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Abstract

Nrf2 is a key regulator of many detoxifying enzyme genes, and cytoplasmic protein Keapl represses the Nrf2 activity under quiescent
conditions. Germ line deletion of the keap! gene results in constitutive activation of Nrf2, but the pups unexpectedly died before wean-
ing. To investigate how constitutive activation of Nrf2 influences the detoxification system in adult mice, we generated mice bearing a
hepatocyte-specific disruption of the keapl gene. Homozygous mice were viable and their livers displayed no apparent abnormalities, but
nuclear accumulation of Nrf2 is elevated. Microarray analysis revealed that, while many detoxifying enzyme genes are highly expressed,
some of the typical Nrf2-dependent genes are only marginally increased in the Keapl-deficient liver. The mutant mice were significantly
more resistant to toxic doses of acetaminophen than control animals. These results demonstrate that chronic activation of Nrf2 confers
animals with resistance to xenobiotics without affecting the morphological and physiological integrity of hepatocytes.

© 2005 Elsevier Inc. All rights reserved.
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Drug-metabolizing enzymes are central to the detoxifica-
tion and elimination of xenobiotics introduced into our body
as food, medicine or environmental pollutants [1]. The sus-
ceptibility of animals to drug toxicity is often dependent on
the activities of their drug-metabolizing enzymes [2,3]. The
detoxification process conceptually comprises three sequen-
tial reactions, referred to as Phase 1, 2, and 3 metabolism. In
the Phase 1 reaction, xenobiotics are metabolized by the
cytochrome P450 (CYP) system to add or expose functional
groups. The products are, in some cases, highly reactive and
can easily bind to cellular proteins or DNA, resulting in cyto-
toxicity and carcinogenesis. These products of Phase 1
metabolism have the ability to induce enzymes of the Phase
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2 system due to their electrophilic nature. The Phase 2
enzymes, including glutathione S-transferase (GST), UDP-
glucuronosyltransferase (UGT), sulfotransferase (SULT),
and NADP(H):quinone oxidoreductase 1 (NQO1), catalyze
the conversion or conjugation of the reactive Phase 1 metab-
olites to more hydrophilic and stable products [4]. In the
Phase 3 reaction, xenobiotic conjugates and metabolites
are expelled by membrane efflux pumps that include the
multi-drug resistance-associated proteins [5]. Phase 2 and
Phase 3 reactions are considered to be important in avoiding
tissue injury through their respective activities of conjuga-
tion and elimination.

The Nrf2 transcription factor belongs to the cap-n-collar
family of activators, characterized by a highly conserved
basic region-leucine zipper structure [6]. The transcriptional
activity of Nrf2 requires prior dimerization with a member of
the small Maf protein family to allow interaction with the
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antioxidant or electrophile responsive element (ARE/
EpRE)[7,8]. Nrf2 coordinately regulates the gene expression
of a battery of Phase 2 enzymes through ARE sequences
within their gene-regulatory regions [9]. In addition, a recent
study suggests that Nrf2 regulates expression of one of the
Phase 3 transporters [10]. The importance of these ARE-de-
pendent gene products has been clearly demonstrated
through analyses of nrf2-null mutant mice, which are highly
susceptible to acute toxicity caused by acetaminophen
[11,12], diesel exhaust [13] or 2,3-butyl-4-hydroxytoluene
[14]. Through its ability to mediate the induction of a battery
of Phase 2 enzymes, Nrf2 is an indispensable regulator for
the defense mechanism against xenobiotics.

The cytoplasmic protein Keapl directly binds to Nrf2
and represses transactivation by promoting proteasome-
dependent degradation of the protein [15-17]. Several lines
of recent evidence revealed that Keapl is an adaptor mol-
ecule for the Cullin3-based E3 ubiquitin ligase complex and
directs the rapid degradation of Nrf2 [18]. When cells are
exposed to electrophiles, Nrf2 is liberated from the
Keapl-mediated degradation process and accumulates in
the nucleus to activate ARE-mediated gene transcription.

We previously generated keapl gene knockout mice,
expecting that high-level expression of Nrf2-ARE target
genes might be achieved in the absence of Keapl and that
keap1-null mutant mice would be very resistant to xenobiotic
toxicity. However, we found that Keapl-deficient mice died
before weaning due to the hyperkeratotic lesions in the
esophagus and forestomach, which led to obstruction of
the upper digestive tract [19]. Nonetheless, we could observe
a constitutive increase of ARE-dependent gene expression in
keap1-null mutant pups and embryonic fibroblasts [19]. The
phenotypes observed in the keapI-null mice, such as lethality
before weaning, hyperkeratotic lesions, and the constitutive
increase of the ARE-dependent gene expression, were all
alleviated by the simultaneous disruption of the nrf2 gene
[19], demonstrating that Nrf2 is essentially the only target
molecule of Keapl. Thus, the keapl-null background
provides an environment where Nrf2 may be stabilized and
thereby localize to the nucleus, where it activates transcrip-
tion without requiring any exogenous stimuli. Unfortunate-
ly, premature death precluded the utilization of this line of
mice harboring the simple keapl gene disruption from
further studies, especially those concerned with the conse-
quence of constitutive Nrf2 activation.

