs of air-exposed Nif2* or Nrf2+- mice (Figure 1 and
Suppleniental Figure 1A).

To determine the role of Nrf2 in susceptibility to CS-induced
emphysema, Nrf2-disrupted and wild-type Nrf2 (ICR strain) mice
were exposed to CS for 1.5 10 6 months, and CS-induced lung dam-
age was assessed by computer-assisted morphometry. There was a
dramatic increase in alveolar dest ruction in the lungs of Nrf2-dis-
rupted mice when compared to wild-type ICR mice after 6 meonths
of exposure to €8S, Both the alveolar diameter (increased by 33.1% in
Nrf2 +-vs. 8.5% in Nrf2¥* mice) and mean linear intercept (increased
by 26.1% in N#f2 ~-vs. 8.3% in N2 mice} were significantly higher
in CS-exposed Nrf2-disrupted mice (Table 1 and Figure 1). Alveo-
lar enlargement was detected in the lungs of Nrf27" mice as early
as 3 months after exposure to CS began (Table 1 and Figure 1),
suggesting an earlier onset of emphysema in Nrf2-disrupred mice.
Long-term (6 months) exposure of Nrf2¥* mice to CS resulted inan
increase of less than 10% inthe mean linear intercept and alveclar

(Table 1), we undertook detailed lung Table 3

morphometric measurements, as welt Effect of chronic exposure to CS on lung morphometry

as light microscopic and ultrastructural

studies, to ensure that Nrf2~~ lung does Groups Time of Alveolar diameter (;:m) Mean linear intercept (pm)

not have delayed development or com- exposure (ma) Air €S  %lncrease Air £S %lncrease

promised structural integrity when main- Nrferr 1.5 372213 391:15 54 5191223 523+18 19

tained in normal room air. There were no 3 37516 405:14 78 £§18:27 536+16 33

signjf]mm; differences in alveolar diamerer 6 388+15 422117 85 52621 570x15 83

sndmesn i ierceprbesween Niz/2 W00 Sioatz M8sTd 195 sislp savsal 112
—/— 1 K- NN : NEAR RUE N .

and Nrfa lungs at 3 days, 10 days, 2 6  3BBxld ATTe15 BA 53517 675230 264

mounths, or 6 months of age (Supplemen-

tal Figure 1, A-C; sapplemental material
available ar hrtp://www.jci.org/cgi/con-

Values shown are the me
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an = SEM for groups of 5 mice each. AP < 0.05, significantly greater than the

CS-exposed {6 months) Nrf2+/* mica,

Numberd  November2004 1249



research article

TUNEL

G _Type ilepithelial calls,

_-Endathislial cels’

Nri2® .

Nriz+

diameter (Table 1), highlighting the intrinsic resistance of Ner"‘
ICR nuice to CS-induced pulmonary emphysema.

Apoptosis assays. To determine whether chronic exposure to CS (6
months) induced apoptosis of alveolar septal cellsin vivo, we con-
ducted TUNEL on lung sections from air- and CS-exposed mice.
Labeling of DNA strand breaks in situ by flucrescent TUNEL
demonstrated a higher number of TUNEL-positive cells in the
alveolar septa of CS-exposed Nrf2~- mice (154.27 TUNEL-posi-
tive cells per 1,000 DAPI-positive cells) than in CS-exposed Nrf2¥*
mice (26.42 TUNEL-positive cells per 1,000 DXAPI-positive cells) or
in air-exposed Nif2+- or Nrf2** mice (Pigure 2, A and B). Double

staining of the TUNEL-labeled lung sections (Figure 2C) with-

antibody to surfactant protein C {SpC) to label type I epithelial
cells, anti-CD34 to label endorhelial cells, and anti~-Mac-3 to label
macrophages revealed the occurrence of apoptosis, predominantly
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Figure 2

Cigareftte smoke exposura causes lung cell apoplosis as
assessed by TUNEL in Nirf2+ lungs. (A) Lung sections
{n = 5 per group) of rcom air— or CS-expesed (& months)
Nrf2++ or Nrf2-+- mice were subjected to TUNEL (left col-
umn) and DAPI stain {middle column). Merged images are
shown in the right column. CS-exposed Nrf2-+ mice show
abundant TUNEL-positive cells (arrows} in the alveclar
septa. Magnification, x20. (B) Quantification of TUNEL-
pesitive cells (per 1,000 DAPI-stained cells). The number
of TUNEL-positive cells was significantly higher in the
CS-exposed Nrf27 mice as compared with their wild-type
counterparts (*P < 0.05). Valuss represent mean + SEM.
(C} Identification of apoptotic (TUNEL-positive) type Il epi-
thelia cells (left column), endothelial cefls (middle column),
. and alveolar macrophages {right column) in the lungs of
CS-exposed (6 months) Nr2++ and Nrf2+- mice. Type II
. epithelial cells, endothelial cells, and alveolar macrophages
were detected with anti-8pC, anB-CD34, and ant-Mac-3
antibodies, respectively, as outlined in Methods. Nuclei
were detected with DAPI (biue). Shown are the merged
" images, with colocalization {yeliow arrows) of csll-specific
markers (cytoplasmic red signal) and apoplosis (nuclear
green + blue DAPI signal, resulting in a lavender-like sig-
~ nal}; non-apoplotic (TUNEL-negative) cells with positive
cell spedific marker (red signal) are highlighted with a red
arrow. TUNEL-pasitive apoptotic cells lacking a cell-specific
., marker are highlighted by white arrowheads. The majority
" of TUNEL-pasitive cells consisted of endothelial and type Il
epithelial cells, whereas most alveolar macrophages were
TUNEL negative. Scale bars: & um.

