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Introduction

Summary

The peroxisome proliferator-activated receptor y (PPARY) is expressed in
macrophages and plays an important role in suppressing the inflamma-
tory response. Lipopolysaccharides (LPS), which activate Toll-like receptor
4 (TLR4), reduced PPARY expression and function in peritoneal macro-
phages and macrophage cell lines. Moreover, pretreatment with the syn-
thetic PPARy ligand, rosiglitazone did not prevent LPS-mediated
downregulation of PPARy. Inhibition of PPARY expression was not
blocked by cycloheximide, indicating that de novo protein synthesis is not
required for LPS-mediated suppression of PPARy. Destabilization of
PPARYy messenger RNA (mRNA) was not observed in LPS-stimulated
macrophages, suggesting that LPS regulates the synthesis of PPARYy
mRNA. LPS had no effect on PPARYy expression in macrophages from
TLR4 knockout mice, whereas LPS inhibited PPARYy expression in cells
that had been reconstituted to express functional TLR4. Targeting the
TLR4 pathway with inhibitors of MEK1/2, p38, JNK and AP-1 had no
effect on PPARy downregulation by LPS. However, inhibitors that target
NEMO, IkB and NF-xB abolished LPS-mediated downregulation of
PPARy in LPS-stimulated macrophages. Our data indicate that activation
of TLR4 inhibits PPARyY mRNA synthesis by an NF-kB-dependent mecha-
nism. Low-density genomic profiling of macrophage-specific PPARy
knockout cells indicated that PPARYy suppresses inflammation under basal
conditions, and that loss of PPARY expression is sufficient to induce a
proinflammatory state. Our data reveal a regulatory feedback loop in
which PPARY represses NF-kB-mediated inflammatory signalling in
unstimulated macrophages; however, upon activation of TLR4, NF-xB
drives down PPARY expression and thereby obviates any potential anti-
inflammatory effects of PPARY in LPS-stimulated macrophages.

Keywords: inflammatory; macrophage; nuclear factor-kB; Peroxisome
proliferator-activated receptor vy; Toll-like receptor

lates lipid metabolism.>® Macrophage PPARY has
recently been implicated in muscle and hepatic insulin

Peroxisome proliferator-activated receptor vy (PPARY) is a
nuclear receptor implicated in the control of diverse dis-
eases such as type II diabetes, atherosclerosis and inflam-
matory bowel disease. PPARy has been studied in the
greatest detail in adipocytes, where it plays a key role in
glucose homeostasis and adipocyte differentiation.™” Tt is
also expressed in macrophages, where its activation regu-
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sensitivity””® and in inflammation.’

PPARY has been clinically exploited as the target of the
thiazolidinedione (TZD) class of drugs for the treatment
of type II diabetes. Recently, PPARy has emerged as a
potential target for treatment of inflammatory diseases
such as ulcerative colitis, atherosclerosis, asthma and
rheumatoid arthritis. In particular, TZDs have been
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recognized for their ability to reduce inflammatory gene
expression in macrophages and, when administered before
the onset of inflammation, TZDs exhibit beneficial effects
on experimental models of inflammation such as coli-
tis, %1 atherosclerosis, '™ asthma,?*22 psoriasis,23 myo-

*25 and allergic encephalomyelitis.”>*” The extent
of regulation of inflammation by TZDs has differed
among reports because of differences in the concentra-

carditis

tion, duration and identity of the TZDs (rosiglitazone,
pioglitazone) employed, as well as the nature and dosage
of the agents that were employed to induce inflamma-
tion.’ Collectively, it is clear that TZDs can reduce
inflammation in both a PPARy-dependent and PPARYy-
independent manner, with the latter resulting from the
use of high concentrations.>®*® Moreover, myeloid-
specific ~ PPARy  knockout animals have clearly
demonstrated an anti-inflammatory role of PPARy in
macrophages. Deletion of macrophage PPARYy increases
proinflammatory gene expression and leads to increased
susceptibility to experimental models of ulcerative colitis®’
and atherosclerosis.* Overall, studies in vitro and in vivo
demonstrate the importance of macrophage PPARY in
regulating inflammation.

While targeting PPARY shows promise in suppressing
inflammation in cell lines and experimental models, the
therapeutic efficacy of TZDs in the treatment of estab-
lished inflammation is less clear. For example, preventive
administration of TZDs provides beneficial effects in
experimental models of ulcerative colitis, but provides
little or no value when given after the onset of the dis-
ease.'”'*”!> Similar results were observed in a small open-
ended clinical trial in which patients with moderate colitis
receiving rosiglitazone experienced only modest improve-
ment.”® Adding to the confusion concerning the potential
therapeutic efficacy of PPARy agonists in the manage-
ment of acute and/or chronic ulcerative colitis, a recent
report indicates that long-term treatment of mice with
rosiglitazone exacerbated dextran sodium sulphate
(DSS)-induced colitis.>!