Acetaminophen (APAP) is a widely used nonprescription
drug with analgesic and antipyretic properties. When used at
therapeutic doses, the principal route of excretion is glucu-
ronidation (52-57% total urinary metabolites) with a lesser
contribution by sulfation (30-44%) and oxidation (<5%)
[20,21]. When used at higher doses, an increased amount of
APAP is oxidized to the highly reactive metabolite, N-ace-
tyl-p-benzoquinone imine (NAPQI) [20,22]. NAPQI is nor-
mally detoxified through conjugation with glutathione
(GSH) [23]. However, in situations where NAPQI formation
exceeds the hepatic capacity of cellular GSH or when cellular
GSH production and conjugation systems are defective,

NAPQI covalently binds to cellular proteins and forms
adducts, which provoke cytotoxicity. It has long been known
that pharmacological inducers of Phase 2 enzymes protect
against APAP hepatotoxicity in mice [24,25]. Conversely,
we and one other group have shown that Nrf2-null mutant
mice are more sensitive to APAP hepatotoxicity [11,12].

To examine in detail how constitutive activation of Nrf2
influences cellular defense mechanisms, especially in the
hepatocyte, we decided to pursue a conditional disruption
strategy for the keap! gene and in this way avoid the lethal-
ity before weaning age. The results demonstrate that
somatic inactivation of the keapl gene in hepatocytes does
not interfere with the development or the morphological
and physiological integrity of the liver, but rather leads
to an activation of Nrf2-ARE pathway and acquisition
of resistance against APAP toxicity.

Materials and methods

Generation of mice with floxed keapl-targeted allele and hepatocyte-spe-
cific disruption of the keapl gene. Mouse keapl genomic DNA was isolated
from mouse 129SvJ genomic library (Stratagene). To construct a targeting
vector, we included cDNAs encoding Diphtheria toxin A (DTA) and neo-
mycin resistance (Neo) for negative and positive selection, respectively. We
constructed a triple-loxP keapi-targeting vector to generate a floxed mouse
keap1-targeted locus consisting of a loxP site inserted into the third keapl
intron and a floxed Neo cassette downstream of the terminal exon. Splicing
accepter-fused EGFP cDNA was also incorporated into 3’ of the Neo cas-
sette. DTA cassette was placed outside of the keapl gene homology region
for negative selection. Targeting in E14 ES cells has been described [19].
After PCR screening of 310 ES clones, we identified 11 clones that carried the
homologously recombined allele. ES cells with the appropriate flox keapl-
targeted locus were identified by Southern blot analysis of BamHI-digested
DNA using a 5’ probe located outside the targeting vector. Three clones
showed positive 16.4 and 10.5 kb fragments. Sequencing analysis confirmed
that three clones included triple-loxP sites but others did not. The chimeric
mice were crossed with C57/B6 wild-type mice to produce keap]ﬂ""/ * mice.
Hepatocyte-specific deletion of the keapl allele was accomplished through
breeding with the albumin-Cre recombinase (Alb-Cre) C57/B6 transgenic
mice (purchased from the Jackson Laboratory). Alb-Cre mice were crossed
with keapl +/~ mice [19]to obtain A/b- Cre::keapl“ ~ mice, which were then
crossed with keap]ﬂ‘“/ * mice to generate hepatocyte-specific keap-deficient
(Alb-Cre::keap ™) mice.

APAP treatment. Five- to six-week-old mice were treated with APAP,
which was purchased from Sigma (St. Louis, MO). For the dose-response
study, APAP was dissolved in saline and intraperitoneally administered to
mice. At least three mice of each genotype were used at each dose. The
animals were sacrificed 48 h after dosing. In the time-course study, a dose
of 500 mg/kg APAP was administered to the mice and animals were
sacrificed at 0 (without dosing), 2, and 5 h after dosing.

Histology and immunohistochemistry. Animals were sacrificed at the
indicated times after treatment with APAP or saline. Livers were fixed in
3.7% neutral buffered formalin and imbedded in paraffin for hematoxylin/
eosin staining and immunohistochemical staining. The antibody against
APAP (Biogenesis, Kingston, NH) was used at 1:250 dilution, while the
negative control sections were incubated in PBS. Immunoreactivity was
visualized with an avidin-biotin—peroxidase kit (Vector Laboratories).

RT-PCR and RNA blot analysis. Total RNA was extracted from liver
using Isogen (Nippon Gene, Toyama), and cDNA was synthesized using
oligo(dT) primer. PCR primers specific to each cDNA were as follows:
Keapl, 5'-ggaatgagtggcggatgatcac-3’ and 5’-gcttcagcaggtacagttttg-3';
SULT3A1, 5'-tgecatcacctegeatettca-3’ and 5'-ccaacaacacctttgcgaaggaaa-
3’; carbonyl reductase 3 (Cbr3), 5'-caacgcgggcatcgecttta-3’ and 5'-cectegee
atgtcggtctt-3’; glutathione peroxidase 2 (Gpx2), 5'-gcctggatggggagaagat
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ag-3’ and 5'-catgagggagaacgggtcatc-3’; GST mu3, 5'-tgattaggcccctgee
atget-3' and 5'-ttgggtctgggcaccaatgaa-3’; GSTmu4, 5'-cgggggttctgggaac
agttg-3’ and 5'-gctggcaggeaagaccatcaa-3’; GSTmub6, 5'-tcggagttectggg
gaage ag-3’ and 5'-cctcaaagegggecatgaagt-3’; UGT1AL0, 5'-attgecttagge
tgeac ttctg-3’ and 5'-ccac ttcte aatgggt cttgga-3’; hypoxanthine phospho-
ribosyltransferase (HPRT), 5'- cacaggactagaacacctge-3’ and 5'-g ctgg
tgaaaaggacctct-3’. For RNA blot analysis, total RNA (15 pg per lane) was
used for electrophoresis, followed by hybridization to radio-labeled probes
as described previously [9]. DNA probes for NQOI1, Nrf2, catalytic sub-
unit of glutamate-cysteine ligase (GCLC), peroxiredoxinl (Prdxl),
UGTI1A total, UGT1A6, and heme oxygenase-1 (HO-1) were as described
previously [11,19,26,27].

