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Fig. 6. Mechanist of chemoprotection by oltipraz against
urinary bladder carcinogenesis. Oltipraz reduced BEN-induced
carcinogenesis by suppressing the urinary exeretion of BCPN
by means of Nif2-dependent induction of BEN glucuronidation
in the Iiver. Moreover, oltipraz also works in the urinary bladder
by inducing phase 2 enzymes and antioxidant proteins, suchas
HO-1, to suoppress BBN-induced carcinogenesis. Furthermore, | I
oltipraz counteracted the BBMN-provoked urinary bladder- &7
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enzymes predisposes cells to neoplastic transformation. For example,
Nelson et al. (48) reported that the loss of GSTPI expression in the
_prostate precedes neoplastic transformation. Expression of the GSTP!
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 wrinary 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
intriguning. We found in this study that BBN significantly decreases
UGTIA pene expression in a dose-dependent manner and that this
decrease is observed as carly as 1 day after 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. Because suppression also was observed in Npf2~/~
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 (p53*/~ mice) are
susceptible to BBN-induced urinary bladder carcinogenesis (43). The
high susceptibility of p53*/~ mice to BBN 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
BBN carcinogenesis must be different from that observed in p53*/~
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 uvrinary 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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Genetic ablation of Nrf2 enhances
susceptibility to cigarette smoke—induced
emphysema in mice
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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 pulm diseases. Susceptibility of the lang 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 (Nrf2) is a redox-sensitive basic leucine zipper protein transcription factor that is involved in
the regulation of many detoxification and antioxidant genes. Disruption of the Ntf2 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 alveclar septal cells — predominantly endothelial
and type II 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 cavse of death
in United States (1). COPD is the only disease amoong the top 10
causes of death with rising incidence in the United Srates,and itis
predicted ro reach worldwide epidemic proportions (2). Cigarette
smoking accounts for most of this debilitating disease, bus other
environmental risk factors inclade air pollution and chronic occu-
pational exposure to various dusts (3).

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

Nonstandard abbreviations used: ARE, antioxidant response element; BAL,
bronchoalwolar lavage; COPD, chronic obstructive pulmnonary disease; CS, cigaretee
smoke; EMSA, electrophoretic mobifity shift assay; GGPDH, glucose-6-phosphaté
dehydrogenase; y-GCS, y-glutamyl cysceine synthase; GPr, glurathione peraxidase;
GSR, glutachione reductase; GST, glucachione S-trapsferase; HO-1, heme axygenase-1;
NQO1, NADPH: guinone oxidoreductase-1; Nrf2, nuclear fackor, erythroid-derived.

2, like 2; OCTY, octamer transcription factor 1; 3-ox0-dG, 8-cuo-7,8-dihydre-2"-
deoxyguanosine; Prx-1, peroxiredoxin-1; SpC, surfactant protein C; TrxR, thioredoxin
reductase; TSS, ranscription start site; [GT, UDP-glucuronosyl transferase.
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been shown to contribute to a protease/antiprotease imbalance,
thereby favoring destruction of alveolar extracellular marrix in
cigaretie 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 emphbysema (8).
There is recent evidence that apoptosis of alveolar septal cells also
contributes to human emphysema and is required for experimen-
tal emphysema caused by inhibirion of the vascular endothelial
growth factor receptor (4).

Markers of oxidative stress {e.g, bydrogen 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
critical antiproteinase inhibitors such as «1-antitrypsin (10}, and
enhances apoptosis of alveolar cells (4). Inflammatory media-
tors such as interleukin-8 and tumor necrasis factor-a, which
are increased in bronchoalveolar samples obtained from patients
withy COPD (10, 11), are regulated by proinflammatory redox-sen-
sitive rranscriprion factors, including nuclear factor-xB and acti-
vator protein-1. Numerous studies have demonstrated that the
susceptibility of the lung to oxidative injury depends largely on
the upregulation of protective antioxidant systems {10}, Although
oxidative stress, which originates from CS and infiltrating inflam-
marory cells, is suspected to be involved in the etioparhogenesis 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 thar protect the lungs
against oxidarive stress may either directly determine susceptibilicy
to alveolar tissue destruction in emphysema or act as modifiers
of risk by affecting the intensity of inflammation associated with
chronic CS inhalation.

Linkage analysis of hyperoxia-resistant and -sensitive mouse
strains have identified naclesr factor, erythroid-derived 2, like 2 (Nf2)
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 oxidavive or electrophilic
stress, deraches from irs cyrosolic inhibitor, Keapl, translocates ro
the nucleus, and binds to the antioxidant response element {ARE)
in the promoter of target genes, leading to thefr transcriptional
induction (13). Though Ettle is known about Nrf2-regulated genes
in the lungs, the recognized members of this group include sev-
eral critical antioxidant genes, such as heme oxygenase-1 (HO-1),
y-ghatamyl cysteine synthase (y-GCS), and several members of the
glutathione S-transferase (GST) family (13).

We have postulated that Nrf2 is a ¢ritical transcription factor
thar determines susceptibility to lung inflammation, oxidative
stress, and alveolar cell apoptosis caused by chrouic exposure to
CS. In the present study, we demonstrare that disruption of the
N2 gene led-to eatlier-onset and more extensive CS-induced
emphysema in mice. Thus, responsiveness of the Nrf2 pathway in
lung cells plays a critical role in attenuating the development of
CS-induced emphysema.
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Results
Histological and lung morphometric studies, Lungs from air-exposed
Nrf2-disrapted (Nrf2+") and wild-type (Nr/2+*) mice showed nor
mal alveolar structure (Figure 1). Since the alveolar diameter of air-
exposed NrfZ7- mice was slightly smaller
than that of air-exposed wild-type mice
{Table 1), we undertook detailed lung
morphometric measurements, as well

Table 1

research article

Figure 1

Increased susceptibility of Nif2-- mice to CS-
induced emphysema., Shown are H&E-stained
lung sections from Mrf2++ and Nrf2-- mice
exposed to alr alone (Aand B, Eand F, and |
and J) andto CS(Cand D, Gand H, and K and
L} at the indicated times, Sections from the air-
exposed Nrf2++ and Arf27- mice show normal
alveolar structure (n = 5 per group). Lung sec-
tions from the CS-treated (6 months) Nif2+- mice
show increased air space enlargement when
campared with the lung sections from the CS-
freated Nrf2+* mice. Original magnification, x20.

tent/fu!l/ 114/1248/9/DC1). Histochemical staining for reticulin
and elastin showed similar alveclar archirecrure in the wild-type
and knockout lungs, with progressive attenuvation of alveolar septa
occurring between day 10 and 2 months of age inn both genetic back-
grounds (Supplemental Pigure 1A). At 2 months of age, there was
no significant differcnce in the total lung capacity (Supplemental

. Methods) berween che air-exposed Nrf2%* (1,19 £ 0.16 ml; average

weight of mice, 23 £ 1.4 g) and Nrf2~" mice (1.12 # 0.19 ml; average
wejght of mice, 23 + 1.2 g), and the proliferation rate was similar in
Nif2*/* and Nrf2+ lungs (Supplemental Figure 1D). Finally, Nrf2v*
and Nrf2-/- Tungs had similar ultrastructural alveclar organization,
with alveolar-capillary membranes lined by type Iepithelial cells,
and both had normal alveolar type II cell populations (Supplemen-
tal Pigure 2, A and B). Histological examination of the lung sectivns
did not reveal any tumors in air- or CS-exposed ntice. Furthermore,
HaE-stained lung séctions did not show any significant jinflamma-
tion in the lungs of air-exposed N2+ or Nrf2~" mice (Figure 1 and
Supplemental 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 1o 6 months, and CS-induced Jung dam-
age was assessed by computer-assisted morphometry. There was a
dramatic increase in alveolar destruction in the lungs of Nrf2-dis-
rupted mice when compared to wild-type ICR mice after 6 months
of exposure to CS. Both the zlvealar diameter {increased by 33.1% in
Nrf2-/~ys. 8.5% in Nrf2¥* mice) and meanlinear intercept (increased
by 26.1% in Nrf2 ~-vs. 8.3% in Nrf2¥* mice) were significantly higher
in CS-exposed Nrf2-disrupted mice (Table 1 and Figure 1). Alveo-
lar enlargement was detected in the lungs of Nrf2+- mice as early
as 3 months after exposure to CS began (Table 1 and Pigure 1),
suggesting an carlier onset of emphysema in Nrf2-disrupted mice.
Long-term (6 months) exposure of Nrf27* mice vo CS resulted inan
increase of less than 10% in the mean linear intercept and alveolar

Effect of chronic exposure to CS on lung morphometry

as light microscepic and ultrastructural

studies, to ensure that Nrf2~ lung does Groups  Time of
not have delayed development or com- exposure (mo)
promised structural integrity when main- Nrf2e# 15
tained in normal room air. There were no 3
significant differences in alveolar diameter 6

and mean linear intercept between Nef2v+  Mrf2* 15

and Nrf2~- lungs at 3 days, 10 days, 2 g

mounths, or 6 months of age (Supplemen-

Alveolar diameter () Mean linear intercept {i.m)

Air CS  %lncrease Air CS  %Increase
372+13 30i:15 51 51.9:23 523118 1.9
375+16 405:x14 79 51.8:27 53616 33
388215 422:17 85 52621 570x15 83
345113 370:x16 72 50020 521:20 43
34912 41.8:x14 195 521£18 580+21 112
3/B8+14 477150 334 53517 67523 261

tal Figure 1, A-C; supplemental material
available ar http://fwww.jci.otg/cgifcon-
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Values shown are tha mean + SEM for groups of 5 mice each. AP 5 0.05, significantly greater than the
(:8-exposed (8 months) Nif2+* mice,
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TUNEL

diamerer (Table 1), highlighting the intrinsic resistance of Nq‘Z‘f *
ICR mice ro CS-induced pulmonary emphysema.

