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at 100 units, the titer of anti-double-stranded DNA au-
toantibody in nrf2+/+ lpr/Ipr female mice was equal to
MRL/Ipr female mice.

Lymphadenopathy scoring

MRL/lpr mice develop massive lymphadenopathy due
to 2 defect in Fas {16). Therefore, lymphadenopathy in
nrf2—{— lprlpr micc was evaluated. The scoring of fym-
phadenopathy was assigned by an observer, as described
in the Methods section. The average score value was de-
creased in nrf2—/— Ipr/lpr mice (Table 1).

'FACS analysis of lymph nodes
We found lymphadenopathy was improved in nrf2—/—
Ipr/lpr mice. Next, we performed FACS analysis to exam-
ine the subset of lymphocytes and macrophages in Iymph
nodes. The numbers of CD4, CD§-positive, double-
negative T cells and macrophage (I°4/80) was significantly
reduced in nrf2—/— Ipr/Ipr lymph nodes compared with
nrf2+/+ Ipr/lpr lymph nodes (Fig. 4).

TUNEL assay of spleen and kidney

Since Fas-mediated apoptosis is defective in Ipr mice,

the immunologic improvements seen in nrf2—/— Ipr/ipr
mice suggested that the activity of Nrf2 might somehow
be linked to Fas-mediated apoptosis. Therefore, apop-
tosis in spleen and kidney was examined. The indices
of TUNEL-positive cells were significantly increased in
nrf2—{— Ipr/lpr mice compared to nrf2+/+ Ipr/lpr mice
(Fig. 5). We observed apoptosis was increased in nrf2—/—
Ipr/lpr spleens and kidneys.

Induction of TNF-a—mediated apoptosis in splenocytes

We examined the effect of apoptosis triggered by
anti-Fas antibody in splenocytes obtained from nrf2—/—
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Fig. 3. Renal profile of infiltrated lenko-
cytes und macrophages, key cytokines, and
glutathione (GSH) levels. The numbers of
macrophage (F4/80), CD4, CD8-positive T
cells, and B220 positive cells were signifi-
cantly reduced in the glomeruli and inter-
stitium of nrf2—/— lpr/ipr kidneys compared
with nrf24i+ Ipr/pr kidpeys in immunohis-
tochemical examination (A and B). Colony
stimulating factor 1 (CSF-1), monocyte
chemoattractant protein 1 (MCP-1), tu-
mor necrosis factor-a (TNF-a), transforming
growth factor-p1 (TGF-f1), and interferon y
{IFN-y)levels were reduced innrf2—/— Ipr/ipr
kidneys compared to nrf2++ Ipr/pr kidneys
[reverse transcription-polymerase chain reac-
tion (RT-PCR) method} (C). Renal GSH was
significantly reduced in nrf2—/— lpr/lpr mice
compared to arf2+A lpr/ipr mice (1). Each
bar represents the mean 2= SEM. *P < 0.05.
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Fig. 4. Lymphocytes and macrophages in mrf2—/— Ipe/ipr and
nrf2-+ Ipr/Tpr mice lymphnodes. Twenty-week-old nrf2—/— Ipr/lpr
(N = 4) and nrf2++ Iprpr (N = 4) female mice were used for
flucrescence-activated cell sorter (FACS) analysis. Each bar represents
the mean £ SEM. *F < 0.05.

Ipr/lpr mice. However, there were no difference in apop-
totic splenocytes between from nrf2—/— Ipr/lpr mice and
nri2+/+ Ipr/Ipr mice (data not shown). This result sug-
gested that the immunologic improvements in nrf2—/—
Ipr/lpr mice were not due to an enhancement of Fas-
mediated apoptosis. Fas and TNF receptor 1 (TNF-RI)
share homology in their cytoplasmic death domain, a re-
gion important for apoptotic signaling [33]. It has been
reported that, in Jpr mice lacking TNF-RI, autoimmu-
nity is greatly accelerated {34]. These facts indicate that
TNF-RI might play a compensatory role in Fas-mediated
apoptosis in Ipr mice. Therefore, we examined the effect
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Fig. 5. Detection of apoptotic cells in the spleen of nrf2—/— Ipr/ipr
mice by terminal deoxynucieotidyl fransferase (TdT) nick end-labeling
(TUNEL) method. Using the TUNEL method, apoptosis was estimated
in the spleens and kidneys of 20-week-old Ipr/lpr female mice. Each bar
represents the mean + SEM. *P < 0.05.

of TNF-g on cultured splenocytes from nrf2—/— Ipr/lpr
mice. We showed that the survival rate of splenocytes
from nrf2—/— Ipr/lpr mice was decreased compared to
urf2++ Iprilpr mice (P < 0.05) (Fig. 6A). It has been
reported that prolonged GSH depletion enhances death
receptor (Fas, TNF-RI)—mediated apoptosts [35-37]. We
and othersreported that intracellular GSH levels werere-
duced in Nrf2-deficient cells [8, 9]. Moreover, we have re-
ported Nrf2 deficiency increases the sensitivity to Fas and
TNF-RI through intracellular glutathione depletion [38].
Therefore, we suspected that the observed sensitivity of
TNF-a-mediated apoptosis in nrf2—/— Ipr/lpr mice could
be duetoadepletion of cellular GSH levelsresulting from
a deficiency in Nrf2. GSH-OEt is a compound capable of
passing the cell membrane and up-regulating the intra-
cellular levels of GSH [39]. To prove the enhancement of
TNF-g-mediated apoptosisin splenocytes from nrf2 —/—
Ipr/lpr mice was due to a decrease in intracellular GSH
levels, GSH-OFEt was administrated before TNF-a ad-
ministration. The administration of GSH-OEFEt increased
the survival rate in nrf2—/— Ipr/Ipr mice (Fig. 6B). These
results indicate that Nrf2 deficiency can enhance the sen-
sitivity of TNF-g-mediated apoptosis through GSH de-
pletion in vitro.

Hepatpcelluiar apoptosis induction by TNT-a

It is well known that the administration of TNF-a to
GalN-sensitized mice can induce fulminant hepatitisasa
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result of TNF-a—-mediated apoptosis [40]. GalN increases
the susceptibility of mice to hepatotoxicity and the Iethal
effects of TNF-¢ [40]. The effect of hepatocellular apop-
tosis in vivo triggered by TNF-¢ in nrf2—/— Ipr/Ipr mice
was examined. Serum ALT activity was monitored as in-
dices of hepatotoxicity. We showed that serum ALT activ-
ity after TNF-a administration was significantly increased
(P < 0.05) in nrf2—/— Ipr/lpr mice compared to nrf2+/+
Ipr/lpr mice (Table 2). : :
Histopathologic examination also revealed that apop-
totic hepatocytes were increased in nrf2—/— Ipr/Ipr mice
(Fig. 6D) compared to nrf2+/+ Ipr/Ipr mice (Fig. 6C). To
confirm the enhancement of hepatitis in nrf2—/— Ipr/ipr
mice was due to a decrease in intracellular GSH lev-
els, GSH-OF! was administrated before TNF-a injection.
The administration of GSH-OEt decreased the ALT ac-
tivity in nrf2—/— Ipr/lpr mice (Table 2). Histopathologic
findings also demonstrated GSH-OEt addition rescued
nrf2—/— lpr/lpr mice from TNF-g-mediated hepatocel-
lular apoptosis (Fig. 6E). Moreover, we performed a
quantitative analysis of TUNEL-positive apoptotic cells
induced by TNF-o. The number of apoptotic hepato-
cytes after TNF-o treatment was significantly increased
in nrf2/—/—lpr/lpr mice (N = 4) compared to nrf2+/+
Ipr/lpr mice (N = 4) (Fig. 6F). These results indicate that
Nrf2 deficiency can enhance the sensitivity of TNF-o—
mediated apoptaosis through GSH depletion and that the
enhanced sensitivity of TNF-u~-mediated apoptosis can
improve the immunoclogic abnormality seen in Ipr mice.

DISCUSSION

‘We previously reported that nrf2 might be one of the
candidate genes in determining the susceptibility to au-
toimmune diseases [12]. MRL/Ipr mice, having a defect
in the Fas molecule, develop spontaneous autoimmune
nephritis with generalized peripheral lymphadenopathy
[16). We speculated that Ipr could stimulate autoimmune
disease under conditions where the nrf2 gene had been
deleted. Unexpectedly, this study showed autoimmune
nephritis was improved in nrf2—/— Ipr/lpr mice. Inter-
estingly, we observed that ablation of the nrf2 gene in
Ipr mice restimulated apoptosis, a response normally
blocked as aresult of a mutation in fas. Fas is expressed at
highlevelsin activated T cells and thought to be critically
involved in activation-induced apoptosis in T cells {17,
41-45). The lymphadenopathy and autoimmune disease
seen in MRL/Ipr mice has been attributed to a defect in
Fas-mediated apoptosis in which activated T cells do not
undergo activation-induced cell death, In this paper, we
clearly demonstrate that apoptotic cells were increased
in spleen and kidney in nrf2—/— Ipr/Ipr mice compared
with nrf24+/+ Ipr/lpr mice (Fig. 5). The Ipr gene consists of
a transposon insertion into the fas gene resulting in very
few Fas molecules being present on the cell surface [16).
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Fig. 6. nrf2—I— Ipr/lprinice enhanced tomor necrosisfactor-o (TNF-u)-mediated apoptosis whereas administration of glutathione ethyl monoester
{GSH-OEt) rescued nyf2—{— Ipr/Ipr wice from TNF-¢~ mediated apoptosis. Effects of Nrf2 deficiency on cultured splenocytes treated with TNF-c.
{A) Survival rate of nrf2—/— Ipr/lpr splenocytes after TNF-a stimulation. Each bar represents the mean & SEM. *P < (1.05. (B) GSH-OEt protected
nrf2—I— iprilpr spkenocytes against TNF-a—mediated apoptosis. Splenocytes were pre-incubated with 2mM GSH-OEL. {C) Liver section from arf
+/+ lpr/lpr mouse (x 400, hematoxylin and eosin stain). (D) nrf2 —/~ lpr/Ipr mouse. Arrows indicate apoptotic nuclei {>400). (E) nrf2—/— lpr/ipr
mouse administered GSH-OELt. The number-of apoptotic cells was decreased with GSH-OFEt administration (<400). (F) Quantitative analysis of
terminal deoxynucleotidyl transferase (TdT) nick end-labeling (TUNEL)-positive apoptotic hepatocytes by TNF-a, Each bar represents the mean

£ SEM. *P < 0.05.

