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FIG. 3. Enhuanced peptidase activities of proteasomes in wild-type mouse Jiver following treatment with D3T. Chemoptypsin-like (Suc-LLVY)
(A), postglutamic (Z-LLE) (B), and trypsin-like (Z-ARR) (C} peptidase activities in iver homogenates prepared from wild-type and nrf2-disrupled
mice were measured, Values are means *+ standard errors from three expetiments. a, P < (.05 compared with vehicle-treated control group.

AREs are followed or preceded by inverted ARE-like se-
quences. Promoter truncation analysis was performed to iden-
tify the functional AREs from this promoter. The full-length
promoter {—3.4kb-luc) was truncated in five different con-
structs, and luciferase activities from these constructs in mu-
rine embryonic fibroblasts from wild-type mice following sul-
foraphane treatment or Nrf2 overexpression were measured
(Fig. 5A). The full-length (—3.4kb-luc) promoter was activated
by sulforaphane treatment (1.5-fold), as well as by Nrf2 over-
expression (2.5-fold) (Fig. 5B). Responses to sulforaphane and
Nrf2 were higher (three- to fourfold) in proximal promoter
constructs {—1.1kb-luc and —0.5kb-iuc) than in the full-length
promoter. When the proximal promoter region {~1.1kb to —1
bp) was deleted from the full-length promoter, the resulting
construct was not activated by sulforaphane treatment or Nrf2
expression [—3.4-del (—1.1)-luc). These results snggest that a
promoter containing 0.5 kb upstream of the start codon can be
activated by the Nif2-ARE pathway (Fig. 5B). However, dele-
tion of either one of these tandem AREs [—0.2kb-luc and
—0.5kb-del {—0.2)-luc] largely abolished the responses to sul-

foraphane and Nrf2, indicating that these two tandem AREs
are necessary for the full activation of the PSMBS promoter by
Nrf2-ARE signaling. The response of the proximal promoter
of PSMB35 (—1.1kb-luc) was also measured following treat-
ment with different antioxidants (Fig. 6A). Luciferase aclivity
driven by the proximal promoter in wild-type cells was elevated
following treatrent with these antioxidants in a pattern similar
to that of the induced changes in mRNA levels (Fig. 4). Sul-
foraphane showed the highest activation of this promoter {2.9-
fold), and this activation was largely attennated when the re-
porter was transfected into nrf2-disrupted cells (Fig. 6A).
Expression of excess amounts of MafK, a repressor binding
partner of Nif2, suppressed basal promoter activity by 50%
and completely blocked promoter activation by overexpression
of Nrf2, as seen with other promoters regulated by AREs (32}
(Fig. 6B). The enhanced constitutive promoter activily in
keapI-distupted cells {9.4-fold; Fig. 6B) also indicated that the
promoter of PSMBS5 is regulated by Nrf2, Nrf2 accumulates in
the nuclei of keapI-distupted cells, leading to high basal ex-
pression of ARE-regulated genes, such as that encoding
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FIG. 4. Effect of antioxidants on the level of PSMBS transcripts in murine embryonic fibroblasts. Transeript levels for PSMBS were measured
following treatment with antioxidants D3T (30 pM), sulforaphane (Sul; 10 uM), butylhydroxytoluene (BHT; 100 wM), and ethoxyquin (EQ; 80
pM) for 18 h in fibroblasts from wild-type and nrf2-disrupted mice. The histogram depicts the means + standard errors from three separate

experiments. a, P < 0.05 compared with vehicle-treated controls.
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NQO1 (44a). Collectively, these results indicate that expres-
sion of proteasome catalytic subunit PSMBS is elevated by the
Nrf2 pathway.

PSMBS is regulated by tandem AREs located in its proximal
promoter. To confirm the results from promoter truncation,
the tandern AREs were mutated. Mutations in either the —341
AREFE or —52 ARE pariially affected inducer responses (Fig. 7),
while mutations in both tandem AREs largely abolished pro-

FIG. 5. The promoter of PSMBS is activated Ly sulforaphane freat-
ment or Nif2 overexpression. Murine PSMBS promoter constructs
(A} and luciferase activities derived from these truncated promoters
following treatment with suforaphane (10 pM) or cotransfection of an
Ntf2 expression plasmid (B) are shown. Two tandem AREs in an
jnveried direction were identified 341 and 52 bp wpsiream of the
PSMBS gene coding region. Arrows indicate the orentation of these
putative ARES. a, P < 0.05 compared with blank plasmid-transfected,
vehicle-treated control. SV40, simian virus 40,

_ moter activation upon sulforaphane treatment or Nif2 cotrans-

fection in wild-type cells. These results indicate that both sets
of AREs are important in the activation of the promoter by
Ni1f2. Chromatm immunoprecipitation assays were performed
to confirm that Nrf2 binds to the PSMBS promoter in intact
cells. The promoter regions containing tandem AREs at kb
—341 and ~52 were detected by PCR amplification with Nrf2-
immunoprecipitated chromatin from sulforaphane-treated,
wild-type cells (Fig. 8A). As a positive control, the ARE of the
GSTAI promoter, which is a wellcharacterized functional
ARE (14), was detected in Nri2-immunoprecipitated samples,
but ot in iinmunoprecipitants with nonspecific immunoglob-
ulin G or GATA-1. The g-actin and G:ATA-7 promoters were
oct amplified by the same number of PCR cycles in Nrf2-
immunoprecipitated samples. Levels of binding of Nef2 to the
PSMBS promoter were higher in solforapbane-treated wild-
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FIG, 6. The promoter of PSMBS is regulated by the Nif2-ARE patbway. (A) Lucilerase activity driven by the proximal PSMB35 promoter
(- l.lkb-luc) following treatment with antioxidanis in wild-m:ae and nrf2-disrupted cells, BIT, butylhydroxytoluene; EQ, ethoxyquin. (B) Elevated
basal activily of the proximal FSMBS promoler {—1.1kb-lue) in keap I-distupled cells. Overexpression of MafK inhibited promoler activation by
Nrf2. a, P < {}.05 compared with blank plasmid-transfecied, vehicle-treated control, b, P < 0.05 compared with pcDNA_v -Nrf2-transfected group.

WT, wnlcl type.
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FIG. 7. Response of muated PSMBS promoter to sulforaphane
(Sul) treatment and Nrf2 overexpression in wild-type cells. ARES Jo-
cated at —341 and —52 were mutated, and singly and doubly mutated
promoters were generafed from the proximal promoter construct
{—1.1kb-Iuc). Values are means * standard errors from three exper-
iments. 8, P < 0.05 compared with blank plasmid-transfected, vehicle-
treated control. .
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type cells than in vehicle-treated cells. A similar pattern of
binding was observed with the GSTA! ARE (Fig. 8B). The
GSTA1 ARE and PSMBS5 promoters were also amplified from
Nif2-bound chromatin from keapl-disrupted cells, but not
from nrf2-disrupted cells.

DISCUSSION

Oxidative stress contributes to aging and age-related dis-
cascs such as cancer, cardiovascular discase, chronic inflam-
mation, and peurodegencrative diseases. Levels of oxidized
proteins, phospholipids, and DNA increase in these pro-
cesses (40). There is abundant evidence that oxidized low-
density lipoprotein is involved in the formation of athero-
sclerotic lesions (18). Accumulation and aggregation of
abnormal proteins are common features of neurodegenera-
tive diseases; levels of oxidized and nitrated amino acids in
Parkinson's and Alzheimer’s diseases are high (15, 17, 34).
Reduced expression of proteasome components and inhibi-
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tion of proteolytic activity appear to be primary events lead-
ing to neuronal death during aging and neuwrodegenerative
diseases (8, 17, 22). Antioxidants can prevent or retard many
of the mapifestations of oxidative damage. Direct antioxi-
dants mactivate free radicals, and cell-based and animal
studies demonstrate that vitamins C, E, and B-carotene are
effective in preventing oxidative injury (9). Epidemiological
studies have shown that consurption of diets rich in vege-
tables and fruits, which are excellent sources of antioxidants,
are associated with reduced cancer incidence and that di-
etary intake of vitamin E is associated with lower risk of
coronary disease (41), Paradoxically though, it has been
difficult to recapitulate the protective benefits of these diets
in clinical trials with defined antioxidant interventions (16).
Vegetable-rich diets are also an abundant source of indirect
antioxidants that, although they cannot scavenge free radi-
cals, enhanee the antioxidative capacity of cells (10). These
phytochemicals increase intracellular levels of the antioxi-
dant glutathione, boost synthesis of reducing equivalents
such as NADPH, and increase the expression of enzymes,
such as glutathione S-transferase and NQO1, that detoxify
chemicals poised to generate oxidants. Indirect antioxidants
can be classified into at least nine chemically distinct cate-
gories, including isothiocyanates (e.g., sulforaphane) and
dithiolethiones (e.g., D3T), that nonetheless bave the com-
mon chemical property of reactivity with sulthydryl groups
(10). In a few instances, exemplified by phenolic antioxi-
dants used as food additives and polyphenols found in foods
and teas, some agents can dually function as direct and
indirect antioxidants {10). Many animal studjes now indicate
that indirect antioxidants of both natural and synthetic or-
igin can prevent carcinogemesis, although their effects
against other chronic diseases associated with aging are
Iargely unexplored. Clinical trials have demonstrated that
oltipraz, a synthetic analog of D3T, inhibits some of the
carly actions of the hepatocarcinogen aflatoxin B, while
another drug, anethole dithiolethione, reduces the extent of
bronchial dysplasia in smokers (28, 45). In animal models
the protective actions of dithiolethiones and sulforaphane
depend on the Nrf2 signaling pathway. Disruption of nif2
largely inhibits the induction of protective genes by these
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FIG. 8. Binding of Nif2 to PSMBS5 promoter in intact cells. (A} Chromatin inimunoprecipitants with no antibody (Ab), immunoglobulin G
(12G). GATA-1, or Nrf2 were used for PCR amplification of each promoter. ARE-containing promoter regions from PSMBJ and the GSTA!
promoter were detected in N2 immunoprecipitants obtained from sulforaphane-trealed wild-type cells. (B) Enhanced binding of Nxf2 (o the
P5SMBS promoter following sulforaphane (Sul) treatment compared to that in vehicle (V)-treated cells, Promoter regions of GSTA! and PSMBS
genes were detected in Nrf2-immunoprecipitants from keqpl-disrupted cells, but not prf2-distupted cells, WT, wild type.
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antioxidants, with resultant loss of protective efficacy against
chemical carcinogenesis (25, 35, 43),

