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Abstract. Transcription factor Nrf2 regulates gene expression of drug metabolizing enzymes
such as glutathione S-transferase via the antioxidant response element, ARE. Aldose reductase
(AR), a member of the aldo-keto reductase (AKR) superfamily, metabolizes various endogenous
and exogenous aldehydes. The AR gene 5'-flanking region contains a multiple stress response
region (MSRR) composed of two putative AREs (ARE1 and ARE2), an AP1 site, and a tonicity
response element (TonE). As this region is highly conserved among species, we examined the
involvement of Nrf2 in transcriptional regulation of the AR gene. f-Naphthoflavone, an Nrf2
activator, elevated the level of AR mRNA in HepG2 cells and increased the promoter activity of
the mouse AR (AKR1B3) gene. The promoter activity of the AKR1B3 gene, containing MSRR,
was also augmented by overexpression of Nrf2. Deletion and mutation analyses indicated that
both AREI and the API1 site were essential for the responsiveness to Nrf2, while ARE2 was
nonfunctional. The presence of an ARE1 binding protein complex was revealed by electro-
phoretic mobility shift assay. These findings indicate that Nrf2 regulates the AKR1B3 promoter
activity via ARE1 and the AP1 site.
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Introduction

Aldose reductase (AR; EC 1.1.1.21) is an NAD(P)H-
dependent monomeric oxidoreductase and a member of
the aldo-keto reductase (AKR) superfamily (1). The
AKR superfamily consists of more than one hundred
proteins with (a/f)s barrel structure. A systematic
nomenclature system for the AKR superfamily was
adopted, and each AR has been designated as AKR1B1
(human), AKR1B3 (mouse), or AKR1B4 (rat) (1). AR
has been studied as a key enzyme in the pathogenesis of
various diabetic complications (2). It is the rate-limiting
enzyme in the polyol pathway where glucose is
converted to sorbitol by AR, followed by NAD"-depen-
dent conversion to fructose by sorbitol dehydrogenase.
Under hyperglycemic conditions, acceleration of the
polyol pathway leads to a condition similar to hypoxia,
provoking early tissue damage in the target organs
associated with diabetic complications (2, 3). In
addition, AR also functions as a metabolizing enzyme
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toward various endogenous and exogenous aldehydes,
quinones, and alcohols. AR detoxifies acrolein, a
metabolite of cyclophosphamide, 4-hydroxynonenal
produced during lipid peroxidation, and the dihydrodiol
form of benz(a)pyrene metabolites (4 — 8).

It is generally known that expression of the AR gene
is activated by osmotic stress (9, 10). The tonicity
response element (TonE) within the 5'-flanking region of
the AR gene is responsible for hyperosmotic stress (11).
The TonE binding protein (TonEBP) has been identified
to be a rel-like transcription factor and designated as a
member of the nuclear factor of activated T-cell (NFAT)
family, NFATS (12, 13). Transcription factor NF-xB
also recognizes TonE and activates the AR promoter in
response to TNF-a (14). An APlsite is localized
adjacent to TonE, although its involvement in AR gene
regulation has not been clarified (11, 15). As AR
expression is enhanced by oxidative substances such as
hydrogen peroxide, nitric oxide, oxidized low-density
lipoprotein, and advanced glycation endproducts
(AGEs) (16-18), AR can also be designated as an
oxidative stress-inducible protein.
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Nrf2 (NF-E2-related factor2) is a member of the
Cap’n’Collar subfamily of basic region-leucine zipper
(bZip) transcription factors. Nrf2 forms a heterodimer
with small Maf proteins and binds to the antioxidant
response element (ARE) (19, 20). The core sequence of
ARE, 5-TGACNNNGC-3', was found in the promoter
regions of drug metabolizing enzymes such as
glutathione S-transferase (GST) and NAD(P)H:quinone
oxidoreductase (QR) (21 —23). Several groups of
xenobiotics including phenolic antioxidants, flavonoids,
and isothiocyanate, such as f-naphthoflavone (f3-NF)
and 2(3)-tert-butyl-4-hydroxyanisole (BHA), are known
to activate Nrf2 and induce drug metabolizing enzymes
(24). Because nrf2-null mice showed severe impairment
in the induction of several phase Il drug metabolizing
enzymes, Nrf2 appears crucial for ARE-mediated gene
expression (22). Nrf2 is also involved in the induction of
anti-oxidative stress proteins such as y-glutamylcysteine
synthetase and heme oxygenase-1 (25, 26). In Nrf2-
deficient macrophages, induction of anti-oxidative stress
genes by electrophiles or reactive oxygen species was
abrogated (22). These findings suggest that Nrf2 plays a
key role in the anti-oxidative stress response. Recently,
the expressions of some of the genes encoding anti-
inflammatory proteins, growth factors, and NADPH
regenerating enzymes were also identified to be Nrf2-
dependent by microarray analyses of Nrf2-knockout
mice (27, 28). Among these genes, an aldose reductase-
related gene was shown to be regulated by Nrf2 (27).

