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ABSTRACT Cruciferous vegetables contain glucosinolates that, after conversion to isothiccyanates (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 pd45-related factor 2 (Nrf2). The seeds studied contained glucosinolate at 40 mmol/kg, of which 59%
comprised glucoiberin, 19% sinigrin, 8% glucoraphanin, and 7% progoitrin, Dietary administration of broccoli
seeds to nrf2*/* and nrf2~'~ 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 aqueous broceoli seed extract was
prepared for treatment of cultured cells that contained ITC at ~600 pmol/L, composed of 61% 3-methylsulfinyl-
propyl ITC, 30% sulforaphane, 4% allyl ITC, and 4% 3-buteny! ITC. This extract induced GSTA1/2, GSTA3, NQO1,
and GCLC between 3-fold and 10-fold in mouse Hepa-1c1¢c7 and rat liver RL-34 cells, The broccoli seed extract
affected increases in GSTA3, GSTM1, and NQO1 proteins in nrf2*/* mouss embryonic fibrobtasts but not in
prf2~/~ mouse embryonic fibroblasts. These experiments show that broccoii seeds are effective at inducing

antloxidant and detoxication proteins, both in vivo and ex vivo, in an Nri2-dependent manner.
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s [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 Joumal of Nutrition. Presented as part of
the International Research Conference on Food, Nutrition, and Cancer held In
Washington, DC, July 15~16, 2004. This conference was organized by the Amer-
ican Institute for Cancer Research and the World Cancer Research Fund Inter-
national and sponsored by BASF Aktiengesallschaft; Campbell Soup Company;
The Cranberry Institute; Danisco USA Inc.; DSM Nutritional Products, Inc.; Hill's
Pet Nutrition, Inc.; Kellogg Company, National Fisheries Institute; The Solas
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Mushroom Council, Guest editors for this symposium were Helen A. Norman, Vay
Liang W. Go, and Ritva R. Butrum.

2 gupported by grant 2000/11 from the World Cancer Research Fund and by
grant GOC0C268 from the Medical Research Councll of the UK (LG.H.).

3 To whom correspondence shoukd be addressed.

E-rnail: john.hayes@cancer.org.uk.

0022-3166/04 $8.00 © 2004 American Soctery 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 ateributed 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 tmyrosinase to yield a complex number of breakdown
products, including isothiocyanates ([TC),* thiocyanates, cy-
anides, nitriles, and epithio-containing compounds ({7-9).

4 Abbreviations used: AITC, allyl isothiocyanate; ARE, antioxidant response

elemeant; GCLC, glutamate cysteine ligase catalytic; GCLM, glrtamate cysteine

ligase modifier; GST, glutathione S-transferase; [TC, isothiocyanate; LC-MS/MS,

liquid chromatography with triple quadrupola mass spectrometric detection;

MEF, mouse embryonic fibrablast MRM, muttiple reaction monitoring; NQO1,

fat\lAD(F’)I-i:quinone oxidoreductase 1; Nrf2, nuclear factor-erythroid 2 p45-refated
ctor 2.

34998



35005

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
(NQOL1), 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-
zolapyrene, 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 anrioxidant pro-

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

and glutamate 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 to protect against reactive oxygen
species and the harmful metabolites they generate as a conse-
quence of damaging cellular membranes, proteins, and nucleic
acids (21).

Many genes encoding detoxication and antioxidant pro-
teins are regulated by nuclear factor-erythroid 2 p45-related
factor 2 (Nif2) (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, Ntf2 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, or both,
of cysteine residues 273 and 288 in Keapl by the inducing
compounds (27). Induction of NQOI1, GST, GCLC, and
GCLM genes by Nrf2 occurs through it being recruited 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 nrf2 gene has been dis-
rupted by targeted homologous recombination have lower
constitutive levels of NQO1 and GST proteins in liver and
small intestine (19,31,32). Furthermore, nrf2™1" 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
bioavailability 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 broceoli 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 that 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 Laboratories, respectively. All other chemicals used were of
the highest purity that was available from commercial suppliers.

Broccoli seeds

Broccoli seeds were purchased from Thompson and Morgan.

Processing of broccoli seeds for induction experiments

The broceoli seeds were processed at room temperature (20°C).
Extracts were prepared by crushing 10 g seeds (dry weighc), by pestle
and morzar, to a fine powder. For mice feeding experiments, crushed
broccoli seeds were added directly o 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 filtered through a
0.2-pm sterile filter. Aliquots {1 mL) of the aqueous filtered extract
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 extract was completed within 30 min.
The frozen exracts were thawed rapidly and diluted 1/1000 in & mlL
of medium for cell culture experiments that were conducted in
60-mm dishes.

Analysis of glucosinolates and ITCs in broccoli seeds

Glucosinolates and corresponding ITCs were identified by liquid
chromatography with triple quadrupole MS derection {LC-MS/MS).
Standard reference glucosinolates were isolared and purified from
Brassica seeds by modification of published methods (36), and the
related ITCs 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-
sulfinylpentyl ITC, and phenethyl ITC, respectively,

Glucesinolates and [TCs were determined in broceoli seeds by
initial heating at 110°C for 2 h (1o 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
pm), spiked with authentic standard analytes, and analyzed by LC.
MS/MS. For detection of ITCs in samples of seed exrract and in
culture medium, ITCs were extracted into dichloromethane and
derivatized with ammonia (1,33 mol/L, 24 h ar 20°C). The derivat-
ized extracts were then evaporated under reduced pressure, reconsti-
tuted in 50% methanol, filrered (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}, whers the fragment ion was hydro-
gen sulfate {38). Derivatized ITCs were detected by positive ion
electrospray MRM, where fragmentation involved loss of ammonia.
For LC-MSMS, the HPLC column was a 100 X 2.1-mm octadecyl
silica Symmetry column with a 10 X 2.1-mm guard column (Warers).
The flow rare 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 L/h, 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 107 mbar. Programmed
molecular ions, fragment fons, and collision energies were optimized
to £0.1 Da and %1 eV for MRM detection. Glucosinolate and ITC
analytes were quantified by standard addition analysis. Samples ana-
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lyzed 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 interbatch coefficients of variation were
5%, and recoveries were 80-100%.

Mice feeding experiments

The Ethical Review Commitree 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 172/~ mice were obrained as described previously (33). The
mice used in this study have been backcrossed over 6 generations
ontc a C57BL/6 genetic 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 free access to RMI feed with
broccoli seeds at 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 CO;. Organs were removed and
snap-féc‘nen immediately in liquid nitrogen before being stored at
—70°

Cell culture
Mouse Hepa-lclc7 cells (European Collection of Animal Cell

Cultures) were maintained in minimal essential Eagle’s medium, with
the Alpha modification (Sigma) supplemented with 10% (v:v) heat-
inactivated feral bovine serum, 50 U/mL penicillin-streptomycin
mixrure, and L-glutamine at 2 mmol/L. Rat liver RL-34 cells [Japanese
Cancer Research Resources Bank {Setagaya-ku)] were grown in Dul-
becco's modified Eagle’s medium {Life Technologies) supplemenced
as described above. Wild-type and Nrf2-null mouse embryonic fibro-
blasts (MEF} were prepared from nif2*/* and nrf2 ™/~ mouse lines as
described by Tiemann and Deppett (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 pg/L
human recombinant epidermal growth factor, 1 X insulin-transferrin-
selenium {Gibeo), and 10% (viv) fetal bovine serum. All cell lines
were maintained at 37°C and 5% CO,. .

The RL-34, Hepa-lclc?, 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 umol/L. The aqueous
broceoli seed exrract used to treat cells contained several I'TCs, with
the total level in the culture media amounting to 0.6 pmol/L.

Enzyme assays and Western blotting

NQO1 enzyme activity was estimated by measuring the dicou-
marol-inhibitable fraction of dichlorophenol indophenol reductase
activity. GST enzyme activity was measured using 1-chloro-2,4-dini-
trobenzene. Westem blotting using antibodies against NQOL; 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

Transfection and ARE-teporter gene assays were performed in
Hepa-lcle? cells. The wild-type mouse ngo! promoter reporter con-
struct, containing the functional ARE {5'-TCACAGTGAGTCG-
GCAAAATT-3') in the pGL3-Basic luciferase reporter vector, was
described previously and was designated —1016/nqo5'-luc {29). The
mutant NQOL reporter construct containing 1016 nucleotides of
5'.upstream ngol sequence bur with the ARE scrambled (ie., 5'-
TTAGAGATACTAGACCACGTC-3', with mutated bases in iral-
ics) is called Mutl (29). Transfection of —1016/nqo5’-luc and Mutl
into Hepa-lclc7 cells was performed using Lipofectin Reagent (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 activiries were measured using the Dual-Luciferase Reporter
Assay System {Promega).