in endothelial (Nrf2~- = 52 + 3.6 vs, Nrf2** = 8 £ 1.8 TUNEL-posi-
tive and CD34-positive cells per 1,000 DAPI-positive alveolar cells}
and type Il epithelial cells (Nrf2~-= 43 + 4.3 vs. Nrf2¥* = 6 £ 0.96
TUNEL-positive and SpC-positive cells per 1,000 DAPI-positive
alveolar cells) in the tungs of C§-exposed Nrf27- niice when conm-
pared with Nrf2** ruice. Most alveolar macrophages in CS-exposed
lungs did not show evidence of apoprosis (Nrf2~~ = 5 + 0.42 Mac-3-
positive cells per 1,000 DAPI-positive cells vs. Nrf2¥" = 3 + 0.96
Mac-3-positive cells per 1,000 DAPI-positive cells).
Immunchistochemical analysis showed a higher number of
caspase-3-positive cells in the alveolar sepra of CS-exposed Nrf2+-
mice (4.83 active caspase-3-positive cells/mm alveolar length)
than in CS-exposed Nrf2** mice (1.09 active caspase-3-positive
cells/mm alveolar length). Lung sections from the air-exposed con-
teol Nrf2-/- and wild-type mice showed few or no caspase-3-posi-
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CS treatment leads to activation of caspase-3 in Nrf27~1ungs. (A) Active caspase-3 expression in lung sections from CS-exposed (6 months)
Nrf2++ and Nrf27- mice. CS-exposed Nrf2 + mice show increased numbers of caspase-3~positive cells in the alveolar septa {n = & per group).
Magnification, x40. (B) Number of caspase-3—positive cells in the lungs of air and CS-exposed mice. Caspase-3-positive cells were signifi-
cantly higher in the lungs of CS-exposed Arf2+- mice. (C) Increased expression of the 18-kDa active form of caspase-3 in lungs of CS-exposed
{6 months) ANrf2-- mice (Western blot; lanes 1 and 3: air- and CS-exposed Nrf2+/+ mice, respectively; lanes 2 and 4: air and CS-exposed
Nrf2-- mice, respectively). (D} Quantification of procaspase-3 and active caspase-3 obtained in Western blots of air- or CS-exposed N2+
and Nrf2-- lungs. Values are represented as mean + SEM. (E} Caspase-3 activity in the lungs of air- or CS-exposed {6 months) Nrf2++ and
Nrf2+- mice. Caspase-3 activity was significantly higher in the lungs of CS-exposed Nrf2-- mice than in the lungs of their wild-type counterparts
(n = 3 per graup). Values (relative fluorescence units [RFU]) are represented as mean + SEM. *P £ 0.05 vs. CS-exposed Nrf2+* mice.

tive cells (Figure 3, A and B). Enhanced activation of caspase-3 in
Nrf2~-lungs exposed to CS for 6 months was further documented
by the increased detection of the 18-kDa active caspase-3 peptide
in whole-lung lysates (increase in Nrf2- mice was 2.3-fold that of
CS-exposed Nif2¥' mice; Figure 3, C and D), as well as by increased
caspase-3 enzymatic activity (increase in activity in Nrf2~/- mice was
2.1-fold thar of CS-exposed Nrf2¥* mice; Figure 3E).

Marker of oxidative stress in the lungs. Immunohistochemical stain-
ing with anti-8-oxo-7,8-dihydro-2"-deoxyguanosine (anri-8-oxo-
dG} antibody was used to assess oxidative stress in both Nrf2~-and
Nrfa¥* lungs after inhalarion of CS. A small number of alveolar
septa) cells (1.78 cells/mmm alveolar lengrh) exhibited staining for
8-0x0-dG in lung sections from the Nrf2¥* mice, whereas signifi-
cantly more (16.8 cells/imnm alveolar length) were stained in the
Nrf2-- mice (Figure 4, A and B). Lung sections from air-exposed
Nrf2*/* and Nrf2+- mice showed few or no 8-oxo-dG-positive cells.
Immunestaining with normal mouse IgG anribody did not show any
IgG-reactive cells in the lungs of air- or CS-exposed mice (Figure 4C).
These results indicate that exposure to CS for 6 months enbanced
oxidarive damage to the lungs of the Nrf2-disrupted nice.

Inflammatory cells in the lungs. Analysis of differential cell counrs
in the bronchoalveolar lavage (BAL) fluid revealed a significant
increase in the number of total inflammatory cells in the lungs of
CS-exposed (1.5 or 6 months) Nrf2** and Nrf2~- mice when com-
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pared to their respective air-exposed control littermates {Figure
5A). However, the total number of inflammatory cells in BAL fluid
from the CS-exposed Nrf2+- mice was significantly higher than in
CS-exposed wild-rype mice. Among the inflammatory cell popu-
lation, macrophages were the predominant cell type, constituting
as much as 87-90% of the roral in{llammatoery cell population in
the BAL fluid of both genotypes exposed to CS. Other inflamma-
tory cells such as polymerphomeclear Ieukocytes, eosinophils, and
Iymphocytes constituted 10-13% of the total inflammarory cells in
the BAL fluid of both genotypes. Immunohistochemical staining
of the lung sections with Mac-3 antibody revealed the presence of
an increased number of macrophages (Figure 5, B and C) in the
lungs of CS-exposed Nrf2~ mice at 6 months (4.54 Mac-3-posi-
tive cells/mun alveolar length) when compared with lungs of their
wild-type counterparts (2.27 Mac-3-positive cells/mm alveolar
length). However, the immunchistochemica staining did not show
any significant difference in the number of alveolar macrophages
in the lungs of air-exposed Nrf2* (0.96 Mac-3-positive cells/mm
alveolar lengrh) and Nrf2~- mice (1.18 Mac-3~positive cells/mm
alveolar length). There were significantly fewer neutrophils and
lymphocytes than there were macrophages. Theve were 0.92 versus
0.4% neurrophils and 0.78 versus 0.43 lymphocytes per millimeter
alveolar length in CS-exposed Nrf2+~ and wild-type mice, respec-
tively (Supplemental Figure 3, A-D).
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Increased sensflivity of Nrf2+- mice to oxidalive stress after CS exposure. (A) Immunchistochemical staining for 8-oxo-dG in lung sections from
the mice exposed to CS {6 months) (n = 5 per group). Lung sections from the CS-exposed Nrf2+- mice show increased staining for 8-axc-dG
{indicated by armows) when compared with lung sections from CS-exposed Nrf2++ mice and the respective air-exposed control mice. Magnifica-
tion, x40. (B} Quantification of 8-oxo-dG-positive alveolar septal cells in lungs after 6 months of CS expesure. The number of cells that reacted
with anti-8-oxo-d@ antibody was significantly higher In the lung tissues of the CS-exposed N2+ mice than in the lung tissues of the CS-exposed
Nrf2++ mice and air-exposed contral mice, Values (positive cells'mm alveclar length) represent mean = SEM. *P < 0.06 vs. CS-exposed Nrf2+
mice. {C) Immunchistochemical staining with normal mouse-IgG1 antibody in lung sections from air- or CS-exposed Nrf2+'+ and Nrf2+ mice.

Magnification, x40. Scale bars: 25 pm.

Activation of Ntf2 in the lungs of Nrf2*/* mice. An electrophoretic
mobility shift assay (EMSA) was used to determine the activation
and DNA binding activity of Nrf2 in the langs in response to acute
exposure of the mice to CS (5 hours) . In response to CS, there was
an increased binding of nuclear proteins isolated from the lungs
of CS-exposed Nrf2¥* mice to an oligonucleotide probe containing
the ARE consensus sequence, as compared 1o the binding of nuclear
proteins isolated from CS-exposed Nyf2+- mice or air-exposed con-
trol mice. Supershift analysis with anti-Nrf2 antibody also showed
the binding of Nrf2 to the ARE consensus sequence, suggesting
the activarion of Nrf2 in the lungs of Nrf2%* mice in response to CS
exposure (Figure 6A). However, supershift analysis of the nuclear
proteins from the lungs of CS-exposed Nrf2~/~ mice with anti-Nrf2
antibody did not show any super-shifted band, consistent with the
absence of Nrf2 in the ARE-nuclear protein complex.

