cells, Nrf2 dissociates from Keapl following exposure to
electrophiles, such that Nrf2 enters the nucleus in a more
stable form. Our study has highlighted the rapid degra-
dation of Nrf2 occurring in the cytosol compared to the
slower degradation in the nucleus.

Discussion

In this study, we investigated the mechanism which
underlies activation of the transcription factor Nrf2 by
electrophiles leading to the expression of cellular defence
genes against xenobiotic and oxidative insults. The
present study demonstrated that nuclear accumulation
of Nrf2 is an indispensable step for and strictly coin-
cides with the induction of cellular defence genes. We
also found that, in mouse peritoneal macrophages, the
nuclear accumnulation of Nrf2 requires Nrf2 protein to
be newly synthesized.

Qur current hypothesis for the accumulation of Nrf2
by electrophiles is depicted in Fig. 7. Whereas Nrf2 is
rapidly turned over by the proteasome protein degrada-
tion systemn, electrophiles attenuate the degradation
process by weakening the Nrf2—Keap1 interaction. Two
lines of evidence support this contention. Firstly, the
Nrf2-LacZ fusion gene knock-in mouse analysis pro-
vides convincing evidence that the N-terminal portion
of Nrf2 is essential for the accumulation of Nrf2 in
-response to electrophiles in vivo, Secondly, Nrf2 is accu-
mulated constitutively in the nuclei of keap?™~ macro-
phages at a level that did not increase further in response
to electrophiles. We surmise that, in the absence of

Basal state

~ F-actin

Figure 7 Hypothesis of Nrf2 activation.
Keapl and proteasome co-localize in the
actin cytoskeleton. Keapl localizes Nif2 in
the vicinity of the proteasome, thereby
enhancing its degradation in the cytoplasm
of quiescent cells. Sulthydril reagents
interact with the reactive cysteine(s) of
Keapl, thus liberating Nrf2 from Keapl
repression. The dissociation of Nif2 from
Keapl leads to the nuclear localization of
Nrf2 with concomitant stabilization.
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Keapl, NrfZ protein escapes from the rapid cytosolic
degradation process and becomes relatively stabilized in
the nuclei of keapI"_ cells. Thus, electrophiles stabilize
Nrf2 by repressing the effect of Keapl on Nrf2.

The results of this study support our contention that
the accumulation of Nrf2 mainly occurs by exploiting a
post-transcriptional mechanism. In fact, Nif2 accumula-
tion does not accompany an increase in Nrf2 mRINA.

'On the contrary, our previous analyses showed that tran-

scription of the nrf2 gene is induced by electrophiles,
both in PE keratinocytes and in vive (Kwak ef al. 2001,
2002). Thus, the accumulation of Nrf2 can be achieved
via multdple pathways, including transcriptional and
post-transcriptional mechanisms.

Amongst the possible post-transcriptional mecha-
nismns, it appears that Nrf2 accumulates through the sta-
bilization of N2 protein in peritoneal maerophages.
Two lines of evidence are noteworthy here. First, in
addition to proteasome inhibitors, electrophiles
muarkedly prolonged the degradation half-life of Ntf2.
Second, clectrophiles, such as DEM, and proteasome
inhibitors, did not show any additive effect on the accu-
mulation of Nrf2 (Fig, 3D). These results support our
assertion that electrophiles act as inducers through
the stabilization of Nrf2 protein by displacing it from
proteasome-mediated degradation, '

The down-regulation of key regulatory proteins is
essential in many biological processes, including cell
cycle control and signal transduction. In such processes,
the down-regulation is often brought about by specific
proteolysis mediated by the ubiquitin-proteasome system

Inducéd state

Electrophiles (E)
Proteasome

Genes to Cells (2003) 8, 379-391 387



K Itoh et al.

(Hochstrasser 1996; Varshavsky 1997). Alternatively,
specific inhibitory proteins are known to bind and
inhibit important regulatory proteins. One prominent
example for the latter mechanism is the NF-xB/IxB
system, in which IxB binds to NF-xB and sequesters it
stably in the cytoplasm in the absence of inducing
sighals. Since Nrf2 is activated by electrophiles through
its dissociation from Keap1 {Itoh ef al. 19992,b}, Jaiswal
and colleagues recently proposed that an analogous
activation mechanism exists between N2 and NF-kB
{Dhakshinamoorthy & Jaiswal 2001). However, the finding
that Nrf2 is rapidly degraded by proteasomes argues
against such a claim. The Nrf2-activation mechanism
rather shares a commeon feature with the hypoxia inducible
transcription factors, hypoxia inducible factor-1ot {HIF-

- 1o) and HLF (HIF-1-like factor or EPAS-1). HIF-10 -

and HLF are rapidly degraded by proteasomes during
normoxia through the hydroxylation of specific proline
and/or aspartate residues, but stabilized under conditions
of hypoxia (reviewed in Semenza 2001). However, the
rapid turnover of Nrf2 is prevented by electrophiles
through dissociation from Keap1, and this mechanism is
completely different from that of the hypoxia inducible
transcription factors. Thus, these results demonstrate that
the activation mechanism of Nrf2 is a unique biological
systerm.

Both keap1 gene ablation and DEM result in the frce-
dom of Nrf2 to translocate to the nucleus and accumu-
late, and these events appear to play an important role in
the stabilization of Nrf2. It is becoming evident that the
fast and efficient proteolysis of a short-lived protein not
only depends on the presence of a degradation signal, but
also requires a specific localization of the substrate (Lenk
& Sommer 2000). This most probably reflects the fact
that components of the ubiquitin proteasome system are
not evenly distributed throughout the cell, but localize
specifically to certain subcellular compartments (Hirsch
& Ploegh 2000). Endoplasmic reticulum-associated pro-

tein degradation (ERAD) provides a prime example of

compartmentalization of the ubiquitin proteasome sys-
temn (Sommer & Wolf 1997}, ERAD components Jocal-
ize on the cytosolic sutface of the ER membrane and are
responsible for the degradation, not only of misfolded
proteins in the ER lumen, but of cytosolic proteins such

as the ttanscriptional repressor Mat2 (Swanson etal.

2001).

Keap1 binds to the actin cytoskeleton and localizes in
the perinuclear space where the ER network is enriched
{our unpublished observation). Since most chemicals are
transformed to electrophiles on the cytosolic surface of
the ER. membrane {Guengerich 1990), it is reasonable to
hypothesize that the direct modification of Keapl by
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reactive electrophiles takes place near the cytosolic sur-
face of the ER membrane. Similarly, as the 20S protea-

“some is located at the cytoskeleton of intermediate and

actin filaments (Arcangeletti ef al. 2000), an alternative
possibility is that Keapl mediated sequestration of Nrf2
to the actin cytoskeleton might be essential for rapid
Nrf2 degradation (Figs 6C and 7). Since Nrf2 protein in
the nucleus is still sensitive to proteasomal degradation
in keap1™" cells (Fig. 6A), the Nrf2 degradation activity,
albeit weaker, must also exist in the nucleus as well as in
the cytosol. In the nucleus, considering the absence of
Keap1, it is unlikely that Keap1 is directly involved in the
recognition of Nrf2 by proteasome. In the case of the
cytoplasm, however, Keapl is likely to determine the
localization of Nrf2 to the proteasorne, thercby enhanc-
g Nrf2 degradation.

We demonstrated, by its linkage to EGFP that the
Neh2 domain is responsible for Nrf2 degradation, at
least in part.The Neh2 domain can be divided into three
subdomains based on interspecies amino acid conserva-
tion. These subdomains comprise an N-terminal
amphipathic helix subdomain, which is conserved in
Nrfl and nematode SKIN-1 (Itoh et al. 1999b), a central
hydrophilic region, and a Keap1 binding ETGE motif
at the C-terminus (Itoh et al. 1999b; Kobayashi et al.
2002). It is interesting to note that the hydrophobic
surface of the amphipathic helix present in the Mato2
N-terminal region is the major structural feature of the
Mato2 degradation signal (Johnson et al. 1998). The
Ubc6p-Ubc7p ubiquitin-conjugating enzyme pair, which
is 2 component of ERAD, mediates this type of degra-
dation signal (Gilon et al. 2000; Sadis et al. 1995). Thus,
the hydrophobic surface of the Neh2 amphipathic helix
might be important for Nrf2 degradation,

Quite recently, it was reported that Nrf2 is degraded
through the ubiquitin—proteasome pathway, and that
phase II inducers stabilize Nrf2 against degradation
(Nguyen et al. 2002; Sekhar et al. 2002; Stewart et al.