Apoposis assays. To determine whether chronic exposure to C5 (8
months) induced apoptosis of alveclar septal cells in vivo, we con-
ducted TUNEL on lung sections from air- and C3-exposed mice,
Labeling of DNA strand breaks in situ by fluorescent TUNEL
demonstrated a higher number of TUNEL-positive cells in the
alveolar septa of CS-exposed Nrf2~- mice (154.27 TUNEL-posi-
rive cells per 1,000 DAPI-positive cells) than in CS-exposed Nrf2v*
mice (26.42 TUNEL-positive cells per 1,000 DAPI-positive cells) or
in air-exposed Nrf2-~ ot Nrf2%* mice (Figure 2, Aand 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 endothelial cells, and anti-Mac-3 to label
macrophages revealed the occurrence of apoptosis, predominantly

1250

~ Merged B -

O N2
54 MNrz~

TUNEL*A 000 DAPE cells
w

Alr CS, 6me

Figure 2
Cigarette smoke exposure causes lung cell apoplosis as
assessed by TUNEL in Nrf2+- lungs. (A} Lung sections
{n = 5 pet group) of room air— of CS-exposed (8 months)
Nrf2++ or Nri2+ mice were subjected to TUNEL (left col-
umn} and DAPI stain {middle cclumn). Merged images are
shown In the right column, CS-exposed Mrf2+ mice show
abundant TUNEL-positive cells (arrows) in the alveolar
septa. Magnification, x20. (B) Quantification of TUNEL-
positive cells {per 1,000 DAPL-stained cells). The number
of TUNEL-positive cells was significantly higher in the
CS-exposed Nrf2+- mice as compared with their wild-type
counterparts (*P < 0.05). Values represent mean x SEM.
(C) Identification of apoptotic (TUNEL-positive) type Il epi-
thelial cells (left column), endothelial cells {middle column),
~ and alveclar macrophages (right column} in the lungs of
CS-exposed (6 months) Nrf2++ and Nrf2+- mice. Type 1
. epithelial cells, endothelial cells, and alvealar macrophages
were detected with anti-SpC, anti-CD34, and anti-Mac-3
- antibodies, respectively, as outlined in Methods. Nuclei
wera defacted with DAPI (biue). Shown are the merged
" images, with colocalization (yellow arrows) of cell-specific
markers (cytoplasmic red signal) and apoptosis {nuclear
green + blue DAPI signal, resulting In a lavender-iike sig-
nal}; non-apoptotic (TUNEL-negative) cells with positive
cell spacific marker (red signal) are highlighted with a red
armow. TUNEL-positive apoptotic cells lacking a cell-specific
. marker are highlighted by white arrowheads. The majority
of TUNEL-positive cells consisted of endothelial and type Il
epithelial cells, whereas most alveolar macrophages were
TUNEL negative. Scale bars: 5 um.

i
R

in endothelial (Nrf2-~ = 52 + 3.6 vs. Nrf2*/* = 8 + 1.8 TUNEL-posi-
tive and CD34-positive cells per 1,000 DAPL-positive alveolar cells)
and type I epithelial cells (Nr2+/- =43 £ 43 vs. Nrf2v* =6 £ 0.96
TUNEL-positive and SpC-positive cells per 1,000 DAPI-positive
alveolar cells) in the lungs of CS-exposed Nrf2+- mice when com-
pared with Nrf2+* miice. Most alveolar macrophages i CS-exposed
lungs did not show evidence of apoptosis (Nrf2+~ =5 + 0.42 Mac-3-
positive cells per 1,000 DAPI-positive cells vs. Nrf2'/* = 3 + 0.56
Mac-3-positive cells per 1,000 DAPI-positive cells).
Immunohistochemical analysis showed a higher number of
caspase-3-positive cells in the alveolar septa 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-
trol Nrf2-*- and wild-type mice showed few or no caspase-3-posi-
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Figure 3

CS teatment leads to activation of caspase-3 in Nrf2+ lungs. (A) Active caspase-3 expression in lung sections from CS-exposed (6 months)
Nrf2++ and Nrf2+ mice. CS-exposed Nrf2 - mice show increased numbers of caspase-3—positive cells in the alvedlar septa {(n = 5 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-
canlly higher in the lungs of CS-exposed Nrf2-- mice. (C} Increased expression of the 18-kDa active form of caspase-3 in lungs of CS-exposed
(6 months) Nrf2~- 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- of CS-exposed Nrfa++
and Nrf2+ lungs. Values are represented as mean + SEM. (E) Caspase-3 activity in the Jungs of air- or CS-axposed (6 months) Nrf2+ and
Nrf2+ mice. Caspase-3 activity was significantly higher in the lungs of CS-expased Nrf2-- mice than in the lungs of their wild-type counterparts
{n = 3 per group). Values (relative flucrescence units [RFUJ are represented as mean £ SEM. *P < 0.05 vs. CS-exposed Nrf2+* mice.

tive cells (Figure 3, A and B). Bnhanced 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 Nrf2*" mice; Figure 3, C and D), as well as by increased
caspase-3 enzymatic activity (increase in activity in Nr/2-/~ mice was
2,1-fold that of CS-exposed Nrf2*%* mice; Figure 3E).

Marker of oxidative stress in the langs. Immunohistochemical stain-
ing with anti-8-0x%0-7 8-dihydre-2'-decxyguanosine (anti-8-oxo-
dG) anribody was used to assess oxidative stress in both Nvf2--and
Nrf2** lungs after inhalation of CS. A small number of alveolar
septal cells (1.78 cells/mm alveolar Iength) exhibived staining for
8-ox0-d( in lung sections from the Nrf2¥* mice, whereas signifi-
cantly more (16.8 cells/mm alveolar length) were stained in the
Nrf2-- mice (Figure 4, A and B). Lung sections from air-exposed
Nif2** and Nef2-~ mice showed few or no 8-oxo-dG-positive cells.
Immunostaining with normal mouse IgG antibody did notshowany
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
oxidative damage to the lungs of the Nrf2-disrupted mice.

Inflammatory cells in the langs. Analysis of differential cell counts
in the bronchoalveolar lavage (BAL) fluid revealed a significant
increase in the number of total inflammarory 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 ajr-exposed control littermates (Figure
5A). However, the rotal number of inflammatory cells in BAL fluid
from the CS-exposed Nrf2+- mice was significantly higher than in
CS-exposed wild-type mice. Among the inflammarory cell popu-
lation, macrophages were the predominant cell type, constituting
as much as 87-90% of the total inflammatory cell population in
the BAL fluid of both genotypes exposed to CS. Other inflamma-
tory cells such as polymorphonuclear leukocytes, eosinophils, and
lymphocytes constituted 10-13% ofthe total inflammatory 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/rum alveolar length) when compared with lungs of their
wild-type counterparts (2.27 Mac-3-positive cells/mm alveclar
length). However, the immunohistochemical staining did not show
any significant difference in the number of alveolar macrophages
in the lungs of air-exposed Nrf27/* (0.96 Mac-3-positive cells/mm
alveolar length) and N2+~ mice (1.18 Mac-3-positive cells/mm
alveolar length). There were significantly fewer neutrophils and
lymphocytes than there were macrophages. Thete were 0.92 versus
0.49 nenrrophils 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 sensitivity of Nri2-- mice to oxidative stress after CS exposure. (A) Immunchistochemical staining for 8-oxo-dG In lung sections from
the mice expased to CS (6 months) {n = 5 pet group). Lung sections from the CS-exposed Nrf2-- mice show increased staining for 8-oxo-dG
{indicated by arrows) when compared with lung sections from CS-exposed Nif2++ mice and the respective air-exposed control mice. Magnifica-
tion, x40. (B) Quantification of 8-oxo-dG~positive alvealar septal cells in lungs after 6 months of CS exposure. The number of cells that reacted
with anti-8-oxo-dG antibody was significantly higher in the lung fissues of the CS-exposed Nrf2--mice than in the lung tissues of the CS-exposed
Nrf2++ mice and airexposed control mice. Values (positive cells/mm alveclar length) represent mean + SEM.*P < 0.05 vs. CS-exposed Nif2H+
mice. (€) Immunohistochemical staining with normal mouse-IgG1 antibody In lung sections from air- of CS-exposed Nif2+/* and Nrf2+- mice.

Magnification, x40. Scale bars: 25 pm.

Activation of Nrf2 in the lungs of Nrf2'/* mice. An electrophoreric
mobility shift assay (EMSA) was used to determine the activation
and DNA binding activity of Nrf2 in the lungs in responss to acute
exposure of the mice to C5 (S howrs) . In response to CS, there was
an increased binding of nuclear proteins isolated from the lungs
of CS-exposed Nrf2¥* mice to an oligenucleotide probe containing
the ARE consensus sequence, as compared to the binding of nuclear
proteinsisolated from CS-exposed Nrf2+- mice or air-exposed con-
trol mice. Supershift analysis with anti-Nif2 anribody also showed
the binding of Nrf2 to the ARE consensus sequence, suggesting
the activation of Ntf2 in the lungs of Nrf2** mice in response to CS
exposure (Figure 6A). However, supershift analysis of the nuctear
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 nuclef isolared from the lungs of CS-exposed Nrf3¥* mice,
suggesting the nuclear accumulation of Nrf2 in the lungs of wild-

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

needed for the activarion of ARE and the transcriptional induction
of various 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 exanined the
pulmonary expression profile of air- and CS-exposed (5 hours)
mice by oligonucleotide microarray analysis using the Affymetrix
mouse gene chip U74A. The complete gene expression darta set
is available at http://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 N7f2-/~ mice, in response to CS.
The regions upstream of the transcription start site of these Nrf2-
dependent genes were analyzed for the presence of putative AREs
using the Genamics Bxpression 1.1 Pattern Finder Tool software.
The location of the AREs in these Nrf2-dependent genes are
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also presented in Table 2. Nrf2 regulates abour 50 antioxidant
and cytoprotective genes. The majority of these Nrf2-regulated
genes contain possible funcrional AREs in the genomic sequences
upstream of their transcription start sites.

Validation of microarray datu by Northern blot and enzyme assay. Valida-
tion of the microarray data was performed using the samples used
in the arrays. Northern hybridizarion confirmed the transcription-
al induction of genes invelved in glurathione synthesis (glutamate
cysteine ligase modifier subuniz [GCLm]), NADPH regeneration
(glucose-6-phosphate dehydrogenase [GEPDH]), detoxification of
oxidative stress-inducing components of CS (by NADPH: quinone
oxidoreductase-1 [NQO1], GST-al, HO-1, thioredoxin reductase
[TrxR], and peroxiredoxin-1 [Frx-1]) in the lungs of CS-exposed
Nrf2+¥* but not Nrf2~~ mice (Figure 7A). Glutathione reductase
(GSR) was also induced in CS-exposed Nrf2~/~ mice; however,
the magnitude 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-al, 2-fold; heavy subunit of
v-GCS [f-GCS{h)], 4.8-fold; TrxR, 4.8-fold; GEPDEH, 2.2-fold; HO-1,
3.4-fold; GSR, 1.8 fold; Prx-1, 1.6-fuld), as measured by Northern
analysis, were comparable to those determined by microarray.

Enzyme assays of selected gene products (NQOI, GSR, Prx,
glutathione peroxidase [GPx) and GEPDH) were carried out to
determine the extent to which their transcriptional induction in
the lung paralleled changes in their acrivities (Figure 7B). There
were significant increases in the activities of all enzymes in the
Tungs of CS-exposed Nrf2%* mice when compared to those of CS-
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 emphyseina, particularly
inflammation and apoptosis, Nrf2-induced gene expression may
afford wide protection against the injurious effects of CS in the lung,
The enhanced susceptibility of Nrf2-disrupred mice to CS-induced
emphysemais remarkable, since the ICR parental strain (14) hasbeen
shown to be intrinsically resistant to CS$-induced alveolar destruction
and air space enlargement, as compared to susceptible strains such
as C57BL/6] and DBA/2 (15). The highet levels of autioxidants and
al-antitrypsin in the lungs of TCR strain mice, as compared to those
of susceptible strains, may contribure to this resistance (15).

