Dysfunction of NOS caused by prolonged exposure to arsenate 109

N
N

—
i

Hepatic BH,
(nmol/ g of tissue)
o

0.0

C As(V)

Fig. 5. Effects of prolonged arsenate exposure on the hepatic BH,
levels. C = control; As(V) = arsenate, Each data point is the mean =
SD of six animals. * p < .05 vs, control.

ulin, calcium, and BH,. BH, is a cofactor essential for
the appropriate enzymatic activity of NOS. However,
unusual situations (e.g., decreased levels of the substrate
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Fig. 6. Expression of GTP-CH [ in cardiac tissue of rabbits. C =
control; As(V) = arsenate, Northern biot analysis was performed using
a GTP-CH I cDNA probe prepared according to the cDNA sequence of
rat. Membranes were rehybridized with a probe for 18s ribosomal RNA
(left). The mRNA levels were quantitated by radioanalytic scanning
(right). Data represent mean * SEM; n = 3 per group.

L-arginine or the cofactor BH,), results in the uncoupling
of NOS with subsequent enhanced production of reactive
oxygen species (ROS) such as O, and H,0,, and
diminished NO formation [24,27,56]. These observations
led us to a hypothesis that prolonged exposure to inor-
ganic arsenic may affect levels of BH, and possibly
L-arginine, thereby reducing systemic NO production, as
reflected in plasma metabolites, with a concomitant gen-
eration of ROS. Earlier work showed NO metabolites in
serum were reduced in humans chronically exposed to
high levels of As(V) [7]. The present results in rabbits
show that the hepatic levels of BH, in animals exposed
to As(V) were markedly reduced (~ 40%), whereas the
Ievels of L-arginine, at least in cardiac tissue, were un-
affected by As(V) exposure, Qur data suggest that As(V)
exposure may indeed canse an uncoupling of NOS by
decreasing levels of cofactor, BH,, but not through de-
creasing substrate, and that this uncoupling results in
diminished NO production accompanied by enhanced
production of ROS, as reflected by increased H,0, in
urine. Although additional work will be required, the

present results indicate that disruption of NO production

may be an indirect mechanism by which inorganic ar-
senic produces oxidative stress.

In the present research, we were unable to directly
measure the level of BH, in vascular tissues, such as
aortas or hearts, due to limited amounts of sample. But if
uncoupling of NOS does, in fact, occur in endothelium
during prolonged exposure of rabbits to arsenate, it was
reasoned that use of an agent to increase intracellular
calcium levelin aortic rings of arsenate-exposed rabbits
would bring about a significant vasoconstriction as this
uncoupling reaction would produce Q,", which is
known to act as an endothelium-derived contracting fac-
tor. Consistent with this notion, the calcium’ ionophore
A23187 induced transient but significant contractions of
the aortas of rabbits exposed to As(V), and not in con-
trols, indicating that the aberrant vasoconstriction caused
by prolonged As(V) exposure can occur through cal-
cium. These results are consistent with the resuits of
Wang et al. [57], who reported that calcium-mediated
production of ROS play important role in arsenite-in-
duced DNA adducts in mammalian cells. There are a
variety of O, " -generating enzymes such as NAD(PYH
oxidase, cyclooxygenase, lipoxygenase, and xanthine ox-
idase, as well as eNOS, all of which are functional in
endothelial cells [58]. Barchowsky et al. [59] previously
reported that low levels of arsenite cause increased re-
active oxygen formation in vascular endothelial cells,
and the overproduced reactive oxygen is likely to result
from arsenite stimulation of NAD(P)H oxidase. How-
ever, NAD(P)H oxidase is not a calcium-dependent en-
zyme, suggesting that the enhanced calcium-mediated



110 1. Pretal

ﬁ Eol—— (ol

Chronic

iAs(V)

exposure

/’m }—‘
| 1,0,

v
—_
|

Oxidative stress

Fig. 7. A possible mechanism for the impairment of NO formation and induction of oxidative stress caused by chronic exposure to

arsenate in drinking water.

aortic vasoconstriction occurs through disrupted NOS,
but not NAD(P)H oxidase. Interestingly, the vasocon-
striction of aortic rings induced through calcium release
in As(V)-exposed rabbits was drastically attenuated by
L-NAME, a specific inhibitor of NOS, and DPI, a general
inhibitor of flavin enzymes including NOS, but not by
cyclooxygenase or xanthine oxidase inhibitors, again
suggesting the involvement of eNOS in the superoxide
production. Taken together, these data suggest that an
uncoupling of eNOS occurs from prolonged arsenic ex-
posure, which promotes, at least in part, increased for-
mation of O,"~ by eNOS and O, -induced vasocon-
striction, as shown in Fig. 7. Therefore, both our cross-
sectional human study in China [7,26] and the present
experiments with rabbits suggest the possibility that
As(V) uncouples NOS that may play an important role in
the reduction of systemic NO production and increased
oxidative stress. The hypersensitivity to vasoconstriction
after As(V) exposure may also predispose to develop-
ment of various vascular diseases.

Under physiological conditions, BH, is synthesized
from GTP via a de novo pathway by three enzymes:
GTP-CH 1, 6-pyruvoyl-tetrahydropterin synthase, and
sepiapterin reductase (SR) [60]. The committing step of
the reaction is carried out by GTP-CH 1. Alternatively,
the synthesis of BH, can occur via a so-called salvage
pathway with sepiapterin as a substrate, independent of
GTP-CH I {60]. Enzymatic recycling of BH, is essential
to ensure a continuous supply of BH,. Two enzymes,
pterin-de-carbinolamine dehydratase (PCD) and dihy-
dropteridine reductase, are invelved in these processes
[60]. In the current study, no significant change occurred

in GTP-CH I gene expression in liver. Furthermore,
As(V) exposure did not appear to affect PCD activity
since no higher level of 7-biopierin, the co-product in
BH, salvage, was detected in the urine of As(V)-exposed
rabbits (data not shown). Thus, critical enzymes involved
in the de novo production and salvage of BH, appear to
be unaltered by prolonged As(V) exposure. Additional
study will be required to define exactly how As(V)
exposure reduces BH,, but this appears to be a critical
aspect to reduced NO preduction and increased ROS
production.

ROS can decrease the bioavailability of NO, espe-
cially the radical O, ~, which readily reacts with NO to
form peroxynitrite (ONOO™), a reactive and short-lived
species that promotes oxidative molecular and tissue
damage [61]. It has been reported that NO acts as a
potent inhibitor of the lipid peroxidation chain reaction
by scavenging propagatory lipid peroxyl radicals or var-
ious potential initiators of lipid peroxidation. On the
other hand, ONOO™ can initiate lipid peroxidation and
oxidizing lipid soluble antioxidants [61,62]. In addition,
both O,"~ and H,0, can be transformed into hydroxyl
radicals (‘OH), which can catalyze the production of
vasoconstrictor prostanoids. These mediators act directly
on vascular smooth muscie cells to induce contraction
[63]. Therefore, other compounds derived from the ex-
cessive O,"~ production seen in the present study after
As(V) exposure such as ONQO™, also probably contrib-
uted to the transient constriction effects.

It has been well documented that O,"” can be
transformed by SOD to H,0,, which causes vascular
relaxation by activation of soluble guanylate cyclase
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and increases in the level of cGMP in smooth muscle
cells [64] and endothelium-derived hyperpolarizing
factor (EDHF) activity [65]..In the present research,
As(V) exposure had no significant effects on the aorta
relaxation in response to ACh or A23187, though a
significant decrease of systemic NO production was
observed. This may be associated with increased level
of H,0, in vessels accompanied with NO/O;™~ bal-
ance shift. NOS-catalyzed production of H,O, may
initially serve as a compensatory mechanism in con-
ditions associated with low concentrations of BH,.
However, H,0, is also a powerful, although relatively
slow, oxidant in its reactivity toward biological com-
pounds {66]. In this regard, H,0,-derived "OH is often
toxic through the direct peroxidation of either lipids or
proteins [67]. Thus, a prolonged increase in intracel-
Iular production of H,0, may lead to oxidative vas-
cular injury. Indeed, we recently have provided evi-
dence that chronic exposure of humans to arsenic in
drinking water resulted in induction of oxidative
stress, as indicated by the enhancement of lipid per-
oxides [26]. The disrupted NO metabolism observed
in human [7] and rabbits (present study) could lead to
vascular injury and, eventually, overt diseases.