Immunoblotting analysis. The preparation of nuclear extracts from liver
and immunoblotting analysis were as described previously [19,28]. Anti-
serum to Nrf2 was made by immunizing rabbits with the Neh2 domain of
the Nrf2 protein whereas the antibody against nuclear LaminB was pur-
chased from Santa Cruz (M-20).

Microarray analysis. Total RNA samples were extracted from four 6-
week-old Alb-Cre::keapl™" mice and two 6-week-old Alb-Cre::keap !~
mice. The isolated RNAs were then purified using the RNeasy Mini kit
(Qiagen). Purified RNA was processed and hybridized to a mouse
expression array Affymetrix Mouse Genome 430 2.0 Arrays (Affymetrix,
Santa Clara, CA) that contain 45,101 probe sets. Experimental procedures
for Gene Chip were performed according to the Affymetrix Technical
Manual.

Biochemical analysis. Plasma alanine aminotransferase (ALT) activities
were assayed as a marker of APAP-induced hepatocyte injury at 48 h after
APAP treatment or saline. ALT activity was measured with an automated
biochemical analyzer, DRI-CHEM 7000V (Fujifilm, Japan).

Results
Generation of hepatocyte-specific keapl-null mutant mice

To examine how constitutive activation of Nrf2 modu-
lates the defense mechanisms against xenobiotic toxicity,
we generated hepatocyte-specific keapl-null mutant mice
using the Cre-loxP system (Fig. 1). A targeting vector
was constructed in which exons 4-6 of the keapl locus were
flanked with loxP sequences (Fig. 1A). This region encodes
the double glycine repeat (DGR) domain, a region that is
important for Keapl interaction with Nrf2 [29,30]. It was
expected therefore that Cre-loxP recombination would gen-
erate a truncated form of Keapl no longer capable of
repressing Nrf2 activity.

Homologous recombination between the targeting vec-
tor and the keapl locus in mouse ES cells was confirmed
by Southern blot analysis (Fig. 1B). BamHI-digested geno-
mic DNA was hybridized to a probe complementary to the
5’ region of the keapl gene. Three independent homolo-
gous recombinant clones were identified by the presence
of an additional shorter DNA fragment, created by the
presence of a BamHI site in the flanking region of the loxP
element. Chimeric mice were obtained by microinjecting
keap " ES cells into mouse blastocysts and the resulting
animals were crossed with wild-type C57BL/6J mice to
achieve germ line transmission of floxed keapl allele.

In preliminary experiments, keap/™™" mice were
crossed with AYUI-Cre::keapl */~ mice, which express
Cre recombinase ubiquitously [31 and data not shown].
Consistent with the previous keapl gene knockout analysis
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Fig. 1. Generation of keapl floxed mice. (A) The targeting strategy is
illustrated. Structures of the keap! allele, keapl-targeting construct, floxed
keapl allele, and floxed keap! allele after Cre-mediated recombination are
shown. Coding exons of the mouse keap! gene are shown with filled boxes
and the loxP sites are indicated with gray arrowheads. B, SII, and SI
strand for the restriction sites of BamHI, Sacll, and Spel, respectively. A
dotted bar indicates a probe used for selecting ES clones with appropriate
homologous recombination. (B) Southern blot analysis showing the
generation of ES clones with floxed keapl allele. Eleven candidate ES
clones were analyzed (lanes 1-11). BamHI fragments (shown as a double
headed arrow in A) specific to wild-type allele (16.4 kb) and targeted allele
(10.5 kb) are shown. Asterisks indicate targeted clones. Wild-type genomic
DNA was used as a control (lane 12). (C) Southern blot analysis showing
hepatocyte-specific recombination of the floxed keapl allele. DNA was
purified from liver and brain of Alb-Cre:.'keapl”‘”‘/Jr mice. Sacll-Spel
fragments (shown as a horizontal bar flanked with filled circles in A) of
wild-type allele (9.7 kb), targeted allele (12.5kb), and deleted allele
(8.3 kb) are shown. Note that the deleted form is only apparent in the liver
DNA preparation.

[19], AYUI-Cre: keap’®~ mice displayed severe growth
retardation and lethality at the time of weaning accompa-
nied by hyperkeratosis of the upper digestive tracts.

To generate an hepatocyte-specific line of keapl gene
knockout mice, we crossed keap" mice with
Alb-Cre::keapl™~ mice, vyielding Alb-Cre::keap /"
mice. Southern blot analysis of Alb-Cre::keap ™" mice
showed that hepatocyte-specific deletion of the keapl gene
was almost completely achieved, with an estimated effi-
ciency of more than 80% as calculated from the band
intensities of intact versus deleted floxed alleles
(Fig. 1C). Cell lineages, apart from hepatocytes, contained
in the liver preparation, such as macrophages and endo-
thelial cells, may account for the remaining 20% of intact
floxed allele.

