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Activation of the macrophage cell line RAW 264.7 with lipopolysaccharide (LPS) and gamma interferon
(IFN-g) induces the expression of gene products involved in host defense, among them type 2 nitric oxide
synthase. Treatment of cells with 15-deoxy-D12,14-prostaglandin J2 (15dPGJ2) inhibited the LPS- and IFN-g-
dependent synthesis of NO, a process that was not antagonized by similar concentrations of prostaglandin J2,
prostaglandin E2, or rosiglitazone, a peroxisomal proliferator-activated receptor g ligand. Incubation of
activated macrophages with 15dPGJ2 inhibited the degradation of IkBa and IkBb and increased their levels
in the nuclei. NF-kB activity, as well as the transcription of NF-kB-dependent genes, such as those encoding
type 2 nitric oxide synthase and cyclooxygenase 2, was impaired under these conditions. Analysis of the steps
leading to IkB phosphorylation showed an inhibition of IkB kinase by 15dPGJ2 in cells treated with LPS and
IFN-g, resulting in an impaired phosphorylation of IkBa, at least in the serine 32 residue required for
targeting and degradation of this protein. Incubation of partially purified activated IkB kinase with 2 mM
15dPGJ2 reduced by 83% the phosphorylation in serine 32 of IkBa, suggesting that this prostaglandin exerts
direct inhibitory effects on the activity of the IkB kinase complex. These results show rapid actions of 15dPGJ2,
independent of peroxisomal proliferator receptor g activation, in macrophages challenged with low doses of
LPS and IFN-g.

Macrophage activation in response to proinflammatory cy-
tokines and bacterial cell wall products constitutes a key com-
ponent of the immune response (23, 31, 50). Resolution of the
process occurs after removal of the proinflammatory stimuli
and through the action of negative regulators of the activation-
signaling pathways, among them interleukin-10 (IL-10), IL-13,
alpha/beta interferons (IFN-a/b), and more recently several
cyclopentenone prostaglandins (PGs) (8, 21, 35, 36, 49). In
particular, 15-deoxy-D12,14-prostaglandin J2 (15dPGJ2) has
been shown to exert important anti-inflammatory effects on
several cell types such as monocytes/macrophages and micro-
glia (4, 16, 35, 36). Controversy exists about the identification
of intracellular targets involved in the mechanism of action of
cyclopentenone PGs: some of these effects have been ex-
plained through the transcriptional inhibition exerted by
15dPGJ2-activated peroxisome proliferator receptor gamma
(PPARg) (12, 14, 36, 39); however, other data suggest a main
contribution of PPARg-independent mechanisms on the anti-
inflammatory action of this PG, in view of the lack of effect of
synthetic PPARg ligands such as thiazolidinediones (17, 35).

It has been shown that 15dPGJ2 inhibits the expression of
genes requiring the activation of the transcription factors
NF-kB, AP-1, and Stat1 (17, 35, 36), which are involved in the
induction of several enzymes participating in the development
of the inflammatory process, such as type 2 nitric oxide syn-
thase (NOS-2) and cyclooxygenase 2 (COX-2) (7, 42, 51). In
macrophages, activated NF-kB complexes are composed
mainly of p50 and p65 subunits that translocate to the nucleus
in response to cell stimulation with lipopolysaccharide (LPS)
and proinflammatory cytokines (13, 45, 48). This activation of

NF-kB requires phosphorylation by IkB kinase (IKK) of IkB
proteins in specific serine residues that target these proteins
for ubiquitin conjugation and degradation by the 26S protea-
some (26, 45). The IKK complex contains two catalytic sub-
units, IKK1 and IKK2, and a regulatory subunit termed NF-kB
essential modulator (10, 54, 56). In turn, activation of IKK is
mediated by phosphorylation through NF-kB-inducing kinase,
which acts preferentially over IKK1, and MEK kinase 1
(MEKK1), which phosphorylates IKK2 (6, 30). Biochemical
and genetic data indicate that IKK1 and IKK2, despite the
sequence similarity, have different functions (15, 55). IKK1
participates in differentiation of various cell types (20),
whereas IKK2 is involved in LPS signaling in monocytes/mac-
rophages and in general the response to proinflammatory stim-
uli (34, 55). IKK2 is rapidly activated after cell challenge with
LPS, IL-1b, or tumor necrosis factor alpha (TNF-a) and pro-
gressively undergoes phosphorylation at multiple serine resi-
dues that decreases the kinase activity and therefore contrib-
utes to the transient activation of this enzyme (6). In this
regard, we have investigated the possibility of early effects of
15dPGJ2 on LPS and IFN-g (collectively termed LPS/IFN-g)
cooperative signaling in RAW 264.7 macrophages. Our data
show that treatment of macrophages with 15dPGJ2 results in a
significant inhibition of IKK2 activity. As a result, the phos-
phorylation of IkBa and the degradation of IkBa and IkBb are
inhibited, causing a partial inhibition of NF-kB activity. Ac-
cordingly, the expression of genes requiring NF-kB activation
is significantly impaired by this mechanism.