A rational approach to evaluate the preventive and/or
therapeutic potential of PPARY ligands in ulcerative coli-
tis and other inflammatory conditions requires a better
understanding of the cellular, molecular and genomic
mechanisms by which PPARy confers anti-inflammatory
properties in different cell types. A central question is
framed by the paradoxical observation that PPARY agon-
ists can inhibit the onset of inflammation but have
reduced efficacy after the onset of colitis. A potential clue
comes from the work of Katayama et al., who determined
that adenovirus-mediated PPARY gene delivery into the
colon restored responsiveness to PPARy ligands after the
induction of colitis."” This observation suggests that loss
of PPARY function may attend inflammation, and that
this loss of function may be the result of a decrease in
PPARY expression. This hypothesis is consistent with
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observations that PPARY expression appears to be down-
regulated during ulcerative colitis," alveolar proteinosis,*>
pulmonary sarcoidosis”> and endotoxin-induced acute
lung injury’* and that inflammatory mediators such as
interferon-vy, interleukin-6 (IL-6), IL-1 and nitric oxide
inhibit PPARY expression in adipocytes, and mesangial
and biliary cells.”>*

Activation of Toll-like receptor (TLR) signalling
induces nuclear factor-kB (NF-kB) and activating protein
1 (AP-1) activity and the release of proinflammatory mol-
ecules such as nitric oxide, cytokines, chemokines and cell
surface adhesion molecules. These molecules not only
drive the immune response but interfere with the expres-
sion of key regulatory factors involved in regulating
physiological inflammation.*>*' The studies described
below were undertaken to test the hypothesis that activa-
tion of macrophage TLRs inhibits PPARy function in
these cells and thereby obviates the homeostatic regula-
tory and anti-inflammatory properties of PPARYy agonists.

We report here that activation of TLR1/2, 4 and 5
downregulates PPARY expression in both peritoneal macro-
phages and macrophage cell lines. We demonstrate that
activation of the TLR4 pathway suppresses PPARy mes-
senger RNA (mRNA) synthesis through an NF-kB-depen-
dent mechanism. Using macrophage-specific PPARYy
knockout mice, we illustrate that loss of PPARY expression
leads to an increase in proinflammatory gene expression,
thereby demonstrating that inhibition of PPARYy expres-
sion is, in and of itself, sufficient to initiate an inflamma-
tory state. Together, our data indicate that cross-talk
between PPARY and TLR4/NF-kB signalling regulates the
inflammatory response in macrophages. We propose a
model in which PPARY represses aspects of NF-kB-medi-
ated signalling at homeostasis and/or states of low inflam-
mation; however, during increased inflammatory
signalling NF-kB drives down PPARY expression to cancel
its actions. These observations account for the finding that
activation of PPARY before inflammation suppresses the
response, whereas PPARY agonists have little or no effect
when administered after the initiation of inflammation,
when macrophage PPARY is no longer expressed.

Experimental procedures

Reagents

Ultra-pure lipopolysaccharide (LPS, Escherichia coli:
0111:B4), peptidoglycan (PGN, Bacillus subtilis), flagellin
(Bacillus subtilis) and muramyldipeptide (L isoform) were
purchased from Invivogen (San Diego, CA) and dissolved
in endotoxin-free water. U0126, SB20380, actinomycin D,
cycloheximide, curcumin and SP600125 were purchased
from Calbiochem, (San Diego, CA). Bay 11-7085 and
ammonium pyrrolidinedithiocarbamate (PDTC) were
purchased from Sigma (St Louis, MO). Rosiglitazone
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maleate was purchased from ChemPacific (Baltimore
MD). The I-k B kinase y (IKKy) NEMO binding domain
(NBD) inhibitory peptide set was purchased from Imge-
nex (San Diego, CA).

Cell culture

The transformed macrophage cell line, RAW 264.7,
[American Type Culture Collection (ATCC), Manassas,
VA], 293 cells (ATCC) and 293/TLR4/MD2-CD14 cells
(Invivogen), were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum
(FBS). The transformed peritoneal macrophage cell line,
IC-21 (ATCC) was cultured in RPMI-1640 medium with
10% FBS.

Animals

PPARY"? (PPARg™?"®"), LysMCre, TLR4'"*¢ (C57BL/
10ScNJ) and C57BL/10] mice were purchased from Jack-
son Laboratories (Bar Harbor, ME). Homozygous
PPARY"™ mice contain loxp sites on either side of exons
1 and 2 of the PPARY gene.” LysMCre mice contain Cre
recombinase expression driven by the lysozyme M pro-
moter specifically in the myelomonocytic lineage.**
TLR4'"*9! mice have a deletion of the Tlr4 gene and so
have a defective response to LPS. C57BL/10] mice are the
controls for TLR4'P*"%" mice. All mice were maintained as
part of an American Association for Accreditation of Lab-
oratory Animal Care facility. Animal experimentation was
conducted in accordance with accepted standards of
humane animal care according to protocols approved by
the Mayo Clinic College of Medicine Institutional Animal
Care and Use Committee.

Generation of myeloid-specific PPARy knockout mice

Our laboratory generated mice with PPARYy expression
deleted in myeloid cells by crossing PPARY"™ and LysM-
Cre™* mice (C57BL/6] background). Mice were interbred
to achieve LysMCre”’"/PPARY"® and LysMCre*’~/
PPARY"™ mice, which were subsequently used in all
experiments at the age of 6 weeks. All animals were geno-
typed by polymerase chain reaction (PCR) using genomic
DNA extracted from tail clips using the Extract-n-AMP
PCR system (Sigma). The presence of the floxed PPARYy
allele was evaluated with a primer set (0IMR1934, 5'-
TGTAATGGAAGGGCAAAAGG-3'; 5-TGGCTTCCAGTG
CATAAGTT-3') that amplifies across the downstream
loxp site and yields a 214-base-pair (bp) fragment from
wild-type mice and a 250-bp fragment from the floxed
PPARY allele. Mice were characterized for the presence of
the LysMCre gene with primers (0IMR3066, 5'-CCCAGA
AATGCCAGATTACG-3';  5'-CTTGGGCTGCCAGAATT
TCTC-3’) that amplify the Cre transgene.
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Isolation of macrophages

Mice were injected intraperitoneally with 2 ml of 3-5%
thioglycollate solution (BD, Spork, MD). Five days fol-
lowing injection, peritoneal macrophages were harvested
by injecting 10 ml warm RPMI-1640 containing 10% FBS
into the peritoneal cavity and withdrawing with a sterile
pipette. The peritoneal exudate was centrifuged at 92-4 g
and washed three times with complete media before plat-
ing onto 60-mm tissue culture plates. Macrophages were
allowed to adhere to culture plates at 37° in an atmo-
sphere of 5% CO, for 1 hr. Cells were washed vigorously
three times with phosphate-buffered saline to remove
non-adherent cells. Cultures were maintained overnight
in complete RMPI-1640 media to form macrophage
monolayers before treatments were added.