Western blot analysis was performed to determine the nuclear
accumulation of Nrf2 in the lungs in response to CS exposure,
Immunoblot analysis (Figure 6B} showed increased levels of Nrf2
in the nuclei isolated from the lungs of CS-exposed Nrfd¥* mice,
suggesting the nuclear accumulation of Nr(2 in the lungs of wild-

type mice in response to CS exposure. Increase of nuclear Nrf2 is -

needed forthe activation of ARE and the transeriptional induction
ofvarious antioxidant genes.

Transcriptional induction of Nrf2-dependent genes. To uncover the
Nrf2-dependent genes that may account for the emphysema-
sensitive phenotype of the Nrf2+~ background, we examined the
pulmonacy expression profile of air- and CS-exposed (5 hours)
mice by oligonueleoride microarray analysis using the Affymetrix
mouse gene chip U74A. The complete gene expression data set
is available at hrip://faculty.jhsph.edu/biswal2.xls, Table 2 lists
the genes that were significantly upregulated in the lungs of
Nrf2** mice, but not in those of Nrf2*/- mice, in response to CS.
The regions upstream of the transcription start site of these Nrf2-
dependent genes were analyzed for the presence of putarive AREs
using the Genamics Expression 1.1 Patrern Pinder Tool sofiware.
The location of the AREs in these Nrf2-dependent genes are

12562 The Journal of Clinical Investigation,
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also presented in Table 2. Ntrf2 regulates abour 50 antioxidant
and cytoprotective genes. The majority of these Nrf2-regulated
genes conrain possible funcrional AREs in the genomic sequences
upstreain of their transcription start sites.

Vididation of microarray dats by Northern blot and entyme assay. Valida-
tion of the microarray dara was pecformed using the samples used
in the arrays. Northern hybridizarion confirmed the transcription-
alinduction of genes involved in glurathione synthesis (glutamate
cysteine ligase modifier subunit [GCLm]), NADPH regeneration
(glucose-6-phosphate dehydrogenase [GGPDH)), detoxification of
oxidative stress-ind ucing components of CS (by NADPH: quinone
oxidoreductase-1 [NQO1], GST-a.1, HO-1, thioredoxin reductase
{TrxR], and peroxiredoxin-1 [Prx-1]) in the lungs of CS-exposed
Nrf2** but not Nrf2+- mice (Figure 7A). Glutathione reducrase
{GSR} was also induced in CS-exposed Nrf2+ mice; however,
the magnitede of the induction was significantly higher in Nrf2
wild-type mice than in Nrf2-disrupted mice. The increases in these
induced genes (NQO1, 7.2-fold; GST-&1, 2-fold; heavy subunit of
¥-GCS [y-GCS5(h)], 4.8-fold; TrxR, 4.8-fold; GEPDH, 2.2-fold; HO-1,
3.4-fold; GSR, 1.8 fold; Prx-1, 1.6-fold), as measured by Northern
analysis, were comparable to those determined by microarray.

BEnzyme assays of selected gene products (NQOI1, GSR, Prx,
glutathione peroxidase [GPx) and G6PDH) were carried out to
determine the extent to which their transcriptional induction in
the lang paralleled changes in their activities (Figure 7B). There
were significant increases in the activities of all enzymes in the
lungs of CS-exposed Nrf2** mice when compared to those of C5-
exposed Nrf2+- mice as well as those of the air-exposed mice of
both genotypes. Moreover, the basal activities of these enzymes
were significantly lower in the air-exposed Nrf2-disrupted mice
than in the air-exposed wild-type mice.

Discussion

Our findings indicate that Nrf2, as previously shown for MMP-12,
is a critical determinant of susceptibility to emphysema caused by
CS. Because oxidative stress has overarching effects on several impor-
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tant mechanisms involved in CS-induced emphysema, particularly
inflammation and apoptosis, Nr2-induced gene expression may
afford wide protection against the injuricus effects of CS inthelung,
The enhanced susceptibility of Nrf2-clisrupted mice to CS-induced
emphysema is remarkable, since the ICR parental strain (14) has been
shown to be intringically resistant to CS-induced alveolar destruction
and air space enlargement, as compared to susceptible strains such
as C57BL/6) and DBA/2 (15). The higher levels of antioxidants and
al-antitrypsin in the lungs of TCR strain mice, as compared to those
of susceptible strains, may concribute to this resistance (15},

Figure 6

Activation of Nif2 in CS-exposed Nrf2++ Jungs. {A) EMSA to determine
the DNA binding activity of Nri2. For ge! shift analysis, 10 pg of nucle-
ar protein from the lungs of air-and CS-exposed mice was incubated
with the labeled human NQO1 ARE sequence and analyzed ona 5%
non-denaturing polyacrylamide gel. For supershift assays, the labeled
NQO1 ARE was first incubated with 10 g of nuclear extract and then
with 4 ug of anti-Nrf2 antibody for 2 hours, Nuclear protein of Nrf2++
lungs showed increased binding to the ARE-containing sequence
{lower arrow) after CS exposure, with a supershifted band caused by
preincubation with anti-Nrf2 antibody, thus confirming the binding of
Nrf2 to the ARE sequence {upper arrow). Ra-IgG,, rabbit IgGy. (B)
Nuclear accumulation of Nrf2. Western blot analysis with anti-Nrf2
antibody showed the nuclear accumulation of the transcription factor
Nrt2 in the lungs of Nrf2++ mice in response fo CS exposure (lanes 1
and 3: airexposed Nrf2+-and Nrf2+# mice, respectively; lanes 2 and 4:
CS-exposed Nrf2+- and Nrf2++ mice, respectively; lamin B1 was used
as the loading control). Western blot analysis was carried out 3 times
with the nuclear proteins isolated from the lungs of 3 different air- or
CS-exposed Nif2++ and Nif2-~ mice.
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Figure 5

Increased inflammation In the lungs of CS-exposed Nrf2+-
mice. (A} Lavaged inflammatory cells from control and CS-
exposed mice. The number of macrophages in BAL fluid
collected from the CS-exposed (both 1.5 months and &
meonths) Nrf2-- mice was significantly higher than in the BAL
fluid from CS-exposed Nrf2++ mice and the respective age-
matched control mice. Values represent mean = SEM (r = 8).
PMNs, polymarphonuclear leukocytes. *P < 0.05 vs. conirol
of the same genotype; TP 5 0.05 acrass the genotypes in
CS-exposed group. (B} Immunchistochemical detection of
macrophages (arrews) In lungs of Nrf2++ and Nrf2+ mice -
exposed to CS for 6 months. Magnification, x40. Scale bars:
25 pm. (C) Quantification of macrophages in lungs after 6
months of CS exposure. The lung sections from the CS-
exposed Nif2--mice showed significantly more macrophages
than did those from wild-type counterparts exposed to CS
(P = 0.025). However, there was no significant differsnce
in the number of alveolar macrophages between the air-
exposed Nrf2++ and Nrf2¥- mica (P > 0.9).