In conclusion, our current findings suggest that pro-
longed As(V) exposure impaired endothelial function
through decreased NO bioavailability due to either re-
duced production, or inactivation by elevated O, and
its derived oxidants. The disruption of NO production
may increase oxidative stress, which could play a fun-
damental role in the pathogenesis of chronic arsenic
poisoning, including vascular diseases and possibly can-
cer. In particular, impaired bioavailability of BH, may be
associated with As(V)-induced endothelium dysfunction.
Considering the controlling role of BH, in eNOS-cata-
lyzed NO and/or O,"~ generation, BH, levels in vive
may provide an important biomarker of chronic arsenic
poisoning, and enhancing these levels may provide a
basis for therapeutic intervention.
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ABBREVIATIONS

A23187—calcium ionophore A23187
ACh—acetylcholine
BH,-(6R)-5,6,7,8-tetrahydro-L-biopterin
c¢NOS—constitutive nitric oxide synthase
DPI—diphenyleneiodonium
eNOS—endothelial nitric oxide synthase
H,0,— hydrogen peroxide
iAs(V)—inorganic pentavalent arsenate
iAs-inorganic arsenic
L-NAME—NCnitro-i-arginine methy! este
NOQ-—anitric oxide

NOS—nitric oxide synthase

O, ~—superoxide

PE—phenylephrine
SOD-Cu,Zn—Superoxide dismutase
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INrf2 is a basic leucine zipper transcriptional activator that
is essentfial for the coordinate transcriptional induction of
varions antioxidant drug-metabolizing enzymes. Numer-
ous studies have firmly established Nrf2’s importance in
protection from oxidative stress and certain chemical
insults. Given the protective function of Nr{2, surprisingly
few studies have focused on the relationship between Nrf2
and apoptosis, Therefore, we analysed how Nrf2 influ-
ences Fas signaling using Nrf2-deficient T cells. At a
concentration of 1 ug/ml, the anti-Fas antibody induced
60% of cell death in Nrf2-deficient cultured thymocytes
while, using the same treatment, only 40% of Nrf2 wild-
type thymocytes died (P <0.05). Nrf2 deficiency enhances
the sensitivity of Fas-mediated apoptosis in T cells. Next
we examined the effect of Nrf2 deficiency during
hepatocellular apoptosis in vivo. In comparison to wild-
type mice, Nrf2-deficient mice displayed more severe
hepatitis after induction with the anti-Fas antibody or
tumor necrosis factor (TNF)-«. The enhanced sensitivity
to anti-Fas or TNF-x stimulation was restored by
preadministration of glatathione ethyl monoester, a
compound capable of passing the cell membrane and
upregulating the intracellular levels of glutathione. The
results indicated that Nrf2 activity regulates the sensitiv-
ity of death signals by means of intracellular glutathione
levels.

Oncogene (2003) 22, 9275-9281. doi:10.1038/sj.0onc.1207024

Keywords: Nrf2; oxidative stress; apoptosis; Fas; TNF-
receptor 1

NF-E2 related factor 2 (Nrf2) was originally defined as a
basic leucine zipper (b-Zip) transcriptional activator
that recognizes the nuclear factor erythroid 2 (NF-E2)-
binding site (Moi et al., 1994; Itoh et al., 1995). Nrf2 is
essential for the coordinate transcriptional induction of
varions antioxidant and phase II drug-metabolizing
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enzymes through the antioxidant response element/
electrophile response element (ARE/EpRE) (Itoh et al.,
1997, 1999). ARE/EpRE sequences have been charac-
terized within the proximal regulatory sequences of
genes encoding the antioxidant enzymes glutathione

S-transferase (GST) (Rushmore et al., 1990), NAD(P)H -

quinone oxidoreductase (NQO1) (Favreau and Pickett,
1991), heme oxygenase-1 (HO-1) (Prestera et al., 1995),
y-glutamylcysteine synthetase (Chan and Kwong, 20003,
and cystine membrane transporter (system X.~) (Ishii
et al., 2000). The ARE also regulates a wide range of
metaboh'c responses to oxidative stress caused by
reactive oxygen species (ROS) or electrophiles (Ishii
et al., 2000). As a consequence of inadequate induction
of these molecules, Nrf2-deficient mice are sensitive to
high oxidative stress and drug-induced stress (Ishii et al.,
2000; Enomoto et gl., 2001; Cho et al., 2002).

Glutathione {L-y-glutamyl-cysteinyl-glycine, GSH) is
a tripeptide, intracellular, nonprotein thiol that has a
central role in sulfhydryl homeostasis. GSH serves as the
major cytosolic antioxidant and defends against xeno-
biotics by acting as a substrate during phase II
conjugation reactions (Jomes et al, 1986; Meister,
1992). Numerous cellular functions are modulated by
the glutathione disulfide system, including regulation of
enzymes vital to metabolism, cell growth, gene tran-
scription, and apoptosis (Uhlig and Wendel, 1992;
Droge et al., 1994; Hall, 1999). Therefore, cells tightly
regulate the synthesis, utilization, and export of GSH.
The intracellular concentration of GSH is maintained
within the millimolar range under normal conditions
(Anderson, 1997). The synthesis of GSH is achieved by
the consecutive action of the ATP-dependent enzymes,
y-glutamylcysteine synthetase and glutathione synthe-
tase. It was reported that levels of both these key
enzymes are affected by the activity of Nrf2 (Chan
and Kwong, 2000). In addition, the expression of system
X~ is controlled by Nrf2 (Ishii et al., 2000). System
X regulates the concentration of intracelhilar cystine, a
component substrate for GSH synthesis. Based upon
these findings, Nrf2 is thought to be one of the main
regulators of intracellular GSH levels.

The cytokine receptor Fas (APO-1/CD95) belongs to
the tumor necrosis factor (TNF)/nerve growth factor
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receptor superfamily. Certain members of this family, |

including Fas, are referred to as death receptors since
they share a cytoplasmic death domain involved in
apoptotic signaling (Schulze-Osthoff et al., 1998). Fas is
expressed by lymphoid and nonlymphoid cells and is
regarded as a principal trigger for apoptotic cell death of
lymphoid cells and hepatocytes (Galle et al, 1995;
Nagata, 1997). In both human and murine liver, Fas and
TNF-receptor I (TNF-RI) can independently trigger
apoptosis. Indeed, the administration of an activating
anti-Fas antibody to mice leads to lethal liver destruc-
tion within hours due to extensive apoptosis of
hepatocytes (Ogasawara et al., 1993; Leist et al., 1996).
Upon ligand binding and trimerization of Fas, the
intracellular death domain of the receptor associates
with several proteins forming a death-inducing signaling
complex (DISC) through which the recruitment and
activation of caspase-8 is initiated (Medema et al., 1997;
Schulze-Osthoff ef al., 1998). This event, in turn, triggers
a cascade of proteolytic interconversions of procaspases,
including downstream caspases such as caspase-3 and
-7, which finally execute the proteolytic cleavage of
various structural and signal proteins (Zhivotovsky
et al., 1997, Hirata et al, 1998; Thronberry and
Lazebnik, 1998; Widmann et «l, 1998). The ultimate
outcome of this cascade is apoptosis. TNF-2 also plays
an integral role in the injury and cell death that occurs in
hepatocytes following toxin-induced liver damage.
TNF-a-induced cell death is mainly transduced through
TNF-RI and the signaling pathway is similar to
Fas-induced apoptosis (Schulze-Osthoff et al., 1998).
There have been several reports describing the
modulation of Fas- or TNF-RI-mediated apoptosis by
GSH. According to these reports, acute GSH depletion
induced insensitivity to death receptor stimulation
1999, 2000}, while during prolenged
GSH depletion increased death receptor-mediated
apoptosis was observed (Chiba er al, 1996; Colell
et al, 1998, Xu er al, 1998). The reports strongly
indicated that Nrf2 activity may influence the sensitivity

of death signaling, but the relationship between Nrf2
and apoptotic signaling was not clearly characterized.
Recently, Kotlo er al. (2003) demonstrated that inacti-
vation of Nrf2 by antisense or by using a membrane-
permeable dominant-negative polypeptide sensitized
cells while, conversely, overexpression of Nrf2 protected
cells from Fas-induced apoptosis. In addition, they
demonstrated that N-acetyl-L-cysteine (NAC), a pre-
cursor to GSH, protected cells from Fas-mediated
killing in Hel a cells. '

In this report, we have analysed the sensitivity of
death signaling (Fas- and TNF-¢-mediated apoptosis) in
Nrf2-deficient mice and demonstrated a high suscept-
ibility to death signals in vivo. Preadministration of
glutathione ethyl monoester (GSH-OEt), which upregu-
lates GSH, canceled the observed enhanced sensitivity.
This indicates that the low intracellular GSH levels that
resulted from Nrf2 deficiency are a primary cause for the
susceptibility.