MATERIALS AND METHODS

Chemicals. Reagents were from Sigma (St. Louis, Mo.), Boehringer (Mann-
heim, Germany), and Merck (Darmstadt, Germany). Antibodies and glutathione
S-transferase (GST) fusion proteins were from Santa Cruz Biotechnology (Santa
Cruz, Calif.). Anti-phospho-(Ser32)kBa antibody (Ab) was from New England
Biolabs (Beverly, Mass.). Electrophoresis equipment and reagents were from
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Bio-Rad (Richmond, Calif.) and Amersham (Little Chalfont, United Kingdom).
PGs were from Cayman (Ann Arbor, Mich.). Serum and media were from
BioWhittaker (Walkersville, Md.).

Cell culture. RAW 264.7 cells were seeded at 6 3 104 to 8 3 104/cm2 in RPMI
1640 medium supplemented with 2 mM glutamine, 10% fetal calf serum (FCS),
and antibiotics (50 mg each of penicillin, streptomycin, and gentamicin per ml).
After 2 days, the cell layers were washed with phosphate-buffered saline (PBS)
and the culture medium was replaced by phenol red-free RPMI 1640 medium
containing 0.5 mM arginine and 0.5% FCS, followed by the addition of the
indicated stimuli. PGs and rosiglitazone were added 5 min prior to activation
with LPS and IFN-g.

Plasmid constructs and preparation. The (kB)3ConA.CAT plasmid construct,
which contains three copies of the kB motif from the human immunodeficiency
virus long-terminal repeat enhancer with the conalbumin A promoter, was used
to measure kB transactivation capacity (8, 9, 48). The ConA.CAT vector, lacking
the kB tandem, was used as a control. A 1-kb fragment corresponding to the
59-flanking region of the NOS-2 gene fused to a chloramphenicol acetyltrans-
ferase (CAT) reporter [p2iNOS(1,1).CAT vector] and the same vector with
mutated kB sequences corresponding to nucleotides 2971 to 2961 and 285 to
275 [p2iNOS(2,2).CAT] were also used. Plasmid kSV2.CAT was used as a
reference for efficiency of the transfection (42, 48). Plasmids were purified using
EndoFree columns (Qiagen, Hilden, Germany).

Bacterial expression and purification of GST fusion proteins. GST-IkBa(1-
317) was from Santa Cruz. GST-IkBa(1-54) and GST-IkBa(1-54) mutated from
Ser32/36 to Ala32/36 (GST-IkBaS/A) were expressed in the DH5aF9 strain of
Escherichia coli as described elsewhere (19, 44), and the fusion proteins were
purified on a glutathione-Sepharose 4B column (Pharmacia Biotech).

Preparation of cytosolic and nuclear extracts. Cells (1.5 3 106) were washed
with PBS and collected by centrifugation. Cell pellets were homogenized with
100 ml of buffer A (10 mM HEPES [pH 7.9], 1 mM EDTA, 1 mM EGTA, 100
mM KCl, 1 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride,
aprotinin [2 mg/ml], leupeptin [10 mg/ml], Na-p-tosyl-L-lysine chloromethyl ke-
tone [TLCK; 2 mg/ml], 5 mM NaF, 1 mM NaVO4, 10 mM Na2MoO4). After 10
min at 4°C, Nonidet P-40 was added to reach a 0.5% concentration. The tubes
were gently vortexed for 15 s, and nuclei were collected by centrifugation at
8,000 3 g for 15 min (9, 40). The supernatants were stored at 280°C (cytosolic
extracts); the pellets were resuspended in 50 ml of buffer A supplemented with
20% glycerol–0.4 M KCl and gently shaken for 30 min at 4°C. Nuclear protein
extracts were obtained by centrifugation at 13,000 3 g for 15 min, and the
supernatant was stored at 280°C. Protein content was assayed using the Bio-Rad
protein reagent. All cell fractionation steps were carried out at 4°C.