Figure 6

Activation of Nrf2 in CS-exposed Nrf2++ lungs. (A) EMSA to determine
the DNA binding activity of Nif2. For gel shift analysis, 10 ug of nucle-
ar profein from the lungs of air-and CS-exposed mice was incubated
with the labeled human NQQO1 ARE sequence and analyzed cna 5%
non-deniaturing polyacrylamide gel. For supershift assays, the labeled
NQO1 ARE was first incubated with 10 pg of nuclear extract and then
with 4 pg 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-Nif2 antibody, thus confirming the binding of
Nrf2 to the ARE sequence (upper arrow). Ra—igG;, rabbit 1gG. (B}
Nuclear accumulation of Nrf2, Western blot analysis with anti-Nrf2
antibody showed the nuclear accurnulation of the transcription factor
Nrf2 in the fungs of Nrf2++ mice In response to CS exposure (fanes 1
and 3; airexposed Nrf2-+ and Mrf2++ mice, respectively; lanes 2 and4:
CS-exposed N2~ and Nrf2++ mice, respectively; lamin B1 was used
as the loading control). Western biot analysis was carried out 3 times
with the nuclear proteins isolated from the lungs of 3 different air- or
C8-exposed Nif2++ and Nrf2--mice.
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Figure 5

Increased inftammation in the lungs of CS-expesed 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 6
months) Nri2-- mice was significantly higher than in the BAL
fluid from CS8-exposed Nrf2+/+ mice and the respective age-
matched conirol mice. Values represent mean + SEM (n = 8).
PMNs, palymorphonuclear leukocytes. *P < 0.05 vs. control
of the same genotype; TP < 0.05 across the genotypes in
CS-exposed group. (B} Immunchistochemical detection of
macrophages (arrows) 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 &
months of CS exposure, The lung sections from the CS-
exposed Nrf2-"-mice showed significanly more macrophages
than did those from wild-type counterparts exposed to CS
(P = 0.025}. However, there was no significant difference
in the number of alveolar macrophages between the air-

*f" exposed Nrf2++ and Nrf27- mice (P = 0.9).

We fornd thar deletion of Nrf2 resulted in increased
alveolar inflammation, alveolar septal cell apoprosis
involving predominantly endothelial and type Il epitheli-
al cells, enhanced alveolar oxidative stress, and ultimately
more pronounced emphysema following exposuare to CS,
when compared with wild-type mice. Such broad lung
pathogenic effects resulting from elimination of Nrf2
indicate that, in CS-induced emphysema, oxidarive stress
regulates the intensity of alveolar inflammation, the
extent of alveolar cell ap-oprosis, and ulrimately 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 C57Bl/@]
mice {(when comparsd to MMP12+" niice) (7). Despite abundant
evidence of the elevation of markers of pulmonary and systemic
oxidative stress in chronic smokers, there is a paucity of mechanis-
tic support for the centrality of oxidative stress in the pathogenesis
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Table 2

Nrf2-dependent protective genes Induced by CS in the lungs of M2 wild-type mice

Functional classification
and gene accession no.

Anfioxidanis
X56824 (X06985)

U38261 (U10118)
X01864 (X65314)
1113705 (X58295)
185414 (MOGSE).
95053 (L35546)
AF090686 (MG0306)
L39879 (BCOD4245)
Al118194 (X67951)
AIB51983 (X15722)
AB027565 (X91247)
211911 (X03674)
AW120625 (U30255)
Detoxification enzymes
LOB04T (AFD25887)
JO3958 {M16594)
X65021

A1843119 (U90313)
X53451 (X06547)
J03952 {J03817)
12961 (J03934)
LI20257 (U09623)
AV089850 (M74542)
U04204

ABO17482 (AH005516)
AB025408 (AF112219)
16818 (J04093)
AF061017 (AFOG1016)
Protective proteins
M64086 (AH002551)
AB034693 (AB034695)
AW120711 (AF087870)
017666 (AU130219)
AF055638 (AF265659)
U08210 (M16983)
X04647 (X05562)
Transcription factors
AB0096%4 (AJ010857)
AF045160 (US19684)
Protein degradation
AV305832 (M26880)
AW121693 (AAD20857)

U40930 (BCO17222)
Transpotiers
M22998* (K03195)
X67056 (570612}
U75215 (BCO26216)
Phosphatases
MG7580 (AHOO3242)
X58289 (X5431)
Receptor

AJ250490 (AJ001015)

Gene

Heme oxygenase T

Superoxide dismutase 3¢

Glutathione peroxidase 28

Glutathione peroxidase 38

Gamma glulamyloysteine synthase (catalylic)
Gamma glutamyleysteine synthase {regulatoryy*
Transcobalamine ff®

Ferritin light chain T

Peroxiredoxin 1*

Glutathione reductased

Thioredoxin reductase 1#
Glucose-6-phosphate dehydrogenase®
Phesphogluconate dehydrogenase?

Glutathione-5-transferase, e 10
Glutathione-S-transferase, a2h
Glutathlone-S-fransferase, «3%
Glutathione-S-transferase, 618
Glutathione-S-transferase, n28
Glutathione-S-transferase GT8.7°
NADPH: quinone reductase T
Aleohol dehydrogenase 7 (class [V)B
Aldehyde dehydrogenase family 3, subfamily A1®
Aldo-keto reductasel, member Bg®
Retino! oxidase/Aldehyde oxidase®
Eslerase 108

UDP-glucuronosyl transferase®
UDP-glucose dehydrogenase®

ai-antiirypsin proteinase inhibitor®
Endomucin-1#

Dnaf (HSP 40} homolog®
Mitochondtial siress = 70 profein®
GADD4SES

Tropooiastin®

Procollagen type IV, 028

inafF®
HIF-1a related factor®

Ubiquitin C®

Proteasome (proseme, macropain) 265 subunit,
nan ATPase, 18

Segeslosome 18

Solute carrier family 28
Glyelne transporier®
Neutral amino acid transporfer mASCTT®

Tyrosine phosphatase (FTP1P
Protein tyrosine phosphatase, receptor type B2

Receplor activily modifying protein 28

Fold ehange £ SE

4704

1704
27204
14204
76205
73205
16203
15203
15+03
33:04
43:04
2003
2104

2003
26x03
1503
20103
3103
1.6+03
93405
28+03
11.1£08
54105
23104
34204
14203
1.5+06

47103
15203
19104
16+03
2403
28209
19:+04

26204
20204

18104
1.7+03

29:04
29102
18:03
38:03

1.6+03
1704

1.6+03

ARE position

3928, -3992, 6007, 7103, ~8078,
007, 9036, ~9065, ~9500
2362, -3171,-5262

44, -3600

~7144, -9421

3479, ~3524, ~5421

44

3751, —6362, -8236

1379

—78,-8413, 9652

415, 9433

~121, 4328, 9521

-2504, ~2109

-757,-3963

NF :
-6662,~ 6961, 7751
No hitman homolog
~-255 -

=71

=1209

527

—-28094

-4223

No human homolog
-8579

4105, 4264
5431, 6221
3438

-4117

-2565

-155, —2787, 5320
~2675, -3302

327

NF

NF

-3834, -6537, -8279, 8301, 8445
-3855, 5001

-1393, —3755, 4481
NF

=360, —1328

-3351, -5111,-9304
=387, ~8451

-3695, -8547

8045, -3232, ~7029, ~9584
8166, ~9561, 9662

-5023, -3455

AREs reported in the table are for human genes homolegous 1o the respeciive’ mousa gane; the number in parenthesis refers fo GenBank human acces-
sion number. To locate the AREs in each gane, we scanned 10-kb sequences upstream of the TSS in both strands using the ARE consensus sequence
RTGAYNNNGCH as probe; the TSS for each gene was determined by following the Human Genomea build 34, version 1 of the NCBI database. AGenas
that have already been reported to have AREs and fo be regulated by Nif2; RGenes with the newly identified AREs using Genamics Expression 1.1 Pattern
Finder Tool software (see Methods). NF, not found.
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Vatidation of microarray data by Northern blot and enzyme assays. (A) Analysis of mRNA levels of NQO1, GCLm, GST-a1, HO-1, TrxR, Prx-1, GSR,
and G&PDH in the lungs of Nirf2++ and Nrf2-+-mice exposed to either air or CS (i = 3 per group). (B} Effect of CS on the specific activities of selected
enzymes in the lungs of Nrf2++ and Nrf2-*- mice. Values represent mean + SE {n = 3 per group). *P < 0.05 vs. conirof of the same genotype.

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

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 recogrized as
a critically important mechanism of alveolar septal destruction
in emphysema. Apoptosis is required for emphysema caused by
VEGF recepror inhibition and is sufficient to cause emphysema,
as demonstrated in mice instilled intrabronchially with active
caspase-3 (16). However, the contribution of alveolar cell apoptosis
bias not been addressed in animal models of CS-induced emphy-
sema. Long-term exposure to C8 resulted in increased apoptosis
of endothelial and type II epithelial cells at the 6-month time
point in the lungs of CS-exposed Nrf2+/~ mice when compared
with CS-exposed Nrf2¥* mice. Staining of the TUNEL-labeled
lung sections with Mac-3 antibody showed the presence of few or
no apoptratic macrophages in the lungs of CS-exposed Nrf2¥* or
Nrf2+- mice. Immunohistochemical staining, enzyme assay, and
Western blot analysis have also revealed the increased number
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or activiry of caspase-3 in the lungs of CS-exposed Nrf2+- mice,
suggesting the occurrence of excessive apoptosis. The presence of
enhanced lung apoptosis in these N2+~ mouse lungs might be
related to enhanced oxidarive stress, inflammation, or excessive
lung proteolysis, Oxidative stress and apoptosis are part of a muru-
ally interactive feedback loop i VEGE recepror blockade-induced
emphysema (4). Furthermore, reactive oxygen and nitrogen spe-
cies can modify and inactivate 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 correlare
with the degree of emphysema (17) and the amount of unopposed
leukocyte elasrase (18), gelatinase, or collagenase {19) activity,

Consistent with a central role for Nrf2 in the upregulation of
antioxidant defenses during CS-related stress, in Nrf2~~ mice
exposed to C§, there was an enhanced formation of 8-oxo-dG,
one of the most abundant DNA adducts in response to oxidative
stress (20). The importance of Nrf2 in afferding protecrion dur-
ing oxidative stress has already been hightighted by the enhanced
susceptibility 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 Nrf2 wild-type
mice, but not Nrf2-disrupred mice, have functions likely to confer
protection against oxidative stress and inflammation.

