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PPARa agonists inhibit nitric oxide production by
enhancing iNOS degradation in LPS-treated
macrophages

E-L Paukkeri, T Leppänen, O Sareila, K Vuolteenaho, H Kankaanranta and E Moilanen

The Immunopharmacology Research Group, Medical School, University of Tampere and Research Unit, Tampere University Hospital,
Tampere, Finland

Background and purpose: Nitric oxide (NO) production through the inducible nitric oxide synthase (iNOS) pathway is
increased in response to pro-inflammatory cytokines and bacterial products. In inflammation, NO has pro-inflammatory and
regulatory effects. Peroxisome proliferator-activated receptors (PPARs), members of the nuclear steroid receptor superfamily,
regulate not only metabolic but also inflammatory processes. The aim of the present study was to investigate the role of PPARa
in the regulation of NO production and iNOS expression in activated macrophages.
Experimental approach: The effects of PPARa agonists were investigated on iNOS mRNA and protein expression, on NO
production and on the activation of transcription factors NF-kB and STAT1 in J774 murine macrophages exposed to bacterial
lipopolysaccharide (LPS).
Key results: PPARa agonists GW7647 and WY14643 reduced LPS-induced NO production in a dose-dependent manner as
measured by the accumulation of nitrite into the culture medium. However, PPARa agonists did not alter LPS-induced iNOS
mRNA expression or activation of NF-kB or STAT1 which are important transcription factors for iNOS. Nevertheless, iNOS
protein levels were reduced by PPARa agonists in a time-dependent manner. The reduction was markedly greater after 24 h
incubation than after 8 h incubation. Treatment with the proteasome inhibitors, lactacystin or MG132, reversed the decrease
in iNOS protein levels caused by PPARa agonists.
Conclusions and implications: The results suggest that PPARa agonists reduce LPS-induced iNOS expression and NO
production in macrophages by enhancing iNOS protein degradation through the proteasome pathway. The results offer an
additional mechanism underlying the anti-inflammatory effects of PPARa agonists.
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Introduction

Nitric oxide (NO) is an important modulator of immune

response in human tissues. It has cytotoxic and cytostatic

effects, which are beneficial in host defence against patho-

genic microbes. In inflammatory diseases, the regulatory,

pro-inflammatory and destructive effects of NO modulate

the responses also in host tissues (Moilanen et al., 1999;

Abramson et al., 2001; Korhonen et al., 2005) and inhibitors

of iNOS have been found to be beneficial in various models

of inflammatory diseases (Vallance and Leiper, 2002). High

amounts of NO are produced through the inducible nitric

oxide synthase (iNOS) pathway in response to proinflamma-

tory cytokines and bacterial products. Expression of iNOS

has been shown to be regulated both at transcriptional and

post-translational levels in activated macrophages, but many

of the mechanisms are still unknown (MacMicking et al.,

1997; Alderton et al., 2001; Kleinert et al., 2003; Aktan, 2004;

Korhonen et al., 2005).

Peroxisome proliferator-activated receptors (PPARs) belong

to the nuclear steroid receptor superfamily. Three members

of the family have been identified: PPARa, PPARb/d and
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PPARg. Originally, the receptors were found to be involved in

the regulation of the oxidation of fatty acids, but recently

other functions of PPARs have been described (Berger and

Moller, 2002; Kota et al., 2005). For example, they regulate

the transcription of genes that are involved in lipid and

glucose metabolism and play a role in adipocyte differentia-

tion and apoptosis (Delerive et al., 2001; Moore et al., 2001a;

Kota et al., 2005). Furthermore, recent observations suggest

that the PPARs, especially PPARa and PPARg, are involved in

the regulation of the immune and inflammatory responses.

Although both anti-inflammatory and pro-inflammatory

effects of PPARs have been reported (Delerive et al., 2001;

Moore et al., 2001a; Cabrero et al., 2002; Clark, 2002; Zhang

and Young, 2002; Genolet et al., 2004) the role of PPARs in

inflammation is not clear.