Isolation of colon crypts

The colon was dissected from caecum to rectum, flushed
with phosphate-buffered saline (4°), and soaked in Hanks’
balanced salt solution (HBSS) without Ca®* or Mg*". The
caecum and rectum were removed and the colon was
longitudinally opened to expose the lumenal surface. Each
colon was washed three times for 5 min at room temper-
ature with HBSS containing 25 mm HEPES and 1% FBS.
The colon was then shaken vigorously in HBBS-20 mm
ethylenedimainetetraacetic acid for 15 min at 37°. Super-
natants containing individual crypts were centrifuged at
1000 g for 5 min at 4°. The pellets (pure crypt fraction)
were immediately processed for RNA and/or protein.

Dextran sodium sulphate model of colitis

Dextran sodium sulfate (molecular weight 36 000-50 000;
MP Biomedicals, Solon, OH) was given ad libitum in fil-
ter-purified drinking water to 6-week-old LysMCre™~/
PPARY"™ and LysMCre*’"/PPARY"™ mice for 7 days
according to the well-established procedure of Okayasu
et al.*> Water consumption was monitored daily to ensure
that all groups consumed an equivalent volume. Body
weight of each individual mouse was recorded daily.
Weight loss was calculated as the per cent weight loss
from days 0 and 7. Statistical analysis was carried out
with Mann—Whitney rank sum analysis.

Western blot analysis

Total cell lysates were prepared by briefly sonicating cell
lysates prepared in 1 X lysis buffer (Roche, Indianapolis,
IN). Protein concentrations were determined using a Bio-
Rad protein assay kit (BioRad Laboratories, Hercules,
CA). Protein samples were resolved on 10% precast Tris—
glycine gels (Invitrogen, Carlsbad, CA) and were electro-
phoretically  transferred to polyvinylidene fluoride
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membrane. Blots were stained essentially as previously
described***> with primary antibodies against PPARY
(Santa Cruz Biotechnology, Santa Cruz, CA), and actin
(Santa Cruz). Secondary antibodies (depending on the
primary antibody used) were horseradish peroxidase-con-
jugated anti-mouse (Santa Cruz) and anti-rabbit (Jackson
Immunoresearch, West Grove, PA). Antigen—antibody
complexes were detected with the ECL Plus chemilumi-
nescent system (Amersham Bioscience, Piscataway, NJ)
and visualized with film.

Immunohistochemistry

Slides containing 5-um sections of formalin-fixed and
paraffin-embedded mouse colons were processed using
routine histochemistry procedures. Following deparaffini-
zation and hydration, slides were unmasked by heat-med-
iated antigen retrieval using DAKO® Target Retrieval
Solution according to the manufacturer’s instructions.
Slides were then stained with anti-F4/80 (AbD Serotec,
C1:A3-1) using the VectaStain ABC Kit (Vector Laborato-
ries, Burlingame, CA; pK-4004) as detailed by the manu-
facturer. Immunostaining was detected with the DAKO®
Liquid DAB" Substrate-Chromogen System. Cover glasses
were mounted on glass slides using Clarion™ mounting
medium (Sigma).

NF-xB DNA binding enzyme-linked immunosorbent
assay

Peritoneal macrophage cultures were pretreated for 1 hr
with or without NBD, PDTC, or Bay 11-7085 and then
incubated with or without LPS for an additional 6 hr.
Nuclear extracts were prepared with the Nuclear Extrac-
tion Kit (Panomics, Fremont, CA) and protein concentra-
tion was quantified using the BioRad Protein Assay. All
nuclear extracts were stored at —80° in aliquots until use.
Binding of the NF-kB p65 (RelA) subunit to a NF-xB
consensus binding site was measured in nuclear extracts
(10 pg) using the NF-kB Transcription Factor ELISA Kit
(Panomics) as detailed by the manufacturer.

Real-time polymerase chain reaction analysis

The abundance of individual mRNAs was determined
with two-step quantitative reverse transcriptase-mediated
real-time PCR (qPCR). Equal aliquots of total RNA from
samples were converted to cDNA with the High-Capacity
cDNA Archive kit (Applied Biosystems, Foster City, CA),
and qPCR were performed in triplicate with 10 ng cDNA
and the TagMan® Universal PCR master mix (Applied
Biosystems). The primers and probe detecting mPPARY,
mNOS2A, murine tumour necrosis factor-oo (mTNF-a1),
mCD36, mGAPDH, hIL-8 and hGAPDH were purchased
from Applied Biosystems. For simultaneous measurement
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of inflammatory mRNAs, custom TagMan® Low Density
Arrays were purchased through Applied Biosystems.
Ninety nanograms of cDNA per sample were loaded into
each port. All amplification data were collected with an
Applied Biosystems Prism 7900 sequence detector and
analysed with SEQUENCE DETECTION SySTEM software
(Applied Biosystems). Data were normalized to GAPDH
and mRNA abundance was calculated using the AACt
method.*°