Therefore, it was possible that the observed improve-
ment of apoptosis in nrf2—/— Ipr/Ipr mice could be due
to enhanced sensitivity of Fas-mediated apoptosis. How-
ever, the administration of anti-Fas antibody to nrf2—/—
Ipr/lpr splenocytes had no stimulatory effect on apoptosis
(data not shown). A further reason for the immunologic
improvement seen in the nrf2—/— Ipr/lpr mice may be
a modulation in TNF receptor signaling. Accumulating
evidence indicates that TNF signaling is also important
for apoptosis. Fas and TNF-RI share a region of homol-
ogy within their cytoplasmic portions called the death

domain, which is responsible for the delivery of intercel-
lular death inducing signals [33]. It has been reported that,
in Ipr mice, substantial numbers of T cells still undergo
apoptosis, even though Fas-mediated apoptosis is defec-
tive [46]. Further studies have shown that in Ipr mice lack-
ing TNF-RI, the development of lymphadenopathy and
autoantibody production was greatly accelerated com-
pared with TNF-RI wild-type Ipr mice [34]. These mice
also exhibited high mortality and early onset autoimmune
disease characterized by massive mononuclear cell infil-
tration in liver, kidney, lung, and knee joints [34]. These
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Tahle 2. Hepatotoxicity and lethal effect in nrf2 ~/— Ipr/lpr mice induced by tamor necrosis factor- (TNF-u)?

ALT(IU/L)

Survival rate®

‘Treatment Time hours nrf2 —/— lpr/ipr nrf2 +A Ipr/ipr " nrf2 =/~ lprfipr nif2 +/ Ipr/ipr
GSH-OEt(-) TNF-a 0 26833 252+£39 5/5 515
GSH-OEH(-) TNF-a 4 761.4 + 140.0¢ 1920+ 45.5 55 515
GSH-OEW{(-) TNF-a 8 . 7110.3 4= 882.9% 1560.3 £ 145.4 4i5 515
GSH-OEt(-) TNF-a 12 9767.8 + R67.3¢ 2850.1 £+ 3482 35 A5
GSH-OE(+) TNF-a 0 342442 23.8+3.7 515 515
GSH-OEt(+) TNF-a 4 261.1 4+ 55.7 143.8£32.2 5i5 515
GSH-OE(+) TNF-a 8 1230.3 + 42.0 9251 £19%9.6 515 5/5
GSH-OENF) TNF-a 12 2565.3 + 234.8 12357 +£129.8 Si5 515

Abbreviations are; ALT. alanine aminotransferase; GSH-OEY, glutathione ethyl monoester; TNF-u, tumor necrosis factora,
1Results are shown as mean 3 SEM for three to five mice; YSurvival rate indicates the number of survived/all mice; °P < 0,05.

facts indicate that in Jpr mice the defects in Fas-mediated
apoptosis are exacerbated in the absence of TNF-RI and
that normal expression of TNF-RI might partially com-
pensate for the Fas-mediated apoptosis defect of lympho-
cytes in Ipr mice. In this study, we demonstrate that Nrf2
deficiency enhanced the sensitivity of TNF-g¢—-mediated
apoptosis. Accordingly, an enhanced sensitivity in TNF-
a-mediated apoptosis resulting from a deficiency in Nrf2
may have suppressed the accelerating effect of Ipr in
nrf2—/— Ipr/lpr mice, thereby alleviating the autoimmune
discase,

Our study has shown that a deficiency in Nrf2 enhances
the sensitivity of TNF-u~-mediated apoptosis through a
decrease in GSH levels. GSH is an important norprotein
thiol molecule that protects cells against oxidative dam-
age [47, 48]. NrE2 activates the transcription of the heavy
and light chain y-glutamylcysteine synthetase [GCS (H)
and GCS (L)} [8], and cystine membrane transporter (Sys-
tem Xc¢~) genes [9] through an ARE/EpRE response
element [3, 4]. These molecules are necessary for the syn-
thesis of GSH [8, 9]. An inability to induce the expression
of these molecules in Nrf2-deficient mice resulted in in-
creased oxidative stress and the protective response to
electrophilic and ROS-producing agents was profoundly
impaired [9-11]. Therefore, Nrf2 deficiency resulted in

_minimum levels of intracellular GSH [9).

Previous reports have shown that a preexisting re-
duction in GSH levels could significantly increase cell
death from TNF-u [49, 50], although the detailed molec-
ular mechanism remaios unknown. More recently, we re-
ported that Nrf2 deficiency enhances death-inducing sig-
nals through GSH depletion [38]. In our previous study,
we found that aged Nrf2-deficient female mice developed
autoimmune glomerulonephritis probably due to an in-
crease in oxidative stress [12]. Nephritis in Nrf2-deficient
mice develops only in aged females. Therefore, it appears
that the 7rf2 gene contributes to the susceptibility to an-
toimmune disease, rather than acting as an accelerating
gene for the disease. In this study, we found that Nrf2 de-
ficiency suppresses the stimulatory effects of the Ipr gene,
which is well known as an accelerating gene for autoim-

mune diseases. Since this is an unexpected interaction,
it is still unclear whether Nrf2 is one of the susceptibil-
ity genes for autoimmune diseases. To elucidate the roles
of Nrf2 in the development of autcimmune diseases, we
will introduce the nrf2 mutation into BXSB/Yea mice, a
disease model not defective for the fas gene. This should
uncover any synergistic effects that exist between the Yaa

“and nrf2 mutation.
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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is known
to suppress T cell-dependent immune reactions through
the activation of the arylhydrocarbon receptor (AhR).
Our previous findings suggest that TCDD inhibits the
activation and subsequent expansion of T cells following
antigen stimulation in mice, leading to a decreased level

of T cell-derived cytokines involved in antibody produe-

tion. In the present study, we investigated the effects of
activated AhR on T cells by transiently expressing a
constitutively active AhR (CA-AhR) mutant in AhR-null
Jurkat T cells, In agreement with our previous findings,
CA-AhR markedly inhibited the growth of Jurkat T
cells, The inhibited cell growth was found to be concom-
itant with. both an inecrease in the annexin V-positive
apoptotic cells and the accumulation of cells in the G,
phase. The growth inhibition was also shown to be me-
diated by both xencbiotic response element (XRE)-de-
pendent and -independent mechanisms, because an
A78D mutant of the CA-AhR, which lacks the ability of
XRE-dependent transeription, partially inhibited the
growth of Jurkat T cells. Furthermore, we demonstrated
that CA-AhR induces expression changes in genes re-
lated to apoptosis and céll cycle arrest. These expression
changes were shown to be solely mediated in an XRE-
dependent manner, because the A78D mutant of the CA-
AhR did not induce them. To summarize, these results
suggest that AhR activation causes apoptosis and cell
cycle arrest, especially through expression changes in
genes related to apoptosis and cell cycle arrest by the
XRE-dependent mechanism, leading to the inhibition of
T cell growth.

2,3,7,8-Tetrachlorodibenzo-p-diogin (FCDD)! is known to ex-
ert a variety of toxicities such as reproductive toxicity, immu-
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notoxicity, teratogenicity, and neurotoxicity (1, 2). Previous
studies using arylhydrocarbon receptor (AhR) knock-out mice
indicate that most, if not all, of the TCDD-induced toxicity is
mediated by the AhR, a basic heliz-loop-helix periodicity/
ARNT/single-minded (PAS) transcription factor (3, 4). In the
absence of a ligand, the AhR is located in the eytoplasm in
association with heat shock protein 20, X-associated protein 2,
and heat shock protein 90 co-chaperone p23 (5). Once a Ligand,
such as TCDD, binds to the AhR, the complex is translocated
into the nucleus where it forms a heterodimer with an AhR
nuclear translocator (ARNT). The AhR/ARNT heterodimer
binds to specific DNA sequences termed xenobiotic responsge
elements (XREs), and it enhances the expression of genes such
as cytochrome P-450 1A1 (CYPIAI) (4, 6). On the other hand,
it has also been shown that the ligand-activated AhR directly
interacts with retinoblastoma protein (RB) (7, 8) and NF-«B
(RelA) (9), and their direct interactions moedulate the signaling
pathways involved in many physiological functions. Although
many studies have been conducted, the precise mechanism for
individual toxicities of TCDD remains to be clarified. |

As regards immunotoxicity, TCDD induces thymus atrophy
and suppresses both humoral and cellular immunity in an
AhR-dependent manner (10, 11). Recent studies using chimeric
mice with the AhR in either hemopoietic or stromal tissues
showed that TCDD induces thymus atrophy by directly affect-
ing thymocytes immature T cells} and not dendritic or stromal
cells (12, 13). Additionally, it has been suggested that TCDD-
induced thymus atrophy can be attributed to the inhibition of
G/S cell cyele progression in thymocytes at the double negative
stages of T cell development (12). In terms of cellular immu-
nity, it has been reported that full suppression of the cytotoxic
T lymphocyte response by TCDD required AhR expression in
both CD4* and CD8* T cells; this indicates that T cells are
direct targets of TCDD (14). With regard to the suppressive
effect of TCDD on humoral immunity, primary effects on both
B cells and T cells have been reported by several groups (11,
15). Recently, we showed that TCDD considerably reduces the
production of the T cell growth factor IL-2 and CD4™ type 2
helper T cell-derived cytokines prior to the inhibition of anti-
body suppression in mice immunized with evalbumin (16-18).
Furthermore, TCDD suppressed the increase in the number of
T cells in the spleen, following immunization. This suggests

green fluorescent protein; PI, propidium iodide; RT, reverse tran-
scriptaze; CYP1Al, cytochrome P-450 1A1; FACS, fluorescence-activate
cell sorting; TGF, transforming growth factor; CDAI, cell division au-
toantigen-1; GADD45A, growth arrest and DNA-damage-inducible,
alpha.

This paper is available on line at http://www.jhc.org



Activation of ARR Inhibits Growth of T Cells

that TCDD inhibits the activation of antigen-specific T cells
and their subsequent expansion, which probably leads to dete-
riorated antibody production (16), All these findings strongly
suggest that T cells are a vulnerable target of TCDD toxicity,
with regard to not only thymus atrophy and inhibition of cel-
lular immunity but also the suppression of humoral immunity.
Our recent finding that primary T cells have functional AhR
alse supports this mechanism (19).