To investigate the role of Nrf2 in Fas-mediated
apoptosis, cultured Nrf2-deficient thymocytes were
examined in the presence of an agonistic anti-Fas
antibody. Our results showed that a deficiency in Nrf2
increased the percentage of apoptotic. thymocytes
following Fas stimulation {Figure la). The anti-Fas
antibody, at a concentration of I ug/ml, induced 60%
of cell death in thymocytes from Nrf2-deficient mice
while, using the same treatment, 40% of cells from
wild-type mice died (P<0.05). Recently, it has been
found that prolonged GSH depletion enhances Fas-
mediated apoptosis (Haouvzi er al,, 2001). We and
others reported that intracellular GSH levels were
reduced in Nrf2-deficient cells (Chan and Kwong,
2000; Ishii et al.,, 2000). Therefore, we suspected that
the observed sensitivity of cultured thymocytes to Fas-
mediated apoptosis could be due to a depletion of
cellular GSH levels resulting from a deficiency in Nif2.
The administration of GSH-OFEt can increase the
intracellular GSH concentration in vitre and in vivo
(Chen et al., 2001; Rahman et al., 2001). Therefore, we

Figure 1 Effects of Nrf2 deficiency on cultured thymocytes treated with an agonistic anti-Fas antibody. The generation of Nrf2-deficient mice has
been previously described (Itoh et al., 1997). The present study utilized 12-week-old mice from the same litters with an ICR background. Freshly
isolated thymocytes from Nrf2-deficient, chronically treated with BSO (6 weeks) and untreated wild-type mice were incubated overnight with the
indicated concentrations of the anti-Fas antibody. The cells were washed with DMEM supplemented with 10% heat-inactivated fetal bovine serum,
0.5mm 2-mercaptoethanol, 2 mm glutamine, 1 mm HEPES (pH 7.4), and antibiotics (all from Invitrogen). The cells were again washed in medium
before use in subsequent tissue culture experiments. The cells (1 x 10%/ml) were incubated with various concentrations of the anti-Fas antibody (Jo-
2, BD Bioscience) for 12h. Cell viability was determined by trypan blue exclusion. The cells were preincubated with GSH-OFEt (obtained from
WAKOQ) (2mwm for 15-20 min) to increase the intracellular pool of GSH. Each Bar represents the mean+s.d. (a) Survival rate of Nrf2-deficient
thymocytes after Fas stimulation was significantly decreased (P<0.05) compared with wild-type thymocytes., Nif2 deficiency increased the
percentage of apoptotic thymocytes after Fas stimulation. *Significant difference from wild-type thymocytes (P <0.05). (b) GSH-OEt protected
Nrf2-deficient thymocytes against Fas-mediated apoptosis. Thymocytes were preincubated with 2mM GSH-OEt. There was no significant
difference in the survival rate between Nrf2-deficient and wild-type thymocytes with 2mM GSH-OEt. (c) The survival of wild-type thymocytes
chronically treated with BSO was significantly decreased after Fas stimulation (P «<0.05) compared with untreated wild-type thymocytes. BSO, a
specific GSH synthesis inhibitory agent, increased the percentage of apoptotic thymocytes after Fas stimulation, similar to Nrf2 deficiency.
**Significant difference from BSO-untreated wild-type thymocytes (P «<0.05), (d) GSH-OEt protected thymocytes that were chronically treated
with BSO against Fas-mediated apoptosis. There was no significant difference in the survival rate between BSO-treated and untreated wild-type
thymocytes with 2mm GSH-OEt. (e) GSH levels of thymocytes were examined pre- and post-anti-Fas antibody administration. GSH levels were
measured using 2 Total Glutathione Quantification Kit (DOJINDO). The GSH levels of Nrf2-deficient thymocytes were significantly reduced
compared to wild-type thymocytes, being decreased to almost the same level as that of BSO-treated thymocytes. GSH-OEt addition increased the
GSH levels of Nif2-deficient and BSO-treated thymocytes to almost the same level as that of Nrf2 wild-type thymocytes. *Significant difference
from untreated wild-type thymocytes (P <0.05) . ‘
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examined the effect of GSH-OEt treatment on Fas-
mediated apoptosis in Nrf2-deficient thymocytes. The
addition of GSH-OEt to Nrf2-deficient thymocytes
re-established the sensitivity of Fas-mediated apoptosis
to the level of wild-type mice thymocytes (Figure 1b).
These results suggest that the enhanced sensitivity of
the Fas signal in Nrf2-deficient thymocytes was due
to a decrease in the intracellular GSH levels. However,
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due to the complicated nature of the GSH system,
it is not possible to exclude the possibility that the
administered GSH affected the adequate induction of
some alternative adaptor molecule(s), whose function
could be to prevent Fas-mediated apoptosis. To confirm
the hypothesis that the enhanced sensitivity of the
Fas signal was due to a decrease in the intracellular
GSH levels, we analysed mice chronically treated
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with buthionine sulfoximine (BSO). BSO is a specific
GSH synthesis inhibitor that when administered to
mice serves as a model of chronic GSH depletion
(Srivastava er al, 2000). Wild-type mice were given
water supplemented with BSO (400 mg/kg/day) for 6
weeks., After 6 weeks, thymocytes were isolated from
BSO-treated and contro! (untreated) wild-type mice.
Analyses showed that Fas stimulation resulted in a
larger percentage of apoptotic cells among BSO-treated
thymocytes compared to wild-type controls (Figure 1c).
Furthermore, the addition of GSH-QEt to BSO-treated
thymocytes re-established the sensitivity of Fas-
mediated apoptosis to the level of BSO-untreated
mice thymocytes (Figure 1d). These results support
the hypothesis that chronic GSH depletion enhances
Fas-mediated apoptosis in vitro. -

In the same experiment, we also determined the
intracellular levels of GSH of thymocytes (Figure le).
The GSH level of Nrf2-deficient thymocytes was
decreased to almost the same level as that of BSO-
treated wild-type thymocytes. GSH-OEt addition
increased the GSH levels of Nrf2-deficient and BSO-
treated thymocytes to the same level as that of Nrf2
wild-type thymocytes. These results also support the

hypothesis - that chronic GSH depletion enhanced
Fas-mediated apoptosis in vitro. ‘

It is well known that the administration of anti-Fa
antibody to mice can induce fulminant hepatitis as a
result of Fas-mediated apoptosis (Ogasawara et al,
1993). The effect of hepatocellular apoptosis in vivo
triggered by the anti-Fas antibody in Nrf2-deficient mice
was examined. The anti-Fas antibody (Jo-2, 2 yg/mouse)
was administered intraperitoneally to Nrf2-deficient and
wild-type mice. Serum alanine aminotransferase (ALT)
activities were determined as indices of hepatotoxicity.
Serum ALT activity after Fas stimulation was signifi-
cantly increased in Nrf2-deficient mice compared to
Ntf2 wild-type mice (P<0.05) (Table 1). At 12h after
anti-Fas antibody administration, ALT activity in sera
from Nrf2-deficient mice had increased to over
10000 IU/1, while that of wild-type mice was around
50001U/l. Three out of five Nrf2-deficient mice were
already dead at 8h after injection. To prove that the
enhancement of hepatitis in Nrf2-deficient mice was also
due to a decrease in intracellular GSH levels, GSH-OEt
was administered before anti-Fas antibody injection.
The addition of GSH-OEt blocked the enhancement
of Fas-induced fulminant hepatitis, suggesting that a

Table 1 Hepatotoxicity and lethality in Nrf2-deficient mice induced by the anti-Fas antibody

ALT (101} Survival rate {survivedfall}
Treatment Time (h) Nrf2 deficient  Wild type BSO-treated wild type  Nrf2 deficient Wild type  BSO-treated wild type
GSH-OEt(-) anti-Fas 0 4249 3548 37+4 5/5 5/5 5/5
GSH-OEt(-) anti-Fas 4 1301£320%  626+100 12733 240" 575 5/5 5/5
GSH-OFt(~) anti-Fas 8 81104+2101* 3560+ 1175 86424 2346* 3/5 5/5 5/5
GSH-OEt(-) anti-Fas 12 12566+ 4848* 45824835 9739 +4342* 3/5 4/5 4/5
GSH-OEt(+) anti-Fas 0 26+10 3248 2549 5/5 5/5 5/5
“ GSH-OEt(+) anti-Fas 4 6711106 431496 398+119 5/5 5/5 5/5
.GSH-OEt(+) anti-Fas 8 26211766 18324805 2798 +468 5/5 5/5 515 -
GSH-OEt(+) anti-Fas 12 4944+ 563 34561934 4878 + 889 5/5 5/5 5{5

Anti-Fas antibody (To-2, 2 ug/mouse) was administered intraperitoneally as a mixture in 0.2 ml of pyrogen-free saline to 12-week-old Nrf2-deficient
and wild-type (BSO-treated and -untreated) mice. At 0, 4, 8, and 12h after injection, blood was collected and serum ALT activities were determined
as indices of hepatotoxicity using an automated analyser (DRY-CHEM 3500; Fuji Film). GSH-OEt (20 mg/mouse) was injected intravenously 2h
before anti-Fas antibody injection to increase the intracellular GSH level. Results are expressed as mean+s.d. for three to five mice. The survival
rate indicates the number of survived/fall mice, *Significantly different from wild-type (BSO-untreated) mice (£ <0.05)

Table 2 Hepatotoxicity and lethal effect in Nrf2-deficient and BSO-treated mice induced by TNF-a

ALT (TUN) Survival rate (survived/all}
Treatment Time (h) Nrf2 deficient  Wild type BSO-treated wild type  Nrf2 deficient Wild type  BSO-treated wild type
GSH-OEt(—) TNF-a 0 3118 41+8 42+4 5/5 5¢5 5/5
GSH-OEt(-) TNF-x 4 9424301 *  235+104 8734276 s/5 5/5 5/5
GSH-OEt(-) TNF-« g 8207+1431* 16421815 56424-2142* 4/5 5i5 4/5
GSH-OEt(-) TNF-a 12 87324+4413* 190141403 6739+3732* 3/5 4/5 4/5
GSH-OEY(+) TNF-x 0 259 3T+ 3317 5/5 5/5 545
GSH-0OEt(+) TNF-« 4 3634182 212+84 3754130 545 5/5 5/5
GSH-OEt(+) TNF-« 8 1837£765 898 + 562 1098 £ 501 5/5 5/5 5/5
GSH-OEt(+) TNF-« 12 24741989 1267+1217 28781842 5/5 5/5 5/5