PPARg agonists have been shown to decrease interferon

g- or lipopolysaccharide (LPS)-induced NO production (Ricote

et al., 1998; Alleva et al., 2002; Chen et al., 2003) and iNOS

expression (Castrillo et al., 2000; Chen et al., 2003). iNOS

expression was shown to be modulated at the transcriptional

level. PPARg agonists were proposed to inhibit the action of

inflammatory transcription factors nuclear factor kappa B

(NF-kB), activator protein 1 and signal transducer and

activator of transcription 1 (STAT1) (Ricote et al., 1998;

Chen et al., 2003). The effects of PPARa agonists on NO

production and iNOS expression in macrophages have been

less studied (Colville-Nash et al., 1998; Cernuda-Morollón

et al., 2002). The results of the two studies were contradictory

and the mechanisms of action were not investigated in

detail.

The aim of the present study was to investigate the effects

of PPARa agonists on LPS-induced NO production and iNOS

expression in macrophages. The results suggest that PPARa
agonists suppress LPS-induced NO production and iNOS

expression by enhancing the degradation of iNOS protein

through the proteasome pathway.

Methods

Cell culture

J774 macrophages (American Type Culture Collection) were

cultured at 37 1C in 5% CO2 atmosphere in Dulbecco’s

modified Eagle’s medium with Ultraglutamine 1 (Cambrex

BioScience, Verviers, Belgium), supplemented with 10%

heat-inactivated fetal bovine serum (Cambrex BioScience),

100 U ml�1 penicillin, 100 mg ml�1 streptomycin and

250 ng ml�1 amphotericin B (Gibco, Paisley, UK) and har-

vested with trypsin-EDTA (Gibco). Cells were seeded on 24-

well plates (0.2�106 cells per well) for nitrite measurements

and real-time PCR assays, on six-well plates (0.9� 106 cells

per well) for preparation of cell lysates for iNOS and PPARa
Western blot analysis, on 10 cm dishes (4�106 cells per dish)

for preparation of nuclear extracts and cell lysates for

ubiquitin western blotting, and on 96-well plates

(4�104 cells per well) for cell viability assays. Confluent

cells were exposed to fresh culture medium containing the

compounds of interest. PPAR agonists were added together

with LPS (10 ng ml�1) in all experiments.

Nitrite determination

Measurement of nitrite accumulation into the culture

medium was used to determine NO production. The culture

medium was collected at indicated time points and nitrite

was measured by the Griess reaction (Green et al., 1982). The

concentration of nitrite was calculated by using sodium

nitrite added to the culture medium (including supplements)

as a standard. A selective iNOS inhibitor 1400W was used to

differentiate nitrite derived from other biochemical path-

ways and cellular sources.

Cell viability assays

Cell viability was tested using Cell Proliferation Kit II (Roche

Diagnostics, Indianapolis, IN, USA). Cells were incubated

with the tested compounds for 20 h before addition of

sodium 30-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-

methoxy-6-nitro) benzene sulphonic acid hydrate (final

concentration 0.3 mg ml�1) and N-methyl dibenzopyrazine

methyl sulphate (final concentration 1.25 mM). Then the

cells were further incubated for 3 h and the amount of

formazan accumulated into the growth medium was assessed

spectrophotometrically. Triton X-100-treated cells were used

as a positive control. A direct cytotoxicity of the tested

compounds was evaluated by Trypan blue staining. Triton

X-100-treatment was used as a positive control in the

cytotoxicity tests.

Preparation of cell lysates for iNOS, PPARa and ubiquitin western

blotting

At indicated time points, the cells were rapidly washed with

ice-cold phosphate-buffered saline and solubilized in cold

lysis buffer containing 10 mM Tris-base, pH 7.4, 5 mM EDTA,

50 mM NaCl, 1% Triton X-100, 0.5 mM phenylmethylsulpho-

nyl fluoride, 1 mM sodium orthovanadate, 20 mg ml�1 leu-

peptin, 50 mg ml�1 aprotinin, 5 mM NaF, 2 mM sodium

pyrophosphate and 10 mM n-octyl-b-D-glucopyranoside.

