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Activated macrophages express high levels of Nri2, a transcription factor that positively regulates the gene
expression of antioxidant and detoxication enzymes. In this siudy, we examined how Nrf2 contributes to the
anti-inflammatory process. As a model system of acute inflammation, we administered carrageenan to induce
pleurisy and found that in Nrf2-deficient mice, tissue invasion by nenfrophils persisted during inflammation
and the recruitment of macrophages was delayed. Using an antibody against 15-deoxy-A'*1prostaplandin I, .
(15d-PGl,), it was observed that macrophages from pleural lavage accumulate 15d-PGJ;. We show that in
mouse peritoncal macrophages 15d-PGJ, can activate Nrf2 by forming adducts with Keapl, resulting in an
NrE2-dependent induction of heme oxygenase 1 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, attenuated the 15d-PGJ, accumulation and PrxI expression.
Administration of 15d-PGJ, into the pleural space of NS-398-treated wild-type mice largely counteracted both
the decrease in Prx{ and persistence of nentrophil recrnitment. In contrast, these changes did not occur in the
Nrf2-deficient mice, These results demonstrate that Nri2 regnlates fhe inflammation process downstream of
15d-PG]J, by orchestrating the recruitment of inflammatory cells and regulating the gene expression within

those cells,

When animals are exposed to environmental electrophiles,
including xenobiotics, drugs, toxins, and carcinogens, even at
nontoxic doses, the expression of z battery of genes that are
essential to cellular defense mechanisms is induced. This pro-
cess of gene induction 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 [T detoxication enzymes, such as glutathi-
one S-transferase and quinone reductase, as well as antioxida-
tive defense enzymes, such as heme oxygenase 1 (HO-1} and
enzymes involved in glutathione synthesis (32). The coopera-
tive activity of these enzymes serves 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
phase I detoxifying and anticxidative enzymes whose expres-
sion is under the regulatory inflaence of ARE (15, 16, 18, 41},
Nri2 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, Nif2 is abundantly expressed in activated macrophages,

* Corresponding author. Mailing address: Center for TARA, Uni-
versity of Tsukuba, 1-1-1 Tennoudai, Tsukuba 305-8577, Jupan. Phone:
81-298-53-6158. Fox: 81-298-53-7318. Frmail: masi@tara tsukuba.acjp.

1 KI. and M.M. contributed equally to this work.

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 I,
(PGH,), 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 is 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 response (13). However, in
contrast to the case during early stages of inflammation, pleu-
ral exudates of rats taken during the resolution stage of in-
flammation were found to contain high concentrations of
PGD, and 15-deoxy-A™>1%-PGJ, (15d-PGI,) 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 receptors 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 accumulate in nuclei
and act as potent repressors of cell growth md inducers of cell
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differentiation (12, 29). It has been reported that 15d-PGJ,
exerts its anti-inflammatory activity through activation of per-
oxisome profiferator-activated receptor v (PPARy) (21, 34) or
by directly inhibiting nuclear factor kappa B (NF-kB) 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 pleurisy, through generation of carbon mon-
oxide (30, 43). Furthermore, human peroxiredoxin I (Prxl or
PAG) was recently identified as a negative regulator of mac-
rophage migration inhibitory factor (MIF) (22), 2 erucial factor
in the regulation of inflammation (26) and scpsis (35). These
observations led us to explore possible roles for Nrf2 in the
acute inflammatory response. To this end, we exploited carra-
geenan-induced pleurisy i mice as a mode! system. The results
of this study reveal that the Nrf2-ARE system regulates the
acute inflammation process by orchestrating the recruitnzent of
inflammatory cells. We also found that COX-2 mediates the
intracellular accumufation of 154-PGJ, and that 154-PGI,,
which is shown to activate Nrf2, in turn regulates the expres-
sion of PrxI and other anti-oxidative stress enzymes in acti-
vated inflammatory macrophages.