Nrf2 is a central molecular target of indirect antioxidants,
and products of the genes downstream of nrf2 are a key
mammalian defense system that enables adaptation to
stresses and promotes cell survival. Genes now recognized
as being under the regulation of the Nrf2-ARE signaling
pathway include a panel of genes encoding xenobiotic con-
jugating enzymes, enzymes that provide cofactors (glutathi-
one) and reducing equivalents (NADPH) for these reac-
tions, and antioxidative enzymes and proteins (27, 43). In
this study, we demonstrate that the genes forming the 268
proteasome complex are coordinately regulated by Nrf2 in
the response to indirect antioxidants. Dithiolethiones ele-
vated transcript levels for 24 out of the 34 subunits that
coustitute the 268 proteasome in mouse liver; 19 out of
these 24 subunits were increased in wild-type mice but not in
nrf2-distupted mice. Concordantly, protein levels and pro-
teolytic activities were elevated by D3T only in wild-type
otice. Promoter truncation, mutation, and chromatin immou-
noprecipitation studies of the murine PSMB5 gene, which
has a chemotrypsin-like proteolytic activity, further support
the critical role of the Nrf2-ARE signaling pathway in the
regulation of these genes.

The consensus sequence of the ARE has been proposed
to be TGA(C/T)NNNGC. The first three bases from the 5
direction are known to be critical for its activity, and the GC
box is needed for maximal function (46). The ARE was
identified in the promoter region of multiple phase 2 genes,
and AREs from rat, mouse, and human NQ@I, mouse and
rat GSTA1, and human y-glutamylcysteine ligases, are well-
characterized, functional AREs. Mouse GSTAI has re-
peated AREs (underlined) in a forward direction {ATGAC
ATTGCTAATGGTIGACAAAGCA), and rat NQOI has
also tandem AREs in an inverted direction (CTAGAGTCAC
AGTGACTTGGCA) (12, 14, 33). One of the AREs from NQO1
contains the complete consensus sequence of the ARE, while the
other has no GC box. Both elements of the tandem AREs of
GSTAl and NOOI are essential for the response of these pro-
moters to enzyme inducers and Nrf2 expression” (14, 33). By
contrast, human ~y-glatamyleysteine ligases have a single fonc-
tional ARE (TGACAAGC in the regulatory subunit and TGAC
TCAGC in the catalytic subunit) in their promoters (33). The
murine PSMB5 gene has tandem AREs in an inverted direction
that are similar to the rat NQOI ARE. From the results of
promoter truncation and rouwtation analyses, the two tandem
ARTs in the PSMBS5 promoter appear lo be imporiant for the
maximal response of this promoter to Nrf2-mediated signaling,
Many other subunits of the murme proteasome have putative
AREs i their 5’-flanking region. In addition, the promoters of rat
and human PSMB5 have several ARE motifs. Levels of protein
PSMBS in rat tissues can also be elevated following treatment
with D3T (data not shown).

The ubiquitin-proteasome pathway maintains cellular ho-

meostasis by regulating proteins involved in signaling and cell
cycle pathways. Nrf2 is a substrate for the ubiquitin-protea-
some system. Treatment of cells with a proteasome inhibitor
prevents rapid degradation of this protein, leading to enhanced
expression of the downstream gene encoding ~-glutamylcys-
teine ligase (37). Recently, Itoh et al. (21) proposed that Nrf2
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protein turnover is regulated by Keapl-mediated subcellular
compartnientalization of this transcription factor. In our study,
D3T induced the expression of a broad range of proteasome
subunits encompassing both the catalytic core (20S protea-
some) end the ATP-dependent regulatory core (195 protea-
some). Twelve out of 14 of the subunits of the 208 proteasome
were induced. By contrast, D3T increased the expression of
just a few of the ubignitivation enzymes in mouse liver (27},
Many studies have demonstrated that the 208 proteasome can
directly degrade oxidatively damaged proteins without assis-
tance from the ubiquitimation progess by direct recognition of
a hydrophobie patch derived from oxidation (6). Mutational
inactivation of the E1 ubiguitin-activating enzyme doecs not
affect the degradation of oxidized proteins by proteasomes.
Therefore, the enhanced expression of multiple subunits of the
268 proteasome, and in particular its 208 catalytic core, by
antioxidants might facilitate the removal of damaged proteins,
without disturbing physiologic regulation of other proteins.
This action may function to attenuate or perhaps prevent pro-
gression of human discases related to oxidative stress damage.
Expression of B-subunits of the proteasome is repressed during
aging, and this is reflected in increased levels of oxidized and
ubiquitinated proteins within cells. A recent report has shown
that proteasome expression in senescent cells is downregulated
and that stable expression of PSMBS by transfection reversed
the phenotype of senescence and led Lo enhanced resistance to
oxidative stresses (5).

Regulation of the mammalian proteasome is not well under-
stood. Direct oxidative modification of the catalytic core sub-
units of the proteasome inhibits their activities (7). There are
few reports concerning the regulation of expression of protea-
some subunits in mammealian cells. Immunoproteasomes are
inducible by chemical treatment in aniwal cells. Expression of
PSMBS, PSMB9, and PSMBI10 is enhanced by gamma inter-
feron and lipopolysaccharide exposure (13, 48). Takabe et al.
(42) reported that the antiatherogenic antioxidant probucol
repressed expression of PSMAZ2, PSMA3, and PSMAA4, Lee et
al. {29) showed that overexpression of the antiapoptotic pro-
tein BCL-2 increased proteasome activity in animal cells. Very
recently, Meiners et al. (31) demonstrated that the proteasome
inhibitor MG132 increases the expression of a broad range of
subunits of the proteasome in mammalian cells. In Saccharo-
myces cerevisiae, expression of the 268 proteasome subunits is
coordinately regulated by the transeription factor Rpndp (30,
47). Rpudp is a C,H type finger motif protein that regulates
basal expression of yeast proteasome subunits by transactivat-
ing profeasome-associated control elements (5'-GGTGGCAA
A-3") in their promoters. Expression of this protein can be
upregulated by Pdrip and Yaplp under conditions of stress.
While Nrf2 appears to be a universal transcription factor for
the upregulation of protcasome subunits by antioxidants in
mammalian cells, Nrf2 and Rpn4p have no apparent homol-
ogy. :
Collectively, our results indicate that the 268 proteasome is
one of several target gene categories regulated by the tran-
scription factor Nrf2 that can contribute to protection against
oxidative stress. Induction of these protective pathways pro-
vides efficient means for cells to survive conditions of stress
that result from endogenous processes (e.g. inflammation)
or exogenous ones {e.g., environmental pollutants) that collec-
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tively enhance the burden of chronic disease. Induction of these
pathways by indirect antioxidants through dietary or pharmaco-
fogical means provides opportunities for broad-ranging protec-
tion in seftings where supplementations with direct antioxidants
have had [imited benefit.
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Activated macrophages express high Ievels of Nrf2, a transcription factor that positively regulates the gene
expression of antivxidant and detoxication enzymes. In this study, we examined how Nirf2 contributes to the
anti-inflammatory process, As a model system of acute inflammation, we administered carrageenan (o induce
pleurisy and found that in Nrf2-deficient ntice, tissue invasion by neufrophils persisted during inflammation
and the recruitment of macrophages was delayed. Using an antibody against 15-deoxy-A™" *-prostaglandin J, .
(15d-PGJ,), it was observed that macrophages from pleural lavage acamulate 15d-PGJ,. We show that in
mouse peritoneal macrophages 15d-PGJ, can activate Nrf2 by forming adducts with Keapl, resulting in an
Nrf2-dependent induction of heme oxygenase I and peroxiredoxin I (PrxI) gene expression. Administration of
the cyclooxygenase 2 inhibitor NS-398 to mice with carrageenan-induced pleurisy caused persistence of
neutrophil recruitment and, in macrophages, atteouated the 15d-PGJ, accumulation and PrxI expression.
Adninistration of 154-PG]J, into the plenral space of NS-398-treated wild-type mice largely connteracted both
the decrease in PrxI and persistence of neutrophil recruitment. In contrast, these changes did not occur in the
Nrf2-deficient mice. These results demonstrate that Nrf2 regnlates the inflammation process downstream of

15d-PGJ, by orchestrating the recruitinent of inflammatory cells and regulating the gene expression within

those cells,

When animals are exposed to environmental electrophiles,
inchading xenobiotics, drugs, toxins, and carcinogens, even at
nontoxic doses, the expression of a battery of genes that are
essential to cellular defense mechagisms is induced. This pro-
cess of gene mduction is mediated by the antioxidant-respon-
sive element {(ARE) (31, 32). An increasing number of studies
have identified genes regulated by ARE. These include genes
encoding the phase TF detoxication enzymes, such as glutathi-
one S-transferase and qumone reductase, as well as antioxida-
tive defense enzymes, sitch as heme oxygenase 1 (FHO-1) and
enzymes involved in glutathione synthesis (32). The coopera-
tive activity of these enzymes sexves to detoxify electrophiles
and oxidative stress products.