" 2002). The mechanisms as to how Nrf2 is stabilized,

however, remain to be clarified. Furthermore, it should
be tested carefully through in vivo systems whether
recognition of Nrf2 by the proteasome system requires
ubiquitination and whether such Nrf2 ubiquitination s
regulated by electrophiles. Interestingly, Nrf2 is stabilized
by cadmium without any apparent changes in ubiquiti-
nation status (Stewart ef al. 2002), suggesting that any
changes in Nrf2 ubiquitination may not be associated
with its stabilization. On the contrary, phosphorylation
of Nrf2 has been shown to be important for Nrf2
activation (Huang et al. 2002) and it was reported that
Nrf2 stabilization by tert-butylhydroquinone (tBHQ)
was inhibited by MAP kinase inhibitors, but not by
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protein kinase C (PKC) inhibitors (Nguyen et al. 2002).
Thus, the MAPK pathway may be responsible for the
tBHQ-mediated accumulation of Nif2, although future
studies will be absolutely essential for shedding light on
the relationship between the function of Keapl and the
maodification of Nrf2 by the kinase pathways or ubiqui-
tination pathway in the N2 degradation process.

The rapid cytosolic degradation of Nrf2 seems to have
a physiological relevance. When the cell encounters
highly toxic electrophiles, a state of emergency arises in
“which it is vital that potent transactivators such as Nrf2
{(Katoh et al. 2001) can rapidly and effectively provide
cytoprotection. One drawback is that potent trans-
criptional activators may place cells under the possible
danger of deregulated activation. Indeed, mice with
constitutively activated Nrf2 due to the absence of
Keap1 die within 3 weeks of birth, most probably due to
excessive Nrf2 mediated transcription (manuscript sub-
mitted for publication). The rapid and irreversible prote-
olysis of Nrf2 in the cytosol might provide a solid basis
for the tight control of INH2 activity.

One question remaining is whether the stabilization
per se triggers Nrf2 activation or not. Since Nrf2 over-
expression can cause the constitutive expression of an
ARE reporter gene in cell culture (Itoh ef al. 19992) and
an endogenous Nrf2 target gene in vivo (Kobayashi ef al.
2002), it is plausible that the saturation of Keapl repres-
sion can lead to Nrf2 activation. Proteasome inhibition
can result in the accurmulation of Ntf2 in the nucleus
(Fig. 3A) and the subsequent induction of target gene
expression (our unpublished observations; Sekhar et al.
2000); thus, protein stabilization might at least enhance
the nuclear translocation of Nrf2 in response to inducers
(Fig. 7). Further analysis, however, is required to eluci-
date the degradation mechanisms of Nrf2.

Experimental procedures

Plasmid construction

Construction of the Neh2-EGFP expression plasmid was previ-
ously described (Kobayashi et al. 2002). To generate the NehS-
" EGFP expression plasmid, a cDINA fragment encoding the Neh5
region (amino acids 153-227) of Nrf2 was amplified by PCR
and subcloned into the Kpnl and Agel sites of pcDNA3-EGFP
(Kobayashi et al. 2002). :

Cell culture and treatment

Mouse peritoneal macrophages were cultured as previously
described (Ishit ef al. 2000). Cells were treated with 10 um
MG132 (Peptide Institute Inc), 50 jtss MG115 (Peptide Institute
Inc), 10 PM clasto-Lactacystin P-Lactone {Calbiochem), or
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10 M calpain inhibitor (Peptide Institute Inc.}.The cells were also
treated with 2.5 um menadione, 100 pmM DEM, 10 pm 1-chloro-
2-4-dinitrobenzene (CDINB) or 10 pM sulforaphane. To remove
the MG132 from the culture, the cells were washed three times with
medium, with incubations of 5 min each. NTH 3T3 fibroblast cells
were maintained in DMEM supplemented with 10% FBS and
stable clones were selected in the presence of 0.5 mg/mL G418.

Imrhunoblotting

.Total cell extracts or fractionated extracts were separated by

SDS—polyacrylamide gel electrophoresis in the presence of 2-
mercaptoethanol and electro-tansferred on to Immobilon membrane
(Millipore, Bedford, MA). The membrane was blocked in 3%
skimmed milk and 2% goat serum overnight at 4 °C and sub-
sequently incubated with anti-N:f2 antibody (Ishii ef al. 2000}
overnight at 4 °C. As a loading control, the membrane was also
hybridized with anti-B-actin antibody or anti-lamin B anti-
body. To detect immunoreactive proteins, we used horseradish
peroxidase-conjugated anti~rabbit IgG and ECL bloting reagents
(Amersharm Japan, Tokyo).

RNA blot analysis

Total cellular RNA was extracted fiom maciop_hagcs by RNA-
zol™ B (Tel-Test Inc., Friendswood, TX). The RINA samples
(10 png) were electrophoresed and transferred on to Zeta-Probe
GT membranes {(Bio-Rad Japan, Tokyo). The membranes were

probed with [*°P]-labelled cDNA probes, as indicated in the fig-

ures. B-Actin cDONA was used as a positive control.

Cell fractionation

Nuclear extracts from macrophages were prepared as previously
described (Ishii et al. 2G00), Briefly, 7.5 X 1¢° peritoneal macro-
phages were suspended in hypotonic buffer and vortexed for 15 5
and the nuclear fraction was pelleted at 7700 g for 1 min. The
nuclet were resuspended in SDS sample loading buffer (with-
out dye or 2-mercaptoethanol) and boiled for 5 min. Protein
concentrations were estimated by BCA protein assay (Pierce,
R.ockford, IL). 0.5% Triton X soluble and insoluble fractions were
prepared as previously described (Fey et al. 1984).

Immunohistochemistry

Livers or intestines were fixed in ice-cold 10% formalin in
phosphate-buffered saline for 2 h, dehydrated with ethanol, em-
bedded in paraffin, and cut into 3 um sections. The sections were
de-waxed and incubated for 20 min with anti-B-galactosidase
antibody. They were then incubated with biotin-conjugated goat
anti-rabbit IgG and avidin-DAB.
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Abstract—Mice that lack the Nrf2 (NF-E2-related factor 2) transcription factor develop a lupus-like autoimmune
nephritis. The tissue-reducing activity of Nrf2-deficient mice was evaluated using a combination of real-time EPR
imaging and spin probe kinetic analysis. Substantial delay in the spin probe 3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-
1-oxyl (Carbamoyl-PROXYL) disappearance in the liver and kidneys of Nrf2-deficient mice was observed by EPR
imaging. The half-life of the spin probe in the upper abdominal area was prolonged in both the Nrf2-deficient mice and
in aged mice. The combination of Nrf2 deficiency and aging in female mice resulted in the most prolonged half-life of
disappearance, which was four times longer than that of juvenile female mice with a wild-type genotype. These results
indicate that the low reducing activity in these organs is brought about by both Nrf2 deficiency and the aging process,
and it may play a key role in the onset of autoimmune nephritis. This combination of the EPR imaging and half-life
analysis appears to be a very powerful tool in the real-time analysis of reducing activity. © 2003 Elsevier Inc.

Keywords—EPR, EPR imaging, Nrf2, Carbamoyl-PROXYL, Lupus nephritis, Free radicals

INTRODUCTION

As the pathophysiological role of reactive oxygen spe-
cies (ROS) in many diseases becomes clear, the impor-
tance of analyzing in vivo ROS kinetics increases. While
there is a pressing need for direct measurement of both
oxidative stress and antioxidant status in vivo, free rad-
icals, because of their short half-lives, are often esti-
mated indirectly by their end products or gene-related
products. Electron paramagnetic resonance (EPR), which
is a technique for the detection of intramolecular un-
paired electrons, meets the need for dircct measurement
of free radicals. Although the conventional X-band EPR
system is not suitable for in vivo work because of water-
induced dielectric loss, the recent development of low
frequency EPR (L-band EPR) has circumvented this
problem and in vivo EPR measurement is now possible
[11. In this study we have applied a newly developed in
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vivo three-dimensional (3D) stereoscopic EPR imaging
system for the analysis of the organ-reducing activity of
a wild-type and a germ line Nrf2 (NF-E2-related factor
2) mutant mouse [2]. The Nrf2 mutant mouse shows an
increased level of oxidative stress, which may bear some
relation to the onset of disease.