MATERIALS AND METOODS

RNA blot hybridization analysis. Total cellalar RNAs were extracted from
macrophages by use of RNAzol (Tel-Test, Friendswood, Tex.). The RNA sam-
ples (10 pg) were electrophoresed and transferred to Zeta-Probe GT mem-
branes (Bio-Rad). The membranes were prebed with 32P-labeled cDNA probes
as indicated in the figures, B-Actin cDNA was used as a positive control.

RT-PCR analysis. Total RNAs (1 ug) were reverse transcribed into cDNA and
used for a reverse transcription-PCR (RT-PCR) analysis (Qiagen, Hilden, Ger-
many}, GAPDH (glyceraldehyde-3-phosphate dehydrogennse) was used as a
positive control, The PCR products were separated in o 1.5% aparose pel, and
positive signals were quantified by densitometry analysis after staining with
ethidium bromide. .

Immunoblotting. The nuclei of periioneal macrophapes were solubilized with
sodiun dodecyl sulfate (SDS) sample buffer without Toading dye and 2-mercap-
toethanol, and protein concentrations were estimated by the bicinchoninic acid
protein assay {Pierce, Rockford, IlL). Proteins were separated by SDS-polyacryl-
amide gel electrophoresis in the presence of 2-mercaptoethanol and efectro-
transferred onto lmmobilon membranes {Millipore). To detect immunoreactive
proteins, we psed horseradish perexidase-conjogated anti-rabbit immunoglobu-
lin G and ECL blotiing reagents {Amersham). Ao anti-Nrf2 antibody was used
as previously described (16). Inflammatory cell pellets from pulmonary kavage
were lysed by sonication in buffer containing 50 mM Tris-HCI (pH 7.4}, 25 mM
KCl, 5 mM MpCl,, 1 mM EDTA, 1% Nonidet P-40, and protease inhibitors.
After centrifugation at 8000 ~# g for 5 min at 4°C, protein concentrations in the
supernatants were determined by the Bio-Rad protein assay. Samples were
boiled with gel loading buffer (625 mM Tris-HCl, 2% SDS, 25% plycercd, and
(.01% bromophenol blue) at a ratio of 1:1 for 5 min. Total protein equivalents
for each sample were separated by 3DS-5 1o 15% polyacrylamide gel electro-
phoresis in the presence of 2-mercaptoethanol and were transferred to Sequi-
Blot polyvinylidens diflnoride membranes (Bio-Rad). Blots were incubated with
polyclonal rabbit anibody against murine Prl (37).

Carrageenan-induced plenrisy. Wild-type and nrf2~/~ mice of the ICR/1208V
background weighing 20 0 25 g were used throughout the experiments. A 0.25%
lamdda carrageenan solution in saline (0.1 mI) was injected into the right pleural
cavities of the animals, AL2, 6, 12, 24, 48, and 72 hand 7 days after the injection
of carrageenan, the chest wag 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 pleural lavage fluid was col-
lected into a tube,

Leukocyte countz, A 30-ud sample of collected pleural lavage fiuid was diluted
with Tutk's solution, and total leukocytes were counted under an optical micro-
scope., Differential leukoeyte counts were determined fn cytaspin smears stained
with Wright-Giemsa stain {(Diff-Quick; Sysmex, Kobe, Japan).
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TABLE 1. Number of neutrophils and albumin concentration in

pleural lavage fluid
Neutrophils (10* Albumin (mg/ml)}®
Time (k) and vy phil ¢ )_‘4_ g/
treatmeat N N N+ mics Nef2 - mice
[¢] ' 1x0 1+0 027 +0.07 030x014
12
Vehicle 179 £53 128x48 038x0.14 026009
. Carrageenan 492 + 59° 508 = 56% 0,68 = 0,227 .87 + 0.36°¢
24 '
Vehicle 27+18  21+14 030=018 0312022

Camegeenan 229 = 10% 386 = 56" 1.1+ 030" 15 =0.26

# Data are means 2 SEM. At least three mice were examined for each group.
# Significantly different from time-matched vehicle controt mice (P << 0.05).
¢ Significantly different from genotype-matched (-h control mice (P < 0.03).