Two putative ARE-like sequences, ARE1 and ARE2,
are found adjacent to TonE and AP1 site in the 5'-
flanking region of the AR gene (11, 15, 29, 30). The
arrangement of these elements is highly conserved
among animal species, suggesting that this region is
important for the regulation of AR gene expression.
Thus, we designated this region as the multiple stress
response region, MSRR (Fig. 1). Since AR has a role
in the metabolism of xenobiotics and the consensus
sequences of ARE are located within its promoter
region, Nrf2-mediated regulation of AR gene expression
is speculated. We, thus, investigated the involvement of
Nrf2 in the regulation of mouse AR (AKR1B3) pro-
moter activity.

Materials and Methods

Reagents

f-Naphthoflavone (S-NF) was purchased from Wako
Pure Chemical Industries, Ltd. (Osaka). Anti-Nrf2 anti-
body (C-20), raised against the C-terminus of Nrf2
protein, was purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). Rabbit IgG and bovine
serum albumin were products of Sigma Chemical

TonE
Mouse -1063 gggcaccgac |[TGGAAAATCA CCAGaatggg atttagagag
Rat -1081 gggcaccaac [TGGAAAATCA CCAdaatggc acttagagag
Human —1167 aagcaccaaa |[TGGAAAATCA CCGQcatgga gtttagagag
AP1
Mouse -1023 gtggggttcc |[TGACTCAtta ccttgcagat gcagttgtcc
Rat -1041 gtggggttcc [TGACTCAtta ctctgcagat gcagttgtct
Human -1127 acctggtgct |[TGAGTCActa ccaggcagat ggagttccca
ARE2 ARE1
Mouse - 983 ctgt4GCGTA ATCAggggg- caactggagc aTGACCCAGC
Rat -1001 gtgtf{GCATA ATCAgggggg cgactgaagc JTGACCCAGC
Human -1087 atctfGCATA ATTAggggaa agatcggagg JdTGATGGAGC

Mouse —944 agaaggaga
Rat -961 agaaggaga
Human -—1047 agaaagagc

Fig. 1. Conserved elements in multiple stress response region
(MSRR) of the aldose reductase (AR) gene among animal species.
TonE, tonicity response element; AP1, AP1 binding site; ARE,
antioxidant response element.

Company (St. Louis, MO, USA). Other reagents were of
the highest grade available.

Plasmids

Luciferase reporter constructs containing the pro-
moter region of the mouse AR gene were described
previously (15). To obtain enhancer regions of the AR
promoter, the polymerase chain reaction (PCR) was
performed with —1.06-AR-luc as a template using the
following primers: 5'-tgtatcttatggtactgtaactg-3' (GL1
primer) and 5'-gaagatctccttctgetgggtcatget-3' (22
primer) for pMSRR-luc (—1063 to —936, pTonE-AP1-
ARE-luc); GL1 primer and 5'-gaagatctgcaaggtaatgagt
cag-3' for pTonE-AP1-luc (-1063 to —994); 5'-ggggtaac
cagaatgggatttagagagg-3' and Z2 primer for p3A-luc
(—1044 to —936, pAP1-ARE-luc). The mutant enhancer
elements were prepared by PCR with p3A-luc as a
template using GL1 primer and the following primers:
5'-gaagatctccctgattacgcaacaggg-3' for p3AAAREI-Iuc
(—1044 to —967), 5'-gaagatctccttctgetgggtectget-3' for
p3AmAREI-luc, and 5'-gaagatctccttetgctgggtcatgetecag
ttgcceecggattacgcaa-3' for p3AmARE2-luc. The AP1
mutants were prepared by PCR between Z2 primer and
the following primers: 5'-ggggtaccagaatgggatttagagaggt
ggggttccggactea-3' for p3AmAP1-1-luc and 5'-ggggtac-
cagaatgggatttagagaggtegogttcctgactcctta-3' for
p3AmAP1-2-luc. The amplified fragments were
digested with Kpnl and BglIl and subcloned into the
pGL2-promoter vector (Promega Corp., Madison, WI,
USA). To construct 2xARE-luc, the following oligo-
nucleotides with ARE consensus sequences and Sall
flanking sequences were synthesized: 5'-tcgagactgaag
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catgacccagcagaaggagag-3' and 5'-tcgactctecttetgetgggt
catgcttcagte-3'. The oligonucleotides were annealed,
phosphorylated using T4 polynucleotide kinase, and
cloned at the Sall site of pGL2-promoter vector. A
luciferase construct with a tandem repeat of ARE
sequence was selected among the obtained constructs by
nucleotide sequencing. The Nrf2 expression plasmid
(pNrf2) was a gift from Dr. Cecil B. Pickett (Schering-
Plough Research Institute, NJ, USA) (23). To generate a
dominant-negative Nrf2, a DNA fragment containing a
Cap’n’Collar homology region and basic leucine-zipper
domain (amino acids 386 to 580) was amplified by PCR
using the primers 5'-gccgccgecatggetgetgtgecacgaatee
cag-3' (sense) and 5'-cctcccgaacctagtttttctttgtatctgge-3'
(antisense). The amplified fragment was first ligated into
pGEM-T Easy vector and next subcloned into pcDNA3
vector (Invitrogen Corp., Carlsbad, CA, USA).