In the present study, to investigate the effects of activated
AhR on T cells and their underlying mechanism, we transiently
expressed a constitutively active AhR (CA-AhR) mutant in
human leukemic Jurkat T cells, because all the T cell lines
examined thus far, including Jurkat T cells, do not have func-
tional AhR (20, 21). We used a CA-AhR mutant lacking the
minimal PAS B motif, which is constitutively localized in the
nucleus and activates AhR-dependent transcription independ-
ent of the ligand (22, 23). We also generated an A78D mutant
of the CA-AhR, which lacks the ability of XRE-dependent tran-
seription (24), and examined the involvement of XRE-depend-
ent transcription in the effects of CA-AhR on Jurkat T cells.

EXPERIMENTAL PROCEDURES

Plasmid Construction—pEBGSCAGFP {(an Epstein-Barr virus-based
expression vector for green fluorescent protein (GFP) driven by a CAG
promoter) (25) and pEB6CAGMCS (containing multicloning sites) were
kindly provided by Dr. Yoshihiro Miwa (University of Tsukuba,
Tsukuba, Japan). A CA-AhR eDNA? was subcloned into a KpnI-HindIII
site of pEB6CAGMCS, and pEB6CAG-CA-AKWR-GFP, encoding a CA-
AhR fused to GFP, was generated by inserting the Sall-AflII fragment
of pEGFP-N3 (Clontech Laboratories, Inc., Palo Alto, CA), To examine
whether the effects of CA-AhR on Jurkat T cells are mediated by
XRE-dependent transcription, the mutation changing the alanine at
position 78 to aspartic acid (A78D) (24) in the CA-AhR was introduced
by the use of a QuikChange XL site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) according to the manufacturer’s instructions. A
primer with the sequence 5'-GTCAGCTACCTGAGGGACAAGAGCT-
TCTTTGATG-3" and its complementary equivalent were employed.

Cell Line, Transient Transfection, and Sorting—Jurkat T cells were
cbtained from the Cell Resource Center for Biomedical Research (To-
hoku University, Sendai, Japan) and maintained in RPMI 1640 (Sigma)
supplemented with 10% heat-inactivated fetal bovine serum (Invitro-
gen), 10 mm HEPES (pH 7.1), 1 mM pyruvate, and 50 uM 2-mercapto-
ethanol at 37 °C in 5% CO,. Jurkat T cells (2 X 10° cells) were tran-
siently transfected with 6 g of pEBBCAGFP, pEB6CAG-CA-AhR-GFP,
or pEB6CAG-AT8D-GFP using DMRIE-C reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. After 2 days, GFP-positive cells
from each transfectant were sorted using a FACSVantage SE (BD
Biosciences). The efficiency of the sorting was confirmed using a FAC-
SCalibur (BD Biosciences), and 98—99% of the sorted cells were GFP-
positive. The sorted cells were cultured at 1 X 10° cells/ml, and then
growth rate, apoptosis, and cell cycle distribution were examined as
described below. The results obtained in each ezperiment were con-
firmed in another independent experiment, and a set of representative
results has been shown vnder “Results.”

Detection of Apoptosis—For the detection of apoptotic cells by an-
nexin V binding and propidium iodide (PI) staining, we used an An-
nexin V-biotin apoptosis detection kit (BioVision, Palo Alto, CA) accord-
ing to the manufacturer’s instructions, with minor modifications. At 0,
2, and 4 days after sorting, the cells were incubated with biotin-labeled
annexin V for 5 min at room temperature. After washing, the cells were
incubated with streptavidin-labeled allophycocyanin (SA-APC, BD Bio-
sciences) for 15 min at room temperature. After washing, PI was added,
and the cells were analyzed using a FACSCalibur.

Furthermore, the induction of apoptosis was confirmed by apoptotic
morphological changes. The sorted cells were cultured for 2 days and
then stained with 4 uM bishenzimide (Hoechst 33342, ICN Biomedicals
Ine., Aurora, OH) for 15 min. The apoptotic cells were examined by the
changes in their nuclear morphology, i.e. nuclear fragmentation, under
a UV.visible fluorescence microscope. Approximately over 100 cells
were counted in four microscopic fields, and the percentage of apoptotic
cells was estimated. :

Cell Cycle Analysis—At 0, 2, and 4 days after sorting, the cells were

*Y. Fujii-Kuriyama and J. Mimura, unpublished data.
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stained with PI using a CycleTEST Plus DNA reagent kit (BD Bio-
sciences) according to the manufacturer’s instructions, and their DNA
content was mesasured using a FACSCalibur. The percentages of cells in
the G, S, and G,/M phases were analyzed using ModFit software
{BD Bioaciences).

Affymetrix GeneChip Analysis—Affymetrix GeneChip analysis was
performed according to the Affymetrix expression analysis technical
manual (Affymetrix, Santa Clara, CA), with some modifications. After
sorting, total RNA was isolated using an ENeasy Mini Kit (Qiagen,
Chatsworth, CA). Double-stranded cDNA was synthesized from 1 pg of
total RNA using SuperScript II reverse transcriptase {(Invitrogen) and
T7 oligo(dT),, primer (Affymetrix). The double-stranded ¢cDNA was
purified by the phencl/chloroform extraction method, followed by etha-
nol precipitation. The in vitro transcription reaction was performed
using a BioArray high yield RNA transcript-labeling kit (Enzo Diag-
nostics, Farmingdale, NY). 15 pg of the biotin-labeled ¢cRNA was frag-
mented and hybridized to a Human Genome U133A array (Affymetrix).
The hybridized probe array was washed, stained, and scanned. The
data were analyzed using Affymetrix Microarray Suite 5.0 software. A
comparison analysis was performed to obtain genes with at least 2-fold
changes in Jurkat T cells expressing CA-AhR-GFP as compared with
cells expressing GFP alone.

Semigquantitative RT-PCR—To confirm the gene expression changes
observed by the Affymetrix GeneChip analysis, semiquantitative RT-
PCR was performed on the double strand ¢cDNA prepared for Affymetrix
GeneChip analysis, Primers used in the present study were designed
uging PRIMERS (frodo.wi.mit.edw/egi-bin/primer3/primer3_www.cgi)
and NCBI UniSTS (www.ncbinlmnih.gov/entrez/query.fegi?db=unists),
based on human sequences published in the NCBI data base. Primer
sequences, PCR cycle numbers, and the annealing temperatures of each
gene are shown in Table I. Each double-stranded cDNA was amplified
in the exponential phase of PCR using TaKaRa Taq (TaKaRa Shuzo
Co., Ltd., Tokyo, Japan), The amplification was carried out by an initial
incubation at 94 °C for 2 min, followed by 19-30 cycles of 94 °C for 30 s,
55 or 80 *C for 30 s, and 72 °C for 30 s, and a final extension at 72 °C for
7 min. The PCR produets were separated in a 1.2% Synergel (Diversi-
fied Biotech, Boston, MA) containing 0.5 pg/ml ethidium bromide, The
net intensity of the bands was quantified using Kodak EDAS 290. The
expression level of each gene was normalized to that of glyceraldehyde-
3-phosphate dehydrogenase or B-actin.

RESULTS

CA-AhR Inhibits Growth of Jurkat T Cells—To examine the
effect of AhR activation on T cells, we used a CA-AhR mutant
lacking the minimal PAS B motif (Fig. 1A}. The CA-AhR mu-
tant has been reported to form a heterodimer with ARNT and
induce XRE-dependent gene expression in Chinese hamster
ovary cells and MCF-7 cells in the absence of a ligand (22, 23).
First, we examined CYP1Al expression to confirm that CA-
AhR induces XRE-dependent gene expression in Jurkat T cells.
Jurkat T cells, which expressed ARNT but not AhR (data not
shown), were transiently transfected with an expression vector
for either CA-AhR-GFP or GFP alone. Two days after the
transfection, GFP-positive cells were sorted and RT-PCR for
CYP1A1 mRNA was performed. As shown in Fig. 1B, CA-AhR-
GFP, but not GFP alone, markedly induced CYP1Al mRNA
expression, indicating that the CA-AhR is functional in Jurkat
T cells. In addition, the green fluorescence emitted from CA-
AhR-GFP was mainly found in the nuclear compartment (data
not shown).

To examine the effect of CA-AhR on the growth rate of
Jurkat T cells, the sorted cells were cultured for up to 4 days,
and the cell numbers were counted at the indicated times. As
shown in Fig. 2, the cells expressing GFP alone increased
10-fold, 4 days after sorting. In contrast, the expression of
CA-AhR-GFP completely inhibited the increase in cell numbers
up to 4 days after sorting, indicating that the activation of AR
greatly inhibits the growth of Jurkat T cells.

CA-ARR Induces Apoptosis in Jurkat T Cells—Because CA-
AhR was shown to induce growth inhibition, we examined
whether the expression of CA-AhR induces apoptosis in Jurkat
T cells. Apoptotic cells were detected with annexin V, which
monitors the appearance of phosphatidylserine on the cell sur-
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TaBLE T
List of primers used for semiguantitative RT-PCR
T .
Description a cb(e*:g;oBé?:kumber Primer sequence (5'—3") Pfufélcbic:e wﬁﬁe Prscic::ct
°C bp
AhR 119872 TTACCTGGGCTTTCAGCAGT 19 60 506
ARCTGGOGTCCARRGAATCC (CA-ARR)
B-Actin X00351 GAGGCCCAGAGCAAGAGAG 19 60 225
GGCTGGGGTETTGAAGET .
Caspase 8 U58143 CTTGGATCCAGGEGCTTTGACT 23 55 550
GTTCACTTCAGTCAGGATGS .
CDA1l AF254794 TGAGGAGGAARGGAAGTGAAGA 28 60 171
TAGTGGGTCCGCGATACAGA
e-Jun  BC002646 GGTATCCTGCCCAGTGTTGT 25 60 382
. CGCACTAGCCTTTGGTAAGE
c-Mye V00568 TCGGATTCTCTGCTCTCOTC 24 60 413
. CGCCTCTTGACATTCTCCTS
Cyclin G2 U47414 TGGACAGGTTCTTGGCTCTT 28 55 367
AATACAGATGGTTTTGCTTTTGA
CYP1Al 02612 CTTGGACCTCTTTGGAGCTG 30 60 212
: CGRAGGAAGAGTGTCGGARG
DUSP6 AB013382 CGATGAACGATGCCTATGAC 29 60 262
TGCCAAGAGARACTGCTGAA
Fas M87454 CTGCCATARGCCCTGTCCT 27 60 360
CABAGCCACCCCAAGTTAGA
GADD34 U83981 COTCCTCTETCCCTTCRTC 26 60 127
AGTTGGTCTCAGCCACGC
GADD45A M60974 CTGGAGGARGTGCTCAGCARAG 27 80 399
TTGATCCATETAGCGACTTTCC
GAPDH M33197 ACCACAGTCCATGCCATCAC 19 60 452
TCCACCACCCTGTTGCTGTA
IL-9 receptor MB4747 TTCACCATCACTTTCCACCA 26 60 370
AACGCTCCTCCTCTACCACA
p21weft 03108 GGGAAGGUACACACALGAAG 25 60 478
GGGAGCCGAGAGARRACAG ;
TGF-3 receptor IT DE&0683 CGGCTCCCTAARCACTACCA 27 i 60 478
GGTCCCTTCCTTCTCTGCTT :
A 14
= 12} O GFP
BHLH PAS domaln Q-rich % E 10| EI CA-AnR-GFP
Fulltength == L 28 1
g O FIal{sl H ] 28 4l :
' - TS 4} k
ca-AnR-GFP [T T FAEY ™ | I ox LI M
’ 0 I [.-_E.c‘.:l' i1 v
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F1G. 1. Structure of a constitutively active mutant of an aryl-
hydrocarbon receptor (CA-AhR) and CYP1Al induction in Ju-
rkat T cells expressing CA-AhR. A, the structures of wild-type
AbR and a CA-AhR fused to GFP (CA-AhR-GFP) are shown, The
CA-AhR lacks the minimal PAS B motif. B, the expression vector for
either CA-AhR-GFP or GFP alone was transiently transfected into
Jurkat T cells using DMRIE-C reagent. Two days after transfection,
GFP-positive cells were sorted using a FACSVantage SE. Total RNA
was isolated from the cells, and mRNA expression levels of CYP1Al
and glyceraldehyde-3-phosphate dehydrogenase were examined by
semiquantitative RT-PCR. .