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

Immunohistochemical analysis. Cells were smeared onto poly-L-lysine-coated
slides and allowed 1o air dry. Endogenous peroxidases were quenched with 0.3%
H;0, in methanol, ané sections were washed with 0,1% Triton X-100 in phos-
phate-buffered saline. The sections were reacted with anti-154-PG I, mogoclenal
antibody (38), anti-Prxl antibody (16), anti-HO-1 antibody (7 ganerous pift from
Shigery Taketand), anti-F4/80 antibody (Serotec), anti-COX-2 antibody (Sunta
Cruz), or anti-hematopoietic PG synthetase (PGDS) antibody (Santa Craz) and
incubated for another hour with Histofine Simple Stain MAX-PO. (Nichires,
Tokyo, Japan). Diantinobenzidine was used as a clyomogen.

N5-398 and indemethacin treatment. N$-358 {Cayman Chemical, Ann Arbor,
Mich.) (10 mg/kg) and indomethacin (Sigma) (10 mg/kg) were administered
intraperitoneally 1 h before the injection of carrageenan, The pleural cavity was
washed at 2, 12, and 24 h after {ke injection of carrageenan Ior the determination
of inflammatory ¢l numbers and albumin concentration. To determine the
effects of NS-398 at 48 and 72 h and 7 day, NS-398 was sdministered every 24 h
thereafter, At 48 h, 72 h, and 7 days after the injection of carrageenan, the
pleural cavity was washed for the determination of inflammatory celf numbers
and albumin conczntration,

154-PGJ,; administration. At 1 h after the imraperitoneal injection of NS-398,
15d-PGJ, (100 pg/kg) was injected into the pleural cavity. At 24 h after the
injection of carrageenan, the pleural cavity was washed for the determination of
inflammarory cell numbers and anti-inflammatory gene expression levels.

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

RESULTS

Persistence of inflammatosy cells in arf2™/" mice during
carrageenan-induced pleurisy. To explore the influence of
Nri2 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 mflammation in mice as
judged by neutrophil infiltration ioto the pleural cavity, We
therefore carefully tested the correlation between the carra-
geenan dose and the duration of inflammation, finding that
administration of 0.25% camrageenan reproduces the time
course of acute inflammation and recovery (data not shown).
Vehicle treatment caused a transient infiltration of neutro-
phils, which peaked at 12 b, 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 measured at the indicated time points of pleurisy, and the means and standard deviations of triplicates are shown. (B to D) The numbers
of lotal inflammatory cells (B), neutrophils (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 nrf2*/* mice, whereas dashed lines indicats the
results for nrf2~'~ mice. The means from four experiments are presented with standard errors of the mean. *, significantly different from
time~matched wild-type mice (P < 0.05). a, significantly different from non-carrageenair-ireated wild-type mice at the O-h time point (P < 0.05).
b, significantly different from non-carrageenan-treated nrf2 ™'~ mice at the 0-h time point (P < 0.05).

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

The albumin concentration in the pleural lavage flnid
showed two peaks, one at 2 h and the other at 72 b after
carragecnan imjection, and then returned to normal levels by
day 7 of pleurisy in both wild-type and nrf2~/~ mice (Fig. 1A).
The albumin concentration in pleural lavage fluid was signifi-
cantly higher in nrf2 ™/~ mice during pleurisy than in wild-type
mice at the 24-h time point. The total inflammatory cell pum-
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 infiltra-
tion of the cells persisted until 72 b of pleurisy m nrf2~/~ mice.
We speculated that an increase m 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} in the
pleural Javage fluid. In wild-type mice, the neutrophil number

peaked at 12 h and returned to the background level at 72 h of
pleurisy, indicating that the first peak of total infiltrated cells
mainly reflected an increase in neutrophils. Although in
rif2™'" mice, the magnitude of neutrophil infiltration was not
significantly different from that in wild-type mice, the mereased
number of neutrophils persisted to later time points of pleu-
risy. The number of neutrophils in the pleural lavags fluid from
nrf27/~ mice was significantly higher than that in wild-type
mice at 24 and 48 h (Fig. 1C),