Northern blotting

Northern blotting was performed as described pre-
viously (16). Briefly, total RNA was size-fractionated in
1% agarose gels containing 40 mM MOPS, 10 mM
sodium acetate, 1 mM EDTA, and 2.2 M formamide
(pH 7.0). RNA was transferred onto a Hybond-N" nylon
membrane (Amersham-Pharmacia Biotech., Tokyo) and
immobilized by UV irradiation. The human AR cDNA
probe (31) was labeled with [a-**P]-dCTP by random
priming and purified with a G-25 spin column. The
blotted membrane was hybridized with a 1 x 10° cpm
/ml radiolabeled probe at 42°C in a buffer containing
5% SSPE, 1% SDS, 5 x Denhardt’s solution, and 50%
formamide. The blot was first rinsed with 2 x SSC
containing 0.5% SDS and then washed twice with
0.1 x SSC containing 0.5% SDS for 30 min at 55°C.
The radioactive signals were analyzed using a BAS
2000 Bioimaging Analyzer (Fuji Film, Tokyo).

Cell culture and transfection

Human hepatoma HepG2 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) at 37°C
under an atmosphere of 95% air and 5% CO,. The cells
were seeded in 6-well-plates one day before the trans-
fection. For transfection using Lipofectin (Invitrogen
Corp.), the cells were incubated with a DNA-Lipofectin
mixture for 4 h and then grown in DMEM containing
10% FBS. To normalize the transfection efficiency, the
f-galactosidase expression plasmid pSV-f-GAL was
co-introduced to the cells.

Reporter assay
The cells were harvested 48 h after the transfection
and lysed in reporter lysis buffer (Promega Corp.).

Luciferase activity was measured with a luciferase assay
system (Promega Corp.) with a Micro Lumat LB96P
Luminometer (Berthold Japan, Co. Ltd., Tokyo). S-
Galactosidase activity was spectrophotometrically mea-
sured with a f-galactosidase enzyme assay system
(Promega Corp.). Luciferase activity was normalized by
the f-galactosidase activity for each sample.

Electrophoretic mobility shift assays (EMSAs)

EMSAs were performed as described previously
(32). Oligonucleotide probes containing AREs and
the API site (109 bp) were prepared by digesting the
corresponding pGL3-luciferase constructs, p3A-luc and
p3AmARE]-luc, with Bglll and Kpnl. The oligo-
nucleotide probes were dephosphorylated and then
labeled at their 5'-ends using [y-**P]JATP (ICN Bio-
medicals) and T4 nucleotide kinase. The HepG2 nuclear
extracts were prepared as described previously (32). The
nuclear extracts and the labeled probe were incubated at
4°C for 30 min, resolved in a polyacrylamide gel, and
analyzed by a BAS2000 Bioimaging Analyzer.

Results

Induction of AR by an Nrf2 activator B-NF

As HepG2 has been used for the analyses of AREs in
the promoters of rodent GST and QR (23, 33), the effect
of B-NF, an Nrf2 activator, was examined in this cell
line to elucidate whether the transcription factor Nrf2
participates in the AR gene expression. In HepG2 cells,
P-NF is known to induce catalytic and regulatory
subunits of y-glutamylcysteine synthetase in an Nrf2-
dependent manner (34). As shown in Fig. 2A, the level
of AR mRNA was increased in the cells treated with f-
NF. The effect of S-NF on the regulation of mouse AR
(AKR1B3) promoter activity was next analyzed using a
reporter plasmid containing up to —1063 bp upstream of
the 5'-flaking region of AKR1B3 gene (—1.06 AR-luc)
(15). This region included two putative AREs, TonE,
and AP1 (Fig. 2B). As shown in Fig. 2C, S-NF treatment
significantly augmented the promoter activity. The
2xARE-luc construct was used as a positive control.
These results suggested the involvement of transcription
factor Nrf2 in the AR gene regulation.

