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Keap1 regulates Nrf2 activity in response to xenobiotic and oxidative stresses. Nrf2 is an essential regulator
of cytoprotective genes. Keap1-null mice are lethal by weaning age due to malnutrition caused by severe
hyperkeratosis of the upper digestive tract. Analysis of Keap1::Nrf2 double mutant mice revealed that currently
recognizable phenotypes of Keap1-null mice are all attributable to constitutive activation of Nrf2. We previously
reported that hepatocyte-specific Keap1 knockout (Keap1flox/�::Albumin-Cre) mice are viable and more resis-
tant to acute toxicity of acetaminophen (APAP). In the current study, we found that the floxed Keap1 allele is
hypomorphic and that Keap1 expression was decreased in all examined tissues of Keap1flox/� mice. Taking
advantage of the hypomorphic phenotype of Keap1flox/� mice, we examined the effects of graded reduction of
Keap1 expression in adult mice. When challenged with APAP, Keap1flox/� mice were more protected from
mortality than wild-type and even Keap1flox/�::Albumin-Cre mice. In contrast, a decrease in Keap1 levels to less
than 50% resulted in increased mortality in a study of 2-year-old mice. These results support our contention
that the benefits of Nrf2 activation in acute toxicity are hormetic and that constitutive Nrf2 activation beyond
a certain threshold is rather disadvantageous to long-term survival.

Keap1 is a cytoplasmic protein that serves as a substrate
adaptor molecule for Cullin-3 (Cul-3)-based ubiquitin E3 li-
gase (15, 20). The most biologically relevant substrate of
Keap1 is Nrf2, which belongs to the CNC (Cap’n’collar) tran-
scription factor family and serves as a master regulator of
phase II detoxification and anti-oxidative stress enzymes/pro-
teins (14). Under homeostatic conditions, Keap1 suppresses
Nrf2 activity by promoting ubiquitination of Nrf2 and subse-
quent degradation by the proteasome. Upon exposure to elec-
trophiles, Keap1 activity declines and Nrf2 ubiquitination is
halted, leading to nuclear accumulation of Nrf2, which acti-
vates the expression of Nrf2 target genes, including many cy-
toprotective genes (reviewed in references 17, 29, and 38). The
Nrf2 protein turns over quite rapidly (16), and Keap1 plays a
critical role in degrading Nrf2. Through this function, Keap1
serves as a crucial component in regulating Nrf2 transcrip-
tional activity (20, 43).

Structural and biochemical analyses have revealed the re-
quirements for efficient ubiquitination of Nrf2 by Keap1 (42).
Two molecules of Keap1 form a dimer through their N-termi-
nal BTB domain and associate with a single molecule of Nrf2.
Nrf2 uses two motifs, ETGE and DLG, in the N-terminal Neh2
domain for binding to the Keap1 dimer. Each Keap1 molecule
uses a �-barrel DC domain in the C-terminal region for bind-
ing with Nrf2. The two-site binding seems to be an important
requirement for Keap1 to maintain its ubiquitin ligase activity.
Biochemical studies also suggest that Keap1 is a sensor protein

for electrophilic signals (7, 11, 12, 21, 26). Keap1 is a thiol-rich
protein, and electrophiles modify thiol moieties in Keap1. This
leads to disturbance of the two-site binding structure and re-
sults in the decline of ubiquitin ligase activity.

Nrf2 plays an important role in cellular protection against
chemical and environmental insults. Nrf2 is expressed in tis-
sues with frequent exposure to electrophilic stressors, includ-
ing lung and digestive tract (4, 14). Nrf2-null mice are suscep-
tible to a numerous and chemically diverse set of electrophiles
and oxidants, including acetaminophen (APAP) (5, 9), diesel
exhaust particles (1), dextran sulfate (18), lipopolysaccharide
(41), and cigarette smoke (13). Nrf2-mediated protection
arises because of a multifaceted response to the insults, includ-
ing the induction of (i) cystine transporter and enzymes for
glutathione production, (ii) enzymes metabolizing oxidative
intermediates, such as NAD(P)H:quinone oxidoreductase 1
(NQO1), (iii) conjugating enzymes, such as UDP-glucurono-
syltransferases (UGT), that increase the hydrophilicity of
chemicals, and (iv) ATP-dependent (ATP-binding cassette)
transporters, such as multidrug resistance-associated proteins
(MRP), that aid in the elimination of toxic metabolites. Our
recent study demonstrated that Nrf2 directly regulates several
MRP members (28). Thus, enhancement of Nrf2 activity is
expected to be beneficial and to strengthen the cytoprotective
potential.

We previously knocked out the Keap1 gene in mice through
homologous recombination. In the knockout mice, Nrf2 con-
stitutively accumulated in nuclei, and Nrf2 target genes were
constitutively activated (43). However, Keap1-null mice were
lethal at weaning age due to hyperkeratosis in the upper di-
gestive tract, which leads to obstructive lesions (29, 43). Their
body weight gain was retarded, and abnormal metabolic pa-
rameters were observed because of malnutrition (45). Impor-
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tantly, these detectable Keap1-null phenotypes were all can-
celed in the double mutant mice that were null for the Keap1
and Nrf2 genes, indicating that Keap1-null phenotypes are the
consequence of the constitutive activation of Nrf2 (43).

To verify the notion that constitutive enhancement of Nrf2
activity is beneficial, we then generated floxed alleles of the
Keap1 gene and performed hepatocyte-specific deletion of the
Keap1 gene by crossing the floxed-Keap1 mice with transgenic
mice expressing Cre recombinase under the regulation of the
Albumin gene (Alb-Cre mice) (31). This hepatocyte-specific
Keap1 conditional-knockout line of mice displayed constitutive
Nrf2 activation in the liver. These mice were highly resistant to
APAP-induced toxicity in comparison with control wild-type
mice carrying the Alb-Cre transgene.

