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Identification of a novel Nrf2-regulated antioxidant response element {ARE)
in the mouse NAD(P)H:quinone oxidoreductase 1 gene: reassessment

of the ARE consensus sequence

Paul NIOT*, Michael McMAHON*, Ken [TOH$, Masayuki YAMAMOTO+ and John D. HAYES*!
*Biomedical Research Centre, Ninewel!s Hospital and Medical School, University of Dundze, Dundee D01 8SY, Scotland, UK., and $Centre for Tsukuba Advanced Research Alliance

and Institute of Basic Medical Sciences, University of Tsukuba, Tsukuba 305-8577, Japan

NQO! [NAD(P)H:quinone oxidoreductase 1] has an integral role
in cellular responses to oxidative stress. The expression of NQO1
is up-regulated in the mouse following challenge with electro-
philic chemicals, in an Nrf2 (NF-E2 p45-related factor 2)-
dependent fashion, but the molecular basis for this observation
remains unexplained. Through characterization of the murine
ngol 5'-upstream region, we now show that Nrf2 regulates this
gene directly via an ARE (antioxidant response element) that lies
within a 24 bp region spanning nt — 444 to —421. A comprehen-
sive mutation study of this ARE revealed that it does not
conform to the currently accepted ARE consensus sequence [(5'-
TMARnRTGAYnnnGCRwwww-3, with essential nucleotides
shown in capitals); two cytosine residues (shown in bold in the
following sequence) that have been designated *‘n’ previously
because they were thought to be redundant (5'-gagTcACaGTgA-
GtCggCAaaatt-3") have now been found to be essential for en-
hancer activity; two guanines (also shown in bold) previously
regarded as essential for ARE function (5'-gagTcACaGTgA-
GtCggCAaaatt-3") have proven to be dispensable]. Examination

of wild-type and nrf27 mouse embryonic fibroblasts demon-
strated that Nrf2 is essential for both constitutive expression
of NQOI and its induction by sulphoraphane. Electrophoretic
mobility-shift and chromatin immunoprecipitation assays re-
vealed that Nif2 associates, in Iow amounts, with the ngol
ARE under constitutive conditions, and following sulphoraphane
challenge of cells, Nrf2 is recruited to the ARE in substantially
greater quantities, as a heterodimer with the small Maf (muscu-
loaponeurotic fibrosarcoma virus) protein, MafK. Also, MafK
was found to bind the ngo! ARE in an Nrf2-independent fashion,
and may contribute to transcriptional repression of the oxi-
doreductase gene. These findings allow a model for transcriptional
control of ngo/ through the ARE to be proposed. Furthermore, our
results indicate that distinct AREs have differential sequence re-
quirements, and a universally applicable consensus sequence
cannot be derived. ~

Key words: antioxidant, antioxidant response element, Maf pro-
tein, Nrf2, oxidative stress, quinone reductase, sulphoraphane.

* INTRODUCTION

Exposure of mammalian cells to electrophilic agents results in
adaptive changes in gene expression designed to afford pro-
tection against similar insult. This is best characterized by the
transcriptional activation of a ‘battery’ of genes encoding anti-
oxidant and/or detoxication enzymes. The net consequence of
this change in gene expression is an enhanced ability of the cell
to conjugate and excrete reactive chemical species, coupled with
an increased capacity to withstand oxidative stress 1], Genes
activated by such stimuli include those encoding the GST (gluta-
thione S-transferase) isoenzymes, GCLC (glutamate cysteine
ligase catalytic) and GCLM (glutamate cysteine ligase modu-
latory) subunits, HO-1 (haem oxygenase-1), ferritin and NQO1
[INAD(P)H:quinone oxidoreductase I].

NQO1 is of particular interest, because in the mouse it is
highly inducible by electrophiles and has key cytoprotective
functions. It is a flavoprotein that catalyses the obligatory two-
electron reduction of quinones, thereby inhibiting redox cycling
of xenobiotics. This action is coupled with a central role in main-
tenance of two powerful endogenous antioxidants, e-tocopherol-
hydroquinone and co-enzyme Q, in their reduced and active

forms [2,3]. The importance of NQO1 has been further defined
through germ-line mutagenesis studies. Mice lacking ngol are
substantially more susceptible to benzo[a]pyrene-induced skin
carcinogenesis, and exhibit a marked increase in toxicity to
menadione [4,5]. Furthermore, in humans, the NOO1*2 allele
(C60% — T) codes for an inactive and unstable form of NQO1, and
individuals carrying this polymorphism show a greater incidence
of certain cancers ([3], and references therein).

Evidence suggests that NQO1 plays an integral part in the
cytoprotective response invoked during electrophilic insult. Using
gene-knockout models, it has recently been demonstrated that the
cap ‘n” collar bZIP (basic leucine zipper) transcription factor
Nrf2 (NF-E2 p45-related factor 2) is essential for the tran-
scriptional activation of mouse ngol and other cytoprotective
genes following treatment with electrophilic cancer chemo-
preventive agents such as SUL (sulphoraphane), butylated hydro-
xyanisole and 1,2-dithiole-3-thione {6-11]. The molecular basis
for the electrophilic induction of murine ngo! and the Nrf2-depen-
dency of this phenomenon have not been reported, i

A common feature of the promoter regions of genes that
are induced by oxidative and electrophilic insult, in an Nif2-
dependent fashion, is the presence of a cis-acting sequence, the

Abbreviations used: ARE, antioxidant response element; bZIP, basic leucine zipper; ChIP, chromatin immunoprecipitation; EMSA, electrophoretic
mobility-shift assay, GST, glutathione S-transferase; GCLC, glutamate cysteine ligase catalytic; GCLM, glutamate cysteine ligase modulatory; HGMP,
Human Genome Mapping Project; LDH, lactate dehydrogenase; Maf, musculoaponeurotic fibrosarcoma virus; MEF, mouse embryonic fibroblast; NQO1,
NAD{P)H:quinone oxidoredustase 1; Nrf2, NF-E2 pa5-related factor 2; PAC, P1 artificial chromosome; RACE, rapid amplification of cDNA ends; SUL,

sulphoraphane.

1 To whom correspondencs should be addressed (e-mail john.hayes@cancer.'org.uk).
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ARE (antioxidant response element). AREs have been identified
in genes including mouse gstal, ho-I and Ferritin H [12-14],
rat GSTA2 and NQO! [15,16), and human NQO! and GCLC
{17.18). The ARE appears to confer a general transcriptional
sensitivity to induction by compounds capable of generating
oxidative stress within the cell [19]). The ‘core’ ARE consensus
sequence was originally defined, by mutational analysis of the
rat GSTA2 enhancer and comparison with the rat NOOIARE,
as comprising the sequence 5-RGTGACnnnGC-3" (where ‘0’
is used to denote residues considered to be redundant) [20].
Subsequent work suggested that the ARE is better represented
by an extended sequence, 5-TMANNRTGAYnnnGCRwwww-3',
where the ‘core’ is highlighted in bold [21].

Oxidative stress results in the nuclear accurulation of Nrf2
[22-26]. Gel-shift assays have shown that Nrf2 can bind ARE
sequences in vitro as a heterodimer with other bZIP factors, such
as small Maf (musculoaponeurotic fibrosarcoma virus) proteins,
and it is thereby hypothesized to direct gene expression [7].
Curiously, overexpression of small Maf proteins, e.g. MafK, is
generally associated with repression of ARE-driven transcription
[27-29]. :

The above findings infer that ngo! transcription may be under
the control of an ARE that is regulated by Nrf2, However, the
5'-upstream region of the mouse ngol gene has not been reported,
and it is not known precisely how Nrf2 influences expression of
the oxidoreductase gene. In the present study, the 5'-upstream
region of murine ngel has been cloned, and here we identify
a novel ARE that controls both constitutive and inducible gene
expression. A systematic mutational study of this element has
been undertaken that has highlighted significant differences
in sequence requirements of distinct AREs, and demonstrated
shortcomings in the predictive value of the consensus sequence.
Nucleotides within the ‘core’ ARE that were previously thought
to be degenerate are shown in this study to be fundamental to the
function of the element, and other bases regarded as essential for
its function were found to be dispensable. Evidence is presented
from analysis of nrf27* MEFs (mouse embryonic fibroblasts),
showing that Nrf2 is vital for constitutive and SUL-inducible
expression of NQO1. Nrf2 associates with the ngo! ARE under
constitutive conditions, and is recruited further, in markedly
higher amounts, as a heterodimer with MafK, following exposure
of cells to SUL. Interestingly, MafK was also found to bind
the ngo] ARE in an Nrf2-independent fashion, and it may be a
central regulator of this enhancer required for both transcriptional
activation and repression.

MATERIALS AND METHODS

Chemicals and reagents

All chemicals were of the highest quality grade, and were sup-
plied, unless otherwise stated, either by Sigma—Aldrich Company
Ltd, or by BDH Laboratory supplies. SUL (> 98 % pure) was ob-
tained from LKT Laboratories. Dimethyl pimelimidate was from
Pierce. Amersham Biosciences UK Ltd supplied all radioactive

isotopes used. Formaldehyde was purchased from Fisher Sci-

entific Ltd. Oligonucleotides were purchased from MWG Biotech
AG. Probes for TagMan® chemistry, labelled with a 5’ fluor-
escent reporter dye (6-carboxyfluorescein phosphoramidite) and
a 3’ quenching dye (6-carboxy-tetramethyl-rhodamine), were
synthesized by Cruachem Ltd. Trizol® reagent and all media
supplements for cell culture were purchased from Life Tech-
nologies Inc. Ltd. Unless stated otherwise, all antibodies used
were purchased from Santa Cruz.

© 2003 Biochemical Society

Cell culture

Mouse hepatoma Hepa-1clc7 cells (European Collection of
Animal Cell Cultures) were maintained in minimum essential
Eagle’s medium, with the Alpha modification (Sigma) sup-
plemented with 10 % (v/v) heat-inactivated fetal bovine serum,
50 units/ml penicillin/streptomycin mix and 2 mM L-glutamine.
Rat liver RL-34 cells (Japanese Cancer Research Resources
Bank) were grown in Dulbecco’s modified Eagle’s medium (Life -
Technologies Inc. Ltd) supplemented as described above. Wild-
type and Nrf2-null MEFs were prepared from nrf2*/* and nrf27*
mouse lines respectively [7], by the method of Tiemann and
Deppert [30]. MEF cells were maintained in BIOCOAT™
collagen-coated flasks (Becton Dickinson Labware), and grown
in medium supplemented with 10 ng/m! human recombinant
epidermal growth factor, 1 x insulin transferrin selenium and
10% (v/v) fetal bovine serum. All cell lines were maintained
at 37 °C and 5 % CO,.

It was established by using the MTT cytotoxicity test [31] that
the doses of SUL used to treat Hepa-1ctc7, RL-34 and MEF cells
did not affect their viability.