EMSA. The sequences 59TGCTAGGGGGATTTTCCCTCTCTCTGT39, cor-
responding to the consensus NF-kB binding site (nucleotides 2978 to 2952) of
the murine NOS-2 promoter (8, 51, 52), and 59CGAACGTGACCTTTGTCCT
CCCCTTTTGCTCGATC39, corresponding to the PPARa binding site of the
promoter of acyl coenzyme A (acyl-CoA) oxidase (11), were used. Oligonucleo-
tides were annealed with their complementary sequence by incubation for 5 min
at 85°C in 10 mM Tris-HCl (pH 8.0)–50 mM NaCl–10 mM MgCl2–1 mM DTT.
Aliquots of 50 ng of these annealed oligonucleotides were end labeled with
Klenow enzyme fragment in the presence of 50 mCi of [a-32P]dCTP and the
other unlabeled deoxynucleoside triphosphates in a final volume of 50 ml. A total
of 5 3 104 dpm of the DNA probe was used for each binding assay of nuclear
extracts as follows. Three micrograms of nuclear protein was incubated for 15
min at 4°C with the DNA and 2 mg of poly(dI-dC)–5% glycerol–1 mM EDTA
–100 mM KCl–5 mM MgCl2–1 mM DTT–10 mM Tris-HCl (pH 7.8) in a final
volume of 20 ml. The DNA-protein complexes were separated on native 6%
polyacrylamide gels in 0.5% Tris-borate-EDTA buffer (9). Supershift assays were
carried out after incubation of the nuclear extracts with 2 mg of Ab (anti-p50,
anti-c-Rel, anti-p65, and anti-PPARa) for 1 h at 4°C, followed by electrophoretic
mobility shift assay (EMSA) (not shown).

Transfection of RAW 264.7 cells and assay of CAT activity. The cells were
washed twice with PBS and incubated with 1.5 ml of RPMI 1640 medium without
FCS (6-cm-diameter dishes). Cells were transfected for 6 h by lipofection with
DOTAP as instructed by the supplier (Boehringer Mannheim). After transfec-
tion, the cells were maintained for 24 h prior to stimulation in RPMI 1640
medium containing 5% FCS. Equal amounts of DNA were used in the transfec-
tion experiments, and CAT activity was determined after 18 h of treatment of the
cells with the indicated stimuli following a previous protocol based on thin-layer
chromatography separation of the acetylated chloramphenicol (9). The amount
of acetylated substrate was quantified in a Fuji BAS1000 radioactivity detection
system.

Characterization of gene expression by Northern blotting. Total RNA (2 3
106 to 4 3 106 cells) was extracted by the guanidinium thiocyanate method (2, 9,
24, 48). After electrophoresis in a 0.9% agarose gel containing 2% formaldehyde,
the RNA was transferred to a Nytran membrane (NY 13-N; Schleicher &
Schuell, Dassel, Germany), and the levels of NOS-2, COX-2, IkBa, and IkBb
mRNAs were determined using an EcoRI-HindII fragment from the NOS-2
cDNA, or the cDNA of the other genes (48), labeled with [a-32P]dCTP by using
a Rediprime labeling kit (Amersham). The membranes were exposed to X-ray
films (Hyperfilm; Amersham), and the intensity of the bands was measured by
laser densitometry (Molecular Dynamics). The lane charge was normalized by
hybridization with an 18S rRNA probe.

Determination of NO synthesis. NO was measured as the accumulation of
nitrite and nitrate in the incubation medium. Nitrate was reduced to nitrite with
nitrate reductase and determined spectrophotometrically with Griess reagent
(9).

Characterization of proteins by Western blotting. Cytosolic protein extracts
were size separated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) on 10% gels. The gels were blotted onto a polyvinylidene
difluoride membrane (Millipore) and incubated with several anti-NOS-2, anti-
IkBa, anti-IkBb, anti-p85a (phosphatidylinositol 3-kinase subunit), and anti-
IKK2 Abs (Santa Cruz). In experiments using anti-phospho-(Ser32) IkBa Ab, the
blot incubation solution contained GST-IkBa(1-317) (50 ng/ml) treated previ-
ously with alkaline phosphatase-agarose (47). The blots were submitted to se-
quential reprobing with Abs after treatment with 100 mM b-mercaptoethanol
and 2% SDS in Tris-buffered saline and were heated at 60°C for 30 min. The
blots were revealed by enhanced chemiluminescence as instructed by the man-
ufacturer (Amersham).