In confrast, macrophages were recmuited 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 retirned to
the control level at the 72-h time point n 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 2™/~ mice. The
number of macrophages at this time point was significantly
different [rom that in wild-type mice (Fig. 1D7). Collectively,
these results demonstrate that Nrf2 deficiency Jeads to a per-
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sistence of neutrophil occupation z2nd a delay of macrophage
recruitment in carrageenan-induced pleurisy of mice. )
15d-PGJ], accumulates in plevral inflammatery macro-
phages. Since 15d-PGJ, has been implicated as a key regulator
of carrageenan pleurisy (8, 13, 44), we examined whether 15d-
PGJ, accumutates in pleural inflammatory cells by using a
specific monoclonal antibody against 15d-PGJ,. The antibody
has successfully detected the accurmulation of 15d-PGI, in both
RAW?264.7 cells activated by lipopolysaccharide and foamy
macrophages of human atherosclerotic lesions (38). Further-
more, this antibody kas shown to react almost exclusively with
15d-PGI, (38). Immunochistochemical analysis with this anti-
body revealed that accumulation of 15d-PGJ, specifically ac-
curred in pleural macrophages that were positive for F4/80
antigens but did not oecur in neutrophils (data not shown).

As reported previously for rat carrageenan pleurisy, the ac-
cumulation of 15d-PGJ, showed two peaks (13). The accumu-
lation of 15d-PGJ, was transiently observed at 2 h of pleurisy
(Fig. 2A), but the accumulation then decreased at 6 h of
pleurisy (Fig. 2B). At 2 h of pleurisy, the inducible accumula-
tion of 15d-PGJ, in macrophages appeared to occur strongly
around the nuclear membranes of resident plewral macro-
phages, which are small and round. The level increased again
at 12 h after the carrageenan injection and remamed high nntil
48 h of plewrisy (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-PGJ, was observed mainly in
the cytoplasm of macrophages, which were large and had a
foamy appearance (Fig. 2C). These results thus demonstrate
that 15d-PGJ, specifically accumulates in pleural inflammatory
macrophages and suggest that 15d-PGJ, may act through mod-
ifying macrophage fanction.

The Nrf2-Keap! pathway mediates the induction of a range
of genes by 15d-PGJ, in mouse peritoneal macrophages.
cyPGs, including 15d-PGJ,, bave a reactive o, p-unsaturated
carbonyl growp in the cyclopentane ring. This ring structure
renders this molecule capable of forming Michael adducts with
nucleophilic ceftular molesules 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 Nrf2 pathway by 15d-PGJ,, we first examined the
effect of exogenous 15d-PGJ, on the induction of three Nrf2
target genes in primary cultures of mouse peritoneal macro-
phages, which were used previonsly for the study of Nrf2 (16).
The resnlts clearly indicated that 15d-PGJ; activates, in a dose-
dependent manner, the expression of the HO-1, PrxI, and 4170
genes (Fig. 3A), all of which were shown 1o be inducible by
electrophiles in peritoneal macrophages (16).