Nrf2 is a basic leucine zipper-type transcriptional
activator ¢ssential for the coordinate transcriptional in-
duction of antioxidant enzymes and phase I drug-me-
tabolizing enzymes through interaction with antioxidant-
responsive  element/electrophile-responsive  element
(ARE/EpRE). AREs are usually found in the regulatory
sequences of antioxidant enzyme genes, such as heme
oxygenase-1 (HO-1) [3] and vy-glutamylcysteine syn-
thetase [4], and regulate a wide range of metabolic re-
sponses provoked by ROS or electrophiles [5]. In con-
sequence of these abnormalities, Nrf2-deficient female
mice are very sensitive to oxidative stress {6}, generate
increased amounts of lipid peroxidative products, and
have a shorter life span compared to their wild-type
counterparts [7]. Additionally, these mice develop a se-
vere lupus-like glomerulonephritis [7]. Thus, Nrf2-defi-
cient female mouse is a new model of lupus-like auto-
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immune nephritis, which is closely related to increased
oxidative stress.

Using a noninvasive in vivo EPR system, we have
evaluated the organ-reducing activity of the mice at
young (10 weeks old) and elderly (50 weeks old) stages.
An important characteristic of the Nrf2-deficient mouse
is the slow onset of glomerulonephritis. The first detec-
tion of a glomerular lesion in an Nrf2-deficient female
mouse is at around 40 weeks, and significant glomerular
damage is found after 60 weeks of age [7]. This onset of
nephritis is much later than occurrences in other lupus
mouse models such as MRL/Ipr and NZB/W [8,9]. Con-
sequently, we believe that not only genetic features but
also the redox status play important roles in the progres-
sion of this glomerulonephritis. Thus, the noninvasive
analysis of redox status is an important parameter in this
study.

In this study, we analyzed organ-reducing activity of
Nrf2-deficient mice using (i) 3D-stereoscopic EPR im-
aging, (ii) rate constants of the reaction for the spin probe
disappearance, and (iii) ex vivo measurement system of
total reducing activity in various organ homogenates. For
the EPR spin probe, 3-carbamoyl-2,2,5,5-tetrameth-
ylpyrrolidine-1-oxyl (Carbamoyl-PROXYL) was used.

MATERIALS AND METHODS

Animals

The generation of Nrf2-deficient mice has been de-
scribed [2). The mice used in this study were of ICR
background. Female Nrf2-deficient mice aged around 10
weeks (juvenile) or 50 weeks (elderly) were used for this
study (n = 4 and 5, respectively). Female wild-type mice
of similar ages were employed for controls (n = 4 for
juvenile and 5 for elderly). All experiments were per-
formed according to the Guide for the Care and Use of
Laboratory Animals in University of Tsukuba,

Imaging study

Carbamoyl-PROXYL (200 mM, 3 mlkg) was in-
jected into the animals through the tail vein 15 min after
pentobarbital anesthesia. Each mouse was then fixed in a
plastic holder and put in the EPR system placing its
upper abdominal area in the center; the bladder was
outside of the resonator. Three-dimensional (3D) EPR
images were constructed with the center peak of the
triplet Carbamoyl-PROXYL EPR signal using ESR-CT
version 1.136 software (JEOL, Tokyo, Japan). EPR con-
ditions were as follows: field gradient, 1.0 mT/cm;

changing direction, 30° steps (provides six spectra for

each projection); magnetic field, 37.0 £ 5.0 mT; micro-
wave power, 0.25 mW; and, modulation width, 0.1 mT.
Because there are no practical internal standard markers

for L-band measurements, equivalence of the resonator
conditions was confirmed with (i) the signal threshold
value used for the image construction; and, (i) the lon-
gitudinal size of a DPPH marker with each mouse, which
were imaged prior to the Carbamoyl-PROXYL injection.
The cross-sectional 3D EPR images were obtained every
5 min until 15 min after Carbamoyl-PROXYL injection.
Stereoscopic images in 3D were constructed using 3D
cross-sectional data with IRIS explorer software (IRIS
Co., Berkshire, England).

In vivo ESR measurement of Carbamoyl-PROXYL
signal disappearance

. The signal intensity was measured using ESR-NT
software (JEQOL). Rate constants were measured every
60 s from 4 to 40 min after the Carbamoyl-PROXYL
injection. The peak-to-peak height of the lowest mag-
netic field signal in the triplet spectrum was defined as
the signal intensity. EPR conditions for these in vivo
measurements were as follows: magnetic field, 37.0 £
5.0 'mT; modulation width, 0.69 mT; time constant,
0.03 s; microwave power, 0.25 mW; and, scanning time,
30 s. The spin clearance of the Carbamoyl-PROXYL
signal intensity was semilogarithmically plotted against
time. The first order spin reduction rate constant was
estimated from the slope value of the observed clearance
curve, which was obtained by best fit. The half-life was
calculated using the equation: t1/2 = In2/k.

Ex vivo measurements of organ-reducing activity

The mice were sacrificed immediately after the imag-
ing study and the abdominal organs were removed. The
remaining Carbamoyl-PROXYL quantities in the ho-
mogenates from these organs were measured using con-
ventional X-band EPR equipment (TR-25, JEOL) and a
quartz flat EPR cell (Labotec, Tokyo, Japan). Elapsed
times from the Carbamoyl-PROXYL injection to sacri-
fice, to removal of the kidney and the liver, and to the
X-band EPR examinations were fixed. Mice were sacri-
ficed 16 min after the injection and the organs were
removed within 1 min. These organs were homogenized
on ice followed by X-band measurements. Renal and
hepatic homogenates were measured 17 and 23 min,
respectively, after the injection. The peak-to-peak height
of the lowest magnetic field signal in the triplet spectrum

“was defined as the signal intensity of Carbamoy!-

PROXYL. The ratio of intensities of Carbamoyl-
PROXYL and a manganese oxide internal standard peak
was defined as the remaining Carbamoyl-PROXYL sig-
nal intensity (Rem). After the measurements, the homog-
enates were combined with the same amount of 1.0 mM
potassium ferricyanide. This process reoxidized EPR-
silent hydroxylamines, which are already reduced by the
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tissue, to EPR-positive Carbamoyl-PROXYL again. The
signal intensity after the addition of potassium ferricya-
nide was defined as total tissue hydroxylamine (ReOx)
[10]. The Rem/ReOx ratic was used as an index for
tissue-reducing activity.

Statistical analysis

Significant differences between the groups of mice
were analyzed by means of the unpaired Student’s #-test;
p values less than .05 were considered statistically sig-
nificant. Results are expressed as means * SD.

RESULTS

EPR imaging reveals a delay in the
Carbamoyl-PROXYL disappearance in Nrf2-deficient
mice '

To analyze the in vivo redox status of the wild-type
and Nrf2 mutant mice, age-matched wild types and Nrf2
germ line mutant mice were analyzed by in vivo 3D-
stereoscopic EPR imaging. A typical three-line Car-
bamoyl-PROXYL signal was observed 3 min after the
Carbamoyl-PROXYL injection (data not shown). EPR-
positive regions were observed in the upper abdominal
area of both aged wild-type mice and Nrf2-deficient mice
5 min after Carbamoyl-PROXYL injection. Typical 3D
stereoscopic EPR images of aged mice from both wild
types and Nrf2-deficient animals are shown in Figs. 1
and 2. Nrf2-deficient mice showed stronger and larger
images corresponding to their hepatic and renal regions
(Figs. 1b and 1d, pink color) than those seen in wild-type
mice (Figs. 1a and Ic, green color). Tomographical anal-
ysis further supported this observation (Figs. le and 1f).
In wild-type mice, images from the kidneys disappeared
and the liver images were diminished 10 min after the
Carbamoyl-PROXYL injection (Figs. 2a and 2b, green
color), In contrast, the liver and kidney images of Nif2-
deficient mice were clearly visible at thig time (Figs. 2¢
and 2d, pink color), indicating a decrease in reducing
activity for the nitroxide radical in the Nrf2-deficient
mice.

Fifteen minutes after the Carbamoyl-PROXYL injec-
tion, EPR signals were not detected in the wild-type
mice. In contrast, weak EPR signals were observed in the
Nrf2-deficient mice (data not shown). These results in-
dicate that spin signals last longer in Nrf2-deficient mice
than in wild types. Whereas the initial intensity of signals
after Carbamoyl-PROXYL injection differs from mouse
to mouse, the prolonged signal decay in Nrf2-deficient
mice was quite reproducible.