face during apoptosis. In addition, PI was used to distinguish
between early and late apoptosis, because PI is excluded only
by live and early apoptotic cells. As shown in Fig. 3, where
annexin V-positive, Pl-negative cells (upper left quadrant) rep-
resent early apoptotic cells and annexin V, PI-double positive

Days after sorting

Fic. 2. CA-AhR inhibits growth of Jurkat T cells. The expression
vector for gither CA-AhR-GFP or GFP alone was transiently transfected
into Jurkat T cells using DMRIE-C reagent. After 2 days, GFP-positive
cells from each transfected cells were sorted using a FACSVantage SE
and then cultured at 1 X 10% cells/ml. The cell numbers at the indicated
times were determined by trypan blue exclusion.

cells (upper right quadrant) represent late apoptotic/necrotic
cells, GFP-alone-transfected cells did not show remarkable
changes in the ratio of dead cells. On the other hand, CA-AhR-
GFP increased the percentage of apoptotic cells, especially 2
and 4 days after sorting. Two days after sorting, the percentage
of early apoptotic cells was 3-fold higher in cells expressing
CA-AhR-GFP than in those expressing GFP alone. Moreover, 4
days after sorting, CA-AhR-GFP augmented the percentages of
early apoptotic cells and late apoptotic/necrotic ¢ells by approxi-
mately 8 and 6-fold, respectively, as compared with GFP alone.

Furthermore, the induction of apoptosis was confirmed by
nuclear morphological changes. Each group of sorted cells was
eultured for 2 days and stained with Hoechst 33342 dye. Frag-
mented nuclei were observed in a number of cells expressing
CA-AhR-GFP (Fig. 44, arrowhecds), and apoptotic cells
reached about 30%; however, the apoptotic cells only reached
10% in cells expressing GFP alone (Fig. 48).
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F16. 3. CA-AhR induces apoptosis in Jurkat T cells. The expression vector for either CA-AhR-GFP or GFP alone was transiently transfected
into Jurkat T cells using DMRIE-C reagent. After 2 days, GFP-positive cells were sorted from the transfected cells using a FACSVantage SE and
then cultured for the indicated time periods. The cells were incubated with biotin-labeled annexin V, followed by staining with SA-APC and PI,
and analyzed using a FACSCalibur. The upper left quadrant (annegin V-positive, PI-negative) represents early apoptotic cells, whereas the upper
right quadrant (annexin V, PI-double positive} represents late apoptotic/necrotic cells,
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FiG. 4. CA-AhR induces apopfotic morphological changes in
Jurkat T cells. A, the expression vector for either CA-AhR-GFFP or
GFP alone was transiently transfected into Jurkat T cells using DM-
RIE-C reagent. After 2 days, GFP-positive cells were sorted from the
transfected cells using a FACSVantage SE. The sorted cells were cul-
tured for 2 days and then stained with 4 umM Hoechst 33342 for 15 min.
The aporptotic cells were examined by the changes in their nuclear
morphology, i.e. with fragmentation under a phase-contrast and a UV-
visible fluorescence microscope. The arrowheads indicate the frag-
mented nuclei of the apoptotic cells. B, approximately over 100 cells
were counted in four microscopic fields under a UV-visible fluorescence
microscope, and the percentage of the apoptotic cells was estimated.

CA-ARR Induces the Accumulation of Cells in the G,
Phase—We also investigated the possibility that CA-AhR in-
duces cell cycle arrest. As shown in Fig. 5, in non-transfected
Jurkat T cells, 48% of the cells were in the G, phase, 37% were
in the S phase, and 15% were in the G,/M phase. Immediately
after sorting (0 day), no difference was observed in the DNA
profile among non-transfected cells, cells expressing GFP
alone, and those expressing CA-AhR-GFP, Two days after sort-
ing, the percentage of cells expressing CA-AhR-GFP rose to
61% in the G, phase and correspondingly decreased to 24% in
the S phase, whereas no change in cell cycle distribution was
observed in cells expressing GFP alone. Four days after sorting,
the percentages in the individual phases were not significantly
changed from those obtained 2 days after sorting. These results
suggest that CA-AhR affects cell cyele progression, especially in
the G, phase.

The Inhibition of Growth by CA-ARR Is Mediated by Both
XRE-dependent and -independent Mechanisms—To elucidate
whether the inhibitory effect of CA-AhR on the growth of Jur-
kat T cells is mediated by an XRE-dependent or -independent
mechanism, we generated an A78D mutant of the CA-AhR. The
A78D mutant of wild-type AhR is translocated into the nucleus
in the presence of TCDD and forms a heterodimer with ARNT.
However, it lacks the potential for XRE-driven gene expression
due to impaired XRE binding (24). To confirm that the disrup-
tion of transcription by A78D mutation is available for the
CA-AhR, we examined the effects of A78D mutation introduced
into the CA-AhR on localization and gene expression. When
either CA-AhR-GFP or A78D mutant of CA-AhR-GFP (A78D-
GFP) was transiently expressed in Jurkat T cells, a FACS
analysis showed the same GFP expression patterns between
both types of transfected cells, before and after sorting (Fig.
6A). Furthermore, the mRNA expression of CA-AhR-GFP or
AT8D-GFP was detected at the same level in both transfected
cells by semiquantitative RT-PCR (Fig. 68). The green fluores-
cence emitted by the GFP was mainly observed in the nuclear
compartment in cells expressing A7T8D-GFP as well as CA-
AhR-GFP (data not shown). However, as shown in Fig. 68, only



25208

After sorting
Non-transfected 0 day 2 days " 4days
L)
I’ GFP
% 1
.Lxsxﬂ~ } g ! b4
G1  :148% G1  :43% G1 :46% G1 :51%
s $37% s 140% S 139% S 1 36%
G2-M :15% G2-M :17% G2M :15% G2-M :13%
CA-AhR-GFP
= . l -
=3
[=]
OI C | A 1] l 4 _ 4
Pl G1 :144% 61 :61% G1 :60%
. 8 138% S 124% S 129%
G2-M :18% G2M :15% G2-M :11%

F1G. 5. CA-AhR increases the percentage of cells in the G,
phase, The expression vector for either CA-AhR-GFP or GFP alone was
transiently transfected into Jurkat T cells using DMRIE-C reagent.
After 2 days, GFP-positive cells were sorted from the transfected cells
using a FACSVantage SE and then cultured for the indicated time
periods. The cells were stained with PI using a CycleTEST Plus DNA
reagent kit, and DNA content was measured using a FACSCalibur. The
percentages of cells in the G, S, and G,/M phases were analyzed using
ModFit software. ‘

CA-AhR-GFP, but not A78D-GFP, induced CYP1A1 mRNA
expression, These observations show that A7T8D-GFP is consti-
tutively localized in the nucleus in the absence of TCDD, but it
cannot induce gene expression by binding to the XRE.

Using these AhR mutants, the XRE dependence of the
inhibitory effect of activated AhR was examined. As shown in
Fig. 6C, CA-AhR markedly inhibited the increase in cell
number (in agreement with the data shown in Fig. 2). On the
other hand, the A78D mutant only partially inhibited the
increase. This result indicates that both XRE-dependent and
-independent mechanisms are involved in the CA-AhR-in-
duced growth inhibition.

CA-ARR Induces Expression Changes of Genes Related to
Apoptosis and Cell Cycle Arrest by an XRE-dependent Mecha-
nism—PBecause CA-AhR induced apoptosis and the accumula-
tion in the G, phase in Jurkat T cells, we examined whether
CA-AhR changes the expression of genes related to apoptosis
and cell eycle arrest and whether the regulations of these genes
are mediated by XRE-dependent transcription. Two days after
transfection, total RNA was isolated from the GFP-positive
cells, and the gene expression was analyzed using an Af-
fymetrix GeneChip. Genes related to apoptosis and cell cycle
arrest were selected from the genes that showed at least a
2-fold change in gene expression in the cells expressing CA-
AhR-GFP, as compared with cells expressing GFP alone, and
their expression changes were confirmed by semiquantitative
RT-PCR. Furthermore, we determined the relative -fold indue-
tion of each of the confirmed genes in cells expressing CA-AhR-
GFP and in cells expressing AT8D-GFP by a comparison with
the cells expressing GFP alone (Fig. 7 and Table IT). We found
that CA-AhR up-regulates genes related to apoptosis (caspase
8, c-Jun, and Fas) (26, 27) and cell cycle arrest (cyclin G2,
growth arrest and DNA-damage-inducible, alpha (GADD454),
p21¥e, cell division autoantigen-1 (CDA1), and IL-O receptor)
(28-32). CA-AhR also up-regulated the genes involved in both
apoptosis and cell eyele arrest (dual specificity phosphatase 6,
GADD34, and TGF-8 receptor II) (33—-36). On the other hand,
¢-Mye, which plays an important role in the G4/S transition
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F16. 6. CA-AhR inhibits the growth of Jurkat T cells by the
XRE-dependent and -independent mechanisms. A, the expression
vector for either CA-AhR-GFP, A78D-GFP, or GFP alone was tran-
siently transfected into Jurkat T cells using DMRIE-C reagent. Two
days after the transfection, GFP-positive cells were sorted using a
FACSVantage SE. The GFP expression of the cells was analyzed before
and after sorting, using a FACSCalibur. B, total RNA was isolated from
the cells and mRNA expression levels of CYP1A1, CA-AhR-GFP, and
glyceraldehyde-3-phosphate dehydrogenase were examined by semi-
quantitative RT-PCR. C, the sorted cells were cultured at 1 x 10°
cella/ml, and the cell numbers at the indicated times were determined
by trypan blue exclusion,

(37}, was down-regulated in cells expressing CA-AhR-GFP,
Furthermore, our resulis clarified that all the changes in these
genes were dependent on transeription through the XRE, be-
cause only CA-AhR, but not A78D, induced expression changes
of these genes (Fig. 7 and Table II).