Confocal microscopy. RAW cells were grown on coverslips and incubated for
45 min with the indicated stimuli. After the disks were washed twice with ice-cold
PBS, the cells were fixed with methanol at 220°C for 2 min, blocked with 3%
bovine serum albumin for 30 min at room temperature, and incubated for 30 min
with 1:100 anti-IkBa or anti-IkBb Ab. After three washes with ice-cold PBS, the
cells were revealed using a secondary Ab (1:300) against rabbit immunoglobulin
(Ig) conjugated with Cy3 (Amersham). The cells were visualized using an MRC-
1024 confocal microscope (Bio-Rad), and fluorescence was measured and elec-
tronically evaluated. Laser Sharp software (Bio-Rad) was used to determine the
relative intensity of the fluorescence per pixel and the percentage of cytosolic and
nuclear localization.

Measurement of IKK2 activity. Cells (107) were homogenized in buffer A and
centrifuged for 10 min in a microcentrifuge. The supernatant (1 ml) was pre-
cleared, and IKK2 was immunoprecipitated with 1 mg of anti-IKK2 Ab (10, 29).
After extensive washing of the immunoprecipitate with buffer A, the pellet was
resuspended in kinase buffer (20 mM HEPES [pH 7.4], 0.1 mM EDTA, 100 mM
NaCl, 1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, aprotinin [2 mg/ml],
leupeptin [10 mg/ml], TLCK [2 mg/ml], 5 mM NaF, 1 mM NaVO4, 10 mM
Na2MoO4, 10 nM okadaic acid). Kinase activity was assayed in 100 ml of buffer
A containing 100 ng of immunoprecipitate, 50 mM [g-32P]ATP (0.5 mCi), and as
substrate 100 ng of GST-IkBa(1-317) or GST-IkBa(1-54) and the corresponding
Ala32/36-mutated protein. Aliquots of the reaction mixture were stopped at
various times in 1 ml of ice-cold buffer A supplemented with 5 mM EDTA. The
same protocol was used when the activity of IKK2 was followed by Western
blotting using anti-phospho-(Ser32)IkBa Ab, except for the use of 1 mM MgATP
instead of [g-32P]ATP. GST-IkBa was purified by glutathione-agarose chroma-
tography and analyzed by SDS-PAGE (10% gel). The linearity of the kinase
reaction was confirmed over a period of 30 min.

Data analysis. The number of experiments analyzed is indicated in the corre-
sponding figure legend. Statistical differences (P , 0.05) between mean values
(presented with standard errors of the means [SEM]) were determined by one-
way analysis of variance followed by Student’s t test. In experiments using X-ray
films (Hyperfilm), different exposure times were used to ensure that bands were
not saturated.

RESULTS

15dPGJ2 inhibits the activation of NF-kB. Incubation of
cultured RAW 264.7 cells with 2 mM 15dPGJ2 inhibited sig-
nificantly (79% after densitometry of the p50-p65 band) the
activation of NF-kB elicited after LPS/IFN-g challenge, as
measured by EMSA (Fig. 1A). However, PGJ2 (2 mM) and
rosiglitazone (10 mM) failed to exert a significant inhibition. A
dose-dependent effect of 15dPGJ2 on NF-kB activity in LPS/
IFNg-stimulated cells is shown in Fig. 1B. The half-maximal
inhibition was obtained at ca. 0.5 mM, as judged from the
intensity of the p50-p65 band as assessed by supershift assays
(not shown). The binding of nuclear proteins to the PPARa
response element of the acyl-CoA oxidase promoter (11) was
used as an internal control to ensure that 15dPGJ2 did not
influence the extraction of nuclear proteins and as a control of
lane charge.

To evaluate whether 15dPGJ2 could influence the turnover
and subcellular distribution of IkB proteins, and therefore
NF-kB activation, the amounts of IkBa and IkBb were deter-
mined in the cytosol and nucleus by confocal microscopy and
by immunoblot analysis. As Fig. 2A shows, 15dPGJ2 did not
modify significantly the levels and subcellular distribution of
either IkBa or IkBb; however, the marked decrease of IkB
proteins elicited by LPS was notably impaired in the presence
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of 15dPGJ2. Moreover, an important nuclear accumulation of
IkBb (7-fold greater than in the LPS condition) and, to a lesser
extent, of IkBa (3.1-fold greater than in the LPS condition)
was observed in cells treated with LPS and 15dPGJ2. These
results were confirmed when the amounts of IkBa and IkBb
were determined by Western blotting using nuclear and cyto-
solic extracts prepared from these cells (Fig. 2B).