Results

PPARY regulation by TLR agonists

The consequence of TLR signalling activation on PPARY
expression in peritoneal macrophages was evaluated using
agonists for TLR1/2, -4, -5 and -9. Figure 1(a) shows that
treatment of peritoneal macrophages with agonists for
TLR1/2 (PGN) and TLR4 (LPS) repressed PPARY mRNA,
with a > 90% reduction within 6 hr of treatment. Similar
findings were observed with other agonists of TLR2
including the synthetic lipoprotein FSL-1 and lipoteichoic
acid (LTA) (data not shown). The TLR5 agonist flagellin
reduced PPARYy mRNA abundance to a lesser extent
(65%), whereas, muramyldipeptide the ligand for nucleo-
tide-binding oligomerization domain containing 2 protein
(NOD2) had no significant effect on PPARYy expression.
The extent of PPARY downregulation directly correlated
with the level of agonist-induced proinflammatory gene
expression, as assessed by the induction of TNF-a
(Fig. 1b) and NOS2A (Fig. 1c). These data indicate that
TLRs play an important role in controlling the expression
of PPARY in macrophages.

LPS-mediated downregulation of macrophage PPARY

Our initial studies focused on characterizing TLR4-medi-
ated regulation of PPARY in macrophages. This focus on
TLR4 was motivated by the unequivocal importance of
TLR4 as a mediator of innate immunity in macrophages
and the number of studies that link TLR4 to susceptibility
to inflammatory bowel disease.*”™° Figure 2(a) illustrates
that LPS downregulated PPARY mRNA expression in
thioglycollate-elicited peritoneal macrophages as well as
the macrophages cell lines, RAW 264.7 and IC-21. Down-
regulation was greatest in the primary macrophages with
> 90% reduction within 6 hr, whereas 50% inhibition of
PPARY mRNA expression was observed in the established
cell lines. LPS also reduced PPARY expression in non-
thioglycollate-elicited (resting) macrophages by > 90%
within 6 hr (data not shown). The extent of PPARY regu-
lation correlated with induction of the classical LPS target
gene, NOS2A, which was higher in primary macrophages
than in the cell lines (Fig. 2b). The reduction in LPS
activity in the macrophage cell lines likely reflects their
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Figure 1. Toll-like receptor (TLR) ligands and cytokines differentially
downregulate peroxisome proliferator-activated receptor y (PPARY)
expression in peritoneal macrophages. Peritoneal macrophages were
stimulated for 6 hr with the TLR ligands: peptidoglycan (PGN;
5 pg/ml), lipopolysaccharide (LPS; 0-1 pum), flagellin (FLA; 5 pg/ml),
and muramyldipeptide (MDP; 1 pg/ml). Quantitative polymerase
chain reaction was used to measure PPARY (a), tumour necrosis
factor-oo (TNF-a) (b) and NOS2A (c) messenger RNA abundance
from each sample. PPARY messenger RNA was normalized to
GAPDH and expressed as fold change relative to the control. Each
bar represents mean + SD, n = 3.

transformed nature. It is important to note that the ori-
gins of the macrophage cell lines are distinct. Raw 264.7
are tumour-derived macrophages from BALB/c mice,
whereas IC-21 cells are peritoneal macrophages from
C57BL/6J mice. These results indicate that LPS can down-
regulate PPARy expression in both normal and tumour
macrophages.
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The LPS reduced both PPARY mRNA and protein in a
concentration-dependent and time-dependent manner.
Maximum inhibition was observed when cells were treated
for 6 hr with 0-01-0-1 pm LPS (Fig. 2¢). Maximum inhibi-
tion of > 90% occurred within 5 hr of treatment (Fig. 2d).
LPS specifically downregulated PPARY mRNA, but had no
significant effect on expression of the glucocorticoid recep-
tor, a well-known anti-inflammatory mediator (Fig. 2e).
Reduction in PPARY expression by LPS treatment should
translate to the loss of transcriptional regulation of bona
fide PPARY target genes in response to PPARY ligands. The
TZD PPARY agonist rosiglitazone induced the well-charac-
terized PPARY target gene, CD36, in untreated peritoneal
macrophages (Fig. 2f). However, induction of CD36 was
inhibited by LPS, which was consistent with the LPS-medi-
ated decrease in PPARY mRNA and protein expression.
LPS also inhibited basal expression of CD36, which is
known to be affected by PPARY. Moreover, pretreatment
with rosiglitazone failed to block LPS-mediated downregu-
lation of PPARy (Fig. 2f). Collectively, our data provide
compelling evidence that LPS negatively regulates the
expression and function of PPARY in macrophages.

Activation of the TLR4 pathway by LPS has been stud-
ied in detail. Although highly purified LPS was employed
in our studies, we confirmed that the observed effect of
LPS on PPARy expression was mediated specifically
through TLR4 and was not the result of a contaminant
that might activate some other pathway. First, cotreat-
ment of primary macrophages with the LPS antagonist
polymyxin blocked both downregulation of PPARy
(Fig. 3a) and induction of NOS2A (Fig. 3b). Furthermore,
LPS inhibition of PPARYy (Fig. 3c) and induction of
NOS2A (Fig. 3d) was not observed in macrophages from
TLR4 knockout mice. LPS also inhibited PPARY expres-
sion in human embryonic kidney cells that have been
engineered to stably overexpress a functional TLR4 path-
way (HEK293/TLR4/MD2-CD14), whereas LPS had no
effect on PPARY expression in wild-type HEK293 cells,
which do not express TLR4 (Fig. 3e). The overall level of
LPS-mediated reduction in PPARY in the TLR4-respon-
sive. HEK293 cells was similar to that observed in the
transformed macrophage cell lines, but was less robust
than the response observed in primary peritoneal macro-
phages. The weaker response in the HEK293/TLR4/MD2-
CD14 cells may result from intrinsic differences in TLR4
signalling among epithelial and macrophage cell types.
For example, LPS treatment of TLR4-responsive HEK293
cells does not induce NOS2A (data not shown), and
TLR4 activity in such cells in response to LPS was mea-
sured by IL-8 induction (Fig. 3f). Nevertheless, these data
indicate that a reconstituted TLR4 signalling pathway
inhibits PPARY expression, irrespective of the cellular
background. Collectively, these data demonstrate that the
effect of LPS on PPARY expression is specifically medi-
ated through TLR4.
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LPS inhibits macrophage PPARY mRNA synthesis