In this study, we carried out a closer examination of the
floxed-Keap1 mice and unexpectedly found that floxation of
the Keap1 allele with loxP sites led to a partial disruption of
Keap1 expression. Keap1flox/flox and Keap1flox/� mice displayed
reduced expression of Keap1 protein in various tissues, and
transgene-derived Keap1 rescued the mice from the knock-
down phenotypes. We then utilized the knockdown mice to
examine the effects of genetic and constitutive activation of
Nrf2 on both short-term survival after chemical toxicity and
long-term survival under normal breeding conditions. Consis-
tent with benefits of pharmacological Nrf2 activation that have
been described in many different disease models, the reduced
expression of Keap1 and subsequent Nrf2 activation confers
resistance against acute toxicity on the knockdown mice. How-
ever, to our surprise, the constitutive activation of Nrf2 was not
beneficial but rather disadvantageous for the long-term sur-
vival of these knockdown mice. This study has for the first time
challenged and clarified the effects of constitutive and whole-
body activation of Nrf2 at several graded levels through ex-
ploiting the Keap1 gene knockdown allele.

MATERIALS AND METHODS

Chemicals. APAP, N-acetyl cysteine (NAC), and DL-buthionine-[S,R]-sulf-
oximine (BSO) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO). Pro-
pylene glycol and Mildform 10N were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Isogen and heparin were purchased from Nip-
pon Gene Co., Ltd. (Toyama, Japan) and Mochida Pharmaceutical Co., Ltd.
(Tokyo, Japan), respectively. All other chemicals used were obtained from com-
mercial sources and were of the highest grade available.

Mice. Generation of Keap1�/� mice (43), Keap1flox/� mice (31), Nrf2�/� mice
(14), and Keap1 gene regulatory domain (KRD)-Keap1 transgenic mice (45) were
described previously. Line 34 of KRD-Keap1 transgenic mice was used for this
study. Alb-Cre transgenic mice were purchased from the Jackson Laboratory.
Keratin 5 (K5)-Cre transgenic mice were kindly provided by Junji Takeda (39).
DNA was taken from each mouse and analyzed by PCR for genotyping. Mice
were allowed water and rodent chow ad libitum. All mice were kept in specific-
pathogen-free conditions and were treated according to the regulations of The
Standards for Human Care and Use of Laboratory Animals of Tohoku University
and Guidelines for Proper Conduct of Animal Experiments of the Ministry of
Education, Culture, Sports, Science, and Technology of Japan. Mice were killed
by cervical dislocation, and tissues were collected and rinsed in phosphate-
buffered saline (PBS). Ratios of lean and fat were measured using EchoMR 700
(Aloka Co., Ltd., Tokyo, Japan).

Measurement of cumulative food intake. Male and female mice of the same
genotype were separated and put into male and female cages, respectively, after
weaning. The food left in the container was weighed every other day, and the
average food ingestion per mouse per day was calculated. The cumulative food
intake was calculated by summing up these average amounts.

APAP treatment. Seven- to 14-week-old female mice were treated with 700
mg/kg of body weight APAP. APAP was dissolved in 50% propylene glycol at

room temperature and intraperitoneally administered to mice at 15 ml/kg. NAC
and BSO were coinjected with APAP at 100 mg/kg and 1.6 g/kg, respectively. In
the time-course study, mice were sacrificed 48 h after dosing.

RNA purification and real-time PCR. Total RNA was extracted from the
forestomach, glandular stomach, and liver using Isogen (Nippon Gene). To
prepare total RNA of keratinocytes, the back skin of an 18.5-day embryo (E18.5)
was treated with dispase (2.4 mg/ml) at 37°C for 2 h. The peeled epidermis was
lysed in Isogen, and total RNA was extracted. cDNA was synthesized using
random primers (Life Technologies Corp., Carlsbad, CA). Primers and probes
used for amplification of cDNAs of glutamate-cysteine ligase, catalytic subunit
(Gclc), glutathione peroxidase 1 (Gpx1), Gpx2, glutathione S-transferase A4
(Gsta4), Gstp1, Gstp2, heme oxygenase 1 (Ho-1), Nqo1, and rRNA are described
in Table 1.

Immunoblot analysis. Tissues were homogenized in 9 volumes of 0.25 M
sucrose. The 10% homogenate was centrifuged at 600 � g for 10 min. The pellet
was suspended in 1.6 M sucrose, layered onto a 2 M sucrose bed, and centrifuged
at 105,000 � g for 60 min. The pellet (nuclear fraction) was suspended in 0.25 M
sucrose. Protein concentrations were determined using a bicinchoninic acid
(BCA) protein assay kit (Pierce Biotechnology, Rockford, IL). Anti-NQO1 an-
tibody (Abcam plc., Cambridge, United Kingdom), anti-�-tubulin antibody
(Sigma-Aldrich, Inc., St. Louis, MO), anti-Keap1 antibody (44), and anti-Nrf2
antibody (28a) were used. Secondary antibodies conjugated with horseradish
peroxidase (HRP) were purchased from Zymed Laboratories, Inc. (South San
Francisco, CA).

Histological analysis. Tissues were fixed in Mildform 10N and embedded in
paraffin for hematoxylin and eosin staining. For immunohistochemical staining,
tissues were processed as previously described (45). Samples were treated with
the same anti-Nrf2 antibody as the one used in immunoblot analysis. Positive
reactivity was visualized through sequential incubation with biotinylated anti-rat
IgG, streptavidin-conjugated HRP, and diaminobenzidine (DAB) staining. He-
matoxylin was used for nuclear counterstaining.

RESULTS

The floxed Keap1 allele is hypomorphic. While breeding the
mice carrying a floxed allele of the Keap1 gene, we noticed a
slight reduction in the body size of Keap1flox/� mice, suggesting
that Keap1 expression from the floxed allele might be reduced.
Therefore, we examined Keap1 expression in various tissues of
the mice carrying the floxed allele (Fig. 1A). We examined
Keap1flox/flox and Keap1flox/� mice together with Keap1�/� and
wild-type mice and found that Keap1 protein levels were sig-
nificantly lower in the liver, lung, brain, and kidney of
Keap1flox/flox and Keap1flox/� mice than in these tissues of the
wild-type control mice. Other tissues, including stomach, in-
testine, and spleen, also displayed a marked decrease of the
Keap1 protein (data not shown). Consistently, the expression
of the Nrf2 target gene Nqo1 increased in these mice and the
increase showed an inverse correlation to the Keap1 abun-
dance in each tissue (Fig. 1A and B). The nuclear accumula-
tion of Nrf2 was clearly increased in all the tissues examined in
Keap1flox/� mice (Fig. 1C). These results thus indicate that the
floxed Keap1 allele is hypomorphic and that Nrf2 activity is
inversely enhanced in Keap1flox/flox and Keap1flox/� mice. For
the sake of simplicity, we refer to the Keap1flox/flox and
Keap1flox/� mice as Keap1 knockdown mice in this study.