We found rhat deletion of N7f2 resulted in increased
alveolar inflammation, alveolar septal cell apeprosis
involving predominantly endothelial and type Il epitheli-
al cells, enhanced alveolar oxidative stress, and ultimartely
more pronounced emphysema following exposure to CS,
when compared with wild-type mice. Such broad hung
pathogenic effects resulting from elimination of Nrf2
indicace thar, in CS-induced emphysema, oxidative stress
regulates the intensiry of alveclar inflammation, the
extent of alveolar cell ap-oprosis, and ultimately the rate
of onser and severity of the emphysema. In fact, the increased sever-
ity of CS-induced emphysema caused by deletion of Nrf2 in ICR
mice is equivalent to that seen in MMP-12-competent C57B1/6]
mice {when compared to MMP12~- mice) (7). Despite abundant
evidence of the elevation of markers of pulmonary and systemic
oxidarive stress in chronic smokers, there is a paucity of mechanis-
tic support for the centrality of oxidarive stress in the pathogenesis
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Table 2
Nrf2-dependent protective genes induced by CS in the lungs of Aif2 wild-fype mice

Functional classification Gene Fold change £ SE  ARE position
and gene accession no.
Antioxidants
X56824 (X06985) Heme oxygenase 1* 47+04 ~3078, -3602, -6007, -7103, -8978,
-0007, -8038, 9065, ~9500

U38261 (U10116} Superoxide dismutase 38 1704 -2362, -3171,-5282
X91864 (X68314) Glutathione peroxidase 2° 2704 —44, -3600
U13705 (X58205) Glutathione peroxidase 38 14+0.4 7144, -9421
185414 (M30656) Gamina glufamylcysteine synthase (catalytic)* 76£05 —3479, 3524, 5421
U95053 (L35546) Gamma glutamylcysteine synthase (regulatory)* 73205 -44
AF090686 (MB60396) Transcobafamine I 16203 —-3751, -6382, -8236
139879 (BC004245) Ferritin light chain T 1503 -1379
Al118194 (X67951) Peroxiredoxin 19 1.5£03 78, ~8413, 9652
A1351983 (X15722) Glutathione reduciaseb 33+04 ~115, -9433
ABQ27565 (X91247) Thioredoxin reductase 10 43204 —121, -4326, 9521
211911 (X03674) Glucose-B-phosphate dehydrogenaset 2003 —2504, 109
AW120625 (U30265) Phosphogluconate dehydrogenase® 21204 -757, ~3963
Detoxification enzymes '
LOB04T(AFO25887) Glutathione-S-transterase, a 18 20103 NF :
J03958 (M16594) Glutathione-S-fransferase, a2h 26+03 -B662,— 6961, 7751
X65021 Glutathione-S-transferase, a3® 1503 No human homolog
A1843119 (U90313) Glutathione-S-transferase, 618 20103 ~255
X53451 (X06547) Glutathione-S-transferase, =28 31203 -
JU3952 (J03817} Glutathiong-S-fransferase GT8.7° 1.6+ 03 ~-1209
U12961 (J03934). NADPH: quinone reductase T 9.3+05 -527
1120257 (U09623) Alcohol dehydrogenase 7 (class V)8 28:03 2894
AV089850 (M74542) Aldehyde dehydrogenase family 3, subfamily A1® 1112 0.8 4223
uo4204 Aldo-keto reductase?, member BS® 54x05 No human homolog
ABO17482 (AHO05616) Retinol oxidase/Aldehyde axidase® 23204 -8579
AB025408 (AF112219) Esierase 108 34:04 4105, —4264
U16818 {J04093) UDP-glucuronosyl! transferase® 1403 -5431, 6221
AF0G1017 (AFO51016) UDP-glucose dehydrogenase® 151086 3438
Protective proteins
MB4086 (AHD02551) o -antiirypsin proteinase inhibitors 4703 4117
ABO34633 (ABG34695) Endomucin-18 1503 -2565
AW120711 (AFOB7870} Dnaj (HSP 40} homolog® 19104 ~155, 2797, 5320
D17666 (AU130219) Mitochondrial stress — 70 protein® 1603 -2675, 3302
AF055638 (AF265659) GADD45G? 24+03 =327
108210 (M16983) Tropoelasting 28209 NF
X04647 (X05562) Procallagen type [V, o228 19104 NF
Transcription factors _
ABOC9694 (AJO10857) maff® 26404 -3894, -6537, -8279, 8301, -8445
AF045160 {UB1534) HIf-Tc refated factor® 20204 -3855, -5091
Protein degradation
AV305832 (M26380) Ubiquitin G& 1804 -1303, -3755, 4481
AW121693 (AAC20857) Proteasome (prosome, macropain) 265 subunit, 17203 NF

non AFPase, 18
U40930 (BC017222) Segestosome 1# 28204 -360, -1328
Transporiers
M22998* (K03195) Solute camier family 28 2902 -3351, -5111,-9304
X67056 (570612) Glycine transporter® 18203 -387, 8451
U75215 (BCO26216) Neutraf amino acid transporter mASCTP 38:03 -3605, 8547
Phosphatases
M97590 (AH003242) Tyrosine phosphatase (PTP1R 1.6:03 -6045, -3232, -7029, -9884
X58289 (X5431) Protein tyrosine phosphatas, receptor type BS 1.7+ 04 -B8166, ~9561, -9662
Receptor
AJ250490 (AJ001015) Receptor activily modifying protein 28 1603 -5023, -3455

AREs reported in the table are for human genes homelogous to the respeciive mouse gene; the number in parenthesis refars to GenBank human acces-
sion number. To locate the AREs in each gerie, we scanned 10-kb sequences upstream of the TSS in both sirands using the ARE consensus sequence
RTGAYNNNGCR as probe; the TSS for each gens was deterrmined by following the Human Genome build 34, version 1 of the NCBI database. AGenes
that have already been Teporied 1o have AREs and fo be regulatad by Nri2; *Genes with the newly identified AREs using Genamics Exprassion 1.1 Patiern