Prolonged half-life of Cdrbamayl—PROXYL in
Nrf2-deficient mice

The reduction of Carbamoyl-PROXYL has been re-
ported to follow first-order kinetics [11,12). Showing
good agreement with previous observations, the plots of
signal intensities were fitted to straight lines on a semi-
logarithmic scale with both the wild-type and Nrf2-
deficient mice, indicating that Carbamoyl-PROXYL re-
dnction obeyed first-order kinetics during the time
measured (typical signal decay curves are shown in Fig.
3a). The half-time of Carbamoyl-PROXYL decay in the
upper abdominal area was prolonged in the Nrf2-defi-
cient mice (Fig. 3b). In elderly wild-type mice, the half-
life of the probe was 27.2 = 2.2 min (n = 5), which is
significantly shorter than the half-life of elderly Nrf2-
deficient mice at 54.0 £ 16.4 min (n = 4, p < .05, Fig.
3b). The half-life of Carbamoyl-PROXYL in juvenile
mice was 12.1 * 3.4 min (n = 5) and 20.0 = 5.1 min (»
= 5) for the wild-type and the Nrf2-deficient mice,
respectively; this difference was statistically significant
(p < .05). Both of these values were significantly lower
than those in the corresponding elderly mice (p < .01).
These results indicate that both aging and Nrf2 defi-
ciency contribute to the low reducing activity in the
organs examined.

Confirmation of decreased organ-reducing activity by
ex vivo EPR analysis

Since EPR imaging detects paramagnetic substances
only, each domain of the images reflects signal intensity
in the area concerned rather than organ shape. Therefore,
there still remains uncertainty in our assignment of the
signals to the specific organs. To address whether these
images truly correspond to the livers and kidneys, we
sacrificed the animals and removed their abdominal or-
gans. Livers and kidneys were homogenized and ana-
lyzed using conventional X-band EPR spectroscopy. The
Rem/ReOx ratio was then used as an index of tissue-
reducing activity (see Materials and Methods). This ex
vivo study revealed higher Rem/ReOx ratios in the Nrf2-
deficient mouse livers compared to the wild-type mouse
livers (p << 05, Table 1). Increased Rem/ReOx ratio was
also observed in the Nrf2-deficient mouse kidneys.

DISCUSSION

The disappearance of EPR signals from nitroxide spin
probes is determined by two major factors: (i) a decrease
in the tissue-reducing activity, which leads to prolonga-
tion of the signal disappearance; and, (i) the reaction
between spin probes and locally produced free radicals,
which leads to accelerated EPR signal disappearance
[13]. Nitroxide radicals including Carbamoyl-PROXYL
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Fig. 1. Tomographical 3D sterzoscopic images of aged wild-type and Nrf2-deficient mice 5 min after a Carbamoyl-PROXYL injection.
Representative 3D stereoscopic EPR images of (a and b} lateral and (c and d) caudal views, and (e and f) caudal tomographical images
from (a, ¢, and &) wild-type and 15, d, and T) Nif2-deficient mice are shown. The arrows (2 and b) indicate the positions of cross-sections
that are shown on the (e and f) tomographical images. The image of both hepatic and renal areas remains strong in Nrf2-deficient mice.
Carbamoyl-PROXYL (200 mM, 3 ml/kg) was injected into the mice through the tail vein under pentobarbital anesthesia. The mouse
was fixed in the EPR system, placing its upper abdominal area in the center and the bladder outside of the resonator. The cross-sectional
3D EPR images were obtained every 5 min until 15 min after the Carbamoyl-PROXYL injection. EPR conditions were as follows: field
gradient, 1.0 mT/em; changing direction, 30° steps (provides six spectra for each projection); magnetic field, 37.0 = 5.0 mT;
microwave power, 0.25 mW, and, modulation width, 1.0 mT, Results are representative of three independent experiments.

are converted to the corresponding hydroxylamines with
one-electron reductions that Iead to a loss of the EPR
signal [10,14]. Glutathione is known to play a central
role in this paramagnetic loss among the various intra-
cellular reductants, and one study showed correlations
between glutathione levels and the Carbamoyl-PROXYL

reduction rate constant [15]. The paramagnetic loss of
the nitroxide radicals usually is not caused during reduc-
tion with components of blood, but rather after their
transport to various organs [10]. Thus, altered tissue
antioxidant activity in organs results in prolongation of
the EPR signal decay. On the other hand, some nitroxide
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Fig. 2. Sequential changes in the lateral views of wild-type and Nrf2-deficient mice. Typical series of 3D stereoscopic EPR images of
{a and b, green color) wild-type mice and (c and d, pink color) Nrf2~deficient mice are shown at {a and ¢) 5 min and (b and d) 10 min
after the Carbamoyl-PROXYL injection. Nrf2-deficient mice show clearer and larger images in their hepatic and renal areas. In
wild-type mice, images of the kidneys disappeared at 10 min after the Carbamoyl-PROXYL injection and the liver image was
diminished. The liver and the kidneys of Nrf2-deficient mice were clearly imaged even at this time. The experimental procedures are

described in Fig. 1 and in Matertals and Methods.

radicals are considered to react with hydroxyl radicals or
other ROS and lose their paramagnetic properties, which
leads to accelerated EPR signal disappearance [13,16].
Therefore, the balance between the reducing activity of
tissue and local free radical reaction determines the sig-
nal decay rate of Carbamoyl-PROXYL..

The EPR imaging analysis that we employed here -

demonstrated significant delay in the EPR signal decay
of Carbamoyl-PROXYL in the abdominal organs of
Nrf2-deficient elderly mice. The kinetic analysis of in
vivo EPR showed a prelonged half-life of the probe both
in Nrf2-deficient mice and aged wild-type mice. Ex vivo
analysis showed decreased reducing activity of the Nrf2
liver in agreement with the in vivo study. These results
demonstrate that both Nrf2 deficiency and aging syner-
gistically induce attenuation of the renal and hepatic
reducing activity. Though there remains a possibility that
elder Nrf2-deficient mice show some free radical pro-

duction in these organs, which accelerates the EPR signal
decay, this phenomenon is considerably less prominent.
On the other hand, Rem/ReOx of the kidney from the
Nrf2-deficient mice showed a tendency to be higher than
that of wild mice, but was not significant; and, ReOx
value of Nrf2 kidney was lower than that of wild-type
mice. Carbamoyl-PROXYL is water soluble and ex-
creted to urine so that changes of renal plasma flow or
glomerular filtration rate may alter its signal decay. To
exclude this effect, we confirmed organ-reducing activity
by ex vivo experiments. In addition to these ex vivo
results, our former studies showed that (i) Nif2-deficient
female mice showed decreased creatinine clearance after
60 wecks in age, which is still older than our “elderly”
mice [7]; and, (ii} kidneys have the largest reducing
activity among the abdominal organs [17]. Altogether,
we suggest that our results of in vivo experiments indi-
cate decreased antioxidant activity in the kidneys.
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Table 1. Ex vivo Analysis of Organ Reduction Activity for

9 Carbamoyl-PROXYL
Wild-type mice Nrf2-deficient mice
= Liver
w 7 Rem 279 +56 514 +313
s ReOx 360 = 90 310 % 70
E Rem/ReOx (X 10™2) 6.70 = 0.3 1.1+ 1.3*
T Kidney i
5 Rem 14030 100 = 11
@ 5 ReOx T £70 440 = 100*
= Rem/ReOx (X 1073 07+16 234*55
Rem = the signal intensity remaining Carbamoyl-PROXYL
amounts in the homogenates from the organs; ReOx = the signal
3 — A . o intensity after the addition of potassium ferricyanide (total tissue hy-
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" Fig. 3. Prolonged half-life of Carbamoyl-PROXYL in aged Nrf2-
deficient mice. (a) Typical representative signal decay curves of Car-
bamoyl-PROXYL. from wild-type (O) and Nrf2-deficient ((I) mouse;
(b} half-life of Carbamoyl-PROXYL in the upper abdominal area.
Circles indicate wild-type mice and squares indicate Nrf2-deficient
mice at juvenile (open) and elder (solid) stages. Signal intensities were
measured every 60 s from 4 to 40 min after the Carbamoyl-PROXYL
injection; (a) values are indicated at every 120 s. Note that the half-life
of Carbamoyl-PROXYL decay is prolonged by Nrf2 deficiency in both
juvenile and elder mice. Aging also extended the half-life of Car-
bamoyl-PROXYL both in the wild-type and Nrf2-deficient mice; *p <
05; #*p < 01. EPR conditions were as follows: magnetic field, 37.0
#* 5.0 mT: modulation width, 0.69 mT; time constant, 0.03 s; micro-
wave power, (.25 mW; and scanning time, 30 s.