RESULTS
Glucosinolates present in broccoli seeds

The glucosinolate content of broccoli 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 structutes of these phytochemicals are shown in Figure 1.

Broccoli seeds induce NQOI and GST in nrf2*/* but not

in rf2™'" mice

Feeding nrf2*/* mice diets containing 15% (w:w) crushed
broceoli seeds resulted in the induction of both NQO1 and
GST enzyme activities in the stomach, the small 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 NQO1 activity from 106 = 16 o 183

" = 8 nmolmin™"'mg™" protein; and, in the liver, this diet

increased NQO1 activity from 50 = 7 to 72 = 4 nmol:
min™! - mg™! protein. The NQO1 enzyme activiry 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 = §
nmol - min~' - mg™! protein, respectively. The NQO!1 enzyme
activity did not appear to be increased in stomach, the small
intestine, or the liver of nrf2™/~ 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 to
2.53 = 047 pmol « 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 491 = 0.52 o 7.7 = .95 umol-
min™' - mg™" protein. Not only was transferase activity sub-
stantially lower in nvf2~/ 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
knockout mice on a control diet was 1.26 * 0.11, 1.18 = (.12,
and 1.72 % 0.69 umol * min™' - mg™ protein, respectively.

The levels of NQO1 protein in the tissues of mice fed

TABLE 1

Glucosinolate content of broccoll seeds

Glucosinolate Arnount ‘ %
mmol/kg
Sinigrin 7510 19
. Gluconapin 1302 3
Progoitrin 27+04 7
Glucoiberin 232+ 386 59
Glucoraphanin 32x04 8
Glucoalyssin 0.2 +0.04 1
Gluconasturtiin 0903 2




35025

HO,
Ny
K"0)80~N s@ E> =C=$

Sinigrin Allyl isothiocymn ate
— HO,
H
x*_\_>_s oH :> —\W:C:S
®So=R H 3-Butenyl
Gloconapia isothiocyanate
CH;
N Mo cu,\s
” ;
° b oM Q o
OR =C=%
K"O)S(?- OH 3-Methyisulphinylprops
Glucciberin isothiocyanate
CHy
o=y CH)
O:S’

=C=5
Sulforaphane

HO,
. s P OH
OH
K"0;50=N "

Gluearaphanin

CHy CHy
s : %
o’ HO, o*
o) ron =V -\H
5, OH =C=s
K" 0480= “bH

5-Methyl sulphinylpentyl
Glucoalyssn isathiocyanate
FIGURE 1 Glucosinolates (feft) and ITCs (right) obtained from

broccoli seeds.

broccoli seeds was examined by Western blotting to determine
whether increases in oxidoreductase activity in stomach, small
intestine, and liver reflected an increase in protein. Immuno-
blotting showed increases of ~2-fold in the level of NQOL1 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
stomach and small intestine and a modest increase in all
organs of class Mu GSTM1. The level of the class Pi GSTP1
subunit did not appear to increase in mice after administration
of broceoli seeds.

Western blots showed a 5-fold increase in the level of
GCLC in the stomach of nrf2 ** 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 nf27/~ mice compared with the same otgans from
wild-type mice. Furthermore, the protein was not induced in
either stomach or small intestine of mutant mice fed broccoli
seeds (Fig. 2).

-

Glucosinolate breakdown products identified in broccoli

seed extracts

The total amount of glucesinolate in the broccoli seed
extract was <3.6 umol/L, whereas the total amount of ITC in
the extract was 596 pmol/L. Table 2 shows that 3-methyl-
sulfinylpropyl ITC and sulforaphane account for 61 and 30%,
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FIGURE2 Nrf2-dependent induction of NQOQ1, GST, and GCLC
proteins in stomach of mice fed broccoli seeds. Western blotting was
performed on tissue extracts. Immuncreactive standards were applied
to fane 1. Portions {10 pug protein) from stomach (panef a) or small
intestine {panef b) of nrf2*/* and nrf2~'~ mice fed on the RM1 control
diet and from mice fed on RM1 diet containing 15% (w:w) crushed
braoccali 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 broccoli seeds.
Immunoblotting was performed on hepatic cytosol from wild-type and
mutant mice as described. Lactate dehydrogenase {LDH) was used as
a loading control for the samples.
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TABLE 2
Isothiocyanates in broccoli seed extracts
) Amount of
Parent glucosinciate Isothiocyanate isothiocyanate?
umol/L %
Sinigrin Allyl ITC 25.0 42
Gluconapin 3-Butenyl ITC 23.0 38
Progoitrin 5-Vinyloxazolidine-2- nd —_
thicne
Glucoiberin 3-Methylsulfinylpropyl ITC 364.0 61.1
Glucoraphanin Sulforaphane 177.0 30.0
Glucoalyssin 5-Methylsulfinylpentyl ITC 5.5 0.9
Gluconasturtiin Phenethyt [TC 1.2 0.2

1 nd, not determined.

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

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

Aqueous broccoli seed extracts were used to treat cells ac an
estimated concentration of total ITC of 0.6 umol/L in the
media. The transformed mouse Hepa-1clc? 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-
lcle? and RL-34 cells, respectively. Treatment with AITC at
5 pmol/L. induced NQO1 caralytic activity ~2-fold in both
Hepa-lclc? and RL-34 cells. Trearment with sulforaphane at
5 pmol/L induced NQOI catalytic activity 4.5-fold and 5.2-
fold in Hepa-lcle7 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 cufture medium without the addition of
phytochemicals was barely detectable. Treatment of both cell
lines with the broccoli seed extract containing a mixrure of
I'TCs substantially increased NQO! protein. This increase was
comparable to the induction of NQOL protein affected by
sulforaphane at 5 pmol/L.

Immunoblots were carried out to determine whether the
broceoli extracts induced the various GST subunits. The levels
of the class Alpha GSTA1f2 and GSTA3 subunits were found
to be increased by the broceoli extract, and the degree of
induction was similar to that obtained using sulforaphane.

In both Hepa-1cle7 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 broceoli seed extracts can activate
gene expression controlled through an ARE enhancer, RL-34
cells were transfected with the mouse —1016/ngo5’-luc re-
porter construct. Treatment of transfected cells with the stan-
dard dose of broccoli seed extract produced a 4.6-fold increase
in luciferase activity compared with transfected cells treated
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 broccoli seed
extracts in rodent liver cell lines. Cells were grown in either media alone
or for 24 h in media containing sulforaphane (Sut; 5 pmelA), AITC (5
umol/L), or 1/1000 dilution of broccoli 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-1c1c7 celfls and panel B shows data from the non-
transformed rat liver RL-34 cells.
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FIGURE 5 Broccoli seed extracts stimulate ARE-driven gene
expression, Mouse Hepa-1¢1¢7 cells were transfected with a luciferase
reporter construct driven by the wild-type mouse ngot promoter
(—1016/nqo5'-luc) or by the same promoter containing a scrambled
ARE (Mut1); pRL-TK Renilla reporter vector was used as an internal
control. Sixteen hours after transfection, cells were treated for 24 h with
1/1000 dilution of broccoli seed extract, sulforaphane {Sul; 5 wmol/L),
AITC (5 pmol/L), or dimethyl sulfoxide (0.1% vav).
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FIGURE6 Nrf2-dependent induction of NQO1 and GST in mouse
2mbryonic 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-
transferrin-selenium, and 10% fetat 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/t).

increases, respectively, in luciferase activity. Similar experi-
ments using a reporter construct driven by the mouse ngol
promoter that contained a mutant ARE (i.e., Mutl) 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 NQO1 can ke
induced by broceoli in an Nrf2-dependent fashion, wild-type
and mutant MEFs were treated with the seed extract. In the
nrf2** MEFs, treatment with the standard dose of broceoli
seed extract caused a significant increase in GSTM1, GSTA3,
and NQOI. This increase was similar to that seen in wild~ty1’3e
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 proreins {Fig. 6).