Nrf2 is a member of the leucine Zipper transcription factor
family, and its activity is pivotal for the coordinate induction of
phiase II detoxifying and antioxidative enzymes whose expres-
sion is under the regulatory infloence of ARE (15, 18, 18, 41).
Nrf2 thus contributes to cytoprotection against environmental
electrophiles and oxidative stresses (1, 4, 7, 11, 16, 33). Con-
sistent with its assigned role in protection from environmental
stress, Nrf2 is highly expressed in detoxication organs, includ-
ing the gastrointestinal tract, liver, kidney, and lung. In addi-
tion, Nrf2 is abundantly expressed In activated macrophages,
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thyroid glands, and brown adipose tissue, suggesting additional
physiological roles beyond detoxication (5).

The inflammatory response requires a coordinated integra-
tion of various signaling pathways, including cyclooxygenases
(COX), nitric oxide, and cytokines (28, 40). COX enzymes
catalyze the conversion of arachidonic acid to prostaglandin H,
(PGHL), from which other prostaglandins (PGs) are derived by
the concomitant action of a variety of PG synthetases. Of the
COX enzymes, COX-2 is found mainly in inflammatory cells
and tissues. COX-2 js found to be upregulated during acute
inflammation (37). By producing PGH,, COX-2 promotes the
synthesis of PGE,, an important component of the inflamma-
tory cascade that manifests many of the cardinal signs of in-
flammation (10). Intriguingly, since COX-2 is also expressed in
the late phase of inflammation, it is widely accepted that
COX-2 is associated with the resolution, as well as the estab-
lishment, of the acute inflammatory respouse (13). However, in
contrast to the case during early stages of inflammation, pleu-
ral exndates of rats taken during the resolution stage of in-
flammation were found to contain high concentrations of
PGD; and 15-deoxy-A>'*PGJ, {15d-PGJ,) with minimal lev-
els of PGE, expression. : '

PGs can be divided into two subtypes: conventional PGs and
cyclopentenone PGs (cyPGs) (44). Conventional PGs, such as
PGE, and PGD., bind to cell surface recepiors to exert their
actions. However, no cell surface receptors have been identi-
fied for cyPGs, such as 15d-PGJ, and PGA,,. Rather, cyPGs are
actively transported into cells, where they accomulate in nuclei
and act as potent repressors of cell growth and inducers of cell



VoL 24, 2004

differentiation (12, 29). Tt has been reported that 15d-PGJ,
exerts its anti-inflammatory activity through activation of per-
oxisome proliferator-activated receptor v (PPARY) (21, 34) or
by directly inhibiting nuclear factor kappa B (NF-xB) activa-
tion by binding covalently to the IkB kinase (36). ‘

Recently, Nrf2 target genes in macrophages were suspected
of playing anti-inflammatory roles. For instance, HO-1 exerts
anti-inflammatory functions in various systems, including car-
rageenan-induced plenrsy, through generation of carbon mon-
oxide (30, 43). Furthermore, human peroxiredosin 1 (Prx! or
PAG) was recently identified as a negative regulator of mac-
rophage migration inhibitory factor (MIF) (22, a crucial factor
in the regulation of inflammation (26) and sepsis (35). These
observations led us to explore possible roles for Nif2 in the
acute inflammatory response. To this end, we exploited carra-
geenan-induced pleurisy in mice as a model system. The results
of this stady 1eveal that the Nrf2-ARE system regulates the
acute inflammation process by orchestrating the recruitment of
inflammatory cells. We also found that COX-2 mediates the
intraceilular accumulation of 15d-PGT, and that 15d-PGI,,
swhich is shown to activate Nrf2, in turn regulates the expres-
sion of PrxI and other anti-oxidative stress enzymes in acti-
vated mflammatory macrophages.

MATERIALS AND METHODS

RNA blot hyhridization analysis. Total cellular RNAs were extracted from
macrophages by use of RNAzol (Tel-Test, Friendswood, Tex.). The RNA sam-
ples (10 pp) were electrophotesed and twansferred to Zeta-Probe GT mem-
branes (Bio-Rad}, The membranes were probed with 32P-labeled cDNA probes
as indicated in the figures, B-Actin ¢DNA was used as a positive control. ‘

RT-PCR analysis. Total RINAS (1 g} were reverse trapseribed into cDNA and
used {or a teverse manscription-PCR {RT-PCR) analysis (Qiagen, Hilden, Ger-
many). GAPDH {glyceraldehyde-3-phosphate dehydrogenase) was used as a
positive control. The PCR products were separated in a 1.5% agarose pel, and
positive signals were quantified by densitometry analysis after staining with
ethidium bromide. .

Imrumoblotting, The muclei of periteneal macrophages were solubilized with
sodiuni dodecy! sulfate (SDS) sample buffer without loading dye and 2-mercap-
toethanol, and protein concentrations were estimated by the bicinchoninic acid
protein assay {Pierce, Rockiord, IlL). Proteins were separated by SDS-polyacryi-
amide gel ¢lectrophoresis in the presence of 2-mercapioethand] and electro-
transferred onto Immobilon membranes (Millipore). To detect immunoreactive
proteins, we used homseradish peroxidase-conjugated anti-rabbit immunoplobu-
lin G and ECL blotting reagents {Amersham). An anti-Nrf2 antibody was used
as previously described (16). Inflammatory cel! pellets from pulmonzry lavage
were lysed by sonication in bufter containing 50 mM Tris-HCl (pH 7.4), 25 mM
KCl, 5 mM MgCly, 1 mM EDTA, 1% Nonidet P-40, and proteass inhibitors,
After centrifugstion at 8,000 # g for 5 min at 4°C, protein concentraiions in the
supernzatanis were determined by the Bio-Rad protsin assay. Samples were
boiled with gel loading buffer (625 mM Tris-HCl, 2% SDS, 25% plycerol, and
0.01% bromopheno] blue) at a ratio of 1:1 for 5 min, Total protein equivalents
for each sample were separated by SDS-5 10 15% polyacrylamide gel electro-
phoresis in the presence of 2-mercaptocthanol and were transferred 1o Sequi-
Blot pelyvinylidene difinoride membranes (Bio-Rad), Blots were incubated with
polyclonal cabbit antibody against murine PexI (17).

Carrageenan-induced plearisy, Wild-type and #7#2~/~ mica of the ICR/1205V
background weighing 20 to 25 g were used throughout the experiments, A 0.25%
lambda carrageenan solution in satine (0.1 mi} was injected into the right pleural
cavities of the animals, At 2, 6, 12, 24, 48, and 72 h and 7 days after the injection
of carrageenan, the chest was carefully opened and the pleural cavity was washed
with 1 ml of saline solution containing heparin. The pleural cavity was washed
five times consecutively in the same way, and the pleutal lavage fluid was col-
lected into a tube.

Leukocyte counls. A 30-pl sample of collected plenral lavage fluid was diluted
Wwith Turk’s solution, and total leskocytes were counted under an optical micro-
scope. Differentinal lenkocyte counts were defermined in cytospin anears stained
with Wright-Glemsa stain (Dif-Quick; Sysmex, Robe, Japan)
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TABLE 1. Number of neutrophils and afbumin concentration in

pleural lavage fluid
Ni hils (10¢ Albumi 19
Time (h) and EITP b )—.f— mamin (mg/ml)
treatment N;f? o N;Ece Nrf2¥* mice Nef2™" mice
0 1+0 1x0 027007 030014
12
Vehidle 179 £53° 128448 (38x0.14 026009
~ Carrageenan 492 598 508 + 564 0.68 £ 0.22% 0.87 £ 0.36°¢
2 '
Vehicle 27+18 20x14 030018 031x022

Carrageenan 229 x 10 386 = 56 L1=030% 15 =0.26%

4 Data are means * SEM. At least three mice were examined for each group.
# Significantly different from time-matched vehicle control mics (P < 0.05).
¢ Significantly different {from genotype-matched O-h control mice (P < 0.05).

Albumin concentration. The first washing was centrifuged at 400 X g for 5 min
at 4°C, and the albumin concentration in the supernatant was determined with
the albumin reagent from Sigma (St. Louis, Mo.).