Hyperkeratosis is observed in the esophagus and forestom-
ach of Keap1 knockdown mice. To verify the systemic effect of
decreased production of Keap1 from the floxed allele, we mea-
sured body weights and examined histological phenotypes in
the upper digestive tracts of Keap1flox/� mice. Loss of Keap1
function is known to cause growth retardation and lethality at
weaning age due to hyperkeratosis in the esophagus and fore-
stomach (29, 43). At 8 days, the Keap1flox/� mice were smaller
than littermate Keap1flox/� mice and similar in size to Keap1-
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null mice (Fig. 2A, upper panel). Even when the pups were fed,
the stomachs of Keap1flox/� and Keap1-null mice were
shrunken and contained only small amounts of milk (Fig. 2A,
middle panel). The longer diameters of Keap1flox/� and Keap1-
null mouse stomachs were constantly less than half of those of
Keap1�/� and Keap1�/� mouse stomachs. While Keap1-null
mice died by 14 days, Keap1flox/� mice survived longer, albeit
they remained smaller than their Keap1flox/� littermates (Fig.
2A, lower panel). Keap1flox/� mice constantly exhibited lower
body weights than wild-type mice (Fig. 2B, and see Fig. 7B).
This observation suggests that Keap1 function is substantially
defective in Keap1flox/� mice, although the phenotype was
milder than in Keap1-null mice. Hyperkeratosis and hyperpla-
sia of the squamous epithelium were evident in the forestom-
ach and esophagus of Keap1flox/� mice (Fig. 2C), as was ob-
served in the upper digestive tracts of Keap1-null mice (29, 43).
Thus, the floxed Keap1 allele shows hypomorphic expression of
Keap1, but the expression level sustains mice enough to escape
lethality at the weaning age.

Transgene-derived Keap1 rescues Keap1 knockdown mice
from hyperkeratosis. We surmised that insertion of the en-
hanced green fluorescent protein (EGFP) cassette into the 3�
region of the Keap1 gene (31) might disrupt critical regulatory
elements needed for transcription of the Keap1 gene and re-
duce the gene expression. To corroborate that the hyperkera-
tosis observed in Keap1flox/� mice is truly caused by the re-
duced expression of Keap1, we examined whether the
transgenic expression of Keap1 rescues the mice from the
phenotype. To this end, we utilized a transgenic mouse line
expressing Keap1 under the regulation of the Keap1 gene reg-
ulatory domain (KRD-Keap1) (45). We crossed Keap1flox/flox

mice with Keap1�/�::KRD-Keap1 mice and obtained both

Keap1flox/� mice and Keap1flox/�::KRD-Keap1 mice within a
litter. We examined the body weight gain of these mice until 60
days of age and found that Keap1flox/�::KRD-Keap1 mice con-
sistently showed improvement in body weight gain compared
to that of Keap1flox/� mice, albeit the difference was moderate
(Fig. 3A, male mice). We also examined the body weight gain
of female Keap1flox/�::KRD-Keap1 and Keap1flox/� mice, and
the result was reproducible (data not shown). Food intake was
also improved in Keap1flox/�::KRD-Keap1 mice, for both males
and females (Fig. 3B, upper and lower panel, respectively).
The expression levels of Nqo1 and Gpx2 in the forestomach
and glandular stomach of Keap1flox/� mice were significantly
decreased in Keap1flox/�::KRD-Keap1 mice, and Nrf2 accumu-
lation was markedly decreased (Fig. 3C and D). Importantly,
hyperkeratotic lesions were absent in the forestomach and
esophagus of Keap1flox/�::KRD-Keap1 mice (Fig. 3E). Thus,
we concluded that the hyperkeratotic lesions were indeed
caused by the enfeebled expression of Keap1 and that exoge-
nous Keap1 did correct the abnormalities in Keap1flox/� mice.

The Keap1 deletion in keratinocytes using K5-Cre mice re-
sults in lethality at the weaning age. We surmise that the most
plausible cause of Keap1-null mouse lethality is the feeding
problem due to severe hyperkeratotic lesions in the upper
digestive tract. The abnormal metabolic parameters strongly
support this hypothesis (45). However, Keap1flox/� mice sur-
vived to adulthood, although they suffered from severe esoph-
ageal and forestomach hyperkeratosis (Fig. 2). The latter ob-
servation implies that there may be some other lesions than
those in the upper digestive tract in Keap1-null mice that cause
the juvenile lethality. To verify or exclude this hypothesis, we
carried out keratinocyte-specific disruption of the Keap1 gene.
Keap1flox/flox mice were crossed with a transgenic mouse ex-