DISCUSSION

An increasing body of evidence suggests that high intake
of cruciferous vegerables can protect against tumorigenesis
(2—6). One mechanism proposed to explain this conclusion
is thar 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 eyclin Bl, Cdel5B, and
Zde25C proteins (41). '

Most of the studies into the cellular effects of glucosino-
late-derived compounds have used purified phytochemicals
such as sulforaphane, benzyl ITC, and phenethyl 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 vive situation is unclear. This issue is
complicated, 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,
broceoli 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 broccoli 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 sinigrin in the broc-
coli seeds.

Enzyme assay and Western blotting showed that addition of
broccoli 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 nrf2*/* and nyf2™/~
mouse embryonic fibroblasts with broccoli seed extracts. Be-
cause the promoeter of mouse ngol contains a functional ARE
that recruits Ntf2 after treatment with sulforaphane (29), it is
highly likely that transcriptional activation of mouse nqol
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 broccoli seeds. This
diet alse produced significant increases of the GSTA3J subunit
in the stomach and large increases in the small intestine of
wild-type mice. However, no such increases were observed in
mutant mice. In MEFs from the wild-type and knockout mice,
the Nrf2 dependency of induction of GSTM1 and GSTA3 by
broccoli was clearly observed. Both the GSTM1 and GSTA3
subunit genes have been reported to contain an ARE (30,44),
and it is likely that Nrf2 mediates inducrion 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 requites 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 gele remains to be established.

Cellular models for screening the cancer chemopreventive
properties of phytochemicals have frequently used induction of
NQO! enzyme activity in Hepa-1clc7 cells {46). Cur study
revealed that besides NQO1 induction, GSTAL/2, GSTA3,
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 NQO!1
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 dara suggest
that induction of NQOL in these cells may provide the most
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sensitive assay to identify chemopreventive phytochemicals,
because the Western blots in Figure 4 suggest that a 10-fold
increase of the protein can be readily achieved.

Significant variations in the amounts and the types of
glucosinolates in different broccoli strains appear ro exist {7~
9). Because this will result in distincr ITCs being generated by
myrosinase from different broccoli strains, these differences in
glucosinolate content will also influence the level of induction
that can be achieved in the host and also possibly the sensi-
tivity to cell-cycle arrest. The significance of variation in the
glucosinolate content of cruciferous vegetables in terms of
antioxidant and detoxication gene induction and stimulation
of cell-cycle arrest and apoptosis-warrants further study.
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Abstract

Nuclear factor E2 p45-related factor 2 (NRF2) contributes to cellular protection against oxidative insults and chemical carcinogens via
transcriptional activation of antioxidant/detoxifying enzymes. To understand the molecular basis of NRF2-mediated protection against
oxidative lung injury, pulmonary gene expression profiles were characterized in Nrf2-disrupted (Nrf2~'") and wild-type (Nef2**) mice
exposed to hyperoxia or air. Genes expressed constitutively higher in Nrf2™* mice than in Nrf2™"~ mice included antioxidant defense
enzyme and immune cell receptor genes. Higher basal expression of heat shock protein and structural genes was detected in N7f2 ™'~ mice
relative to Nrf2*" mice. Hyperoxia enhanced expression of 175 genes (= twofold) and decreased expression of 100 genes (=50%) in wild-
type mice. Hyperoxia-induced upregulation of many well-known/new antioxidant/defense genes (e.g., Txnrd!, Ex, Cp-2) and other novel
genes (e.g., Pke-o, Tzf-3, Ppar-y) was markedly greater in Nrf2** mice than in Nef2~'~ mice. In contrast, induced expression of genes
encoding extracellular matrix and cytoskeletal proteins was higher in A7f2~"~ mice than in Nrf2** mice. These NRF2-dependent gene
products might have key roles in protection against hyperoxic lung injury. Results from our giobal gene expression profiles provide putative
downstream molecular mechanisms of oxygen tissue toxicity.
© 2004 Elsevier Inc. All rights reserved.
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Reactive oxygen species (ROS) have great potential to
damage cellular proteins, lipids, and DNA and have been
implicated in various diseases, including atherosclerosis,
cancer, neurodegenerative disease, pulmonary fibrosis,
and adult respiratory distress syndrome [1]. Oxidative
stress results from an imbalance between excess produc-
tion of ROS and limited cellular antioxidant defense
capacity. Recent studies have expanded the known
antioxidant defenses to include phase 2 detoxifying
enzymes [e.g., NAD(P)H:quinone oxidoreductase 1
(NQO1), glutathione S-transferase (GST)], which have
antioxidative roles through conversion and secretion of
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harmful oxidized intermediates in malignant -cells or
tissues [2,3].

Inhalation exposure of laboratory animals to hyperoxia
(>95% 0O,) has been a useful model to investigate
oxidative lung injury due to excess generation of ROS
and severe pathology in airways [4,5]. The pathogenesis
of oxygen-induced lung injury has been well character-
ized [6]. However, detailed molecular and mechanistic
aspects are not completely understood. Hyperoxia
increases expression or activity of many antioxidant
enzymes in the lung [e.g., superoxide dismutase (SOD),

glutathione peroxidase (GPx), catalase]. Several investi-

gators have demonstrated important protective roles of
these antioxidant enzymes in the pathogenesis of oxygen
toxicity in laboratory rodents. For example, overexpres-
sion of pulmonary Sod? in mice provided partial
protection against hyperoxic injury [7,8], and targeted
deletion of Sod2 enhanced susceptibility to oxygen [9]. It
was also demonstrated that mice deficient in y-glutamyl
transpeptidase (GGT), one of the phase 2 enzymes
involved in glutathione (GSH) recycling, had more
diffuse lung injury and lower survival rate after hyperoxia
exposure, compared to wild-type mice [10,11]. Another
potent antioxidant, heme oxygenase-1 (HO-1, HSP32),
was protective against oxygen injury in murine lung
[12].

We previously identified a significant hyperoxia
susceptibility quantitative trait locus (QTL) on chromo-
some 2 (hyperoxia susceptibility locus 1; Hsil) by
genome-wide linkage analysts [13]. This QTL contained
a candidate susceptibility gene, N¢f2, which encodes the
transcription factor NF-E2-related factor 2 (NRF2). Recent
investigations have established a eritical role for NRF2 in
combating oxidative stress generated by ROS, xeno-
biotics, chemical carcinogens, or other electrophiles in
liver [14], lung [15,16], and various cells [17-19]. NRF2
transcriptionally induces antioxidant and defense enzyme
genes by binding to the antioxidant response element
(ARE) or electrophilic response element (EpRE) as a
heterodimer with other transcription factors such as small
Maf [15]. We determined that mice with targeted
disruption of Nrf2 had suppressed expression of several
ARE-bearing antioxidant/detoxifying enzyme genes and
their enzymatic activities after hyperoxia exposure, and
these mice were significantly more susceptible to pulmo-
nary oxygen toxicity, relative to wild-type mice [20].

The objective of this study was to identify lung gene
expression profiles to understand the molecular mecha-
nisms of oxygen toxicity and NRF2-mediated protection
in murine lungs. Using mice with targeted disruption of
Nrf2 (Nrf277) and wild-type controls (Nrf2%), we
determined and compared comprehensive gene expression
profiles of genes differentially regulated at baseline and
in response to oxygen. Results of these studies identified
novel pathways through which NRF2 may protect
against oxidative tissue injury.

Experimental procedures
Animals

Breeding pairs of ICR/Sv129-Nrf2"'~ mice were
obtained from a colony- at Tsukuba University and
maintained in the animal facility at the Johns Hopkins
University Bloomberg School of Public Health, Nzf2™*
and Nrf2~'~mice were generated following the breeding
procedures described previously [14]. Mice were fed a
purified AIN-76A diet, and water was provided ad
libitum. Cages were placed in laminar flow hoods with
high-efficiency particulate-filtered air. Sentinel animals
were examined periodically (titers and necropsy) for
infection. All experimental protocols conducted in the
mice were carried out in accordance with the standards
established by the U.S. Animal Welfare Acts, set forth in
NIH guidelines and the Policy and Procedures Manual
(Johns Hopkins University Bloomberg School of Public
Health Animal Care and Use Committee).