Immunsehistochemical analysis. Cells were smeared onto poly-t-lysine-coated
glides and allowed W air dry, Endogenous peroxidases were guenched with 0.3%
Hz04 in methanol, and sectiens were washed with 0.1% Triton X-100 in phoes-
phate-buffered saline, The gections wera reacted with amti-15d-PQJ, monoclonal
antibody (38), anti-Prxd antibody {16), amti-HO-1 antibody (a generous gift from
Shigeru Taketand). ant-F4/3C antibody (Serotec), ant-COX-2 antibody (Sants
Cruz), or anti-hematopoietic PG synthetase (PGDS) antbody (Santa Craz) and
incubated for another hour with Histofine Simple Stain MAX-PO. (Nichirei,
Tokyo, Japan}), Diaminobenzidine was used as a chromogen.

NS§-398 and indemethacin treatment, NS-398 (Cayman Chemical, Ann Arbor,
Mich.) (10 ma/ke) and indomethacin {Sigma} (10 mg/kg) were administered
intraperiteneally 1 h before the injection of carrageenan. The pleural cavity was
washed at 2, 12, and 24 h after the injection of carrageenan for the determination
of inflammatory cell rumbers and albumin concentration. To determine the
effects of N5-398 at 48 and 72 1i and 7 day, NS-398 was administered every 24 h
thereaffer. At 48 h, 72 h, and 7 days afier the injection of carrageenan, the
plenral cavity was washed for the determination of inflammatory cell numbers
and glbumin ¢coneentration.

15d-PGJ, administration. At 1 b after the intraperitoneal injection of N$-398,
15d-PGI, (100 np/kg) was injected inio the pleural cavity. At 24 h afier the
injection of carrageenan, the pleural cavity was washed for the determination of
inftammatory cell numbers and anti-inflammatory gene expression levels.

Stafistical anafysis, Statistical analysis was done by analysis of variance fol-
lowed by a Bonferroni posttest. Albumin concentration data were analyzed by
using Welch's ¢ test. A P value of less than 0.05 was accepted as statistically
significant.

RESULTS

Persistence of inflammatory cells in rrf2™"~ mice during
carrageenan-induced pleurisy. To explore the influence of
Nr1f2 during acute inflammation, we examined the effect of nrf2
gene disruption on carrageenan-induced pleurisy in mice. In
our preliminary experiments we administered 1% carrageenan
to mice, a dose that is commonly used to induce carrageenan
pleurisy in rodents, but we found that this particular dose
provoked severe and protracted inflammation in mice as
judged by neutrophil infiltration into the pleural cavity. We
therefore carefully tested the correlation between the carra-
geenan dose and the duration of inflammation, finding that
administration of $.25% carrageenan reproduces the time
course of acufe inflammation and recovery (data not shown).
Vehicle treatment caused a transient infiltration of neutro-
phils, which peaked at 12 h, but did not significantly alter the
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FIG. 1. Persistence of inflammatory cells in Nrf2-deficient mice in carrageenan-induced pleurisy. (A) Concentrations of pleural lavage albumin
were nteasured at the indicated time points of pleurisy, and the means and standard deviations of triplicates are shown, (B to 1)) The numbers
of total inflammatory cells (B), neuatrophils (C), and macrophages (D} were counted microscopically at the indicted time points of pleurisy, and

the means and standard deviations of triplicates are shown. Solid lines Indicate the results for nr2*/*

niice, whereas dashed lines indicate the

results for nrf2™/~ mice. The means from four experiments are presented with standard erroxs of the mean, *, significantly different from
time-matched wild-type mice (P < 0.05). a, significantly different from non-cartageenan-treated wild-type mice at the O-h time point (£ < 0.05).
b, significantly different from non-carrageenan-treated n7f2™/" mice at the 0-h time point (P < 0.05).

albumin concentration (Table 1) and macrophage recritment
(data not shown) at the 12- and 24-h time points. In contrast,
0.25% carrageenan provoked a significant increase of neutro-
phi! and albumin concentrations i the pleural lavage fluid
{Table 1) compared to the vehicle-treated mice.

The albumin concentration in the pleural lavage fluid
showed two peaks, one af 2 h and the other at 72 b afier
carrageenan injection, and then returned to normal levels by
day 7 of pleurisy in both wild-type and nrf2~'~ mice (Fig. 1A).
The albumin concentration in plewral lavage fluid was signifi-
cantly higher in n7f2 ™~ mice during pleurisy than in wild-type
mice at the 24-h time point. The total inflammatory cell num-
ber in the pleural lavage fluid peaked at 12 and 48 h of pleurisy
in both wild-type and nrf2™'" mice (Fig. 1B), but the mfiltra-
tion of the cells persisted until 72 b of pleurisy in r7f2~'~ mice.
We specnlated that an increase in neutrophils and macro-
phages at different time points might be responsible for the two
peaks of mfiltrated cells. We therefore examined the numbers
of neutrophils (Fig. 1C) and macrophages (Fig. 1D) i the
pleural lavage fluid. In wild-type mice, the neutrophil number

peaked at 12 h and returned to the background level at 72 h of
pleurisy, ndicating that the first peak of fotal infiltrated cells
nrainly reflected an increase in neutrophils. Although in
rrf2~/~ mice, the magnitude of neutrophil infiltration was not
significantly different from that in wild-type mice, the increased
number of neutrophils persisted to later time points of pleu-
risy. The number of neutrophils in the pleural lavage fluid from
Arf27/~ mice was significantly higher than that in wild-type
mice at 24 and 48 h (Fig. 1C). -

In contrast, macrophages were recruited to the pleural space
at a later phase of pleurisy than the peak of neutrophil infil-
tration (Fig. 1D). The increase of macrophage number peaked
at 48 h after the carrageenan administration and retumed to
the control level at the 72-h time point in wild-type mice,
indicating that the second peak of total infiltrated cells mainly
reflected an increase in macrophages. In contrast, macrophage
recruitment peaked at the 72-h time point in srf2~/~ mice. The
number of macrophages at this time point was significantly
different from that jn wild-type mice (Fig. 1D). Collectively,
these results demonstrate that Nrf2 deficiency leads to a per-
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sistence of neutrophil occupation and a delay of macrophage
recruitment in carrageenan-induced pleurisy of mice. |
15d-PGJ, accumulates in plenral infammatory macro-
phages. Since 15d-PGJ, has been implicated as a key regulator
of carrageenan pleurisy (8, 13, 44), we examined whether 15d-
PGY, accumulates in pleural inflammatory cells by using a
specific monoclonal antibody against 15d-PGIT,. The antibody
has successfully detected the accumulation of 13d-PGI, in both
RAW264.7 cells activated by lipopolysaccharide and foamy
macrophages of human atherosclerotic lesions (38). Further-
more, this antibody has shown to react almost exclusively with
15d-PGI, (38). Immunchistochemical analysis with this anti-
body revealed that accumulation of 15d-PGI, specifically oc-
curred in pleural macrophages that were positive for F4/80
antigens but did not oceur iz nentrophils (data not shown).
As reported previously for rat carrageenan pleurisy, the ace
cumulation of 15d-PGJ, showed two peaks {13). The accunmu-
lation of 15d-P(T, was transiently observed at 2 b of pleurisy
(Fig.  2A), but the accumuvlation then decreased at 6 h of
pleurisy (Fig. 2B). ‘At 2 h of pleurisy, the inducible accumunla-
tion of 15d-PGJT, in macrophages appeared to occur strongly
around the nuclear membranes of resident pleural macro-
phages, which are small and round. The leve] increased again
at 12 h after the carrageenan injection and remained high nntil
48 h of pleursy (Fig. 2C and data not shown), followed by
another increase at 72 h of pleurisy (Fig. 2D). At the 24-h time
point, the accumulation of 15d-PGI, was observed mainly in
the cytoplasm of macrophages, which were Jarge and had a
foamy appearance (Fig. 2C). These results thus demonstrate

that 15d4-PGIJ, specifically accummulates in pleural inflammatory -

macrophages and suggest that 15d-PGJI, may act through mod-
ifying macrophage function.

The Nrf2-Keapl pathway mediates the induction of a range
of genes by 15d-PGJ, in mouse peritoneal macrophages.
cyPGs, inclnding 15d-PGT,, bave a reactive o,fB-unsaturated
carbonyl group in the cyclopentane ring. This ring structure
renders this molecule capable of forming Michael adducts with
nucleophilic cellular molecules and covalent modification of
specific proteins. We speculate that this feature of cyPGs may
activate Nrf2 {39). In order to obtain solid evidence for acti-
vation of the N1f2 pathway by 15d-PGJ,, we first examined the
effect of exogenous 15d-PGJI; on the induction of three Nrf2
target genes in primary cultures of mouse peritoneal macro-
phages, which were used previously for the study of Nf2 (16).
The results clearly indicated that 15d-PGJ, activates, in a dose-
dependent mannet, the expression of the HO-I, PrxI, and AI170
genes (Fig. 3A), all of which were shown to be inducible by
electrophiles in peritoneal macrophages (16).

We then examined which prostaglandins could strongly ac-
tivate Nif2 by using the peritoneal macrophage system. Of
arachidonic acid and the arachidonic acid metabolites, includ-
ing PGA,, PGB., PGD,, PGE,, PGF,,, 15d-PGJ,, thrombox-
ane B,, and leukotriene By, only PGA,, 15d-PGI,, and PGD,
markedly induced the expression of Nrf2 target genes (Fig.
3B). PGA, and 154-PGJ., are classified as electrophilic cyPGs.
Since PG, is readily metabolized to 15d-PGJ; (38), 154-PGI,
is suggested to be the most important ¢yPG in the regulation of
Nri2.