DISCUSSION

In the present study, CD4™* T cell line Jurkat T cells were
transiently expressed with a CA-AhR, a model of ligand-acti-
vated AhR. We demeonstrated that CA-AhR remarkably inhib-
its the growth of Jurkat T cells. We also clarified that CA-AhR
induces both apoptosis and accumulation in the G, phase,
which strongly suggests that these effects induce growth inhi-
bition in Jurkat T cells. Furthermore, we showed that CA-AhR-
induced growth inhibition is mediated by both XRE-dependent
and -independent mechanisms, using an A7T8D mutant of the
CA-AhR. With regard to the XRE-dependent mechanism, our
results demonstrate that CA-AhR induces expression changes
in genes related to apoptosis and cell eycle arrest. On the other
hand, the XRE-independent growth inhibition, which is caused
by the A78D mutant of the CA-AhR, may result from the
interaction between CA-AhR and its target molecules. For in-
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stance, it has been reported that RB specifically interacts with
both an LXCXE motif in PAS B of the AhR and the C-terminal
region of the AhR and that their direct interaction inhibits

=" caspase 8
c-jun

+' Fas
cyclin G2
p2wafi
c-myc
GADD34
CDA1

i [L-9 receptor
DUSP6
GADD45A

TGF-[B receptor i

f-actin

Fic. 7. CA-AhR induces expression changes of genes related to
apoptosis and cell cycle arrest by an XRE-dependent mecha-
nism. The expression vector for either CA-AhR-GFP, A78D-GFP, or
GFP alone was transiently transfected into Jurkat T cells using DM-
RIE-C reagent. Two days after the transfection, GFP-positive cells were
gorted using a FACSVantage SE. Total RNA was isolated from the cells,
and gene expression was analyzed using an Affymetrix GeneChip.
Cenes related to apoptosis and cell cycle arrest were collected from the
genes that showed at least a 2-fold change in gene expression in the
cells expressing CA-AhR-GFP, as compared with the cells expressing
GFP alone, and the expression changes of these genes were confirmed
by semiquantitative RT-PCR.
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E2F-driven gene expression, leading to G, arrest (7, 8, 38).
Although the CA-AhR protein lacks a PAS B region containing
an LXCXE motif, it possesses the ability to specifically interact
with RB through the C-terminal region. The semiquantitative
RT-PCR data in our present and previous study (19) suggest
that the CA-AhR was expressed in Jurkat T cells at a much
higher level than the native AhR in mousé thymocytes and
splenocytes. Therefore, we also cannot rule out the possibility
that the XRE-independent growth inhibition was due to arti-
factual effects, such as stress response, of overexpression of the
AhR protein in the nucleus. Further studies will be needed to
elucidate the mechanism of XRE-independent growth
inhibition. v

The gene expression analysis suggests the involvement of
several signaling pathways in the growth suppression of Jur-
kat T cells. The increase in Fas and caspase 8 transcripts by
CA-ALR suggests that the Fas signaling pathway is involved in
the CA-AhR-induced apoptosis. In agreement with our present
data, previous studies using mice having a deficiency in the Fas
signaling pathway have shown that TCDD decreases the cell
number of anti-CD3-activated T cells through a Fas signaling
pathway (39, 40}, The study by Zeytun et al. (40) reported that
Fas ligand was up-regulated in the spleen cells of mice exposed
to TCDD. However, CA-AhR did not increase the expression
level of Fas ligand in Jurkat T cells. This discrepancy between
our study and that of Zeytun et al. suggests that TCDD-induced
up-regulation of Fas ligand is due to the effect on non-T cells in
spleen cells. As another apoptosis-related gene, we found that
CA-AhR increases TGF-8 receptor II transeript. The TGF-8
signaling pathway has been reported to induce apoptosis and
eell cycle arrest in T cells (36). Although CA-AhR induces no
changes in the expression level of the TGF-g family (TGF-81,
B2, and #3) in Jurkat T cells (data not shown), the up-regula-
tion of TGF-B receptor II by AhR activation in T cells may cause
an inerease in their susceptibility to TGF-8. CA-AhR also reg-
ulated a number of genes related to cell eycle arrest. We found
that CA-AhR induces expression changes of genes involved not
only in G, arrest (cyclin G2 and c-Myec) (28, 37) but also in Gy
arrest (GADD45A) (29), in both G, and G, arrest (p21¥*7) {30},
and in multiphase cell cyele arrest (CDAL) (31). Through a cell
cycle analysis, we showed that CA-AhR induced the accumula-
tion in the Gy phase by culturing for 2 days after sorting.
However, further accumulation in the G, phase was not found
by culturing for 4 days after sorting. These results may suggest

Taste II
Relative-fold induction of CA-AkR-regulated genes in the XRE-dependent and -independent fushion
Gene expression changes by CA-AhR were examined by Affymetrix GeneChip analysis, and genes related to apoptosis and cell cycle arrest with
at least two-fold changes in CA-AhR-GFP-transfected cells, as compared with GFP-alone transfected cells, were selected. Relative expression levels
of the selected genes in cells expressing either CA-AhR-GFP or A78D-GFP were determined by semiquantitative RT-PCR.

Description Change® Functions CA-ARR, change® A78D, change®
-fold
Caspase 8 Up Apoptosis 1.72 0.76
c~Jun Up Apoptosis 142 0.85
Fas Up Apoptosis 2.66 0.62
Cyclin G2 Up G, arrest 2.20 0.78
c-Myc Down G,/S transition 0.29 0.75
GADD45A Up G, arrest 1.30 071
p21wefd Up G, arrest and G, arrest 1.98 119
CDAl : Up Growth arrest 2.36 0.73
I1-9 receptor Up Growth arrest ™ 4.79 1.33
DUSPs Up Apoptosis and growth arrest 3.00 0.57
GADD34 Up Apoptosis and growth arrest 2.18 0.69
TGF-B receptor IL Up Apoptosis and growth arrest 1.79 0.89

3 Gene expression changes were determined by Affymetrix GeneChip analysis. N
® Relative gene expression level was determined in cells expressing CA-AhR-GFP, as compared with cells expressing GFP alone, by semiquan-

titative RT-PCR.

 Relative gene expression level was determined in cells expressing AT8D-GFP, as compared with cells expressing GFP alone, by semiquanti-

tative RT-PCR.
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that CA-AhR causes alteration of the G,/S transition at an
early stage and then inhibits cell cycle progression at various
stages of the cell cycle.

With regard to how CA-AhR regulates the transcription of
these genes, a search for the human genome sequences of the
NCBI demonstrated that the §'-flanking regions of GADD34,
IL-9 receptor, CDA1, and c-Jun genes contain the core consen-
sus sequence of XRE (3'-TNGCGTG-3' or 5'-CACGCNA-3"),
suggesting that these genes are directly regulated by activated
AhR through the XRE, whereas other genes seem to be regu-
lated by indirect mechanisms. The expression of Fas,
GADD45A, p21*%7, and caspase 8 are known to be up-regu-
lated by the activation of p53 (41, 42). Recently, it has been
reported that GADD34 induces phosphorylation of p53 and
enhances p21*°7 expression (35). Likewise, CA-AhR may up-
regulate genes such as Fas, GADD45A, and caspase 8 through
inducticn of GADD34 and following p53 activation. In addition,
it has been reported that the induction of CYP1A1 causes DNA
damage (43}, probably leading to the activation of p53. There-
fore, this p53-dependent pathway may be involved in CA-AhR-
induced apoptosis and cell cycle arrest.

Previous studies have reported that TCDD induces apoptosis
in AhR-null T cell clones, including Jurkat T cells, in an AhR-
independent manner (20, 44). However, Jurkat T cells used in
this study were not susceptible to apoptosis even in the pres-
ence of 10 nv TCDD (data not shown). Although the reason for
the discrepancy is unclear, our results well indicate that acti-
vated AhR is essential for the inhibition of T cell growth by
TCDD, in agreement with the findings that AhR expression is
indispensable for TCDD-induced immunosuppression in vive
(10, 11).

In summary, we demonstrated that CA-AhR induces the
growth inhibition of Jurkat T cells, with an increase in apopto-
sis and the accumulation of the cells in the Gy phase. Further-
more, we showed that both XRE-dependent and -independent
mechanisms are involved in CA-AhR-induced growth inhibi-
tion and that CA-AhR regulates the expression of several genes
related to apoptosis and cell cycle arrest in an XRE-dependent
manner. Further studies will aim to identify target gene(s) and.
protein(s) mainly responsible for the inhibition of T cell growth
by the XRE-dependent and -independent mechanisms. CD4™
helper T cells play an important role in both humoral and
cellular immunity, where TCDD inhihited the increase in the
number of CD4™ T cells, following immunization (16, 45}. The
present data may provide a mechanism for the suppression of
both humoral and cellular immunity.
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LIVER BIOLOGY AND PATHOLOGY

Activation of Hepatic Nrf2 In Vivo by Acetaminophen
in CD-1 Mice

Christopher E. P. Goldring,! Neil R. Kitteringham,' Robert Elsby, Laura E. Randle,! Yuri N, Clement,?
Dominic P. Williams,! Michael McMahon,? John D. Hayes,? Ken Itoh,* Masayuki Yamamoto, and B. Kevin Park!