In the progression of Iupus nephritis, ROS are con-
sidered to be important players in both direct cell injury
and the pathway signaling organ damage leading to end
stage renal failure [18]. Additionally, improvement of
antioxidant activity by dietary supplementation with «-3
fatty acid ameliorates the nephritis in the NZB/W model
[19]. The glomerulonephritis in Nrf2-deficient mice oc-
curs much later than in the other lupus murine models
{e.g., MRL/lpr or NZB/W), and at the onset of this
glomerulonephritis, Nrf2-deficient fernale mice are ex-
posed to high oxidative stress [7]. These facts lead to a
hypothesis that not only the primary damage of inflam-

* Statistically significant, p < .05.

mation but also reduced antioxidant activity, caused by
Nrf2 deficiency during aging, participate in the onset of
the glomerulonephritis and other pathophysiological
conditions such as induction of anti-DNA antibodies,

Qur data show that the half-life of Carbamoyl-
PROXYL of juvenile Nrf2-deficient mice was already
longer than that of wild-type mice. This decreased Car-
bamoyl-PROXYL-reducing activity becomes remark-
able in elder mice, and the Carbamoyl-PROXYL half-
life in juvenile Nirf2-deficient mice is similar to that of
elder wild-type mice. These results suggest a primary
decrease of tissue-reducing activity in the juvenile stage
and its expansion during the aging process. This deteri-
oration of reducing activity was observed both in organs
and over the total upper abdominal area, and, thus, can
affect the onset of nonrenal features of lupus. Taken
together with the fact that the lupus-like changes in the
Nrf2-deficient mice were only observed in the elder
animals, these data indicate that disturbances in tissue-
repairing mechanisms due to attennated antioxidant ac-
tivity, following the initial inflammatory damage, may
play a key role in the onset of lupus. Evaluation of
reducing activity in combination with EPR imaging and
half-life or rate constant analysis by in vivo EPR allows
us in vivo, real-time, and low-invasive redox analysis,
which is the most exceptional feature of EPR.
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ABBREVIATIONS

ARFE/EpRE—antioxidant-responsive  element/electro-
phile-responsive element

Carba.moyl-PROXYL—B-carba.moyl—2,2,5,S—tctmmcth-
ylpyrrolidine-1-oxyl

EPR—electron paramagnetic resonance

HO-1—heme oxygenase-1

Nrf2—NF-E2-related factor 2

Rem—remaining Carbamoyl-PROXYL (seec Materials
and Methods) ‘

ReOx—total tissue hydroxylamine (see Materials and
Methods)

ROS—reactive oxygen species
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Abstract

The arylhydrocarbon receptor (AhR) regulates the expression of cytochrome P450 (CYP)-1 gene family members which catalyze
xenobiotic Phase I metabolism, while N1f2 exerts the concerted regulation of Phase Il enzyme genes. We generated AhR and Nrf2
compound null mutant mice to examine the integrated function of AhR- and Nrf2-regulated enzymes in detoxification. Further-
more, we used this mouse model, by administering three different classes of chemical inducers, to examine how xenobiotic me-
tabolism may be influenced in the absence of signals transduced by AhR or Nif2, The compound mutant mice responded only
weakly to AhR ligand or Phase IT inducer, while they displayed a clear response to phenobarbital, an inducer of the CYP2B family
through another, unrelated transcription factor. Here, we report an initial characterization of the AhR-N1f2 double mutant mice,
which may serve as a simplified bioassay system to evaluate xenobiotic toxicity and metabolic biotransformation of various drugs
and environmental chemicals. .
® 2003 Elsevier Science (USA). All rights reserved.

Keywords: Xenobiotics; Phase I enzymes; Phase IT énzymes; Gene knockout mouse; 3-Methylchoranthrene; Butylated hydroxyanisole; Phenobarbital

The detoxification of foreign substances, although
complex, can be considered to comprise two sequential
reaction processes; namely, Phase 1 and Phase IL In
Phase I reactions, foreign chemicals are mainly oxidized
by cytochrome P450 (CYP) enzymes to become polar-
ized metabolites. Subsequently, Phase IT metabolism,
catalyzed by enzymes such as glutathione S-transferase
(GST) and NAD(P)H:quinone oxidoreductase (NQOL),

_ * Abbreviations: CYP, cytochrome P450; 3-MC, 3-methylchoranth-
rene; BHA, butylated hydroxyanisole, +-BHQ, tert-butylhydroqui-
none; PP, phenobarbital; AR, aryl hydrocarbon receptor; ARNT,
AhR nuclear translocator; Nrf2, nuclear factor-erythroid 2 p45-refated
factor 2; CAR, constitutive androstane receptor; XRE, xenobiotic-
responsive element; ARE, antioxidant-responsive clement; GST-P,
glutathione S-transferase class Pi; NQO!, NAD{(P)H:quinone oxido-
reductase 1; D-KO, double knockout mouse of AhR and Nrf2; N-KO,
Nrf2 knockout mouse; A-KO, AhR knockout mice; WT, wild type.

" *Corresponding author, Fax: +81-29-853.7318.
E-mail address: hozumim@tara tsukuba.ac.jp (FL. Motohashi).
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converts the reactive Phase I products to more hydro-
philic substances [1].

Four members of the CYP gene family, ie, CYPI-
CYP4, encode liver-expressed enzymes responsible for
metabolizing xenobiotics and endogenous lipophilic
substrates, The transcription of many members of the
CYPI-CYP4 family can be activated by foreign chemi-
cals through one of the four receptor-dependent mecha-
nisms. The aryl hydrocarbon receptor (AhR) is a basic
region-helix-loop-helix (PHLH)-PAS transcription fac-
tor that regulates the CYP! family genes. When bound by
polycyclic aromatic hydrocarbons (PAHs), such as di-
oxins and 3-methylchoranthrene (3-MC), AhR translo-
cates from the cytoplasm to the nucleus, heterodimerizes
with AhR nuclear translocator (ARNT), and activates
transcription through the xenobiotic-responsive element
(XRE) [2]. The requirement for the AhR in the inducible
expression of CYPI family genes by PATL was demon-
strated in AhR-null mutant mice, which were generated
independently by three different laboratories [3-5].

(006-291X/03/8 - see front matter ® 2003 Elsevier Science (USA). All rights reserved.
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The xenobiotic induction mechanism of CYP2, 3, and
4 involves three distinct orphan nuclear receptors.
CYP2B induction by phenobarbital (PB) and other PB-
like lipophilic chemicals is mediated by the constitutive
androstane receptor (CAR) through its interaction with
the PB-responsive enhancer module (PBREM) [6].
Germ line mutation of the murine CAR gene revealed
that it is essential for the PB-induction of the CYP2B
family of genes [7]. PXR activates the CYP34 family
genes in response to diverse chemicals including natural
and synthetic steroids [8], whereas PPAR mediates the
induction of the CYP44 family genes by many acidic

chemicals classified as non-genotoxic carcinogens and.

peroxisome proliferators [9].

The genes of Phase II metabolism are also regulated
in a concerted manner at the transcriptional level
through the antioxidant-responsive element (ARE) or
electrophile-responsive element (EpRE) [10,11]). Our
previous analysis of nrf2-null mutant mice revealed that
Nif2 is central to ARE-mediated gene expression {12].
Nrf2 belongs to a family of transcription factors con-
taining a basic region-leucine zipper (bZip) motif. The
" products of Phase I metabolism, as well as Phase II in-
ducers, such as butylated hydroxyanisole (BHA) and
Oltipraz, cause Nrf2 to dissociate from a cytoplasmic
inhibitor molecule called Keapl, thereby permitting
Nrf2 to translocate into the nucleus [13]. Nrf2 activates
transcription of Phase IT genes through the ARE/EpRE.
In the absence of Nrf2, Phase I1 inducers were ineffective
[14], and consequently, the reactive Phase I metabolites
are not conjugated for excretion but form electrophiles
that may attack intracellular macromolecules including
DNA and protein {15,16).

To establish a model mouse system for assessing the
integrated function of the AhR battery and Nrf2 battery
in detoxification and to understand the contribution of
" AhR and Nrf2 to xenobiotic metabolism, we generated
AhR-Nrf2 compound null mutant mice. Initial charac-
terization of the double mutant mice focused on their
responsiveness to three chemicals of different categories,
. 3-MC as a model AhR ligand, BHA as an activator of
Nrf2, and PB as a regulator of the CYP2B family genes.
Genes for CYPIAL, CYP1A2, NQOl, GST-P, and
CYP2BI0 were selected for analysis. The AhR-Nrf2
compound null mutant mice respond to neither the AhR
ligand nor the Phase IT inducer, while they displayed a
clear response to PB. Thus, the AhR~Nrf2 double mu-
tant mice serve as a simplified bioassay system for PB
and related chemicals under conditions free of AhR and
Nrf2 interference.