Finder Too! software (sae Methods). NF, not found.
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Validation of microarray data by Northern blot and enzyme assays. (A} Analysis of mRNA levels of NQO1, GCLm, GST-at, HO-1, xR, Prx-1, GSR,
and GEPDH in the lungs of Nirf2+* and Nirf2-- mice exposed to ether ait or CS (n = 3 per group). (B) Effect of CS on the specific activities of selected
enzymes in the lungs of Nrf2**+ and NIrf2-- mice. Values represent mean + SE (n = 3 per group}. *P < 0,05 vs, control of the same genotype.

of C8-induced emphysema. An oxidative burden in the smoker’s
" lungs is generated by the 4,700 chemical compounents present in
CS$ and by theinflammatory cells that acciunalate in the smoker’s
airways. This oxidative burden elicits a protective response that is
dependent upon the ability of the lung cells to upregulare anti-
oxidant defenses. The upregulation and activation of transcrip-
tion factors such as Nrf2 nright be one of these protective mecha-
nisms. Prior and concomitant to airspace enlargement caused by
CS exposure, there was an increased infiltrarion of inflammatory
cells, predominantly macrophages, which may bave contribut-
ed to the alveclar injury through the activity of their elastolytic
enzymes, particularly MMP-12 (7). A decrease in the activity and
levels of antiproteases might have followed the enhanced oxidative
stress in our model and thas contributed to protease/antiprotease
imbalance. However, future studies will determine the role of spe-
cific proteases in the development of emplysema in Nrf2+- mice
in response to C5.

In addition to inflammation, the lungs of Nrf2-disrupted mice
show increased alveolar cell apoprosis when compared to wild-type
lungs. Alveolar cell apoptosis has been progressively recognized as
a critically important mechanism of alveolar septal destruction
in emphysema. Apoptosis is required for emphysema caused by
VEGF receptor inhibition and is sufficient to cause emphysema,
as demonstrated in mice instilled intrabronchially with actjve
caspase-3 (16). However, the contribation of alveolar cell apoptosis
has not been addressed in animal models of CS-induced emphy-
sema. Long-term exposure to CS resulted in increased apoptosis
of endothelial and type II epithelial cells at the 6-moath time
point in the lungs of CS-exposed Nrf2+/~ mice when compared
with CS-exposed N#f2¥* mice. Staining of the TUNEL-labeled
lung sections with Mac-3 antibody showed the presence of few or
no apoptotic macrophages in the lungs of CS-exposed Nrf2¥* or
Nrf2~~ mice. Inmunohistochemical staining, enzyme assay, and
Western blot analysis have also revealed the increased number
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or activity of caspase-3 in the lungs of CS-exposed Nrf27- mice,
suggesting the occurrence of excessive apoptosis. The presence of
enhanced lung apoptosis in these N2~ mouse lungs might be
relared to enhanced oxidative stress, inflammation, or excessive
lung proteclysis. Oxidative stress and apoptosis are part ofa muru-
ally interactive feedback leop in VEGF receptor blockade-induced
emphysema (4}. Furthermeore, reactive oxygen and nitrogen spe-
cies can modify and inacrivate survival cell signaling molecules
and cause apoptosis. Inflammation and protease/antiprotease
imbalance may also promote apoptosis by means of activated T
lymphocytes, which are increased in COPD and seem to correlate
with the degree of emphysema (17) and the amount of unoppased
leukocyte elastase (18}, gelatinase, or collagenase {19) activity.

Consistent with a central role for Nef2 in the upregulation of
antioxidant defenses during CS-related stress, in Nrf2~- mice
exposed to CS, there was an enhanced formation of 8-ox0-dG,
ene of the most ebundant DNA adducts in response to oxidative
stress (20). The importance of Nrf2 in affording protection dur-
ing oxidative stress has already been highlighted by the enhanced
suscepribility of Nrf2+~ mice to hyperoxia (12, 21) and chemically
induced lung injury (22). The majority of the genes that were sig-
nificantly upregulared in the lungs of CS-exposed N2 wild-type
mice, but not Nrf2-disrupted niice, have functions likely to confer
protection against oxidative stress and inflammation.

Nrf2 — in association with several other proteins such as small
maf proteins, ¢-jun, ARE binding protein-1, CBP/p300, and p160
family coacrivators — binds to ARE, leading to transcriptional
induction of target genes (23, 24). In response to CS exposure,
there was an increased binding of nuclear proteins from the lungs
of Nrf2*/* mice to the ARE sequence. This binding is presumably
due to the interaction of nuclear proteins with the ARE, particu-
larly of Nrf2 in the lungs of CS-exposed Nrf2¥* mice, as confirmaed
by the supershift analysis with anti-Nrf2 antibody. The slightly
increased binding of nuclear proteins to ARE in knockour lung
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extracts is probably due to the involvement of proteins other than
Nrf2, since the supershift analysis failed to detect a complex of
Nrf2 in Nrf2~ lung extracts. Western blot analysis confirmed the
nuclear accumulation of Nrf2 in the lungs of CS-exposed Nrf2v*
mice, Increased nuclear Nrf2 is critical for the activation of ARE
and the transcriptional induction of various antioxidant genes.

Nrf2, in response to CS, regulares genes involved in two major
redox systems, the glutathione and thioredoxin systems (25, 26).
Enzymes involved in glutathione synthesis (y-GCS caralytic and
regulatory subunits), members of the GST family, GSR, GPx2,
GPx3,and genes that coustitate the thioredoxin system {TrxRand
Prx-1} were all induced in the Jungs of Nrf2%* mice in response
10 CS. The members of these redox systems interact with vari-
ous transducers and effector molecules to bring about antiozi-
dant-specific responses, The regeneration of reduced Trx and
gtutathione by TrxR and GSR, respectively, utilizes NADPH as a
reducing equivalent generated by G6PDH and phosphogluconare
dehydrogenase, both of which are also induced in Nrf2** lungs.
Prx-1 and GPx reduce hydroperoxides by urilizing two electrons
provided by Trx and glutarhione, respectively. In addition, GPx
and peroxiredoxins have been shown to play a potential role in
protection against peroxynitrite (27), 2 potent oxidant generated
from the reaction of superoxide and nitrous oxide present in CS.
Furthermore, the oxidized forms of GPx and peroxiredoxins are
reduced back to their funcrional forms by Trx (28). These results
suggest a cross talk beeween the thioredoxin and glutarhione redox
systemns and the NADPH regenerating systent.