Nrf2 — in association with several other proteins such as small
maf proteins, c-jun, ARE binding protein-1, CBP/p300,and p160
family coactivators — 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, parricu-
larly of Nrf2 in the lungs of CS-exposed N»2*%* mice, as confirmed
by the supershift analysis with anti-Nrf2 autibody. The slightly
increased binding of nuclear proteins to ARE in knockour lung
November 2004
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extracrs is probably due to the involvement of proteins other than
Nrf2, since the supershift analysis failed to detect a complex of
Nrf2 in Nr2~- lung extracts. Western blot analysis confirmed the
nuclear accumulation of Nrf2 in the lungs of CS-exposed Nrf2*
mice. Increased nueclear Nf2 is critical for the activation of ARE
and the transcriptional induction of various antioxidant genes.

Nrf2, in response to CS, regulates genes involved in two major
tedox systems, the glutathione and thioredoxin systems (25, 26).
Enzymes involved in glulathione synchesis (y-GCS catalytic and
regulatory subunits), members of the GST family, GSR, GPx2,
(3Px3, and genes that coustitute the thioredoxin system (TrxR and
Prx-1) were all induced in the Jungs of Nrf2** mice in response
to CS. The members of these redox systems interact with vari-
ous transducers and effector molecules to bring about antioxi-
dant-specific responses, The regeneration of reduced Tex and
glucathione by TrxR and GSR, respectively, utilizes NADPH as a
reducing equivalent generared by G6PDH and phosphogluconare
dehydrogenase, both of which are also induced in Nrf2** lungs.
Prx-1 and GPx red uce hydroperoxides by urilizing two electrons
provided by Trx and glutarhione, respectively. In addition, GPx
and peroziredoxins have been shown ro play a potential role in
pratection against peroxynitrite (27), 2 potent oxidant generated
from the reaction of superoxide and nitrous oxide present in CS.
Purthermore, the oxidized forms of GPx and peroxiredoxins are
reduced back to their functional formis by Trx (28). These results
suggest a cross talk between the thioredoxin and glutarhione redox
systems and the NADPH regenerating systen.

Several GSTs, as well as UDP-glucuronosyl transferase (UGT)and
NQO1, were selectively induced only in Nrfe¥* mice in response to
CS. Various isoforms of GSTs and UGTs play important roles in
the detoxification of tobaceo smoke carcinogens such as 4-(methyl-
nitrosamine)-1-{3-pyridyl)-1-butanone, benzo(a}pyrene and other
polycyclic aromatic hydrocarbons that act as electrophiles aad
cause DNA damage and cytotoxicity (29, 30). NQO1 blocks redox
cycling of polyaromatic hydrocarbons and benzoquinones pres-
ent in CS (31), thereby reducing the levels of ROS and presumably
B-0xo-dG. Various enzymes, including aldehyde dehydrogenase
and aldo-keto reductase, which are involved in the detoxificarion
of reactive aldehydes such as acetaldehyde and acrolein, were selec-
tively induced in the lungs of CS-exposed Nrf27* 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 yer poorly soluble ferric
iron (32, 33), were induced only in the lungs of CS-exposed Nrf2**
mice. Reduction of ferric iron by superoxide can generate reactive
hydroxyl radicals via the Fenron reaction. Superoxide dismurase 3,
the major extracellular antioxidant enzyme in the lung that
atrenaates ROS-mediated lung cell injury and inflammarion,
is also selectively upregutlated 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 Nif2-regu-
lated genes included the DNA damage repair protein GADD45G,
lung structural proteins such as tropoelastin and procollagen type
IV, 2, and endomucin-1, sequestosome 1, MafF, HIF-1a-related
Factor and e 1-antitrypsin proteinase inhibitor. Mutations in the
al-antitrypsin proteinase inhibitor have been associated with an
increased risk of COPD (35). Burthermore, we have located one or
more AREs in the upstream regions of most of these differentially
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expressed genes, indicating the possibility of a direct role for Nrf2
in their rranscriprional induetion.

Taken together, these results provide a clear link between 2 defec-
tive response of the rranscription factor Nrf2 and several lung
problems: excessive oxidative stress, increased apoptosis, inflam-
mation, and worsened emphysema, Nrf2 is activated in response
to CS in the lungs of wild-type mice, leading to transcriptional
inducrion of target genes that might provide resistance against the
development o emphysema. Conversely, a lack ol responsiveness
of the Nrf2 pathway confers susceptibility to severe emphysema
due to C§ exposure in this model. The identification of Nrf2 as
a determinant of susceptibility can have wide implications in the
area of tobacco smoke-related Iung diseases, where oxidative stress
and inflammation play important roles.

Methods

Antibodies and reagents. We used the following antbodies and reagents:
anti-caspase-3 polyclonal antibody for immunchistochemistry (Idun
Pharmaceuricals); biotinylated anti-mouse IgG, peroxidase-conjugared
streptavidin, Vectashield HardSet mounting medium, and RTUHRP-avidin
complex (Vecror Laborartories); rabbit ant-SpC antibody (Chemicon Inter-
natonal Inc); rar anti-mouse Mac-3 antibody (BD Biosdences); anti-rabbit
Texas red antibody, streptavidin-Texas red conjugated complex, and DAP]
(Molecular Probes Inc.); biotnylated rabbit anti-mouse secondary anribody
(DakoCytomation), octamer transcription factor 1 (OCT1) and CaspACE
Assay kit (Promega Corp.); leupeptin, pepstatin 4, and nerm al mouse IgGy
{Sigma-Aldsich); ratr anti-mouse neutrophil antibody (Serotec); actin and
anti-mouse CD4SR primary andbody (Santa Cruz Biotechnology Inc);
rabbit anti-caspase-3 antibody for Western blot (Cell Signaling Technol-
ogy Inc);anti-CD34 and anti-lamin Bl antibody (Zymed Laboratories Ine);
and CH11 monodlonal antibody (Beckman Coulrer [nc).

Animals and care. Nef2-deficient ICR mice were generated as described
{14). Mice were genotyped for Nrf2 status by PCR amplification of
genomic DNA extracted from blood {36). PCR amplification was carried
out using 3 different primers: 5 TGGACGGGACTATTGAAGGCTG-3'
(sense for both genotypes), §'-CGCCTTTT CAGTAGATGGAGG-3' (ant-
sense for Nr2¥* mice), and §-GCGGATTGACCGTAATGGGATAGG-3'
(antisense for LacZ) (36). Mice were fed AIN-76A diec (Harlan Teklad) and
had access rowater ad libiruny; they were housed under concrolled 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, s set forch in NIH guidelines
and in the Policy 2nd Procedures Manual of the Johns Hopking Univer-
sity Animal Care and Use Commiteee.

EBxpostire to C5. The CS machine for smoke exposure was similar to the
one wsed by Witschi e al. (37). However, the exposure regimen in terms
of chamber atmosphere and duration of CS exposute was considerably
more intense. At 8 weeks of age, the mice were divided into four groaps
{n = 40 per group): conwol N2 wild-type mice, experimental Nrj2 wild-
type mice, conteol Nrf2-disrupred mice, and experimental Nrf2-disrupred
mice. The control groups were kept in a filtered air environment, and the
experimental groups were subjected to CS for various time periods. C3
exposure was carried out {7 hours/day, 7 days/week for up to 6 months)
by burning 2R4F reference cigarettes (2.45 mg nicotine per cigarerte;
purchased from the Tobacco Research Institare, University of Ken tucky)
using a smoking machine (Model TE-10, Teague Enterprises). Each smol-
dering cigarerre was puffed for 2 seconds, once every minure for a cotal of
8 puffs, at a flow rate of 1.05 Y/min, to provide a standard puff of 35 am®.
The smoke machine was adjusted to produce a mixture of sidestream
smoke (89%) and mainstream smoke (£1%) by burning five dgarerres at
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one time, Chamber armosphete was monitored for total suspended par-
ticulates and carbon monoxide, with concentracions of 90 mg/m* and
350 ppm, respectively.

Morphologic and morphometric unalyses. Afrer exposure to CS for vari-
ous time periods (1.5, 3, and 6 morths), the mice (n = § per group) were
anesthetized with halothane (Halocarbon Laboratoties) and thelungs were
inflated with 0.5% low-melting agarose at a constant pressure of 25 cm as
previonsly described (38). The inflated lungs were fixed in 10% buffered
formalin and embedded in paraffin. Sections (5 pm) were stained with
H&E. Mean alveolar diamerer, alveolar length, and mean linear incercepts
were determined by computer-assisted morphometry with Image Pro Plus
software (Media Cybernetics). The lung sections in each group were coded,
and representative images (15 per lung section) were acquired with a Nikon
E800 microscope (lens magnification, x20) by an investigavor who was
blind to the identity of the slides {4).

TUNEL assay. Apoprotic cells in rhe tissue sections from the agarose-
inflated [ungs were detected by the Fluorescein-FragEL DNA Fragmenta-
tion Detection Kit {(Oncogene Research Produces) according to the rec-
ommendations of the manfacturer. The lung sections (n ~ 5 per group)
were stained with the TdT labeling reaction mixwure and mounred with
Fluorescein-FragEL mounting mediiun {Oncogene Research Products).
DAP! and fluorescein were visualized at 330-380 nm and 465-495 nm,
respectively. Overlapping DAP! in red and FITC in green create a yeflow,
apoprotic:positive signal. Images (15 per lung section) of the lung sections
were acquired with a Nikon E80Q microscope (lens magnification, x20).
In each image, the number of DAPI-positive (red) and apoprotic cells (yel-
low) were counted manually. Apoprotic cells were normalized by the roral
number of DAPI-positive cells.

Hentification of alveolar apoptotic cell populations in the lungs. To identify the
differenct alveclar cell types undergoing apoptosis in the lungs, we per-
formed fluoresceat TUNEL labeling in the lung sections from the air- and
CS-exposed (6 months) Nrf2%* and Nrf2+~ mice, using the Fluorescein-
FragEL DNA Fragmentation Detection Kit (Oncogene Research Prod-
ucts). To identify the apoptetic type I epithelial cells in the lungs after
TUNEL labeling, weincubated the hung sections first with an anti-mouse
SpCantbody and then with an anti-rabbit Texas red antbedy. Apoptotic
endothelial cells were identified by incubadng che fluorescent TUNEL-
labeled secrions first with the antd-mouse CD¥34 andbody and then with
the biotinylated rabbir and-mouse secondary antibody. The lung secrions
were tinsed in PBS and chen incubated with the strepravidin-Texas red
conjugatred complex The apoprotic macrophages in the lungs were iden-
tified by incubating the TUNEL-labeled lung sections first with the rat
anti-mouse Mac-3 antibody and then with the anti-rar Texas red antibody.
Finally, DAPI was applied to zll luny sections, incubated for § minuves,
washed, end mounted with Vectashield HardSet mounting medium {Vec-
tor Laboratories). DAPI and fluorescein were visualized at 330- 380 om and
465-495 nm, respectively. Images of the lung sections were acquired with
the Nikon E800 microscope, lens magnification x40.