Overexpression of Nrf2 enhanced AKRIB3 promoter
activity

To verify whether Nrf2 regulates AKR1B3 gene
expression, an Nrf2 expression plasmid pNrf2 and the
reporter plasmid —1.06 AR-luc were co-transfected into
HepG2 cells. Overexpression of Nrf2 significantly
increased the AKRIB3 promoter activity in a dose-
dependent manner (Fig.3A). This augmentation was
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Fig. 2. [-NF induced AR expression in HepG2 cells. A, HepG2
cells were treated with 5 #M f-NF for 8 h. Total RNA was prepared
and subjected to northern blotting (upper panel). Lower panel shows
the ethidium bromide-stained ribosomal RNAs. B, a schematic
structure of the —1.06-AR promoter-luc construct. C, S-NF
augmented the mouse AR (AKRI1B3) promoter activity. HepG2
cells were transfected with —1.06 AR-luc. After 24 h, the cells
were treated with 10 uM pS-NF for 24 h. As a positive control,
the 2xARE-luciferase construct was examined. Bars represent the
mean + S.E.M. obtained from three experiments. *P<0.05 (analyzed
by Student’s 7 test).

suppressed by the co-expression of dominant negative
Nrf2 (Fig. 3B). Similar results were obtained when a
mouse fibroblast cell line, NIH/3T3, was used (data not
shown). These results suggested that Nrf2 was involved
in the regulation of AKR1B3 gene expression.

A

Luciferase Activity (fold)
N

0 01 02 05
Nrf2 (ug)

Luciferase Activity (fold)
N

0 .
Nrf2(ug) - 02 02 -
DN-Nrf2(ug) - = 02 0.2

Fig. 3. Overexpression of Nrf2 enhanced AR promoter activity.
A, the —1.06-AR promoter-luc construct (0.5 ug) was co-transfected
with increasing amounts of an Nrf2 expression plasmid, pNrf2.
B, dominant-negative Nrf2 suppressed Nrf2-induced increase in the
AR promoter activity. HepG2 cells were co-transfected with 0.5 ug
of the —1.06-AR promoter-luc, a dominant-negative Nrf2 expression
plasmid (DN-Nrf2) and pNrf2 (Nrf2). The total amount of DNA was
adjusted by addition of an appropriate amount of the empty plasmid
vector pcDNA3. The values indicate the fold induction relative to the
activity in the absence of Nrf2 and DN-Nrf2. Bars represent the
mean = S.E.M. obtained from three experiments.

ARE1 and AP1 sites were essential for the Nrf2-induced
increase in AKRIB3 promoter activity

To identify the region responsible for the Nrf2-
mediated activation, reporter constructs containing
various lengths of the AKR1B3 gene 5'-flanking region
were generated (Fig. 4). In the presence of two putative
AREs, Nrf2-mediated activation was markedly dimin-
ished when TonE and the AP1 site were deleted. Thus,
the region including TonE and the AP1 appeared to be
responsible for Nrf2-mediated activation. However,
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Fig. 4. Deletion analysis of the 5'-flanking region of AR gene. HepG2 cells were co-transfected with 0.2 xg of pNrf2 and 0.5 ug
of various AR-promoter-luc constructs. The values indicate the fold induction relative to the activity with —1.06-AR-luc in the
absence of Nrf2. Bars represent the mean + S.E.M. obtained from three experiments.

this region alone (pTonE-AP1-luc: —1063 to —994) was
insufficient for the Nrf2-induced activation (Fig. SA). It
is therefore speculated that AREs may be necessary in
addition to TonE and the AP1 site. As shown in Fig. 5A,
the responsiveness to Nrf2 was observed when the
reporter construct containing TonE, AP1 site, and two
AREs (pMSRR-luc: —1063 to —936) was examined.
Enhanced promoter activity by Nrf2 was still observed
with the construct p3A-luc lacking TonE. These findings
indicated that the region encompassing the AP1 site
and AREs (-1034 to —-936) were important for the
responsiveness to Nrf2.