TNF-a (0.5 pg) (obtained from BD Bioscience) was administered intraperitoneally as a mixture in 0.2ml of pyrogen-free saline to 12-week-old
Nrf2-deficient and wild-type (BSO-treated and -untreated) mice. D-Galactosamine hydrochloride (GallN) (obtained from Nacalai Tesque) was
preinjected intravenously to increase the susceptibility of mice to hepatotoxicity 30min before TNF-« injection. GSH-OEt (20 mg/mouse) was
injected intravenously 2 h before TNF-a injection to assess the importance of the intracellular GSH level. At 0, 4, 8, and 12 h after injection, blood
was collected and serum ALT activities were determined. Results are shown as mean + s.d. for three to five mice, The survival rate indicates number
of survived/all mice. *Significantly different from wild-type mice (P<0.05)
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Figure 2 Nrf2 deficiency enhanced TNF-a-mediated apoptosis and GSH-OFEt rescued Nrf2-deficient mice from TNF-e-mediated
apoptosis. Mice were killed 12h after TNF-¢ (0.5 ug) injection. GalN was preinjected intravenously 30 min before TNF-¢ injection.
GSH-OEt (20 mg) was injected 2 h before TNF-a administration to increase intracellular glutathione levels. The liver was excised, fixed
with 10% buffered formalin, sectioned at a thickness of 5pm, and stained with hematoxylin and eosin for light microscopic
examination. (a) Liver section of wild-type mouse: a few apoptotic hepatocytes exhibit apoptotic nuclei. (b) Nrf2-deficient mouse:
numerous apoptotic hepatocytes were observed (arrows indicate apoptotic nuclei), (¢) Nrf2-deficient mouse with GSH-OEt
administration: apoptotic celis were decreased by the addition of GSH-OEt. (d) BSO-treated wild-type mouse: numerous apoptotic
hepatocytes were observed as seen in Nrf2-deficient mouse (arrows also indicate apoptotic nuclei). (¢) GSH levels of livers were
examined pre- and post-TNF-¢ administration. The total GSH level was measured in homogenized liver samples. The GSH level of
Nrf2-deficient livers was significantly reduced compared to wild type being decreased to almost the same level as that of BSO-treated
livers. GSH-OEt addition increased the GSH levels of Nrf2-deficient and BSO-treated livers to almost the same level as that of Nrif2
wiid-type liver, *Sigpificant difference from untreated wild-type livers (P<0.05)

927!

low level of intracellular GSH might be the cause of
the enhancement. To confirm this theory, we investi-
gated the effect of chronically treating the mice with
BSO. Serum ALT activity after Fas stimulation was
significantly increased in BSO-treated wild-type mice

compared to untreated wild-type mice (P <0.05) (Table 1).
The addition of GSH-OEt cancelled the enhancement of
Fas-induced fulminant hepatitis in BSO-treated mice.
These results suggest that a low level of intracellular
GSH could be the cause of the enhancement in vivo,
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Fas and TINF-RI share homology at their cytoplasmic
death domain, a region necessary for apoptotic signaling
(Schulze-OsthofT et 4l., 1998). D-Galactosamine (GalN)
is well known to increase the susceptibility of mice to
hepatotoxicity and the lethal effects of TNF-x. There-
fore, the effect of TNF-« on hepatocellular apoptosis in
GalN-sensitized Nrf2-deficient mice was examined.
TNF-¢ (0.5 ug/mice) was administered intraperitoneally
to GalN-sensitized Nrf2-deficient and wild-type mice.
The resutt showed that serum ALT activity after TNF-«
administration was significantly increased in Nrf2-
deficient mice compared to wild-type mice. The mean
ALT activity in the sera from Nrf2-deficient mice was
8732444131U/1 at 12 h after induction (Table 2). On the
other hand, the ALT activity of wild-type mice was less
than 20001U/1 when taken at the same time point.
This represents a fourfold difference of ALT activity
between these two groups. GSH-OFEt addition decreased
the ALT activity in Nrf2-deficient mice to almost the
same level as that of wild-type mice. To investigate
the influence of GSH depletion, we examined wild-
type mice chronically treated with BSO. Serum ALT
activity after TNF-¢ stimulation was significantly
increased in BSO-treated wild-type mice compared to
untreated wild-type mice (P<0.05) (Table 2). The
addition of GSH-OFEt decreased the enhancement of
TNF-z-induced fulminant hepatitis in BSO-treated wild-
type mice. This result suggested that a low level of intra-
cellular GSH would be the cause of the enhanced
TNF-a-mediated apoptosis.

Histopathological examination revealed that the
number of apoptotic hepatocytes was increased in
Nrf2-deficient mice compared to wild-type mice
(Figure 2). Massive hepatocyte apoptosis, as judged by
the frequent appearance of nuclear fragmentation and a
hyperchromatic nuclear membrane, was observed in
Nrf2-deficient mice (Figure 2b). Further major patho-
logical signs included diffuse congestive hemorrhagic
foci (Figure 2b). In contrast, liver specimens from
a comparable area taken from mice injected with
GSH-OEt before TNF-¢ administration showed a
merphelogy (Figure 2c) that was indiscernible from
that of wild-type mice (Figure 2a). BSO-treated wild-
type mice revealed massive hepatocyte apoptosis
by TNF-¢ administration as well as Nrf2-deficient
mice (Figure 2d). The administration of GSH-OEt to
BSO-treated wild-type mice re-established the sensitivity
of TNF-a-mediated apoptosis to the level of wild-type
mice as judged by histological appearance (data not
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shown). The histological analyses also support the fact
that Nif2 deficiency enhances the sensitivity of TNF--
mediated apoptosis as a consequence of GSH depletion.

To confirm the effect of GSH on TNF-z-mediated
apoptosis in vivo, we determined the total liver GSH
levels (Figure 2¢). Mice were killed 4 h after TNF-¢ and
GalN administration. Livers were homogenized and the
total GSH levels were measured. The GSH level of Nrf2-
deficient livers was decreased to almost the same level as
that of BSO-treated wild-type livers. GSH-OEt addition
increased the GSH levels of Nrf2-deficient and BSO-
treated wild-type livers to almost the same level as that
of Nif2 wild-type livers. These results suggest that
chronic GSH depletion can enhance TNF-z-mediated
apoptosis in vivo.

An accumulating number of reports describe the
relationship between Nif2 and various kinds of stresses.
Cho et al. (2002) reported that Nrf2 had a key protective
role during hyperoxic lung injury. Enomoto ez al. (2001)
and Chan et al. (2001) clearly demonstrated an enhanced
susceptibility to acetaminophen in Nrf2-deficient mice.
We also reported that Nrf2 female mice developed
autoimmune glomerulonephritis probably due to suscept-
ibility to oxidative stress (Yoh et al., 2001). In addition,
Ramos-Gomez et al. (2001) showed that Nrf2 was central
to the constitutive and inducible expression of phase two
enzymes i vivo and dramatically influences susceptibility
to carcinogens. However, few studies reported the
relationship between Nrf2 and apoptosis. This study is
the first report- describing Nrf2 as regulating the
sensitivity of death receptor signals through intracellular
glutathione levels in vive. The inhibition of the death
signal is a novel role of Nrf2. Possibly, the observed
enhancement in death signals caused by a deficiency in
Nrf2 is a safety mechanism to eliminate cells that have
accumulated damage as a consequence of an inadequate
stress response. Further analyses must be performed to
explore the relationship between apoptotic regulation by

. Nrf2 and various stresses including diseases. -
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Keapl-null mutation leads to postnatal lethality due to

constitutive Nrf2 activation

Nobunao Wakabayashi!, Ken Itoh!*2, Junko Wakabayashil; Hozumi Motohashi?, Shuhei Noda!,
Satoru Takahashi?, Sumihisa Imakado#, Tomoe Kotsuji*, Fujio Otsuka?, Dennis R Roop®, Takanori Harada®,

James Douglas Engel” & Masayuki Yamamoto!~3

Transcription factor Nrf2 (encoded by Nfe2/2) regulates a battery of detoxifying and antioxidant genes, and Keap1 represses
Nri2 function. When we ablated Keap?, Keap1-deficient mice died postnatally, probably from malnutrition resulting from
hyperkeratosis in the esophagus and forestomach. Nrf2 activity affects the expression levels of several squamous epithelial
genes. Biochemical data show that, without Keap1, Nrf2 constitutively accumulates in the nucleus to stimulate transcription
of cytoprotective genes. Breeding to Nrf2-deficient mice reversed the phenotypic Keap1 deficiencies. These experiments show
that Keap1 acts upstream of Nrf2 in the cellular response to oxidative and xenobiotic stress.