Activation of macrophages through TLR4 signalling leads
to rapid induction of proinflammatory cytokines such as
IL-6, IL-1B and interferon-y, in addition to NOS2A,
resulting in synthesis of proinflammatory nitric oxide.
These inflammatory agents have been reported to affect
PPARYy expression in other cell types,”>>° but not in
macrophages. The role of nitric oxide was evaluated to
determine if downregulation of PPARY occurs secondary
to the massive LPS-mediated induction of NOS2A and
the resultant increase in nitric oxide, which is well-known
to inactivate transcription factors. However, the nitric
oxide inhibitor 1-N®-monomethyl arginine citrate
(L-NNMA) had no effect on LPS regulation of PPARY
mRNA in LPS-treated macrophages (Fig. 4a).
Furthermore, treatment of primary macrophages with
the protein synthesis inhibitor cycloheximide had no
effect on LPS-mediated inhibition of PPARY expression
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(Fig. 4a). These data illustrate that de novo protein syn-
thesis is not required for LPS-mediated downregulation
of PPARY, confirming our conclusion that this process
is not a secondary consequence of induction of NOS2A.
Furthermore, the observation that protein synthesis
is not required for downregulation of PPARy also
eliminates the possibility that LPS-mediated induction
of cytokines is required for suppression of PPARYy
expression.

The half-life of PPARY mRNA was determined in pri-
mary macrophages after the addition of the RNA synthe-
sis inhibitor actinomycin D (Fig. 4b). The apparent rates
of PPARY mRNA degradation were similar in untreated
and LPS-treated macrophages, indicating that LPS has no
significant effect on PPARyY mRNA stability. These data
indicate that regulation of PPARy mRNA expression by
LPS is the result of a direct effect of LPS signalling (i.e.
does not require de novo protein synthesis) and that LPS
has no effect on the rate of mRNA degradation. The sim-
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Figure 3. Downregulation of peroxisome proliferator-activated receptor y (PPARY) by lipopolysaccharide (LPS) is Toll-like receptor 4 (TLR4)
dependent. (a,b) Quantitative polymerase chain reaction (QPCR) was used to measure PPARY (a) and NOS2A (b) abundance in primary macro-
phage cultures treated with vehicle and the LPS antagonist polymyxin (50 pg/ml) + LPS for 6 hr. (c,d) Macrophages from wild-type mice
expressing TLR4 (C57BL/10J) and TLR4 knockout mice (TLR4®*4¢l C57BL/10ScNJ) were stimulated with vehicle or LPS for 6 hr. The qPCR
was used to measure PPARy (c) and NOS2A (d) messenger RNA (mRNA) abundance. (e,f) Wild-type 293 cells lacking TRL4 expression and 293
cells engineered to express TLR4, MD2, and CD14 (293/TLR4/MD2-CD14) were exposed to vehicle or LPS for 6 hr and expression of PPARy
(e) and interleukin-8 (IL-8) (f) mRNA was determined by qPCR. In all experiments, mRNA was normalized to GAPDH and expressed as fold

change relative to the control. Each bar represents mean + SD, n = 3.

plest explanation of these data is that LPS activates a
transcription factor that represses PPARY transcription.

Activation of NF-kB signalling downregulates PPARY
expression

Our studies next focused on the molecular mechanism
that links TLR4 activation by LPS to inhibition of PPARy
mRNA synthesis. TLR4 signalling can lead to activation
of the proinflammatory transcription factor AP-1 through
MEK1/2-, p38 MAPK- and JNK-dependent phosphoryla-
tion; whereas IKK-dependent processes lead to NF-kB
activation,***! as illustrated in Fig. 5(a). Inhibitors of p38
MAPK (SB203580), MEK1/2 (U0126), JNK (SP600125)
and AP-1 (curcumin) were used to determine if any of
these pathways is required for LPS-mediated regulation of
PPARY. Exposure of peritoneal macrophages to these
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inhibitors for 6 hr had no effect on PPARYy regulation by
LPS (Fig. 5b), indicating that TLR4-dependent activation
of AP-1 is not involved in downregulation of PPARY
expression by LPS.

We next evaluated the role of NF-xB in LPS-regulated
PPARY expression. To this end, we determined the effect
of inhibitors that target NEMO (NBD, NEMO binding
domain), the IKK complex (PDTC) and IkB (Bay 11-
7085), upstream components required for the activation
of NF-«B (Fig. 5a). The efficacy of the inhibitors is shown
through inhibition of LPS-induced NF-xB DNA binding
activity (Fig. 5¢) and upregulation of NOS2A levels
(Fig. 5d). Each of these NF-kB inhibitors effectively
blocked LPS-mediated downregulation of PPARy
(Fig. 5e). Collectively, these results indicate that activation
of NF-kB by TLR4 signalling mediates the downregula-
tion of macrophage PPARY expression.