Expression levels of Nrf2 target genes are constitutively
increased in Alb-Cre::keap "'~ mouse liver

From mating of keap ' mice with Alb-Cre::keapl '~
mice, we also obtained A/b- Cre::keap]ﬂ"X/ ~ mice, which
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lack keapl gene expression specifically in the liver.
Alb-Cre::keap]ﬂ"x/ ~ mice were viable, had normal growth
rates, and appeared healthy (Fig. 2A). Their livers exhibit-
ed histological characteristics similar to those of wild-type
littermates (Figs. 2B and C). Serum biochemical data were
within the normal range (data not shown). RT-PCR anal-
ysis confirmed that the Keapl mRNA level was markedly
decreased in Alb-Cre::keap’™*~ mouse livers (Fig. 2D).
These results thus indicate that the hepatocyte-specific
depletion of Keapl did not cause any adverse effects and
further supports our conclusion that the lethality of the
keapl-null mutant mice originated from hyperkeratosis of
the upper digestive tracts.

Consistent with the notion that Keapl sequesters and
degrades Nrf2 in the cytoplasm [15,18,19], we observed
markedly more abundant nuclear accumulation of Nrf2
in the Alb-Cre::keap]ﬂ”x/ ~ mouse livers when compared
to those of the control animals (Fig. 2E). These results
suggest that the expression level of the genes regulated
by the Nrf2-ARE pathway is increased constitutively
even under quiescent conditions. As expected, a typical
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Fig. 2. Consequence of hepatocyte-specific disruption of keapl gene. (A)
Macroscopic observation of Alb—Cre::keapIﬂ”"/ ~ mice. (B,C) Liver sections
stained with hematoxylin and eosin. Livers of wild-type (Alb-Cre::keapl + )
mouse (B) and Alb-Cre.'.'keaplﬂ"X/ ~ mouse (C) are shown. Scale bar
corresponds to 100 um. (D) Keapl mRNA was detected by RT-PCR in the
livers of Alb-Cre::keapl A (lanes 1-3), Alb—Cre::keaplﬂ”"/ *(lanes 4 and 5),
and Alb-Cre::keap®*'~ (lanes 6-8). HPRT expression level was examined
as a loading control. (E) Immunoblotting analysis detecting nuclear
accumulation of Nrf2 in the livers of Alb-Cre::keapl ** (lanes 1-3),
Alb-Cre::keapl™"* (lanes 4-6), and Alb-Cre::keapl®'~ (lanes 7 and 8).
LaminB was used as a loading control of nuclear extracts. (F) RNA blot
analysis showing expressions of ngol and nrf2 genes in the livers of
Alb-Cre::keapl™ (lanes 1 and 2), Alb-Cre::keap "' (lanes 3 and 4), and
Alb-Cre::keap ™'~ (lanes 5 and 6) mice. The amount of ribosomal RNA
was monitored as a loading control.

ARE-dependent gene, ngol, was highly expressed in
AIb-Cre::keaplﬂ‘”‘/ ~ mouse livers compared to that of
wild-type or keapl heterozygous mutant mice (Fig. 2F).
Nrf2 mRNA expression was not changed substantially
in all genotypes, as is the case for keapl-null mutant
mice [19]. These results demonstrate that hepatocyte-spe-
cific depletion of Keapl actually directs constitutive
nuclear accumulation of Nrf2 and activation of ARE-de-
pendent gene transcription.

Microarray analysis with Keapl-deficient liver

Genetic activation of Nrf2 in hepatocytes was successfully
achieved in Alb-Cre::keap ™'~ mice without the supply of
any exogenous inducers. This enabled us to examine the
response of the Nrf2-ARE pathway to liberation from
Keapl repression purely in the hepatocyte cell population.
Therefore, we investigated comprehensively the gene expres-
sion profile of Alb-Cre::keap/~ mouse liver by a micro-
array approach (Fig. 3A). Microarray analysis was
performed using RNAs from livers of Alb-Cre::keapl*~
and Alb-Cre::keapl */* mice. Overall, 15,493 probe sets were
expressed in the Alb—Cre.':keap]H * livers (identified as
“present” by Affymetrix software), whereas 16,475 probe
sets were expressed in Alb-Cre::keap "/~ livers. Expression
levels of 47 genes were increased more than fourfold in
the Alb-Cre::keap”~ livers compared with those in the
Alb-Cre::keapl™" livers, while those of 31 genes were
decreased to less than one-fourth in the Alb-Cre.‘:keap]ﬂ"x/ -
livers.