The inhibitory effect of 15dPGJ2 on NF-kB activity was
further analyzed in cells transfected with the (kB)3ConA.CAT
vector, by monitoring the reporter activity in response to LPS
challenge. Incubation with 1 and 2 mM 15dPGJ2 decreased the
LPS-dependent activation of the reporter by 69 and 85%, re-
spectively. Treatment of cells with PGJ2, and rosiglitazone did
not affect significantly the reporter activity (Fig. 3A). Trans-
fection with ConA.CAT and kSV2.CAT vectors was used to
ensure that the stimuli used did not influence transcription of
the reporter gene. In addition to the kB-responsive vector,
cells were transfected with the p2iNOS(1,1).CAT vector, a
construct strictly dependent on NF-kB activation. As Fig. 3B
shows, 15dPGJ2 decreased (75%) the CAT activity induced by
LPS/IFN-g, whereas 10 mM rosiglitazone inhibited only 27%
of the expression of the reporter gene under identical experi-
mental conditions. Interestingly, the use of a fragment of the
NOS-2 promoter deleted in the kB sites [p2iNOS(2,2).CAT]
completely abolished the activity of the promoter, reflecting
the necessity of this motif for expression of the reporter gene
in response to LPS/IFN-g stimulation. To better assess the
relevance of the changes of NF-kB activity on the expression of

FIG. 1. NF-kB binding is inhibited in activated RAW 264.7 cells treated with
15dPGJ2. (A) Macrophages were incubated for 1 h with different combinations
of 15dPGJ2 (2 mM), PGJ2 (2 mM), rosiglitazone (10 mM), LPS (500 ng/ml), and
IFN-g (10 U/ml). After homogenization of the cells, nuclear extracts were pre-
pared and the binding of nuclear proteins to the distal kB motif of the NOS-2
promoter was determined by EMSA. Supershift assays with Abs against proteins
of the c-Rel family (not shown) identified p50-p50 and p50-p65 as the complexes
present in the lower and upper bands, respectively. (B) Dose-dependent effect of
15dPGJ2 on NF-kB activity. The binding of nuclear proteins to the PPARa R
response element of the acyl-CoA oxidase promoter was used as control of
extraction of nuclear proteins and lane load. The intensity of the bands was
determined, and the corresponding values are expressed as mean 6 SEM of
three experiments (A). p, P , 0.005 with respect to the LPS/IFN-g condition.
a.u., arbitrary units.

FIG. 2. Subcellular distribution of IkBa and IkBb in cells treated with 15dPGJ2. Macrophages were incubated for 45 min with LPS (500 ng/ml) and 15dPGJ2
(1 mM). After the cells were fixed, IkB proteins were detected with specific Abs and revealed using Cy3-labeled anti-rabbit Ig. (A) The intensity of the fluorescence
in the cytosolic and nuclear compartments was digitalized and quantified (n 5 14 to 21 cells per condition). (B) The corresponding amount of IkBa and IkBb present
in cytosolic and nuclear extracts was determined also by Western blotting. Results show the mean 6 SEM of three experiments. p, P , 0.05 with respect to the
corresponding LPS condition.
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genes regulated by this transcription factor, we stimulated cells
with different PGs and measured the activity and expression of
NOS-2. As Fig. 4A shows, the synthesis of nitrite plus nitrate in
LPS/IFN-g-activated macrophages was inhibited (73%) in cells
incubated with 2 mM 15dPGJ2, whereas PGJ2 exerted a mod-
erate inhibition (27%) and rosiglitazone and other bioactive
PGs had no significant effect. The dose-dependent effect of
15dPGJ2 on NOS-2 protein levels showed a half-maximal in-
hibition at ca. 0.2 to 0.5 mM PG (Fig. 4B).

To better evaluate the biological effects of 15dPGJ2 on the
transcription of genes that require NF-kB activation, the RNA
levels of NOS-2 and COX-2 (both dependent on NF-kB activ-
ity in response to LPS/IFNg challenge [24, 48]) and those of
IkBa and IkBb (involved in the resynthesis of these inhibitory
proteins) were determined after 4 h of stimulation. Incubation
with 1 mM 15dPGJ2 decreased by more than 90% the levels of
NOS-2 and COX-2 mRNAs in activated macrophages. How-
ever, the effects were less remarkable for IkBa and IkBb, due
probably to the different kinetics of the steady-state levels of
these RNAs (Fig. 5). Indeed, the levels of IkB mRNA mea-
sured in these cells may account for the accumulation of IkB

observed at 2 to 3 h in LPS-activated cells treated with
15dPGJ2 (not shown).