Materials and methods _

Generation of AhR~I~:Nrf2~/~ mice. AhR- and Nrf2-null mutant
roice were previously generated [5,12). After the crossing of AhR~/~

male mouse in 129svJ-CS7BL/6 mixed background and a Nrf2-/~ fe-
male mouse in 1295v]-ICR mixed background, the mice heterozygous
for both genes (AhR™/+:Ntf2-/*) were obtained. Ovne male and two
females from the same Iitter were further intercrossed to produce
progeny null for both AhR and Nrf2 genes. Double heterozygous
(AhR~/*Nrf2~/*) and double homozygous (AR~ :Nrf27/~) mu-
tant mice obtained from the offspring were bred for 400 days to ex-
amine their survival, The double homozygous female animals (D-KO)
were exploiled for enzyme-induction experiments with chemical in-
ducers at 3-6 months after birth together with the control wild-type
(WT), Nrf2 single homozygous (N-KO), and AhR single homozygous
(A-KO) females at the same age.

Animals were housed under controlled temperzture (23 °C), hu-
midity (40-60%), and lighting (14/10h light/dark cycle) and provided
food {Orienta! Yeast, Tokyo) and water ad libitum, AR genotype was
determined by PCR with three primers (5-CGCGGGCACCATGA
GCAG-¥, S“TTGAGACTCAGCTCCTGGATGG-3, §-GCGGAT
TGACCGTAATGGGATAGG-Y) under the condition of 96 °C for
205, 62°C for 30s, and 72°C for 45 s. For PCR of Nrf2 genotyping,
three primers (5'-TGGACGGGACT ATTGAAGGCTG-¥, 5-GCCG
CCTTTTCAGTAGATGGAGG-¥, §¥-GCGGATTGACCGTAATG
GGATAGG-3") were used at 96 °C for 20s, 59°C for 30s, and 72°C -

for 45s.

Survival curve. Cohorts of 32 AhR~/+:Nrf2~/* mice and of 65
D-K.O mice were followed for 400 days to ses their survival. Data were
plotted into Kaplan-Meier survival curves. '

Treatment with chentical inducers. 3-MC (WAXO Pure Chemical,
Tokyo) was administered intraperitoneally at 2 dose of 80mg/kg dis-
solved in corn oil as vehicle, Oral gavage treatment was employed to
administer BHA (Sigma, Darmstadt) at a dose of 400mgkg dissolved
in corn il as vehicle, PB (Tokyo Kasei Kougyo, Tokyo) was injected
intraperitoneally at a dose of 80 mg/kg in salite once a day for three
consecutive days. The animals were sacrificed 24h after the last
treatment and the liver was processed for RNA purification.

RNA blot analysis. Total RNA was isolated from the liver with
Isogen (Nippon Gene, Toyama) according to the manufacturer’s o-
struction. Fifteen micrograms of purified total RNA was denatured
and separated on 1% agarose gel containing formaldehyde, followed
by capillary transfer to a nylon membrane (Zeta Probe Blotting
Membrane, Bio-Rad Laboratories, CA). cDNA fragments of
CYP1Al, CYPLIA2, NQO!, GST-P, CYP2B10, and G3PDH were
tabeled and used as probes. Hybridization and washing were
performed under the instruction manual of Zeta Probe Blotting
Membrane,

Results and discussion
Generation of ARR™{=::Nrf2~I~ compound mutant mice

AhR~/~ male mice and Nrf2™/~ female mice were
mated to obtain AhR*+/~:Nrf2t/~ double heterozygous
mice. AhR=/=:Nrf2~/~ compound mutant mice were
generated from the mating of double heterozygous ani-
mals. Approximately half of the double homozygous
mutant (D-KO) mice died within one week after birth
for unknown reason(s), but the mice that survived this
critical period became stable (below). The survival rate
was 40% after 400 days (Fig. 1). When pups were ex-
amined one week after birth, no significant changes were
observed except for the liver, where steatosis developed
as previously reported in the analysis of AhR-null
mutant mice 4],
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Fig. 1. Long-term survival of the D-KO mice, Sixty-five D-KO (double
homozygous) mice and 32 control double heterozygous mice were bred
up to 400 days, Survival ratios of each genetic group were plotted into
Kaplan-Meier curves,

The D-KO survivors, both males and females, were
viable and fertile and displayed no apparent phenotypic
change. We therefore examined carefully their major
organs, including brain, heart, lung, thymus, stomach,

intestine; spleen, liver, kidney, bladder, and reproductive

organs, both macroscopically and microscopically, but
" again we could find no apparent abnormalities (data not
shown). We envisage that heterogeneity in the genetic
background might affect the neonatal viability of each
D-KO mouse. However, most importantly for this
study, obtaining viable D-KO mice enabled us to ana-
" lyze-the xenobiotic response in a situation where the
ARR and Nrf2 genes are simultaneously ablated.

Response to 3-me1;hylcho}anthrene

We first treated the D-KO mice with 3-MC, which
induces Phase I gene expression through the XRE. Since
AhR-null mutant (A-KO) animals have already been
reported to be unresponsive to 3-MC treatment [17], we
compared the 3-MC response in D-KO animals to those
of Nef2-null mutant (N-KO) and wild type (WT) mice.
The expression levels of CYPIAI, CYPI142, and NQO!
genes were examined, which are categorized as the
“AhR battery” [18]. The inducible expression of the
CYPIAI and CYPI1A2 genes was completely abolished
in the D-KO mice (Fig. 2, lanes 13-18), while the N-KO
mice (Fig. 2, lanes 7-12) displayed a normal response
comparable to those of WT mice (Fig. 2, lanes [-6). This
result is consistent with previous reports showing that
CYPIAI and CYPIAZ are typical AhR target genes
[19,20], and demonstrates that the induction of CYP1A
family genes by 3-MC is independent of Nrf2.

In ¢ontrast, the gene induction of NQOI was abol-
_ ished both in the N-KO mice and D-KO mice (Fig. 2).

WT - N-KO

1234568678 3101112131415181718

. Fig. 2. Expression profiles of detoxifying enzyme genes in WT, N-KO,

and D-KO mice induced by 3-MC. WT, N-KO, and D-KO were
treated with 3-MC or vehicle as described in Materials and methods.
Total RNAs (15 pg) extracted from the liver were subjected to RNA
blot analysis. The expression levels of CYP1A1, CYPLA2, and NQO!
mRNAs were examined together with G3PDH mRNA as & loading
control. WT mice treated with 3-MC (lanes 1-3) or vehicle (lanes 4-6),
N-K O mice treated with 3-MC (lanes 7-9) or vehicle (lanes 10-12), and
D-KO mice treated with 3-MC (lanes 13-15) or vehicle (lanes 16-18)
were examined. T, treated; U, untreated.

This results shows that Nrf2 is indispensable for the
induction of NQOI gene by 3-MC. Although the NOQOI
gene has been included in the “AhR battery,” some
controversy remains ragarding its regulatory mechanism
[21]. It has been shown that NOO! gene expression is
strongly induced in C57BL/§ mice possessing high af-
finity AhR, but not in DBA/2 mice possessing low af-
finity AhR [22], suggesting that the induction of NQOI
by 3-MC correlates with AhR activity. The existence of
an XRE motif in the upstream regulatory region of the
NQOI gene supports the conclusion of this observation
[21]. However, the true significance of the XRE motif
for the gene expression has not yet been established.
Importantly, the regulatory region of the NQO! gene
also contains an ARE, and one report showed that the
ARE, not the XRE, is critical for NQO! induction by
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), 2 model
AhR ligand [23]. '

A plausible mechanism whereby AhR ligands induce
expression of the NQOI gene may involve an increase in
oxidative stress capable of promoting Nrf2 activation,
which in turn could increase the expression of the NQO!
gene. Consistent with this view, the GST-P gene, a rec-
ognized ARE-dependent gene, shows a similar pattern
of gene induction by 3-MC (data not shown), An al-
ternative possibility is that the AhR activates ¥QOI
gene transcription synergistically with Nrf2, although no
report has shown that Nif2 activity depends on the
availability of the AhR in the neighboring XRE.

Response to BHA

BHA is a mono-functional inducer of detoxifying
enzymes, capable of inducing Phase II enzymes but
not Phase I enzymes. This ability of BHA to induce
Phase Il gene expression may result from its oxidative
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metabolism to several active polar species including
t-BHQ (zert-butylhydroquinone) as it has been reported
to occur in the presence of microsomes [24]. To confirm
the Nrf2-dependency of BHA action, we examined the
response of AhR-Nrf2 double mutant mice to BHA
treatment in comparison to those of WT, N-KO, and
A-KO animals, WT and N-KO mice were obtained as
Littermates of D-KO mice from the double heterozygous
mating, whereas A-KO mice were prepared indepen-
dently from different parents due to breedmg problems
in the original mating.