When preparing cell lysates for ubiquitin western blotting,

lysis buffer contained also 20 mg ml�1 ubiquitin aldehyde and

25 mM MG132. After incubation on ice for 15 min, lysates

were centrifuged (13 400 g, 4 1C, 10 min), supernatants were

collected and mixed 3:1 with SDS sample buffer (62.5 mM

Tris–HCl, pH 6.8, 10% glycerol, 2% SDS, 0.025% bromo-

phenol blue and 5% b-mercaptoethanol). An aliquot of the

supernatant was used to determine protein concentration by

the Coomassie blue method (Bradford, 1976).

Preparation of nuclear extracts for STAT1a, NF-kB and PPARg
western blotting

At indicated time points, the cells were rapidly washed with

ice-cold phosphate-buffered saline and solubilized in hypo-

tonic buffer A (10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl2,

10 mM KCl, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsul-

phonyl fluoride, 1 mM sodium orthovanadate, 10 mg ml�1

leupeptin, 25 mg ml�1 aprotinin, 1 mM NaF and 0.1 mM

EGTA). After incubation for 10 min on ice, the cells were

vortexed for 30 s and the nuclei were separated by centrifu-

gation at 4 1C, 21 000 g for 10 s. Nuclei were resuspended in
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buffer C (20 mM HEPES-KOH, pH 7.9, 25% glycerol, 420 mM

NaCl, 1.5 mM MgCl2, 0.5 mM dithiothreitol, 0.2 mM phenyl-

methylsulphonyl fluoride, 1 mM sodium orthovanadate,

10 mg ml�1 leupeptin, 25 mg ml�1 aprotinin, 1 mM NaF and

0.1 mM EGTA) and incubated for 20 min on ice. Nuclei were

vortexed for 30 s and nuclear extracts were obtained by

centrifugation at 4 1C, 21 000 g for 2 min. Supernatants were

collected and mixed 3:1 with SDS sample buffer. Coomassie

blue was used to measure the protein content of the samples

(Bradford, 1976).

Western blotting

Prior to western blotting, samples were boiled for 10 min and

20 mg (240 mg in ubiquitin western blotting) of protein was

loaded per lane on 5% (ubiquitin), 8% (iNOS, STAT1a), 10%

(PPARa, PPARg) or 12% (NF-kB p65) SDS-polyacrylamide gel.

After electrophoresis, the proteins were transferred to

Hybond ECL nitrocellulose membrane (Amersham Bio-

sciences UK Ltd, Little Chalfont, Buckinghamshire, UK). The

membrane was blocked in TBS/T (20 mM Tris-base pH 7.6,

150 mM NaCl, 0.1% Tween-20) containing 5% of non-fat dry

milk for 1 h at room temperature and incubated with

primary antibody in the blocking solution at 4 1C overnight.

Thereafter, the membrane was washed with TBS/T, incubated

with secondary antibody in the blocking solution for 30 min

at room temperature and washed. Bound antibody was

detected using SuperSignal West Pico, Dura or Femto

chemiluminescent substrate (Pierce, Rockford, IL, USA) and

FluorChem 8800 imaging system (Alpha Innotech Corpora-

tion, San Leandro, CA, USA). Actin or lamin A was used as a

loading control.

RNA extraction and quantitative real-time PCR

Cell homogenization, RNA extraction, reverse transcription

of RNA to cDNA and PCR of iNOS were performed as

described previously (Lahti et al., 2003). Glyceraldehyde-

3-phosphate dehydrogenase was used as a control gene.

Statistics

Results are expressed as mean7s.e.m. When indicated,

statistical significance was calculated by analysis of variance

followed by Dunnett’s multiple comparisons test. Differ-

ences were considered significant at Po0.05.