© 2008 Blackwell Publishing Ltd, Immunology, 125, 344-358
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Figure 4. Lipopolysaccharide (LPS)-mediated downregulation of per-
oxisome proliferator-activated receptor y (PPARY) occurs at the pro-
moter level. (a) Macrophages were exposed to vehicle, the nitric
oxide inhibitor L-NNMA (500 pm), and the protein synthesis inhibi-
tor cycloheximide (5 pg/ml) + LPS for 6 hr. Quantitative polymerase
chain reaction (qPCR) was used to measure PPARy messenger RNA
(mRNA) abundance. (b) Macrophage cultures were pretreated with
LPS for 1 hr and then subsequently exposed to actinomycin D
(5 pg/ml) for the indicated times. At each time-point, RNA was
harvested and PPARy expression was determined by qPCR. In all
experiments, the abundance of PPARy mRNA was normalized to
GAPDH and expressed as fold change relative to the control. Each
bar represents mean + SD, n = 3.

Genomic consequence of PPARY loss in macrophages

To understand the genomic impact of loss of PPARY on
inflammatory signalling, macrophage-specific PPARy
knockout mice were generated by breeding mice that are
homozygous for a ‘floxed’ PPARy allele (PPARY"™) to
transgenic mice that express Cre recombinase under the
control of the macrophage-specific LysM promoter
(LysMCre*’™). Macrophages from homozygous knockout
mice (LysMCre™"/PPARY"™") exhibited > 90% reduction
in PPARy mRNA (Fig. 6a) and protein (Fig. 6b). The loss
of PPARYy expression in macrophages from knockout
mice resulted in loss of PPARY transcriptional activity, as
evidenced by a reduction in basal levels of well-known
PPARY target gene CD36 in LysMCre*’/PPARY"" mice.
Moreover, rosiglitazone induced CD36 in peritoneal macro-
phages from LysMCre™~ /PPARY"™ but had no effect on

© 2008 Blackwell Publishing Ltd, /mmunology, 125, 344-358
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CD36 expression in LysMCre” /PPARY"™ (knockout)
mice (Fig. 6¢).

To further characterize the mice for loss of functional
activity, LysMCre""/PPARY"™ mice were subjected to
acute colitis by exposure to 3-5% DSS, and disease
activity was evaluated as a function of weight loss and
macrophage infiltration after 7 days of DSS. The macro-
phage-specific PPARy knockout mice (LysMCre™ "/
PPARY"") exhibited a statistically significant weight loss
(Fig. 6d) compared to control littermates (LysMCre_/ -/
PPARY"™). Colons of DSS-treated LysMCre*’~/PPARy™"™
knockout mice displayed increased epithelial damage and
macrophage infiltration over their control littermates
(Fig. 6e). These data are consistent with published data
that indicate that loss of PPARY from macrophages pre-
disposes to experimental colitis.*

In an effort to understand how loss of PPARY expres-
sion affects inflammatory signalling in macrophages, we
isolated peritoneal macrophages from LysMCre™ "/
PPARY"" knockout mice and from LysMClre_/_/PPARyﬂ/ﬂ
littermates. The cells were maintained in culture with or
without LPS for 6 hr, at which time RNA was extracted.
Quantitative real-time PCR was employed to measure
the expression of 80 genes through the use of Custom
Tagman® low density arrays (supplemental Table S1).
Each gene is classified by its biological function accord-
ing to the Panther Classification System.>® The majority
of genes represent chemokines, cytokines and other
inflammatory mediators. Target genes regulated basally
by PPARYy expression greater than twofold are listed in
Table 1. Data are represented as average fold change in
basal gene expression of knockout animals over wild-
type. The basal levels of PPARy and its target genes
CD36™* and ABCGI1®> were dramatically reduced in
macrophage-specific PPARy knockout mice. In detail,
our results indicate that PPARY negatively regulates the
expression of several members of the CC (CCL17,
CCL22) and CXC (CXCI2, CXCl4, CXCl5, CXCl14)
subfamilies of chemokines, which are important for
chemoattraction of neutrophils, monocytes and T lym-
phocytes. CCL17 and CCL22 are ligands for CCR4 that
act as chemoattractants to draw T lymphocytes to the
site of inflammation. CXCL2 and CXCL5 bind IL-8
receptor B and are involved in neutrophil attraction and
activation. Our results also indicate that the basal
expression of cytokines involved in the immune
response such as IL-1f, IL-6, IL-12a and Csf3 and well-
established mediators of inflammation such as PTGS2
(cyclooxygenase-2), NOS2A and C3 were elevated in
macrophages deficient in PPARY. Lastly, PPARy knock-
out decreased the basal levels of MMP9, a regulator of
matrix remodelling that is a key player in chronic
inflammation and whose expression is elevated in
inflammatory conditions such as inflammatory bowel
disease.”>> The increase in the basal level of IL-1p in
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Figure 5. Nuclear factor-kB (NF-kB) signalling mediates downregulation of peroxisome proliferator-activated receptor y (PPARY) expression by
lipopolysaccharide (LPS). (a) The Toll-like receptor 4 (TLR4) signalling pathway activates AP-1 and NF-«B through MEK1/2-, p38-, JNK- and
IKK-dependent processes. Chemical inhibitors targeting these proteins within each axis are shown in bold. (b) Peritoneal macrophage cultures
were pretreated for 1 hr with inhibitors of the MEK/JNK/AP-1 signalling axis that include p38 (SB203580, 20 um), MEK1/2 (U0126, 10 pm), AP-1
(curcumin, 20 pm), JNK (SP600125, 10 pum) and subsequently exposed to 6 hr £ LPS. Quantitative polymerase chain reaction (qQPCR) was used
to measure PPARY mRNA abundance from each sample. (c—e) Cultures of peritoneal macrophages were pretreated for 1 hr with inhibitors
upstream of NF-«B that include IKK (Bay 11-7085, 5 um), IkB (NBD, 100 pum), and NF-kB (PDTC, 100 um), and then exposed to an additional
6 hr £ LPS. NF-kB activity was determined by measurement of NF-kB DNA binding activity (c) and induction of NOS2A mRNA. Expression of
NOS2A (d) and PPARy mRNA (e) was determined by qPCR. All data are expressed as fold change relative to the control. Each bar represents

mean + SD, n = 3.