Inhibition of IKK activity by 15dPGJ2. The preceding re-
sults show an inhibition of NF-kB activity, likely due to an
impaired IkB targeting in LPS-activated RAW 264.7 cells
treated with 15dPGJ2. To investigate the possibility of a re-
duced phosphorylation of IkB under these conditions, cells
were incubated with 15dPGJ2 and stimulated with LPS/IFN-g.
The IKK complex was immunoprecipitated at various times
using an anti-IKK2 Ab, and its kinase activity was evaluated
with GST-IkBa as the substrate. As Fig. 6A shows, phosphor-
ylation of GST-IkBa by IKK following the incorporation of
[32P]phosphate at 20 and 30 min of reaction decreased by 70
and 75% with respect to the corresponding LPS/IFN-g con-
trols when cells were treated with 2 mM 15dPGJ2. Moreover, in
a parallel experiment using cells incubated with 10 mM MG132
(Z-Leu-Leu-Leu-CHO) to inhibit IkB degradation, the specific
phosphorylation in vivo of IkBa in Ser32 was inhibited in re-
sponse to 15dPGJ2 (Fig. 6B). These results support the occur-
rence of a reduced activity of IKK2 in cells treated with
15dPGJ2.

The mechanism by which 15dPGJ2 affects IKK activity ap-
pears to include a direct effect of this PG on the kinase activity
of the complex. When IKK was immunoprecipitated from LPS/
IFN-g-treated cells and activity was assayed by monitoring
GST-(Ser32)IkBa phosphorylation by Western blotting, a
dose-dependent inhibition by 15dPGJ2 was observed; however,
PGJ2 assayed at 2 mM failed to inhibit significantly the activity,
suggesting a specific effect of 15dPGJ2 on the complex (Fig.
7A). Moreover, when kinase activity was assayed following the
incorporation of [32P]phosphate into GST-IkBa or GST-
IkBaS/A, the inhibitory effect of 15dPGJ2 was abolished after
removal of the Ser32 and Ser36 phosphorylation sites. These
results suggest that the direct effects of 15dPGJ2 on IKK ac-
tivity are preferentially due to the inhibition of the phosphor-
ylation of these residues (Fig. 7B).

DISCUSSION

The biological effects of cyclopentenone PGs have been the
subject of intense research in recent years, and multiple targets
mediating their actions have been proposed, ranging from spe-
cific interactions with PPARg, in which case they act as tran-
scriptional regulators (14, 18, 36, 41), to effects on early sig-
naling in response to a wide range of extracellular stimuli (5,

FIG. 3. 15dPGJ2 inhibits CAT expression in cells transfected with
(kB)3ConA.CAT and p2iNOS.CAT vectors. Macrophages were transfected with
DOTAP, and cells were incubated with the indicated stimuli followed by activa-
tion with LPS (500 ng/ml) (A) or LPS (500 ng/ml) plus IFN-g (10 U/ml) (B).
After 14 h of incubation with the indicated stimuli, CAT activity was determined.
Transfection with ConA.CAT and kSV2.CAT was used to ensure that the ligands
did not affect the basal activity of the promoters and the efficiency of the
transfection. Results show the mean 6 SEM of three experiments. p, P , 0.01
with respect to the LPS or LPS/IFN-g condition.

FIG. 4. Inhibition of NOS-2 expression by 15dPGJ2 in RAW 264.7 cells
activated with LPS/IFN-g. Cells were treated for 5 min with the indicated con-
centrations of PGs, rosiglitazone and hydroxyoctadecadienoic acid (9-HODE),
followed by activation with LPS (200 ng/ml) and IFN-g (10 U/ml). (A) After 18
h of incubation,the amount of nitrite and nitrate in the culture medium was
measured. (B) The dose-dependent effect of 15dPGJ2 on NOS-2 levels was
determined by Western blotting, using the levels of the phosphatidylinositol
3-kinase subunit p85a as a control of lane charge. Results show the mean of three
experiments (A) and a representative blot out of two (B).

FIG. 5. 15dPGJ2 decreases the mRNA levels of COX-2 and NOS-2. Cells
were incubated with the indicated concentrations of PG and activated with LPS
(200 ng/ml) and IFN-g (10 U/ml). After 4 h of treatment, the cells were homog-
enized and the RNA was extracted and analyzed by Northern blotting using
probes specific for the indicated genes. Results show the mean band intensity
expressed as a percentage of that in the absence of PG and after normalization
for the content of 18S rRNA (n 5 3).
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14, 38). In monocytes/macrophages, 15dPGJ2 exerts an anti-
inflammatory action due to the attenuation of the expression
of genes recognized classically as activators and mediators of
different steps of the host defense response: first, it inhibits the
synthesis and release of proinflammatory cytokines, such as
IL-1b and TNF-a that amplify the activation process (14);
second, this PG inhibits the expression of effector proteins
such as COX-2, NOS-2 (end products of which exert cytotoxic
effects), and matrix metalloproteinases (4, 25, 36); third, it
contributes to the resolution of the inflammatory process by
promoting apoptosis of activated macrophages (1). This variety
of effects produced by 15dPGJ2 and related cyclopentenone
PGs is compatible with the existence of multiple sites of actions
for these molecules (28, 33).