Several GSTs, as well as UDP-glucuronosyl transferase (UGT)and
NQO1, were selectively induced only in Nrf2%* mice in response to
CS. Various isoforms of GST's and UGTs play important roles in
the detoxification of tobacco smoke carcinogens such as 4-{methyl-
nitrosamino)-1-{3-pyridyl}-1-butancne, benzo(a)pyrenc and other
polycyclic aromatic hydrocarbons that act as electrophiles and
cause DNA damage and cytotoxicity (29, 30). NQO1 blocks redox
cycling of pelyaromatic bydrocarbons and benzoquinones pres-
ent in CS (31), thereby reducing the levels of ROS and presumably
8-ox0-dG. Various enzymes, including aldehyde dehydrogenase
and aldo-keto reductase, which are involved in the detoxification
of reactive aldehydes such as acetaldehyde and acrolein, were selec-
tively induced in the lungs of CS-exposed Nrf2¥* mice. HO-1,2
critical enzyme involved in protection against oxidant-mediated
cellular injury, as well as the iron-sequestering protein ferritin light
chain 1, which prevents uncontrolled surges in the intracellular
free concentration of the highly reactive yet poorly soluble ferric
iron (32, 33}, were induced only in the lungs of CS-exposed Nrf2**
mice. Reducrion of ferric iron by superoxide can generate reactive
hydroxyl radicals via the Fenton reaction. Superoxide dismurase 3,
the major extracellular antioxidant enzyme in the lung that
attenuates ROS-mediared lung cell injury and inflammation,
is also selectively upregulated in Nrf2** mice in response to CS
(34). CS also induced heat shock proteins such as HSP40 and
mitochondrial stress-70 protein, as well as ubiquitin C, a protein
involved in the degradation of oxidized proteins. Other Nrf2-regu-
lated genes included the DNA damage repair protein GADDA4SG,
lung structural proteins such as trapoelastin and precollagen type
IV, «2, and endomucin-1, sequestosome 1, MafF, HIF-la-related
factor and c1-antitrypsin proteinase inhibitor. Mutations in the
al-anticrypsin proteinase inhibitor have been associated with an
increased risk of COPD (35). Furthermore, we have located one or
more AREs in the upstream regions of most of these differentially
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expressed genes, indicating the possibilicy of a direct role for Nrf2
in their transcriptional induction.

Taken together, these results provide a clear link between a defec-
tive response of the transcription factor Nrf2 and several lung
problems: excessive oxidarive stress, increased apoptosis, inflam-
marion, and worsened emphysema. Nrf2 js activared in response
to CS in the lungs of wild-type mice, leading to transcriptional
induction of target genes that might provide resistance against the
development ol emphysema. Conversely, a lack of responsiveness
of the Nrf2 pathway counfers susceptibility to severe emphysema
due 1o CS exposure in this model The identification of Nrf2 as
a determinant of susceptibility can have wide implications in the
area of tobacco smoke-related lung diseases, where oxidative stress
and inflammation play important roles.

Methods

Antibodies and reagents. We used the following antibodies and reagents:
anti-caspase-3 polydonal antibody for immunchistochemistey (Idun
Pharmaceuricals); biotinylated anti-mouse IgG, peroxidase-conjugated
stweptavidin, Vecrashield Hard Set mounting medium, and RTUHRP-avidin
complex (Vector Laborateries); rabbit anri-§pC antibody {Chemicon Inter-
national Inc);rat anti-mouse Mac-3 antibody (BD Biosdences); anti-rabbic
Texas red antibody, strepravidin-Texas red conjugated complex, and DAPI
{(Molecular Probes Inc.); biotinylared rabbit anti-mouse secondary antibody
(DakoCytomation); octamer transaription factor 1(OCT1) and CaspACE
Assay kit (Promega Corp.); leupeptin, pepstatin A, and normal meuse IgG
(Sigma-Aldrich); rar anti-mouse neutrophil antibody (Serotec); actin and
ant-mouse CD45R primary antibedy (Santa Cruz Biotechnology Inc);
rabbit anti-caspase-3 antibody for Western blot {Cell Signaling Technol-
ogy Inc); ant-CD34 and ant-lamin B1 antibody (Zymed Laboratories Inc);
and CH11 monoclonal antibody (Beckman Coulrer [nc).

Animals and care. Nrf2-deficient ICR mice were generated as described
(14). Mice were genotyped for Nrf2 starus by PCR amplification of
genomic DNA extracted from bload (36}, PCR amplification was carried
out using 3 different primers: 5" TGGACGGGACTATTGAAGGCTG-3'
{sense for both genotypes), 5-CGCCTTTTCAGTAGATGGAGG-3' (anti-
sense for Nrf2* mice), and 5-GCGGATTGACCGTAATGGGATAGG-3
(antisense for LacZ) (36). Mice were fod AIN-76A diet (Harlan Teklad) and
had access to water ad libinun; they were housed under controlled condi-
tions {23 £ 2°C; 12-hour light/dark cycles). All experimental protocols
conducred on the mice were performed in accordance with the standards
established by the US Animal Welfare Acts, as set forth in NTH guidelines
and in the Policy 2nd Procedures Manual of the Johns Hopkins Univer-
sity Animal Care and Use Committee.

Exposiere to C3. The €8 machine for smoke expostire was similar to the
one used by Witschi et al. (37). However, the exposure regimen in terms
of chamber atmosphere and duration of CS exposure was considerably
more intense. At 8 weeks of age, the mice were divided into four groaps
{n = 40 per group): control Nrf2 wild-type mice, experimental Nrf2 wild-
type mice, control Nyf2-disrupted mice, and experimental Nrf2-disrupred
mice. The control groups were kept in a filtered air environment, and the
experimental groups were subjected to €8 for various time periods. C8
exposure was carried out (7 hours/day, 7 days/week for up to 6 months)
by burning 2RAF reference cigarertes {2.45 mg nicotine per cigarette;
purchased from the Tobacco Research Institute, University of Kentucky)
using a smoking machine (Model TE-10, Teague Enterprises). Each smol-
dering cigarecte was puffed for 2 seconds, once every minute for a roral of
8 pufTs, ar a flow rate of 1.0 [/min, to provide a stzndard puff of 35 cm?.
The smoke machine was adjusted to produce a mixrure of sidestream
smoke (89%) and mainstream smoke (11%) by burning five cigarettes at
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one time. Chamber armosphere was monitored fot roral suspended par-
ticulates and carbon monoxide, with concentrations of 90 mg/m* and
350 ppm, respectively.

Morphologic and morphometric unalyses. After exposure to CS for vari-
ous time periads (1.5, 3, and 6 months), the mice { = 5 per group) were
anestherized with halothane (Halocarbon Laboratories) and the lungs were
inflated with 0.5% low-melting agarose at a constant pressure of 25 cm as
previously described (38). The inflated lungs were fixed in 10% buffered
formalin and embedded in paraffin. Secdons (5 pm) were stained with
HE&E. Mean alveolar diameter, alveolar length, and mean linear intercepts
were determined by compurer-assisted morphometry with Image Pro Plus
sofrware (Media Cybernetics). The lung sections in each group were coded,
and representative images (15 per lung section) were acquired with a Nikon
EB00 microscope (lens magnification, x20} by an investigator who was
blinid to the identty of the slides {4),

TUNEL assay. Apoprotic cells in the tissue sections from the agatose-
inflated lungs were detected by the Fluorescein-FragEL DNA Fragmenta-
tiont Detection Kit (Oncogene Research Products) according to the rec-
ommendations of the manufacourer. The lung sections (n = § per group)
were stained with the TdT labeling reaction mixture and mounted wich
Fluorescein-FragEL mounting mediun (Oncogene Research Products).
DAPI and fluorescein were visualized at 330-380 nm and 465-495 nm,
respectively. Overlapping DAPI int red and FITC in green creats a yellow,
apoptoticspositive signal. Images (15 per lung section) of the lung sections
were acquired with 2 Nikon E800 microscope (lens magnification, x20).
In each image, the number of DAPL-positive {red) and zpopratic cells (yel-
low) were counted manually. Apoptotic cells were normalized by the rotal
number of DAPI-posirive cells.