Transcription factor Nrf2/ECH belongs to the cap-n-collar family of
activators that shares a highly conserved basic region-leucine zipper
structure™. Nrf2 forms heterodimers with the small Maf proteins™4
and binds to the antioxidant responsive elements (AREs) or elec-
trophile responsive elements of target genes. We previously showed
through gene targeting that Nrf2 regulates a battery of genes encoding
drug metabolizing enzymes and antioxidant proteins’. In efforts to elu-
cidate the pathway leading to oxidative and xenobiotic stress response
through Nrf2, Keapl (Kelch-like ECH associating protein 1) was iden-
tified as a potential effector of Nrf2 (ref. 6). Several lines of evidence
suggested that Nrf2 and Keap1 might have a vital role in regulating cel-
lular defenses against a variety of environmental insults, for example, in
the electrophile counterattack response?, acetaminophen intoxication®,
chemical carcinogenesis® and diesel exhaust inhalation'?,

Keapl is composed of two distinguishable motifs: the Kelch (or
double glycine repeat) domain'! and a BTB/POZ domain'2 The BTB
domain has been shown to form homomeric and heteromeric multi-
mers'?, but the BTB function of Keapl has not been fully eluci-
dated'®. The Kelch domain is named after the Drosophila
egg-chamber regulatory protein Kelch'S-'®. Through the Kelch
domain, Keapi interacts with and sequesters Nrf2 in the cytoplasm
through association with the actin cytoskeleton.

We previously reported that Keapl is a key regulator of Nrf2 func-
tion® and proposed a molecular mechanism by which the two pro-
teins could collaborate to regulate transcription. In this model, Nrf2
binds to the Kelch domain of Keapl and is thereby retained in the
cytoplasm under normal physiological conditions. The model also

proposes that when cells encounter oxidative or xenobiotic stress,
Nrf2 can be released from Keapl (and the actin cytoskeleton), allow-
ing it to rapidly traverse to the nucleus®’.

To test the main tenets of this model for Nrf2 regulation by Keap1, we
generated mice bearing a targeted mutation in Keapl. Homozygous
Keap mutant newborns were normal but all died unexpectedly within
three weeks after birth. The pups had severe growth retardation and a
gross scaling phenotype that became evident by 5 d after birth. Detailed
postmortemn analysis detected severe hyperkeratosis in the esophagus
and forestomach of these mutants. The hyperkeratotic lesions con-
stricted the esophagus and cardia, obstructing milk flow. Thus, postna-
tal death was probably due to starvation. We also found that the
Ntf2-Keap1 pathway regulates a subset of genes induced in squamous
cell epithelia in response to mechanical stress. All of the Keapl-depen-
dent phenotypes were reversed in KeapI-Nrf2 double mutants, indicat-
ing that the Keap] deficiency allowed Nrf2 to constitutively accumutate
in the nucleus. We showed that Nrf2 accumulated in the nuclei of
homozygous KeapI-mutant cells and that constitutive expression of
Nrf2 target genes was markedly increased. These results directly sup-
port the hypothesis that Nrf2-Keap! homeostasis is a regulatory nexus
controlling the cellular response not only to oxidative and xencbiotic
stress but also potentially to stress induced by mechanical injury.

RESULTS

Targeted mutation of Keap?

To examine the contribution of Keapl to the postulated regulation of
Nrf2 function in vivo, we disrupted the Keap! gene. We replaced
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residues 8-204 of Keapl with a nuclear localization signal (NLS)-
tagged lucZ gene (Supplementary Fig. 1 online). We established two
independent lines of mice bearing the Keapl mutation, whose pheno-
types were identical. We verified homologous recombination at the
gene-targeted locus in embryonic stem (ES) ceils and mutant mice by
Southern-blot hybridization. We used probes specific for the 5" and 3°
ends of the targeting vector to detect genomic DNA fragment differ-
ences in EcoRI- or Sucl-digested genomic DNA, In ES cells and
genomic DNA from mutant tails, we detected the predicted sizes of
mutant DNA fragments {Supplementary Fig. 1 online).

The level of Keapl mRNA in Keapl*~ mouse embryonic fibroblasts
{MEFs) was approximately half of that detected in wild-type MEFs,
but no Keap! mRNA was detected in Keapl~- MEFs (Supplementary
Fig. 1 online). Immunoblotting with an antibody to B-galactosidase
showed that NLS-LacZ was roughly twice as abundant in Keapi—-
mice as in KeapI*"~ mice (Supplementary Fig. 1 online). Thus, the
Keapl gene was effectively disrupted.

Keap1-deficient mice survive until weaning

We routinely recovered Keapl™~ mutant pups from Keap1*'"~ inter-
crosses. Their size and behavior at birth was indistinguishable from
those of wild-type and heterozygous littermates. Beginning around
postnatal day (P} 4, however, we observed severe growth retardation
of the KeapI~'~ mice (Fig. 1a,b), despite their apparently normal
suckling ability. In addition, scales began to appear at P5 and covered
the body of Keapl~ mice. None of the Keapl~~ mutants survived
beyond P21 (Fig. 1¢), but all died of gradually progressive asthenia.
Necropsy showed that the size of each organ of Keazpl~~ mice was
proportional to the body dimensions. We examined histologically
various organs of Keapl~'~ pups at P2-P14 but noted no other mot-
phological abnormality (data not shown), except in the esophagus
and forestomach {see below). We carried out laboratory examina-
tions of P7 mice, which showed that serum levels of sodium, potas-
sium, glutamic-oxaloacetic transaminase, blood urea nitrogen and
amylase of Keapl-null mice were statistically indistinguishable from
those of wild-type littermates,
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Figure 1 Growth retardation and skin
abnormalities in Keapl-deficient mice. (a) A
P6 Keapl homozygous mutant mouse (~/-) is
shown alongside a Keapl heterozygous (+/-)
littermate. The homozygous mutant mousa
has fine scaies (yetlow arrows} and topical
skin disorder (asterisk). Scale bar=1 ¢m.

(b} Appearance of P13 Keap1*- and Keapl-"-
female littermates. Arrow = 3 cm. (¢) Growth
curves for Keapl mutant and wild-type
littermate mice. Genctypes (shown below
graph) were determined at the end of the
observation period. (d-I) Skin sections of
wild-type {d f,h) or Keapl- (e,g,I} mice. Male
mice (PE} from a single litter were analyzed.”
ldentical low-power {(d,e h,I) or high-power
(f.g) magnifications of ventral epidermal thin
sections are depicted. Note the thickening of
the cornified skin (SC, stratum corneumy} layer.
HF, hair follicles. Scale bars = 100 um
(d.e,h,D) or 25 um (f,g}.

Hyperkeratosis in esophagus and forestomach

To investigate the scaling skin phenotype of Keapl-deficient mice at
P5 and P6, we prepared longitudinal (Fig. 1d-g) or horizontal sec-
tions (Fig. 1h,i) of skin from these mice. In comparison to skin from
their wild-type littermates, the stratum corneum was noticeably
thicker and sometimes looked less compact in KeapI~~ mice (Fig.
Id-g). But Keapl-null mice had similar numbers of hair follicles as
did wild-type mice (Fig. 1h,i); P6-P9 wild-type, Keapl*~ and
Keap1~"~ mice had 214 + 21, 235 £ 30 and 166 + 31 hair follicles per
mum?, respectively (n = 6 per genotype). We also examined the pres-
ence of squamous cell differentiation markers, keratin K1, filaggrin
and loricrin, by immunostaining. The levels of suprabasal K1 and of
filaggrin did not differ significantly between Keapl~/- and wild-type

Figura 2 Macroscopic observation of stomachs of Keapl-deficient mice.
(a,b} External and internal appearance of the stomachs of P16 wild-type

{a) or Keap I~ (b) male littermates. Arrowheads and arrows indicate the
cardiac part and the pyloric segment of the stomach, respectively. Asterisks
indicate sofid keratinous mass. {¢} A thin horizontal section through the
stomach of 2 P16 Keapl homozygous mutant male at the cardiac part

and limiting ridge fevel. An arrowhead indicates the cardiac part, and an
asterisk indicates a solid keratinous mass. Scale bar = 500 um (c).
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Figure 3 Histologica! analysis of stomachs of
Keapl-deficient mice during development,
(a-j) Sagittal sections of the whole storachs
of Keapl*- (a-e) and Keapl-- (f-j) mice.
Arrowheads and arrows indicate the cardiac
part and the pyloric segment of the stamach,
respectively. Note the accumulation of cornified
layers (CL) in Keapl-deficient mice at P9 and
P12, (k-t} High-power magnification of the
limiting ridge (LR} regions of Keapi*- (k-0)
and Keapl (p-t) mouse stomachs. Epithelial
cornification of the forestomach of Keap1--
(4%} mouse is evident compared with the
forestomach of the wild-type (-0} mouse.
Scale bar = 100 pm (k-t}.

mice, but the terminal differentiation marker
loricrin was more abundant in the skin of
Keap 1=~ mice (data not shown).

The stomachs of KeapI-null mutant pups
were much smaller than those of wild-type
pups (Fig. 2a). Consistent with the skin
abnormality, but far more acute, we detected
multiple cornified layers on the inner wall of.
the esophagus and forestomach of Keapl
mutants and a large mass in the lumen (Fig.
2b), which was palpable from outside of the
gastric wall. This phenotype was fully penetrant.