Plasmids

The 5'-upstream region of ngo! was amplified by PCR using
the oligonucleotides, 5'-CGCCTCGAGGCCTCTGAATACTTT-
CAACAA-3 and 5-GCGAAGCTTTCGGAGAGATCCTTAGG-
GCTG-¥ and cloned into the pGL3-Basic (Promega) luciferase
reporter vector to create — 1016/ngo5’-lic. A mammalian expres-
sion vector for murine Nrf2 was generated by PCR amplification
of the mouse ¢cDNA using the oligonucleotides, 5'-ATGATG-
GACTTGGGAGTTGCCACCGCCAGGACTAC-3' and 3-TC-
ACGTAGAATCGAGACCGAGGAGAAGGGTTAGG-3' and the
resulting product was cloned into pcDNA4/HisMax© {Life Tech-
nologies Inc. Ltd). ¢DNAs encoding Nrf2, MafK and MafG
were cloned into the Ndel/Xhol, Ndel/EcoRI and Ndel/BamHI
sites respectively of pET15b (Novagen) for subsequent bacterial
expression. The primer pairs used were: Nrf2, 5-CCGCCCTC-
CATATGATGGACTTGGA-3 and 5'-CTAAGAAATTAACTC-
GAGAGTTAAA-3; MafK, 5-AGGGCCCGGCATATGACGA-
CTAATC-3' and 5'-TGTGCCAGGGATCCTGGGATAGGCA-3';
MafG, 5-CATATGACGACCCCCAATAAAGGAA-3 and 5'-
GAGCTCAAAGACCTGCCTGGCAACT-3; underlined bases
are mismatches to incorporate restriction sites. Single-point
mutant ARE constructs were made by annealing complementary
47 bp oligonucleotides (representing nt —454 to —414) with
overhangs that allowed ligation of double-stranded DNA into the
pGL3-Promoter (Promega} luciferase reporter vector,

Site-directed mutagenesis

Mutations were introduced into the ARE in the 5'-upstream region
of ngol using the GeneEditor kit (Promega), according to the
manufacturer’s instructions. -Oligonucleotides used contained
the mutated nucleotides, shown below flanked on either side by
18-24 bp of wild-type sequence.

Probing of mouse genomic PAC (P1 artificial chromosome) filters .
A gridded murine genomic PAC library RPCI-21 [32] was

" supplied by the UK HGMP (Human Genome Mapping Project)

Resource Centre (Babraham, Cambridge, U.X.) on seven filters.
Screening was carried out using rat NQO1 ¢DNA [33] randomly
primed using the Prime-If® II labelling kit (Stratagene).
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Hybridization and washing were carried out at 68 °C as instructed
by the library manufacturer (http://www.chori.org/bacpac/). Fol-
lowing a 48 h exposure to autoradiographic film, positive clones
were identified by the position and orientation of duplicated
spots on the gridded filters, and upon request were supplied
by the HGMP Resource Centre. Clone identity was confirmed by
Southern blotting and PCR using the exon—intron boundary infor-
mation reported previously [5].

Genome walking and 5 RAGE (rapid amplification of cONA ends)

The TOPO® Walker kit (Life Technologies Inc. Ltd) was used to
isolate the 5’-upstream region of ngol from the genomic clone,
528 JO8, isolated from the PAC library RPCI-21, as described
in the manufacturer’s protocol. Gene-specific primers used were
5-ATGGCTCGAGATGTTGAGGGA-3' (GSP1) and 5'-TCGG-
AGAGATCCTTAGGGCTGGCT-3" (GSP2). The resulting pro-
duct was cloned into pCR®Blunt (Life Technologies Inc. Ltd)
and sequenced; this was conducted on three separate occasions.
Subsequent PCR reactions, using genomic DNA as template,
confirmed the results.

The transcriptional start site of ngol was determined with the
SMART™ RACE cDNA Amplification Kit (Clontech) according
to the manufacturer’s instructions using total RINA isolated from
Hepa-lclc7 cells. The gene-specific primer used was 5-GTG-
ATGGCCCACAGAGAGGCCAAA-3. Reaction products were
cloned into pCR4-TOPO® (Life Technologies Inc. Ltd) and
sequenced. Ten separate clones were analysed.

DNA transfection and luciferase reporter gene assays

Celis were transfected at 70 % confluence using Lipofectin®
Reagent (Life Technologies Inc. Ltd), according to the manu-
facturer’s guidelines. In all transfections the pRL-TK Renilla
reporter vector (Promega) was used as an internal control. Cells
were treated 16 h post-transfection with 5 @M SUL or vehicle
[0.1% (v/v) DMSOQO] for a total of 24 h. Cells were lysed and
Renilla and firefly Iuciferase activities were measured using the
Dual-Luciferase® Reporter Assay System (Promega) and a Turner
Designs TD-20/20 luminometer. Luciferase activities were nor-
malized to Renilla internal control luminescence,

Preparation of nuclear extracts and Immunodepletion

RL-34 or Hepa-lclc7 cells were allowed to grow to 70 % con-
fluence before being treated with either 5 uM SUL or vehicle
[0.1% (v/v) DMSO] for 4 h. Nuclear extracts were subsequently
made using the NE-PER™ kit (Pierce) and stored at — 80 °C until
required. Immunodepletion of nuclear extracts was performed
using control rabbit IgG, anti-Nrf2 or anti-MafK antibodies in
combination with Dynabeads® Protein G (Dynal Biotech), ac-
cording to the supplied protocol. Briefly, 8 pg of [gG ata concen-
tration of 200 pg/ml was added to 20 ul of washed Dynabeads
Protein G and incubated at 4°C for 30 min with rotation.
Beads were washed twice with PBS, and then twice with
0.2 M TEA (triethanolamine), pH 8.2, before being incubated
for 30 min at 20 °C in 20 mM dimethyl pimelimidate dissolved
in 0.2 M TEA, pH 8.2. Following further incubation for 15 min
in 50 mM Tris/HCI, pH 7.5, beads were washed three times in
PRS containing 0.1 % (v/v) Tween-20. Thereafter, nuclear extract
(80 ptg of protein) was added to the beads and incubated at 4 °C for
30 min, before being transferred to a fresh batch of 1gG-coupled
beads and left for a further | h at 4 °C. Extracts depleted of Nrf2
~ or MafK were used immediately in downstream applications, or

were flash-frozen in liquid nitrogen and stored at — 80 °C until

required,

Production of purified Nrf2 and small Maf proteins

pET135b plasmids containing the cDNAs for Nrf2, MafG or’
MafK were expressed in Escherichia coli BL2 [ CodonPlus (DE3)
RIL ceils (Novagen) as Hiss-tagged proteins, and purified using
standard methods. - '

EMSA (electruphureti'c mobility-shift assay)

EMSA reactions were conducted in 20 mM Hepes, pH 7.9,
containing I mM EDTA, 50 mM KCl, 5 mM MgCl,, 4% (v/v)
glycerol, 1 mM dithiothreitol, 3 s2g/ml poly(dI-dC), 47-bp intern-
ally labelled ngol ARE (1 x 10* c.p.m.) and either 7.5 pg of
protein from nuclear extracts/immunodepleted extracts or 50 ng
of each recombinant bZIP protein. In competition experiments,
a 20-, 50- or 100-fold molar excess of unlabelled wild-type or
mutant ARE was also included in the reaction. Reactions were
incubated for 20 min at 20 °C before being subjected to electro-
phoresis under native conditions through a 4.5% (w/v) poly-
acrylamide gel in 0.5 x TBE buffer at 4 °C. Gels were fixed [in an
aqueous solution containing 20 % (v/v) methanol and 10 % (v/v)
acetic acid], dried and exposed to autoradiographic film for 16 hat
—~T70°C.

RNA isolation and semi-quartitative real-fime PCR (TagMan®)

Total cellular RNA was isolated from cell lines using
Trizol® reagent according to the supplied guidelines. Single-
stranded ¢cDNA was synthesized as described previously [6].
TagMan® analyses were performed on the PerkinElmer/Applied
Biosystems Prism Model 7700 Sequence Detector instrument,
For measurement of ¢cDNA corresponding to mouse ngol
mRNA, the forward primer was 5-GCAGGATTTGCCTACAC-
AATATGC-3, the reverse primer was 5-AGTGGTGATAGAAA- |
GCAAGGTCTTC-%, and the probe was 5-CCATGTACGAC-
AACGGTCCITTCCAGAA-3. For measurement of cDNA cor-
responding to rat NQO! mRNA, the forward primer was 5'-GC-
AGGATTCGCCTACACGTATG-¥, the reverse primer was 5-G-
GTGATGGAAAGCAAGGTCTTC-¥, and the probe was 5-
CACCATGTATGACCAAGGTCCTTTCCAGAATA-3. In both
mouse and rat samples the level of 18 § (RNA was used as an
internal standard.

SDS/PAGE and Western blotting

Western blotting for NQOI1, Nrf2 and MafK proteins was per-
formed as descnbed prcvmusly {33]. Antiserum against rat NQO |
was available from a previous study [33].

ChIP (chromatin immunoprecipitation) assays '

These were conducted essentially as described previously [34].
Immunoprecipitations were performed using control rabbit IgG,

-anti-Nrf2 or anti-MafK antibodies. Immunoprecipitated material

or 3 ul of 1:100 dilution of input was used for 35 cycles of
PCR with the following primers: the ngo! ARE, 5-GCAGTTT-
CTAAGAGCAGAACG-3 and 5-GTAGATTAGTCCTCACTC-
AGCCG-% (186 bp); the Idh promoter region, 5-GCAAAGC-
CAGTACTCTTTCTG-¥ and 5-CGGCCATGTTCTGAATCCA-
AG-3 (163 bp).

© 2003 Biochemical Saciety
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Figure 1 N0OT protein and mRNA ars inducible in RL-34, Hepa-1c1c7 and MEF cells

{A and B) Western biat anatysis of NQOT protein levels, Cell lines (as Indicated) were treated for 24 h with either the stated dose of SUL or vehicle [0.1 % (vy) DMSO; ‘Ctrl']. Following lysis, 10 2.0
of total cellutar protein was resolved by SDS/PAGE and blotted with NQO1 or LDH antibodies. A Hisg-tagged rat NQO1 standard (Std) is shown on each gel. (C) TagMan® analyses of NOO1 mRNA
levels. Cell lines (as indicated) were treated for 24 b with 5 z2M SUL or vehicle {0.1 % (w/v).DMSO; ‘CTRL']. Following isolation of total RNA and reverse transcription, real-time PGR was conducted.
Values from vehicte-treated cells ware arbitearity set 1o 1.0 in each case and afl other resuffs expressed relative to this. Values are means + $.D. drom: three sepzrate experiments.

Stafistical analyses

This was determined using a one-way analysis of variance with
99 % confidence intervals and a Newman—-Keuls post-test.