The transcription factor NE-E2-related factor 2 (Nrf2) plays an essential role in the mammalian
response to chemical and oxidative stress through induction of hepatic phase II detoxification
enzymes and regulation of glutathione (GSH). Enhanced liver damage in Nrf2-deficient mice
treated with acctaminophen suggests a critical role for Nrf2; however, direct evidence for Nirf2
activation following acetaminophen exposure was previously lacking. We show that acetamino-
phen can initiate nuclear translocation of Nrf2 in vive, with maximum levels reached after 1
hour, in a dose dependent manner, at doses below those causing overt liver damage. Furthermore,
Nrf2 was shown to be functionally active, as assessed by the induction of epoxide hydrolase, heme
oxygenase-1, and glutamate cysteine ligase gene expression. Increased nuclear Nrf2 was found to
be associated with depletion of hepatic GSH. Activation of Ntf2 is considered to involve disso-
ciation from a cytoplasmic inhibitor, Kelch-like ECH-associated protein 1 (Keapl), through a
redox-sensitive mechanism involving either GSH depletion or direct chemical interaction
* through Michael addition. To investigate acetaminophen-induced Nrf2 activation we compared
the actions of 2 other GSH depleters, diethyl maleate (DEM) and buthionine sulphoximine
(BSO), only 1 of which (DEM) can function as a Michael acceptor. For each compound, greater
than 60% depletion of GSH was achieved; however, in the case of BSQO, this depletion did not
cause nuclear translocation of Nrf2. In condusion, GSH depletion alone is insufficient for Ntf2
activation: a more direct interaction is required, possibly invelving chemical modification of
Nrf2 or Keap1, which is facilitated by the prior loss of GSH. (HepaToLogy 2004;39:1267-1276.)

he cellular defense response to chemical or oxida-

I tive stress is characrerized by a coordinated induc-
tion of phase II drug-metabolizing enzymes and
glutathione (GSH) synthesis, which protect the cell
through the elimination of electrophiles and reactive ox-

-----
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ygen species (ROS).12 Central to this transcriptional re-

" sponse is a common DNA sequence found within the

promoter regions of these phase Il genes, which is referred
to as the antioxidant (or electrophile) responsive element
(ARE/EpRE).24

The ARE, first identified in the upstream regulatory re-
gion of the rat GSTAZ gene,? was found to respond to oxi-
dative stress.¢ The resemblance of the consensus ARE to the
DNA eis element recognized by nuclear factor-erythroid 2
(NF-E2),7 aligned with the discovery of a subset of basic
leucine zipper (bZip) transcription factors known as the cap
‘n’ collar proteins that presendy comprise the NF-E2-related
factors 1, 2, and 3 (Ntfl, Ntf2, and Nf3), and Bachi and
Bach2, revealed a family of ARE-interacting factors, Studies
using forced expression of Nif2 have demonstrated this bZip
protein to be a funcdonally critical component for ARE ac-
tivaticn.®-"! Gene deletion studies have also shed light on the
importance of Nrf2 in driving the antioxidant transcrip-
donal response.12-1? '

Under nermal homeostatic conditions, Nrf2 is be-
lieved to reside predominantdy wichin the cytoplasm of
the cell. Activation of Nrf2, which initially depends on its
nuclear translocation, has been postulated to occur
through a number of signal transduction pathways (fora_
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review, see Kong et al.'6). Intriguingly, it has been shown
thac Nrf2 is prevented from accessing the nucleus through

tethering to an inhibitor protein, Kelch-like ECH-associ-

ated protein 1 (Keapl).1718 Recent work has shown that

.the inhibitory mechanism is probably via the ability of
Keapl to direct Nrf2 for proteosome-mediated degrada-

tion under conditions of normal cellular homeosta-

sis.19-21 Although the wiggering mechanism for the

uncoupling event is not known, it has been postulated to

depend on 1 or more reactive thiol groups in the Keapl

molecule.'” Since all ARE inducers react with sulfhydryl
groups, it has been suggested that Keapl could be a can-

didate cellular xenobiotic sensor/trigger.22

Acetaminophen (paracetamol) is a human hepatotoxin

at high doses and is still associated with several hundred

deaths a year in both the United States?® and the United

Kingdom.?¥ At therapeutic doses, toxicity is an extremely

rare event. Despite over 30 years of rescarch into its mech-

anism of toxicity, the precise biochemical basts remains

unknown.?? The role of metabolic activation in acetamin-

ophen hepatotoxicity has been confirmed by studies with

cytochrome P450 knockout mice,2627 and it has been

proposed that an elecrrophilic species, N-aceryl-p-benzo-
quinoneimine (NAPQI), undetlies the tissue damage ob-

. served. NAPQI can react direcdy with protein and
nonprotein thiols, and GSH depletion is a hallmark of
acetaminophen poisoning.?® This process occurs remark-
ably rapidly with protein adducts being detectable in
mouse liver within 15 minures of an inrraperitoneal (IP)
dose of acetaminophen.?® Furthermore, the formation of
INAPQI may be associated with the generation of ROS
-and oxidative stress, and this has been suggested as a pri-
mary cause of the liver damage,*-%2 although several
other mechanisms have also been implicated. Depressed
mitochondrial function agpravated by the formaton of
peroxynitrite from superoxide and nitric oxide, together
with distupted calcium homeostasis are also believed to be
involved in acetaminophen-induced liver injury (for re-
views, see Cohen et al.*! and Jaeschke et al.?2). Two inde-
pendent studies with gene knockout mice have shown
that acetaminophen hepatotoxicity is exacerbated in the
absence of Nif2,1433 suggesting that the antioxidant re-
sponse is activated by exposure to acetaminophen and
affords protection. However, it has not yet been demon-
strated whether acetaminophen treatment iz vivo actually
results in Nrf2 activation, Here we report that adminis-
tratton of acetaminophen to mice does indeed result in

increased nuclear levels of Nif2 in the liver, consistent
with a pronounced nuclear translocation of Ntf2 from the

cytoplasm. Furthermore, we have investigated the fune-

tionality of Ntf2 activation by demonstrating increased

expression of several downstream Nrf2 target genes.

HEPATOLOGY, May 2004

Materials and Methods
All chemicals were purchased from Sigma {Poole, UK)

unless otherwise stated.

Animals were obrained from Charles River (Margate,
UK). All experiments were undertaken in accordance
with criteria outlined in a license granted under the Ani-
mals (Scientific Procedures) Act of 1986 and approved by
the Animal Ethics Committee of the University of Liver-
pool.

Dosing Regime. Nonfasted animals were dosed 25 de-
scribed previously.?¢ Briefly, male CD-1 mice (25 - 35 g)
were administered a single IP dose of acetaminophen (50,
150, 300, 530, 700, and 1000 mg/kg in 0.9% saline),
diethyl maleate (DEM; 2.35, 4.7, and 7.05 mmol/kg,
administered in comn oil), or buthionine sulfoximine
(BSO; 7.2 mmol/kg in 0.9% saline), Untreated animals
or animals treated with vehicle alone were used as con-
trols. Various concentrations of acetaminophen in saline
{15 mg/mL for the 30 and 130 mg/kg doses and 30
mg/mL for the 300, 530, 700, and 1000 mg/kg doses),
DEM in'corn oil (0.622 mol for each of the doses) and
BSO in saline (1 mol) were prepared. The volumes in-
jected in the acetaminophen studies varied from 100 pL
to 1000 pL, and an equal volume of saline was injected
into each of the vehicle control groups. For the DEM
studies, 100 uL 1o 300 pL of DEM in corn oil was in-
jected; 100 pL of corn ofl was injected into the vehicle
control mice. For the BSO study, equal volumes of saline
or B8O in saline (approx 200 pL) were injected into the
mice. At various time points after dosing, the animals
were killed by cervical dislocation and the livers were re-
moved immediately and rinsed in 0.9% saline.

Determination of Serum Alanine Transaminase
Levels. Blood was collected 5 hours (acetarninophen
treatment) or 24 hours (DEM treatment) after treatmene
by cardiac puncture from a satellite group of 2 animals
(acetaminophen treatment) or 4 animals (DEM treat-
ment} included with each of the doses investigated. The
blood was stored at 4°C and allowed to clot overnight
prior to isolation of serum. Serum alanine transaminase
(ALT) levels were determined using ThermoTrace Infin-
tty ALT Liquid stable reagent (Alpha Labs, Eastleigh,
UK}, according to the manufacturer’s instructions. Hep-
atotoxicity was considered to be indicated at levels of ALT
greater than 200 IU/L, which in our experience are asso-
ciated with whole organ manifestations of toxidity.

Determination of Hepatic Reduced GSH Levels.
Heparic GSH was determined using a microtiter plate assay
according to the method of Vandeputte et 2.3 The GSH
levels were calculated by subtracting the amount of glutathi-
one disulfide from the amount of total GSH in each sample.
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Nuclear Extractions. Mouse hepatic nuclear protein
extractions were carried out on fresh, homogenized tissue,
using the classical Dignam procedure, as described previ-
ously,?637 with the exception of the nuclear extracts pre-
pared from the acetaminophen- and BSO-treated mice
used for Western analysié. For these samples, the whole
nuclei prepared by the conventional cenaifugation steps
as outlined in the Dignam method were solubilized at 4°C
for 10 minutes in a radic-immunoprecipitation assay
(RIPA) buffer (Dignam lysis buffer containing 1% so-
dium deoxycholate and 0.1% sodium dodecyl sulfate
(SDS) (wi/vol)) and centrifuged at 14,000¢ for 10 min-
utes at 4°C. The supernatants were removed and stored at
—80°C prior to analysis. Separate extracts were prepared
using the conventional (Dignam} 0.35 mol NaCl nuclear
protein extraction for the DEM-treated samples.

Western Analysis. Hepatic Nif2 nuclear translocation
was determined by Western blot analysis. Briefly, nuclear
extracts (25 pg of protein) were separated by denaturing
electrophoresis on premade 10% or 12% Nupage Novex
Bis-Tris pels (Invitrogen, Paisley, UK) using 3-(N-Morpho-
lino} propane sulfonic acid (MOPS)-SDS running buffer
and subsequently transferred eo nitrocellulose membranes.
After incubation in blocking buffer (109% fat-free milk in
Tris-buffered saline (TBS, pH 7) containing 1% Tween 20)
for 0.5 hours, membranes were incubated with a rabbit and-
Nrf2 antiserum?! at 1:4000 in TBS-Tween containing 2%
mitk for 1 hour. To ensure equal loading and transfer in the
Western analysis of nuclear extracts, membranes were rou-
tinely stained using Ponceau Red. Following multple
washes with TBS-Tween, the secondary antibody was added
(peroxidase-conjugated goat anti-rabbit immunoglobulin
G; 1:4000 in TBS-Tween containing 2% milk). Visualiza-
tion of the protein-antibody conjupate was performed using
enhanced chemiluminescence, and band volumes were
quantfied by UVISoft software (UVTTech, Cambridge,
UK).