Immunobistochentical localization of active caspase-3. Tnmunchistochemical
staining of active caspase-3 was performed using ant-active caspase-3 and-
body (39), and the active caspase-3-positive cells were counted with amaao
wsing 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. Abveolar length corvelates inversely
wicth the mean linear intercept, that is, as the alveolar septa are destroyed,
the mean linear interceptincreasesas total alveolar length decreases.

Cusprese-3 activity assry. Caspase-3 activity was assessed using a fluoremenric
CaspACE Assay commercial kit (Promega Corp.) according to the manu-
facturer’s insrructions. Briefly, the frozen lung tissues were immediately
homogenized with hyporeniclysis buffer (25 mM HMEPES [pH 7.5], $ mM
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MgCls, 5§ mM EDTA, $ mM DTT, 2 mM PMSF, 10 pg/ml pepstatin A, and
10 pg/ml lenpeptin) using a mechanical homogenizer on ice and cenui-
fuged ar 12,000 g Tor 15 minutes at 4°C. The clear supematant was collected
and frozen inliquid nitrogen. The protein was quantrified using Bradford’s
reagent (Bio-Rad). Lung supernarant containing 30 ug of prorein was added
to a reaction buffer (98 pl} containing 2 pl DMSQ, 10 ul of 100 mM DTT,
and 32 pl of caspase assay buffer in a 96-well flar-bortom microtiter place
(Corning-Costar Corp.). The reaction mixtare was incubated at 30°C for
30 minutes. Then, 2 pl of 2.5 mM caspase-3 substrate {Ac-DEVD-AMC) was
added to thewells and incubated for 60 minutesat 30“C. The fluorescence
of the reaction was measured ar an excicarion wavelength of 360 nm and
an emission wavelength of 460 nm. We used 30 pg of protein from anti-Fas
antibody-treated Jurkat cells (created wich 1 pg CH11 monoclonal and-
body per milliliter of RPMI medium containing 5x 10° cells for 16 hoursar
37°C}) as a positive control. A caspase-3-specific inhibitor (2 pl of 2.5 mM
DEVD-CHO) was used ro show specificity of caspase-3 activity. The activity
was below background levels after the addition of caspase-3 inhibitor. These
experiments were pecformed in triplicate and repeated 3 times.

Immunobistochemical localization of 8-0x0-dG. For the immunohistochemical
localization and quantificadon of 8-oxo-dG, Jung sections (n = 5 per
group) from the mice exposed to CS for 6 months were incubated with
anti~8-oxo-dG antibedy and stained using the Iso-IHC DAB kit (Inno-
Genex) using mouse zntibodies. Normal mouse-IgG1 antibody was used
as a negarive control, The B-oxo-dG-positive cells were counred with 2
macro (using Image Pro Plus), and the counts were normalized by alveolar
lengch as described (4). .

BAL and phenotyping., Immediately following exposure to CS for 1.5
months or § months, mice (# = 8 per group) were anesthetized with sodi-
um peatobarbital. The BAL fluid collected from the langs of the mice was
centrifuged (500 gax 4°C), and the cell pellet was resuspended in PBS. The
total number of cells in the lavage fluid was determined, and 2 x 10+ cells
were cytocenimifuged (Shandon Southern Products) onto glass slides and
srained with Wright-Giemsa stain {Diff-Quik; Baxter Scientific Products).
Differential cell counrts were performed on 300 cells, according to standard
oyrologic techniques (40).

Immanobistochemical localization of inflammatory cells in the lungs.
Macrophages were identified by the rat antd-mouse Mac-3 and second-
ary biotinylared anti-rat antibody immunostaining using the Vector RTU
HRP-avidin complexwith 3,3'-diaminobenzidine as the chromogenic sub-
strate. The number of Mac-3-positive cells in the lung sections (% = 3 per
group and 10 fields per lung section} were counted manually and normal-
ized by alveolar length.

EMSA. EMSA was carried our according 1o 2 procedure deseribed previ-
ously (41). For gel shift analysis, 10 py of nuclear protein that had been
prepared from the lungs of mice exposed to zir or to CS for 5 hours was
incubated with the [abeled human NQO1 ARE, and the mixtures were
analyzed on a 5% nondenaturing polyacrylamide gel. To determine the
specificity of protein(s) binding to the ARE sequence, 50-fold excess of
unlabeled competiror oligo (ARE consensus sequence) was incubaced with
the nuclear extract for 10 minutes prior to the addition of radiolabeled
probe. For supershift analysis, the labeled NQO1 ARE was first incubated
for 30 min with 10 ug of nuclear proteins and then with 4 pg of ani-Nrf2
antibedy for 2 hours. Wormat rabbit IgG) {4 pg) was vsed as a conerol for
the supershiftassay. The mixtures were separated on native polyacrylamide
ged and developed by aucoradiography. The P?2-labeled consensus sequence
for OCT1 wasused as a control for gel loading. The EMSA was performed 3
times with the nuclear proteins isolated from 3 different air- or CS-exposed
Nrf2v* and Nrf2+- mice,

Western blot analysis, Western blor analysis was performed according to
previously published procedures {(41). To determine the nudear accumu-
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lation of Nrf2, we used 10% SDS-PAGE to separare 50 pug of the nuclear
proteins isolaced from the lungs of air- or CS-exposed (5 hours) Npf2* and
Nrf27-mice. Then, we electrophorencally wansferred them onto a PVDR
membrane (Millipore). The membranes were blocked with 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 ar room temperature, and then incubat-
ed overnighr ar 4°C wich polyclonal rabbic anci-Nrf2 antibody, followed
by incubadon with HRP-conjugated secondary antibody. The blots were
developed using an enhanced chemiluminescence Western blotting derec-
tion kit {Amersham Biosciences). Then, the blots were stripped and rep-
robed wich ant-lamin B1 aotibody,

To identify the active caspase-3, the lung tissues (s = 3) were homog-
enized with thelysis buffer {containing 50 mM Tris/HCI [pH 8.0], 150 mM
NaCl, 0.5% {v/¥) Nonidet P40, 2 mM EDTA, and a protease inhibitor cock-
tail} on ice using a mechanical homogenizer. Following cenmrifigation at
12,000 g for 15 minures, the prorein concentration of the supernatant was
determined using Bradford’s reagent. Equal amounts of procein (30 pg)
were resolved on 15% $DS-PAGE and transferred onto a PVDF membrane
(Millipore). The membranes were incubated with rabbit anci-caspase-3
antibody and then with secondary and-rabbir antibody linked to HRP con-
jugace. The blors were developed using the enhanced chemiluminescence
Western blotting detection kit {Amersham Biosciences). Therealter, blors
were stripped and reprobed with antibodies to actin. Wesrern blot was per-
formed thrice with protein extracts from 3 different air- or CS- exposed
(6 months) N»f2** and Nyfe+- mice. Band intensities of procaspase-3 and
active caspase-3 of the 3 blots were derermined using NIH Image-Pro Plus
software, Values are represented as mean ¢ SEM.

Transcriptional profiling using oligonscleatide microarnzys. Lungs were excised
from control {ait-exposed) and CS-exposed (S hours) mice (n = 3 per
group) and processed for total RNA extraction using the TRIzol reagent
{lnvitrogen). The isolated RNA was used for gene expression profiling
wich Murine Genome U74A version 2 arrays (Affymetrix} using procedures
described carlier (42). To identify che differentially expressed manscripts,
pairwise comparison analyses were cattied out with the Data Mining Tool
3.0 program (Affymerrix). Only those differentially expressed genes thar
appeared in at least 6 of the 9 comparisons and showed a change of more
than 1.4-fold were selected. In addition, the Mann-Whimey pairwise com-
parison test was performed to rank che results by concordance as an indica-
rion of the significance (P £ 0.05) of cach identified change in gene expres-
sion. Genes which were upregulated only in the lungs of wild-type mice
in response to CS were selected and used for the identification of AREsin
their vpstream sequence.

Identification of AREs in Nif2-regulated genes. To idenify che presence and
location of AREs in Nrf2-dependent genes, the murine homologs of human
genes were employed (Homan Genome build 34, version 1, the National
Center for Biotechnology Information [NCEI] database). For every gene,
a 10-kb sequence upstream from the transcripdon start site (TSS) was
used ro search for ARPs with the help of Genamics Expression 1.1 Pattern
Finder Tool software (Genamics) using the primary 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 dacbase.

Neorthern blowting. Northern blotting was performed according to the
procedure described earlier {42). In bricf, 10 pg of total RNA isolated
from the lungs of air- and CS-exposed (5 hours) mice (n = 3} was sepa-
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raced on 1.2% agarose gel, ransfecred to pylon membranes (NYTRAN
Super Charge; Schleicher & Schuell), and ultraviolet-crosslinked. Full-
length probes for NQOL, y-GCS (regulatory subunit), GST-a1, HO-1,
TrxR, Prx-1, GSR, G6PDH, and B-actin were generated by PCR from
the cDNA of murine liver. These PCR products were radiolabeled with
[a-32P] cytidine triphosphate (CTP) and hybridized using QuickHyb
solution (Stratagene) according to the manufacturer’s protocol. After the
films were exposed to the phosphoimager screen for 24 hours, hybridiza-
rion signals were detected using a Bicimaging system (BAS1000, Fuji
Photo Film), Quantification of mRNA was performed using Scenimage
analysis software (Scion Corporation). Levels of RNA were quanufied
and normalized for RNA loading by stripping and reprobing the blots
with a probe for f-actin.

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 (s = 3 per group) and processed as described (21) to
measure the activities of NQQ1, G6PDH, GPx, Prx, and GSR. GPx activ-
ity was measured according ro the procedure of Flohe and Gunzler (44).
NQOI acrivity was determined using menadione as a substrate (45). The
peroxidase activity of Prx was measured by monitoring the oxidation of
NADPH as described (46). GEPDIH acrivity was determined from the rate
of glucose 6-phosphare-dependent reduction of NADP* (47). GSR actvity
was determined from the rate of oxidation of NADPH by using oxidized
glurathione as substrate (48). Protein concentration was derermined by
using the Biorad reagent, with bovine sertum albumin as the standard. The
values for enzyme-specific activiries are given as means + SE. Student’s
£ test was used to determine statistical significance.