We then examined which prostaglandins could strongly ac-
tivate Nrf2 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 B, only PGA,, 15d4-PGJ,, and PGD,
markedly induced the expression of Nrf2 target genes (Fig.
3B). PGA, and 15d-PGI, are classified as electrophilic cyPGs.
Since PGD, is readily metabolized to 15d-PGJ, (38), 154-PGJ,
is suggested to be the most important cyPG in the regulation of
Nrf2.

cyPGs activate Nrf2 in macrophages and hepatocytes. Sub-
sequently, we examined the requirement for Nrf2 in the nduc-
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FIG. 2. Accumulation of 15d-PGI, (brown) in pleural macro-
phages during camrageenan-induced pleurisy. Pleura! inflammatory
cells were examined immunochistochemically at the indicated tintes of
pleurisy with anti-15d-PGJ; antibody. Ammows indicate macrophages,
while arrowheads indicate nentrophils.

tion of antioxidant genes, using primary cultures of peritoneal
macrophages from Nri2-deficient mice. While HO-1, Prx], and
A170 mRNAs were all mduced in wild-type macrophages by
the addition of 5-uM 154-PGIJ, to the culture medium (Fig.
4A, lane 2), the induction was not observed in nrf2~'" macro-
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FIG. 3. cyPGs activate a set of antioxidant and anfi-inflammatory
genes in mouse peritoneal macrophages. (A) Peritoneal macrophages
were treated with dimethy! sulfoxide alone (lane 1); with 15d-PGJ, at
0.5 uM (lane 2), 1 pM (lane 3), 5 pM (lane 4), or 10 pM (lane 5) for
5 h; or with 100 pM diethylmaleate for 5 h (lane 6), and total RNAs
were analyzed by RNA blot analysis with HO-1, Prsl, and A170 cD-
NAs as probes, A B-actin cDNA probe was used for a loading contral.
(B) Peritonenal macrophages were treated with dimethyl sulfoxide
alone (lane 1), PGA, (50 pM) (lane 2), PGB, (50 pM) (lane 3), PGD,
(50 pM) (lane 4), PGE; (50 uM) (lane 5), PGF,, (50 pM) (lane 6},
15d-PGJ, (10 pM) (lane 7), thromboxane B, (50 pM) (lane 8), leu-
kotriene B, (1 pM) (lane 9), arachidonic acid (30 pwM) (lane 10), or
diethylmaleate (100 pM) (lane 11). Total RNA fractions were ana-
Iyzed by RNA blot analysis as for panel A

pbages (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 mif2~'~ macrophages (lane 7), suggesting the
presence of a minor complementary pathway to Nrf2. Consis-
fent with these results, immunoblot analysis with anti-Nrf2
antibody revealed that 15d-PGT, (Fig. 4B, lane 3} and PGA;
(lane 4), but not PGE, (lape 5), mduced the nuclear accumu-
lation of Nrf2,

Immunocytochemical analysis of the rat hepatocyte eell line
R134, using the anti-Nrf2 antibody, further demonstrated that
under normal culture conditions Nrf2 is retained by Keapl in
the cytoplasm (Fig. 4C). However, after the addition of 15d-
PGIJ,, Nrf2 is liberated from Keapl and translocates to and
accumulates within the nucleus (Fig. 4D).

Recent studies indicate that certaim Nrf2 mducers, such as
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Michael reaction acceptors, directly bind to reactive cysteine
residues in Keapl, thereby liberating Nrf2 (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
anti-Keapl antibody demonstrated that Keapl could be de-
tected in precipitates from biotinylated 15d-PGI-treated or
biotinylated A'-PGJ,-treated cells but not in the control jm-
munoprecipitates (Fig. 4E). This result suggests that 15d-PGJ,
directly binds to Keapl, most probably through covalent link-

“age, allowing Nrf2 to be released from Keapl.