RESULTS

NQO1 protein and mRNA are induced by SUL treatment of rodent
liver and embryonic fibroblast cell fines

SUL is a potent stimulator of detoxication enzyme expression
[35). The presence of an ARE within a gene promoter confers
sensitivity to induction of transcription by SUL. Previous reports
have regarded mouse ngol as a potential ARE-bearing gene by
virtue of its inducibility by electrophilic chemicals [8]. To assess
this possibility further, the response of the oxidoreductase to SUL
was examtined in Hepa-1clc7 and MEF cells. The rat RL-34 cell
line was also studied, as a positive control, since an ARE has been
described in rat NQO1 [16).

Western ‘blotting showed that exposure of Hepa-1lclc7, MEF
and RL-34 cells to SUL leads to a significant increase in NQO1
protein (Figures 1A and 1B). TagMan® chemistry revealed this
induction was reflected at the mRNA level, with Hepa-lclc7,
MEF and RL-34 cells showing increases of around 4-, 9- and
7-fold respectively (Figure 1C).

The 5'-upstream region of mouse nqgot contains a funciional ARE

The above findings indicate that mouse ngel contains an ARE.
To evaluate this possibility, a genomic ngo! clone (528 JO8) was
isolated from PAC gridded filters. An approx. 1.0 kb portion of
the 5'-upstream region was obtained by genome walking, and was
sequenced (Figure 2). The transcriptional start site of ngol
was elucidated by SMART™ RACE, and was found to lie 22 bp
downstream from a putative TATA box and 129 nt upstream
from the ATG initiation codon.

© 2003 Biochemical Society
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ngzmi,u.l TTITCTTTCTTTCTCTGTTTTTGAGACAGGGTCTCACCTATGTAGCCCTS
-G.%TGTTGTTCTAGC}\C?AGCTATGTGGACCAGTCTGGCC’I‘TMACTCAGAGATCTGQC
EE-F‘CTTCTGGCACCCAAGTGATGGGATTAAAAGCATGTACTAGTCGTGGTGGCGCACTC
S}"TTAATCCCAGCACTTGGGAGGCAGAGTGCAGGTGGA’I’TTCTGAGCTTCGAGGCCAG
goCoTGGTCTACAGAGTGAGTTCCAGGACAGCCAGGGCTACACAGRGAAACACTTCCCTG
"I;E;ZGCTGCTGTCTCCTGCCAGCTTTGCTCTGGCTTCCTAGAGAGTCGCACAGATGAGTT
gE‘CCGTTACCTGGTCACCGGGGGCAAAGTTGAGGAG}-\CCCMGTGTGTATACCCAGGG

AJ%CAGTTTTTGCAGTTTCTMGAGCAGAACGCAGCACGAJ\TTCATTTCACACGAGGAC

AAGTCTCTCTGAACTTTCAGTCTAGAGTCACAGT GAGTCGGCARAATTTGAGCCCATE
=463 441 ARE-related -421

SlGoTTTTGCTGCCCCACCCTTCCCCTAGCGTGCAAAGGTGACTTCCCACGGCTGAGTGA
-GastACTAATCTACACAGGCTGATTATGTAGGCAGGTCCCACGAAGCTCGAAAAA'ITCTG
:I;E‘GéMATTTCCATTTTGTACCCAGGAGGTCTTGGGACAGGGAGCAGATGAATTTATT
CJ?;RTATGTCCCCATATCCTCWTTCTCTCTC:\CTCCCTTGCTCCCGGGGAACCCTTT
£$.ACTTCCATATACAGGAGTCCTAGTCCAGCCCCAAACTGCTTCTCCCTGCCM\AAAC
:Il"zl‘uGGTATC'i‘TCCCAAGRTGCCTCTGGGTTCTGGAGTCCAGCCCCGCCCTCGCTGGCTG
E;I‘CTGCACAG'I'GGGCTGGGCGGGCATAAGCAGGATATAAAGCCTTCGCTCAGCCCATA

TATA-Box

CCCCaaggctcagctcttactagcctagcctgt:agccagccctaaggatctctccga
-+
+1

Figure 2 Nucleotide sequence of the 5-upstream region of mouse ngot

. The nucleotide sequence of the first 1016 bp of the mouse ngo? 5'-upstream region is

shown. The transcriptionat start site is indicated iy + 1 and a probable TATA box is underlined.
The position of the putative ARE (nt — 421 %0 — 441) is indicated.
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A region bearing significant similarity to the rat NOO! ARE
[16,36] was found to be located between nt — 441 and — 421 of
mouse ngol (Figure 2), This is related to, but does not obey the
rufes of, the current ARE consensus sequence {20,21]. To assess
whether the putative ngo! ARE is functional, a luciferase reporter
construct driven by the promoter of this gene was generated
(— 1016/ngo5'—luc). Foilowing transient transfection with this
construct, treatment of either RL-34 or Hepa-1clc7 cells with
SUL led to 9.6- and 3.4-fold increases in luciferase activity
respectively (Figures 3B and 3C). Site-directed mutagenesis was
used to introduce mutations across a 36 bp region encompassing
the putative ARE, along with sequence flanking this element
(Figure 3A, Mut 1). These alterations not only abolished the
SUL-responsiveness of the construct, but also produced a > 80%
decrease in constitutive luciferase activity when compared with
wild-type — 1016/ngo5'—luc (Figures 3B and 3C). Mouse ngol
therefore contains a functiona! ARE that regulates both consti-
tutive and inducible gene expression,

In order to delineate further the ngol ARE, a series of smaller
mutations were generated; nucleotides encompassed by Mutl
{—450 to —415) were divided into five ‘blocks’, each of which
was mutated individually (Figure 3A, Mut2 to Mut6). Mutations
within the most-5’ and -3* *blocks’ (Mut2 and Mut6 respectively)
had no functional impact upon the promoter (Figures 3B and 3C),
indicating that the enhancer is contained between these regions.
Consistent with this conclusion, the three block mutations flanked
by Mut2 and Mut6 (Figure 3A, Mut3, Mut4 and Mut5) all affected
the function of the construct in a similar manner to Mutl (Figures
3B and 3C). These results clearly demonstrate that the mouse ngol
ARE lies within a 24 bp region spanning bp — 444 to —421.

Mutatien of individual nuzclectides within the ngo? ARE influences
enhancer function '

It has been proposed, on the basis of limited mutagenesis
information and multiple-sequence alignments, that rules can be
defined to dictate the permutations of nucleotides permitted in
each position of an ARE [21]. According to this hypothesis, base
requirements in certain positions are flexible, with any nucleotide
being tolerable, whereas stringent requirements exist elsewhere,
with only one base being acceptable. In order to analyse the
importance of individual bases in mouse nqo! ARE function, and
therefore test the aforementioned consensus sequence, a compre-
hensive series of ARE-luciferase reporter constructs were made.
Every base lying between, and including, positions — 444 to
— 421 of ngol was mutated individually to create the most severe
alteration possible; purines were converted to pyrimidines, and
~ vice versa. RL-34 cells were transiently transfected with these
mutant constructs, and luciferase activity was measured following
treatment with either vehicle or SUL. The majority of alterations
resulted in a decrease in the absolute level of luciferase activity in
SUL-treated cells when compared with that observed for the wild-
type ARE (Figure 4). However, many of the constructs, while
not giving wild-type levels of responsiveness, still constituted
functionidl AREs. There were, nevertheless, several mutations that
rendered the element completely unreactive to SUL. Alteration
of nucleotides shown in capital letters in the sequence, 5'-
gagTcACaGTg AGtCggCAaaatt-3', resulted in plasmids in which
no ‘significant difference was observed between luciferase
activities from vehicle and SUL-treated transfectants (Figure 4).
These bases are the most critical for ngo! ARE function, and may
provide important contact points for transcriptional regulators.

It is noteworthy that a G — T substitution {(shown underlined)
in position 9 of the ngo! ARE, (5-GAGTCACATTGAGTCGG-

WT: AGTCTA GAGTCACA GTGAGTCGGC AAAATT TGAGCC

Mutl: GGGCGA TAATTAGA GATACTAGAC CACGTC CGGACA
Mut2: GGGCGA GAGTCACA GTGAGTCGGC AARATT TGAGCC
Mut3: AGTCTA TAATTAGA GTGAGTCGGC AABATT TGAGCC
Mutd: AGTCTA GAGTCACA GATACTAGAC AAAATT TGAGCC
Mut5: AGTCTA GAGTCACA GTGAGTCGGC CACGTC TGAGCC
Mut6: AGTCTA GAGTCACA GTGAGTCGGC AABATT CGGACA
B
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Figure 3 Mutatianal analysis of the ago? ARE

(A} Wild-type and mutant ARE sequences. The 1.0 kb tragment of the ngo15'-upstream/flanking
region, as shown in Figure 2, was cloned into the pGL3-Basic luciferase reporter vector to create
the recombinant plasmid — 1016/ngo5’luc. The sequence of the ARE region of this construct
is shown (WT). Mutatians were introduced within this ARE region ta create the mutant constructs
Mut1 to Muts, Mutated nucleotides are underlined in each case. The region showing similarity
to the rat NGO7 ARE and ARE-consensus seguence is shown in beld. (B and C) RL-34 and
Hepa-1c1c7 cells, respectively, were lransfected with 1 zeg of wild-type or mutant ARE reporter
constructs, as indicated. pGL3B sepresents reporter vector cortaining no insert. Following
transtection (18 h), celis were trealed with 5 M SUL or vehicle [0.1 % (v/v) DMSC; ‘CTRL'
far 24 h. Cells were lysed and luciferase reporter assays were conducted. Vatues for vehicls-
treated cells transfected with the — 1016/rgoS'—fuc reparter construct were arbitrarily set to
1.0, and all other results wers expressed relative o this. All results were normalized to Raniffa
luciferase Internal control Juminescence. Results are shown as means £ S.D. for three separate
experiments.

CAAAATT-3), led to a substantial increase (=>15-fold) in
constitutive luciferase activity, although induction by SUL was
lost (Figure 4). Given that this mutation renders the construct
unresponsive to SUL, it is considered to represent a deleterious
loss of regulation and is unacceptable for ARE function, Further
EMSA experiments indicated this alteration created a binding site
for a transcription factor that does not bind the wild-type sequence
{results not presented). ' .
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Figure 4  Single-point mutational analysis of the ago? ARE

Oligonucleotides correspanding to the nget ARE sequence {— 454 to — 414), or mutants thereof, were cloned into the pGL3-Promater luciferase reporter vector. The sequence of the region of
wild-type (WT) ngo? containing the ARE is given (WT ngoT ARE). Above each nucfestide of the WT. sequence is the individual mutation introduced in each case (i.2. the line designated ‘Mulation’).
Every base was mulated individually within the context of 2n otherwise WT sequence. RL-34 cells were transfected with each of the constructs {1 p.g). and 16 h later they were treated with either 5 M
SUL or vehicte (0.1 % (v} DMSC; "CTRL' for a further 24 h. Cells were lysed and juciferase reporter assays were conducted. Values for vehicle-treated cells transfected with the WT ARE-containing
reporter construct were arbitrarify set to 1.0, and other resulls were expressed relative to this. All results were normalized to Renifla luciferase internal control luminescence. Results are means + S.0.
for three separate experiments. Wild, the wild-type ARE-containing construct; ‘pGLIP represents luciferase raporter vector without insert. Asterisks represant mutations where no significant difference

is ohserved hetween control and SUL treatments {at the 99 % confiderce level).