NQOI and GST-F were chosen as typical genes ac-
tivated by BHA administration. In accordance with our
expectation, the expression level of NQO! mRNA was
clearly increased in the livers of WT and A-K.O mice by

5.5- and 3.0-fold, respectively (Fig. 3, lanes 19-30), but-

induction was abolished in the N-KO and D-KO mouse

livers (Fig. 3, lanes 1-18). GST-P mRNA was strongly -

induced 14- and 4.6-fold in WT and A-KO mice (Fig. 3,
lanes 19-30), but weakly induced 1.6- and 2.0-fold in N-
KO and D-KO mice, respectively (Fig. 3, lanes 1-18).
These results confirm the fact that Nrf2 makes a major
contribution to the inducible expression of NOO! and
GST-P genes. It is interesting that in the A-KO mice

T U T
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Fig. 3. Expression proﬁlcs of detoxifying enzyme genes induced in WT,
N-KO, D-KO, and A-KC mice by BHA. WT, N-KO, D-KO, and A-
KO mice were treated with BHA or vehicle. Total RNAs (15ug)
extracted from the liver were subjected to RNA blot analysis. The
expression levels of NQO1, GST-P, and CYP1AZ mRNAs were ex-
amined together with G3IPDH mRNA as a loading control. WT mice
treated with BHA (lanes 1-3, 19-21) or vehicle (lanes 4-6, 22-24), N-
KO mice treated with BHA (lanes 7-9) or vehicle (lanes 10-12), D-KO
mice treated with BHA (lanes 13-15) or vehicle (lanes 16-18), and A-
KO mice treated with BHA (lanes 25-27) or vehicle (lanes 28-30) were
examined. T, treated; U, untreated.

there was a 45% (from 5.5- to 3.0-fold) decrease in
NQO! induction and 67% (from 14- to 4.6-fold) de-
crease in GST-P induction. This may reflect an inability
of the A-KO mice to metabolize BHA to active me-
tabolites, such as +-BHQ, and suggests that, in vivo,
AhR-dependent CYP genes make an active contribution
to the metabolism of BHA, It further suggests that GST-
P induction is partially mediated by mechanisms inde-
pendent of both AhR and Nrf2,

CYP1A2is a known Phase I enzyme but was induced
by BHA treatment in all the mice examined (Fig. 3). The
relative induced expression levels of CYPIA2 gene are
1.0, 0.73, 0.17, and 0.29 in WT, N-KQO, D-KO, and
A-KO mice, respectively (Fig. 3, lanes 1-3, 7-9, 13-15,
19-21, and 25-27). They are the highest in WT, inter-
mediate in N-KO and in A-KO, and the lowest in
D-KO. This result suggests that both Nrf2 and AhR are
necessary for the higher levels of the induced expression
of the CYP1A2 gene. The relative basal expression levels -
are 1.0, 1.0, 0.1, and 0.3 in WT, N-KO, D-KO, and A-
KO mice, respectively (Fig. 3, lanes 4-6, 10-12, 16-18,

2224, and 28-30). They are high in WT and N-K O, and

low in D-KO and A-KO. This result indicates that the

* AhR s critical for maintaining the basal expression

levels of the CYP1A2 gene. .

When the CYPIA2 locus in the mouse genomic da-
tabase was examined, several AREs and XREs were
found in the sequence surrounding the CYPIAZ gene
(data not shown). Although none of the AREs have
been experimentally tested, we surmise that some of the
AREs in this locus might be responsible for the gene
activation by BHA, On the contrary, XREs within this
locus were well examined and characterized, Since sev-
eral XREs are present in the mouse CYPI42 locus and
the corresponding human locus [25], the AhR may,
through the XREs, direct basal levels of expression of
the CYPI1A2 gene in addition to its induction. However,
from. an analysis of the human CYPIA2 gene in a
transient overexpression assay, no apparent XRE was
found within the regions important for basal constitu-
tive transcription [26], whereas functional XREs were
identified in the upstream regions required for the re-
sponse to 3-MC [20]. Assuming that the regulatory
mechanisms are conserved between human and mouse,
the contribution made by the AhR to the constitutive
expression of theCYPI42 gene might be indirect.

Re.-s'panse to PB

PB activates Lranscriptidn of the CYP2B fémily of
genes. This induction has been shown to be under the

. regulation of CAR transcription factor and PBREM

sequence [6} In this study, we examined how the lack of
both AhR and Nrf2 affects the PB-mediated induction
of CYP2B10. We found that CYP2BI0 gene expression
was induced in the liver of mice of all genotypes. tested
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(Fig. 4). However, the relative induced expression levels
are 1.0, 0.6, 4.1, and 2.9 in WT, N-KO, D-KQ, and A-
KO, respectively (Fig. 4, lanes 1-3, 7-9, 13-15, 19-21,
and 25-27). The magnitude of induction is far greater in
A-KO and D-KO than in WT and N-KO mice, indi-
«cating that the AAR gene disruption leads to the super-
induction of CYP2BI{ gene expression, This result
indicates that AhR directly or indirectly represses the
PB-mediated induction of C¥P2BI0 gene.

One possible explanation is an indirect effect of AhR
disruption. PB metabolism may be retarded in the ab-
sence of AhR, resulting in the higher effective PB con-
centration in A-KO and D-KO livers. Supporting this
contention, an elongated sedative effect of PB was ob-
served in D-KO and A-KO animals (data not shown).

Alternative explanation would be a rather direct re-
pressive effect of AhR on CYP2BI0 gene transcription.
It is intriguing to note two recent reports related to the
regulation of CYP2B family genes, in which transcrip-
tional coactivator SRC-1 was reported to enhance the
AhR transcriptional activity [27] and also to potentiate
the CAR activity for the transcription of the rat
CYP2EI gene [28]. The AhR. potentiation appears to be
the consequence of direct interaction of SRC-1 and AhR
27] or SRC-1 and ARNT [29], while the CAR poten-
tiation requires flanking regions of PBREM core se-
quence as well as the core sequence itself, suggesting the
requirement of additional factor(s) for the enhancement
of CAR activity by SRC-1 coactivator [28]. These
studies thus imply that AhR and CAR share or compete
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Fig. 4. Expression profiles of detoxifying enzyme genes induced in WT,
N-K.0, D-KO, and A-KO mice by PB. WT, N-KO, D-KQ, and A-KO
mice were treated with PB or vehicle. Total RNAs (15 pg) extracted
from the liver were subjected to RNA blot analysis. The expression
levels of CYP2B10 and CYP1A2 mRNAs were examined together with
G3IPDH mRNA. WT mice treated with PB (lanes 1-3, 19-21) or ve-
hicle (lanes 4-6, 22-24), N-KO mice treated with PB (lanes 7-5) or
vehicle (lanes 10-12), D-KO mice treated with PB (lanes 13-15)
or vehicle (lanes 16-18), and A-KO mice treated with PB (lanes 25-27)
or vehicle {lanes 28-30) were examined. T, treated; U, untreated.

for the common coactivator SRC-1, which may explain
the super-induction of the CYP2B10 gene expression by
PB in the absence of AhR.

‘We found that the CYPIA2 gene was also induced by
PB.in all the mice examined 1.8-, 2.6-, 5.5-, and 4.4-fold
in WT, N-KO, D-KO, and A-KO, respectively (Fig. 4).
This result indicates that both AhR and Nif2 are dis-
pensable for the inducible expression of the CYPI142
gene by PB. The higher fold induction in the absence of
AhR (D-KO and A-KO) is attributed to the lower basal
expression levels (discussed above). Recent report
showed that the CYPIA2 induction by PB is abolished
in the CAR-null mutant mice [30]. Since the mechanism
of PB-mediated induction of CYP1A2 gene has not been
elucidated yet, we examined the mouse CYPIA2 gene
locus in the database for PBREM. We found one
PBREM consensus sequence at 2.6-kbp upstream of the
transcription initiation site and are planning to test the
significance of this element for the PB-mediated induc-
tion of the CYPIA2 gene, The CYPIA2 induction is
suggested to be one cause for the increased acetamino-
phen toxicity by pretreatment with PB [30].