When we categorized 47 genes in the former group
according to their function (Fig. 3B and Table 1), we found
15 genes to be involved in the xenobiotic metabolism and
antioxidant function, among which seven were well-
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Fig. 3. Changes in the expression level of ARE-dependent genes in
hepatocyte-specific keapl-deficient mice. Hepatic gene expression patterns
were compared between 6-week-old  A/b-Cre::keapl T and
Alb-Cre::keap?”~ mice. (A) Tlustration of sample preparation for the
microarray analysis. (B) Forty-eight genes increasing more than fourfold
were categorized into five groups. The percentage of each category is
shown. (C) The expression levels of representative genes were examined by
semi-quantitative RT-PCR. cDNAs were synthesized from the liver RNAs
of Alb-Cre::keapl™" (lanes 1-3) and Alb-Cre::keap’™~ mice (lanes 4-
6). As loading controls, HPRT expression level was monitored.
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Table 1

Genes expressed constitutively at higher level in Alb-Cre::keap[ﬂ”X/ ~ livers than A/b-Cre::keapl 1 livers

Description of genes Accession No. Fold*
Xenobiotic metabolism and antioxidant response

Sulfotransferase family 2A, dehydroepiandrosterone (DHEA)-preferring, member 2 NM_009286 1782
Carbonyl reductase 3 AK003232 104
Cytochrome P450, family 2, sub-family b, polypeptide 13 NM_007813 84
Flavin containing monooxygenase 3 NM_008030 45
Cytochrome P450, family 2, sub-family b, polypeptide 9 NM_010000 18
Glutathione S-transferase, p 3° J03953 16
NAD(P)H dehydrogenase, quinone 1° AV158882 15
Sulfotransferase family 3A, member 1 NM_020565 15
Glutathione peroxidase 20 NM_030677 7.5
Microsomal glutathione S-transferase 3 NM 025569 6.1
Glutathione S-transferase, p 4° AF464943 53
Flavin containing monooxygenase 2 NM_018881 4.9
Glutathione S-transferase, 6° NM_008184 4.6
Glutathione S-transferase, o 2 (Yc2)° NM. 008182 4.0
Glutamate-cysteine ligase, catalytic subunit® BC019374 4.0
Transport

ATP-binding cassette, sub-family C (CFTR/MRP), member 12 BB013432 9.2
Hephaestin NM_010417 9.2
CD36 antigen AKO004192 8.6
ATP-binding cassette, sub-family C (CFTR/MRP), member 35 BB436535 6.5
Solute carrier family 1 (neuronal/epithelial high-affinity glutamate transporter, system Xag), member 1 U75214 4.9
Nucleoporin 93 BC023140 4.9
Immunological proteins

Attractin NM_009730 21
Lymphocyte antigen 6 complex, locus D NM_010742 17
Platelet/endothelial cell adhesion molecule 1 NM_008816 12
Lipocalin 2 X14607 5.3
Chemokine (C-C motif) ligand 9 AF128196 4.6
Signal transduction

Prostaglandin F receptor NM_008966 15
Guanylate cyclase 2¢ AI893437 14
RABI1 family interacting protein 4 (class II) BB046187 9.8
Acidic (leucine-rich) nuclear phosphoprotein 32 family, member A AF022957 9.2
Prominin 1 NM_008935 6.1
Protein phosphatase 1, regulatory (inhibitor) subunit 12A BI653999 4.9
Cyclin T1 BF538435 49
Protein kinase C, v NM_029239 4.3
Miscellaneous

Hydroxyacid oxidase (glycolate oxidase) 3 NM_019545 97
Oxysterol binding protein-like 3 AKO004768 74
Tubulointerstitial nephritis antigen BC010745 37
Serine (or cysteine) proteinase inhibitor, clade B, member la AF426024 34
Annexin A13 BC013521 26
Ubiquitin-specific protease 34 BM235696 20
p300/CBP-associated factor NM_020005 16
Sialyltransferase 10 (o-2,3-sialyltransferase VI) NM_018784 9.8
Fms interacting protein AK006840 8.6
NIMA (never in mitosis gene a)-related expressed kinase 4 BF181187 7.5
Dopachrome tautomerase NM 010024 4.9
Butyrylcholinesterase NM_009738 4.6
Ectonucleoside triphosphate diphosphohydrolase 5 AF136571 4.3

# Numbers indicate the fold-change in gene expression of Alb—Cre::keap]ﬂ"X/ ~ livers relative to that of control A/b-Cre::keapl ** livers. The genes included
in the list show over 4.0-fold induction in Alb-Cre::keap?™”~ mice compared to Alb-Cre::keapl™'" mice (Alb-Cre::keap '~ | Alb-Cre::keapl™" >

4.0).
® Which are well-characterized Nrf2-ARE target genes (sce Results).

characterized Nrf2-ARE target genes, such as ngol [14,19,32,33,36]. Upon our search in the upstream region
[9,14,19,32-34], gstmu3 [32,33,35], gstmud [36], gstmub of each gene up to 10 kbp, AREs were found in all the

[35,36], gpx2 [34], gstalpha? [32,36], and gclc genes listed in Table 1 except for sult2a2 and mrp5.
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To verify the microarray data, we examined mRNA
abundance of representative genes in livers of
Alb-Cre::keapl™" and  Alb-Cre::keap"*'~ mice. We
found by RT-PCR analysis that mRNAs for SULT3A1,
Cbr3, Gpx2, GSTmu3, GSTmu4, and GSTmu6 were over-
expressed in Alb-Cre::keap/~ livers as observed in the
microarray analysis (Fig. 3C). In addition to the 15 genes
identified in the microarray, ugtlal0, one of detoxifying
enzymes catalyzing glucuronidation, was additionally
found to be upregulated in the absence of Keapl
(Fig. 3C). All these genes, including ugtlal0, possess AREs
in their regulatory regions and must be activated by Nrf2
that escaped from the suppression by Keapl (Fig. 4B,
upper panel).