Materials

Reagents were obtained as follows: GW7647 and MG132

from Tocris Cookson Ltd. (Bristol, UK), 15-deoxy-D12,14-

prostaglandin J2 (15d-PGJ2) from Calbiochem (San Diego,

CA, USA), ubiquitin aldehyde from Boston Biochem (Cam-

bridge, MA, USA), LPS (Escherichia coli 0111:B4, product no.

L-4391) from Sigma Chemical Co. (St Louis, MO, USA),

rabbit polyclonal actin, lamin A/C, iNOS, NF-kB subunit p65,

PPARg and STAT1a p91 antibodies and goat anti-rabbit

polyclonal HRP-conjugated antibody from Santa Cruz Bio-

technology Inc. (Santa Cruz, CA, USA), rabbit polyclonal

PPARa antibody from Alexis Biochemicals (Lausen, Switzer-

land), mouse monoclonal ubiquitin antibody from Zymed

(San Fransisco, CA, USA) and anti-mouse polyclonal HRP-

conjugated antibody from Pierce (Cheshire, UK). 1400W was

a kind gift from Dr Richard Knowles (GlaxoSmithKline,

Stevenage, UK). All other reagents were from Sigma

Chemical Co.

Results

Effects of PPARa agonists on LPS-induced NO production

J774 macrophages were found to express PPARa and PPARg as

detected by western blot and LPS treatment for 24 h did not

alter their expression levels (data not shown). Resting cells

did not produce detectable amounts of NO (measured as

nitrite accumulated in the culture medium), but LPS induced

NO production and iNOS expression in J774 macrophages.

To test the effect of PPARa activation on LPS-induced NO

production, we measured NO production in the presence of a

selective PPARa agonist GW7647 or WY14643. GW7647 and

WY14643 inhibited LPS-induced NO production in a dose-

dependent manner, GW7647 being more potent than

WY14643 (Figures 1a and b). GW7647 and WY14643 did

not affect cell viability when determined by sodium 30-[1-

(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-

6-nitro) benzene sulphonic acid hydrate test or Trypan blue

staining.

Effects of PPARa agonists on iNOS mRNA levels and activation of

transcription factors NF-kB and STAT1

To measure the effects of PPARa agonists on iNOS mRNA

expression, the LPS-induced iNOS mRNA levels in the

presence and absence of PPARa agonists were determined

by quantitative RT-PCR. Neither GW7647 nor WY14643 had

any effect on iNOS mRNA expression when measured 6h or

10 h after addition of LPS (Figures 2a and b).

We tested also the effect of WY14643 on the activation of

NF-kB and STAT1, which are important transcription factors

for iNOS expression. The activation was examined by

measuring the translocation of NF-kB (as measured by an

antibody against p65 subunit) or STAT1a to the nuclei by

western blot. LPS increased the translocation of NF-kB,

which peaked at 30 min and decreased thereafter, and that

of STAT1, which increased up to 6 h after LPS. WY14643 did

not alter LPS-induced NF-kB or STAT1 translocation (Figures

3a and b).

Since PPARg agonists have been previously reported to

inhibit LPS-induced iNOS mRNA expression in macrophages

(Ricote et al., 1998; Castrillo et al., 2000; Chen et al., 2003),

we wanted to compare the effects of PPARa agonists to those

of PPARg agonists. Although PPARa agonists had no effect on

iNOS mRNA expression, we saw a marked reduction in LPS-

induced iNOS mRNA levels after treatment with 15d-PGJ2, a

natural ligand of PPARg (Figure 4a). 15d-PGJ2 reduced also

LPS-induced iNOS protein expression and NO production

(Figures 4b and c) as reported previously (Ricote et al., 1998;

Petrova et al., 1999). These results suggest that the mechan-
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ism of the inhibitory effect of PPARa agonists on NO

production is different from that of PPARg agonists.