Next, we examined whether both AREs are necessary
or either of them is sufficient for the Nrf2-induced
activation. As shown in Fig. 5B, either one point muta-
tion (p3A-mAREIl-luc) or deletion of AREl (p3A-
AAREI-luc) resulted in a total loss of the responsive-
ness, suggesting that ARE1 was indispensable in the
Nrf2-mediated AR promoter activation. In contrast, the
mutation of the same corresponding nucleotide of the
consensus sequence within ARE2 (p3A-mARE2-luc)
revealed no effect on the Nrf2-mediated transactivation,
suggesting that ARE2 is not essential (Fig. 5C). The
substitution of the proximal A to C of the API site
(p3A-mAP1-2-luc) significantly attenuated the respon-
siveness to Nrf2 while the substitution of the distal T to
G (p3A-mAP1-1-luc) was less effective. These findings
verified the importance of the AP1 site and also sug-
gested that the orientation of the AP1 site toward ARE]
was important despite the palindromic sequence of AP1.
Together, both ARE1 and the AP1 site appeared to be

essential for the AKR1B3 gene activation by Nrf2.

Binding of Nrf2 to AREI of AKRIB3 promoter

To investigate the direct interaction of Nrf2 and
ARE1 of the AKRIB3 promoter, electrophoretic
mobility shift assays were performed (Fig. 6A). When
the probe isolated from the AKR1B3 promoter contain-
ing ARE1, ARE2, and the AP1 site (AP1-ARE) was
used, several mobility-shifted bands were observed
(lane 1). Among them, the band indicated by an arrow
was diminished when AREIl-mutated oligonucleotide
(AP1-mARET1) was used as a probe (lane 2). While the
band disappeared in the presence of an excess amount of
unlabeled wild-type probe (lane 3), it remained in the
presence of an excess amount of unlabeled mutant probe
used as a competitor (lane 4). When an excess amount
of unlabeled ARE consensus sequence oligonucleotide
was used as a competitor, the intensity of the band was
diminished (lane 5). These data suggested that HepG2
cells contained nuclear factors that bind to ARE1 of the
AKRI1B3 promoter. To examine whether the AREI-
binding complex includes Nrf2 protein, effects of anti-
Nrf2 antibody were examined. As shown in Fig. 6B, the
anti-Nrf2 antibody markedly attenuated the binding of
the nuclear factors to AREI (lane 2). It appeared that
the antibody, recognizing the C-terminus of Nrf2
protein, prevented Nrf2 from binding to the probe since
the DNA binding domain and the leucine zipper domain,
necessary for dimerization, are located in the C-terminal
region of Nrf2 (35). Accordingly, these results suggested
the interaction of Nrf2 with ARE1 of the AKR1B3 gene.
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Fig.5. AREl and the APl site
were essential for the responsiveness
to Nrf2. A, B, C, HepG2 cells were
co-transfected with 0.2 g of pNrf2
and 0.5 #g of mutant luciferase
reporter constructs derived from
multiple stress response region
(MSRR) of the AR promoter. The
luciferase activity was plotted after
normalization to the activity of the
pGL3-basic (A) or p3A-luc (B, C) in
the absence of Nrf2 expression
plasmid. Bars represent the mean +
S.E.M. obtained from three experi-
ments. Asterisks indicate one point
mutations in the enhancer elements.
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Fig. 6. Electrophoretic mobility shift assays. A, HepG2 nuclear
extracts (5 pg), incubated with the radio-labeled probe containing
AREs and the API site of the AR promoter, were resolved in a 6%
polyacrylamide gel. The arrow indicates the specific band observed
with the wild type probe. B, anti-Nrf2 antibody (6 xg) was added
to the reaction mixture and subjected to the assay (anti-Nrf2). The
same amount of bovine serum albumin (BSA) or rabbit IgG (rb. IgG)
was used for controls. A representative autoradiograph of two
experiments is shown.

Discussion

In the present study, we demonstrated for the first
time that the promoter activity of the mouse AR
(AKR1B3) gene is regulated by the transcription factor
Nrf2 via ARE1 and the AP1 site located in the MSRR
of the 5'-flaking region. The major line of evidence
provided in this study are as follows: 1) The mouse AR
promoter activity was augmented either by Nrf2 acti-
vator B-NF or by overexpression of Nrf2 protein. 2) The
introduction of the dominant-negative Nrf2 plasmid to
the cells completely abolished the promoter activation
by Nrf2. 3) The mutational analysis revealed that ARE1
and the AP1 site are necessary for the responsiveness to
Nrf2. 4) The region including ARE1 and the AP1 site
was shown to interact with Nrf2 in the electrophoretic
mobility shift assays, while the probe with mutated
ARE] lost its binding activity to Nrf2. These results
suggested that the transcription factor Nrf2 directly
interacts with the promoter region and activates the gene
expression of AR. Since MSRR is highly conserved
among animal species, the transcriptional regulation of
AR via MSRR seems to be universal. Although two