Northern Analysis. Heme oxygenase-1 (HO-1), glu-
tamate cysteine ligase caralyrie subunit (GCLC), and mi-
crosomal epoxide hydrolase (mEH) messenger RNA
{mRNA) levels were determined by conventional North-
ern blot analysis. The 188 ribosomal RNA band was used
as the internal conrrol.

Statistical Analysis. Results are expressed as mean *
standard deviation. All values to be compared were ana-
lyzed for nonnormality using the Shapiro-Wilk test and
for equivalence of variance between groups with the F
test. Student’s unpaired # test was used where parametric
analysis was indicated; otherwise, the Mann-Whitney test
was used. Results were considered significant when P val-
ues were less than .05.

GOLDRING ET AL. 1269

Results

Acetaminophen Administrarion Triggers Nrf2 Nu-
clear Translocation In Vivo. Activation of Nrf2 was
determined by Western analysis of nuclear extracts from
liver homogenate prepared from CD-1 mice treated with
a range of acetaminophen doses. Acetaminophen resulted
in a pronounced increase in nuclear Nrf2, consistent with
enhanced nuclear translocation. Ideally, this translocation
would be monitored as the appearance of the Nrf2 protein
in the nuclei concomitant with a decrease in the protein in
the cytosol. In fact, we were unable to detect Nrf2 in liver
cytosolic fractions from any of the control or treated ani-
mals. This is not unexpected given that Nif2 is known to
be constitutively degraded prior to activation, at which
point the protein migrates to the nucleus.’®~2! Further-
more, we have ruled out the possibility that the chemicals
tested in this study might interact with the Nrf2 protein
to enhance its immunogenicity in our assay by incubating
N1f2 with NAPQI (the reactive metabolite of acetamin-
ophen) and DEM in vitro: the Nrf2 signal did not change
after treatment (data not shown). Fig. 1A shows a repre-
sentative Western blot of nuclear extracts obtained from
animals treated with 700 mg/kg acetaminophen and ve-
hicle controls. The induced Nif2 protein is identified in
the treated nuclei by the inclusion of a co-migrating
mouse Nrf2 positive control. Nrf2 positive control was
also spiked into several putative Nef2-induced nuclear
extracts to confirm the probable identity of the induced
band (data not shown). The nonspecific bands were
revealed as abundant liver proteins by the use of Pon-
ceau Red staining. Nrf2 nuclear translocation was ob-
served in each of the 5 treated animals compared to the
vehicle-treated controls at and above a dose of 150
mg/kg acetaminophen (Fig. 1B). This occurred at each
of the doses within 60 minutes after acetaminophen
administration. Only low levels of nuclear Ntf2 were
detected in the control animals from any of the treat-
ment groups.

Translocation of Nrf2 was not obviously associated
with the toxicity of the acetaminophen dose, atleast as
assessed by plasma ALT levels (Fig. 1B), where we have
assumed hepatotoxicity at ALT values above 200 IU/L
in our 5-hour satellite treatrment groups. In our expe-
rience, ALT levels above 200 IU/L are associated with
severe overt toxicity. Nuclear Nef2 was increased above
control levels ar both nontoxic and toxic doses, al-
though nuclear Nrf2 levels were highest at the 2 most
toxic doses.

To define the reladionship between the extent of Nif2
nuclear translocation and the dose of acetaminophen, we
pooled the 5 nuclear extracts obtained at each dose and
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Fig. 1. Acetaminophen induces nuclear translocation of Nit2 inde-
pendently of hepatotoxicity. Acetaminophen, of saline vehicle alone, was
administered IP to CD-1 mice. After 60 minutes, animals were killed and
whole liver nuclei prepared, washed, and extracted, Extracts (25 ug)
representing liver nuclear proteins obtained from individual animals wera
separated by electrophoresis, alongside a mouse Nrf2-transfected 293T
cell extract positive control (P) and analyzed by Wester blotting, (A) A
representative gel showing Nif2 transiocation at 700 mg/kg is shown in
full. (B) A close-up image of the gel in the region atound the correct
migration of Nif2 is shown at each dose, Each of the analyses was
pesformed at least twice and yielded similar results. The toxicity of each
of the doses of acetaminophen is also shown, as assessed by an ALT
toxicity assay, carried out on a satellite group of 2 animals per treatment,
5 hours after dosing. APAP, acetaminophen. .

subjected these to Western analysis (Fig. 2A). The means

of data from 3 separate analyses were then plotted against.

the treatment dose of acetaminophen. The error bars rep-
resent the SD obtained within each of the treatment
groups in the analyses shown in Fig. 1B and therefore are
representative of the interanimal variation in nuclear
Nrf2. The amount of Nrf2 present in the nuclear fraction
was found to be linearly associated (P << .0001} with the
dose of acetaminophen administered, from nontoxic
through to toxic doses {Fig. 2B).

Diethyl Maleate Administration Triggers Nrf2 Nu-
clear Translocation In Vivo. The direct relationship be-
rween dose and nuclear Nrf2 obtained with acetaminophen
indicated that hepatotoxicity as assessed by ALT determina-
tion was not required to cause Nrf2 activation i vive. To
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confirm this observation, we employed the model com-
pound DEM, which is equally as effective as acetaminophen
in depleting GSH but lacks its ability to elicit elevated serum
transaminases, indicative of liver damage, at the doses used in
this study. Treatment of mice with DEM for 60 minutes
resulted in hepatic Nrf2 nuclear translocation (Fig. 3A). This
translocation was significandy different from commn oil control
values at the 4.7 mmol/kg (236 % 31% of corn oil controls;
P < 0005} and 7.05 mmol/kg (652 £ 55% of com il
controls; P < .0001) doses of DEM. No toxicity was
seen at any of the doses of DEM used, as judged by the
24-hour ALT dara (ALT data: 2.35 mmol/kg = 28 &
21 U/L; 4.7 mmol/kg = 26 % 17 U/L; 7.05 mmol/
kg =17 * 5.7 U/L).

Acetaminophen and Diethyl Maleate Treatment
Induces Maximal Nuclear Nif2 Levels 60 Minutes
After Treatment. In order to understand better the
nature of the nuclear Nrf2 response to acetaminophen
and DEM, we carried out time course studies over a
48-hour period. Both treatments elicited significantly
increased levels of nuclear Nrf2 after just 30 minutes
(Fig. 4), maximum levels being attained after approxi- -
mately 1 hour. Thereafter, nuclear Nrf2 levels dropped
in both treatments. N1f2 had returned to control levels
between 2 hours and 24 hours after treatment with
DEM; this process was slower in the acetaminophen-
treated mice, in which baseline levels were reached after
approximately 48 bours.

Nrf2 Nuclear Translocation In Vivo Is Function-
ally Relevant as Assessed by Northern Blotting of
Nif2-Dependent Genes. Messenger RNA levels of 3
genes, HO-1, GCLC, and mEH, known to be transcription-
ally dependent on Nrf2,1° were analyzed in livers of mice
treated with acetaminophen or DEM. Ar a dose of 530
migfkg of acerarninophen, at which we observed an approx-
imately 4-fold increase in huclear Nrf2 (Fig. 2), mRNA lev-
els of mEH, GCLC, and HO-1 were significantly increased
60 minutes after drug administration compared with vehi-
cle-treated controls (Fig. SA). This confirms that the Nif2
translocation observed was functionally significant. We also
assessed the effect of ranslocation of Nif2, at the highest and
lowest doses of acetaminophen that affected nuclear accu-
mulation of the bZip protein, on the expression of these
genes. Interestingly, at the 150 mg/ke dose, which was the
lowest dose that promoted Nif2 translocation, only the
HO-1 mRNA was significantly increased (Fig. 5B). At the
1,000 kg dose, there were no significant differences between
the treated and control groups in the mRNA expression of
HO-1, GCLC, or mEH (Fig. 5C). We also assessed these
genes after administration of 7.05 mmol/kg DEM to check
that the effects we observed with acetaminophben were not
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Fig. 2. Acetaminophen induces Nif2 nuclear translocation in vivo in a linear fashion. Acetaminophen, or saline vehicle alone, was administered
IP to CD-1 mice. After 60 minutes, animals were killed and whele fiver nuclef prepared, washed, and extracted. Extracts (25 ug) were pooled and
separated by efectrophoresis as described In Fig 1, The analysis was performed 3 times. (A) (top) A representative gel is shown, Membranes probed
for Nif2 by Western blotting were always reversibly stained using Ponceau Red stain prior to blocking and antibody probing. This ensured equal loading
of total nuclear protein onto each gel and provided a means for monitoring the integrity of the nuclear extracts from each of the treatment groups.
A typical stained membrane is shown and is identical to the membrane probed for Nif2, The staining shows little difference between the treatment
groups with respect to the pattern of abundant nuclear proteins detectable using this technique. The gels were densitometrically scanned, and the
amount of nuclear Nif2 was detemmined as a percentage of the vehicle-treated animals. (B} The means of these determinations were then plotted
against the dose of acetaminophen administered. The error bars represent the SD of the data (n = 5) for each of the treatment groups as calculated
from the densitometry of Nif2 in each of the nuclear extracts from each group in discrete Westemn analyses, as shown in Fig, 1B, SD values have
been normalized 1o each of the data points to give an estimate of the interanimal variation within each group.

chemical-specific. In facr, the mRNAs of 2 of these genes, Translocation of Nrf2 to the Nucleus Is Associated
HO-I and GCLC, were numerically increased upon DEM  With Levels of Heparic GSH but Also Requires Chem-
reatment (Fig. 5D), suggesting that the Nrf2 anslocation  éeal Modification of Sensor Protein(s). Since both
observed with DEM is also functionally significant. acetaminophen and DEM are known to deplete GSH, the
primary antioxidant in the liver, the relationship berween
hepatic GSH and Nrf2 nuclear translocation was investi-
24h ALT data (alf doses hontoxic) gated. We measured hepatie GSH at each of the doses of
Salire tontrols P 235 mmolkg P 4.7 mmolikg acetarninophen and DEM used to investigate transloca-
" e R T e i ton, 60 minutes after administration. Fig. 6A shows that
nuclear Ntf2 translocation may be associated with GSH
for both acetaminophen and DEM treatment; however,
Saline contrls P 7.05 mmolikg the nature of the relationship appears to be nonlinear.
‘ R — The reladonship between Nrf2 nuclear translocation
and GSH depletion was also expressed relative to the dose
Fig. 3. Nontoxic doses of diethyl maleate (DEM) Induce Nif2 nuclear of aceraminophen administered. As shown in Fig. 6B,
translocation in vivo. DEM, with time-matched controls, was administered  Small increase in Nrf2 translocation is seen when GSH is
1P to CD-1 mice {n = 4 for each dose plus controls), After 60 minutes, dgp[(:tcd to 30% of its inital level. This increase is much

animals were killed and whole liver nuclei prepared, washed, and s Q
extracted. Extracts (25 prg) representing liver nuclear proteins obtained mote dramatic when GSH falls below 30%.