Statistical analysis. Statistical analysis was performed by ANOVA, with
the selection of the most conservative pairwise multiple comparison
method using the program SigmaPlot 2000 (SPSS Inc.), 2nd differences
between groups were determinad by Student’s £ test using the InSrat pro-
gram {GraphPad Software Inc.).
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Oxidoreductase 1, Glutathione S-Transferases, and G!utamate Cysteine
Ligase by Broccoh Seeds and Isothiocyanates'®

Gail K. McWalter, Larry G. Higgins, Lesley |. McLeIIan Colin J. Henderson, Lijiang Song,”
7

Paul J. Thomnalley,* Ken ltoh,

Masayuki Yamamoto,' and John D. Hayes®

Biomedical Research Centre, Ninewells Hospital and Medical School, Un:vers:ty of Dundee, Dundee DD1
95Y, Scotland, United Kingdom; *Disease Mechanisms and Therapeutics Research Group, Department of
Biological Sciences, University of Essex, Essex CO4 35Q, United Kingdom; *Centre for Tsukuba Advanced
Research Alliance and Institute of Basic Medical Sciences, University of Tsukuba, Tsukuba 305-8577, Japan

ABSTRACT Cruciferous vegetables contain glucosinolates that, after conversion to isothiocyanates (ITC), are
capable of inducing cytoprotective genes. We examined whether broccoli seeds can elicit a chemoprotective
response In mouse organs and rodent cell lines and investigated whether this response requires nuclear factor-
erythroid 2 p45-related factor 2 (Nrf2). The seeds studied contained glucosinolate at 40 mmol/kg, of which 58%
comprised glucoiberin, 19% s:nlgnn 8% glucoraphanin, and 7% progoitrin. Dietary administration of broccoli
seeds to nrf2** and mf2~/~ mice produced a ~1.5-fold increase in NAD{P)H:quinone oxidoreductase 1 (NQO1)
and glutathione S-transferase (GST) activities In stomach, small intestine, and liver of wild-type mice but not in
mutant mice; increased transferase activity was associated with elevated levels of GSTA1/2, GSTA3, and GSTM1/2 -
subunits. These seeds also increased significantly the level of glutamate cysteine ligase catalytic (GCLC) subunit
in the stomach and the small intestine of nrf2*/* mice but not nrf2~/~ mice. An agueous broccoli seed extract was
prepared for treatment of cultured cells that contained ITC at ~600 pmol/L, composed of §1% 3-methylsulfinyl-
propy! iTC, 30% sulforaphane, 4% allyl [TC, and 4% 3-butenyl iTC. This extract induced GSTA1/2, GSTA3, NQO1;
and GCLC between 3-fold and 10-fold in mouse Hepa-1c1c7 and rat liver RL-34 cells. The broccoli seed extract
affected increases in GSTAZ, GSTM1, and NQO1 proteins in nrf2*'* mouse embryonic fibroblasts but not in
nrf2™'~ mouse embryonic fibroblasts. These experiments show that broccoli seeds are effective at inducing

antioxidant and detoxication proteins, both in vive and ex vivo, in an Nrf2-dependent manner.

34998-35063, 2004,

J. Nutr. 134:
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* myrosinase

Individuals who have a high dietary intake of fruit and
vegetables appear to have a lower risk of cancer {1). Among
vegetables with anticarcinogenic properties, members of the
Cruciferae family have been reported to protect against neo-

1 published in a supplement to The Journal of Nutrition, Presented as part of
the Intemational Research Conference on Food, Nutrition, and Cancer held in
Washington, DC, July 15-16, 2004, This conference was organized by the Amer-
ican Instituta for Cancer Research and the World Cancer Research Fund Inter-
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The Cranbenry Institute; Danisco USA Inc.; DSM Nutritional Preducts, Inc.; Hill's
Pet Nutrition, Inc.; Kellogg Company; National Fisheries Institute; The Solae
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Mushroom Council. Guest editors for this symposium were Helen A. Norman, Vay
Liang W. Go, and Ritva R. Butrum,

2 Supparted by grant 2000/11 from the World Cancer Research Fund and by
grant G0000268 from the Medical Research Council of the UK (L.G.H.).

3 To whom cormrespondencs should be addressed.
E£-mail: john.hayes@cancer.org.uk.

0022-3166/04 $8.00 © 2004 American Society for Nutritional Sciences.

plastic disease at a variety of sites, such as the gastrointestinal
tract and the lungs (2-6).

The cancer chemopreventive effect of cruciferous vegeta—
bles has been attributed to the fact that they contain high
levels of glucosinolates (7,8). During food preparation and
eating, these glucosinolates are hydrolyzed by the plant en-
zyme myrosinase to yield a complex number of breakdown
products, including isothiocyanates (ITC),* thiocyanates, cy-
anides, nitriles, and epithio-containing compounds (7-9).

4 Abbreviations used: AITC, allyl isothiocyanate; ARE, antioxidant response
element; GCLC, glutamate cysteine ligase catalytic; GCLM, glutamate cysteing
ligase modifier; GST, ghutathione S-transferase; [TC, isothiocyanate; LC-M3/MS,
liquid chromatography with triple quadrupole mass spectrometric detection;
MEF, mouse embryonic fibroblast; MRM, multiple reaction monitoring; NQO1,
fr;AD(P}H;quinone oxidoreductase 1; Nrf2, nuclear factor-erythroid 2 p4§-related

ctor 2,
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Some of these breakdown products, and, in particular, ITCs
can increase the levels of detoxication enzymes in rodent
organs and in mouse, rat, and human cell lines (10-17).
Inducible proteins include the drug-metabolizing enzymes
aldo-keto reductase, NAD(P)H:quinone oxidoreductase 1
(NQO1}, and glutathione S-transferase (GST). Increases in
the levels of these detoxication enzymes would be expected to
confer protection against chemical carcinogens such as ben-
zofalpyrene, and, in experimental models, this prediction ap-
pears to hold true (14,18). Less well appreciated is the fact that
glucosinolate breakdown products also induce antioxidant pro-

teins, such as the glutamate cysteine ligase catalytic (GCLC)

and glutamare cysteine ligase modifier (GCLM) subunits, that
catalyze the rate-limiting step in the formation of reduced
glutathione {19,20). They also induce glutathione reductase,
ferritin, and glucose-6-phosphate dehydrogenase (20). In-

creases in the levels of detoxication enzymes and antioxidant -

proteins would be expected 1o protect against reactive oxygen
species and the harmful metabolites they generate as a conse-
quence of damaging cellular membranes, proteins, and nucleie
acids (21).

Many genes encoding detoxication and antioxidant pro-
teins are regulated by nuclear factor-erythroid 2 p45-related
factor 2 (Nrf2) (22). This basic-region leucine zipper tran-
scription factor mediates the transcriptional activation of
genes in response to oxidative and electrophile stress. Under
normal homeostatic conditions, Nrf2 protein has a short half-
life, being targeted for proteasomal degradation by Keapl
(23-26). Oxidants and electrophiles interfere with Keapl-
facilitated degradation of Nrf2, causing it to become more
stable. This process involves oxidation, modification, ot both,
of cysteine residues 273 and 288 in Keapl by the inducing
compounds (27). Induction of NQOI, GST, GCLC, and
GCLM genes by Nrf2 occurs through it being tecruited to
antioxidant response elements (ARE) in their gene promoters
(28); Nrf2 binds the ARE as a heterodimer with small Maf
proteins (29,30). Mice in which the mf2 gene has been dis-
rupted by targeted homologous recombination have lower
constitutive levels of NQOIL and GST proteins in liver and
small intestine (19,31,32). Furthermore, nf2~/" mice are ei-
ther unable to respond or have a blunted response to the
model cancer chemopreventive agent butylated hydroxyanis-
ole (19,33,34).

Most investigations into the ability of plant chemicals to
increase antioxidant gene expression used highly purified
compounds as inducing agents (11-20). Thus, ITCs such as
sulforaphane have been shown to increase NQO1 enzyme
activity in the mouse liver Hepa-Iclc7 cell line (35).
Frequently, it is unclear whether the concentration of phy-
tochemical used in cell culture experiments is physiologi-
cally relevant and whether, because of limitations caused by
bicavailability or disposition, the dose of chemical used can
be achieved in target tissues in vivo. The question of
whether extracts of cruciferous plants are as effective as
purified phytochemicals at stimulating gene expression’ is
seldom addressed.

" In this study, we investigated whether broccoli seeds, either

in the diet or as aqueous extracts, can affect induction of
antioxidant and detoxication genes in vivo, in transformed
cells, and in nontransformed cells. We also tested the hypoth-
esis thar Nrf2, through stimulating ARE-driven gene tran-
scription, is essential for gene induction by broccoli-derived
phytochemicals.

SUPPLEMENT

MATERIALS AND METHODS
Chemicals

Allyl ITC (AITC} and sulforaphane were obtained from Aldrich
and LKT Laboratoties, respectively. All other chemicals used were of
the highest purity thar was available from commercial suppliers,

Broceoli seeds

Broceoli seeds were purchased from Thompson and Morgan.

Processing of broccali seeds for induction experiments

The broccoli seeds were processed at room temperature (20°C).
Extracts were prepared by crushing 10 g seeds (dry weight), by pestle
and mortar, to a fine powder. For mice feeding experiments, crushed
broccoli seeds were added directly to powdered RM1 laboratory
animal feed (SDS) ar 15% by weight. For cell culeure experiments,
the broccoli seed powder was suspended in 3 volumes of distilled
water. and was mixed vigorously for 5 min. The suspension was
centrifuged at 800 X g for 10 min before being flrered through a

+ 0.2-pon sterile filter. Aliquots (1 mlL) of the aqueous filtered excract

were snap-frozen in liquid nitrogen and were stored at —70°C before
use; the entire process from crushing the broccoli seeds to snap-
freezing the filtered aqueous extracr was completed within 30 min.
The frozen extracts were thawed rapidly and diluted 1/1000 in 6 mL
of medium for cell culture experiments that were conducted in
60-mma dishes,

Analysis of glucosinolates and ITCs in broccoli seeds

Glucosinolates and corresponding ITCs were identified by liquid
chromarography with triple quadrapole M3 detection (LC-MS/MS).
Standard reference glucosinolates were isolased and purified from
Brassica seeds by modification of published methods (36), and the
related [TCs were prepared by myrosinase-catalyzed hydrolysis (37)
and purified by preparative reversed-phase HPLC. The following
glucosinolates were analyzed by LC-MS/MS: sinigrin, gluconapin,
progoitrin, glucoiberin, glucoraphanin, glucoalyssin, and gluconastur- -
tiin and their related ITCs—AITC, 3-butenyl ITC, 5-vinyloxazoli-
dine-2-thione, 3-methylsulfinylpropyl ITC, sulforaphane, 5-methyl-
sulfinylpenryl ITC, and phenethyl ITC, Tespectively,

Glucosinolates and ITCs were determined in broccoli seeds by
initial heating at 110°C for 2 h (to inactivate myrosinase). The seeds
were then ground to a fine powder, lipid was removed by extraction
with chloroform, and the residual solid was extracted twice with 75%
methanol at 75°C. The combined methanol extracts were concen-
trated by removal of solvent under reduced pressure, filered (0.2
gm), spiked with authentic standard analytes, and analyzed by LC-
MS/MS. For detection of ITCs in samples of seed extract and in
culture medium, ITCs were extracted into dichloromethane and
derivatized with ammonia (1.33 mol/L, 24 h at 20°C). The detivat-
ized extracts were then evaporated under reduced pressure, reconsti-
tuted in 50% methanol, filtered (0.2 pm), spiked with authentic
standard analytes, and analyzed by LC-MS/MS.