The anti-inflammatory actions of 15dPGJ2 have been con-
sidered to be mediated through the interaction with PPARg.
Ricote et al. (36) reported the absence in RAW 264.7 cells of
such a transcription factor, and most of the effects observed in
these cells were obtained after transient expression of PPARg.

However, PPARg was present in elicited peritoneal macro-
phages, and exogenous expression of this factor was not re-
quired to observe 15dPGJ2-dependent actions. In agreement
with previous results, specific PPARg ligands, such as rosigli-
tazone assayed up to 10 mM (apparent dissociation constant
[Kd], ,100 nM), had no effect on NO synthesis or NF-kB
inhibition in RAW cells (18, 36). The Kd of 15dPGJ2 for mu-
rine PPARg was estimated to be between 1 and 10 mM. More-
over, portions of the experiments from this work were repeated
using primary cultures of peritoneal macrophages, and the
effects of 15dPGJ2 were very similar to those observed in RAW
cells at short periods of times (up to 4 h). However, the effects
were more pronounced when some parameters (for example,
the synthesis of NO and the levels of NOS-2 protein) were
measured at longer periods of times (18 to 24 h). These ob-
servations suggest the concurrence of other mechanisms, me-
diated possibly via PPARg, that are also triggered by 15dPGJ2.

In this work, our attention was focused on the effects of
15dPGJ2 on the initial steps of macrophage activation after

FIG. 6. Inhibition of IkBa phosphorylation in activated RAW 264.7 cells treated with 15dPGJ2. Macrophages were incubated with 2 mM 15dPGJ2 5 min prior to
stimulation with LPS (200 ng/ml) and IFN-g (10 U/ml). At the indicated times, cell extracts were prepared, IKK was immunoprecipitated, and the in vitro kinase activity
of 100 ng of IP protein was assayed using GST-IkBa(1-317) and [g-32P]ATP as substrates. (A) After 10 min of incubation, GST-IkBa was purified with glutathione-
agarose and analyzed by SDS-PAGE (10% gel). Aliquots (5 ml) of the kinase reaction mixture were analyzed by Western blotting to determine the amount of IKK2
present in each assay. (B) Cells treated with 10 mM MG132 were stimulated as described previously; at the indicated times, cytosolic extracts were prepared and the
amount of endogenous P(Ser32)IkBa was determined using a specific Ab. The blot was reprobed with anti-IkBa Ab. The intensity of the bands of phosphorylated IkBa
(A) and the ratio between the band intensities of P(Ser32)IkBa and IkBa (B) are given. Results show the mean 6 SEM of three experiments. p, P , 0.005 with respect
to the corresponding LPS/IFN-g condition.

