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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 Nrf2 exerts the concerted regulation of Phase II 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 Nrf2. The compound mutant mice responded only
weakly to AhR ligand or Phase II 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-Nrf2 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.
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The detoxification of foreign substances, although
complex, can be considered to comprise two sequential
reaction processes; namely, Phase I and Phase II. In
Phase I reactions, foreign chemicals are mainly oxidized
by cytochrome P450 (CYP) enzymes to become polar-
ized metabolites. Subsequently, Phase II metabolism,
catalyzed by enzymes such as glutathione S-transferase
(GST) and NAD(P)H:quinone oxidoreductase (NQO1),
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converts the reactive Phase I products to more hydro-
philic substances [1].

Four members of the CYP gene family, i.e., CYPI-
CYP4, encode liver-expressed enzymes responsible for
metabolizing xenobiotics and endogenous lipophilic
substrates. The transcription of many members of the
CYP1-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 (bHLH)-PAS transcription fac-
tor that regulates the CYPI 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 PAH was demon-
strated in AhR-null mutant mice, which were generated
independently by three different laboratories [3-5].
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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 CYP3A family
genes in response to diverse chemicals including natural
and synthetic steroids [8], whereas PPAR mediates the
induction of the CYP4A family genes by many acidic
chemicals classified as non-genotoxic carcinogens and
peroxisome proliferators [9].

The genes of Phase 11 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
Nrf2 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 II genes through the ARE/EpRE.
In the absence of Nrf2, Phase II 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 CYP1A1l, CYP1A2, NQOI1, GST-P, and
CYP2B10 were selected for analysis. The AhR-Nrf2
compound null mutant mice respond to neither the AhR
ligand nor the Phase II 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™/~::Nrf2~/~ mice. AhR- and Nrf2-null mutant
mice were previously generated [5,12]. After the crossing of AhR~/~

male mouse in 129svJ-C57BL/6 mixed background and a Nrf2~/~ fe-
male mouse in 129svJ-ICR mixed background, the mice heterozygous
for both genes (AhR~/*:Nrf2~/*) were obtained. One male and two
females from the same litter were further intercrossed to produce
progeny null for both AhR and Nrf2 genes. Double heterozygous
(AhR~/+:Nrf2~/*) and double homozygous (AhR~/~:Nrf2~/~) 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 exploited 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 temperature (23 °C), hu-
midity (40-60%), and lighting (14/10 h light/dark cycle) and provided
food (Oriental Yeast, Tokyo) and water ad libitum. AhR genotype was
determined by PCR with three primers (5-CGCGGGCACCATGA
GCAG-3, 5-TTGAGACTCAGCTCCTGGATGG-3, 5-GCGGAT
TGACCGTAATGGGATAGG-3') under the condition of 96°C for
20s, 62°C for 30s, and 72°C for 45s. For PCR of Nrf2 genotyping,
three primers (5-TGGACGGGACTATTGAAGGCTG-3, 5-GCCG
CCTTTTCAGTAGATGGAGG-3, 5-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-KO mice were followed for 400 days to see their survival. Data were
plotted into Kaplan—Meier survival curves.

Treatment with chemical inducers. 3-MC (WAKO Pure Chemical,
Tokyo) was administered intraperitoneally at a dose of 80 mg/kg dis-
solved in corn oil as vehicle. Oral gavage treatment was employed to
administer BHA (Sigma, Darmstadt) at a dose of 400 mg/kg dissolved
in corn oil as vehicle. PB (Tokyo Kasei Kougyo, Tokyo) was injected
intraperitoneally at a dose of 80 mg/kg in saline 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 in-
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
CYPI1A1, CYP1A2, NQOI1, GST-P, CYP2B10, and G3PDH were
labeled and used as probes. Hybridization and washing were
performed under the instruction manual of Zeta Probe Blotting
Membrane.

Results and discussion
Generation of AhR™/~::Nrf2~/= compound mutant mice

AhR~/~ male mice and Nrf2~/~ female mice were
mated to obtain AhR*/~::Nrf2*/~ 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
AhR and Nrf2 genes are simultaneously ablated.