Nrf2 is essential for NQO1 expression and hinds, in recombinantly
expressed form, the ngo? ARE as a heterodimer with smali Maf
protein

Previous data have demonstrated that the Nrf2 transcription factor
is essential for both constitutive and oxidative-stress-inducible
expression of murine NQO1 (7-9]. Consistent with these data,
MEEF cells derived from wild-type and nrf2~ mice differ in their
ability to support expression of NQO1. The oxidoreductase was
both present constitutively and was increased substantially by
SUL in wild-type cells. By contrast, it was undetectable under
either condition in nrf2+ MEFs (Figure 5A). At the mRNA level,
wild-type MEFs showed a > 8-fold increase in NQOI expression,
following SUL treatment (Figure 5B). However, in nrf27 MEFs
the level of NQOI mRNA was reduced to 14% of that seen
in untreated wild-type cells, and there was a complete loss of
induction upon treatment of cells with SUL (Figure 5B).

It is the ability of compounds such as SUL to affect nuclear
accumulation of Nrf2 that is thought to account for their capacity
to increase ARE-driven gene expression, Nrf2 has been shown to
bind AREs in genes encoding certain detoxication enzymes, and
is thereby thought to direct their expression [7]. The discovery
that mouse ngel contains an ARE provided a plausible link to
explain the Nrf2-dependency of increased gene expression fol-
lowing exposure of cells to SUL. Indeed, artificial elevation
of nuclear Nrf2 levels by heterologous expression provided
additional support for this hypothesis. RL.-34 and Hepa-1clc?
cells were co-transfected with the wild-type and single-point
mutant ARE reporter constructs described above, along with an
expression vector for Nrf2 (Figures 6A and 6B). In keeping with
data already presented, nucleotides highlighted for their integral
role in induction of ARE-driven transcription by SUL, 5'-
gagTeACaGTgAGtCggCAaaatt-3 (Figure 4), were also found
to be required for full response of the element to Nrf2 (Figures 6A
and 6B). .

© 2003 Biochemica) Soclety
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Figure 5 Constitutive and inducible NOQO1 protein and mRNA expressionis
lost in arf2+ MEFs

(A) Western blot analysis of NQO1 in wild-type and srf2- MEFs. Cell lines (as indicated)
werg treated for 24 h with either 5 M SUL or vehicle [0.1% {v/v) DMSO; ‘Cirl'). Following
lysis, 10 zg of total cellufar protein was resolved by SDS/PAGE and blotted with NQO1 or LDH
antibodies. A Hiss-tagged rat NQO1 standard (Std) is shown. (B) TaagMan® analysis of NQO1
fmRNA levels, Cell lines (as indicated) wers treated for 24 h with 5 .M SUL or vehicle [0.1%
{vAv) DMSO; 'CTRL). Following isolation of total RNA and reverse transcription, real-time PCR
was conducted. Values from vehicle-freated wild-type MEFs were arbitrarily set to 1.0, and
all other results were expressed relative to this. Values are means + S.D. for three separate
experiments. ’ :
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Figure 6§ WNucleotide requirements for Nri2 activation of the nqo7 ARE by
Nrf2 overexpression

(A and B) RL-34 and Hepa-1ctc7 cells respectively were dransfected with single-point mutant
ARE-reporter construsts {as described in the legend to Figure 4), along with either emply
expression vestor (GTRL} or expression vector containing Nrf2 cDNA (Nrf2). After transfection
{48 h), cells were lysed and luciferase activities were measured. Wild, ths wild-type ARE-
containing construct; ‘pGL3P" represents luciferase reporter vector without insert. Asterisks
represent mutations that were previously shown (Figure 4) to cause complete loss of induction
of luciferase activity by freaimant of cefls with SUL. Values for cells transfected wilh the wild-type
ARE-containing reporter construct and empty expression vector were arbitrarily set to 1.0, and
all other results were expressed relative to this. All resufts were normalized ta Reniffa luciferase
internal control luminescence. Results are means + S.0. for three separate experiments.

In order to establish that Nrf2 can interact directly with the
mouse ngol ARE, EMSAs were performed. Transcription factors
of the bZIP family are required to form either homo- or hetero-
dimers to allow DNA binding. Nrf2 cannot form homodimers,
and its interaction with the ARE is thought to be achieved through
heterodimerization with members of the small Maf family of tran-
scriptional regulators, namely MafK and MafG [37]. These
transeription factors were expressed in bacteria and assessed
for their abilities to bind a radiolabelled ngol ARE probe.
When incubated separately, Nrf2, MafG and MafK were all
incapable of interacting with the ARE (Figure 7A). By contrast,
mixtures containing equal amounts of either Nrf2-MafG or Nrf2—-
MafK showed substantial ngol ARE-binding activity (Figure 7A).

Further support for regulation of the ngo! ARE by an Nrf2-Maf*

heterodimer was provided by EMSA competition experiments.
A 50- or 100-fold molar excess of unlabelled wild-type ngol
ARE competed completely the Nrf2-MafG-shifted complex (Fig-
ure 7B). By contrast, two non-functional mutant forms of the nqof

Figure 7 EMSA analyses of transcription factor hinding to the ngo7 ARE
{A) Binding of bacterially expressed Nrf2 and small Maf proteins to the ARE. Each of the proteins

- indicated was incubated individually, or in the combinations staled, with a 47 bp radiofabelled

probe contairirng the ngo T ARE (coresponding tont — 454 to — 414). Prabe, reaction containing
no protein. The autaradiograph shown is representative of results observed on at teast three
separale occasions. {B) Specificity of interaction between Nrf2—MafG and the ngo? ARE. Nrf2
and MafG proteins were incubated in combination in the absence {—) or presenc of a 50- (50)
or 100-fold (100} molar excess of unlabelled competitor DNA. WT, competitar was unlabelled
wild-type ARE, SPM7 and SPM13, competitors were unlabeiled single-point mutant ARES.
These mutations were shown (Figure 4) to abalish ARE function, and were as folfows; SPM7:
5'-GAGTCARAGTGAGTCGGCAAAATT-3 and SPM18; 5-GAGTCACAGTGAGTCGGAAAAATT-
¥, SPM18, competitor was an unlabelled single-point mutant ARE that was shown (Figure 4)
to function simitarly to the wild-type sequence: §-GAGTCACAGTGAGTCTGCAAAATT-3. The
autoradiograph shown is representative of results obtained on at least three separate occasions.

ARE were not bound effectively by Nrf2-MafG (Figure 7B).
Furthermore, an ARE containing a point mutation that did not
affect the function of the element competed as well as the wild-
type sequence for Nrf2-MafG interaction (Figure 7B). Identical
results were obtained using Nrf2-MafK (results not shown).

SUL treatment of cell lines results in recruitment of an Nri2-MafK
heterodimer to the ngo? ARE

The above data indicate that oxidative stress ultimately results
in binding of the ngol ARE by a trans-acting transcriptional
complex containing Nrf2 and small Maf. In order to test this
hypothesis further, nuclear extracts were prepared from SUL-
and vehicle-treated cell lines and analysed for their nqo! ARE-
binding activity by EMSA. Two specific ARE-binding complexes,
ARE-bcl and ARE-bc3, were observed in extracts from vehicle-
treated cells (Figure 8). These complexes were again present
in nuclear protein from cells that had been exposed to SUL

@ 2003 Biochemical Saciely
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RL-34 Hepa-1¢1e7

SULA20xWT
SUL+20sMUT

CTRL
SUL

Probe

Figure 8 ARE-hinding aciivity of RL-34 and Hepa-1c1c7 cell nuclear
extracts

Nuclear extracts were prepared from the indicated cell lines following treatment with 5 zeM SUL
orvehicle (0.1 % (v/v) DMS0; 'CTRL') for 4 h. Nuciear extract (7.5 p.g of protein) was incubated
with the 47 bp radiolabetled rngo? ARE probe defined in Figure 7. Three specific ARE-binding
complaxes were detected: ARE-bc1, ARE-bc2 and ARE-be3: the asterisk represents complex
induced by SUL treatment of cell lines; NS, non-specific complex; Probe, reaction containing
no nuclear protein. Reactions were also conducted, using nuctsar protein from SUL-treated
celis, in the presence of a 20-fold molar excess of unlabelled wild-lyps ARE {SUL +20 x WT)
or a 20-lold melar excess of unlabelled mutant ARE (SUL + 20 x MUT). The mutant construct
used contained a single-point mutation that abolished ARE-function in luciferase reporter
assays {Figure 4): 5'-GAGTCACAGGGAGTCGGCAAAATT-3. The autoradiograph shown is
representative of results obtained on ai least three separate occasions. .

(Figure 8); however, an additional ARE-binding complex, ARE-
be2, was also observed (Figure 8). This result indicated that
ARE-bc2 represented the trans-acting factor(s) responsible for
transcriptional activation of ngol through the ARE.

The specificity of binding of the above complexes was ensured
by EMSA competition experiments. A 20-fold molar excess of
unlabelled wild-type ARE competed the shifted bands, whereas a
mutated ARE sequence was unable to do the same (Figure 8).

Immunodepletion experiments were performed to determine
the identity of transcription factors within ARE-bc2, Nrf2 and
MafK were individually depleted from nuclear extracts prepared
from SUL-treated cells (Figure 9A). The resulting extracts
were analysed by EMSA., Depletion of Nrf2 resulted in a loss
of ARE-bc?, but had no effect on levels of either ARE-bcl or
ARE-bc3, when compared with extract depleted with control
antibody (Figure 9B). The level of ARE-bc2 was also substantially
diminished by immunodepletion of MafK in nuclear extracts
(Figure 9B). These results support the hypothesis that the
transcriptional complex recruited to and activating the ngol
ARE consists,- at least in part, of an Nrf2-MafK heterodimer.
Interestingly, MafK-depleted extracts also demonstrated a loss
of the two additional specific ARE-binding complexes, ARE-bcl
and ARE-be3 (Figure 9B). Thus MafK may also regulate the ngol
ARE through dimerization with factors other than Nrf2.