¢yPGs activate Nrf2 in macrophages and hepatocytes. Sub-
sequently, we examined the requirement for Nrf2 in the induc-
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FIG, 2, Accumulation of 15d-PGJ; (brown) in pleural macro-
phages during carrageenan-induced pleurisy. Pleural inflammatory
cells were examined immunchistocheinically at the indicated tines of
pleurisy with anti-15d-PGJ, antibody. Arrows indicate macrophages,
while arrowheads indicate neutrophils. .

tion of antioxidant genes, using primary cultures of peritoneal
macrophages from Nrf2-deficient mice. While HO-1, Prx, and
Al170 mRNAs were all mduced in wild-type macrophages by
the addition of 3-pM 15d-PGJ, to the culture medium (Fig.
4A, lane 2), the induction was not observed in nrf2~/~ macro-
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FIG. 3. ¢yPGs activate a set of antioxidant and anti-inflammatory
genes in mouse peritoneal macrophages. (A) Peritoneal macrophages
were treated with dimethyl sulfoxide alone (lane 1}; with 15d-PGJ, at
0.5 pM (lane 2}, 1 pM (lane 3), 5 pM (lane 4), or 10 M (lane 5) for
5 h; or with 100 p.M diethylmaleate for 5 h (lane ), and total RNAs
were analyzed by RNA blot analysis with HO-1, Pixl, and A170 ¢D-
NAs as probes. A B-actin cDNA probe was used for a loading control.
(B) Peritoneal macrophages were treated with dimethyl sulfoxide
alone (lane 1), PG A, (50 pM) (lane ), PGB, (50 pM) (fane 3}, PGD,
(50 pM) (lane 43, PGE, (50 uM) (lane 3), PGF,, (50 nM) (lane 6),
15d-PGJ; (10 pM} (lane 7), thromboxane By (50 M) (lane 8), len-
kotriene B, (1 pM) (lane 9), arachidonic acid (50 wM) (lane 10), or
diethylmaleate (100 pM) (lane 11). Total RNA fractions were ana-
Iyzed by RNA blot analysis as for panel A.

phages (lane 6). The result was reproducible with 10-pM 15d-
PGJ, (lanes 3 and 7), but in this case a weak induction was
observed in the arf2~'~ macrophages (lane 7), suggesting the
presence of 2 minor complementary pathway to Nef2, Consis-
tent with these results, immunoblot analysis with anti-Nrf2
antibody revealed that 15d-PGJ, (Fig, 4B, lane 3} and PGA,
(fane 4), but not PGE, (lane 5), induced the nuclear accumu-
lation of Nrf2.

Immunocytochemical analysis of the rat hepatocyte cell line
RL34, using the anti-Nrf2 antibody, further demonstrated that
under normal cultwee conditions Nrf2 is retained by Keapl in
the cytoplasm (Fig. 4C). However, after the addition of 15d-
PGI,, Nrf2 is liberated from Keapl and translocates to and
accumulates within the nucleus (Fig. 4D).

Recent studies indicate that certam Nrf2 inducers, such as
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Michael reaction acceptors, directly bind to reactive cysteme
residues in Keapl, thereby liberating Nif2 (9). To elucidate
whether 15d-PGJ, binds directly to Keapl, we examined the
binding of biotin-tagged 15d-PGJ, to Keapl in RL34 cells. A
pull-down analysis with avidin beads followed by probing with
apti-Keapl antibody demonstrated that Keapl could be de-
tected in precipitates from biotinylated 15d-PGJ,-treated or
biotinylated A'2-PGJ,-treated cells but not in the control im-
munoprecipitates (Fig. 4E). This result suggests that 15d-PGJ,
directly binds to Keapl, most probably through covalent Jink-
age, allowing Nrf2 to be released from Keapl. _

COX-2 inhibitor affects the inflammatory cel infilfration. In
order to elucidate the relationship between the acoumulation
of 15d-PGJ, and activation of Nrf2, we examined the time
course of PxI gene expression during the carrageenan-induced
pleurisy. Immunoblot analyses with anti-PrxI antibody re-
vealed that the expression of Prxl was induced at as early as 2h
of pleurisy (Fig. 54, lantes 3 to 5). In contrast, the induction of
PrxI during pleurisy was largely abolished in nrf2™/" mice, and
this difference was prominent at 2 to 24 b (fanes 4, 7, and 10)
but became relatively small after 48 h of pleurisy (fanes 13 and
16).

COX-2 is known to regulate PG synthesis in carrageenan
pleurisy. To examine the role of COX-2 in the inducible ex-
pression of Prxl, we examined the in vivo effect of NS-398, a
specific inhibitor of COX-2 (42), on PrxI expression. Perito-
meal imjection of NS-398 1 h before carrageenan treatment
signjficantly attenuated the expression of PrxI in macrophages
when tested by immunoblotting (Fig. 54) and of 15d-PGJ,
when tested by immunocytochemistry (data not shown). NS-
398 caused a reduction of PrxI expression especially at 2to 24 h
(Fig. 5A, lanes 5, 8, and 11), but the effect was not as promi-
nent after 48 h of pleurisy (lanes 14 and 17). These resolts
suggest a possible scenario in which COX-2 mediates the ac-
cumulation of 15d-PGT, and 154-PGJ, in turn activates Nrf2
and regulates the expression of Prxl as well as the other anti-
oxidant genes. ]

Immunohistochemical analysis demonstrated that PrxI ox-
pression was specifically observed in macrophages, but not in
neutrophils, of pleural lavage finid (Fig. 5B). The expression
profile of PixI cleatly overlapped with those of 15d-PGJ, and
macrophage-specific ¥4/80 antigen (Fig. 5B). The exptession
of HO-1 was also detected exclusively int pleural macrophages
(Fig. 5B), in very good agreement with previous analysis of the
rat pleurisy model. Furthermore, COX-2 and hematopoietic
PGDS, two major rate-limiting enzymes for 15d-PGJ, synthe-
sis, were highly expressed in the macrophages (Fig. 5B), sup-
porting our coutention that 154-PGJ, was synthesized mainly
in the macrophages.

It should be noted that NS-398 treatment caused a persis-
tence of nentrophil infiltration at 24 h of pleurisy (Fig. 5C) and
a delay in macrophage recruitment (Fig. 5D) in pleural lavage
fluid. This is in contrast to the case for untreated mice, where
the macrophage number was high at 48 h and decreased at 72 h
of pleurisy. It can be observed that in the NS-398-treated mice
the macrophage number continued to climb even at 72 h of
pleurisy (Fig. 5D). Also, in the NS-398-treated mice, the mac~
rophage number was rather low at the 24- and 48h time
points, indicating a delay in macrophage recruitment. The per-
sistence of neutrophil infiltration and the delay of macrophage
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FIG. 4. cyPGs activate Nrf2 in macrophages and hepatocytes. (A) Peritoneal macrophages derived from either wild-type mice (lanes [ to 4) or
nrf27'" mice (lanes 5 to 8) were treated with 5 wM (fanes 2 and 6) or 10 pM (lanes 3 and 7) 15d-PGJ, or with 100 M diethylmaleate (lanes 4
and 8). Untrealed controls are shown in lanes 1 and 5. Total RNAs were analyzed by RNA blotting analysis, using cDNAs for HO-1, PrxI, or A170
as probes. A B-actin cDNA probe was used for a loading contral. (B) Nuclear extracts were prepared from macrophages untreated {fane 1) or
treated with diethyhaleate {100 uM) (lane 2), 15d-PGJ, (5 uM) (lane 3), PGA, (100 nM) (lane 4), or PGE; (100.p.M) (fane 5). The extracts were
immunoblotted with anti-Nrf2 antibody or anti-lamin B antibody. Recombinant Nif2 in 293T cells was also loaded as a control (lane 6), (C and
D) RL34 cells were either untreated (C) or treated with 10 pM 15d-PGJ; for 4 h (D), and expression of Nif2 were examined immunocylochem-
ically with the anti-Nri2 antibody. Subcellular Jocalization of Nif2 was analyzed by confocal microscopy. (E) R1L34 cells were treated with dimethyl
sulfoxide (lane 1), biotinglated A-PGI; (lane 2), or biotinylated 15d-PGJ, (lane 3). Keap1-PGJ, complexes were precipitated from the cell

exiracts with avidin beads and probed with the anti-Keapl antibody.

recruitment were alsoé observed in the COX-1/COX-2 dual
inhibitor indomethacin (Fig. 5E). Thus, inflammatory cell in-
filtration in COX-2-inhibited mice closely reflects that ob-
served in Nri2-deficient mice, further supporting owr conten-
tion that 15d-PGJ, (and COX-2} acts as 2 regulator of the Nrf2
pathway and the expression of antioxidant genes,
Replacement of 15d-PGJ, into the inlrapleural space. Fi-
nally, we wished to test directly the significance of 15d-PGT,
accumoulation in the development of and recovery froms carra-
geenan-mduced pleurisy. To this end, we administered 15d-
P@GJ, into the intraplenral cavity and examined changes in
inflasnmatory cell imfiltration at 24 h of pleurisy. Consistent
with the results shown above, administration of NS-398 to mice
with pleurisy increased the neutrophil number at 24 h (Fig. 6A,
bar 2). We found that simultaneous injection of 15d-PGI, with
carrageenan into the plevral space reversed the increase of
neutrophil infiltration in NS-398-treated mice (bar 3). The
important finding here is that the administration of 15d-PGJ,
into the pleural space of Nrf2-null mice did not affect the
accumulation of nentrophils (compare bars 4 and 5).