TABLE 1. Primers and probes used for quantitative PCR

Primer Sequence

mGclc-F..........................................................................................5�-ATCTGCAAAGGCGGCAAC-3�
mGclc-R .........................................................................................5�-ACTCCTCTGCAGCTGGCTC-3�
mGclc-P..........................................................................................5�-FAM-ACGGGTGCAGCAAGGCCCA-TAMRA-3�
mGpx1-F ........................................................................................5�-CCCGTGCAATCAGTTCGG-3�
mGpx1-R........................................................................................5�-CCTCAAGTACGTCCGACCT-3�
mGpx1-P ........................................................................................5�-FAM-GGAGAATGGCAAGAATGAAGAGATTCTG-TAMRA-3�
mGpx2-F ........................................................................................5�-TGTCAGAACGAGGAGATCCTG-3�
mGpx2-R........................................................................................5�-GACTAAAGGTGGGCTGGTACC-3�
mGpx2-P ........................................................................................5�-FAM-CAATACCCTCAAGTATGTCCGACCTG-TAMRA-3�
mGsta4-F .......................................................................................5�-GGGAACAGTATGAGAAGAAGATGCAAAA-3�
mGsta4-R.......................................................................................5�-CCCATCGATTTCAACCAAGG-3�
mGsta4-P .......................................................................................5�-FAM-TGCACACCTGCTTTTCGGCCAAG-TAMRA-3�
mGstp1-F .......................................................................................5�-GCAAATATGTCACCCTCATCTACACC-3�
mGstp1-R.......................................................................................5�-GCAGGGTCTCAAAAGGCTTCA-3�
mGstp1-P .......................................................................................5�-FAM-AGGGCCTTCACGTAGTCATTCTTACCATTCTCATAGT-TAMRA-3�
mGstp2-F .......................................................................................5�-CAAATATGGCACCATGATCTACAGA-3�
mGstp2-R.......................................................................................5�-GCAGGGTCTCAAAAGGCTTCA-3�
mGstp2-P .......................................................................................5�-FAM-AGGGCCTTCACGTAGTCATTCTTACCATTCTCATAGT-TAMRA-3�
mHo1-F ..........................................................................................5�-GTGATGGAGCGTCCACAGC-3�
mHo1-R .........................................................................................5�-TTGGTGGCCTCCTTCAAGG-3�
mHo1-P ..........................................................................................5�-FAM-CGACAGCATGCCCCAGGATTTGTC-TAMRA-3�
mNqo1-F ........................................................................................5�-AGCTGGAAGCTGCAGACCTG-3�
mNqo1-R .......................................................................................5�-CCTTTCAGAATGGCTGGCA-3�
mNqo1-P ........................................................................................5�-FAM-ATTTCAGTTCCCATTGCAGTGGTTTGGG-TAMRA-3�
rRNA-F..........................................................................................5�-CGGCTACCACATCCAAGGAA-3�
rRNA-R .........................................................................................5�-GCTGGAATTACCGCGGCT-3�
rRNA-P ..........................................................................................5�-VIC-TGCTGGCACCAGACTTGCCCTC-TAMRA-3�
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pressing Cre recombinase under the regulation of the Keratin
5 gene (K5-Cre mouse) to obtain Keap1flox/flox::K5-Cre mice.
The endogenous K5 gene is expressed not only in skin kerati-
nocytes but also in stratified epithelial cells of the tongue,
esophagus, forestomach, cornea, and hair follicles (3).

We compared the growth, survival, and pathology of the
upper digestive tract of Keap1flox/flox::K5-Cre mice with those
of Keap1flox/flox, Keap1flox/�::K5-Cre, and Keap1flox/� mice
within the same litter. As we expected, Keap1flox/flox::K5-Cre
mice were smaller than Keap1flox/�::K5-Cre and Keap1flox/�

mice (Fig. 4A, upper panel), and the body weights of
Keap1flox/flox::K5-Cre mice were approximately half of those of
Keap1flox/flox, Keap1flox/�::K5-Cre, and Keap1flox/� mice at 9
days after birth (Fig. 4B and C). Similar to the stomachs of
Keap1-null pups (Fig. 2A), the longer diameters of Keap1flox/flox::
K5-Cre pup stomachs were less than half the length of the longer
diameters of Keap1flox/� or Keap1flox/�::K5-Cre pup stomachs
(Fig. 4A, lower panel). The size of the Keap1flox/flox pup stomach
was midway between the sizes of Keap1flox/�::K5-Cre and
Keap1flox/flox::K5-Cre pup stomachs. All Keap1flox/flox::K5-Cre

FIG. 1. Expression of Keap1, Nqo1, and Nrf2 in mice carrying floxed Keap1 alleles. (A) Immunoblot analysis of whole-cell extracts of liver, lung,
brain, and kidney with anti-Keap1 and anti-Nqo1. �-Tubulin was detected as a loading control. Band intensities of Keap1 and Nqo1 were quantified
and normalized to the band intensity of �-tubulin. The values obtained are shown below the bands of Keap1 or Nqo1. (B) Nqo1 mRNA expression
in liver, lung, brain, and kidney was examined by quantitative reverse transcription-PCR. Ten- to 12-week-old female mice were examined. Each
gene’s expression was normalized to the rRNA expression level. Average values are shown, and error bars indicate standard deviations. The
average values for wild-type tissues are set to 1. Representative results from two independent experiments are shown. The Student t test was used
to calculate statistical significance (*, P � 0.05; **, P � 0.01). (C) Nuclear accumulation of Nrf2 in mice carrying floxed Keap1 alleles. Immunoblot
analysis of nuclear extracts of liver, lung, and upper digestive tract, including esophagus, forestomach, and glandular stomach, using anti-Nrf2.
Eight- to 15-week old mice were examined. A representative result from two independent experiments is shown. Lamin B was detected as a loading
control. Genotypes: �/�, Keap1�/�; �/�, Keap1�/�; F/F, Keap1flox/flox; F/�, Keap1flox/�; F/�:Alb, Keap1flox/�::Alb-Cre; NKO, Nrf2�/�. The band
intensity of Nrf2 was quantified and normalized by the band intensity of Lamin B. The values obtained are shown below the bands of Nrf2.
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mice died by 14 days after birth (Fig. 4D), and this timing was
quite consistent with that seen in Keap1-null mice (43). These
results support the notion that Keap1-null mouse lethality is a
feeding problem due to severe hyperkeratotic lesions in the
upper digestive tract.

Indeed, in histological analysis of the tissues expressing
K5, i.e., forestomach, esophagus, and tongue, marked thick-
ening of cornified and subcornified layers was observed in
Keap1flox/flox::K5-Cre mice and Keap1flox/flox mice in compar-
ison with these layers in Keap1flox/� mice (Fig. 4F, upper
panels). The epithelial thickening was much more severe in
Keap1flox/flox::K5-Cre mice than in Keap1flox/flox mice.