Oxygen exposure

Mice were placed on a fine mesh wire flooring in a
scaled 45-1 glass exposure chamber. Food and water were
provided ad libitum. Sufficient humidified pure oxygen was
delivered to the chamber to provide 10 changes’h (7 Vmin
flow rate}. The concentration of oxygen in the exhaust from
the chamber was monitored (Beckman OM-11, Irvine, CA,
USA) throughout the experiments, The oxygen concen-
tration for all experiments ranged from 95 to 99%. The
chambers were opened once a day for <10 min to replace
food and water. Male mice (6-8 weeks) of each genotype
(Nif2**, Nrf27'7) were exposed to either foom air or
hyperoxia for 24, 48, and 72 h (n = 3/group).

Affymetrix GeneChip array analysis

Total RNA was isolated from the left lung of each
mouse using Trizol reagent (Invitrogen, Gaithersburg, MD,
USA). Double-stranded ¢cDNA was synthesized from 6 pg
of total RNA using the SuperSeript Choice system
(Invitrogen) with an oligo(dT) primer containing a T7
RNA polymerase promoter {Genset, France). The isolated
¢DNA was purified by phenol/chloroform extraction and
labeled using the ENZO BioArray RNA transcript labeling
kit (Enzo Life Sciences, Inc., Farmingdale, NY, USA) to
generate biotinylated ¢RNA. Biotin-labeled cRNA was
purified with the Qiagen RNeasy kit (Qiagen, Inec.,
Valencia, CA, USA) and fragmented randomly to approx-
imately 200 bp (200 mM Tris—acetate, pH 8.2, 500 mM
KOAc, 150 mM MgQAc). Each fragmented cRNA sample
was hybridized to an Affymetrix Murine Genome U74Av2
oligonucleotide array (Affymetrix, Inc., Santa Clara, CA,
USA) for 16 h at 45°C in a GeneChip hybridization oven,
Two array chips were used for pooled total RNA from
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three mice per exposure group, per time point, per
genotype. Microarrays were then washed and stained on
the Affymetrix Fluidics Station 400 using instructions and
reagents provided by Affymetrix. This involves removal of
nonhybridized material and incubation with phycoerythrin—
streptavidin to deteet bound cRNA (scan 1). The signal
intensity was amplified by second staining with biotin-
labeled anti-streptavidin antibody, followed by phycoery-
thrin-streptavidin staining (scan 2). Fluorescent images
were read using the Hewlett-Packard G2500A gene array
scanner.

Analyses of array data

Each GeneChip underwent a stringent quality control
regime. The following parameters were considered: cRNA
fold changes (amount of ¢cRNA obtained from starting
RNA), scaling factor, percentage of “present” calls, signal
intensity, housekeeping genes, internal probe set controls,
and visual inspection of the data files for hybridization
artifacts. The analysis was performed with Microarray
Analysis Software 5 (MASS5) scaling to an average intensity
of 800. The expression value (average difference) for each
gene was determined by calculating the average of differ-
ences in intensity (perfect match intensity minus mismatch
intensity) between its probe pairs. The expression analysis
files created by MASS were transferred to GeneSpring 5.0
(Silicon Genetics, Redwood City, CA, USA} for statistical
analyses and characterization of data. Mean intensity of
each gene acquired from GeneChip replicates under eight
experimental conditions was normalized to that in the air-
exposed wild-type (Nrf2*™*) group, and these relative ratios
were used for all statistical comparison. Amay data were
analyzed in three ways. First, to determine the effect of
NRF2 on basal gene expression, data from air-exposed
(control} Nrf2*"* and Nrf2~'~ mice were compared by
Student’s ¢ test. Among significantly (p < 0.01) varied
genes (r = 383), additional restriction identified genes that
displayed more than twofold differences in their constitutive
expression between genotypes. Second, data from wild-type
animals (air, 24, 48, and 72 h) were analyzed by one-way
analysis of variance (ANOVA) to determine genes signifi-
cantly altered by hyperoxia exposure. A p value of 0.05
filtered out 446 genes. Genes increased or decreased more
than twofold or 50%, respectively, over the air control at one
or more time points were identified and further evaluated.
Finally, to identify genes differentially regulated between
Nrf2*"* and Nrf2~'~ mice during hyperoxia exposure, data
from all time points were first restricted by genotype, and
then ANOVA filtered out 692 genes with p value of 0.05.
Genotype-restricted genes were then further restricted by
exposure to find genes (n = 252) significantly altered by
hyperoxia (p < 0.05). The Benjamini and Hochberg False
Discovery Rate test was used for the multiple comparisons
as necessary. Gene tree applications clustered genes with
similar expression pattern, and unique classes of genes with

similar kinetics were organized by k-means clustering. Gene
ontology procedures were used to evaluate individual genes
significantly altered by hyperoxia and significantly varied
between Nrf2™* and Nif2~'~ mice. Venn diagrams isolated
common genes that varied basally and by hyperoxia
between genotypes.

Total lung RNA isolation for reverse
transcriptase-polymerase chain veaction (RT-PCR)

One microgram of total RNA was isolated from right
lung homogenates in Trizol (Invitrogen) and was reverse
transcribed into ¢cDNA in a volume of 50 pl. PCR
amplifications were performed with aliquots of cDNA (5
ul) using a specific primer set for each mouse gene as
previously described [20]. Separate, simmltanecus PCR for
B-actin was done as an internal control, and the volume ratio
of each gene c¢cDNA band to B-actin ¢cDNA band was
determined using a Bio-Rad Gel Doc 2000 System
(Hercules, CA, USA).

Protein isolation and Western blot analyses

Cytoplasmic and nuclear fractions were isolated from
right lung homogenates of mice exposed to either air or
hyperoxia (48, 72 h) using a Nuclear Extract Kit (Active
Motif, Inc., Carlsbad, CA, USA) following the manufactu-
rer’s instructions. Cytoplasmic protein (50-100 pg) was
separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis, transferred to nitrocellulose membrane, and
immunoblotted with specific primary antibodies for GST-,
GST-p, and GPx2 (gifts from Dr. C.C. Reddy, Pennsylvania
State University) or for glucose-6-phosphate dehydrogenase
(G6PD; Novus Biologicals, Inc., Littleton, CO, USA),
NQO1 (Novus Biochemicals), phosphorylated protein kin-
ase C-a (pPKC-a; Cell Signaling Technology, Inc.,
Beverly, MA, USA), phosphorylated tyrosine (pTyr; Cell
Signaling Technology), collagen type VI (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), HSP70
(Calbiochem Co., San Diego, CA, USA), laminin-Bl
(NeoMarkers, Inc., Fremont, CA, USA), and vinculin
(Upstate Group, Waltham, MA, USA). Krox-20 (Egr-2,
Zfp-25) was detected in nuclear protein (50 pg) using a
specific antibody (Covance Research Products, Inc., Rich-
mond, CA, USA), Western blotting was performed two to
four times for each protein and representative band images
of air and peak expression after hyperoxia are presented.

Lung tissue preparation for immunohistochemistry

Left lung tissues (n = 2/group) excised from additional
Nrf2*'* or Nrf2~'~ mice exposed to hyperoxia (48 or 72 h)
or air were inflated gently with zinc formalin, fixed under
constant pressure for 30 min, and processed for paraffin
embedding. Tissue sections {5 pum thick) were immunologi-
cally stained using an affinity-purified rabbit polyclonal anti-
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Table 1(A)

Representative genes expressed constititively higher (= twofold) in

Nrf2™"" mice than in Nif2 ™"~ mice

Name Accession No.  Description
Antioxidant enzymes and related
Gsth-1 J03952 Glutathione
S-transferase, p 1
Gstb-2 J04696 Glutathione
S-transferase, 1 2
Gstye X65021 Glutathione
S-transferase, Yc
Aox-1 AB017482 Retinal oxidase/aldehyde
oxidase
Nrf2 U70475 p45 NF-E2-related
factor 2
Cytochrome P450 hydroxylase
CyplSal M19319 Testosterone
15 a-hydroxylase, 2ad
Cyp2b M21856 Testosterone phenobarbital
inducible type b, 2b10
G-protein-dependent signal transduction
Gipl AJO07972 Interferon-y-induced
GTPase
Grp-R RU84263 G-protein-coupled,
gastrin-relcasing
peptide receptor
Grpl AF001871 ARF1 guanine nucleotide
exchange factor and
integrin binding
protein homolog
Gperl7 D17292 G protein-coupled receptor
Inflammation and immunity
Cdi-e M 23376 - CD3 antigen,
& polypeptide,
T cell receptor complex
Thy-1, Cd90 M12379 Thymus cell antigen 1, &
Nkg2d AF054819 Natural killer
o costimulating receptor
Tera M16118 T cell receptor a chain
VIC precursor
Lyli2 18424 Bacterial binding
macrophage receptor,
MARCO
Clgb M22331 Complement component 1,
q subcomponent,
B polypeptide
Lylls AB(23132 Activation-inducible
lymphocyte
immunomediatory
molecule (ATLIM)
Mip-1u receptor-like 1~ U28405 MIP-1 o chemokine
(C-C) receptor 1-like 1
Others
Tef I AJO09862 Transforming growth
factor-pl
Ufe X63535 AXL receptor
tyrosine kinase
Cfirll X72694 Cystic fibrosis
transmermnbrane
conductance regulator
P30, Polid2 Z72486 DNA polymerase
’ § small subunit
Glut-3 M75135 Glucose transporter
Pk-2, Pk-3 X97047 M2-type pyruvate kinase
Epim 010475 Epimorphin, morphogen
Agl L02914 Aquaporin-1