Diversified regulation of Nrf2—ARE pathway-dependent
genes

We have noticed in the microarray analysis that sever-
al genes regarded as Nrf2-ARE pathway-dependent
genes were not induced or only marginally induced in
livers of Alb-Cre::keap~ mice. This group of genes
includes fho-1, prdxl, and gclm (Fig. 4A). RNA blot anal-
ysis of total RNAs from Alb-Cre::keapl™" and Alb-
Cre::keap ™'~ mouse livers showed apparent induction
of gclc and ugtla6 (Fig. 4A, upper half), which was con-
sistent with the previous report after the stimulation with
electrophiles or oxidants [26,32-34]. In contrast, only
slight induction of prdx/ gene expression was observed
in Alb-Cre::keap/™~ livers, and the expression levels
of HO-1 and GCLM mRNAs were indistinguishable
between the two lines of mice (Fig. 4A, lower half).

The unexpectedly mild or no increase of three genes (/o-
1, prdxl, and gclm) in Alb-Cre::keap’”~ mouse livers
suggests that there may be extensive diversity in the regula-
tory mechanisms of the ARE-dependent genes in vivo, and
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Fig. 4. Diversified effects of hepatocyte-specific keapl inactivation on
expression level of typical ARE-dependent genes. (A) RNA blot analysis
showing ARE-dependent gene expression in Alb-Cre::keapl™" (lanes 1
and 2) and Alb-Cre:-keap’”~ mouse livers (lanes 3 and 4). Abundance
of ribosomal RNA was monitored as loading controls. (B) Schematic
illustration of two ways of ARE-dependent gene regulation. (top) Genes
readily activated by Nrf2 that escaped from repression by Keapl.
(bottom) Genes requiring additional signals, including Nrf2 modification
and co-activator recruitment, for being activated by Nrf2.

multiple dimensions comprise the diversity in the ARE-de-
pendent regulations. For instance, we envisage that the
three genes refractory to this genetic induction might use
different machineries. First, the lack of the /o-1 gene induc-
tion seems to be attributable to the presence of a repressor
protein Bachl that interacts with AREs in the ho-/ gene
[37]. Simple overdose of Nrf2 may not be sufficient to com-
pete effectively against Bachl [37], but certain direct effects
of electrophiles/oxidants on the Bachl regulatory pathway
may be mandatory for abolishing repressive Bachl activity.
Second, marginal induction of prdxl gene seems to be
attributable to the difference in cell lineages. The present
result suggests that, in contrast to the intensive induction
of prdxI gene in the primary culture of peritoneal macro-
phages [27], the capacity of hepatocytes for expressing
prdxl gene may be limited. Third, the lack of increase in
gclm expression in Alb-Cre::keap’"'~ livers implies that
mere accumulation of Nrf2 in the nucleus may not be suf-
ficient to activate certain types of ARE-dependent genes
(Fig. 4B, lower panel). Additional modification of Nrf2
and/or recruitment of co-activators provoked by the induc-
ers may be required (see Discussion).

Hepatocyte-specific deletion of keapl gene and
acetaminophen-induced hepatotoxicity

The contribution of Nrf2 to the protection against xeno-
biotic toxicity has been shown in studies of nrf2*/ ~ animals
which are highly susceptible to the acute toxicity caused by
APAP and other chemicals [11,12]. However, although these
analyses gave rise to consistent results, some pertinent issues
remain to be addressed. First, there is no conclusive evidence
that hepatocyte-specific enhancement of Nrf2 activity is
actually effective in promoting xenobiotic resistance. Sec-
ond, there is a possibility that pharmacological inducers
exert their effects by activating other regulatory pathways
apart from the Nrf2-ARE pathway. To clarify these points,
we examined the susceptibility of Alb-Cre::keap '~ mice
to APAP-induced hepatotoxicity.

Following intraperitoneal administration of 600-mg
or 700-mg APAP/kg body weight, most of the
Alb-Cre::keapl % mice died. In stark contrast, all
Alb-Cre::keap '~ mice survived the challenge (Fig. 5A).
Serum ALT levels correlated well with the survival rates,
remaining low in the A/b-Cre: keap’®'~ mice (Table 2).
An assessment of the surviving animals 48 h after APAP
treatment by histological examination showed much milder
hepatic injury in livers of Alb-Cre::keap*'~ mice com-
pared to Alb-Cre::keap]H * mice (compare Figs. 5B and
C).In Alb-Cre::keapl /" livers, central veins were surround-
ed by bands of massive necrotic hepatocytes, while morpho-
logical integrity of hepatocytes was mostly preserved in
Alb-Cre::keap '~ livers.