Thin sectioning of the esophagus and forestomach showed that the
mass was composed of many layers of cornified cells (Fig. 2c). In the
P1-P6 stage, the stomachs of control and Keapl-deficient mice were
filled with milk, and the hyperkeratotic phenotype was not obvious
(Fig. 3a—c,f-h). But we observed z thickened cornified layer in the
forestomach of Keapl-deficient mice by P9 (Fig. 3d,i). At more
advanced stages (Fig. 3e,j), the thickened cornified layer detached
from the forestomach mucosa and formed a raultilayered keratinous
mass that occupied the gastric lumen. The detached area of the
mucosa developed severe ulceration accompanied by inflammatory
cell infiltration. In the glandular portion of the stomach, the mucosa

Figure 4 Squamous cell proliferation in esophagus of Keapl mutant mice.
(a-d) Immunohistochemical detection of PCNA. (a,h) Wild-type esophageal
section. (c,d) Keapl- esophageal section. Panels b and d are higher
magnifications of a and ¢, respectively. The thickened cornified layer (CL)
of the Keapl-- mouse is indicated with a double-ended arrow. Scale

bars = 100 um (a,e) and 50 pm (b,d).

was relatively intact, although we observed inflammation and detach-
ment of epithelinm at advanced stages. '

Under higher magnification, the thickening of the cornified layer was
apparent as early as P3 in the region adjacent to the limiting ridge (Fig.
3kl,p,q). The thickened stratum corneum expanded in the forestom-
ach side of the limiting ridge by P6 (Fig. 3m,r), and the expansion pro-
ceeded severely thereafter (Fig. 3n,0,5,t). These results indicate that the
Keapl deficiency leads to abnormal cornification, which results in a
huge mass in the cardiac part. We suspect that gastric obstruction and
reduced compliance due to excessive hyperkeratosis may be the pri-
mary cause of the premature death of Keap1 mutant mice,

induction of keratin K1, K6 and {oricrin

When we detected proliferating cells in the esophageal epithelium
with an antibody against proliferating cell nuclear antigen (PCNA),
the ratio of immature squamous cells to total squamous cells was not
substantially higher in Keap!-null mice compared with normal litter-
mates (Fig. 4}, This result indicates that the hyperkeratosis did not
accompany the outgrowth of the esophageal epithelium.

To determine if any changes could be detected in the expression of
specific squamous cell differentiation markers, we carried out
immunohistochemical analysis on esophageal samples. Bright-field
images of wild-type and KeapI-null mutant mouse esophagi (Fig.
5a,b) showed considerable variation in the level of expression of sev-
eral proteins, well characterized as differentiation and proliferation
markers of epidermal cells. Expression of the suprabasal cytokeratin
K1 (Fig. 5c,d) and the terminal differentiation marker loricrin (Fig.
5e,f) in the homozygous Keapl mutant esophagus was much higher
than in esophagi of wild-type littermates. In contrast, the expression
of another suprabasal cytokeratin, K13, was slightly diminished (Fig,
5g,h} and that of basal cytokeratin K14 (Fig. 5i,j) was unchanged in
Keapl*~ mutants relative to wild-type littermates. Double staining
with antibodies to loricrin and K14 confirmed that loricrin produc-
tion was induced and that K14 abundance was unchanged in the
esophagi of Keap1-deficient pups (Fig. 5k,1).
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We quantified these changes in squamous cell differentiation rmarkers
more thoroughly by immunoblot analysis using antibodies to K8, lori-
crin, involucrin and K14. Whereas keratin K14 levels were essentially
unaffected by the Keap mutation, loricrin and keratin K6 (ref. 19) were

Loricrin

Figure 6 Drug metabolizing enzymes and
antioxidant proteins are constitutively expressed in
Keapl-deficient mice and celis. {a) RNA blotting
analysis of Ngol and Gstpl in the livers of
wild-type (+/+}, Keapl heterozygous (+/-} or
homozygous mutant (~/-) mice. RNA samples from
MEFS {lanes 1-3), E12.5 embryo [ivers {lanes
4,5}, PO mouse iivers {lanes 6,7) or P10 mouse
livers {lanes 8-10) were examinad. MEFs and
Hvers were taken from wild-type (ianes 1,8),
Keapl*- (lanes 2,4,6,9) or Keapl-- (lanes
3,5,7,10) mice. Gapd was used as an internal
control (bottom panel). (b} Immunablotting of
GSTu and GSTx recovered from the livers of P10
wild-type, Keap! heterozygous or homozygous
mutant mice. The top panel shows gel
electrophoresis patterns of total protein extracted

from the livers of male and female P10 wild-type .

(lanes 1,4}, KeapI*- (tanes 2,5) or Keapl--
{lanes 3.6) mice: The increase in GST proteins
can be visualized in the Coomassie blue-stained
gel (lanes 3,6; arrow), Expression of GST and
GSTx in the liver was analyzed immunochemically
with specific antibodies (twe middle panels),
Lamin B was used as an internal control {bottom
panel). M, molecular weight marker. {¢) Nrf2
expression in P10 liver nuclei from wild-type,
Keapl*~ or Keapl-- mice. Total nuclear proteing
from 293T cells transfected with either pEF-B0S
{mock; tane 1) or pEFmNr2 (lane 2} expression
vectors were used as standards for Nrf2 detection.
Nuclear extracts were prepared from the livers of
wild-type (lane 3), Keapi*- (lana 4) or Keap1--
(lane 5} mice. Lamin B was used as an internal

K6
Loricrin
Involucrin

K14 [——--—-

Squamous cell gene expression in
Keépl -~ mouse esophagus

Kt Wild-type << Kewpl —-

Ké Wild-type << Keapl ——

Lorictin  Wild-type <<< Keap! =
~Hpvoluerin, Wikt-type, >, KeaplT= .,
KI3  Wild-type > Keapl —~
a K1 Wildtype = Keapl -
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Figure S Aberrant expression of squamous

cell genes in Keapl-deficient mice.

{a-1) Immunohistochemical detection of squamous
cell genes in KeapI-null and wild-type esophagi.
Specimens were taken from esophagi between
the cardiac segment and pharynx of wild-type or
KeapI~-mice. (a,b} Bright-field images of sections
from wild-type and Keapl homozygous mutant
esophagi, respectively. A series of serial sections
(7 um} was treated with antibodies to cytokeratin
K2 {c,d), loricrin (e.f), K13 (g,h} or K14 (i j).

(k. Doubte immunostaining with antibodies

to both K14 (red) and loricrin (green).

(m) Immunoblotting analysis of K6, loricrin,
invelucrin and K14 in the Keapl homozygous
mutant mousa. Proteins extracted from the
middle part of the esophagus of wild-type {+/+)
or Keapl-null mutant (-/~) mice were subjected
to immunoblotting analyses. (n) A summary of
squamous cell gene expression changss in
Keapl-deficient mice as compared to their
wild-type littermafes,

markedly induced, and involucrin levels were diminished, in Keapi
mutant esophagi (Fig. 5m,n). These results suggested that the synthesis
of specific squamous cell differentiation products is under the negative
control of Keapl and that the Keapl deficiency results in hyperkeratosis.

b

MEF  E12.5 Newborn P10 fiver Female Male .
A R R ey R AL e At Al (e ,
R o ot &% o s 21
Lol XEb ‘% ?g w2 Mot j s o - 121
— 80.0
L R wom v sl 2 Gopl st
- 359
C 293T P10 liver — 230

Mock Nrf2 .|./+ +/-. _/‘..
e R e wr e i § N2

DEM
 Gele-h

Gelc-|
MNgol
Prdxi

 £98 Nfe2l2

Lamin B

rRNA

s

e K2N2 K2N0 KONO

— 4+ — + — 4 oem

MR L WY e Wew ww Gelech
Ay Yen mpe o8 ed Goledl
Ngal
2 S b Prdx]

2. ey Lt Nfe212
o rRNA

control. (d) RNA-blot analysis of cytoprotective enzymes in Keapl mutant MEFs. MEFs wera prepared from wild-type (K2N2; (anes 1-4) or Keapl mutant
(KON2; lanes 5-8) embryos and cultured with (lanes 3,4,7,8) or without {lanes 1,2,5,6} DEM. (e) RNA-blot analysis of cytoprotective enzymes in
Keapl-Nfa2/2 compound mutant MEFs. MEFs wers prepared from wild-type (K2N2; lanes 1,2), Mfe2!2 mutant (K2NG; fanes 3,4} or Keapl-Nfe212
compound mutant (KONQ; lanes 5,6} embryos and cultured with {lanes 2,4,6) or without (lanes 1,3,5) DEM. (d,e} Total RNAs were probed with

cytoprotective enzyme ¢cDNAs and Afe2!2 cDNA.
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We next investigated whether the effect of Nrf2 on expression of
squamous differentiation genes was direct or indirect. In searching
the mouse genome database, we found ARE motifs in the genes
enceding loricrin and K6a. To test whether the loricrin ARE at -823
(ref. 20) directly transduces Nrf2 activity, we prepared luciferase
reporters and transfected them into primary normal human epider-
mal keratinocytes expressing loricrin. Cotransfection of an Nif2
expression plasmid induced the loricrin reporter construct approxi-
mately fivefold, but this increase was eliminated wheén the ARE
sequence was mutated {data not shown). Thus, induction of joricrin
in KeapI~~ mutants is probably a direct effect of constitutive Nrf2
activity. Another squamous differentiation gene containing an ARE is
that encoding keratin K6a2!l, We linked one copy of this ARE to the
thymidine kinase promoter directing expression of luciferase, We
observed induction of Nrf2 and repression of Keap1 for the wild-type
K6a ARE-lnciferase reporter plasmid in 293 cells, but mutation of the
ARE reversed Nrf2-mediated induction of luciferase (data not
shown). These results suggest that Nrf2 may act as a direct transcrip-
tional regulator of certain squamous differentiation genes through
their respective AREs.