H.-Y. Cho et al. / Free Radical Biclogy & Medicine 38 (2005} 325-343

NRF?2 antibody raised against a peptide (16 amino acids)
mapping at the C-terminus of mouse NRF2 (Covance
Research Products, Inc.), an anti-GPx2 antibody, and an
anti-collagen VI («1) antibody (Santa Cruz Biotechnology)

Table 1(8)

Representative genes expressed constitutively higher (= twofold) in
Nif2™'~ mice than in M/2™" mice

Name Accession Description
No.
Cell growth and maintenace
Lopl18 JO0376 a-A-crystallin, small
HSP homology
Hspo8 MI12571 68 kDa heat
shock protein
Hsp-e71 L40406 Induced by HPV16E7
Ceng LA49507 Cyclin G1
Mriv Uo7808 Mectallothioneia IV
Fsp, Gro J04596 Secretory protein
KC precursor,
GRO1 oncogene
Epidermal-related protein
Krt-1.13 X03492 47-kDa keratin
Kr-24 X03491 57-kDa keratin
' complex 2, basic
Sprr2a AJO05559 Small proline-rich
protein 2A
Sprr2b AJO05560 Small proline-rich
protein 2B
Sprr3 Y09217 Small proline-rich
protein 3
Lgals7 AF038562  Galectin-7, PIG-1,
stratified epithelial
cell marker
Cx3! X63099 Connexin 31, keratinocyte
epidermal connexin
Cytoplasm and extracellular matrix
Myhs-p M12289 Myosin, heavy
polypeptide 8,
skeletal muscle
Myosin light chain 2 M81602 Myosin light chain 2,
. putative
Myhs-f AJ002522 Myosin heavy chain 2
Myosin alkali light chain =~ X12972 Myosin alkali light chain
Pgam2 AF029843  Phosphoglycerate mutase
muscle-specific subunit
Tnne3 148989 Troponin, skeletal muscle
Fbn-1 L29454 Fibrillin
Dy, Mer V12147 Laminin-2 &2 chain
precursor
Others
Slpi AF002719 Secretory leukoprotease
inhibitor
Stk X74736 Receptor tyrosine kinase
Cambkii X14836 Calmodulin-dependent
protein kinase Ha.
Cox8h U13341 Cytochrome ¢ oxidase
subunit VIII-H precursor
Angrp U22519 Angiogenin-related
protein precursor
Ada M14168 Adenosine deaminase,
conversion of adenosine
to inosine
Cuacngl AJ006306 Calcium channel, y-subunit
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to localize NREF2, GPx2, and type VI collagen proteins,
respectively, using a peroxidase-DAB method. GPx2-stained
tissue sections wete counterstained with hematoxylin.

Results
Constitutive mRNA expression in Nref 25 and Nrf2™"" mice

Three hundred eighty-three genes varied significantly
(p < 0.01) between Nrf2*" and Npf27'~ mice at
baseline. Genes (n = 65) that were expressed at least
twofold more in Nrf2"" compared to A7f2™'" mice
included those encoding NRF2, antioxidant/phase 2
enzymes, G-protein-linked signal transduction molecules,
and T cell receptors (Table 1A). Genes (n = 82) that
were expressed at least twofold higher in N -
compared to Nrf2"" mice included those encoding heat
shock proteins, cytoskeleton/matrix components, and
epidermal-related proteins (Table 1B).

Hyperoxia-altered gene expression profiles in Nrﬂ‘% niice

We demonstrated previously that hyperoxia cavsed
significant lung injury (i.e., inflammation and edema} 72 h
after exposure in N2 mice; Nrf2~'~ mice were
significantly more sensitive, with greater lung edema
and inflammation after 48 and 72 h exposure compared
to Nrf2*" mice [20). Pulmonary Nrf2 mRNA expression
was increased immediately after hyperoxia exposure (1.5
h) and its nuclear DNA binding activity enhanced
through 72 h in Nrf2*" mice {13,20]. Based on these
findings, we determined time-dependent gene expression
profiles before the onset of significant lung injury (24 h)
and during the development of severe pathology (48 and
72 h). Hyperoxia significantly (¢ < 0.05) affected
expression levels of 446 genes compared to air controls.
Genes that were upregulated (n = 218) or downregulated
{n = 112) at 24 h relative to air control levels remained
elevated or suppressed, respectively, throughout the
exposure (Fig. 1A). Six distinct patterns of gens
expression were identified in the lungs of Nrf2*™ mice
during hyperoxia (Fig. 1B). Representative genes that
were increased (n = 175, =2-fold) or decreased (n = 100,
>50%) compared to each air control at least once during
exposure are listed in Tables 2A and 2B. Sixty-six
percent of the 446 genes were upregulated in a time-
dependent manner by oxygen (Fig. 1B, sets 1, 2, 3, and
4). These include heat shock proteins, growth factor
receptors/ligands, apoptosis proteins, signaling tyrosine
phosphatases, extracellular matrix collagens and metal-
loproteinases, transcription factors/oncogenes, and various
enzymes (Table 2A). Genes that were highly induced
early (24 h) and remained elevated throughout the
exposure included extracellular matrix and cytoskeletal
genes (e.g., collagens, laminins, Mmp-9, Vcl, Fbn-2),
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Fig. 1. (A) Number of genes significantly increased or decreased relative
to air controls at cach time of hyperoxia exposure in Nrf2*™ mice.
Matching colors of stacks indicate overlapping genes. (B) Six representa-
tive clusters of hyperoxia-induced (sets 1-4) and -suppressed (sets 5 and
6) genes classified based on expression pattems over time course (air and
24, 48, and 72 h Oy). Significantly altered genes (n = 446, p < 0.05) by
hyperoxia in Nif2*" mice were evaluated by k-means clustering analysis
to determine association of gene expression kinetics with gene functions.
Expression level of each time point of each gene was normalized by that
of air control and expressed as relative log ratio.

inflammation-related genes (e.g., Lyl12, Cd104, Mic-1, p-
selectin ligand, Er-I, cytokine/chemokine/growth factor
receptors), transcription factor genes and oncogenes {e.g.,



330

Table 2 (A)
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Representative genes significantly increased (= twofold) by hyperexia in the lungs of wild-type (Nrf2™*) mice