Effects of PPARa agonists on iNOS protein levels

In further studies, we determined the effects of PPARa
agonists on iNOS protein expression by western blot

analysis. LPS-induced iNOS expression was reduced by PPARa
agonists in a dose-dependent manner (Figures 5a and b).

After 24 h incubation, the reduction of iNOS expression was

about 70% (WY14643) and 80% (GW7647) at the highest

agonist concentrations used, thus showing a greater reduc-

tion on iNOS protein levels than on NO production

(Figure 1).

Figure 2 Effects of PPARa agonists on iNOS mRNA expression in J774 macrophages. Cells were incubated with LPS (10 ng ml�1) and GW7647
(30 mM) (a) or WY14643 (100mM) (b). Total RNA was extracted at the indicated time points and iNOS mRNA was measured by RT-PCR. The
results were normalized against GAPDH mRNA. Levels of iNOS mRNA are expressed relative to that induced by LPS at 6 h (set to 100%). Results
are expressed as mean7s.e.m. (n¼3).

Figure 1 Effects of PPARa agonists on NO production in J774 macrophages. Cells were stimulated by LPS (10 ng ml�1) and treated with
increasing concentrations of GW7647 (a) or WY14643 (b). After 24 h incubation nitrite accumulated in the culture medium was measured by
Griess reaction, as a marker of NO production. Results are expressed as mean7s.e.m. (n¼6). **Po0.01 as compared to cells treated with LPS
alone.
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Since PPARa agonists reduced the expression of iNOS

protein, but had no effect on iNOS mRNA levels, we

hypothesized that PPARa agonists could enhance iNOS

degradation. Therefore, we measured the effects of PPARa
agonists on LPS-induced iNOS protein levels by western blot

after different incubation times (Figures 6a and b). After 8 h

incubation, the level of iNOS protein expression was 20–30%

lower in cells treated with combinations of LPS and GW7647

or LPS and WY14643 than in cells treated with LPS alone. In

contrast, when measured after 12, 16 and 24 h incubations,

iNOS protein levels were 50, 75 and 85% lower, respectively

in (LPS þ GW7647)-treated cells than in cells treated with

LPS alone (Figure 6a). A similar pattern of reduction was seen

in cells treated with LPSþWY14643 as compared to cells

treated with LPS only (Figure 6b).

iNOS protein has been reported to be degraded through

the proteasome pathway (Felley-Bosco et al., 2000; Musial

and Eissa, 2001). Therefore we investigated the role of

proteasomes in the suppressive effect of GW7647 and

WY14643 on iNOS protein levels. For this purpose, we used

two proteasome inhibitors, lactacystin and MG132. To

ensure that the proteasome pathway was blocked by these

proteasome inhibitors, we first assessed the effect of

lactacystin on ubiquitinated protein levels. As detected by

western blot, lactacystin increased the ubiquitinated protein

levels both in cells incubated with and without LPS

(Figure 7).

In subsequent studies, lactacystin (10 mM) or MG132

(10 mM) was added to the cells 8 hours after the commence-

ment of the incubation with LPS or LPS and a PPARa agonist,

and the cells were harvested after 24 h incubation. As a

response to LPS, J774 macrophages expressed iNOS protein

reaching maximum between 8 and 12 h after stimulation

and decreasing thereafter (Figure 8). In the (LPSþ lactacys-

tin)-treated cells, iNOS protein levels were higher after 24 h

incubation than in LPS-treated cells (Figures 9a and b)

supporting the idea that lactacystin inhibits iNOS degrada-

tion. In addition, GW7647 and WY14643 had practically no

effect on iNOS levels in the presence of lactacystin while

they reduced iNOS protein levels by more than 65% in the

absence of lactacystin (Figures 9a and b). Another protea-

some inhibitor, MG132, also reduced the inhibitory effect of

WY14643 on LPS-induced iNOS protein expression

(Figure 9c). Similarly, proteasome inhibitors reversed the

inhibitory effects of WY14643 on NO production as

measured by nitrite accumulation in the culture medium

(data not shown). These results suggest that treatment with

proteasome inhibitors reversed the degradation of iNOS

protein induced by PPARa agonists GW7647 and WY14643.