To examine whether the susceptibility to APAP toxic-
ity was associated with the extent of the covalent binding
of acetaminophen metabolites to liver proteins, we per-
formed immunohistochemical staining using an antibody
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A Survival Rate of Mice 48hr after Administration of APAP

genotype APAP 700mg/kg APAP 600mg/kg Saline control

AlbCre::keap1*™ 0/4 1/4 4/4
AlbCre::keap1'ox/- 3/3 3/3 4/4

Fig. 5. Alb-Cre::keap]ﬂ‘”‘/ ~ mice are more resistant to acute hepatotoxicity of APAP. (A) Survival rate of mice after APAP administration. Numerators
and denominators indicate the numbers of survived mice and of tested mice, respectively. (B-I) Liver sections of mice sacrificed 48 h after the
administration of 600-mg/kg APAP (B,C,F,G) or vehicle (saline) (D,E,H,I). The sections were stained with hematoxylin and eosin (B-E) or reacted with
anti-APAP-protein adduct antibody to detect APAP-adduct formation (F-I). Centrilobular hepatic necrosis is much milder in A/b- Cre.‘.‘keap]ﬂ”"/ ~ liver
(C) than in wild-type liver (B). Higher magnifications of rectilinear regions with white lines are shown as insets (B,C). Immunoreactivity with anti-APAP
antibody is very intense in the section of Alb-Cre::keapl H liver (F), while only weaker signals are observed in Alb-Cre:.'keap]ﬂ"x/ ~ liver (G). Positive
signals detected in cytoplasm and nucleus are marked with closed and open arrowheads, respectively. Alb-Cre::keapl ++ and Alb-Cre::keap]ﬂ”"/ * livers
treated with saline are shown in (D,H) and (E,I), respectively. (J,K) Response to a sub-lethal dose of APAP. Accumulation of APAP adducts was detected
with anti-APAP antibody in Alb-Cre::keapl™'" (J) and Alb-Cre::keap '~ (K) livers 5 h after administration of 500-mg/kg APAP. Centrilobular necrosis
is not observed in both sections. Strong signals are detected in the endothelial cells surrounding the central vein (indicated with closed arrowheads) and
hepatocyte nuclei are also weakly stained in Alb-Cre.':keap]H * mouse liver (J). No such signal is observed in Alb-Cre::keaplﬂ""/ ~ liver (K). Scale bar
corresponds to 100 um (B-K). cv, central vein.
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Table 2
Plasma ALT activity 48 h after the administration of APAP
Genotype APAP APAP Saline control
700 mg/kg 600 mg/kg
Alb-Cre::keapl™'™ ND >1000 102 4 44.9*
ND ND
ND ND
ND ND
Alb-Cre::keap "/~ >1000 285 + 39°¢ 58 +77.9°
>1000
891

Average values and the standard deviations were calculated when the ALT
activity was measured in more than three animals of the same genotype
with the same dose.
ND: Plasma ATP levels could not be measured because mice died within
48 h of APAP administration.

# Five independent mice were examined.

® Four independent mice were examined.

¢ Three independent mice were examined.

against APAP-protein adducts. The signal intensity was
much stronger in Alb-Cre.’:keap]H * mice than in
Alb-Cre::keap’®~ mice (compare Figs. 5F and G). In
Alb-Cre::keapl™* liver, intense brownish signals were
evident in endothelial cells of central veins and in hepa-
tocytes surrounding the necrotic areas. These results thus
indicate that the formation of APAP-protein adducts
was largely repressed in Alb-Cre::keap™¥'~ livers com-
pared with that of Alb-Cre::keapl™™ livers.

To clarify how Keapl-deficient hepatocytes respond
effectively to the APAP hepatotoxicity, we next treated
both Alb-Cre:-keap ™'~ and Alb-Cre::keapl™"" mice with
sub-lethal dose of APAP (500 mg/kg) and examined the
early phase response. While the APAP-adduct formation
was not evident in the livers of both Alb-Cre::keapl”~/~
and Alb-Cre::keapl™* mice by 2 h (data not shown), we
could detect clear signals of the APAP-adduct formation
in Alb-Cre::keapfr/+ livers at 5h after the treatment
(Fig. 5J). Importantly, however, no such signal was detect-
ed in Alb-Cre::keap!™*'~ mouse livers (Fig. 5K). These
results suggest that APAP-metabolizing pathways are acti-
vated and reactive intermediates are effectively removed in
the livers of Alb-Cre::keap '~ mice.

Discussion

In this study, we observed that somatic disruption of
keapl does not interfere with the development or the mor-
phological and physiological integrity of the liver. Our
microarray analysis showed that genetic disruption of the
keapl gene induced overlapping but clearly distinct sets
of drug-metabolizing enzymes from those induced by exog-
enous chemicals. Through the induction of detoxifying
enzymes, specific knockout of the keapl gene confers hepa-
tocytes with a strong resistance to drug-induced toxicity.
Considering the tight relationship between Keapl and
Nrf2, these results support our contention that the consti-
tutive activation of Nrf2, and concomitantly its target

genes, is advantageous for animals to overcome xenobiotic
toxicity.

To identify genes regulated by the Nrf2-ARE pathway,
hepatic gene expression profiles were previously examined
by microarray analysis of vehicle or 3H-1,2-dithiole-3-
7thione (D3T)-treated wild-type mice as well as in nrf2
knockout mice [32]. D3T is a potent Nrf2 inducer and
resulted in elevated transcript levels for 292 genes in wild-
type mice 24 h after treatment with D3T. Of these genes,
79% were induced in wild-type mice, but not in nrf2-defi-
cient mice [32]. These nrf2-dependent, D3T-inducible genes
included known detoxication and antioxidative enzymes,
indicating that D3T increases the expression of genes
through the Nrf2-ARE signaling pathway that directly
eliminate reactive toxins or generate essential cofactors
such as glutathione and reducing equivalents for their
detoxification. Unexpected clusters included genes for
chaperones, protein trafficking, ubiquitin/26S proteasome
subunits, and signaling molecules, suggesting that the
induction of nrf2-dependent genes is involved in the recog-
nition and repair/removal of damaged proteins. Consistent
with these observations, the present microarray analysis
also revealed that the expression levels of the detoxication
genes are, in general, highly elevated in Alb-Cre::keap /™
~ mouse hepatocytes.