Name Accession No. Description Classification/function Cluster subset
(Fig. 1B)
Cell growth, death, and maintenance
Hsps8® MI12571 68-kDa Heat shock protein Heat shock response 3
Hspd0 AB028272 Heat shock protein 40 Heat shock response 3
Ho-1, Hsp32 X56824 Heme Oxygenase-1 Heat shock response 2
Nhe-1 140406 Na*/H* exchanger Cell pH and volume 1
regulation
Mic-1* AJO11967 Macrophage inhibitory compound 1 Growth factor ligand I
Activin X69620 Inhibin B-B subunit, Growth factor ligand 2
TGF receptor ligand
Fgibpl AF06541 Heparin/fibroblast growih Growth factor ligand 2
factor binding protein 1
Amphiregulin® 141352 EGF family ligand Growth factor ligand
Acvrlk? L15436 TGF-B type I receptor (Tsk 7L) Growth factor receptor
Me-2* K02236 Metallothionein IT Metal binding protein,
antioxidant
Cide-B AF041377 Cell death activator Apoptosis 3
Murine A20 U19463 A20 protein Apoptosis 4
Bax L22472 Bax « Apoptosis 2
Gaddd4s U00937 Growth arrest and DNA DNA repair, cell cycle 2
damage-inducible 45y check point control
Signal transduction
Pipi6 D31842 Protein tyrosinte phosphatase Tyrosine phosphatase 2
Piprg L09562 Protein tyrosing phosphatase, Tyrosine phosphatase 1
receptor type, Gl
Nupi® X95518 Neuronal tyresine threonine phosphatase § Tyrosine phosphatase 1
Cdlod L04678 Integrin P4 subunit Integrin receptor signaling 1
Caler U18542 Calcitonin receptor 1b, Calcium-dependent 2
Caz*-dependent receptor signaling
Mip8 M83218 Intracellular calcium-binding protein Calcium-dependent 2
receptor signaling
Rhoe XB0638 p21 Rho Small GTP binding protein 4
Ssecks ABQ20886 Src suppressed C kinase substrate Cytoskeletal signaling 1
Cellular components
Collal U03419 Procollagen al (I} Extraceliular matrix 3
Colda2 X04647 Collagen o2 (IV) Extracellular matrix 1
Coltal X66405 Collagen el (VI) Extracellular matrix 3
Mmp9 X72795 Gelatinase B Extracellular matrix 1
Mmpld AF022432 Zinc endopeptidase Extracellular matrix 2
Vel AJ462105 Vinculin cytoskeletal Cytoskeleton 1
anchoring protein
Nf-66° L27220 « intemexin, neuronal Cytoskeleton 6
intermediate filament protein
Laman U87240 Lysosomal o mannosidase Lysosome 1
Gaa 149351 Lysosomal e glecosidase Lysosome 3
Cancer
Fsp, Gro J04596 Secretory protein KC precursor, GRO1 Oncogene 2
Rrg D10837 Lysyl oxidase Tumor suppressor 1
Up® X63535 AXL receptor tyrosine kinase Oncogene 6
0! 731362 Gene found in transformed Cancer related 4
mouse epidermal cell
Meca39 U42443 Genetic target for c-Myc regulation Cancer related 1
Transeription factors
¢-Fos V00727 Fos cellular oncogene Transcriptional activator 2
Jurne X12761 Jun oncogene Transcriptional activator 1
Fra-1* AF017128 Fos-related antigen 1 Transcriptional activator 2
Lrg-21 U19118 Leucine zipper protein Transcriptional activator 1
Hifla AF003695 Hypoxia-inducible factor 1e Transcriptional activator 2
Sox6* AV246999 EST, similar to Sox (sry-related gene) 6 Transcriptional activator 2
Enzymes
Ple-n M25811 Protein kinase C-e Kinase 1
Plkch Don242 nPKC-n Kinase 2
HEii Y11666 Hexokinase II Kinase 1
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Name Accession No. Description Classification/function Cluster subset
(Fig. 1B)
Enzymes
Cypl5al M19319 Testosterone 15 o hydroxylase, 2a4 Cytochrome P450 3
Cyp2b M21856 Testosterone phenobarbital Cytochrome P450 1
inducible type b, 2b10
Glele Ug5414 y-Glutamylcysteine synthetase Glutathione biosynthesis enzyme 2
Gfpr2 ABOL6780 Glutamine-fructose-6-phosphate Transferase 1
amidotransferase 2
Ggt U30509 ~-Glutamyl transpeptidase, Transferase 2
transmembrane
Plal2g? U34277 PAF acetylhydrolase Hydrolase 2
Spi2/Eb4 M64086 Spi2 proteinase inhibitor Proteinase inhibitor 2
Mgk-3° X00472 +-NGF, nerve growth factor, Proteinase 5
serine protease
Mthfd? J04627 NAD-dependent methylenetetrahydrofolate Hydrogenase 2
dehydrogenase
Inflammation and immunity
Pai-I M33960 Plasminogen activator inhibitor 2
Tpa J03520 Tissue plasminogen activater precursor Inflammatory peptide 2
n6° X54542 Interleukin-6 precursor peptide Cytokine 4
Fie, Mcp3® X70058 Cytokine Cytokine 1
Socs-3 U88328 Suppressor of cytokine signaling-3 Cytokine signaling 1
negative regulator
fldr. Cdi24 M27960 Interleukin 4 receptor, a Cytokine receptor 2
G-Csfr M58288 Graaulocyte colony-stimulating Cytokine receptor 1
factor receptor
Cerl Mip-la-r U29678 MIP-1o/Rantes receptor CCR-1 Chemokine receptor 1
b-1 AJ132098 Vanin 1 Thymic antigen for 1
leukocyte homing
Lyil2 U18424 Bacterial binding macrophage receptor, Macrophage scavenger 1
MARCO receptor
Others
Er-1 U35233 Preproendothelin-1 Vasoconstrictor 1
Angl U72672 Angiogenin-3 precursor Angiogenesis
Diil XB0903 Delta-like 1 Notch ligand 1

* Genes upregulated =10-fold at least one time point.
 Genes downregulated >50% at one time point.

June, Nfatca, Meca39, Rrg), antioxidant enzyme genes
(e.g., Glcle, Ggt), Pkco, and tyrosine phosphatase genes
(Fig. 1B, set 1). Early induction of several functionally
similar genes (e.g., Col6al, cytochrome P450 hydrox-
ylases/oxidoreductases, Pkey) as well as heat shock
proteins (Hsp68, Hsp40, Hsp-e71) and Angl was resolved
at 72 h of exposure (Fig. 1B, set 2). Multiple genes with
peak induction at 72 h included transcription factors and
oncogenes (e.g., c-Fos, Fra-1, Gro), inflammation-related
peptides (Zpa, Pai-1, II6), growth factors and ligands
(e.g., Fgfbpl, amphiregulin), apoptosis (e.g., Bax, murine
A20), many antioxidant/detoxifying (e.g., Ggt, glutare-
doxin, Gstp2) and other enzymes (e.g., Pla2g7, inosine
5 -phosphate dehydrogenase 2, Mthfd2), calcium-depend-
ent receptor signaling components (e.g., Mrp8, Calcr),
and transporters (e.z., monocarboxylate fransporter 1,
calcium-activated chloride channel) (Fig. 1B, sets 3 and
4). Interestingly, some genes such as JI-6, RhoC, and Ufo
were more than 50% decreased by hyperoxia during the
early time of exposure but were upregulated thereafter
(Fig. 1B, set 4). Compared to corresponding baseline

expression, the greatest upregulation by hyperoxia was.
detected for Mic-1 (90-fold, 72 h), Ang! (50-fold, 24 h},
Hsp68 (32-fold, 48 h), amphiregulin (23-fold, 72 h), and
Fra-1 (20-fold, 72 h).

In contrast, 100 genes were significantly downreguolated
more than 50% at least once during exposure (Fig. 1B, sets 5
and 6). These genes encode many G-protein-dependent
signal transduction elements, cytoskeletal proteins, immuno-
globulins, myosin light chain, cardiac actin/troponin, and
ESTs (Table 2B).

Genes differentially expressed in Nrf2*"* and N}ﬂ '~ mice
after hyperoxia

ANOVA (p <0.05) restricted by genotype identified 692
genes that were differentially expressed between Nrf2™*
and Nrf2~'~ mice during hyperoxia exposure. These
genotype-varied genes were then further restricted by
exposure and 252 genes whose expression was significantly
influenced by hyperoxia (p < 0.05) were elucidated.
Expression kinetics of these genotype-varied, hyperoxia-
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Table 2(B)
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Representative genes significantly decreased {(=50%) by hyperoxia in the lungs of wild-type (Nr/2*™*) mice

Name

Accession No.