Discussion

In the present study, we have shown that PPARa agonists

GW7647 and WY14643 reduce LPS-induced iNOS expression

and NO production in macrophages. Our results suggest that

this effect is mediated through enhanced degradation of

iNOS protein via the proteasome pathway. Because the

proteasome pathway is involved in the degradation of

several inflammatory factors, the present findings may well

provide an explanation for the anti-inflammatory effects of

PPARa agonists.

In several studies, activation of PPARa has been reported to

have anti-inflammatory effects in vivo. A clear evidence of

Figure 3 (a) Effects of PPARa agonists on NF-kB activity in J774 macrophages. Cells were stimulated by LPS (10 ng ml�1) and treated with
WY14643 (100mM) for 30 min. Nuclear extracts were prepared and the p65 subunit of NF-kB was measured by western blot. (b) Effects of
PPARa agonists on STAT1a activity in J774 macrophages. Cells were stimulated by LPS (10 ng ml�1) and treated with WY14643 (100mM) for
6 h. Nuclear extracts were prepared and STAT1a was measured by western blot. Protein levels are expressed relative to that in LPS-treated cells
(set to 100%). Lamin A was used as a loading control. Results are expressed as mean7s.e.m. (n¼3).
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the immunomodulating effects of PPARa was unveiled in

1996, when PPARa-null mice were shown to present a

prolonged inflammatory reaction in response to leukotriene

B4 as compared to wild-type animals (Devchand et al., 1996).

Later, fibrates, which act as PPARa ligands, have been shown

to decrease plasma levels of interleukin-6 (IL-6), interferon-g,

tumour necrosis factor-a, fibrinogen and C-reactive protein

in hyperlipidemic patients (Madej et al., 1998; Staels et al.,

1998). In addition, numerous studies have clarified the role

of PPARg agonists on inflammatory responses. For example,

members of antidiabetic thiazolidinediones, which are

synthetic PPARg ligands, have been shown to reduce

Figure 4 (a) Effect of PPARg agonist 15d-PGJ2 on iNOS mRNA expression in J774 macrophages. Cells were incubated with LPS (10 ng ml�1)
and 15d-PGJ2 (10mM). Total RNA was extracted at the indicated time points and iNOS mRNA was measured by real-time PCR. The results were
normalized against GAPDH mRNA. Levels of iNOS mRNA are expressed relative to that induced by LPS at 6 h (set to 100%). Results are
expressed as mean7s.e.m. (n¼3). **Po0.01 as compared to cells treated with LPS alone. (b) Effect of PPARg agonist 15d-PGJ2 on iNOS
protein expression in J774 macrophages. Cells were stimulated by LPS (10 ng ml�1) and treated with increasing concentrations of 15d-PGJ2.
After 24 h incubations, proteins were extracted and iNOS protein was measured by western blot. Protein levels are expressed relative to that in
LPS-treated cells (set to 100%). Actin was used as a loading control. Results are expressed as mean7s.e.m. (n¼3). *Po0.05 and **Po0.01 as
compared to cells treated with LPS alone. (c) Effect of PPARg agonist 15d-PGJ2 on NO production in J774 macrophages. Cells were stimulated
by LPS (10 ng ml�1) and treated with increasing concentrations of 15d-PGJ2. After 24 h incubation, nitrite accumulated into the culture
medium was measured by Griess reaction as a marker of NO production. Results are expressed as mean7s.e.m. (n¼6). **Po0.01 as compared
to cells treated with LPS alone.
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inflammation in a mouse model of inflammatory bowel