CO0X-2 inhibitor affects the inflammatory cell infil(ration. In
order to elucidate the relationship between the accumulation
of 154-PGJ, and activation of N1f2, we examined the time
course of PrxI gene expression during the carrageenan-induced
pleurisy. Immunoblot analyses with anti-PrxI antibody re-
vealed that the expression of PrxI was induced at asearlyas 2 h
of pleurisy (Fig. 5A, lanes 3 to 5). In contrast, the imduction of
PrxI during pleurisy was largely abolished in nrf2™/" mice, and
this difference was prominent at 2 to 24 h (lanes 4, 7, and 10)
but became relatively small after 48 h of pleurisy (lanes 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 vive effect of N§-398, a
specific inhibitor of COX-2 (42), en PrxI expression. Perito-
neal injection of NS-398 1 h before carrageenan treatment
significantly attenuated the expression of PxxI in macrophages
when tested by Immunoblotting (Fig. 5A) and of 15d-PGJ,
when tested by immunocytochemistry (data not shown). NS-
398 caused a reduction of PrxI expression especially at 2t0 24 b
(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 results
suggest a possible scenanio in which COX-2 mediates the ac-
cumulation of 15d-PGJ, and 154-PGI, in turn activates Nrf2
and regulates the expression of Prxl as well as the other anti-
oxidant genes. ]

Immunchistochemical analysis demonsirated that PixI ex-
pression was specifically observed in macrophages, but not in
neutrophils, of pleural Javage uid (IFig. 5B). The expression
profile of Pxl ¢learly overlapped with those of 15d-PGJ, and
macrophage-specific F4/80 antigen (Fig. 5B). The expression
of HO-1 was also detected exclusively in plenral macrophages
(Fig. 5B), in very good agreement with previous analysis of the
rat plenrisy model. Furthermore, COX-2 and hemafopoietic
PGDS, two major rate-limiting enzymes for 15d-PGJ, syntbe-
sis, were highly expressed in the macrophages (Fig. 5B), sup-
porting our contention that 15d-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 plenral lavage
fiuid. 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 N5-398-treated mice, the mac-
rophage nurmber was rather low at the 24 and 48-h time
points, indicating a delay in macrophage recruitment. The per-
sistence of newtrophil infiltration and the delay of macrophage



VoL 24, 2004

Nrf2 REGULATION OF INFLAMMATION 41

[ 2

FIG. 4. cyPGs activate Nrf2 in macrophages and hepatocytes. (A) Peritoneal macropbages derived from either wild-type mice (lanes 1 to 4} or
nrf2™" mice (lanes 5 to 8) were treated with 5 .M (lanes 2 and 6) or 10 uM (lanes 3 and 7) 15d-PGY, or with 100 pM diethylmaleate (lanes 4
and 8). Untreated controls are shown in lanes I and 5. Total RNAs were analyzed by RNA blotting analysis, using cDNAs for HO-1, Prd, or A170
as probes. A B-actin cDNA probe was used for a loading control. (B) Nuclear extracts were prepared from macrophages untreated {lane 1) or
treated with diethylmaleate (100 pM) (fane 2), 15d-PGI, (5 M) (lane 3), PGA, (100 pM) (lane 4), or PGIZ, (100.uM) (lane 5). The extracts were
immuncblotied with anti-Nif2 antibody or anti-lamin B antibody, Recombinant Nrf2 in 293T cells was also loaded as a control (lane 6). (C and
D) RI.34 cells were either untreated (C) or treated with 10 uM 15d-PGI, for 4 h (D), and expression of Nrf2 were examined immunocytochem-
ically with the anti-Nrf2 antibody. Subceliular Jocalization of Ntf2 was analyzed by confocal micrescopy. (E)} RL34 cells were treated with dimethyl
sulfoxide (lane 1), biolinylated A*-PGJ, (lane 2), or biotinylated 15d-PGJ; (Jane 3). Keap1-PGJ, complexes were precipitated from the eell

extracts with avidin beads and probed with the anfi-Keapl antibody.