We found the opposite result for macrophages recruitment
during pleurisy. While the NS-398 treatment provoked a delay
in the macrophage recruitment (Fig. 6B, bar 2), this was re-
versed by the simultaneous administration of 15d-PGI, (bar 3).
Nrf2 must therefore mediate this effect of 15d-PGJ,, as 15d-
PGl did not belp to reverse the delay in macrophage recruit-
ment in the Nrf2-deficient mice (compare bars 4 and 5).

To determine changes in the antioxidant gene espression, we
carried out RT-PCR analyses with pleural inflammatory cells
and specific primers for PexI (Fig. 6C) and HO-1 (Fig. 6D).
The expression of Prxl and HO-1 showed a pattern of changes
similar to that for macrophage number. The NS-398-treatment
produced a decrease in Pref and HO-1 gene expression (bar 2).
On the other hand, the administration of 15d-PGJ, to the
INS-398-treated mice reversed the PrxI and HO-1 mRNA ex-
pression level (bar 3) to that for wild-type control mice (bar 1).
The expression levels of PrxI and HO-1 mRNAs in the Nrf2-
deficient mice did not change with 15d-PGJ, treatment {com-
pare bars 4 and 5). These results thus argue that 15d-PGI,
transduces the imflammatory signals to Nrf2 and that Nrf2
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FIG. 3. Prxl expression at the early phase of carrageenan-induced pleurisy depends on both 15d-PGJ, and Nrf2. (A) Both the COX-2 inhibitor
NS-398 and nrf2 gepe disruption affect Prxl expression during carrageenan-induced pleurisy. Whole-cell extracts of pleural inflammatory cells from
wild-type mice (lanes 1, 3, 6, 9, 12, and 15), wf27'" mice (lanes 2, 4, 7, 10, 13, and 16), or N§-398-treated wild-type mice (lanes 5, 8, 11, 14, and
17) at the indicated time points of pleurisy were examined by immunoblotting with anti-Pl antibody. (B) The expression of Prxl, 154-PGI,,, F4/50,
HO-1, COX-2, and hematopoietic PGDS in pleural inflammatory cells at 24 h of pleurisy was analyzed immunohistochemically with the
corresponding antibodies as indicated. Arrows indicate macrophages, while arrowheads represent neutrophils. (C and D) Administration of
NS-398 affects neutrophil (C) and macrophage (D) numbers during carrageenan-induced pleurisy. The number of pleural inflammatory cells was
microscopically counted, and the means from four experiments are presented with standard errors of the mean. *, significantly different from
time-matched N5398-untreated mice (P < 0.05). a, significantly different from carrageenan-untreated wild-type mice at the 0-h time point (P <
0.05). b, significantly different from carrageenan-untreated nrf2 ™™ mice at the 0-h time point (P < 0.05). (E) Effect of indomethacin on pleural
lmia.mmatory cells, Cell counts were taken at 24 h of pleurisy. The means from four experiments are presenfed with standard errors of the mean.

*, significantly different from untreated control mice (P < 0.05),

trapscriptionally regnlates both the amtioxidant gene expres-
sion in pleural macrophages and inflammatory cell recruit-
ment,

DISCUSSION

The PG 15d-PGI, is emerging as a probable regulator of
acute inflammation (13, 43-45). By exploiting carrageenan-
induced pleurisy as a model system for acute inflammation, this
study examined the relationship between 15d-PGJ, and Nrf2,
We found that during carrageenan-induced pleurisy, 15d-PGJ,
accumulates in pleural inflammatory cells and the acctmula-
tion is confined to macrophages. The results of this study
unveil a pumber of significant correlations between accnmula-
tiom of 15d-PGJ, and activation of Nrf2 during carrageenan-
induced pleurisy. First, in Nrf2-deficient mutant mice, the ac-
cumulation of neutrophils during inflammation persisted and
macrophage recruitment was delayed to the late phases of
pleurisy. Second, the COX-2 inhibitor NS-398 and the COX-
1/C0OX-2 dual inhibitor indomethacin, which attenuate the ac-
cumulation of 15d-PGIJ,, affscted the acute inflammatory re-
sponse in a manner similar to a deficiency in Nrf2. NS-398

repressed the expression of Prxl in pleural macrophages and
caused a persistence of neutrophil accumwlation with a cou-
comitant delay in macrophage recruitment. Third, the admin-
istration of 15d-PG1I, into the pleural space reversed both the
decrease of PrxI expression and persistence of neutrophils in
NS-398-treated mice, whereas this treatment did not reverse a
similar phenotype in the Nrf2-deficient mice, arguing strongly
that 15d-PGY, functions to activate NifZ Fourth, our data
show that in peritoneal macrophages and hepatocytes, 15d-
PGI, directly bound to Keapl and thereby liberated Nrf2,
Taken together, these results demonstrate that Nrf2 regulates
the acute inflammatory response by orchestrating the recruit-
ment of inflammatory cells and regulating the expression of

~ antj-oxidative stress genes downstream of 154-PGI,,

Increasing lines of evidence (8, 44, 45) suggest that in addi-
tion to establishing acute inflammation, COX.2 also contrib-
utes to the resolution phase of inflammation through 15d-
PGJ,. 15d-PGJ, can fonction as both an activator and a
repressor of signal-transducing transcription factors. The pos-
sible contributions made by 154-PGJ; to the acute inflamma-
tory response are summartized in Fig. 7. It has been reported
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FIG. 6. Intrapleural injection of 15d-PGT, reverses the decrease of
Pex] expression and persistence of neutrophils in NS-398-treated mice
but not in Nrf2-deficient mice. (A and B) Numbers of neutrophils
(A) and macrophages (B) at 24 h of pleurisy in wild-type (mf2*"*
mice (bars 1), NS-398-treated nrf2*"* mice (bars 2), NS-398-ireated
rrf2*'T mice administrated 15d-PGJ; (bats 3), nf2~/~ mice (bars 4),
and #2777 mice adwinistrated NS-398 (bars 5). Neutrophils and
macrophages were counted microscopically, and the means and stan-
dard deviations of triplicates are showr. a2, P < .05 compared with
untreated controf mice; b, P < 0.01 compared with untreated control
mice; ¢, P < 0.01 compared with NS-398-treated wild-type mice. (C, D)
RT-PCR analysis of PxI (C) and HO-1 (D) mRNAs in pleural in-
flammatory cells in mice. Intensities of RT-PCR bands were quantified
by densitometric analysis, and the nteans of triplicates are presented. a,
P < 0.01 compared with untreated control group; b, P < 0.01 com-
pared with NS-398-treated wild-type mice.

that 15d-PGJ, inhibits NF-kB activation by covalently binding
to IkB kinase B or the p50 subunit of NF-kB (3, 36). In
addition, 15d-PGJ, has been reported to serve as a natural
ligand of PPAR~y (21, 34). Activated PPARy regulates the
synthesis of proinflammatory cylokines and the induction of
nitric oxide synthetase in activated monocytes by negatively
interacting with AP-1, NF.«B, or STAT. Thus, 15d-PGJ, may
have an impact upon multiple mechanisms during the resolu-
tion of inflammation. The results of this study demonstrate
that 15d-PGIJ, can act as a potent anti-inflammatory agent by
exploiting the Nrf2-Keapl pathway, a previously unrecognized

alternative pathway in the cascades downstream of 15d-PGJ,.

The possible involvement of NriZ in inflammation has been
alluded to in some earlier reports. For instance, antitheumatic
gold(I) compounds markedly activate Nrf2 (24). We found that
female N1f2 knockout mice frequently developed severe glo-
merulonephritis (46}, Braun et al. recently reported that Nrf2
regulates inflamation during healing of skin wounds (2}, The
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FIG. 7. Network of 15d-PGJ; and the Nef2-Keapl pathway in car-
rageenan-induced pleurisy. 15d-P(GJ, is generated in pleural macro-
phages during carrageenan-induced pleurisy and is known to directly
inhibit NF-«B activity and also to act as a ligand for PPAR:y, This study
shows that 15d-PGJ, activates the Nrf2-Keap! pathway through cova-
lent binding to Keapl. Nef2 induces HO-1 and PixT expression as well
as other ARE-regulated genes in macrophages (green). The upregu-
lation of PrxI appears to inhibit NF-xB, TNF-¢, and the B-tantomerase
activity of MIF, thus modulating the inflammation process. On the
other hand, HO-1 is known to inhibit the expression of TNF-« through
CO production. : '

expression of several inflammatory cytokines was shown to
persist during the healing of a skin wound in Nrf2-deficient
mice, such that interleukin-18 levels in the wound remained
elevated to day 15, most likely due to the persistence of mrac-
tophiages at the site of the wound. Finally, ARE battery genes
are activated by laminar shear stress, which acts a8 an anti-
inflammatory signal in endothelial cells (6). Indeed, in endo-
thelial cells, overexpression of Nif2 inhibited the tumor necro-
sis factor alpha (TNF-w)-mediated induction of vascular cell
adhesion molecule-1 gene expression, which is important for
monoeyle Tecruitment during inflammation response. Cur
present observations, along with those cited above, suggest that
Nr1f2 js important for regulating the process of acute inflam-
mation.