Nrf2 and MafK interact with the ngo? ARE in vive

In order to evaluate the biological sighiﬁcance of the EMSA
binding data, ChIP experiments were performed. Immunoprecip-
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Figure 9 Analysis of ARE binding enmp[exes by immunadepletion

(A) Western blot analysis of imrmuncdepleted nuclear protein from RL-34 and Hepa-1c1c7 celis.
Nuclear extracts were prepared from cells treated for 4 h with 5 .M SUL and dapleted using
either anti-Nrt2, anti-MafK or control rabbit 1gG (CTRL), as indicated. Depleted nuclear extrack
(20 4eq) was resoived by SDS/PAGE, and blotted using the antibodies indicated on the left
of he figure. A Hiss-lagaed bacteriafly expressed standard (STD) was included in each case.
(B) EMSA analysis of ngo? ARE-binding activity of depleted extracts. Control 72bbit lgG (SUL),
Nrf2- (anli-Nrf2) or MafK- {anti-Mafk) depleted extracts, from the indicated cell-fines, were
ingubated with a 47 bp radiolabelied DNA fragment containing the ngo ARE. The three specific
ARE-binding complexes detected in Figurs 8 are shown: ARE-bc1, ARE-bc2 and ARE-bc3. The
asterisk represents complex induged by SUL traatment of cell lines; NS, nor-specific complex;
Probe, reaction containing no nuclear protein. The aularadiograph shown is representative of
restells abtained an at least three separate occasions.

itations were carried out on formaldehyde-fixed protein—DNA
complexes isolated from SUL- and vehicle-treated Hepa-1clc7
cells. The association of the protein of interest with the ngel
ARE was then assessed by PCR using primers specific for this
region of the gene. Nrf2 antibody was used to precipitate the
bZIP protein cross-linked to DNA from both vehicle- and SUL-
treated cells. Portions of DNA containing the ngo! ARE were

precipitated from vehicle-treated Hepa-1clc7 cells; however,

following SUL treatment, the signal obtained was far greater,
indicating substantial recruitment of Nrf2 to the ARE (Figure 10).
Binding of MafX to the ngol ARE, under the conditions described
for Nrf2, was also assessed. MafK was found to be strongly
associated with the ARE in.both SUL- and vehicle-treated Hepa-
1cle? cells (Figure 10). Although there was some indication of
MafK recruitment, this was not as pronounced as the resulis
observed for Nif2. This finding probably reflects an ability of
MafK to bind the ngo! ARE, not only with Nrf2, but aiso ag

. part of constitutive ARE-binding complexes Iacking this factor

(as shown above by EMISA).
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Figure 10  Analysis of Nri2 and MatK binding to the mgo7 ARE by ChIP assay

Hepa-1e1cT cells were treated with 5 .M SUL or vehiclz [0.1% {vw/v) DMSO; ‘CTRL'] for 4 h,
before proteins were cross-linked to DNA through addifion of formatdehyde’ directty to the
cufture medium. Cells were lysed, sonicated and immunogprecipitations were performed using
no antibody (No Ab), control rabbit #gG {Rabbit 19G), anti-Nri2 (Nrf2) or anti-Mafl( (MafK},
A portion of material not subjected to immunoprecipitation was saved to act as a control for
the amount of DNA added to each Immunoprecipitate (Input). PCR reactions were conducted
using primers specific for the region of the ngo? 5'-upstream region encompassing the ARE,
or using oligonuciactides specific for the fdh promoter, as indicated. Results are repraseniative
of three separate experiments.

7.5

n
=]
1

Rel. Luciferase Activity

=
b

pC4 + - + -
pC4-Nri2
Lo} + + - -,
pC3.4-MafK - - + *

Figure 11  Overexpression of MafK represses ARE-driven nqoT transctiption

RL-34 cells were transfected with expression vectors for Nrf2 and MafK er the respective empty
constructs pC4 and pC3.1, s indicated. All cells were transfected with the ~ 1016/ngo5’-fue
ngo? ARE reporter construct generated in this study. Afler transfection (48 hj, cells were lysed
and tuciferase reporter assays were conducted. Results are means +S.D. for three separate
experiments.

In all of these experiments, immunoprecipitations performed
in the absence of [gG or using a control rabbit IgG failed to ‘pull
down’ the ngo! ARE, thereby demonstrating the region of DNA
of interest could not be enriched non-specifically (Figure 10).
Also, PCR reactions using primers specific for the Idh (lactate
dehydrogenase) promoter were all unsuccessful (Figure 10),
ensuring no genomic DNA contamination of samples, while
confirming the antibodies used were incapable of precipitating
this non-specific region of the genome.

MafK overexpression afiects franseriptional repression

To gain further insight into the role of the ARE-binding tran-
scriptional complexes containing MafK, overexpression studies
were performed. RL-34 cells were transiently transfected with
expression plasmids for both Nrf2 and MafK, either alone or
in combination, along with the ngol 5'-upstream-region reporter
construct, — 1016/ngo5'—{uc. In the absence of Nrf2-expressing
plasmid, MafK had little effect on luciferase activity, with only
a slight decrease observed (Figure !1). However, co-expression

of MafK and Nrf2 resulted in repression of the transactivation

observed when Nrf2 plasmid was transfected alone (Figure 11).
These results indicate that MafK can form a heterodimeric
complex capable of repressing ARE-driven gene transcription.

DISCUSSION

Biochemical and genetic data have demonstrated that NQO1 plays
a fundamental role in combating oxidative stress invoked by
xenobiotics [2-5]. This oxidoreductase forms part of a battery
of cytoprotective genes, the expression of which is up-regulated
upon cellular challenge with electrophilic chemicals. In this
regard, induction of murine NQOI1 in Hepa-1clc7 cells is used
in high-throughput screening of compounds to identify those
with ability to stimulate cytoprotective gene expression [38,39].
However, the molecular mechanism by which transcription of this

- oxidoreductase is activated has not been reported previously.

The ngot ARE

Our study of the sequence requirements of the ngol ARE
represents the first comprehensive single-nucleotide analysis of
any such element. The ARE spans 24 bp (nt — 444 to —421) and
controls both constitutive and inducible ngol expression. Qur
mutagenesis data define the element as comprising 5'-gagTc-
ACaGTgAGtCggCAnaatt-3', where nucleotides shown in capital
letters are those whose mutation results in a complete loss in

‘response to SUL and those in bold represent the ‘core” ARE, as

most widely reported. It is likely that the bases in capitals represent
those forming critical contacts with the Nrf2—Maf transcriptional
complex.

Our analysis demonstrates the importance of nucleotides

previously thought to be redundant in ARE function. Within the

cuirent consensus, five bases are denoted ‘n’: 5-TMAnnRTGAY-
nnnGCRwwww-3'. Mutations introduced at two of these pos-
itions, 5'-gagTcACaGTgAGtCggCAaaatt-3', shown underlined
and italicized (with the core in bold), completely abolished
induction. In addition, the thymine in the centre of the ‘core’ ARE
(underlined and italicized in the following sequence), 5'-gagTc-
ACaGTgAGtCggCAaaatt-3', at a position previously regarded as
redundant, also makes a substantial contribution to the function
of the ARE. Even though we have identified three nucleotides
that make a hitherto unrecognized contribution to ARE function,
we have also found that two guanines (5'-gagTeACaGTgAGiCg-
gCAaaatt-3'; guanines shown italicized and underlined) within
the ‘core” ARE make a less significant contribution to enhancer
activity than was previously thought. Interestingly, the most 5’ of
these two guanines has also been found to be variant in the human
GCLC promoter [40].

Our observation that the cytosines in the ngof ARE situated at
positions equivalent to ‘n” nucleotides in the consensus sequence
are required for enhancer function does not discount the possi-
bility that, within other elements, degeneracy may exist in the
aforementioned bases. Importantly, we report there that intro-
duction of certain bases present in other wild-type-AREs into the
corresponding position(s) of the ngol enhancer abolishes function
[12-18,20]. On the other hand, specific nucleotides that are not
essential for activity of the ngol ARE are central to the function of
other elements (Table 1). Therefore different AREs have distinct
sequence requiremerits.

Three explanations may rationalize the above findings. First, the
sequence of a response element could manipulate the orientation
of the activating transcriptional complex, as is the case for AP-1
(activator protein-1) sites [43], thereby influencing interaction
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Table 1 Comparisan of mouse, ral and human ARE enhancers

The upper-case letters reprasent nucleotides not critical for ARE function, as assessed by
individual point mutations. Underlinad upper-case letters show nucleotides found, by singfe-
poirt mutation, to e essential for function of the ARE in question. Lower-case Jetlers shaw
nucleptides not mutated Individually. The asterisks show mutations in the ngo? ARE that fed
to the introduction of nucleotides present i other ARE sequences and/or those permitled by
the ARE consensus sequance. Alterations made are indicated in each case. Abbreviations used
follow standard IUPAC nomenclatura (M =AorC;R=AorG;Y=CorT.W=AorTn=any
nucleotide}. EpRE, electrophile response efement.

Gene/species Enhancer  Sequence Reference

&x 2

1t 11 .
ngod, mouse ARE GAGTCACA GTGAGTCGGCA AAATT  This study
NGO, tat ARE gaGtCaCa GTGACLLGGCA ARATC  [36]
gstal, mouse EpRE/ARE  tgomRATG Gtgacaaagch ACTTT [12,21]
GSTAZ, rat ARE tGCTaAtG GIGACABAGCA aactt  [23)
GCLM, human EpRE/ARE | ggaagaca aTgactamgca gamat  [41)
GCLE, human ARE4 gectecce glgactcageg ctttg  [18,42]
Previously proposed TMAnn RTGAYnnnGCR wwww  [21]

£onsensus

with required cofactors. Secondly, the presence of a nucleotide
in any given position may determine sequence requirements else-
where in the ARE in order to bind Nef2-Maf stably. Thirdly,
certain ARE sequences may represent suboptimal binding sites to
prevent transcription from being dominated by Nri2-Maf, Further
analysis is required to assess these possibilities.

Nrf2-controlled regulation of ngo? transcription

In the present study, the use of MEF cells allowed the unequivocal
demonstration that Nrf2 s essential for both constitutive and SUL-
inducible ngo! expression. Strikingly, in rrf27 cells, NQO1
protein was undetectable, and mRNA levels were barely obvious
under any of the conditions tested. Both EMSA and ChIP
experiments demonstrated convincingly that Nrf2 is recruited to
the ngol ARE following exposure of celis to SUL. We would
further extrapolate this observation to conclude that exposure of
cells to compounds capable of generating an oxidative stress is
the stimulus that increases occupancy of the nge ARE by Nrf2.
These data therefore provide an explanation for the perturbed
expression of NQO1 observed in the nrf27- mouse.

Fibroblasts prepared from nrfl~ mouse embryos express signi-
ficantly less GCLC and GCLM than their wild-type counterparts
[44]. Exposure of nrfl7- MEFs to paraquat results in the ac-
cumulation of free radicals to a much greater extent than in
nifl+/+ MEFs treated in a similar fashion [44]. We have found that
the expression of GCLC and GCLM is reduced in nrf2~ MEFs
(L. Higgins, L. I. McLellan, M. Yamamoto and J. D. Hayes,
unpublished work), and would predict that the Nrf2-nulled cells
will be more sensitive to oxidative stress. This hypothesis remains
to be testzd. However, we did check that the dose of SUL used to
treat nrf2~ MEFs (Figure 5) was not toxic.