putative ARE sequences, ARE1 and ARE2, are present
as an inverted repeat in MSRR, only one of these
AREs, AREI, was indispensable in the Nrf2-mediated
augmentation of the promoter activity. On the other
hand, the AP1 site in MSRR was shown to be necessary
for the Nrf2-mediated transactivation. Interestingly, the
substitution of proximal A to C in the AP1 site led to a
greater decrease in the responsiveness to Nrf2, while the
AP1 sequence is palindromic. Because the consensus
sequences of ARE and AP1 resemble each other, an AP1
site may act as an ARE. The inverted repeat of these
two ARE-like sequences with a certain distance may
be important for the transcriptional activation by Nrf2.
It is reported that the presence of two copies of ARE
motif is necessary for maximum induction by S-NF in
murine GST-A1 (36) and rat QR (37). Since the muta-
tion in the API1 site did not completely abolish the
responsiveness to Nrf2, the AP1 site may play a support-
ive role as a stabilizer of the Nrf2-small Maf complex
while ARE1 plays a primary role in the Nrf2-mediated
transactivation.

Nrf2 is known to be involved in the transcriptional
regulation of detoxification enzymes such as glutathione
S-transferase. In addition, microarray analyses with
Nrf2-knock out mice revealed that Nrf2 is also involved
in the regulation of glutathione-related proteins, anti-
oxidant proteins, NADPH-producing enzymes, and anti-
inflammatory proteins (27, 28). Proteins within these
categories are vital to the maintenace of a cell defense
system. Nrf2 may thus play a pivotal role in cell
protection against carcinogens and various toxins. The
fact that Nrf2 enhanced the promoter activity of the
AR gene implies that detoxification is one of the impor-
tant physiological roles of AR. AR has the ability to
detoxify toxic carbonyl compounds such as acrolein,
a metabolite of cyclophosphamide, 4-hydroxynonenal
produced during lipid peroxidation, and the dihydrodiol
form of benz(a)pyrene metabolites (4 —8). Recently,
Keightley et al. demonstrated the increase of AR expres-
sion in a Chinese hamster fibroblast cell line (HA1)
treated with ethoxyquin. The AR-induced HA1 cells
were resistant to glycolaldehyde- or acrolein-induced
cytotoxicity, whereas the inhibition of AR activity with
alrestatin abolished the resistance (38). These observa-
tions strongly suggest that elevated AR expression gives
a protective effect against oxidative stress. On the other
hand, the resistance to anticancer drugs in tumor cells
or the tolerance to ordinary medications is partly due to
the elevated expression of detoxification enzymes (39).
Lee et al. demonstrated that HepG2 cells overexpressing
AR became more resistant to the anticancer drug
daunorubicin (40). It is well-known that the Nrf2-depen-
dent detoxification pathway is activated by various
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antioxdative agents (41). Accordingly, Nrf2-dependent
up-regulation of AR expression may be involved in the
protection against toxic xenobiotics as well as in the
resistance to such therapeutic agents as anticancer drugs
in the same manner as other Nrf2-dependent detoxifi-
cation enzymes. Since AR is the rate-limiting enzyme of
the polyol pathway (2), the regulation of AR expression
by Nrf2 may also affect the development of diabetic
complications.

Further investigation on the regulatory mechanisms of
AR gene expression may reveal the role of AR in the
metabolism of xenobiotics as well as in the pathogenesis
of diabetic complications and extend our knowledge on
the pleiotropic roles of the AKR family.

Acknowledgments

This work was supported in part by a grant-in-aid for
young scientists (B) 14771339 from the Ministry of
Education, Culture, Sports, Science, and Technology,
Japan (T.N). The authors thank Dr. Cecil B. Pickett
(Schering-Plough Research Institute, NJ, USA) for
providing the Nrf2 expression construct. The authors
also thank Satoko Enomoto and Kentaro Mizuno for
their technical assistance.

References

1 Jez JM, Flynn TG, Penning TM. A new nomenclature for the
aldo-keto reductase superfamily. Biochem Pharmacol. 1997;54:
639-647.

2 Yabe-Nishimura C. Aldose reductase in glucose toxicity: a
potential target for the prevention of diabetic complications.
Pharmacol Rev. 1998;50:21-33.

3 Yagihashi S. Pathogenetic mechanisms of diabetic neuropathy:
lessons from animal models. J Peripher Nerv Syst. 1997;2:113—
132.

4 Nishimura C, Yamaoka T, Mizutani M, Yamashita K, Akera T,
Tanimoto T. Purification and characterization of the recombi-
nant human aldose reductase expressed in baculovirus system.
Biochim Biophys Acta. 1991;1078:171-178.