Description

Classification/function

Signal transduction

Grp-r® RUS4265 Gastrin-releasing peptide receptor
Gipt AJQ07972 Interferon induced GTPase
Mgbp-2 AJGOT9T0 Murine guanylate binding protein 2
Rad - AF084466 Ras-like GTP-binding protein, GTPase
Wnt10b U61970 Secreted factor, protooncogene
Cellular components
Myosin® X12972 Myosin alkali light chain
Mylc2a® AAB39903 Myosin regulatory light chain 2
Acte-1 M15501 a-Cardiac actin :
Tnec® M29793 Slow/cardiac troponin C
a-actin® M12347 Skeletal a-actin
Tna® X79199 Tetranectin, a plasminogen-binding
protein with a C-type lectin domain
Enzymes
Cpk-m Uss772 p170 Phosphatidylinositol 3-kinase
Pgam2® AF029843 Phosphoglycerate mutase, muscle-specific
Inflammation and immunity .
Ighk-v20 X16678 Ig k light chain V-region precursor
Igm MB80423 Ig « chain, putative
Iga® JO0475 Ig, secreted form
Car uUso71s Cell surface protein MCAR
Cd3r-¢* M 23376 T cell receptor CD3 antigen, € polypeptide
T3d X02339 T3 B-chain
Bap29 X78684 IgD B-cell receptor-associated protein
Xip AF097632 X-linked lymphoproliferative syndrome gene,
' SLAM-associated
1203 AF022371 Nuclear protein, interferon-inducible
protein 203
Tnfe U16985 Lymphotoxin-B
Receptors
Pgf D17433 Prostaglandin F receptor
Adrb-3 X72862 B-3-Adrenergic receptor
Crbp! Xe0367 Cellular retinal binding protein 1
Others
Wsbi AF033186 ‘WD-40-repeat protein with a SOCS box
Gob-4 AB016592 GOB+4 in intestinal goblet cells
Lin-1 M17818 Major vrinary protein 1
Adipog U49915 Adipose tissue-specific glycoprotein
ESTs

G-protein dependent signaling

. G-protein dependent signaling

G-protein dependent signaling
G-protein dependent signaling
Wnt receptor sighaling

Cytoskeleton
Cytoskeleton
Cytoskeleton
Cytoskeleton
Cytoskeleton
Extracellular matrix

Kinase
Mutase

Ig superfamily member
Ig superfamily member
Ig superfamily member
Ig superfamily member
T cell receptor

T cell receptor

B cell receptor
Immune abnormality

Nugclear protein
Cytokine

Hormone
Autonomic nerve
Retino! transport/metabolism

RNA elongation
Secretion (7)
Utinary
Adipocyte related

AW230066, AW124988, AV347370, AW12534, A650434

® Genes downregulated =80% at least one time point.

altered genes was sorted into nine distinct patterns by k-
means clustering (Fig. 2A), and 175 known genes (i.e.,
ESTs were excluded) are presented in a gene tree (Fig. 2B).
The largest group of genes identified by ontology classi-
fication included genes that encode well-known or putative
ARE-bearing antioxidant enzymes/redox cycle-related pro-
teins (Table 3A). As shown in a gene tree cluster (Fig. 2D},
all of those genes were overexpressed in Nrf2** mice
relative to Nif2 ™'~ mice throughout the exposure.
Expression of many genes with no known antioxidant
function also varied between Nr2*™* and Nvf2™"~ mice
after hyperoxia (Table 3B). For example, genes encoding
various enzymes (¢.g., Phke-a, C62, Tht, Ldh-2), cytokine/
chemokine - receptors, and membrane transporters (e.g.,
Pmp34, Nkccl) were upregulated more in Nrf2** mice
than in Nrf2 ™'~ mice. Conversely, genes encoding many

structural components (e.g., collagens, Dy, VeI, Myhll)
and cell growth/death proteins (e.g., T+2/, Egr-2, Fefbpl)
were markedly upregulated in Nrf2 ™~ mice, compared to
Nrf2™™ mice. '

Hyperoxia decreased genes for G-protein-linked signal
proteins, including GTPI (interferon-y-induced GTPase)
and other CNC-basic leucine zipper transcription factors
(NFE2, NRF3), significantly more in N#/2** mice, com-
pared to Nrf2~~ mice. In contrast, several chemokine/
cytokine genes (e.g., Mig, Mcp-2, Angie2, Pai-2), Wni-4,
and Wsbl were downregulated more in Nrf2 ™'~ mice than
in Nrf2*** mice throughout the exposure.

Overall, the amray analyses elucidated several pulmo-
nary antioxidant/detoxifying protein genes (4ox-I, FEx,
Txnrdl, Ftl, Cp-2, Brp-12) and non-antioxidant genes,
including Tcfd (transcription factor-3), Lyli2 (bacteria-
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binding macrophage receptor, MARCO), Pkca, and Agl
(aquaporin-1), that are novel for hyperoxia-induced lung
injury. Upregulation of these genes was potentiated in the
A ; B Nrf2+/+ Nrf2-/ c
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presence of Nrf2 during the development of hyperoxic
lung injury. Conversely, expression of many collagens
(specifically types 1, 4, and 6a), Vel, Cpx-1, and Vanin3
was mere highly induced by absence of Nr/2 in
hyperoxic lungs. Venn diagram analysis identified 77
genes that varied significantly at baseline and during
hyperoxia exposure (p. < 0.05) between genotypes (see
footnote in Tables 3A and 3B).

Confirmation of array results by RT-PCR and protein
determination by Western blot analyses/
immunohistochemistry

RT-PCR was performed for selected genes that varied
markedly between Nrf2*™ and Nrf2~'~ mice and confirmed
the expression patterns of microarray analysis (Figs. 3 and
4). Protein levels of several genes were detected by
Western blot analyses (Fig. 5A). Consistent with their
NRF2-dependent mode of gene expression patterns, hyper-
oxia caused differential protein production of GSTs (c, p),
GPx2, G6PD, NQOI, pPKCx, collagen VI, HSP70
(HSP68), Krox-20 (Egr-2, Zfp-25), vinculin, and laminin-
Bl in the lung after 48 or 72 h of hyperoxia (peak
expressions presented in Fig. 5A). To confirm greater
induction of several tyrosine phosphatase genes (e.g.,
Ppb2, €62) in Nrf2** mice than in Nrf2~'~ mice,
Western analysis was performed with a pTyr antibody.
Tyrosine phosphorylation of several proteins (approximate
molecular weight 200, 120, 85, 35 kDa) was decreased by
hyperoxia in Nrf2*"* mice (Fig. 5A). In contrast, a marked
increase of tyrosine phosphorylation was found in many
proteins, including ~120-, ~75-, and ~45-kDa proteins, of
Nrf2~'~ mice after exposure. These proteins were predicted
in previous hyperoxia studies [21] as focal adhesion kinase
epidermal growth factor, receptor, and extracellular signal-
regulated kinase.

Immunoperoxide-DAB staining (brown deposition)
localized NRF2 prominently in airway epithelium (lining

Fig. 2. (A) Nine clusters of hyperoxia-responsive genotype-variable genes
(n = 252) between Nrf2™ and Nif2™'~ mice classified based on
expression patterns over time course (air and 24, 48, and 72 h O;) by &-
means clustering analysis. Expression level of each gene was normalized to
that of air-exposed Nrf2*™* mice and expressed as relative log ratio. (B)
Gene tree clusters of genotype-varied hyperoxia-responsive genes (175
known of 252 genes) in each cluster subset. Color bar beside each cluster
matches with graph color of the set in {A). (C) Color bar for expression
intensity parameter of gene trees. Yellow color indicates the expression
leve! of standard for normalization, which corresponds to the expression
intensity of each gene in normal controf (i.e., air-exposed Nrf2** mice).
Change of color from yellow to red indicates degree of upregulated
intensity. Change of color from yellow to blue indicates degree of
downregulated intensity. (D) Gene tree cluster of antioxidant/defense
enzymes and redox-related protein genes significantly overexpressed in
the lungs of Nrf2™* mice, compared to Nif2~'~ mice, NRF2-regulated
antioxidant/defense genes were clustered by gene tree analysis to compare
time-dependent changes of gené expression levcls by color in two

genotypes.
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Table 3 (A)
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Antioxidant enzyme and redox cycle-related genes significantly (p < 0.05) overexpressed in the hyperoxic lungs of Nef2** mice, relative to Nef 2™~ mice