The mechanism by which Nrf2 affects transcriptional activation
of ARE-driven genes is not fully understood. It is likely that
binding of Nrf2 to an ARE augments association of RNA poly-
merase II with the core promoter either through direct interaction
. with components of the basic transcription apparatus or via the
co-activator protein CBP (CREB-binding protein) [45]. Indeed,
the involvement of cofactors is consistent with our hypothesis that
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the ARE sequence may influence the architecture of bound Nrf2—
Maf, and thereby manipulate their abilities to interact with other
proteins and hence alter the capacity to activate transcription.

Small-Maf-mediated negative regulation of ngo? franscription

We have shown that MafK facilitates transcriptional activation
of ngol by heterodimerizing with Nrf2, and thereby allowing
ARE binding. However, overexpression of MafK repressed Nrf2-
mediated transcription. This observation is consistent with the
findings of other groups that have shown inhibition of ARE-
driven transcription by heterologous expression of small Maf [27—
29]. Our EMSA and ChIP analyses have shown that MafK binds
the ngo! ARE as part of protein complexes either containing
or lacking Nrf2. Under constitutive conditions, only MafK-
containing complexes lacking Nrf2 were observed. On the basis
of these data, we propose that constitutively present EMSA
complexes, ARE-bel and ARE-bc3, which lack Nrf2 but contain
MafK are transcriptional repressors. In the RL-34 cell line,
constitutive ngo! transcription is very low and MafK expression
had little effect, indicating that the gene is already held in a
repressed state. Increased levels of Nrf2 within the nucleus would
compete with a MafK-containing repressor complex for binding
to the ARE. Overexpression of MafK could antagonize this in a
number of ways. However, we hypothesize that the majority of
Nrf2 molecules present in the nucleus exist as heterodimers with
small Maf protein. This would mean that introduction of further
MafK could only serve to confer DNA binding capacity upon the
repressive complexes. The identity of the partner molecules of
MafK within ARE-bc! and ARE-bc3 remains to be elucidated,
although Bach-1 [46] and Bach-2 represent likely candidates,

Concluding comments

The results reported herein provide a molecular mechanism for
transcriptional activation of rgol by electrophilic xenobiotics.
They also give an in-depth analysis into the ARE, both in terms
of the sequence requirements of such elements and the protein
complexes involved in their regulation. Qur critical reassessment
of the ARE consensus sequence has shown that nucleotides
thought to be redundant in ARE function have integral roles in the
activity of the ngol cis-element. A model is described for tran-
scriptional activation of ngel via its ARE. Under constitutive
conditions, the ARE is bound by a repressive heterodimer
consisting of MafK and an as-yet-unidentified protein. Exposure
of cells to exidative stress results in accumulation of Nrf2 within
the nucléus and recruitment of this factor to the ARE, as a
heterodimer with MafK, replacing the repressor complex.

We are indebted to Dr Brian McStay (Biomedical Research Centre, University of Dundes)
for expent advice througheut this study. We also thank Dr Simon A, Chanas (also of the
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Maf proteins. This work was supportad by a Medical Research Council PhD studentship
(G78/6808) awarded to P.N. and an MAC Component Grant {G0000268) to J.D.H. and
Dr Clifford R. Elcombe {of the Biomedicai Research Centre). M. McM was supported by a
grant from the Asscciation for International Cancer Research (99-041) awardec fo M.Y.
and J.D.H.
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A POTENTIAL MECHANISM FOR THE IMPAIRMENT OF NITRIC OXIDE
FORMATION CAUSED BY PROLONGED ORAL EXPOSURE TO ARSENATE
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Abstract—We have recently found evidence for impairment of nitric oxide (NO) formation and induction of oxidative
stress in residents of an endemic area of chronic arsenic poisoning in Inner Mongolia, China. To investigate the
underlying mechanisms responsible for these phenomena, & subchronic animal experiment was conducted using male
New Zealand White rabbits. After 18 weeks of continuous exposure of rabbits to 5 mg/l of arsenate in drinking water,
a significant decrease in systemic NO production occurred, as shown by significantly reduced plasma NO metabolites
levels (76% of control) and a tendency towards decreased serum ¢GMP levels (81.4% of control). On the other hand,
increased oxidative stress, as shown by significantly increased urinary hydrogen peroxide (H,0,) (120% of control), was
observed in arsenate-exposed rabbits. In additional experiments measuring aortic tension, the addition of either the
calcium ionophore A23187 or acethylcholine (ACh) induced a transient vasoconstriction of aortic rings prepared from
arsenate-exposed rabbits, but not in those prepared from control animals. This calcium-dependent contractility action
observed in aorta rings from arsenate-exposed rabbits was markedly attenuated by the superoxide (O;"™) scavenging
enzyme Cu, Zn-SOD, as well as diphenyleneiodonium (DPI) or NS-nitro-L-arginine methyl ester (L-NAME), which are
inhibitors for nitric oxide synthase (NOS). However, the cyclooxygenase inhibitor indomethacin or the xanthine oxidase
blocker allopurinol had no effect on this vasoconstriction. These results suggest that arsenate-mediated reduction of
systemic NO may be associated with the enzymatic uncoupling reaction of NOS with a subsequent enhancement of
reactive oxygen species such as O,"”, an endothelium-derived vasoconstricting factor. Furthermore, hepatic levels of
(6R)-5,6,7,8-tetrahydro-L-biopterin (BH,), a cofactor for NOS, were markedly reduced in arsenate-exposed rabbits to
62% of control, while no significant change occurred in cardiac L-arginine levels. These results suggest that prolonged
exposure of rabbits to oral arsenate may impair the bioavailability of BH, in endothelial cells and, as a consequence,
disrupt the balance between NO and O,"~ produced from endothelial NOS, such that enhanced free radicals are
produced at the expense of NO. © 2003 Elsevier Inc.
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INTRODUCTION

Arsenic is a naturally occurring element that is present in
the environment in both organic and inorganic forms [1].
Human exposures to the generally more toxic inorganic
arsenic compounds occur in occupational or environ-
mental settings, as well as through medicinal arsenical
use [2,3]. Exposure through consumption of drinking
water containing elevated concentrations of arsenic, pri-
marily from natural contamination, is the main source of
human environmental exposure in most populations
worldwide [4-14]. Prolonged exposure to arsenic
through consuming contaminated drinking water results
in many chronic diseases, including vascular diseases
such as peripheral- and cardio-vascular disease, arterio-
sclerosis, Raynaud’s syndrome, and hypertension [15-
20). Oral exposure to inotganic arsenic in humans is also
associated with the development of pronounced skin
lesions [9] and increase the incidence of cancer at a
variety of sites [2,20,21].

Nitric oxide (NO) produced in endothelial cells is
involved in the regulation of blood pressure, inhibition
of the adhesion of leukocytes to the endotheliunt,
interactions between platelets and the vessel wall, and
proliferation and migration of vascular smooth muscle
cells [22,23]. Decreased availability of bioclogically
active NO in the endothelium is implicated in the
pathophysiology of several vascular diseases. Major
risk factors for atherosclerotic vascular disease, such
as hypercholesterolemia, atherosclerosis, and periph-
eral arterial occlusive disease, have all been associated
with impaired NO bioactivity [24,25]. Our recent ep-
idemiological investigation in Inner Mongolia indi-
cated that serum levels of nitrite/nitrate, the stable
metabolites of endogenous NO, were almost 50%
lower in patients chronically exposed to elevated ar-
senic in the drinking water than in control subjects,
suggesting arsenic-induced vascular disorders may be
attributable, at least in part, to impairment of NO
production [7]. Furthermore, oxidative stress, as indi-
cated by the increase of serum lipid peroxides, was
also observed in the chronic arsenic-exposed patients
[26]. In this regard, it has been shown that inorganic
arsenate (iAs[V]) or arsenite (iAs{III]) suppresses the
activity of endothelial NO synthase (eNOS) in human
umbilical vein endothelial cells, suggesting the direct
inhibition of eNOS by inorganic arsenicals may be one
cause of the significant decrease of NO production in
vivo [7]. However, the precise mechanistic details of
the basis of decreased NO production induced by
chronic oral inorganic arsenic exposure remain
unknown.

Constitutive nitric oxide synthase (¢cNOS), including
the endothelial- and nenronal- isoform, constitutively

produces both NO and, under certain conditions, super-
oxide (0, ™) [27,28]. The key in the net outcome of NO

- production by cNOS appears to be the presence of the

cofactor (6R)-5,6,7 8-tetrahydro-L-biopterin (BH,) and
the physiological precursor of NO, L-arginine. BH, is an
important allosteric effector of all NOS isoforms through
stabilization of the dimeric, active form of the enzymes,
and may play a key role in the control of the calcium-
dependent production of NO and O,"~ in vivo [29]. An
insufficiency of BH, leads to uncoupling of the L-argi-
nine-NO pathway, resulting in decreased NO production
accompanied by increased formation of O,"~ and hydro-
gen peroxide (H,O,) [30,31]. cNOS also catalyses the
uncoupled reduction of oxygen in the absence of L-
arginine, leading to the production of O, and H,0,
[24]. L-arginine metabolites, N ¥-dimethyl-L-arginine
(ADMA) and N°~methyl-L-arginine (L-NMMA), are ca-
pable of competitively inhibiting cellular L-arginine up-
take and cNOS activity [32,33], and a diminished avail-
ability of cellular L-arginine or the accumulation of
endogenous inhibitors of cNOS leads to decreased NO
production. A decreased 1-arginine/ADMA ratio in
blood is, in fact, associated with many vascular diseases
[34,35]. '

Although there is no description of a direct relation-
ship between arsenic exposure and disrupted function of
BH,, clinical evidence suggests that chronic arsenic ex-
posure may disturb the crucial functions of this cofactor,
leading to clinical manifestations. Beyond its involve-
ment with cNOS, BH, is an essential elcctron donor for
the hydroxylation of the aromatic amino acids, which are
regarded as key processes in the biosynthesis of skin
pigments as well as several neurotransmitters, including
catecholamines and serotonin [36]. Cutanéous disorders
of pigmentation are the most common manifestations of
chronic arsenic poisoning {9,13] and arsenic-induced im-
pairment of catechoamines production has been reported
previously [37-39]. McDorman et al. [40] recently re-
ported that dietary folate deficiency enhances induction
of micronuclei by arsenic in mice, whereas folates have
been suggested to stimulate endogenous BH, regenera-
tion [41].