We demonstrated in this study that the intracellular accn-
mulation of 15d-PGJ, occurs during carragecnan-induced
pleurisy in the mouse (Fig. 2). This observation is consistent
with the previous analysis in rat carrageenan pleurisy, where
15d-PGJ, accumulates with two peaks at low nanomolar levels
in the plenral exudates. As the 15d-PGJ, concentration used in
this study is higher than that detected in pleural exudates, it
ntight be challenging to hypothesize that 15d-PGT, works as an
endogenous regulator of acute inflammation. However, Naru-
aiya et al. previously reported that exogenously added A'-
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PG, accumulates i the cells in a protein-bound form and is
resistant to cell extraction, suggesting that intracelular seques-
tration of these ¢yPGs is most probably due to the Michael
adduction to the protein {27). Furthermore, Keapl localizes in
the perimuclear cytoskeleton close to COX.2 and PGDS,
Therefore, it is likely that the local concentration of cyPGs
accumulates to a level sufficient for Nri2 activation during
pleurisy.

It was reported recently that submicromolar concentrations
of 15d-PGJ, can activate HO-1 and contribute to the anti-
imflammatory effect of this reagent (25). As NF-«B inhibition
requires a concentration of 15d-PGJ; in the micromolar range
in cell culture (36), this observation suggests that an in vivo
anti-inflammatory effect of 15d-PGJ, may be more relevant to
the activation of Nrf2.

Under normal conditions, Nrf2 activity is suppressed primar-
ily by its compartmentalization to the cytosol by Keapl and
consequent rapid degradation by the proteasome {reference 20
and references therein). Recently it was demonstrated that
electrophiles classified as Michael reaction acceptors directly
bonnd to Keapl and dissociated Nrf2 from Keapl (9). We have
demonstrated in this study that 15d-PGJ, and AZ-PGJ,, both
of which contain a reactive o,B-unsaturated carbonyl groep in
their cyclopentane ring, directly bind to Keapl and activate
Nrf2, These results are consistent with our contention that
cyPGs act as endogenous activators of the Nrf2-Keap1 path-

way in macrophages, thereby regulating the recruitment of

inflammatory cells.

NS-398-treated wild-type mice and rrf2-null mice displayed
similar phenotypes in pleurisy, i.c., a persistence of neutrophil
residence and a delay in macrophage recrujtment. These re-
sults suggest that COX-2 products negatively regulate the ac-
camulation of neutrophils in the mtrapleural space, through
either enhancing the phagocytosis of neutrophils by macro-
pbages or decreasing the neutrophil infiltration. The adminis-
tration of 15d-PGI, into the pleural space suceessfully reversed
the phenotype in NS-398-treated mice, indicating that 15d-
PGY, works downstream of COX-2 activation. Consistent with
this observation, we demonstrated in this study that the actual
indueible accumulation of 15d-PGJ, oceurred in macrophages
during carrageenan pleutisy (Fig. 2). Since the introduction of
15d-PGJ, into the pleural spaces of Ntf2-deficient mice had nio
effect, Nrf2 must be a downstream mediator of 154-PGI, ac-
tivity in macrophages, Thus, we conciude that 15d-PGJ, reguo-
lates acute inflammation through regulating the function of
macrophages (Fig. 7).

It remains Lo be elucidaled to how Nrf2 regulates acute
inflammation. We speculate that a battery of Nrf2 target genes
cooperatively function to repress proinflammatory signals,
such as those of TNF-o or mterleukin-1p. HO-1 and PrxI are
the Nrf2 target genes that are likely to influence the inflam-
matory process (Fig. 7) (16). Recently, Gong et al. have dem-
onstrated that 153-PGJ, can activate HO-1 via a stress-respon-
sive element and by an Nrf2-medjated mechanism (14). In the
carrageenan-induced pleurisy model, it has been shown that
elevation of HO-1 expression can suppress, whereas inhibition
of HO-1 activity can exacerbate, the inflammatory response
(43, 45). Indeed, HO-1 can inhibit the expression of TNF-cx
most probably through the generation of carbon momnoxide
(30). With respect to Prx], its human counterpart PAG was
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reported to directly bind to and negatively regulate p-tau-

tomerase activity of MIF, which is one of the central regulators
of inflammation (22). Although the physiological significance
of the p-tautomerase activity of MIF is unclear at present, we
nonetheless expect that the repression of MIF activity by Prxl
may play important roles in the regulation of inflammation.
Furthermore, the overexpression of PrxI removed H,0, (23),
suggesting that PrxI can repress TNF-o sigoaling by the re-
moval of H,0, (Fig. 7). These observations suggest that Nrf2
may have multiple downstream targets that regulate the acute
inflammation process. .

In the rat carrageenan-induced pleurisy model, accumnla-
tion of 15d-PGI; in the late phase of pleurisy was associated
with resolution of the inflammation (13), However, the true
role of 15d-PGT, during the early phase of pleurisy remained
largely unknown. Our results imply that in the early phase,
accumulation of 15d-PGJ, activates Nrf2 and regulates the
inflammation process through the induction of target geme
expression, including that of HO-1 and Prxl. Whereas COX-2
has been reported to accelerate inflammation in the early
phase of pleurisy through the induction of PGE,, our present
analyses suggest that COX.-2 also can suppress the early phase
of inflammation through the production of 15d-PGI,. These
Tesults are consistent with the present model that the inflam-
mation process is balanced by an acceleration and deceleration
of infegrating signaling pathways (28). Understanding of how
the signals are integrated to establish and resolve the acute
inflammation process provides important clees to facilitate the
development of effective treatments for chronic inflammation,
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Specific interactions between transcription factors and ds-acting DNA sequence motifs are primary
events for the transcriptional regulation. Many regulatory elements appear to diverge from the most
optimal recognition sequences. To evaluate affinities of a transcription factor to various suboptimal
sequences, we have developed a new detection method based on the surface plasmeon resonance (SPR)
imaging technique. Transcription factor MafG and its recognition sequence MARE (Muf recognition

elements) were adopted to evaluate the new method.We modified DNA immobilization procedure .

on to the gold chip, so that a double-stranded DNA array was successfully fabricated. We further found
that a hydrophilic flexible spacer composed of the poly (ethylene glycol) moiety between DNA and
alkanethiol self-assembled monolayers on the surface is effective for preventing nonspecific adsorp-
tion and facilitating specific binding of MafG. Multiple interaction profiles between MafG and six
of MARE-related sequences were observed by the SPR imaging technique.The kinetic values obtained
by SPR imaging showed very good correlation with those obtained from electrophoretic gel mobility
shift assays, although absolute values were deviated from each other. These results demonstrate
that the double-stranded DNA array fabricated with the modified multistep procedure can be

applied for the comprehensive analysis of the transcription factor-DNA interaction.

Introduction

Specific interactions between transcription factors and
ds-acting DNA sequence motifs form the molecular
basis of the gene expression regulation, Many preceding
studies have revealed that one transcripdon factor usually
binds to muldple related cs-acting motifs and, con-
versely, multiple related transcription factors bind to one
ds-acting DNA motif. However, it has been very diffi-
cult technically to idendfy a specific and important inter-
action for each transcription factor and dis-acting motif,
Detailed comparison of the binding affinities between
transcription factors and specific ¢is-acting motifs there-
fore would provide important clue for our understand-
ing of the transcription factor function.

The Maf family proteins appear to be typical members
of a large group of regulatory factors characterized by a
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basic region and leucine zipper (bZip} structure (Moto-
hashi et al. 2002). The founding member of this family,
v-Maf, is an oncogene, which was discovered as the
transforming component of the avian musculoaponeu-
rotic fibrosarcoma virus, AS42 (Nishizawa ef al. 1989).
Subsequently, it was found that the cellular homologue,
from which v-Maf was originally transduced {c-Maf),
was but one member of a multigene famnily of related
transcription factors, To date, this family consists of four
large Maf family members, c-Maf, MafB, NRL, and L-
Maf/A-Maf, and three small Maf proteins, MafE MafG,
and MafK (Kataoka ef al. 1994b, 1995; Swarcop et al.
1992; Ogino & Yasuda 1998; Fujiwara et al. 1993). The
proteins interacting with the small Maf family members
have been expanding to include new members in
Cap’n’collar (CNC) and Bach families: p45 NF-E2,
Nifl/LCR-F1, Ntf2/ECH, Nif3, Bachl, and Bach2
(Andrews et al. 1993; Chan et al, 1993; Moi ef al, 1994;
Iroh eral 1995; Kobayashi efal. 1999; Oyake et al
1996). The superficially arbitrary division of the Maf
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family into small and large members is Likely of func-
tional consequence, since all of the large Mafs appear to
contain a recognizable transactivation domain, while the
small Mafs encode slightly more than the DNA binding
and dimerization motifs.