Identification of alveolar apoptotic cell populations in the lnngs. To idencify the
different alveolar cell rypes undergoing apoptosis in the hungs, we per-
formed fluorescent TUNEL labeling in the lung sections from the air- and
CS-exposed (6 months) Nrf2¥* and Nrf2~- mice, using the Fluorescein-
FragBL DNA Fragmenration Detection Kit (Oncogene Research Prod-
ucts). To identify the apoptotc type Il epithelial cells in the lungs after
TUNEL labeling, we incubated the lung secrions first with an anti-mouse
SpCantbody and then with an anti-rabbir Texas red antibody. Apeptotic
endothelial cells were idencified by incubadng the fluorescent TUNEL-
labeled sections first with the ant~mouse CD34 antbody and then with
the biotinylared rabbit anti~mouse secondary antibody. The lung sections
were rinsed in PBS and then incubated with che sereptavidin-Texas red
conjugarted complex. The apoprotic macrophages in the lungs were iden-
tified by incubating the TUNEL-labeled lung sections first with the rac
anri-mouse Mac-3 antibody and chen wich the anti-rat Texas red antibody.
Finally, DAPI was applied to all lung sections, incubated for § minutes,
washed, and mounted with Vectashield HardSet mounting medium {Vec-
tor Laboratories). DAPI and fluorescein were visualized ac 330- 380 nm and
465-495 nm, respectively. Images of the lung secrions were acquired with
the Nikon E800 microscope, lens magnification x40.

Immunohistochemical localization of active caspase-3, Immunohistochemical
staining of active caspase-3 was performed using anti-active caspase-3 anti-
body (39), and the active caspase-3-positive cells wete counted with a macro
using the Image Pro Plus program (Media Cybernetics) (4). The counts were
normalized by the sum of the alveolar profiles, herein named as alveolar
length, and expressed in pm or mm. Alveolar length correlates inversely
with the mean linear invercepe, that is, as the alveclar septa are destroyed,
the mean linear intercept increasesas total alveolar length decreases.

Caspase-3 activity assey. Caspase-3 activity was assessed using a fluoromertic
CaspACE Assay commercial kit (Promega Corp.) according to the manu-
facturer’s instructions. Briefly, the frozen lung tissues were immediacely
homogenized with hypotonie lysis buffer {25 mM HEPES [pH 7.5], S mM
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MgCl;, S mM EDTA, S mM DTT, 2 mM PMSF, 10 ug/ml pepstatin A, and
10 pg/ml leupeptin) using a mechanical homogenizer on ice and centri-
fuged ar 12,000 gfor 15 minutes ac4°C. The clear supernatant was collected
and frozen i liquid nitrogen. The protein was quantified using Bradford’s
reagent (Bio-Rad). Lung supematant containing 30 pg of prorein was added
to a reaction buffer (98 pl) containing 2 pl DMSO, 10wl of 100 mM DTT,
and 32 pl of caspase assay buffer in a 96-well flat-bottom microtiter plate
(Corning-Costar Corp.). The reaction mixture was incubated ar 30*C for
30 minutes. Then, 2 pl of 2.5 mM caspase-3 substrate (Ac-DEVD-AMC) was
added to the wells and incubated for 60 minutes zc 36°C. The flucrescence
of the veaction was measured at an excitation wavelength of 360 nm and
an emission wavelength of 460 nm. We used 50 ug of protein from anti-Fas
antibody-treared Jurkar cells (treted with 1 g CH11 monoclonal anti-
body per milliliter of RPMI meditm containing 5 x 10° cells for 16 hoursat
37°C) as a positive conteol. A caspase-3-specific inhibitor (2 pl of 2.5 mM
DEVD-CHO)was used to show specificity of caspase-3 activiry. The acrivity
was below background levels after the addidion of caspase-3 inhibitor. These
expaiments were performed in triplicare and repeated 3 times.

Immunokistochemical localization of 8-oxo-dG. For the immunohistochemical
localization and quantification of 8-cxo-d@G, lung sections {n = § per
group) from the mice exposed to C8§ for 6 months were incubated with
anti-8-oxo-dG antibody and stzined using the Iso-IHC DAB kit (Inno-
Genex) using mouse antibodies. Normal mouse-IgG1 antibody was used
as a negative control. The 8-oxo-dG-positive cells were counted with a
macro (using Image Pro Plus), and the counts were normalized by alveolar
length as described {4).

BAL and phenotyping. Immediately following exposure to CS for 1.5
months or 6 months, mice (1 = 8 per group) were anesthetized with sodi-
um peatobarbital. The BAL fluid collected from the lungs of the mice was
cennifuged (500 gar 4°C), and the cell peller was resuspended in PBS. The
roral number of cells in the lavage fluid was determined, and 2 x 10" cells
were cytocentrifuged (Shandon Southern Praducts} onto gluss slides and
stained with Wright-Giemsa stain (Diff-Quik; Baxrer Scientific Preducts).
Differential cell counts were performed on 300 cells, according to standard
cyrologic techniques (40).

Immunobistochemical localization of inflammatory cells in the lungs.
Macrophages were identified by the rac and-mouse Mac-3 and second-
ary bictinylated anti-rar antbedy immunostaining using the Vector RTU
HRP-avidin complex with 3,3'-diaminobenzidine as the chromogenic sub-
strate. The number of Mac-3-positive cells in the lung sections (n = 3 per
group and 10 fields per lung section) were counted manually and normal-
ized by alveolar lengrh.