Induction of phase il detoxifying enzymes

Keapl represses transcriptional activity of Nrf2 by sequestering it in
the cytoplasm®. In the present context, we examined whether the
expression of Nrf2 target genes is upregulated in the Keapl-deficient
mouse. Because Keapl~~ mice die within three weeks after birth, we
recovered RNA and protein samples from MEFs, from whole embryos
at 12.5 d, from neonates and from P10 livers.

We examined the expression of GSTr and NQO1, two representa-
tive phase IT enzymes, by RNA-blot hybridization. As expected, both
Gstpl and Ngol mRNAs wete more abundant in the KeapI~- mouse
relative to equivalent samples from wild-type or heterozygous
mutants (Fig, 6a). Whereas the expression of phase II genes is nor-
mally inducible only by specific xenobiotics, they are constitutively
induced in Keap1-/- mice. Consistent with the results of RNA analysis,
constitutive expression of both GSTi and GSTR was markedly ele-
vated in the P10 Keapl~- liver, regardless of gender (Fig. 6b).

Figure 7 Nrf2 loss rescues Keapl mutant
phenctypes. {a) Rescue of Keapl mutant mice
from lethality by crossing with the germline
Nfe2i2 mutant, Whereas a P10 Keapl
homozygous mutant mouse (KON2; middle)
showed growth retardation and juvenile death
when compared with a wild-type littermate
(K2N2), simultaneous mutation of the Nfe2!2
gene restored their growth (KOND). (b) A Keapl-
Nfe2i2 compound mutant (KONQ) and wild-type
littermate at P60 show no obvious phenotypic

Mechanistically, we interpreted these data to suggest that Nrf2 was
liberated from its usual cytoplasmic localization in the absence of
Keapl, allowing free Nrf2 migration to the nucleus to activate Nrf2
target genes. To test this hypothesis, we examined Ntrf2 accumulation
in liver nuclear extracts. Immunoblot analysis showed that Nrf2 was
significantly more abundant in the nuclei of P10 Keap I~ liver than in
wild-type liver (Fig. 6¢). These results indicate that the phenotypic
changes in the Keapl-disrupted mouse are largely, if not exclusively,
attributable to the high steady-state nuclear accumulation of Nrf2
due to the loss of Keapl.

We previously showed that electrophiles, such as diethylmaleate
{DEM), induce Nrf2 target genes’, To address whether DEM acts
independently of Keapl or affects the Nrf2-Keapl interaction, we
examined the expression of a group of drug metabolizing and antiox-
idant enzyme genes by RNA-blot analysis using MEFs from Keapi=-,
Nfe2l2--, Keapl~~ Nfe2i2~~ or wild-type embryos. Heavy and light
chains of y-glutamylcysteine synthase {encoded by Gele}, NQO1 and
peroxiredoxin I {encoded by Prdx1) were all induced by DEM in wild-
type MEFs (Fig, 6d). Notably, these same mRNAs were constitutively
induced in Keapl-deficient fibroblasts, but DEM did not further
increase the mRNA levels of these enzymes. The constitutive induc-
tion of these defense genes was completely abolished when Nrf2 was
simultaneously deleted from the Keap 1™~ mouse (Fig. 6e). Similarly,
in Nfe2i2-null MEFs, Gcle, Ngol and Prdx] mRNAs were no longer
inducible by DEM. These results indicate that Keap1 acts as an indis-
pensable regulator of Nrf2.

Rescue of Keap1 deficiency by loss of Nri2 function

Our analyses thus far suggested that the growth retardation observed
in Keap1~~ mice was an indirect consequence of constitutive nuclear
accumulation, and thus inappropriate activity, of Nrf2. To ascertain
whether Keapl acts as a direct negative regulator of Nrf2 and
whether Nrf2 has a direct role in the Keapl-null mutant phenotypes,
we examined further compound Keap1-Nfe2{2 mutant mice. If high-
level constitutive expression of Nrf2 is a consequence of Keap!
mutant phenotypes, reduction of Nrf2 abundance in the Keap!-null
mutant background should reverse the phenotype and rescue the

differences. (¢} Simultaneous Nfe2!2 mutation
rescues the Keapl mutation. Kaplan-Meier
survival curves for Keapl mutant (red ling;
n=41), Keapl-Nfe2/2 compound mutant (green
line; i = 30) and wild-type {broken line; n= 25)
mice, {d.e) The hyperkeratosis and constriction
of the homozygous Keapl mutant esophagus are
rescued in the Keapl-Nfe2!2 compound mutant.
Thin sections of Keapl mutant (KON2, d} and
Keap1-Nfe2!2 compound mutant (KONQ, e)

esophagi are shown after staining with hematoxylin and eosin. (f} A model for Keap-Nrf2 complex function in vive. In the wild-type mouse, Keapl retains
Nrf2 in the cytoptasm under normal conditions, and xenobiotic or oxidative stress liberates Nrf2 from Keapl sequestration, allowing Nrf2 to freely migrate
into the nucleus. Nrf2 then activates ARE-mediated transcription of detoxifying and antioxidant enzyme genes. In the absence of Keapl, however, Nrf2
migrates in an unregulated manner to the nucleus, leading to high-level constitutive activation of Nrf2 target gene expression.
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Keap1-null mutant mice from lethality. We had previously generated
a Nfe212-null mutant mouse, and so we generated compound het-
erozygous Keapl*™~ Nfe2i2*/~ mice and then intercrossed them. In
support of the hypothesis that Keap1 function is to sequester Nrf2 in
the cytoplasm, all Keapl~ Nfe2i2”~ compound mutant mice were
healthy and viable for much longer than three weeks after birth (Fig.
7a,b). In contrast, all KeapI=— mutants that we recovered from these
intercrosses died by P21 (Fig. 7c).

The compound homozygous mutant mice were indistinguish-
able, by size or appearance, from wild-type littermates at P10 or P60
(Fig. 7a,b). The scaling skin phenotype of the Keap I-null mouse was
absent from the compound mutant mice. Histological analysis
showed that the hyperkeratotic phenotype of KeapI-~ esophagi
(Fig. 7d) was rescued to normalcy in the compound-null mutant
esophagus (Fig. 7e). The constitutive overexpression of phase II
enzymes and antioxidant proteins that we observed in the Keap!I-
null mutant liver and MEFs also disappeared in the compound
mutant mice (Fig. 6d.e).

These combined biochemical and genetic data show that insuffi-
cient Keap1 affects the normal development of mice by disrupting the
nuclear-to-cytoplasmic distribution of Nrf2 (Fig. 7f). Because Nfe2l2
disruption rescues the Keap! mutant mouse from pathophysiological
hyperkeratosis and growth retardation, we conclude that the Keapt-
Nrf2 complex is a vital upstream regulator of a subset of squamous
differentiation genes and phase II and antioxidant genes.

DISCUSSION _

Nrf2 is a key transcriptional regulatory protein that activates both
basal and inducible expression of the phase Il and antioxidant
enzyme genes®. We showed here that Keapl is an indispensable
repressor of Nrf2 function ik vivo. In mice missing Keap1, Nrf2 accu-
mulates in nuclei at constitutively high levels, leading to the overpro-
duction of cytoprotective enzymes and other cytoprotective proteins.
Constitutively activated Nrf2 also affects expression of some of the
squamous differentiation genes and causes abnormally thick corni-
fied layers leading to obstruction of the esophagus and cardiac part.
Additional disruption of Nfe2i2 in the Keapl-null background
reverses the aberrant induction of the cytoprotective enzymes and
abnormal cornification and completely rescues Keapl™~ mice from
lethality. These results indicate that Nrf2-Keap! collaboratien is one
of the central regulatory nodes for cellular defense against oxidative
and xenobiotic stress.

In Nef2-mediated regulation of a set of detoxifying and antioxi-
dant enzyme genes, Keapl acts as a cytoplasmic molecular gate-
keeper for Nrf2 (ref. 22). Keapl binds to both Nef2 and the actin
cytoskeleton to retain Nrf2 in the cytoplasm. This sequestration
ensures low basal expression of the cytoprotective enzymes in quies-
cent cells under normal physiclogical conditions. When oxidative or
xenobiotic stimuli release Nrf2 from Keapl-mediated cytoplasmic
entrapment, Nrf2 migrates to the nucleus where it functions as a
strong transcriptional activator?’. Thus, Nrf2-Keapl regulation of
oxidative- and xenobiotic-stress response has identified a new and
unique mode of nuclear-cytoplasmic collaboration that is conceptu-
ally distinct from that used by NF-kB/I-kB>*or microtubule-based
signal transduction2s,

To examine the contribution of the Nrf2-Keapl collaboration to
regulation of cellular defense at the physiological level, we disrupted
Keap1 and examined the expression of Nrf2 target genes in the Keapl
mutant mouse. As expected, Nrf2 accumulated more abundantly in
the nuclei of Keapl-null hepatocytes than in controls. Nrf2 target
genes were also expressed at markedly higher levels in the homozygous
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Keupl mutant mice and MEFs than in controls. Thus, without Keapl,
Nrf2 migrates freely into the nucleus and constitutively activates the
transcription of cytoprotective enzyme genes, even under unstressed
conditions {Fig. 7f}. These results show that Nrf2 and Keap1 cooperate
in vivo and that this collaboration contributes to the regulation of con-
stitutive and inducible expression of cellular defense genes.