from individual animals were separated by electrophorsis, alongside a Finally, the association between Nlﬂ activation and
mouse Nif2-transfected 2937 cell extract positive control (P), and ana-  GSH levels was further investigated using another GSH-

lyzed by Westem blotting. The analyses wete perfommed twice, and  Jopled agent, BSO. BSO i hibits GCLC, the rate-limit-
representative gels are shown here. The gels were densitometrically cplenng ot ¢ rare-limi

'scanned, and the amount of nuctear Nif2 was determined as a percent- ing enzyme in GSH synthesis, leading to a fall in hepadc
age of the time-matched control animals. GSH, but it does not possess the a,B-unsacurated ketone
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Fig. 4. Acetaminophen and diethyl maleate (DEM) treatment in vivo
elicits enhanced hepatic nuclear Nif2 within 30 minutes. Acetaminophen
(530mg/kg in saline) and DEM (4.7 mmol/kg in corn oit) were admin-
istered IP to CD-1 mice (n = 3 ot 4 for each time point}). After the time
polnts indicated, the animals were kitled and whole liver nuclei prepared,
washed, and extracted. Bxtracts (25 ug) representing liver nuclear
proteins obtained from individual animals were separated by electro-
phoresis and analyzed by Western blotting, Each analysis was performed
twice. Membranes were routinely verified for equal sample loading and
equal transfer effictency by using Ponceau Red staining. In all cases,
values are the means * 5D of a representative experiment from dupli-
cate determinations. For all data, values are expressed as a percentage
of the zero time-poiat control value, indicated by the broken line.
Statistical significance was assigned relative to untreated control animals
as defined in Materials and Methods, *P < .05; **P < 01,

motf characteristic of a funcdonal Michael acceptor, and is
thus unable to modify proteins chemically, as is the case for
acetaminophen and DEM. Treatment of mice (n = 5} with
BSO for 1 and 2 hours resulted in 60% and 56% depleton
in hepatic GSH, respectively. When we assayed levels of

hepatic nuclear ranslocation of Nrf2 in these animals, no
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increase in either of the sets of BSO-treated animals was
observed compared to the time-matched control group (data
not shown). It therefore appears that, although Nif2 activa-
tion is probably associared with GSH depletion, this alone is
insufficient to trigger the event.

Discussion

The central and critical role played by Nrf2 in coordi-
nating the mammalian cellular defense response to a va-
riety of noxious and potentially harmful stimuli has
become increasing well established over the last 10 years.
It is now widely accepred thar the redox sensitive regula-
tion of this bZip transcription factor represents a conver-
gence point for muldple stress-activated signaling
pathways and results in the coordinated up-regulation of
a battery of antioxidant proteins involved in eellular de-
fense.238 The involvement of Nrf2 in defense against
chemical-induced stress is largely based on i vitre studies
in cell lines, in which nuclear translocation has been
cleatly demonstrated following exposure to a variety of
chemicals, including tertiary butyl hydrequinene,® buty-
lated hydroxy anisole,% and DEM,4! though not to acet-
aminophen. In contrast, there is a paucity of dara
demonstrating chemically induced Nif2 activadon in
vive. To our knowledge, the only documented evidence
for Nef2 translocation in wivo is that describing mouse
hepartic nuclear Nif2 after treatment with 3H-1,2-dithi-
ole-3-thione*? and a related compound, oltipraz.®* Thus,
the clear demonstration in the current study that acer-
aminophen administration to mice elicits a pronounced
elevation of nuclear Ntf2 levels represents direct evidence
for such activadon in either an iz véwe or an 7 vitre model
systent. Moreover, these data indicate thar the nuclear
translocation of Ntf2 #n vive is associated with levels of
GSH, and thus the redox status, but is also dependent on
the presence of chemical species with inherent protein
reactivity. This follows from the observaton that al-
though acetaminophen, DEM, and BSO all depleted
GSH to a similar extent, only DEM (a Michael acceptor)
and acetaminophen (which is converted to the Michael
acceptor NAPQI) elicited a rise in nuclear Nif2.

The functional significance of the rise in nuclear Nrf2
was investigated by Northern analysis of 3 unrelated genes
that have previously been characterized as downstream
targets for Nif2. Transcription of all 3 genes, HO-1,
GCLC, and mEH, was enhanced in line with Nrf2 activa-
tion; however, there appeared to be different threshold
levels of nuclear Nrf2 required for transcriptional activa-
tion in each case. Thus, there was a hierarchical order of
induction, with HO-1 being the only gene induced at the
nontoxic 150 mg/kg dose, while all 3 genes were induced
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Fig. 5. Translocation of Nif2 to the nucleus is functionally relevant a

s assessed by Northern blotting of Nif2-dependent genes. Acetaminophen,

or saline vehicle alone, and diethyl maleate {DEM), with time-matched controls, were administered 1P to CD-1 mice (n == 5). After 60 minutes, animals

wete killed and the liver was removed and washed. Whole liver RNA wa
each animal), employing gene-specific probes comesponding to mouse m
SD. For all data, values are standardized against 185 rbosomal RNA. 3
defined in Materials and Methods. *P <C .05; **P < .01; ns, not sign

at the 530 mg/kg dose, which is a threshold dose for overt
liver damage. Interestingly, none of the 3 Nrf2-regulated
genes was induced at the highest (1000 mg/kg) dose de-
spite the marked Nrf2 nuclear translocation occurring at
, this dose. Presumably, the level of toxicity associated with
this dose results in such widespread cellutar malfunction-
ing that the machinery involved in gene transcription and
mRNA synchesis is itself impaired. In fact, cell death
caused by acetaminophen may indicate that the toxic in-
sult has overwhelmed repair mechanisms, such as the

s extracted and analyzed using Northern blotting (25 pg of total RNA from
EH, HO-1, and GCLC mRNA sequences. [n all cases,values are the means %
tatistical significance was assigned relative to untreated contrel animals as
ificant.

Nrf2 response, either by causing irreparable damage to it,
or by causing other damage too great for the protective
responses to deal with effectively. Differential induction
of the 3 target genes was also observed with the single,
high (7 mmol/kg) but nontoxic, dose of DEM used in this -
study, at which HO-1 and GCLC were both significantly
up-regulated while mEH was unchanged. Thus, it ap-
pears that certain genes are more sensitive than others to
Nrf2 activation and are induced at lower Nrf2 nuclear
levels. Alternatively, since Nitf2 acts as a heterodimer to
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Fig. 6. Nrf2 nuclear translocation is associated with levels of hepatic
giutathione (GSH). Acetaminophen, or saline vehicle alone, and diethyl
maleate (DEM), with time-matched controls, were administered IP to
CD-1 mice. After 60 minutes, animals were killed and the liver was
removed and washed. (A) Hepatic GSH levels were determined and
plotted against Nrf2 translocation. (B} GSH depletion and Nif2 translo-
cation: were also expressed felative to the dose of acetaminophen, Data
are expressed as the mean * SD, where n = 5.

activate gene transcription, the differential induetion of
target genes observed may reflect their different prefer-
cnees with respect to alternative dimerization partners.
Precise characterization of the transcription factors re-
cruited by variant forms of the ARE may be required in
otder to elucidate and define the hierarchical order of
Nrf2 target gene transcription.

The linear response in Nrf2 translocation seen at the
different doses of acetaminophen contrasts with the non-
linear response in Nif2 when it is related to GSH. As
GSH is depleted to approximately 30% of control levels,
amodest increase in Nif2 translocation is observed up to
=200% of nuclear control levels (Figs. 6A and B). As
GSH drops further, much more pronounced rises are seen
in nuclear Nrf2. One could envisage a scenario in which
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depletion of GSH leads to increasing numbers of the re-
active cysteine residues in the cytosolic Ntf2 inhibitor
Keapl2 becoming available to be oxidized or covalently
modified (by the DEM molecule itself, or in the case of
acetaminophen, by its reactive metabolite, NAPQI). In
fact, the relationship we observe between Nrf2 wransloca-
tion and GSH depletion is very similar to the relationship
between hepatic covalent binding and GSH depletion
upon administration of acetamninophen first observed by
Mirchell et al. 4 This may be supportive of the notion that
covalent binding (possibly of Keapl) via Michael addi-
tion is the precursor to Nrf2 activation i zivo, alchough a
large number of cellular proteins that are adducted by -
acetaminophen have been identified®; it is also possible
that the modification of I or more of these may play arole
in triggering Nrf2 activation or other protective re-
sponses. Recent evidence suggests that there are 4 highly
reactive cysteines within Keapl.% These are located in the
intervening region between the 2 protein-binding do-
mains of Keapl; this increases the likelihood dhat they
may be available to act as sensots. The modification of
some or all of these residues would lead to steadily increas-
ing numbers of Nrf2 molecules translocating to the nu-
cleus. At a cerrain threshold, further oxidation/
modification of Keapl may lead to substantial loss of
associadon with Nrif2, enabling a wide-scale nuclear
translocation. Whether Keapl thiol modification occurs
directly, possibly through Michael addition, or indirectly
through preceding activation of upstream enzymes, is still
unresolved. Recent investigadons of the induction of
GCLC by indomethacin and related indole compounds
point to a role for NADPH (MTHER; 5,10-methyl-
enetetrahydrofolate reductase} oxidase in Keapl thiol ox-
idation, through generation of the superoxide anion.#”
Although the universality of this mechanism needs to be
clarified, formation of reactive oxygen species, including
superoxide, has previously been postulated to be a conse-
quence of acetaminophen metabolism,3? and this may
represent a further mechanism for Nrf2 activaton. Evi-
dence for a physiologically based mechanism for Nrf2
activation via covalent modification through Michael ad-
dition has recently emerged through studies on the pros-
taglandin J2 family of anti-inflammatory mediators.%
These cyclopentenone compounds are dehydration prod-
ucts of prostaglandin D2, and as such contain the a,f-
unsacurated ketone motif characteristic of Michael
acceprors. Several of their properties, such as induction of
glutathione S-transferases, are consistent with an interac-
tion with the Nrf2 system, and it has recently been shown
that they are indeed capable of the covalent modification
of the Keap1 protein.#?-5¢ It is our intention to explore the
possibility of direct modificadon of Keapl by NAPQI