Glucosinolates were detected by negative ion electrospray multi-
ple reaction monitoring {MRM), where the fragment ion was hydro-
gen sulfare (38). Derivarized ITCs were detected by positive ion
electrospray MRM, where fragmentation involved loss of ammonia.
For LC-MS/MS, the HPLC column was a 100 X 2.1-tnm octadecyl
silica Symmetry column with a 10 X 2.1-mm guard column (Wacers).
The flow rate was 0.2 mL/min. The eluent was 0.1% {v:v} trifluoro-
acetic acid in water, with linear gradients of methanol (0-10% for
glucosinolates and 0—80% for ITCs) over 30 min. Source and desol-
vation temperatures were 120 and 350°C, and the gas flows for cone
and desolvation were 150 and 550 Lh, respectively. The capillary
voltage was 2.50 kV, and the cone voltage was set at 50 V. Argon gas
pressure in the collision cell was 2.9 X 10™° mbar. Programmed
molecular ions, fragment ions, and collision energies were optimized
to £0.1 Da and *1 eV for MRM detection. Glucosinolate and [TC
analyres were quantified by standard addition analysis. Samples ana-
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tyzed were spiked with 1-100 pmol glucosinolate and 2-100 pmol
ITC. The limits of detection for glucosinolates were =0.4 pmol and,
for ITCs, were =2 pmol. The interbarch coefficients of variation were
<5%, and recoveries were 80-100%.

Mice feeding experiments

The Ethical Review Committee of the University of Dundee
approved this program of work, and, throughout the study, mice were
treated as advised by regulations contained in the Animals and
Scientific Procedure Act (1986) of the United Kingdom. The nrf2*/*
and nrf2=/~ mice were obtained as described previously (33). The
mice used in this study have been backcrossed over 6 generations
onto a C57BL/6 generic background. Female mice of between 9 and
14 wk of age were used in all studies. Mice were fed on standard RM1
laboratory feed. Mice were given frec access to RMI feed with
broceoli seeds ar 15% (by weight} for 7 d immediately before being
killed. During the administration of crushed broccoli seed, mice were
monitored daily by measurement of body weight. Once the period of
feeding these phytochemicals was complete, the mice were killed by
exposure to a rising concentration of CO2. Organs were removed and
snap-frozen immediately in liquid nitrogen before being stored at
—70°C.

Cell culture

Mouse Hepa-lelc7 cells {European Collection of Animal Cell
Cultutes) were maintained in minimal essential Eagle'’s medium, with
the Alpha modification (Sigma) supplemented with 10% (v:v) heat-
inactivated fetal bovine serum, 50 U/mL penicillin-strepromycin
mixture, and L-glutamine at 2 mmol/L. Rat liver RL-34 cells Japanese
Cancer Research Resources Bank (Setagaya-ku)] were grown in Dul-
beceo’s modified Eagle’s medium (Life Technologies) supplemented
as described above. Wild-type and Nef2-null mouse embryonic fibro-
blasts (MEF) were prepared from nrf2*'* and nrf2~/~ mouse lines as
described by Tiemann and Deppert (39). These cells were maintained
in tissue culture flasks coated with 0.1% (w:v) gelatin for 30 min
before use and were grown in medium supplemented with 10 ug/l
human recombinant epidermal growth factor, 1 X insulin-transferrin-
selenium {Gibco), and 10% (viv) fetal bovine serum. All cell lines
were mainrained at 37°C and 5% CO,. .

The RL-34, Hepa-1elc7, and MEF cells were cultured in mono-
layers and were allowed to grow to 80% confluence in 60-mm dishes
before exposure for 24 h to phytochemicals. AITC and sulforaphane
were both used to treat cells at a dose of 5 pmol/L. The aqueous
broceoli seed extract used to treat cells contained several ITCs, with
the total level in the culture media amounting to 0.6 wmol/L.

Enzyme assays.and Western blotting

NQO1 enzyme activity was estimated by measuring the dicou-
marol-inhibitable fraction of dichlorophenol indophencl reductase
activity. GST enzyme activity was measured using 1-chloro-2,4-dini-
trobenzene. Western blotring using antibodies against NQO1; class
Apha, Mu, and Pi GST isoenzymes; and GCLC subunits was con-
ducted as reported previously (12,19,31).

DNA transfection and luciferase reporter gene assays

Transtection and ARE-reporter gene assays were performed in
Hepa-lcle? cells. The wild-type mouse ngol promater reporter con-
struct, conraining the functional ARE (5'-TCACAGTGAGTCG-
GCAAAATT-3') in the pGL3-Basic luciferase reporter vector, was
described previously and was designated —1016/ngo5'-luc (29). The
mutant NQOI reporter construct containing 1016 nucleotides of
5'-upstream nqel sequence but with the ARE scrambled (ie., 5-
TTAGAGATACTAGACCACGTC-¥, with mutated bases in ital-
ics) is called Mut! (29). Transfection of —1016/nqo3’-luc and Murl
into Hepa-lclc7 cells was performed using Lipofectin Reagenr (Life
Technologies), and, in all experiments, the pRL-TK Renilla reporter
vector (Promega) was used as an internal control. Renilla and firefly
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luciferase activities were measured using the Dual-Luciferase Reporter
Assay System {Promega).

RESULTS
Glucosinolates present in broccoli seeds

The glucosinolate content of broceoli seeds was examined
before their ability to induce gene expression in mammalian
cells was examined. Prior heating, to inactivate myrosinase,
followed by LC-MS/MS analysis revealed that the seeds con-
tained 38.8 mmol glucosinolates per kg, Glucoiberin ac-
counted for 59% of the total glucosinolate recovered, whereas
sinigrin and glucoraphanin accounted for 19 and 8% of the
glucosinolates, respectively. Significant amounts of progoitrin,
gluconapin, and gluconasturtiin were also detected (Table 1).
The structures of these phytochemicals are shown in Figure 1.

Broceoli seeds induce NQO1 and GST in nrf2*'* but not

in nrf2™" mice

Feeding nrf2*/* mice diets containing 15% (w:w} crushed
broceoli seeds resulted in the induction of both NQOIL and
GST enzyme activities in the stomach, the smalil intestine, and
the liver, but no increase was observed in the large intestine.

In the wild-type mice, feeding the seeds increased NQO1
activity in the stomach from 155 * 40 w 248 = 50
nmol * min™! » mg™! protein; in the small intestine, the broc-
coli seed diet increased NOO1 activity from 106 * 16 to 183

"+ 8 nmol'min'smg™ protein; and, in the liver, this diet

increased NOQO1 activity from 50 = 7 to 72 * 4 nmol-
min~! » mg™! protein. The NQO1 enzyme activity in the stom-
ach, the small intestine, and the liver of nrf2 =~ mice placed
on a control diet was only 50 * 16,40 * 20, and 7 £ 5
nmol * min~! + mg™! protein, respectively. The NQO1 enzyme
activity did not appear to be increased in stomach, the small
intestine, or the liver of nif2™/~ mice fed diet containing
broceoli seeds.

In nrf2** mice, feeding the broccoli seed diet for 7 d
increased GST activity in the stomach from 1.55 = 0.10 wo
2.53 = 0.47 wmol - min™' - mg™! protein, in the small intestine
from 1.61 = 0.11 to 2.02 % 0.23 pmol - min™! * mg™! protein,
and in the liver from 4.91 = 0.52 o 7.7 = 0.95 pmol-
min~! - mg™! protein. Not only was transferase activity sub-
stantially lower in nrf27/~ mice than in the wild-type mice,
but also, it was not increased in the mutant mice fed broccoli
seeds. In stomach, small intestine, and liver, GST activity in
kniockout mice on a2 control diet was 1.26 = 0.11, 1.18 £ 0.12,
and 1.72 = 0.69 wmol * min~! + mg™ protein, respectively.

The levels of NQOL protein in the tissues of mice fed

TABLE 1

Glucosinolate content of broccoll seeds

Glucosinolate Amount _ %
mmolikg
Sinigrin 7510 19
. Gluconapin 13*x02 3
Progoitrin 27+04 : 7
Glucoiberin 232 £ 36 59
Glucoraphanin 3204 8
Glucoalyssin 0.2 +£0.04 1
Gluconasturtiin 09+03 2
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FIGURE 1
broceoli seeds,

Glucosinclates {left) and ITCs (righf) obtained from

broccoli seeds was examined by Western blotting to determine
whether increases in oxidoreductase activity in stomach, small
intestine, and liver reflected an increase in pratein. Immuno-
blotring showed increases of ~2-fold in the level of NQOL in
all 3 organs from nrf2*'* mice administered broccoli seeds
(Figs. 2 and 3). Similar experiments were carried out using
antisera against class Alpha, Mu, and Pi GST subunits. These
revealed significant increases of class Alpha GSTA3 protein in
stornach and small intestine and a modest increase in all
organs of class Mu GSTM]1. The level of the class Pi GSTP1
subunit did not appear to increase in mice after adminiseration
of broceoli seeds.

Western blots showed a 5-fold increase in the level of
GCLC in the stomach of n7f2*'* mice fed broccoli seeds, and
a more modest increase was also observed in the small intes-
tine of wild-type mice (Fig. 2). By contrast, no increase was
observed in the liver (Fig. 3). A decrease in GCLC protein
levels was seen in the stomach, the small intestine, and the
liver of nvf2~/~ mice compared with the same organs from
wild-type mice. Furthermore, the protein was not induced in
either stomach or small intestine of mutant mice fed broceoli

seeds (Fig. 2).

~

Glucosinolate breakdown products identified in broccoli
seed extracts

The total amount of glucosinolate in the broceoli seed
extract was <3.6 umol/L, whereas the total amount of [TC in
the extract was 596 umol/L. Table 2 shows that 3-methyl-
sulfinylpropyl ITC and sulforaphane account for 61 and 30%,
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FIGURE 2 Nrf2-dependent induction of NQO1, GST, and GCLC
proteins in stomach of mice fed broccoli seeds. Western blotting was
performed on tissue extracts. Immunoreactive standards wera applied
to lane 1. Portions (10 ng protein) fram stomach (panef a) or small
intestine {panef b) of nrf2*/* and nrf2~'~ mice fed on the RM1 controf
diet and from mice fed on RM1 diet containing 15% (w:w) crushed
broccoli seeds were applied to the remaining lanes. Samples of tissue
cytosol from 3 mice were applied to the gel.
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FIGURE3 Induction of hepatic NQO1 and GST by broceoli seeds.
Immunoblotting was performed on hepatic cytosol from wild-type and
mutant mice as described. Lactate dehydrogenase (LDH) was used as
& loading control for the samples.