' Prospective uses of AhR~~=::Nrf2-!~ compound mutant

mice - -

As a mouse model, the AhR-Nrf2 D-KO mouse line
could find applications in numerous fields including
pharmacology and environmental and agricultural tox-
icology. In this study, we established an AhR-Nrf2 D-
KO mouse line and confirmed that these mice lack the -
ability to respond to both 3-MC and BHA, a typical
AhR ligand and a Phase IT inducer, respectively (Fig. 3).
1t is conceivable that the D-KO mice are virtually devoid
of the major PAH-metabolizing pathway. As our aim
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Fig. 5. Schematic illustration of the metabolic and detoxifying path-
ways remaining in D-XO mice, AhR- or Nif2-dependent response is
abolished and the disrupted pathways are colored in blue. The re-
maining pathways independent of AhR and Nrf2 function are colored
in red. Compounds accumulating in D-KO mice are surrounded by
green SQuAares.
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was to exploit the D-KO mice in toxicological and
pharmacological studies, we wish'to propose here some
possible applications for the AhR-Nrf2 D-KO ‘mutant
animals (Fig. 5). Using this mouse model it would be
possible to clarify the contribution that the AhR battery
and Nrf2 battery genes make to the detoxification
pathway. Further, an analysis of xenobiotic metabolism
could be made in the absence of the gene inductions,
normally directed by AhR and Nrf2. -

An interesting aspect of the analysis of the D-KO
mouse is the change in the metabolic pathway of various
xenobiotic or pharmaceutical compounds. We are curi-
ous about the qualitative and quantitative alteration of
metabolites in each organ. Observed changes in the
metabolism of xenobiotics in the D-KO mice could re-
veal the integrated and coordinated functions of the
AhR-regulated genes and the Nrf2-regulated genes to
the detoxification processes.

This mouse model could also sunphfy investigations
into the gene-induction response of regulators other
than AhR-Nrf2, unveiling novel process that may
otherwise be buried under major pathways of metabo-
_ lism. Another tempting experiment is to use the D-KO
mmice to test the effect of chronic toxicity by PAHs. The
PAHs should accumulate within the body of D-KO mice
over long periods of time, since in theory PAHs should
only be slowly metabolized in the absence of AhR and
Nrf2.

Concluding remarks

Ingestion of numerous, sometimes harmful, xenobi-
otics is inevitable. Even food naturally contains many
compounds requiring detoxification, in addition to ar-
tificial chemicals used in the growing and processing of
foodstuffs, such as remnants of agricultural pesticides.
Inhalation of air pollutants from combusted fuel and the
emissions from factories account for further exposure to
toxic chemicals. Therefore, a growing need exits to de-
velop a human-oriented bioassay system capable of
evaluating the toxicity of xenobiotics with reasonable
sensitivity and specificity. Our AhR™/~:Nrf2~/~ com-
pound mutant mouse line should provide such a unique
and effective assay system in toxicological evaluations.
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There are [arge inter- and intraspecies differences in susceptibility
to diexin-induced toxicities. A critical question in risk assessment of
dioxin and related compounds is whather humans are sensitive or
resistant to their toxicities. The diverse responses of mammals to
dioxin are strongfy influenced by functional polymorphisms of the
arylhydrocarbon receptor (AHR). To characterize responses medi-
ated by the human AHR (hAHR), we generated a mouse possessing
hAHR instead of mouse AHR. Responses of these mice to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) and 3-methylcholanthrene
were compared with the responses of naturally sensitive (C57BL/
6J) and resistant (DBA/2) mice. Mice homozygous for hAHR exhib-
ited weaker induction of AHR target genes such as cypta? and
cypla2 than did C57BL/6) (Ahrt-Vb-1} mice. DBA/2 (Ahrd/d) mice
“were less responsive to induction of cyp genes than C57BL/6J mice.
hAHR and DBA/2 AHR exhibit similar ligand-binding affinities and
homozygous hAHR and Ahr?/d mice displayed comparable induc-
tion of AHR target genes by 3-methylcholanthrene. However,
when TCDD was administered, a greatly diminished response was
observed in homozygous hAHR mice compared with Ahrd/d mice,
indicating that hAHR expressed in mice is functionally less respon-
sive to TCDD than DBA/2 AHR. After maternal exposure to TCDD,
homozygous hAHR fetuses developed embryonic hydronephrosis,
but not cleft palate, whereas fetuses possessing Ahr>! or Ahrd
developed both anomalies. These results suggest that hAHR may
define the specificity of the responses to various AHR ligands. Thus,
the hAHR knock-in mouse is a humanized model mouse that may
better predict the biological effects of bioaccumulative environ-
mental toxicants like TCDD in humans.

human | C57BL6/) | DBA/2 | CYP1A1

Polycyclic aromatic hydrocarbons (PAH) and halogenated
aromatic hydrocarbons (HAH), including 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD), benzo[a]pyrene, and polychlori-
nated biphenyls, are ubiquitous environmental toxicants whose
chemical stability and lipophilicity make them highly persistent
in the environment and in living organisms. These groups of
chemicals cause various toxicological and biological responses,
typified by teratogenesis, thymic atrophy, severe epithelial dis-
orders, wasting syndrome, tumor promotion, and induction of
xenobiotic-metabolizing enzymes in experimental animals (1, 2).
The toxicities of these compounds are mediated by a conserved
signaling pathway (1-4) through binding to and activation of the
arylhydrocarbon receptor (AHR). AHR activation in turn me-
diates a transcriptional response for genes regulated by this
transcription factor (5-8). Despite strong conservation of this
pathway, there are wide inter- and intraspecies differences in the
toxicological responses to AHR ligands (9-11). The molecular

basis for these species and strain differences appears to relate to

polymorphisms in AHR. Factors influencing susceptibility to the
toxicity of TCDD have been studied in several animal models.
There is a 10-fold difference in susceptibility between the
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dioxin-sensitive C57BL/6 and the resistant DBA/2 strains of

mice that can be explained by polymorphic variations in the -
ligand-binding domain and in the C-terminal region of the AHR

molecule of each strain (9, 12-14). Response to TCDD in the

Long—Evans (sensitive) and Han/Wistar rats (resistant) differs

by >1,000-fold due to a critical point mutation in the transac-

tivation domain in the AHR of the Han/Wistar rat (15-17).

The effects of TCDD on humans are less well understood,
although high incidences of chloracne, teratogenicity, and abor-
tion have been associated with high blood concentrations of
dioxin and related compounds in residents of regions where
industrial accidents or extensive use of dioxin-containing defo-
liants have resulted in human exposures (3). Increased levels of
dioxin in the body have been reported recently to be assocjated
with abnormal sex ratio of newborns nearly 25 years after the
accident in Seveso, Italy (18). Because the AHR primarily
mediates the pleiotropic manifestations of dioxin exposure,
characterization of the structural and functional properties of
the human AHR (hAHR) is critical for understanding the types
and magnitudes of human responses to various PAH/HAHs.

To date, irn vitro characterization of the hAHR has provided
ambiguous insights into human sensitivity to dioxin. The disso- .
ciation constant (Kj) of hAHR for TCDD was comparable to
that of TCDD-zesistant DBA/2 AHR (9, 19), suggesting that
humans might be resistant to TCDD. By contrast, high homology
of the human receptor to the AHR of the guinea pig, which is the
most sensitive animal to TCDD, suggests a high responsiveness
of humans to the toxin (20). Ligand specificity of hAHR was also
examined and compared with those of zebrafish and rainbow
trout AHRSs using polychlorinated dibenzo-p-dioxin, dibenzofu-
ran, and biphenyl congeners as test ligands. These studies
revealed that mono-ortho polychlorinated biphenyls activated
hAHR but were not very effective in activating either zebrafish
or rainbow trout AHRs (21).

Assessment of human responses in vive to unintended expo-
sures to various PAH/HAHSs has been hampered by limited
exposure assessments and toxicological follow-up. Observa-
tional studies after intentional exposures have not been and
shouid not be conducted. To gain stronger insight into the
hazards to human bealth posed by compounds interacting with
the hAHR in vivo, we generated a mouse model that harbors the
hAHR ¢DNA instead of the mouse A4R gene. This mouse may
reveal a humanized susceptibility to chemical toxicities. In
response to challenges with 3-methylcholanthrene (3-MC) and
TCDD, two prototypical AHR ligands, the hAHR knock-in

This paper was submitted directly (Track 1) to the PNAS office.

Abbreviations: AHR, aryl hydrocarbon receptor; hAHR, human AHR; hAHR, human AHR
knock-in allele; Akrd, DBA/2 Ahr allele; Ahrt!, C57BL/6 Ahr allele; TCDD, 2,3,7,8-tetra-
chlorodibenzo-p-dioxin; 3-MC, 3-methyicholanthrene; PAH, polycyclic aromatic hydrocar-
bons; HAH, halogenated aromatic hydrocarbons; ES, embryonic stem; GD, gestation day,

o whom correspondence should be addressed. E-mail: masi@tara.tsukuba.ac.jp.

www.pnas.org/cgi/doif10.1073/pnas. 1037886100