disease (Su et al., 1999) and in adjuvant-induced arthritis in

rats (Kawahito et al., 2000). Rosiglitazone has also been

reported to decrease plasma concentrations of C-reactive

protein and matrix metalloproteinase-9 (Haffner et al.,

2002), and inhibit the development of atherosclerosis in

low-density lipoprotein receptor-deficient mice (Li et al.,

2000). However, although there are a large number of studies

reporting anti-inflammatory actions of PPAR ligands, some

observations suggest that PPAR agonists may also have pro-

Figure 5 Dose-dependent effects of PPARa agonists on iNOS protein expression in J774 macrophages. Cells were stimulated by LPS
(10 ng ml�1) and treated with increasing concentrations of GW7647 (a) or WY14643 (b). After 24 h incubations, proteins were extracted and
iNOS protein was measured by Western blot. iNOS protein levels are expressed relative to that in LPS-treated cells (set to 100%). Actin was
used as a loading control. Results are expressed as mean7s.e.m. (n¼3). *Po0.05 and **Po0.01 as compared to cells treated with LPS alone.

Figure 6 Time-dependent effects of PPARa agonists on iNOS protein expression in J774 macrophages. Cells were stimulated by LPS
(10 ng ml�1) and treated with GW7647 (30 mM) (a) or WY14643 (100mM) (b). Proteins were extracted at indicated time points and iNOS
protein was measured by western blot. At each time point, iNOS protein levels are expressed relative to that in LPS-treated cells (set to 100%).
Actin was used as a loading control. Results are expressed as mean7s.e.m. (n¼3). *Po0.05 and **Po0.01 as compared to cells treated with
LPS alone.
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inflammatory effects (Thieringer et al., 2000; Guyton et al.,

2001; Moore et al., 2001b; Fu et al., 2002). Thus, PPARs have

been shown to have in vivo relevance with inflammatory

processes, and that is the reason why the mechanisms

underlying these effects are highly interesting to clarify.

In the present study, PPARa agonists suppressed LPS-

induced NO production and iNOS protein expression in a

dose-dependent manner, but they had no effect on iNOS

mRNA levels or on activation of NF-kB or STAT1, which are

important transcription factors for iNOS. These results

together suggest that the suppressive effects of PPARa
agonists on iNOS expression and NO production are

mediated through post-transcriptional mechanisms.

When we investigated the effects of PPARa agonists on

iNOS protein expression at different time points, we found

that PPARa agonists reduced LPS-induced iNOS protein

expression significantly more when measured 24 h after

addition of LPS than at the 8 h time point. These findings

suggest that PPARa agonists GW7647 and WY14643 enhance

the degradation of iNOS protein in macrophages and this is

the mechanism for the inhibition of NO production by

PPARa agonists. This idea is also supported by the fact that

the suppressing effect of PPARa agonists was greater on iNOS

protein than on NO levels at the equal time point. There is

evidence showing that iNOS protein is degraded by the

proteasome pathway (Felley-Bosco et al., 2000; Musial and

Eissa, 2001). In the present study, we found that two

proteasome inhibitors lactacystin and MG132 reversed the

effects of PPARa agonists on iNOS protein expression.

Therefore, we proposed that PPARa agonists reduced NO

production through iNOS pathway by enhancing the

degradation of iNOS protein by proteasomal enzymes. This

assumption is supported by the recent data from mRNA

microarrays showing that PPARa agonists enhance expres-

sion of proteasomal genes in cynomolgus monkey liver

(Cariello et al., 2005) and in murine hepatocytes (Anderson

et al., 2004).

The regulation of iNOS protein degradation is poorly

known. However, there are data that support the importance

of the proteasome pathway in this degradation process

(Felley-Bosco et al., 2000; Musial and Eissa, 2001). In those

reports, the proteasome inhibitor lactacystin was shown to

enhance iNOS protein levels in murine RAW 264.7 macro-

phages and in human cell lines (Felley-Bosco et al., 2000;

Musial and Eissa, 2001). The present findings support the

earlier data by showing that two proteasome inhibitors,

lactacystin and MG132, inhibited iNOS protein degradation

in LPS-treated J774 macrophages supporting the significant

role of proteasomes in the degradation of iNOS protein.