INDUCTION OF ARE-DRIVEN GENES BY BROCCOL! SEEDS

TABLE 2
Isothiocyanates in broceoli seed extracts
‘ Amount of
Parent glucosinolate Isothiocyanate isothiocyanate!
pmolfl %
Sinigrin Allyl ITC 250 42
Gluconapin 3-Butenyl ITC 23.0 3.8
Progoitrin 5-Vinyloxazolidine-2- nd —
thione
Glucoiberin 3-Methylsulfinylpropyt ITC 364.0 61.1
Glucoraphanin Sulforaphane 177.0 30.0
Glucoalyssin 5-Methylsulfinylpentyt ITC 5.5 0.9
Gluconasturtiin Phenethyl ITC 1.2 0.2

1 nd, not determined.

respectively, of the ITCs present in the seed extract. Signifi-
cant amounts of AITC and 3-butenyl [TC were also obtained.

Induction of NQO1 and GST in rodent liver cell lines by
broccoli-derived chemicals

Agueous broccoli seed extracts were used to treat cells at an
estimated concentration of total ITC of 0.6 pmol/L in the
media. The transformed mouse Hepa-1cle? liver cell line and
the nontransformed rat liver RL-34 epithelial cells were used

in these experiments. The broccoli seed extract increased .

NQOI1 enzyme activity ~3-fold and ~5-fold in the Hepa-
1cle7 and RL-34 cells, respectively. Treatment with AITC at
5 pmol/L. induced NQOI catalytic activity ~2-fold in both
Hepa-1clc7 and RL-34 cells. Treatrment with sulforaphane at
5 umol/L induced NQOI catalyric activity 4.5-fold and 5.2-
fold in Hepa-1clc? and RL-34 cells, respectively. By contrast,
GST activity was not increased to the same extent in either
cell line.

Western blotting showed that the level of NQO1 protein in
Hepa-lclc? and RL-34 cells (Fig. 4A and B, respectively)
grown in normal cell culture medium without the addition of
phytochemicals was barely detectable. Treatment of both cell
lines with the broccoli seed extract containing a mixture of
ITCs substantially increased N{JXO1 protein. This increase was
comparable to the induction of NQO! protein affected by
sulforaphane at 5 pmol/L.

Immunoblots were carried out to determine whether the
broccoli extracts induced the various GST subunits. The levels
of the class Alpha GSTA1/2 and GSTA3 subunits were found
to be increased by the broccoli extract, and the degree of
induction was similar to that obtained using sulforaphane.

In both Hepa-lclc7 and RL-34 cells, the broccoli seed
extract induced large increases in GCLC protein {Fig. 4}.

Broccoli seed extracts stimulate ARE-driven gene
expression

To determine whether broccoli seed extracts can activate
gene expression controlled through an ARE enhancer, RL-34
cells were transfected with the mouse —1016/nqo5’-luc re-
porter construct. Treatment of transfected cells with the stan-
dard dose of broceoli seed extract produced a 4.6-fold increase
in luciferase activity compared with transfected cells treared
with vehicle alone (Fig. 5). By contrast, AITC and sulfora-
phane, each at 5 pmol/L, produced 1.9-fold and 3.3-fold
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FIGURE 4 Induction of NQO1, GST, and GCLC by broccali seed
extracts in rodent liver cell lines. Cells were grown in either media alone
or for 24 h in media containing sulforaphane (Sul; 5 umol/L), AITC (5
wmol/L), or 1/1000 dilution of broceoli seed extract. Protein standards
were applied to lane 1. The other samples are duplicates of individual
treatments taken from separate flasks. Panel A shows data from the
transformed Hepa-1¢1c7 cells and panet B shows data from the non-
transformed rat liver RL-34 cells.
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FIGURE § Broccoli seed extracts stimulate ARE-driven gene
expression. Mouse Hepa-1cic7 cells were transfected with a luciferase
reporter construct driven by the wild-type mouse nqo? promater
{—1018/ngo5’-luc) or by the same_promcter containing a scrambled
ARE (Mut!); pRL-TK Renilfa reporter vector was used as an intemal
control. Sixteen hours after transfection, cells were treated for 24 h with
1/1000 dilution of broccoli seed extract, sulforaphane (Sul; 5 pmol/L),
AITC (5 pmol/L), or dimethyl sulfoxide (0.1% viv).



35045

nf244  nrf2t nef2H4 Rl nrf24/ nrf2-/e
Std confrol  control  broccoli  broceoll Sul Sul
GsTMI @) 0 | e —

GSTA.‘!- h —— — —

GSTPl Gpbasm ot amy — - — ——

Noolr W e -

LDH n-—-ﬂ----".—--'“

FIGURES Nrf2-dependent induction of NQO1 and GST in mouse
ambryonic fibroblasts. Wild-type and Nrf2-null MEFs were derived and
maintained as described. In the control treatment group the MEFs were
grown in medium supplemented with epidermal growth factor, insulin-
transfertin-selenium, and 10% fetal bovine serum. Treatment with broc-
coli seed extract involved growing MEFs in medium for 24 h with
1/1000 dilution of the filtered aqueous seed extract. The sulforaphane
Sul} treated MEFs were grown for 24 h in the presence of ITC (5
wmol/L).

increases, respectively, in luciferase activity. Similar experi-
ments using a reporter construct driven by the mouse ngol
promater that contzined a mutant ARE (i.e., Mut1) proved to
be unresponsive to broccoli seed extract, AITC, and sulfora-
phane.

Induction of GST and NQO1 by broccoli seed extracts is
abolished in nrf2™/~ mouse embryonic fibroblasts

To explore whether GST subunits and NQO!1 can be
induced by broccoli in an Nrf2-dependent fashion, wild-type
and mutant MEFs were treated with the seed extract. In the
nif2** MEFs, treatment with the standard dose of broccoli
seed extract caused a significant increase in GSTM1, GSTA3,
and NQOL. This increase was similar to that seen in wild‘ry}I)e
MEFs treated with sulforaphane at 5 pmol/L. In the nrf2”
MEFs, the levels of GSTM1, GSTA3, and NQO1 were lower
than in the wild-type cells, and the seed extract failed to
induce these proteins (Fig. 6).

DISCUSSION

An increasing body of evidence suggests that high intake
of cruciferous vegetables can protect against tumorigenesis
(2—6)}. One mechanism proposed to explain this conclusion
is that glucosinolates, which are uniquely abundant in these
plants, are converted by the actions of myrosinase to thiol-
active metabolites that can stimulate cytoprotective re-
sponses in cells of the host (40). The major group of
phytochemicals that are believed to stimulate such defenses
are ITCs, and these compounds can induce the expression
of ARE-driven genes. An alternative hypothesis is that
[TCs can cause arrest at the G2/M phase of the cell cycle.
This is associated with decreases in cyclin B, Cdc23B, and
Zdce25C proteins (41). '

Most of the studies into the cellular effects of glucosine-
late-derived compounds have used purified phytochemicals
such as sulforaphane, benzyl ITC, and phenethy! ITC
{2,14-18). How relevant the doses of pure phytochemical
used in such gene induction and cell cycle arrest experi-
ments are to the in vivo situation is unclear. This issue is
complicared, because the yield of ITCs from different pa-
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rental glucosinolates varies substantially and can be influ-
enced significantly by the presence of epithiospecifier pro-
tein present in certain crucifers (9,42). In the present paper,
broccoli seeds were used as the source of plant glucosino-
lates because we wished to avoid variations in the content
of these chemicals that arise from postgermination metab-
olism. Furthermore, Fahey et al. {43) reported that the
ability of broceoli to induce NQOI1 in Hepa-lcle7 cells
diminishes with the age of the plant. Therefore, in this
study, we used crushed broccoli seeds in the mice feeding
experiments and aqueous seed extracts in the cell culture
experiments. Analysis of the glucosinolates revealed that
the seeds used in this study contained primarily glucoiberin
and sinigrin, with lesser amounts of glucoraphanin and
progoitrin {Table 1). In the aqueous broceoli seed extracts,
LC-MS/MS revealed the presence of large amounts of ITCs,
primarily 3-methylsulfinylpropyl ITC, and sulforaphane
(Table 2). The low recovery of AITC in the extracts is
noteworthy given the large amount of sinigtin in the broc-
coli seeds.

Enzyme assay and Western blotting showed that addition of
broceoli seeds at 15% {w:w) in the RM1 diet induced NQO1
about 2-fold in stomach, small intestine, and liver of wild-type
mice. No induction was observed in the nrf2 ™/~ mice. Similar
results were observed by treating the nf2¥/* and nrf27/~
mouse embryonic fibroblasts with broccoli seed extracts. Be-
cause the promoter of mouse ngo! conrains a functional ARE
that recruits Nf2 after treatment with sulforaphane (29), it is
highly likely that transcriptional activation of mouse ngol
caused by preparations of broccoli seed is a direct consequence
of ITCs stimulating the basic-region leucine zipper protein to
transactivate directly the oxidoreductase gene.

Among GSTs, modest increases of GSTM1 protein were
observed in the stomach and the small intestine of wild-type -
but not of nrf2 /'~ mice after feeding with broceoli seeds. This
diet also produced significant increases of the GSTA3 subunit
in the stomach and large increases in the small intestine of
wild-type mice. However, no such increases were observed in
mueant mice. [n MEFs from the wild-type and knockout mice,
the NrfZ dependency of induction of GSTM1 and GSTA3 by
broceoli was clearly observed. Both the GSTMI and GSTA3
subunit genes have been reported to contain an ARE (30,44),
and it is likely that Nif2 mediates induction directly through
this enhancer. Chromatin immunoprecipitation experiments
are required to confirm this hypothesis.

In the stomach and the small intestine of wild-type mice,
substantial increases in GCLC were observed after treatment
with the broccoli seed preparations. It is likely that Nrf2
mediates the increase in mouse GCLC and requires the exis-
tence of a functional ARE in the gene promoter, because this
occurs in the human gene (45). However, the presence of a
functional ARE in mouse gcle remains to be established.

Cellular models for screening the cancer chemopreventive
properties of phytochemicals have frequently used induction of
NQO1 enzyme activity in Hepa-1clc7 cells (46). Qur study
revealed that besides NQOI induction, GSTA1/2, GSTAS3,
and GCLC are also increased significantly in this transformed
cell line by broceoli seed extract and by sulforaphane. Impor-
tantly, we also found that in nontransformed RL-34 cells, the
seed extract and sulforaphane cause large increases in NQOL
and GCLC proteins. Modest increases in GSTA3 were also
observed. Nakamura et al. {(13) suggested that measurement of
GST activity in RL-34 cells provides a useful assay for iden-
tifying potential inducing agents. However, our data suggest
that induction of NQOL1 in these cells may provide the most