In the Keapl-deficient mouse, we observed abnormal keratiniza-
tion and cornification in the esophagus and forestomach. This
unusual accumulation of cornified layers was not observed at the
embryonic or P2 stages, indicating that the onset of this abnormal
squamous differentiation process occurs after birth. Although the
molecular mechanisms leading to the neonatal onset of a specific sub-
set of squamous differentiation genes and hyperkeratosis have not yet
been elucidated, the following observations may be pertinent.

First, we found that AREs exist in a subset of genes associated with
squamous cell differentiation. Because two of these AREs are func-
tional in transfection assays, and because Nif2 is expressed in these
same epithelial cells, the most straightforward explanation is that Nrf2
binds to these AREs and activates the expression of this set of squa-
mous cell genes in vive. Based on these observations, one can speculate
that the Keap1-Nrf2 system may have a role in regulating the response
of squamous epithelia to mechanical and environmental stress. The
genes encoding keratin K6a and K6b are normally induced in response
to stressful stimuki, such as wounding?6; the hyperkeratotic lesions that
develop on the tongues of K6a and Kéb double knockout mice during
suckling suggest that these keratins may be induced to provide addi-
tional structural support in areas that have to withstand increased
mechanical stress?. Loricrin is a main cell envelope component that
confers mechanical stability to cornified tissues. In the absence of lori-
crin, compensatory mechanisms induce the expression of several
known and novel cell envelope components te maintain mechanical
integrity®®. Although the molecular mechanisms regulating this com-
pensatory response have not yet been determined, prelirninary evi-
dence suggests that three of the gemes upregulated in the
loricrin-deficient mice, those encoding SPRRP2D, SPRRP2H and
repetin®8, contain AREs and are upregulated in the KeapI~~ mutant
mouse (V. Kawachi, M.Y. and D.R.R., unpublished data).

Second, it is known that during desquamation of cornified layers,
keratin oxidation is important in increasing the susceptibility of ker-
atins to proteases?®, As Nrf2 regulates the expression of antioxidant
genes’, constitutive overexpression of Nrf2 in Keapl mutant mice
may prevent keratins and other differentiation products from oxida-
tion and degradatior; this, in turn, may lead to retention of cornified
layers in the skin, esophagus and forestomach. When we detected
disulfide bonds in situ to compare the protein redox states between
wild-type and Keapl~/~ esophagi, the signals in the latter sample were
weaker than those in the former (data not shown). This result is
expected, indicating that proteins in KeapI~~ esophagus are less oxi-
dized. But we detected no decrease in the abundance of oxidized
forms of K1 or K10 in Keapl-null esophagus (data not shown). Thus,
this possibility requires further testing.

The transient scaling phenotype of Keap 1/~ mouse skin is similar to
a human disorder known as autosomal recessive congenital ichthyosis
(ARCL ref. 30). Individuals with ARCI present either lamellar
ichthyosis or congenital ichthyosiform erythroderma. Three loci are
agsaciated with ARCI. The 14q11 locus has been shown to encode
transglitaminase I (ref. 31), which catalyzes the formation of the
cornified cell envelope. ARCI can also arise from a deficiency at
2q33-35 (ref. 32). A third locus, corresponding to chromosome
19p13.1-13.2, has recently been identified by a genome-wide scan
with polymorphic microsatellite markers of samples from five affected
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individuals from a Finnish family with ARCI?, We found that the
human KEAP! locus is located at the same chromosomal position as
this third ARCI locus, 19p13.1-13.2. Thus, KEAP! may have some
relationship to ARCL. The scaling of the reported Finnish ARCI cases is
mild, similar to the scaling phenotype of the Keap! mutants, but the
neonatal onset differs from human ARCL

The genetic rescue of Keapl-deficient mice by the Nfe2/2 null allele
showed that loss of Nrf2 expression rescues Keapl mutant mice from
lethality. Whereas all Keap!-null mutant mice died before three weeks
of age, Keap]-Nfe212 compound mutant mice were normal and fer-
tile. The hyperkeratosis phenotype was similarly reversed. Notably,
unlike KeapI~'~ mice, Keapl~'~ Nfe2!2*"~ mice survived the erucial
postnatal period, but their growth was slower than that of wild-type
or Keapl=~ Nfe2127- mice (data not shown). This may indicate that
the expression level of cytoprotective enzymes depends on Nfe2i2
gene dosage in these compound mutant lines, further supporting the
contention that the expression of phase II and antioxidant enzyme
genes is tightly regulated by the Nrf2-Keap1 pathway.

Our morphological examination strongly suggests that a feeding
problem due to hyperkeratotic legions in the esophagis and
forestomach is one of the primary causes of the weaning-age lethality.
But we cannot exclude the presence of other crucial defects in
KeapI-*= pups. Indeed, there may be a large number of Nrf2 target
genes, as N1f2 and Keapl are both expressed in many tissues. In sum-
mary, this study identifies the vital contribution of the Nrf2-Keapl
complex to the regulation of cellular defense mechanisms in vivo.

METHODS

Keap1-deficient mice. We isolated two independent clones containing Keap !
from a 129/Sv] genomic library. To construct targeting vector, we included
genes encoding Diphtheria toxin A (DTA) and neomycin resistance (neo®) for
negative and positive selection, respectively. We replaced residues 8-204 of
Keap1 with both neo” and NLS-tagged facZ so that the seven N-terminal amino
acid residues of Keap| were linked in frame to NLS-lacZ (see Supplementary
Fig. 1 online). The DTA gene was provided by M. M. Taketo (Kyoto
University) and was inserted 3" to the short arm for negative selection,

We linearized the targeting vector and electroporated it into EF4 ES cells, We
recovered ES cell clones from culture with G418 (GIBCO BRL) and screened
them by PCR. Primer sequences are available on request. Through PCR analysis
of 360 ES cell clones, we identified [7 that carried the homologous recombinant
altele. Positive clones were expanded and genotyped by Southern-blot analysis
with 5 (EcoRI-Xbal) and 3" (EcoRI-Sacl) probes located outside the targeting
vector. We generated chimeric mice by microinjection of two independent ES cell
clones into C57BL/6] mouse blastocysts, We crossed chimeric males with
C57BL/6] females, All mice were treated according to the regulations of Standards
for Human Care and Use of Laboratory Animals, University of Tsukuba.

Keap!-Nfe212 compound mutant mice. Because Nfe2I2-null mice are viable
and fertile®, we first generated Keapl*/~ Nfe2i2*/ mice and then intercrossed
them to produce all possible genotypes of compound nulf mutant mice (deter-
mined by PCR}. Primer sequences are available on request.

Induction of phase Il enzyme and antioxidant genes in MEFs by DEM, We
prepared embryonic day 13.5 MEFs by standard procedures™, plated themat a
density 0f 7.5 % 10° cells per 100-mm dish and then cultured them to subcon-
fluency. We replaced culture medium with fresh medium with or without
DEM (100 uM) and collected cells 4.5 h later for RNA analysis,

RNA-blot analysis. We isolated total RNA using ISOGEN (Nippon Gene). We
separated each RNA sample (25 pg) by electrophoresis on a formamide-
agarose gel and transferred each to a nylon membrane, Keap! and other
probes were hybridized as described previously®,

Histological and immunohistochemical analysis. We fixed tissue sarmples in
3.7% buffered formalin and embedded them in paraffin. We stained sections

with hematoxylin and eosin for histological examination, For immunohisto-
chemical analysis, we embedded samples with OCT (Sakura Finetechnical) and
processed eryosections with antibodies against cytokerating antibodies to K1,
K6, K13 and K14 were those described previously®, We purchased antibodies to
loricrin and involucrin from COVANCE and antibody to PCNA from Zymed.

Protein preparation and immunoblotting. We homogenized livers and
esophagi in RIPA butfer containing a protease inhibitor cocktail (NEB). We
prepared liver nuclear extracts as described™, After adding an equal volume of
2x SDS sample buffer” (except 10% SDS for the detection of keratins in the
esophagus), we boiled the extracts immediately for 5 min. Proteins applied to
SDS-PAGE were either stained with Coomassie brilliant blue or transferred to
Immobilon PYDF membranes (Millipore). We blocked membranes, treated
them with primary antibedy and then allowed them to react with the appro-
priate secondary antibodies conjugated to horseradish peroxidase {Zymed).
Immune complexes were visualized with ECL {Amersham), We stained mouse
GSTp and GSTr subunits with specific rabbit antibodies®. Antibodies recog-
nizing nuclear Lamin B ($antaCruz) or B-galactosidase (ICN) were commet-
cially available. We prepared a new antibody to Nrf2 by injecting the mouse -
Nrf2 recombinant polypeptide corresponding to the N-terminal region into
rabbits (to be described elsewhere).

Note: Supplementary information is available on the Natire Genetics website.
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