5 He Q, Khanna P, Srivastava S, Van KF, Ansari NH. Reduction
of 4-hydroxynonenal and 4-hydroxyhexenal by retinal aldose
reductase. Biochem Biophys Res Commun. 1998;247:719-722.

6 Kolb NS, Hunsaker LA, Vander Jagt DL. Aldose reductase-
catalyzed reduction of acrolein: implications in cyclophos-
phamide toxicity. Mol Pharmacol. 1994;45:797-801.

7 Sato S, Sugiyama K, Carper D. Aldose reductase as dihydrodiol
dehydrogenase: naphthoquinone formation by rat lens aldose
reductase. Adv Exp Med Biol. 1997;414:499-505.

8 Vander JD, Kolb NS, Vander JT, Chino J, Martinez FJ,
Hunsaker LA, et al. Substrate specificity of human aldose
reductase: identification of 4-hydroxynonenal as an endogenous
substrate. Biochim Biophys Acta. 1995;1249:117-126.

9 Hsu D, Guo Y, Peifley KA, Winkles JA. Differential control of
murine aldose reductase and fibroblast growth factor (FGF)-

11

12

14

15

17

18

19

20

21

22

23

24

25

regulated-1 gene expression in NIH 3T3 cells by FGF-1 treat-
ment and hyperosmotic stress. Biochem J. 1997;328:593-598.
Chang KC, Paek KS, Kim HJ, Lee YS, Yabe-Nishimura C, Seo
HG. Substrate-induced up-regulation of aldose reductase by
methylglyoxal, a reactive oxoaldehyde elevated in diabetes. Mol
Pharmacol. 2002;61:1184-1191.

Ko B, Ruepp B, Bohren KM, Gabbay KH, Chung SS. Identifi-
cation and characterization of multiple osmotic response
sequences in the human aldose reductase gene. J Biol Chem.
1997;272:16431-16437.

Lopez RC, Aramburu J, Rakeman AS, Rao A. NFATS, a consti-
tutively nuclear NFAT protein that does not cooperate with Fos
and Jun. Proc Natl Acad Sci USA. 1999;96:7214-7219.
Miyakawa H, Woo SK, Dahl SC, Handler JS, Kwon HM.
Tonicity-responsive enhancer binding protein, a rel-like protein
that stimulates transcription in response to hypertonicity [see
comments]. Proc Natl Acad Sci USA. 1999;96:2538-2542.
Iwata T, Sato S, Jimenez J, McGowan M, Moroni M, Dey A,
et al. Osmotic response element is required for the induction of
aldose reductase by tumor necrosis factor-alpha. J Biol Chem.
1999;274:7993-8001.

Li H, Nobukuni Y, Gui T, Yabe-Nishimura C. Characterization
of genomic regions directing the cell-specific expression of the
mouse aldose reductase gene. Biochem Biophys Res Commun.
1999;255:759-764.

Nishinaka T, Yabe-Nishimura C. EGF receptor-ERK pathway is
the major signaling pathway that mediates upregulation of
aldose reductase expression under oxidative stress. Free Radic
Biol Med. 2001;31:205-216.

Nakamura N, Obayashi H, Fujii M, Fukui M, Yoshimori K,
Ogata M, et al. Induction of aldose reductase in cultured
human microvascular endothelial cells by advanced glycation
end products. Free Radic Biol Med. 2000;29:17-25.

Seo HG, Nishinaka T, Yabe-Nishimura C. Nitric oxide up-regu-
lates aldose reductase expression in rat vascular smooth muscle
cells: a potential role for aldose reductase in vascular remodel-
ing. Mol Pharmacol. 2000;57:709-717.

Rushmore TH, Morton MR, Pickett CB. The antioxidant
responsive element. Activation by oxidative stress and identifi-
cation of the DNA consensus sequence required for functional
activity. J Biol Chem. 1991;266:11632-11639.

Itoh K, Igarashi K, Hayashi N, Nishizawa M, Yamamoto M.
Cloning and characterization of a novel erythroid cell-derived
CNC family transcription factor heterodimerizing with the small
Maf family proteins. Mol Cell Biol. 1995;15:4184-4193.
Wasserman WW, Fahl WE. Functional antioxidant responsive
elements. Proc Natl Acad Sci USA. 1997;94:5361-5366.

Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, et al.
An Nrf2/small Maf heterodimer mediates the induction of
phase II detoxifying enzyme genes through antioxidant response
elements. Biochem Biophys Res Commun. 1997;236:313-322.
Nguyen T, Huang HC, Pickett CB. Transcriptional regulation
of the antioxidant response element. Activation by Nrf2 and
repression by MafK. J Biol Chem. 2000;275:15466—15473.
Jiang ZQ, Chen C, Yang B, Hebbar V, Kong AN. Differential
responses from seven mammalian cell lines to the treatments of
detoxifying enzyme inducers. Life Sci. 2003;72:2243-2253.
Moinova HR, Mulcahy RT. Up-regulation of the human gamma-
glutamylcysteine synthetase regulatory subunit gene involves
binding of Nrf-2 to an electrophile responsive element. Biochem



26

27

28

29

30

31

32

33

Aldose Reductase Gene Regulation by Nrf2 51

Biophys Res Commun. 1999;261:661-668.

Alam J, Wicks C, Stewart D, Gong P, Touchard C, Otterbein S,
et al. Mechanism of heme oxygenase-1 gene activation by
cadmium in MCF-7 mammary epithelial cells. Role of p38
kinase and Nrf2 transcription factor. J Biol Chem. 2000;275:
27694-27702.

Thimmulappa RK, Mai KH, Srisuma S, Kensler TW, Yamamoto
M, Biswal S. Identification of Nrf2-regulated genes induced
by the chemopreventive agent sulforaphane by oligonucleotide
microarray. Cancer Res. 2002;62:5196-5203.

Lee JM, Calkins MJ, Chan K, Kan YW, Johnson JA. Identifi-
cation of the NF-E2-related factor-2-dependent genes conferring
protection against oxidative stress in primary cortical astrocytes
using oligonucleotide microarray analysis. J Biol Chem. 2003;
278:12029-12038.

Daoudal S, Tournaire C, Halere A, Veyssiere G, Jean C.
Isolation of the mouse aldose reductase promoter and identifi-
cation of a tonicity-responsive element. J Biol Chem. 1997;
272:2615-2619.

Iwata T, Minucci S, McGowan M, Carper D. Identification of a
novel cis-element required for the constitutive activity and
osmotic response of the rat aldose reductase promoter. J Biol
Chem. 1997;272:32500-32506.

Nishimura C, Matsuura Y, Kokai Y, Akera T, Carper D,
Morjana N, et al. Cloning and expression of human aldose
reductase. J Biol Chem. 1990;265:9788-9792.

Nishinaka T, Fu YH, Chen LI, Yokoyama K, Chiu R. A unique
cathepsin-like protease isolated from CV-1 cells is involved in
rapid degradation of retinoblastoma susceptibility gene product,
RB, and transcription factor SP1. Biochim Biophys Acta.
1997;1351:274-286.

Wasserman WW, Fahl WE. Comprehensive analysis of proteins

34

35

36

37

38

39

40

41

which interact with the antioxidant responsive element: corre-
lation of ARE-BP-1 with the chemoprotective induction
response. Arch Biochem Biophys. 1997;344:387-396.

Wild AC, Moinova HR, Mulcahy RT. Regulation of gamma-
glutamylcysteine synthetase subunit gene expression by the
transcription factor Nrf2. J Biol Chem. 1999;274:33627-33636.

Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel
JD, et al. Keapl represses nuclear activation of antioxidant
responsive elements by Nrf2 through binding to the amino-
terminal Neh2 domain. Genes Dev. 1999;13:76-86.

Friling RS, Bergelson S, Daniel V. Two adjacent AP-1-like
binding sites form the electrophile-responsive element of the
murine glutathione S-transferase Ya subunit gene. Proc Natl
Acad Sci USA. 1992;89:668—672.

Favreau LV, Pickett CB. The rat quinone reductase antioxidant
response element. Identification of the nucleotide sequence
required for basal and inducible activity and detection of anti-
oxidant response element-binding proteins in hepatoma and
non-hepatoma cell lines. J Biol Chem. 1995;270:24468-24474.

Keightley JA, Shang L, Kinter M. Proteomic analysis of
oxidative stress-resistant cells: a specific role for aldose
reductase overexpression in cytoprotection. Mol Cell
Proteomics. 2004;3:167—175.

Gottesman MM. Mechanisms of cancer drug resistance. Annu
Rev Med. 2002;53:615-627.

Lee KW, Ko BC, Jiang Z, Cao D, Chung SS. Overexpression
of aldose reductase in liver cancers may contribute to drug
resistance. Anticancer. Drugs. 2001;12:129-132.

Morimitsu Y, Nakagawa Y, Hayashi K, Fujii H, Kumagai T,
Nakamura Y, et al. A sulforaphane analogue that potently acti-
vates the Nrf2-dependent detoxification pathway. J Biol Chem.
2002;277:3456-3463.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