Response to 3-methylchoranthrene

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 Nrf2-null mutant (N-KO) and wild type (WT) mice.
The expression levels of CYPIAI, CYPIA2, and NQOI
genes were examined, which are categorized as the
“AhR battery” [18]. The inducible expression of the
CYPIAI and CYPIA2 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 1-6). This
result is consistent with previous reports showing that
CYPIAI and CYPIA2 are typical AhR target genes
[19,20], and demonstrates that the induction of CYP1A
family genes by 3-MC is independent of Nrf2.

In contrast, the gene induction of NQOI was abol-
ished both in the N-KO mice and D-KO mice (Fig. 2).
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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 (15ug) extracted from the liver were subjected to RNA
blot analysis. The expression levels of CYP1AL, CYP1A2, and NQOI1
mRNAs were examined together with G3PDH mRNA as a loading
control. WT mice treated with 3-MC (lanes 1-3) or vehicle (lanes 4-6),
N-KO 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 NQOI
gene has been included in the “AhR battery,” some
controversy remains regarding its regulatory mechanism
[21]. It has been shown that NQOI gene expression is
strongly induced in C57BL/6 mice possessing high af-
finity AhR, but not in DBA/2 mice possessing low af-
finity AhR [22], suggesting that the induction of NQO1
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 NQOI gene
also contains an ARE, and one report showed that the
ARE, not the XRE, is critical for NQO1 induction by
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), a 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 NQOI
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 NQOI
gene transcription synergistically with Nrf2, although no
report has shown that Nrf2 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 II gene expression may result from its oxidative
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metabolism to several active polar species including
t-BHQ (tert-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 breeding problems
in the original mating.

NQOI and GST-P were chosen as typical genes ac-
tivated by BHA administration. In accordance with our
expectation, the expression level of NQOI mRNA was
clearly increased in the livers of WT and A-KO 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 NQOI and
GST-P genes. It is interesting that in the A-KO mice

WT N-KO D-KO
T u T u T u

NQO1 Wi

GsT-p [ & R
CYP1A2 [Nt e o

G3IPDH " 0 e wn a0 oo S0 00 00 o0 W 0w W -
1 2 3 4 56 7 8 910111213 14 15 16 17 18

WT A-KO
T u T U

¥ .

NaO1 [ i MW D
csr N wee

CYP1A2 i o = i i i
G3PDH MESMESEEEE .
19 20 21 22 23 24 25 26 27 28 29 30

Fig. 3. Expression profiles of detoxifying enzyme genes induced in WT,
N-KO, D-KO, and A-KO mice by BHA. WT, N-KO, D-KO, and A-
KO mice were treated with BHA or vehicle. Total RNAs (15pg)
extracted from the liver were subjected to RNA blot analysis. The
expression levels of NQOI1, GST-P, and CYP1A2 mRNAs were ex-
amined together with G3PDH 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
NQOI 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.

CYP1A2 is 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-KO, 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 CYPI1A2 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,
22-24, and 28-30). They are high in WT and N-KO, and
low in D-KO and A-KO. This result indicates that the
AhR is critical for maintaining the basal expression
levels of the CYPI1A2 gene.

When the CYPI1A42 locus in the mouse genomic da-
tabase was examined, several AREs and XREs were
found in the sequence surrounding the CYPIA2 gene
(data not shown). Although none of the AREs have
been experimentally tested, we surmise that some of the
ARE:s 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 CYPIA2 locus and
the corresponding human locus [25], the AhR may,
through the XREs, direct basal levels of expression of
the CYPIA2 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 theCYPIA2 gene might be indirect.

Response to PB

PB activates transcription of the CYP2B family 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-KO, 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 4AR gene disruption leads to the super-
induction of CYP2BI0 gene expression. This result
indicates that AhR directly or indirectly represses the
PB-mediated induction of CYP2BI0 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
CYP2BI 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-KO, D-KO, and A-KO mice by PB. WT, N-KO, D-KO, 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
G3PDH 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 7-9) 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 CYP2BI0 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 Nrf2 are dis-
pensable for the inducible expression of the CYPIA2
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 CYPIA2 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 II inducer, respectively (Fig. 5).
It 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-KO mice. AhR- or Nrf2-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 squares.
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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 simplify 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
mice 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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