PPARY knockout macrophages was confirmed at the
protein level by Western blot analysis (Fig. 7).
Importantly, while these data indicate a significant
repressive effect of PPARY expression on the basal level of
certain proinflammatory genes, a less pronounced effect
was observed in the presence of LPS. The significant
increase in proinflammatory gene expression observed in
the PPARY knockout macrophages at the basal level was
severely reduced or lost in the presence of LPS. For exam-
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ple, PPARY knockout macrophages exhibited a 14-42-fold
increase in Cxcl14 expression over wild-type macrophages
at the basal level (absence of LPS), but only a fivefold
increase in the presence of LPS. Table 1 illustrates that
this trend applies to each inflammatory gene, except for
Cxcl4, whose levels remained consistently higher in the
knockout animals in the presence and absence of LPS.
Collectively, these data indicate that activation of PPARy
by endogenous ligands is important for suppressing

© 2008 Blackwell Publishing Ltd, Immunology, 125, 344-358
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inflammatory signalling at a physiological state but may the observation that LPS reduces PPARY levels in brown
have little impact in the context of inflammatory stimuli. adipocytes and lung cells.”**

In contrast to the effects of LPS on PPARY expression
in macrophages, brown adipocytes and lung cells, it has

Discussion been reported that PPARy immunostaining in colonic
Toll-like receptors are important mediators of innate epithelial cells was decreased in TLR4 knockout mice.®!
immunity. Such receptors drive the inflammatory This observation implies that TLR4 may induce PPARY
response by activation of proinflammatory transcription in some cell types. To test this hypothesis, we quantified
factors such as NF-xB and AP-1. In addition, our data PPARY mRNA and protein in extracts from purified colo-
indicate that TLR1/2, -4 and -5 inhibit the expression of nic epithelial cells from wild-type and TLR4 knockout
an anti-inflammatory transcription factor, PPARy. Our mice. We observed no difference in either PPARY mRNA
mechanistic studies have focused on TLR4, which has a or protein in colonic epithelial cells from TLR4-deficient
well-known role in the development of inflammatory and control mice (supplemental Fig. Sla, b). We conclude
conditions such as sepsis, atherosclerosis and ulcerative that TLR4 does not regulate basal PPARY expression in
colitis.’*®° Our data indicate that activation of TLR4 by the colonic epithelium.

LPS downregulates PPARY through IxB-mediated activa- Cross-talk between NF-xkB and PPARy has been
tion of NF-«kB. Since activation of NF-kB is characteristic reported at the signal transduction level. For example, in

of all TLRs, we speculate that inhibition of PPARYy adipose tissue the RelA subunit of NF-kB binds to PPARY
expression by TLR1/2 and TLR5 agonists proceeds by the and prevents PPARY/RXRo binding to target genes.’®
same mechanism that we have described for TLR4. We Conversely, binding of PPARY to RelA results in nuclear
further speculate that a similar mechanism accounts for export of NF-kB and consequent attenuation of NF-kB-
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Table 1. Genes regulated by peroxisome proliferator-activated receptor y expression in peritoneal macrophages

Gene KO fold 4 KO fold 4

Gene title symbol over WT — LPS over WT + LPS GO function-biological process

Peroxisome proliferator activated receptor y Pparg -212-95 -1-6 Transcription/lipid metabolism

CD36 antigen Cd36 -11-5 -1-49 Lipid and fatty acid metabolism

ATP-binding cassette, subfamily G, member 1 Abcgl —6-87 -14 Lipid and cholesterol transport

Chemokine (C-C motif) ligand 17 Ccll7 129-54 3-67 Chemotaxis, inflammatory response

Chemokine (C-C motif) ligand 22 Ccl22 18-16 321 Chemotaxis, inflammatory response

Chemokine (C-X-C motif) ligand 2 Cxcl2 84-88 99 Chemotaxis, inflammatory response

Chemokine (C-X-C motif) ligand 4 Cxcl4 14-42 5 Chemotaxis, inflammatory response

Chemokine (C-X-C motif) ligand 5 Cxcl5 87-29 23-50 Chemotaxis, inflammatory response

Chemokine (C-X-C motif) ligand 14 Cxcll4 3.93 429 Chemotaxis, inflammatory response

CC chemokine receptor 7 Cer7 5-14 3-79 Chemotaxis, inflammatory response

Interleukin-6 Il6 16 372 65-4 Cytokine activity

Interleukin-1 beta Il1b 789-67 8:37 Cytokine activity, signal transduction

Interleukin-12, p35 1l12a 92-9 1.53 Cytokine activity

Colony stimulating factor 3 Csf3 5790 11-14 Immune and defence response, positive
regulator of cell proliferation

IL-2 receptor alpha subunit 12ra 157 7-62 Immune response, cell cycle progression

Prostaglandin G/H synthase Ptgs2 1738 43-69 Prostaglandin and fatty acid biosynthesis,

and cyclooxygenase cyclooxygenase

Nitric oxide synthase 2a Nos2a 2-56 0-99 Inflammatory and defence response, nitric
oxide synthesis, electron transport

Complement component C3 C3 4-96 2:56 Inflammatory response, complement
activation

Matrix metalloproteinase 9 Mmp9 14-89 6-89 Macrophage differentiation, proteolysis,

extracellular matrix organization
and biogenesis

GO, Gene Ontology; KO, knockout; LPS, lipopolysaccharide; WT, wild-type.