EMSA. EMSA was cartied our according to a procedure desaribed previ-
ously (41). For gel shift analysis, 10 py of nuclear protein that had been
prepared from the lungs of mice exposed to air or to CS for 5 hours was
incubarted with the labeled human NQO1 ARE, and che mixtures were
analyzed on 2 5% nondenaruring polyacrylamide gel. To determine the
specificity of protein(s) binding to the ARE sequence, 50-fold excess of
unlabeled comperitor oligo (ARE consensus sequance} was incubarted with
the nuclear extract for 10 minutes prior to the addizion of radiolabeled
probe For supershift analysis, the labeled NQO1 ARE was first incubated
for 30 min with 10 pg of nuclear proteins and then wich 4 pg of anti-Nrf2
antibody for 2 hours. Normal rabbit IgG, {4 pg) was used as a control for
the supershift assay. The mixtures were separated on native palyaerylamide
gel and developed by autoradiography. The P22-Jabeled consensus sequence
for OCT 1 wasused asa conmol for gel foading, The EMSA was performed 3
times with thenuclear proteins isolated from 3 differencair- or CS-exposed
Nrf2* and Nef2~- mice.

Western blot analysis. Western blot analysis was performed according to
previousky published procedures (41}, To determine the nudlear accumu-
Number9
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lation of Ntf2, we used 10% SDS-PAGE to separate 50 pg of the nuclear
proteins isolared from the lungs of ait- or CS-exposed (5 hours) Nif2v* and
Nrf2+-mice. Then, we electrophoretically ransferred them onto a PVDF
membrane (Millipote). The membranes were blocked wich 5% (w/v) BSA
in Tris-buffered saline (20 mM Tris/HCl [pH 7.6] and 150 mM NaCl) with
0.1% [v/v] Tween-20 for 2 hours at room temperature, and then incubat-
ed overnight at 4°C with polyclonal rabbit anti-Nrf2 antibody, followed
by incubadon with HRP-conjugared secondary antibedy, The blots were
developed using an enhanced chemiluminescence Western blotting detec-
tion kit (Amersham Biosciences). Then, the blots were stripped and rep-
robed with ant-lamin B1 antibody.

To identify the acuve caspase-3, the lung rissnes (# = 3} were homog-
enized wich chelysis buffer (containing 50 mM Tris/HCl [pH 8.0], 150 mM
Na(l, 0.5% (v/v) Nonidet P40, 2 mM EDTA, and a protease inhibitor cock-
tail} on ice using 4 mechanical homogenizer. Following centrifugarien ac
12,000 g for 15 minutes, the protein concentration of the supernarant was
determined using Bradford’s reagent. Bqual amounts of protein {30 pg)
were resolved on 15% SDS-PAGE and transferred onro 2 PVDF membrane
{Millipore). The membranes were incubared with rabbir anti-caspase-3
andbedy and then with secondary and-rabbitantbedy linked to HRP con-
jugare. The blots were developed using che enhanced chemiluminescenrce
Western blotting detection kit {Amersham Biosciences). Thereafter, blots
were stripped and reprobed with anttbodies to actin, Western blot was pes-
formed chrice with protein extraces from 3 different air- or CS- exposed
(6 months) Nrf2%* and Nrf2~~ mice. Band intensities of procaspase-3 and
active caspase-3 of the 3 blots were determined using NIH Image-Pro Plus
software. Values are represented as mean + SEM.

Transcriptional profiling using oligonucleotide microarrzys. Lungs were excised
from control (zir-exposed) and CS-exposed (5 hours) mice (# = 3 per
group) and processed for total RNA extraction using the TRIzol reagent
(Iavitrogen). The isclated RNA was used for gene expression profiling
with Murine Genome U74A version 2 arrays (Affymetrix} using procedures
described earlier (42). To identify the differentially expressed wanscriprs,
pairwise comparison analyses were catried out with the Data Mining Tool
3.0 program (Affymecrix). Oaly those differentally expressed genes that
appeared in at least 6 of the 9 comparisons and showed a change of more
than 1.4-fold were selected. In 2ddition, the Mann-Whitmey pairwise com-
parison test was performed to rank theresults by concordance as an indica-
tion of the significance {P £ 0.05) of each identified change in gene expres-
sion. Genes which were upregnlated only in the lungs of wild-type mice
in response to CS were sefecred and used for the identificadion of AREs in
their upstream sequence.

Hentification of AREs in Nrf2-regnlated geties. To identify the presence and
location of AREs in Nrf2-dependent genes, the murine homologs of human
genes were employed (Human Genome build 34, version 1, the National
Center for Biotechnulogy Information [NCBI] database). For every gene,
a 10-kb sequence upstream from the transcription stare site {I'S8) was
used ro search for AREs with the help of Genamics Expression 1.1 Patrern
Finder Toe! software (Genamiss) using the pamaty core sequence of ARE
{RTGAYNNNGCR} (43) as the probe. TSS for all the genes was determined
by following the Human Genome build 34, version 1, of the NCBI dacabase

Northern blotting. Northern blotting was performed according to the
procedure described eatlier (42). Ini brief, 10 pg of rotal RNA isolated
from the lungs of air- and CS-exposed (5 hours) mice (n = 3) was sepa-
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rated on 1.2% agarose gel, transferred to nylon membranes (NYTRAN
Super Charge; Schieicher & Schuell), and ultraviolet-crosslinked. Full-
lengrh probes for NQO1, y-GCS (regulatory subunit), GST-al, HO-L,
TrxR, Prx-1, GSR, G6PDH, and f-actin were generated by PCR from
the cDNA of murine liver. These PCR products were radiolabeled with
[@-32P] cytidine triphosphate {CTP} and hybridized using QuickHyb
solution {Stratagene) according to the manufactueer’s protocol, After the
films were exposed to the phosphoimager screen for 24 hours, hybridiza-
tion signals were detected using a Bioimaging system {BAS1000, Fuji
Photo Film). Quanrification of mRNA was performed using Scionimage
analysis software (Scion Corporation). Levels of RINA were quancified
and normalized for RNA loading by scripping and reprobing the blocs
with 2 probe for -acrim.

Enzyme activity assays. For measuring enzyme activity of selecred genes,
mice were exposed to CS for § hours and sacrificed after 24 hours. The
lungs were excised (# = 3 per group) and processed s described (21) to
measure the acrivides of NQO1, GGPDH, GPx, Prx, and GSR. GPx activ-
iry was measured according to the procedure of Flohe and Gunzler (44).
NQO1 activity was derermined using menadione as a substrate (45). The
peroxidase activity of Prx was measured by monitoring the oxidation of
NADPH as described (46). GEPDH actviry was determined from therate
of glucose 6-phosphate-dependent reduction of NADP* (47). GSR activity
was determined from the rate of oxidation of NADPH by using oxidized
glutathione as substrate (48). Protein concentration was determined by
using the Biorad reagent, with bovine serum albumin as the standard. The
values for enzyme-specific activities are given as means + S$B. Student’s
t test was used to determine statistical significance.

Statistical analysfs. Sratistical analysis was performed by ANCVA, with
the selection of the most consarvative pairwise multiple comparison
method using the program SigmaPlat 2000 (SPSS Inc.), and differences
berween groups were determined by Stadent’s # test using the InStar pro-
gram (GraphPad Software Inc.).
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