Name (cluster subset) Accession No. Description Peak time (h)/ratio®
Transferase
Gstp2 ()< X53451 Glutathione §-transferase, 72 72/12.4
Gstye (4 X65021 Subunit structure GST YcYe; glutathione transferase Downregulated/2.8
Gst2-2,Gsie-2 (8) J03958 Glutathione S-transferase, a2 (Yc2) 7239
Gstad (8) L06047 Glutathione transferase, w4, lung-specific 72/4
Gstb-1,Gstbl (9° J03952 Glutathione S-transferase, nl 48/2.3
Gsth-2,Gstb2 (4)° J04696 Glutathicne S-transferase, p2 Downregulated/2.5
Fse2mGstm5 (4)° JO3953 Glutathione transferase (EC 2.5.1.18) Downregulated/1.6
Gsm! (4 Al841270 Glutathione S-transferase, ml 24/2.1
Gstt! -pending (7) Al843119 Glutathione S-transferase, t1 pending 72/1.8
Ugtl-06 (6) Ul6818 UDP glucuronosyl transferase 24/1.7
Oxidoreductase/reductase
Nmol (6) U12961 NAD(P)H:menadione oxidoreductase 72/36.4
Txnrdl(5)° AB027565 Thioredoxin reductase 1, selenocysteins 72/34
Cp-2 (4) ATF093853 1-Cys peroxiredoxin protein 2, CP-2 Downregulated/2.1
Brp-12 (6) AF093857 1-Cys peroxiredoxin protein, CP-3 24/1.8
Glutathione biosynthesis
Glelr (9) 195053 Glutamate-cysteine ligase regulatory subunit 72/3.5
Glele (5) Uss5414 ~-Glutamyleysteine synthetase, ges heavy chain 72/4.7
Gs-a/Gs-b U35456 Glutathione synthetase type Al 48-72/1.5
Glur-1,GluR-A (%) X57497 Glutamate receptor 1 24/1.8
NADPH regenerating enzyme
Gbpd, Gpdx, G28a (9) Z11911 Glucose-6-phosphate dehydrogenase 72/1.7
Mdh-1Mod-1 (5) Jo2652 Malate NADP oxidoreductase 72/2
Dehydrogenase
Ard-2 (4)° M74570 Aldehyde dehydrogenase IT Downregulated/1.3
Aldh3a2 (4) AV276715 Similar to U14390 aldehyde deydrogenase (Ahd3) Downregulated/1.4
Aldhpb, Ahd2-like (8) U86401 Aldehyde dehydrogenase Ahd-2-like 24/2.3
Adh-3 (T) 020257 Alcohol dehydrogenase, class IV 72/1.9
Esterase
Est (8) AW226939 Similar to carboxylesterase 24/2.3
Fx (6) Y12887 Carboxylesterase 24-48/7.9
Ggex (8)° Al507104 Similar to vitamin-K-dependent y-carboxylase (human) 24-48/2
Cytochrome P450
Cypi5al,Diuclad (7F° MI19319 Cytochrome P450, 2a4, testosterone 15-a-hydroxylase 48/13.9
Cyp2f (4)° M77497 Cytochrome P-450 naphthalene hydroxylase Downregulated/3.3
P450-2d,Cyp2d (5) M27168 Cytochrome P450-16-a-hydroxylase 24-7212.2
Oxidase
Gpx2-ps! (7T) X91864 Gpx2 pseudogene, selenocysteine 72724
Aox-1,40,Ro (6Y° ABO17482 Retinal oxidase/aldehyde oxidase 24-48/5.5
FuFil-1 (7} L39879 Ferritin L-subunit 48-72/1.2
P40phox (4) U59488 Adaptor protein, phagocyte NADPH-oxidase activator 72/3
Catalase
Cas-1,Cs-1 (8) M29394 Catalase 1 24/1.3

8 Nrf2*"*:Nrf2™'= expression ratio at peak time of expression.

b k-means clusteting subsets in Fig. 2A.
© Constitutively overexpressed genes in Nif2™* mice relative to Nrj’Z"" mice (p < 0.05).

the main stem bronchi, small bronchioles, and terminal

bronchioles) as well as in alveolar Type 2 cells and resident
macrophages of normal lungs from N2 mice (Fig. 5B).
Hyperoxia induced lung NRF2 deposition time dependently
in Nr2"* mice (72 h shown in Fig. 5B). Higher
magnification showed intense localization of NRF2
throughout airway and alveolar epithelia and in nuclei of
infiltrated macrophages after hyperoxia (arrows in Fig. 5B).
NRF2 was not detected in Nrf2~'~ mice (only 72 h shown
in Fig. 5B). GPx2 (Fig. 5C) and GST-u {data not shown)
proteins were predominantly localized in airway/alveolar
epithelia and macrophages, where NRF2 was detected, or in

smooth muscle cells lining blood vessels. Basal level of
GPx2 was higher in Nrf2™™ mice, compared to Nrf2='~
mice. GPx2 level was highly elevated by hyperoxia in the
wild-type mice, whereas marginal increase of GPx2 was
detected in Nrf2 " "mice (Fig. SA and 5C). Microfibrillar
type VI collagen, which plays a role in bridging cells with
extracellular matrix, was broadly detected in bronchovas-
cular structures in all control mice. After hyperoxia (72 h
shown in Fig. 5D), type VI collagen deposition was
enhanced over controls in both strains of mice. However,
overall intensity of collagen staining was greater in the
susceptible Nrf2~/~ mice, relative to Nrf2™* mice, with
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Table 3 (B)
Representative known genes differentially upregulated by hyperoxia in Nef2*™ and Nrf2 ™'~ mice
Genes expressed relatively higher in Nrf2™™" mice Genes expressed relatively higher in Nrf2™' mice
Name {cluster)* Accession No, Description Name (cluster)* Accession No. Description
Transeription factor/DNA binding protein Transcription factor/'DNA binding protein
N2 (6 U70475 p45 NF-E2-related Egr-2, Krox=20, M24377 Zinc finger
factor 2 Zp-25 (1) protein B
T3 (8) AJ223069 TCF-3 protein Tef-3 (1) X94441 Transcription factor
Liml {9) 727410 Putative transcription Lrg-21 (1) 19118 Leucine zipper protein
regulator
Orfl (1) AB019029 Cofactor required for
Spl transcriptional
activation subunit 2
Zp144 (1) D9008S ORF for Mel-18
NIO (D) X16995 Nuclear protein,

Cell death/growth/maintenance

Fgfbpl (9} AF065441 FGF binding protein 1
Fgrp, Fr-1 (9) U04204 Aldose
: reductase-related
protein
Nric3, Ppar-y (6)° U10374 Peroxisome
proliferator-activated
receptor vy
Cdhls (1 AJ245402 Cadherin,
cell adhesion
molecule
B Ig-h3 (5) L19932 P68 Ig-type
growth factor,
cell adhesion inhibitor
M (9) M14220 Neuroleukin, lymphokine,
growth factor
Signal transduction
Strap (8) AF096285 TGF-p
receptor-associated protein
Bet, Pipb2 (9) D33203 Receptor-type protein

tyrosine phosphatase

Cell death/growth/maintenance

Rirll, Tr21 (1)

Tsg6 (1)

Tefp2 (1)

Wispl (1)

Flie1 (1)

Aigf, Fgf-8 (1)

Hsp68 (1)¢

U70210

Ug3903
X57413
AF100777
X70842

D12483

M12571

Extracellular matrix/cytoskeleton

Collal (1)
Cola-2 (1)
Coll8al (1)°
Coli3al (1)
Dy, Mer,
Merosin {1)*

Lamb-1 (1)°
Emn (1)
Smsma (1)

Fbinl (1)
Fbin2 (1)°
Vel (1)
Actvs (3)

Act-4, Acta3 (1)
Fin-1 (1)°
Myhil (1)

Signal transduction
Chrm-4, M4 (3)

Achr-2, Aerb (3)

U03419
Z18272
L22545
U30292
U12147

X05212
V08210
AJO10305

X70853
X75285
118880
X13297

V20365
129454
Dg5923

X63473

M14537

hormone receptor,
zine finger protein

Similar to the
C-terminus of rat
transcriptional
activator FE65
TNF-stimulated

gene 6, TNF-receptor
ligand

Transforming growth
factor-R 2 precursor

Connective tissue
growth factor-related protein

FLK endothelial
cell growth factor

Fibroblast growth factor

68-kDa heat
shock protein

Procollagen a 1 (T)
Collagen o 2 (VI)
Collagen @ 1 (XVIII}
Collagen o ! (XTI}
Laminin-2 m-chain;
merosin o2 chaing
merosin m-chain
Laminin B1
Tropoelastin
Smoothelin L1,

large isoform
BM-50/fibulin
Fibulin-2

Vinculin

Actin, o2,

smooth muscle, aorta
Smooth muscle y-actin
Fibrillin

Myosin heavy chain 11,
smooth muscle

m#4 muscarinic
acetylcholine receptor
Acetylcholine
receptor B subunit

{continued on next page)