The bZip domain of the Maf factors are characterized
by the presence of extended homology region (EHR),
which is located in the N-terminal side of the basic
region (Swaroop ef al. 1992; ancillary DNA binding
region, Kerppola & Curran 1994). DNA-binding
specificity of the Maf family factors was determined
by PCR.-gel mobility shift assay (GMSA) amplification
and purification method (Kerppola & Curran 1994;
Kataoka et al. 1994a). Conclusion of these studies are that
Maf factors recognize relatively long palindromic DINA

sequences, TGCTGA®/ . TCAGCA and TGCTGA®®/ .

o TCAGCA, which are now known as Maf recogni-
tion elements (MAREs). MAREs contain either
TPA-responsive element (TRE; TGA®/.TCA) or.
cAMP-responsive element (CRE; TGA®C/,TCA) as 2
core sequence, and extended elements on both sides of
the core sequence {flanking region; 5-TGC-core-GCA-
3’).The recognition of the flanking region in MARE
by EHR distinguishes the Maf family proteins from
members of the AP-1 or CREB family of the bZip trans-
cription factor superfamily. Kerppola & Curran (1994)

showed evidence that the consensus sequence of

large Maf binding is TGC({N ), ,GCA. Since the flanking
region of MARE is consistently required, the study
strongly suggests an important contribution of the
flanking region to the Maf-specific DNA-binding,
Indeed, we showed that Maf EHR is important for the
flanking region recognition (Kusunoki ef al. 2002). It has
also been reported through amino acid replacement/
mutation analysis that a unique amino acid in the basic
region is involved in the flanking region recognition
by Maf proteins (Dlakic et al. 2001).

Currently, GMSA is a standard method to examine
the interaction between transcription factors and DINA
motifs and to obtain an equilibrium constant. However,
GMSA is a low-throughput method for quantification
of the interaction, which usually requires labourious
sample preparation steps. R ecently, electrodes (Boon ef al.
2002) and surface plasmon resonance (SPR, Jost ef al.
1991; Suzuki et al. 1998) techniques have been devel-
oped, and these techniques are exploited to analyse the
interaction between surface immobilized molecules and
those in solution. Especially, SPR has advantages that it
does not require any labelled reagents and can be applied
for the wide surface area (Jordan & Corn 1997). The
SPR technique is especially useful for a semiquantitative
analysis, as it detects a dynamic real-time interaction profile.
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Another recent progress has been made in the field of
chip technology, which has been applied for the study of
various interactions among proteins and nucleic acid
fragments as microarrays (Schena et al. 1995; MacBeath
& Schreiber 2000; Zhu et al. 2001; Bulyk et al. 2001;
Newman & Keating 2003). Indeed, Nelson et al. (1999)
developed a prototype of imaging technique for the detec-
tion of the biomolecular interaction by combining the SPR.
and chip technology. This SPR. imaging technique seems
to enable us to analyse multiple protein-DNA interactions
simultaneously and comprehensively. In this respect, SPR.
is more advantageous than the methods exploiting elec-
trodes upon combination with the chip technology for a
comprehensive analysis, since it would be very labourious
to construct an array of tiny electrodes on a chip.

Although a multistep array fabrication procedure has
been developed for the SPR-chip imaging to detect
the protein-DNA interactions (Brockman et al. 1999),
application of this technology has been hampered due
to techmical difficulties. In particular, double-stranded
DNAs could not be directly immobilized on the chip
surface, as organic solvent used in the original procedure
easily denatures delicate biomolecules. In the previous
procedure (Brockman et al. 1999), single-stranded oligo-
nucleotides were first attached on to the gold surface
followed by the hybridization with the complementary
DNAs to generate double-stranded DNAs on the chip.
However, in order to perform a comprehensive affinity
quantification of transcription factors to various sub-
optimal sequences, it is required to fabricate a double-
stranded DNA array composed of multiple sequences
that are very similar to one another. Immobilization of
preannealed double-stranded DINAs is highly preferable
for preventing mismatched hybridization and for assur-
ing complete pairing between complementary DINAs.

To develop an efficient and reliable method to detect
specific protein-DNA interactions exploiting the SPR
technology, we have designed in this study a modified
multistep procedure for generation.of DNA array on the
gold surface, which does not require steps exposing
DINA to noxious organic solvents. We also found a better
heterobifunctional crosslinker that reduces nonspecific
adsorption of the protein to the chip surface in the
immobilization process. By utilizing the SPR. imaging
technique with the newly developed double-stranded
DNA array, we then examined binding affinity of MafG,
one of the small Maf family members, to several MARE-
related DNA sequences. The relative affinities between
MafG, various MARE-related sequences showed a very
good correlation to those obtained from GMSA. Thus,
the new surface immobilization procedure has enabled
various delicate biomolecules, ineluding double-stranded

© Blackwell Publishing Limited



DNAs, to be attached stably on to the gold chip in their
native form. This procedure provides a solid basis for the
study of SPR-based protein-DNA interactions.

Results

Procedure for immobilization of biomolecules
on gold surface

A seven-step fabrication procedure has been used for
the immobilization of biomolecules on the gold suz-
face (Brockman ef al, 1999}, which was based on self-
assembled monolayers (SAMs) of alkanethiol (Troughton
et al. 1988; Chidsey & Loiacono 1990) and photolitho-
graphy technique (Tarlov ef al. 1993; Huang et al. 1994).
In the procedure, the hydrophobic protecting group, 9-
Fluorenylmethoxycarbonyl (Fmoc), was used for the back-
ground protection, and it was deprotected by weak base
in organic solvent after single-stranded DNA was imrmo-

SPR imaging of MafG and MAREs interaction

* bilized on the surface. In the final step of this procedure,

an N-hydroxysuccinimido ester poly(ethylene glycol)

- (NHS-PEG) was reacted to an amino group on the sur-

face. In these processes, the immobilized single-stranded
DNAs were exposed to organic solvents and NHS-PEG,

In order to avoid exposure of test biomolecules to noxious
effect, we established a modified procedure to fabricate
double-stranded DNA array on the gold surface using thiol-
terminated methoxypoly(ethylene glycol), PEG-thiol. This
procedure consists of 5 steps described in Fig. 1. Step 1
is the PEG-thiol immobilization on the whole surface
area of a gold slide; Step 2 is the photo-patterning by UV
irradiation shielded with a bored chromium quartz
mask; Step 3 is the introduction of amine terminated al-
kanethiol on the irradiated spots; Step 4 is the creation of
maleimido surface on the spots by reacting with a hetero-
bifunctional crosslinker, which contains 2 NHS ester and
a maleimido group; Step 5 is the 5'-thiol-terminated
DNA immobilization by thicl-maleimido coupling reaction.

: ) uv
Photo masking
Bare gold PEG surface — -]
- \\ N \\ v s}
PEG-thiol %"8 Photo- 2< i
introductign patternmg < |
b /‘a S 3
SteP 1 "sﬁ 6{{({ Step2 {(( 1r1rﬁ<

SSSSSSSSS

$Ss

Maleimido
group.

mtroductign

HS sy NH,

AR
Amino group
mtroduction

Step' 3 S

Figure 1 The scheme of surface chemistry to immobilize 5'~thiol terminated DNA. Five steps of DNA immobilization procedure are
illustrated. The hydrophilic polymer, PEG-thiol, is first immobilized, which serves as the background of the array (Step 1), DNA spots
are created by modifying a self-assembled monolayer of amine terminated alkanethiol, 8-AQT (Steps 2 and 3), with a heterobifunctional
erosslinker.to prepare a maleimido sutface (Step 4). 5"-thiol terminated DNA is added to the spotted region (Step 5).
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o s-DNA hydrophilic and flexible spacer region.

During these processes, DINA was not exposed to any
organic solvents and reagents, since the DINA immobil-
ization was the final step for the array fabrication. There-
fore, this modification enabled us to fabricate an array of
delicate molecules, such as double-stranded DINAs.

Heterogeneous PEG crosslinker for specific binding
of MafG to DNA array

In our effort to establish a standard method for fabrica-
tion of a double-stranded DINA array, we also examined
the usage of heterobifunctional crosslinkers. Fwo hetero-
bifunctional crosslinkers, sulfosuccinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxalate (SSMCC)
and N-hydroxysuccinimide~-PEG maleimido MW 3400
(NHS-PEG-MAL), were tested for the immobilization
of 5'~thiol modified oligonucleotides (Fig. 2). SSMCC

Table 1 MARE-related sequences for surface immobilization

provides a hydrophobic short linker, while NFHS-PEG-

MAL possesses a hydrophilic and flexible spacer region.

In comparing the two above-mentioned crosslinkers,
we first adopted the sequential DINA immobiliza-
tion method to assure the generation of double-
stranded DINAs on the surface. The reaction scheme
to attach DNA on to the chip surface is shown in Fig, 2.
5'-thiol-terminated single-stranded oligonucleotides were
first reacted with the maleimido moiety provided by either
SSMCC or NHS-PEG-MAL, and the complementary
oligonucleotides were hybridized to generate double-
stranded DINAs on the surface. Two of MARE-related
sequences, MARE25 and MARE23 (Kataoka et al. 1994a),
were chosen for the assay {Table 1). MARE25 sequence
completely matches the consensus sequence for the MafG
homodimer binding, while MARE23 sequence has a
conserved core region with the altered flanking region.

5 3
MARE25 T G C T G A C T C A G C A
hOPSIN T G C T G A T T C A G C C
hNQO1im A G T T G A C T C A G C A
MARE23 C A A T G A C T C A T T G
hBglHS4 G G C T G A C T C A C T C
mGSTY T G G T G A Cc A A A G C A

The bases different from the MAREZ25 sequence are in bold. MARE2S contains binding motif that matches the consensus sequence for
TRE-type MARE, while MARE23 sequence has a conserved core region with altered flanking region. Flanking sequence of hNQO1
MARE was modified to make the crucial G to be conserved. For this reason we named the DNA as hNQO1m.
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