FIG. 7. Inhibition of IKK activity by 15dPGJ2. Macrophages were incubated for 20 min with LPS (200 ng/ml) and IFN-g (10 U/ml); after homogenization, the IKK
complex was immunoprecipitated with anti-IKK2 Ab. Kinase activity was monitored in vitro for 10 min, using GST-IkBa(1-317) as the substrate and in the presence
of the indicated concentrations of PGs and rosiglitazone. P(Ser32)IkBa was detected using a specific anti-P(Ser32)IkBa Ab. The membrane was reprobed with anti-IkBa
Ab (A). The incorporation of [32P]phosphate into GST-IkBa(1-54) or IkBaS/A was determined as previously described (B). Results show the mean 6 SEM of the band
intensities, expressed with respect to the condition in the absence of PG and rosiglitazone. p, P , 0.01 with respect to the condition in the absence of addition.
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challenge with low doses of LPS and IFN-g acting in a syner-
gistic way (22, 32, 52). The observation of a decreased LPS/
IFN-g-dependent NF-kB activation by this PG precludes the
expression of a large number of genes that require the engage-
ment of this transcription factor (13, 23). 15dPGJ2 not only
inhibited significantly the degradation of IkBa and IkBb in
these cells but also exerted marked effects on the nuclear
distribution of these proteins. Moreover, the presence of IkB
in the nucleus contributes to the inhibition of the binding of
the active NF-kB complexes to the kB sites located in regula-
tory sequences of various genes (3, 46, 48). Indeed, the studies
of the traffic of IkBa through the nuclear membrane suggest a
physiological inhibitory role for the IkB proteins that are re-
tained in the nucleus (37, 38). These data are in agreement
with the observation of an important decrease in the binding of
nuclear proteins to the kB sequences as determined by EMSA,
as well as a very efficient repression of the transcription of
genes requiring NF-kB activity, such as NOS-2 and COX-2
(mRNA levels were determined at 4 h), or in cells transfected
with a kB reporter gene. However, when synthesis of nitrites
was measured after 18 to 24 h of culture, the inhibitory action
of 1 mM 15dPGJ2 was not as effective as that reflected by the
action on mRNA levels (4 h). This might be due to the deg-
radation of 15dPGJ2 in the cell, a process for which, to our
knowledge, no kinetic control has been established. In contrast
to this high efficiency in the repression of NOS-2 and COX-2
at 4 h, in experiments monitoring the mRNA levels of IkBa
and IkBb we observed the prevalence of an important upregu-
lation of both RNAs, probably because of a higher sensitivity
of these genes to NF-kB activation. Indeed, this particular
regulation of IkB proteins might help to turn off NF-kB activ-
ity, precluding a persistent activation of this transcription fac-
tor (13, 46, 48).

In view of the rapid effects of 15dPGJ2 inhibiting IkB deg-
radation, we investigated the action of this PG upstream of this
step. In human monocytes, triggering with LPS activates IKK2,
and this kinase is responsible for the specific phosphorylation
of IkBs that targets these proteins for ubiquitination and deg-
radation (27, 34, 43). In RAW 264.7 cells, we observed that
15dPGJ2 inhibits in vivo the specific phosphorylation of IkBa
at Ser32. Moreover, when IKK activity was immunoprecipi-
tated from activated cells, those treated with 15dPGJ2 showed
a lower kinase activity with GST-IkBa as substrate, assayed by
either monitoring [32P]phosphate incorporation or detecting
phosphorylation of Ser32. The effect of 15dPGJ2 on other ki-
nases was assayed; it failed to inhibit the activity of protein
kinase A and the classic and new isotypes of protein kinase C
assayed as Ca21 and diacylglycerol-dependent activities, as
well as the Jak activity associated with the IFN-g receptor and
followed by the specific phosphorylation of Stat1a in these
cells (not shown). Moreover, the inhibition of IKK activity
observed in cells treated with 15dPGJ2 can be explained
through a direct and specific effect mediated by this PG, as
confirmed by in vitro experiments. However, because the loss
of activity persisted even when the IKK complex was immu-
noprecipitated and assayed in vitro, it is possible that 15dPGJ2
alters the structure of the IKK complex or favors an acceler-
ated hyperphosphorylation state of IKK2 that has been
described as impairing the kinase activity (6). In this regard, a
positive and negative regulation of IKK through the phosphor-
ylation of IKK2 has been described (6). In HeLa cells stimu-
lated with TNF-a, IKK activity decreased faster than its phos-
phorylation. This is because phosphorylation of two loops of
IKK is essential for the activation in response to proinflamma-
tory stimuli, whereas autophosphorylation at the carboxyl ter-
minus of a serine cluster contributes to the reduction of the

activity. Preliminary experiments performed in cells labeled
with [33P]phosphate showed an impairment in the phosphory-
lation state of IKK2 analyzed over a 30-min period, suggesting
that 15dPGJ2 inhibits the activation of IKK2 rather than en-
hances its time-dependent phosphorylation (unpublished
data). Taken together, the effects of 15dPGJ2 on the inhibition
of IKK activity are reminiscent of those observed for other
anti-inflammatory drugs such as aspirin and salicylate (53),
suggesting an important role for IKK as a physiological and
pharmacological target to mediate anti-inflammatory actions.

In conclusion, our data show a specific action of 15dPGJ2 on
the activity of the IKK complex, an inhibitory effect that can be
observed directly when the kinase is assayed in vitro. In addi-
tion, 15dPGJ2 redistributes IkBa and in particular IkBb in the
nuclei of activated macrophages, a process that may contribute
to the impairment of NF-kB activation. Unraveling the pre-
sumably sequential targets for 15dPGJ2 and related PGs might
contribute to a better understanding of the mechanism of ac-
tion of physiologically occurring anti-inflammatory PGs as well
as those pertaining to the process of resolution of inflamma-
tion.
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