In the present study, we hypothesized that chronic
arsenic exposure may affect availabilities of BH,
and/or vL-arginine, thereby reducing systemic NO pro-
duction and increasing release of O, by creating an
imbalance between NO and O," preduction, To test
this hypothesis, rabbits, which have been reported io
biotransform arsenic in a manner very similar to hu-
mans [42], were exposed to arsenate through the
drinking water, and changes in systemic production of
NO, as well as BH, and L-arginine and its methylated
metabolites, were measured. Because O, ~ is a potent
inducer of endothelium-dependent vasoconstriction
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and itself can inactivate NO [43], our second goal was
to investigate the alteration in vascular tone and con-
tractility of aortas with intact endothelium, using an
aortic ring organ bath system.

MATERIALS AND METHODS

Animals and siudy design

Six week old male New Zealand White rabbits
(Kitayama Rabesu Co., Nagano, Japan) weighing 1.4 -
1.6 kg were individually housed in an environmentally
controlled room with a 12 h light/dark cycle and free
access to a standard laboratory chow CR-3 (Nippon
Clea Co. Ltd., Tokyo, Japan). The experimental treat-
ment protocol used in this study was approved by the
Animal Care and Use Committee of the University of
Tsukuba. All procedures were in accordance with in-
stitutional guidelines for animal studies. Drinking wa-
ter solutions were made with distilled water. The
animals were randomly divided into two groups of 6
animals each and were allowed ad libitum drinking
water containing 5 mg arsenic/l (as As[V]} or un-
treated drinking water {(control group). Exposure was
continuous for 18 weeks. Arsenate drinking water
solution was made up fresh weekly using Na,HAsO,
(Kishida Chemical Co., Osaka, Japan) in distilled wa-
ter. The general appearance of the rabbits was ob-
served daily. Daily water and weekly chow consump-
tion were measured. Body weights were monttored
weekly. At the end of week 18, after 24 h samples of
urine were taken by using metabolic cages with the
sample bottles kept on ice during the collection, blood
samples were taken from central ear arteries after 24 h
of fasting, and plasma was separated immediately. The
animals were then killed by injection of air into ear
vein, the tissues were extracted immediately, frozen in
liquid nitrogen, and stored at —70°C until use.

Measurement of nitrite and nitrate in plasma

Because NO has a very short half-life, it has been
quantified indirectly in most studies by measuring the
stable NO metabolites nitrite and nitrate. Combined ni-
trite and nitrate levels in plasma were determined by the
method of Green et al. [44], with slight modification,
Briefly, after nitrate was reduced to nitrite with 0.2 U/ml
Aspergillus nitrate reductase (Sigma Chemical Co., St.
Louis, MQ, USA) in the presence of 0.1 uM FAD and 10
uM NADPH, the mixture was reacted with Griess re-
agent (1 ml) consisting of 1% sulfanilamide and 0.1%
N-(1-naphtyl)-ethylenediamine HCl in 5% H;PO,. The
resulting sample was measured at 540 nm with NaNQ, as
a standard.

Radioimmunoassay for cyclic guanosine
monophosphate (cGMP) in plasma

Quantitative assay for cGMP in plasma was per-
formed using a commercial radioimmunoassay kit (Am-
ersham Pharmacia Biotech UK Ltd., Buckinghamshire,
UK) after sample extraction. For extraction, plasma (50
ul) was diluted with deionized distilled water (DDW)
(150 nl) and then mixed with an equal volume 10% of
trichloroacetic acid (200 ul). After centrifuge at 15,000
X g for 10 min, 200 pl of the supernatant was extracted
4 times with 1.5 ml water-saturated diethyl ether by
vigorous shaking for 1 min. The aqueous phase was dried
at 60°C by N, gas and dissolved in 200 pl of 0.05 M
sodium acetate buffer (pH 5.8), and then was acetylated
with a mixture of acetic acid anhydride/triethylamine
(1:2 by volume). A series of known levels of cGMP were
extracted and acetylated as above to provide a standard
for quantification.

Determination of H,0, in urine

H,0, in urine was determined using the method of
ferrous oxidation-xylenol orange (FOX) assay [45].
Bricfly, urine samples (150 ul} were mixed with 17 ul
methanol, immediately followed by the addition of FOX
reagent and mixing by vortex. The resulting solution was
incubated at room temperature for 10 min and centri-
fuged at 15,000 X g for 5 min. Absorbance at 560 nm
was monitored against a methanol blank. The concentra-
tion of H,0, in standard stock solution was calculated
using, the extinction coefficient of 43.6 mM ™ lem™! at
240 nm. Creatinine levels in urine were determined by a
commercially available Creatinine Test Kit (Wako Pure
Chemical Industries, Osaka, Japan).

Isometric tension measurement in aortic rings

The thoracic aortic rings were prepared essentially as
described by Furchgout and Zawadzki [46]. Briefly, the
thoractic aortas were carefully removed to protect the
endothelial lining, cleared of adhering fat and connective
tissues, and cut into cylindrical segments approximately
2 mm in length. The rings were mounted under 1 g of
resting tension on stainless-steel hooks in 10 ml capacity
organ chambers and bathed in Kreb’s-Henseleit solution
(118 mM NaCl, 47 mM KCli, 1.5 mM CaCl,, 1.2 mM
MgS0,, 1.2 mM KH,PO,, 25 mM NaHCOQ;, 11 mM
glucose, and 0.002 mM EDTA, pH 7.4), which was
continuously gassed with 95% 0,/5% CO, and main-
tained at 37°C. Tension was measured isometrically us-
ing a force displacement transducer (NTHON KONDEN
Co., Ltd., Tokyo, Japan) and was displayed on a muiti-
pen recorder (PHOENIX; TOA Electronics Ltd., Tokyo,
Japan). The Krebs-Henseleit solution was changed every
15 min during equilibration. After 1 h equilibration pe-
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riod, rings were stimulated with 50 mM of KCl to con-
firm their viability, and the following experiments were
conducted. In the studies to elucidate the effects of
chronic arsenic exposure on the function of the vascular
endothelium, after a plateau of submaximal tension ini-
tially induced with 0.2~-1 puM phenylephrine (PE, Sig-
ma), an a-adrenergic agonist, was attained, the rings
were exposed to acetylcholine (ACh, Sigma) (1 nM to 1
pM), or a calcium ionophore A23187 (A23187, Sigma)
{1 nM to 1 uM) to construct dose-response curves. All
concentrations indicated for the in vitro studies are final
concentrations in the tissue bath. In parallel experiments,
the rings were preincubated with 200 U/ml of bovine Cu,
Zn-SOD (Sigma), 10 uM BH, (Schircks Laborataorics,
Jona, Switzerland), 100 uM diphenyleneiodonium
(DPI), allopurinol, indomethacin, or 1 mM of N®-nitro-
L-arginine methyl ester (L-NAME) (all from Sigma) be-
fore the addition of A23187.

Determination of BH, in liver

Because the quinonoid form of dihydrobiopterin
(qBH,) is quite unstable and rapidly rearranged nonen-
zymatically to the more stable 7,8-BH,, the amount of
BH, was estimated from the difference between the total
(acid oxidized biopterin level = BH, + BH, + oxidized
biopterin) and alkaline-stable biopterin (alkaline oxi-
dized biopterin level = BH, + oxidized biopterin).
Biopterin contents were determined by high performance
liquid chromatography (HPLC) according to previous
methods {47,481 with some modification. Briefly, livers
were homogenized in 0.1 mM phosphoric acid using a
polytron and centrifuged at 15,000 X g for 10 min. The
supernatant {2 m!) was mixed with 1 nmol D-threo-
bioptetin (Schircks Laboratories) as an internal standard
and 0.25 ml 2 N trichloroacetic acid or 2 N NaOH. The
mixtures were oxidized by 0.5% I,/1% KI in 0.2 N
trichloroacetic acid or 0.2 N NaOH for 1 h in dark and
then neutralized to pH 4 with NaOH or trichloroacetic
acid. The neutralized sample was then applied to a col-
umn containing 1 ml strong cation-exchange resin
AGS0W-X8 (Bio-Rad Lab., Richmond, CA, USA),
which had been equilibrated with double-distilled water
(DDW). The column was washed with 5 mi of DDW and
biopterin was eluted with 2 ml NH,OH/Methanol (1:1 by
volume). The elutions were dried at 75°C under N, gas in.
dark. The residués were dissolved in 0.2 ml DDW and 20
il was used for determination. The chromatographic
equipment consisted of a Shimadzu solvent delivery sys-
tem (a SCL-6A system controller and two LC-6A pump),
a Shimadzu Chromatopac C-R1 integrator, and a Shi-
madzu RF-550 spectrofluorometric detector (A®* = 350
nm, A*™ = 450 nm, Time constant, 1.5; sensitivity, high;
Range, 1} (Kyoto, Japan), Separation was carried out

with an ODS column (YMC-Pack ODS-AL, 250 X 4.6
mrm 1.D.,, 5-5 pm) equipped with an ODS guard column
(23 X 4 mm 1.D.) by a mobile phase (methanol/10 mM
Kpi [pH 7.0] = 25:975, v/v) at a flow rate of 1 ml/min.

RNA blot analysis of GTP-CH 1

The RNA blot analysis of GTP-cyclohydrolase-I
(GTP-CH I) was performed essentially as described by
Gutlich et al. {49]. Briefly, total RNA was extracted from
liver using ISOGEN. Twenty micrograms of total RNA
were electrophoresed on a 1% agarose gel containing
1.8% formaldehyde. RNA samples were blot transferred
to ZetaProbe membrane and UV autocross-linked. Be-
cause the cDNA sequence of rabbit GTP-CH 1 is still
unclear, the 556-bp region of the rat GTP-CH I ¢cDNA
{(Accession: M38364, J05729) that corresponds to nucle-
otide position +276 to +831 was amplified by RT-PCR.
DNA probes were labeled with *P-dCTP (specific ac-
tivity 3000 Ci/mmol, Amersham-Pharmacia Biotech,
Buckinghamshire, UX) by random priming. Membranes
were hybridized overnight at 42°C according to the man-
ufacturer’s protocol. The hybridized filters were washed
at 55°C for 30 min in 0.1 SSC/0.1% SDS and developed
by autoradiography. Relative mRNA levels were quan-
titated by densitometric analysis.