To examine whether this graded severity of epithelial phe-

notypes correlates to the increase of Nrf2 activity, we examined
Nrf2 accumulation in keratinocytes of these tissues by immu-
nohistochemistry using anti-Nrf2 antibody. We found positive
staining in the nuclei of Keap1flox/flox and Keap1flox/flox::K5-Cre
mouse keratinocytes but not in the keratinocyte nuclei of
Keap1flox/� mice (Fig. 4F, lower panels). We repeated the
analysis and found that the intensity of the immunoreactivity
was consistently higher in Keap1flox/flox::K5-Cre mice than in
Keap1flox/flox mice, supporting our contention that the more
Nrf2 accumulates in keratinocytes, the more severe the epithe-
lial thickening that occurs.

To further corroborate the correlation between the Nrf2
accumulation and epithelial thickening, we examined the epider-
mal expression of Nrf2 target genes in these mice. The expression
of canonical Nrf2 target genes, Nqo1 and Gpx2, was elevated in
the epidermis of Keap1flox/flox and Keap1flox/flox::K5-Cre embryos
at E18.5 (Fig. 4E). Compared with the increase in the expres-
sion of these genes in the Keap1flox/flox epidermis, the increase
in their expression in the Keap1flox/flox::K5-Cre epidermis was
much more dramatic. The expression levels of Nqo1 and Gpx2
in the Keap1flox/flox::K5-Cre epidermis are 23-fold and 17-fold
higher than those in the Keap1flox/flox epidermis, respectively.
Thus, this gene expression analysis showed that Keap1flox/flox::
K5-Cre mice displayed the highest expression of Nrf2 target
genes among the genotypes examined.

Considering the fact that simultaneous deletion of Nrf2 res-
cued Keap1-null mice from developing hyperkeratotic lesions
and lethality at the weaning stage, these results strongly argue
that Nrf2 activation in keratinocytes is the ultimate cause of
the lethality of Keap1-null mice. The results also suggest that
Keap1 produced from the floxed Keap1 allele in keratinocytes
can direct Nrf2 degradation to such an extent that Keap1flox/flox

and Keap1flox/� mice escape from the juvenile lethality.
The Keap1 deletion in hepatocytes increases expression lev-

els of Nrf2 target genes. We next examined the contribution of
Keap1 expressed from the floxed allele to the repression of
Nrf2 activity in the liver. In our previous study, we performed
hepatocyte-specific disruption of the Keap1 gene by using
Keap1flox/� mice and Alb-Cre mice (31). We compared the
knockdown mice with the hepatocyte-specific conditional knock-
out mice, as well as with the control wild-type mice. Although a
difference in the amount of Nrf2 nuclear accumulation was not
apparent between Keap1flox/� and Keap1flox/�::Alb-Cre mice (Fig.
1C), the expression levels of some Nrf2 target genes, such as Gclc,
Gsta4, and Gstp2, were higher in Keap1flox/�::Alb-Cre mouse liv-
ers than in Keap1flox/� mouse livers (Fig. 5, right panels). In
contrast, the expression levels of other Nrf2 target genes, such
as Ho-1, Gpx1 and Gstp1, were not changed significantly in the
livers of Keap1flox/� mice and Keap1flox/�::Alb-Cre mice com-
pared to their levels in wild-type mouse livers (Fig. 5, left
panels). These results thus indicate that Keap1 expressed from
the floxed allele contributes substantially to the repression of a
set of Nrf2 target genes in the liver. These results further
suggest that Nrf2 target genes are under complex regulation
and that each of them retains a distinct threshold for the
amount of Nrf2 required for activation. Subtle changes in the
Nrf2 abundance in nuclei thus appear to make specific contri-
butions to target gene expression. Furthermore, recent reports
on Keap1-interacting molecules (6, 22, 24) suggest possible

FIG. 2. Morphological alterations in upper digestive tracts of mice
carrying floxed Keap1 alleles. (A) Macroscopic observations of 8-day-
old (P8) and 24-day-old (P24) male littermates. Body weights and
dissected stomachs with esophagi of the 8-day-old pups are shown.
White color of the stomach indicates the presence of ingested milk.
Scale bars indicate 1 cm. (B) Body weight gain during weeks 1 to 8
after birth of female (upper left) and male (lower left) mice and
average body weight at the age of 5 to 7 weeks of female (upper right)
and male (lower right) mice. Error bars indicate standard deviations
(Keap1�/� mice, n � 18 female and n � 11 male; Keap1flox/� mice, n �
8 female and n � 5 male). The Student t test was used to calculate
statistical significance (*, P � 0.05; **, P � 0.01). (C) Upper digestive
tracts from 9- to 13-week-old male mice. Macroscopic observation of
the whole stomach and hematoxylin-eosin staining of the forestomach
and esophagus are shown. Arrow, hyperkeratotic inner surface of the
forestomach; double-ended arrow, hypertrophic subcornified layer;
double-ended broken arrow, thickened cornified layer; double-ended
blue arrow, hyperkeratotic esophageal epithelium. Vertical and hori-
zontal scale bars indicate 1 cm and 100 	m, respectively. Genotypes:
�/�:Alb, Keap1�/�::Alb-Cre; F/�, Keap1flox/�; �/�:Alb,
Keap1�/�::Alb-Cre; F/�, Keap1flox/�; �/�, Keap1�/�.
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contributions of these factors to the expression of Nrf2 target
genes in the liver.

Decreased Keap1 confers resistance against acute toxicity of
APAP. It has been shown that Nrf2 is protective against APAP
toxicity and that Nrf2-null mice are more susceptible to acute
hepatotoxicity of APAP (9). Nrf2 regulates a series of enzymes
responsible for detoxification of APAP (10, 19, 23, 27, 37, 40),
including Ugts, Gsts, and Mrps. The Gclc gene encodes a com-
ponent of the rate-limiting enzyme for glutathione production,
GCL, and is also under the regulation of Nrf2. We previously
challenged Keap1flox/�::Alb-Cre mice with a high dose of
APAP and found that Keap1flox/�::Alb-Cre mice were more
resistant to APAP toxicity than Keap1�/�::Alb-Cre mice (31).