recruitment were alsd observed in the COX-1/COX-2 dual
inhibitor indomethacin (Fig. 5E). Thus, inflammatory cell in-
filtration in COX-Z-inhibited inice closely reflects that ob-
served in Nrf2-deficient mice, further supporting our conten-
tion that 15d-PGJ, (and COX-2} acts as a regulator of the Nrf2
pathway and the expression of antioxidant genes.
Replacement of 15d-PGJ, inlo the intrapleural space. Fi-
nally, we wished to test directly the significance of 15d-PGJ,
accumnlation in thé development of and recovery from carra-
geenan-induced pleurisy. To this end, we administered 15d-
PGI, into the intraplenral cavity and examined changes in
inflammatory cell infiltration at 24 h of pleurisy. Consistent
with the results shown above, administration of NS-398 to mice
with pleurisy mcreased the neutrophil number at 24 b (Fig. 64,
bar 2). We found that simultaneous injection of 15d-PGI, with
carrageenan into the pleural space reversed the increase of
neutrophil infiltration n NS-398-treated mice (bar 3). The
important finding here is that the administration of 15d-PGI,
into the pleural space of Nrf2-null mice did not affect the
accumulation of neutrophils {(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-
P(1, did not help to reverse the delay in macrophage recruit-
ment in the Nrl2-deficient mice (compare bars 4 and 5).

To determine changes in the antioxidant gene expression, we
carried out RT-PCR analyses with pleural inflammatory cells
and specific primers for PixI (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 Prxl and HO-1 gene expression (bar 2),
On the other hand, the administration of 15d-PGJ, to the
NS-398-treated mice reversed the Prxl 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 153-PGJ,
transduces the mflammatory signals to Nrf2 and that Nrf2
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FIG. 5. Prxl expression at the early phase of carrageenan-induced pleurisy depends on both 15d-PGJ, and Nrf2. (A) Both the COX.-2 inhibitor
N$-398 and mrf2 gene disruption affect PrxT expression during carrageenan-induced pleurisy. Whole-cell extracts of pleural inflammatory cells from
wild-type mive {lanes 1, 3, 6, 9, 12, and 15), arf2™/~ 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-Poil antibody, (B) The expression of Prxl, 15d-PGJ,, F4/80,
HO-1, COX-2, and hematopoietic PGDS in pleural inflammatory cells at 24 h of pleurisy was analyzed immunobistochemically 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 NS393-untreated mice (P < 0.05). g, significantly different from carrageenan-untreated wild-type mice at the 0-h time point (F <
0.05). b, significantly different from carrageenan-untreated n7f2~/ mice at the {-h time point (P < 0.05). (E) Effect of indomethacin on pleural
inflammatory cells. Cell counts were taken at 24 h of pleurisy. The means from four experiments are presented with standard errors of the mean.

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

transcriptionally regulates both the antioxidant gene expres-
sion in pleural macrophages and inflammatory cell recruit-
ment.

DISCUSSION

The ¢yPG 15d-PGJ. is emerging as a probable regulator of
acuts inflammation (13, 43-45). By exploiting cartageenan-
induced pleurisy a3 2 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 accumula-
tion is confined to macrophages. The results of this study
unveil a pumber of significant correlations between accumula-
tion of 153-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 N§-398 and the COX-
1/C0OX-2 dual inhibitor mdomethacin, which attenuate the ac-
cumulation of 15d-PGI,, affected the acute inflammatory re-
sponse in a manner similar to a deficiency in Nrf2. NS-398

repressed the expression of PrxI in pleural macrophages and
cansed a persistence of neutrophil accumulation with a con-
comitant delay in macrophage recruitment. Third, the admin-
istration of 15d-PGJ, 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, argning strongly
that 15d-PGJ, functions to activate Nrf2. 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 Nif? regulates
the acute inflammatory response by orchestrating the recruit-
ment of inflammatory cells and regulating the expression of
anti-oxidative stress genes downstream of 15d-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-PGI, can function as both an activator and a
repressor of signal-transducing transcription factors. The pos-
sible contributions made by 15d-PGJ, to the acute inflamma-
tory response are summarized in Fig. 7. It has been reported