Determination of L-arginine and its methylated
metabolites

Levels of L-arginine and its methylated metabolites
in the heart ventricles were determined using a previ-
ously described method [50]. Ventricle tissues of ven-
tricle were homogenized in cold 50 mM KH,PQO,-
Na,HPQ, buffer (pH 7.4} containing 1 mM EDTA,
0.2% triton X-100, 1 mM PMSF, and 1 pg/ml leupep-
tin and centrifuged at 10,000 X g for 1 h. The super-
natants were extracted with a strong cation-exchange
resin AGSO0W-X8 with L-homoarginine (Sigma) as an
internal standard. After extracted samples were con-
verted to fluorescent derivatives with o-phthalalde-
hyde {OPA, Sigma) in an alkaline medium, high-
performance liquid chromatographic separation with
an ODS column (YMC-Pack ODS-AP, 250 X 4.6 mm
LD., 5§ pm particles, 300 A pore diameter) was per-
formed with an isocratic mobile phase composed of
citrate buffer (50 mM, pH 6.8), methanol and aceto-
nitrile (citrate buffer/methanol/acetonitrile = 920:72:
153 by volume) at a flow rate of 1 ml/min. L-arginine
and its methylated metabolites were measured fluori-
metrically at excitation and emission wavelengths of
340 nm and 455 nm, respectively. Protein content was
determined by the method of Bradford [51] with bo-

vine serum albumin as a standard.
)
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Table 1. Average Body Weight and Total Food, Water and Arsenic Intake of Rabbits During the Period of Exposure

Body weight (kg)

Total food intake

Total water intake Total As intake

Groups Initial Final (kg/rabbit) (I/rabbit) (mg/rabbit)
C 1.52+0.02 362024 18.7x23 384+ 45 0
As(V) 1.53 £ 0.07 3.70 024 190*18 363+30 1816 £ 149

C = control rabbits; As(V) = arsenate-exposed rabbits. Values shown are mean * SD of six animals/group.

Arsenic content in biological samples

Quantification of total arsenic consisting of inorganic
arsenic and its methylated metabolites in blood, urine,
and hair was performed as reported previously [52].
Briefly, 0.25 g of hair or 0.5 ml of each other sample was
transferred into a 10 ml polymethylpentane test tube, and
after the addition of 2 ml of 2 M NaOH to the sample, the
mixture was heated at 95°C for 3 h. The assay sample
was stirred with a magnetic stirrer once every 30 min.
The treated sample was diluted to make 10 ml, and an
aliquot sample was used for each assay. Inorganic ar-
senic and its methylated metabolites were determined by
an atomic absorption spectrophotometer (Shimadzu
model AA-6103). The detection limit of the three chem-
ical species of arsenic by this method was 1 ng, with
coefficient of variation being less than 5%. The standard
reference material used was oyster tissue (No. 1566)
from National Institute of Standards and Technology
{Washington, DC, USA).

Statistical analysis

Data are expressed as mean * SEM in all cases. The
data were analyzed using GraphPad Prism (3.0 version).
Comparisons between arsenate-exposed and control rab-
bits were performed with a two-tailed, unpaired r-test or
Mann-Whitney nonparametric test as appropriate. A
value of p < .05 was considered statistically significant,
and an asterisk (*) is used to indicate significant
differences.

RESULTS

Animals

The body weight of the As(V)-exposed animals over
the 18 week exposure was not significantly different
from control animals. There were no treatment-based
differences in consumption of water or chow, and final
body weights were unaltered by As(V) in drinking water
{Table 1). There were no overt signs of toxicity observed
during the exposure period. The mean amount of arsenic
ingested for each rabbit based on the volume of water
was 182 mg during the 18 week period. The levels of
total arsenic in blood, urine, and hair were 11.1, 38.6,

.

Table 2. Levels of Total Arsenic in Blood, Urine, and Hair of

Rabbits
Blood Urine Hair
Group (peh (ng/) (ngke)
C 0.37 = 0.04 121 = 0.13 60£5
As(V) 411+ 03 456 £ 28 2220 = 300

C = control rabbits; As = arsenate-treated rbbits. Total arsenic
indicates the sum of inorganic arsenic and its monomethyl and di-
methyl metabolites. Each value is the mean = SD of six animals.

and 38.9 times higher, respectively, than those in the
controls (Table 2).

Changes in plasma levels of NO metabolites and
cGMP

As shown in Fig. 1, the 18 week exposure of rabbits
to As(V) in drinking water resulted in a significant 24%
decrease in plasma NO metabolites (nitrite and nitrate)
levels compared to controls (26.5 = 1.3 vs. 34.7 = 2.8
oM}, This is similar to the observed decrease in NO
metabolites in the serum of persons chronically exposed
to high levels of inorganic arsenic that we recently ob-
served in Wuyuan, Inner Mongolia, China [7]. Further-
more, the plasma level of cGMP, which can be increased
by NO and plays an important role in vasorelaxation
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Fig. 1. Effects of prolonged arsenate exposute on plasma levels of the
NO metabolites and ¢cGMP in rabbits. Plasma levels of NO metabolites
were measured as combined levels of nitrite and nitrate. C = control;
As(V) = arsenate, Each data point is the mean = SEM of threc separate
determinations in six animals. * p < .05 vs. control.
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Fig. 2. H,0, levels excreted in urine of rabbits after prolonged expo-
sure to arsenate. C = control; As(V) = arsenate. Each data point is the
mean + SEM of two separate determinations in six animals. * p < .05
vs. control.

[51], decreased nearly 20% in As(V)-exposed rabbits
(9.2 = 0.99 nM) compared to control (11.3 = 1.5 nM),
a difference that approached statistical significance (p =
A7)

Change in urinary H,0,

Since it has been reported that urinary H,O, concen-
tration is utilized as an index for oxidative stress in vivo
[53,54], levels of urinary H,0, were assessed after 18
weeks of As(V) exposure. As shown in Fig. 2, over 18
weeks exposure, the mean level of H;O, excreted in
urine of As(V)-exposed rabbits was about 1.2 times higher
than that of control rabbits (99.0 = 6.1 vs. 81.1 = 4.7
umol/g of creatinine), which was a significant increase.

A23187- and ACh-induced constriction in the aorta
rings of the As(V)-exposed rabbits

The additions of ACh and A23187 produced dose-
dependent relaxation in the aortic rings with intact aortic
endothelivm obtained from both As(V)-exposed and
control groups. As(V) exposure did alter the endotheli-
um-dependent maximal relaxation induced by ACh in
intact thoracic aortic rings, whereas a decrease of the
maximal relaxation induced by A23187 was observed
(46.7% vs. 68.5%), which approached significance (p =
{09) (Table 3). Furthermore, as shown in Fig. 3 (left),
after precontraction of aortic rings with PE, the additions
of A23187, which enhances intracellular calcium levels,
evoked fast and transient constrictions in the aorta rings
of As(V)-exposed rabbits, whereas minimal effects were
observed in the aortas of the control rabbits. Similar
results were observed in aortic strips derived from

Table 3. ED;, and Maximal Relaxation of Acetylcholine- and
A23187-induced Vasorelaxation in Aortic Segments with
Endothelium from Arsenate-exposed and Control Rabbits

Control As(V)
Acetylcholine
EDy, (nmol1) 933 +323 1240 + 324
Maximal relaxation (%) 796+ 8.8 606 * 117
A23187
EDs, (nmol/D) 87.3+262 1162 = 46.1
Maximal relaxation {%) 68.5 6.8 467 £ 9.3*

Data are means = SEM. » = 3-5. EDg, is a concentration that
produces 50% of the maximal response to each drug. Maximal relax-
ation is expressed as a percentage of contraction induced by 3 uM of
phenylephrine. # Approached significance (p = .09 vs, control).

As(V}-exposed rabbits when ACh was used (o increase
intracellular free calcium instead of A23187 (right). Fur-
thermore, as shown in Fig. 4, preincubation of the aorta
rings of As(V)-exposed rabbits with 200 Ufml of Cu,
Zn-SOD attenuated the A23187-induced constrictions. A
similar effect was also observed by preincubation of the
rings with 10 uM BH,. Pretreatment of the rings with
100 uM DPI, which inhibits flavin-containing enzymes,
including NADPH oxidase and NOS, and 1-NAME, a
NOS inhibitor, also diminish the constrictions induced
by the calcium ionophore, Allopurinol, an inhibitor of
xanthine oxidase, and indomethacin, inhibitor of cyclo-
oxygenase, were without effect on the calcium-depen-
dent vasoconstriction of aortic ring from As(V)-exposed
rabbits (data not shown).

Changes of levels of hepatic 6-BH, and i-arginine in
ventricle of heart

Because of limited volume of samples and low sen-
sitivity of detection, we were unable to determine BI—f4
levels in the vascular tissues, such as aortas. As shown in
Fig. 5, however, hepatic BH, levels in As{V)-exposed
rabbits significantly decreased to 62% of controf (1.11 =
0.12 vs. 1.78 = 0.11 nmol/g of tissuc). However, nRNA
level of GTP-CH I gene, a rate-limiting enzyme for BH,
biosynthesis was not decreased by As(V} exposure (Fig.
6), sugpesting that the decreased levels of BH, that were
caused by prolonged exposure to As{V) were not due to
downregulation of the GTP-CH I gene. In addition,
chronic As(V) exposure did not affect the levels of
L-arginine in ventricle of rabbit hearts (5.13 = 0.91 vs.
5.41 * 0.87 umol/g of protein). In the determination of
L-arginine in ventricle of rabbit hearts by HPLC, little
L-NMMA and ADMA peaks were detected in ventricle
samples of both groups (data not shown).

DISCUSSION

Present study indicates that 18 weeks of oral exposure
to As(V) in rabbits.resulted in a significant decrease in
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Fig. 3. Representative tracings of calcium ionophore A23187 and ACh induced relaxation and constriction in phenylephrine
precontracted thoracic aortas with intact endothelium of arsenate exposed rabbits and controls. PE = phenylephtine; tracings are typical
of three to five separate observations. Arrows on the teaces indicate the additions of A23187 or ACh, Fignres under the arrows are the
final concentrations of A23187 or ACh expressed as log molar units.

plasma NO metabolites levels and a significant increase
in the urinary H,0, level. These observations strongly
suggest that exposure to inorganic arsenate in the drink-
ing water can reduce systemic NO production and po-
tentially increase oxidative stress in an animal model
system that metabolizes inorganic arsenic in a fashion
similar to humans [42]. In this regard, reduced systemic
NO production and inductions of oxidative stress have
been observed in an area of endemic chronic arsenic
poisoning in Inner Mongolia, China, where more than

80% of the arsenic in drinking water was in the form of
inorganic As(V) [7,26]. It should be noted that because
rabbits, like humans, metabolize inorganic arsenic to
methylated products [42], it is possible that some of the
effects on NO metabolism seen in As{V)-treated rabbits
could be caused by the arsenical containing metabolites.
Denninger and Marletta [55} reported that eNOS is ca-
pable of producing abundant NO and minimat O, ~ from
L-arginine under normal conditions, but this reaction
requires a variety of cofactors such as NADPH, calmod-

As(V) treated
PE +BH,

As(V) lreated- _goT
PE +L-NAME S_mE

Fig. 4. Effects of SOD, BH, DPI, and L-NAME on the vasoconstrictions of thoracic aortas with intact endothelivm of arsenate-exposed
rabbits induced by A23187. PE = phenylephrine; SOD = Cu,Zn-superoxide dismutase; DPI = diphenyleneiodonium; L-NAME =
NC-nitro-L-arginine methyl ester. Tracings are typical of two to four separate observations. Arrows on the traces indicate the additions
of A23187 and figures under the arrows on the traces are the concentrations of A23187 expressed as [og molar units.