Because we found in this study that Gclc expression is ele-
vated in Keap1flox/� mice (Fig. 5), we challenged Keap1flox/�

mice with APAP, expecting that Keap1flox/� mice would also be

resistant to the APAP acute toxicity. We compared the survival
of Keap1flox/� mice after the administration of APAP with that
of Keap1flox/�::Alb-Cre, Keap1flox/�::Alb-Cre, and wild-type
mice. As shown in Fig. 6A, a sublethal dose of APAP (700
mg/kg) was administered to mice of the four different geno-
types, and their survival was followed up to 48 h. Consistent
with the results of our previous study, wild-type mice were the
most susceptible to APAP toxicity, and almost half of the mice
died by 48 h. In contrast, Keap1flox/�::Alb-Cre mice showed
resistance to the APAP challenge.

To our surprise, Keap1flox/� mice and Keap1flox/�::Alb-Cre
mice were more resistant to APAP than Keap1flox/�::Alb-Cre
mice. After the APAP injection, low body temperature, tremor,
sedation, and lethargy were observed irrespective of the genotype.
Closer examination revealed that Keap1flox/� mice not only had a
lower mortality rate but also recovered more quickly from these

FIG. 3. Rescue of the Keap1 knockdown phenotypes by transgene (Tg)-derived Keap1 (KRD-Keap1). (A to C) Graphs show body weights (A),
cumulative food intake (B), and Nqo1 and Gpx2 mRNA expression levels in forestomach and glandular stomach (C) of 8-week-old male
littermates. Each gene’s expression was normalized to the rRNA expression level. Average values are shown, and error bars indicate standard
deviations (Keap1flox/� mice, n � 6; Keap1flox/�::KRD-Keap1 mice, n � 4). The Student t test was used to calculate statistical significance (**, P �
0.01). (D) Immunoblot analysis of Nrf2 using liver extracts. Lamin B was detected as a loading control. The band intensity of Nrf2 was quantified
and normalized to the band intensity of Lamin B. Average values of the triplicate samples are shown below the bands of Nrf2. (E) Morphology
of upper digestive tract. Macroscopic observations of whole stomach and hematoxylin-eosin staining of forestomach and esophagus are shown.
Arrow, hyperkeratotic inner surface of the forestomach; double-ended arrow, hypertrophic subcornified layer; double-ended broken arrow,
thickened cornified layer; double-ended blue arrow, hyperkeratotic esophageal epithelium. Scale bars indicate 200 	m. Genotypes: F/�,
Keap1flox/�; F/�:Tg, Keap1flox/�::KRD-Keap1.
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conditions. These results thus demonstrate that reduced expres-
sion of Keap1 is beneficial for hepatocytes to acquire resistance to
APAP toxicity and that the complete loss of Keap1 is not optimal
for the protection of the hepatocytes.

Concomitant administration of NAC, a precursor to gluta-
thione, was protective for Keap1flox/�::Alb-Cre and wild-type
mice (Fig. 6B). On the contrary, simultaneous administration
of BSO, an inhibitor of GCL, sensitized Keap1flox/� and
Keap1flox/�::Alb-Cre mice (Fig. 6C). These results support our
contention that the availability of glutathione determines the
susceptibility to APAP toxicity. Therefore, enhanced Nrf2 ac-
tivity may be advantageous for the protection of liver function
and the survival of the mice, probably through increasing the
capacity for glutathione production.

Decrease of Keap1 expression is not beneficial for the
long-term survival of mice. We finally examined how
changes in the Keap1 expression level influence the long-
term survival of mice. In our long-term follow-up study,

Keap1flox/� and Keap1flox/�::Alb-Cre mice remained as
healthy as Keap1flox/�::Alb-Cre and wild-type mice for up to 1
year (Fig. 7A). However, after the 1-year time point, significant
numbers of Keap1flox/� and Keap1flox/�::Alb-Cre mice started
to die. By 2 years, close to 50% of Keap1flox/�::Alb-Cre and
more than 50% of Keap1flox/� mice were dead, while more
than 70% of Keap1flox/�::Alb-Cre and wild-type mice stayed
alive. There was no statistically significant gender difference in
the long-term survival rates.

At 1 year of age, Keap1flox/� and Keap1flox/�::Alb-Cre mice
appeared to be smaller in size than Keap1flox/�::Alb-Cre and
wild-type mice (data not shown). The average body weights at
1.6 to 1.7 years of age were clearly lower in Keap1flox/� (16.0 

2.0 g) and Keap1flox/�::Alb-Cre (20.2 
 5.0 g) mice than in

FIG. 4. Keratinocyte-specific Keap1 knockout mice using K5-Cre. (A) Macroscopic appearance of 9-day-old (P9) littermates. Body weights and
whole stomachs are shown at the bottom. Scale bars indicate 1 cm. (B) Body weight gain during the period from day 3 to day 9. (C) Body weights
at day 9 (P9). The average and standard deviation were calculated, and the Student t test was used to calculate statistical significance compared
with results for Keap1flox/� mice (**, P � 0.01). (D) Kaplan-Meier survival curve. (E) Expression of Nrf2 target genes in keratinocytes at E18.5.
Each gene’s expression was normalized to the level of rRNA expression. Average values are shown, and error bars indicate standard deviations.
The average values of wild-type samples are set to 1. The Student t test was used to calculate statistical significance (*, P � 0.05; **, P � 0.01).
(F) Hematoxylin-eosin staining (upper panels) and immunohistochemical staining with anti-Nrf2 antibody (lower panels) of the forestomach,
esophagus, and tongue. The positions shown in the left and right panel images from the forestomach are indicated by arrowheads and arrows,
respectively, in panel A. Symbols in upper panels: arrowheads, limiting ridge; double-ended arrows, hypertrophic subcornified layer; double-ended
broken arrows, thickened cornified layer. Arrowheads in lower panels indicate representative nuclei of keratinocytes that show positive staining.
The areas shown in the lower panels correspond to dotted rectangles in the inset views, which are at a lower magnification. Scale bars indicate 200
	m (upper panels) and 400 	m (lower panels). Genotypes: F/�, Keap1flox/�; F/�:K5, Keap1flox/�::K5-Cre; F/F, Keap1flox/flox; F/F:K5,
Keap1flox/flox::K5-Cre; �/�, Keap1�/�.