Upon closer comparison of the genes induced by the exog-
enous chemical agent and those induced by genetic ablation
of Keapl expression, a number of interesting features were
unveiled. One is that, in the present microarray analysis,
the elevation of prdxl gene expression was only marginal
and no significant changes were observed in the levels of gc/m
and ho-1 gene expression. They are well-characterized ARE-
dependent genes [19,27,32,33] and shown to be induced by
D3T in mouse liver [32]. The other is that expression levels
of the genes related to the proteasome function, which were
found to be induced by D3T [32], did not show significant
change in the Alb-Cre::keap "'~ livers.

We surmise that the following observations may be per-
tinent in explaining these observations. In the previous
microarray analysis, we used mice in which Nrf2 expression
was likely induced in multiple cell types within the liver in
addition to hepatocytes by D3T, while in the present anal-
ysis we used mice in which the keapl gene was disrupted
solely in hepatocytes. Therefore, there may be genes that
are preferentially induced in hepatocytes or preferentially
induced in the other types of liver cells that account for
the differences observed between the present and previous
microarray analyses (e.g., prdxI in Fig. 4A). Alternatively,
the possibility exists that treatment of animals with the
exogenous chemical D3T might induce other signaling
pathways that further potentiate the Nrf2 activity (modifi-
cation of Nrf2 and/or co-activator recruitment; see
Fig. 4B) or that are not related to Nrf2. Since the present
analysis represents a genetic activation of Nrf2, differences
in the gene expression profiles between the present and pre-
vious analysis might be due to additional signals for achiev-
ing full activation of Nrf2 or due to specific signals
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transduced by pathways other than that mediated by Nrf2.
Thus, our present study provides a unique and simplified
model system of Nrf2 activation, and we believe that the
comparative analysis of the xenobiotic induction and
genetic induction of the Nrf2-dependent genes will give
us a new insight into the inducible mechanisms of the cyto-
protective genes.

The expression profile of the /ho-I gene in
Alb-Cre::keap’~ mouse liver is intriguing. Whereas
expression of the /ho-1 gene is highly inducible by electro-
philes, oxidants, and heavy metals, somewhat surprisingly
the gene is not induced in hepatocytes of the
Alb-Cre::keap’®~ mouse. Thus, a difference exists
between chemical and genetic induction of the /ho-1 gene.
As both genetic and biochemical lines of evidence suggest
the presence of a negative contribution by Bachl to ho-1
gene regulation [37], we speculate that, in addition to the
increase of Nrf2, liberation from Bachl-mediated repres-
sion may also be required for ho-1 gene expression in
Alb-Cre::keap '~ hepatocytes.

To evaluate the functional consequence of a continuous
induction of a battery of ARE-dependent genes in liver, we
assessed the susceptibility to APAP-induced hepatotoxici-
ty. The critical detoxification process is the elimination of
the reactive metabolite NAPQI, which is mediated by
GSTs, typical ARE-dependent gene products [23]. As pre-
dicted, we found that the Alb-Cre::keap™®*'~ mice were
highly resistant to the toxicity of APAP. Other APAP-me-
tabolizing pathways, most likely sulfation and glucuroni-
dation, seem to contribute to the enhanced resistance.
Indeed, we found that total mRNAs for UGT1 family
genes were markedly increased in the absence of Keapl
(data not shown). Among the UGTI1 family subtypes,
UGTI1A6 and UGT1A10 were highly expressed. Ugtla6
is reported as one of the ARE-dependent genes regulated
by Nrf2 [26] and ugtlal(0 possesses several ARE sequences
in its promoter region, suggesting that the glucuronidation
pathway is regulated by Nrf2 and its activity is elevated in
the Alb-Cre::keap”*~ hepatocytes.

In contrast, the expression of sultlal gene, an enzyme
responsible for sulfation of phenolic compounds [38], did
not change significantly (fold induction = 1.2) in the micro-
array analysis. Although sult2a2 and sult3al genes were
dramatically induced in Alb-Cre::keap]ﬂ"x/ ~ mice (Table
1), these isozymes are suboptimal enzymes for the metabo-
lism of APAP. We conclude from these analyses that both
the glutathione and UDP-glucuronide pathways may con-
tribute to the enhanced capacity of Alb-Cre::keapl’*~/~
hepatocytes to eliminate APAP, although detailed exami-
nation of the metabolites and intermediates of APAP will
be necessary for full characterization of the effects of the
Alb-Cre::keap '~ genotype on APAP disposition.

A recent toxicogenomic report utilized the Nrf2-depen-
dent pathway as a parameter for categorizing various
hepatotoxins as regulators of PPARa and NF«B pathways
[39]. The report nicely complements our contention that
the Nrf2-ARE pathway comprises one of the major tran-

scriptional response mechanisms directed towards an adap-
tive response against xenobiotic stress. In turn, our present
data provide a rationale for the molecular basis of this type
of analysis. Being aware that Nrf2-mediated gene activa-
tion might not be sufficiently effective to impose resistance
against PPAR« and/or NFxB chemical activators, we con-
sider Nrf2 as a good intervention target to promote detox-
ification ability in the liver.
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