In the literature, only a few factors have been described to

regulate iNOS protein stability. TGF-b, in addition to its

effects on iNOS mRNA stability and translation, has been

found to increase degradation of iNOS protein in macro-

phages (Vodovotz et al., 1993; Mitani et al., 2005) and in

chondrocytes (Vuolteenaho et al., 2005). In addition,

dexamethasone has been reported to decrease iNOS protein

stability in IL-1-stimulated mesangial cells (Kunz et al.,

1996).

There are some data on the role of PPARs in the regulation

of iNOS expression and NO production, but most of the

interest has been focused on PPARg. PPARg agonists have

been shown to decrease NO production and iNOS expression

in macrophages (Ricote et al., 1998; Castrillo et al., 2000;

Alleva et al., 2002; Chen et al., 2003), and this inhibitory

effect seems to take place at a transcriptional level by

Figure 7 Effect of lactacystin on ubiquitinated protein levels in J774
macrophages. When indicated, LPS 10 ng ml�1 was added 8 h prior
to lactacystin (10 mM). Proteins were extracted 16 h after the addition
of lactacystin and ubiquitinated protein levels were analysed by
Western blot. A representative gel is shown, from three experiments
with similar results.

Figure 8 The effect of LPS on iNOS protein expression in J774
macrophages. J774 macrophages were stimulated by LPS
(10 ng ml�1). Proteins were extracted at indicated time points and
iNOS protein was measured by western blot. iNOS protein levels are
expressed relative to that in LPS-treated cells at 8 h (set to 100%).
Actin was used as a loading control. Values expressed are mean7
s.e.m. (n¼3).
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inhibiting the action of transcription factors NF-kB and

STAT1 (Ricote et al., 1998; Chen et al., 2003). There are,

however, only two previous reports on the effects of PPARa
agonists on iNOS expression and NO production in macro-

phages showing contradictory results (Colville-Nash et al.,

1998; Cernuda-Morollón et al., 2002). Colville-Nash et al.

(1998) found that a selective PPARa ligand WY14643 reduced

interferon-g and LPS-induced NO production in RAW 264.7

macrophages. Cernuda-Morollón et al. (2002) reported that

WY14643 amplified LPS- or LPS and interferon-g-stimulated

iNOS protein expression in RAW 264.7 macrophages. The

present results are in line with those reported by Colville-

Nash et al. (1998) and they extend the earlier data by

showing a cellular mechanism that could, at least in part,

explain the inhibitory effect of PPARa agonists on LPS-

induced iNOS protein expression and NO production in

Figure 9 Effects of proteasome inhibitors on iNOS protein expression in J774 macrophages. Cells were stimulated by LPS (10 ng ml�1) with or
without GW7647 (a) or WY14643 (b, c). After 8 h incubation a proteasome inhibitor lactacystin (a, b) or MG132 (c) was added into the culture
medium. Proteins were extracted after 24 h incubation and iNOS protein was analysed by western blot. iNOS protein levels are expressed
relative to that in LPS-treated cells (set to 100%). Actin was used as a loading control. Results are expressed as mean7s.e.m. (n¼3). **Po0.01
as compared to cells treated with LPS alone.
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activated macrophages. As the proteasome pathway is

involved in the degradation of several inflammatory proteins

(Ben-Neriah, 2002; Colmegna et al., 2005), PPARa agonists

may well regulate the levels of an array of inflammatory

factors by the same mechanism.

In conclusion, the present data show that PPARa agonists

GW7647 and WY14643 suppress LPS-induced iNOS protein

expression and NO production in macrophages, and this

effect is likely to be mediated by enhanced iNOS protein

degradation through the proteasome pathway. These results

offer an additional mechanism for the anti-inflammatory

effects of PPARa agonists and point to the significance of

proteasomes in the degradation of iNOS protein and as a

target of anti-inflammatory drugs.
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