FIG. 5. Expression of Nrf2 target genes in the livers of mice car-
rying floxed Keap1 alleles. Ten- to 12-week-old female mice were
examined. Average values are shown, and error bars indicate standard
deviations. Each gene’s expression was normalized to the rRNA ex-
pression level. The average values for wild-type mice are set to 1. The
Student t test was used to calculate statistical significance (*, P � 0.05;
**, P � 0.01). Genotypes: �/�, Keap1�/�; F/�, Keap1flox/�; F/�:Alb,
Keap1flox/�::Alb-Cre.

FIG. 6. Kaplan-Meier survival curves for mice treated with APAP.
Seven- to 10-week old female mice carrying floxed Keap1 alleles were
intraperitoneally injected with APAP (A), APAP and NAC (B), and
APAP and BSO (C). Mortality was measured over a 48-hour period.
The log rank test was used to calculate statistical significance (*, P �
0.001; **, P � 0.01; ***, P � 0.05; ****, P � 0.1; n.s., not significant).
P values in panels B and C were calculated against the results for mice
of the same genotype that were given APAP only (A). Genotypes:
�/�, Keap1�/�; F/�:Alb, Keap1flox/�::Alb-Cre; F/�, Keap1flox/�; F/�:
Alb, Keap1flox/�::Alb-Cre.
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Keap1flox/�::Alb-Cre (31.8 
 5.2 g) and wild-type (34.0 

10.5 g) mice (Fig. 7B, left panel). We also measured body
composition and found that Keap1flox/� and Keap1flox/�::Alb-Cre
mice retained body compositions that were strikingly different
from those of Keap1flox/�::Alb-Cre and wild-type mice. The ratios
of fat and lean of the former are significantly lower and higher
than those of the latter, respectively (Fig. 7B, right panel).
These results demonstrate that systemic and genetic reduction
of Keap1 to a level less than a certain threshold gives rise to the
limitation of the life span accompanied by leanness and imply
that constitutive activation of Nrf2 over a long period is not
beneficial to the animal’s survival.

DISCUSSION

In the present study, we discovered that floxation of the
Keap1 allele using loxP sites in the design of a conditional
Keap1-null mouse led to a partial disruption of Keap1 expres-
sion, which created a whole-body knockdown phenotype that
escaped from early lethality but exhibited many characteristics
similar to those of the Keap1-null mice. Through analyses of
the mice possessing the floxed allele of the Keap1 gene, we
found that the chronic and whole-body activation of Nrf2 due
to insufficiency of Keap1 function is beneficial during acute
insults from chemical toxicity, which is consistent with the

well-established notion that inducible expression of cytopro-
tective enzymes by transiently activated Nrf2 is important for
protection of the body (17). In contrast, the sustained systemic
activation of Nrf2 turned out to be rather disadvantageous for
long-term survival of the mice. Being viable and fertile, the
Keap1 gene knockdown mice provided a useful experimental
system for the study of Keap1 function in adult mice.

We speculate that the insertion of the EGFP cassette into
the 3� region of the Keap1 gene (31) somehow disrupted crit-
ical regulatory elements for transcription of the Keap1 gene.
Consequently, Keap1 expression was decreased in various tis-
sues of the Keap1flox/flox and Keap1flox/� mice, and they had
phenotypes similar to those of Keap1-null mice (43). However,
these knockdown mice can escape from the juvenile lethality.
These phenotypic changes in the Keap1flox/� mice are directly
due to a decrease in Keap1 expression, because transgene-
derived Keap1 restored the abnormalities in Keap1flox/� mice.
We further performed keratinocyte-specific deletion of the
Keap1 gene using K5-Cre mice and found that the keratino-
cyte-specific Keap1 deletion resulted in the dramatic activation
of Nrf2 target genes and lethality at the weaning age. These
results conclusively demonstrate that the lethality of Keap1-
null mice is attributable to the malnutrition caused by ob-
structive lesions in the upper digestive tract and that Keap1
deficiency in the keratinocytes is the primary cause of the
Keap1-null mouse lethality.

Utilizing the floxed Keap1 allele, a series of mice with graded
expression levels of the Keap1 gene become available. These
mice enabled us to perform the titration of Keap1 abundance
in vivo, especially in hepatocytes, to clarify how the graded and
constitutive activation of Nrf2 affects the animal’s life and
homeostasis. Since the amount of Keap1 produced from the
floxed allele is estimated as approximately 5% of that from the
wild-type allele (Fig. 1A), Keap1flox/�::Alb-Cre mice (along with
Keap1�/� mice), Keap1flox/� mice, and Keap1flox/�::Alb-Cre
mouse hepatocytes contain 50%, 5%, and 0% of the amount of
Keap1 in wild-type mouse hepatocytes, respectively. Treatment of
Keap1flox/�::Alb-Cre, Keap1flox/�, Keap1flox/�::Alb-Cre, and wild-
type mice with 700 mg/kg APAP revealed that constitutive acti-
vation of Nrf2 is beneficial during acute toxicity, which is consis-
tent with the results of our previous study (31).

An unexpected but intriguing result is that
Keap1flox/�::Alb-Cre and Keap1flox/� mice show stronger resis-
tance to APAP than the Keap1flox/�::Alb-Cre mice, suggesting
that the maximal benefit of Nrf2 activation is given by a level
of Keap1 somewhere between a 50% (Keap1flox/�::Alb-Cre
mice) and a 5% level (Keap1flox/� mice), but the complete loss
of Keap1 in Keap1flox/�::Alb-Cre mice appears to be less ben-
eficial. In this regard, we recently found sporadic focal necrosis
in livers of Keap1flox/�::Alb-Cre mice, indicating that some of
the Keap1flox/�::Alb-Cre mice suffered from hepatitis (22). We
speculate that the Keap1flox/�::Alb-Cre mice with hepatitis are
vulnerable to APAP toxicity, which could lower the survival
ratio of the Keap1flox/�::Alb-Cre mice. In terms of Nrf2 activity,
these results just fit a “U-shaped dose-response curve” model
that has been proposed recently (17). Either deficiency or
constitutive activation of Nrf2 increases the risk of carcinogen-
esis, and there is a certain optimal range of Nrf2 activity for the
most efficient cancer prevention. Similarly, for increasing re-
sistance against APAP toxicity, there is an optimal level of Nrf2

FIG. 7. Longevity study of mice carrying floxed Keap1 alleles.
(A) Kaplan-Meier survival curves for female mice are shown. Mortality
was measured over a 2-year period (101 weeks). Keap1�/� (n � 16),
Keap1flox/�::Alb-Cre (n � 11), Keap1flox/� (n � 11), and
Keap1flox/�::Alb-Cre (n � 10) mice were examined. The log rank test
was used to calculate statistical significance. (B) Body weight and body
composition of lean and fat are shown. Female mice at 1.6 to 1.7 years
of age (the starting number in each group is shown in panel A) with the
Keap1�/� (n � 9), Keap1flox/�::Alb-Cre (n � 10), Keap1flox/� (n � 5)
and Keap1flox/�::Alb-Cre (n � 4) genotypes that survived were exam-
ined. Bar graph shows the average ratios of lean, fat, and other body
compositions, and standard deviations are indicated. The Student t test
was used to calculate statistical significance compared with the results
for Keap1�/� mice. *, P � 0.05; **, P � 0.01. Genotypes: �/�,
Keap1�/�; F/�:Alb, Keap1flox/�::Alb-Cre; F/�, Keap1flox/�; F/�:Alb,
Keap1flox/�::Alb-Cre.
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activity that must be attained in Keap1flox/�::Alb-Cre mice and
Keap1flox/� mice.

We found that the concomitant administration of BSO or
NAC gave rise to exacerbation of or increased resistance to
APAP toxicity, respectively. This observation provides convinc-
ing evidence that the availability of glutathione is an important
determinant of resistance/susceptibility to APAP toxicity.
Whereas Gclc gene expression is upregulated in the
Keap1flox/� mouse liver, the amount of total hepatic glutathi-
one remained constant (K. Taguchi and M. Yamamoto, un-
published observations). In contrast, total glutathione levels in
the upper digestive tract of Keap1flox/� mice were approxi-
mately 3-fold higher, in accordance with the upregulation of
Gclc mRNA and protein levels (K. Taguchi and M.
Yamamoto, unpublished observations). As the hepatic gluta-
thione level is far higher than that in other tissues, total hepatic
glutathione may be regulated by feedback autoinhibition by
glutathione or by the limited availability of cellular L-cysteine
(25). Since Nrf2 activates a battery of genes involved in reduc-
ing oxidized glutathione, such as glutathione reductase and
glucose 6-phosphate dehydrogenase (40), the ratio of reduced
glutathione could be higher in the livers of Keap1flox/� mice,
and this might confer resistance against APAP toxicity.

Besides inhibiting GCL, BSO accelerates Cyp2e1-dependent
metabolism (8). Cyp2e1 oxidizes acetaminophen to its active
metabolite, N-acetyl-p-benzoquinoneimine, which is cytotoxic
due to DNA and protein adduct formation. Thus, the emerging
toxicity of APAP when coadministered with BSO in Keap1flox/�

mice and Keap1flox/�::Alb-Cre mice, which were otherwise re-
sistant to APAP, might be attributable to not only glutathione
depletion but also facilitated metabolism of APAP due to
increased activity of Cyp2e1.

When examined in a 2-year longevity study, Keap1flox/� and
Keap1flox/�::Alb-Cre mice showed higher mortality rates than
Keap1flox/�::Alb-Cre and wild-type mice. This analysis demon-
strates that genetic disruption of Keap1 gene expression by
more than 50% provokes the Nrf2 activation to a level that has
a negative impact on long-term survival of the mice. This is in
stark contrast to the fact that pharmacological induction of
Nrf2 by antioxidants and electrophiles prevents acute toxicity
of APAP and other chemicals. We surmise that the genetic
activation of Nrf2 may lead to high-level constitutive activation
of the genes that are usually associated with the stress response
in the normal physiological context but may not contribute to
the protection of the whole body. These observations further
support the importance of inducible/transient expression of
cytoprotective enzymes in the body (17). To further consoli-
date our notion that high-level constitutive activation of Nrf2
target genes is not truly beneficial to the whole body, long-term
survival studies of Keap1::Nrf2 double mutant mice seem to be
crucial.

After one and a half years of age, the body weights and body
compositions of Keap1flox/� and Keap1flox/�::Alb-Cre mice are
low and lean, respectively, compared to those of
Keap1flox/�::Alb-Cre and wild-type mice. The reduction in body
weight and fat ratio might be caused by either decreased food
intake or increased energy expenditure. The former cause
would be plausible as hyperkeratotic lesions are present in the
upper digestive tracts of Keap1flox/� and Keap1flox/�::Alb-Cre
mice, and this limits the amount of food intake. The latter

would also be possible since Nrf2 strongly activates cytopro-
tective gene expression, resulting in the robust increase of
protein synthesis. Chronic activation of Nrf2 could increase the
anabolic energy demand. A recent report demonstrated that
Nrf2 inhibits adipogenesis through induction of the arylhydro-
carbon receptor (35). Further elucidation of the Nrf2 contri-
bution to metabolism is an important challenge.

Another important result obtained from the 2-year longevity
study is that neither Keap1flox/� nor Keap1flox/�::Alb-Cre mice
developed tumors. Although Nrf2 itself has been shown to be
a critical component of cancer chemoprevention (2, 33), recent
studies have also revealed a strong association of constitutive
activation of Nrf2 due to somatic mutations of KEAP1 and the
NRF2 gene and carcinogenesis (30, 32, 34, 36). Cancer cells
harboring constitutive Nrf2 accumulation are resistant to che-
motherapy owing to the high-level expression of efflux trans-
porters and antioxidative and detoxifying enzymes (30, 34, 36).
Indeed, the upper digestive tracts of both Keap1flox/� and
Keap1flox/�::Alb-Cre mice display keratin swirl, epithelial cor-
nification, and cellular morphological changes that resemble
epithelial dysplasia. However, in our present study, these le-
sions never developed into genuine cancers, suggesting that the
activation of Nrf2 is not solely sufficient to facilitate cell trans-
formation into malignancy. It is strongly suspected that Nrf2
confers a high survival capacity only after cells acquire the
ability of immortalized growth.
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