PPARY! —
IL-1B
B-actin  — —
LysMCre™~  LysMCre*~
PPAR,YfI/fI PPAR.YfI/fI

Figure 7. Confirmation of macrophage peroxisome proliferator-acti-
vated receptor Y (PPARY) genetic targets at the protein level. Wes-
tern blot of total lysate (20 pg) of peritoneal macrophage cultures
from wild-type (LysMCre™/PPAR™™) and myeloid-specific PPARy
KO mice (LysMCre” ~/PPAR™) stained for interleukin-18 (IL-1p),
PPARY and B-actin expression.

mediated inflammatory gene expression.” Furthermore,
SUMOylated PPARY is recruited to promoters of inflam-
matory NF-kB target genes and inhibits the expression of
these genes by a mechanism that appears to involve core-
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pressor recruitment to SUMOylated PPARY.%’ Basal
inflammatory signals are controlled by a yin/yang mecha-
nism in which the activities of NF-xB and PPARY depend
on the relative abundance and the activity of the other.
Our studies add a new dimension to this model. Upon
activation of TLR4 in macrophages, cross-talk between
PPARY and NF-kB is determined not by protein—protein
interaction between the two, but by an NF-kB-mediated
effect on PPARy mRNA synthesis. This NF-kB-dependent
loss of PPARY expression secondary to TLR4 activation
essentially resets the balance between the proinflammatory
effects of NF-xB and the anti-inflammatory effects of
PPARY, establishing a synergistic proinflammatory signal-
ling state, which affects macrophage function. First,
downregulation of PPARY by either activation of TLRs or
genetic knockout alters the expression of PPARy target
genes that are involved in low-density lipoprotein/choles-
terol metabolism, such as CD36 and ABCGI. These
observations implicate TLR4 in the development of athero-
sclerotic foam cells through an NF-kB/PPARYy-dependent
mechanism. Second, reduction in macrophage PPARYy
leads to dramatic increases in basal levels of proinflamma-
tory molecules, including chemokines, interleukins and

© 2008 Blackwell Publishing Ltd, Immunology, 125, 344-358
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Figure 8. Negative feedback loop of nuclear factor-kB (NF-xB) on
peroxisome proliferator-activated receptor y (PPARY) expression.
The working hypothesis predicts that PPARY suppresses NF-kB-med-
iated physiological inflammation; however, upon activation of TLR4
signalling by LPS, increased activity of NF-kB downregulates PPARy
expression and anti-inflammatory actions, thus allowing a full
inflammatory response.

other inflammatory molecules. These findings suggest that
the anti-inflammatory actions of endogenous PPARYy are
critical for maintaining basal or ‘physiological’ inflamma-
tion, but are not sufficient for suppressing stimulus
(LPS)-induced inflammation as a result of inhibition of
PPARY expression and function by TLR signalling.
Based on these data, we propose a model in which
PPARY normally suppresses NF-kB-mediated physiologi-
cal inflammation and control of physiological processes
such as lipid metabolism and atherosclerosis (Fig. 8).
However, upon injury or a deregulated response such as
in inflammatory bowel disease, activation of NF-kB sup-
presses PPARY expression, neutralizing the anti-inflam-
matory and physiological actions of PPARy and
enhancing the inflammatory response. In the context of
inflammatory diseases mediated by macrophages, such as
ulcerative colitis, atherosclerosis and pulmonary sarcoido-
sis, PPARy downregulation should be considered an
important component by which NF-kB drives inflamma-
tion. Moreover, targeting macrophage PPARY in these
diseases with therapeutic doses of TZDs may have little
efficacy after the onset of inflammation because of the
downregulation of PPARy. This model explains, at least
in part, the observation that TZDs may block inflamma-
tion in experimental models of colitis but have little or
no effect on established inflammation. A similar model
has been proposed in multiple sclerosis, where an inflam-
mation-mediated reduction in PPARy levels reduces the
efficacy of PPARY agonists.**

Downregulation of PPARY by TLR4 may also be rele-
vant to other diseases such as obesity-related insulin resis-
tance.  Obesity is associated with  macrophage
accumulation and proinflammatory molecule release in
adipose tissue, and these events are thought to drive insu-
lin resistance.®>*® Inflammation-associated insulin resis-
tance has been proposed to be mediated, at least in part,
by an obesity-related increase in free fatty acids.®””’' Free
fatty acids can activate TLR4 on macrophages to induce
an inflammatory response, and so may be responsible for
increased macrophage accumulation and proinflammatory
signalling in adipose tissue during obesity.”>”> This
hypothesis is consistent with recent studies that report

© 2008 Blackwell Publishing Ltd, Immunology, 125, 344-358
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that macrophage PPARY is required to maintain glucose
homeostasis and insulin sensitivity, and that the insulin-
sensitizing effects of TZD PPARy agonists are mediated,
at least in part, through anti-inflammatory effects on
macrophages.”® We speculate that obesity-related insulin
resistance may arise by a free fatty acid-mediated TLR4-
dependent downregulation of macrophage PPARY.

In conclusion, our data describe a novel regulatory
feedback loop between PPARy and TLR4/NF-xB signal-
ling in macrophages. In this loop, PPARY represses NF-
kB-mediated inflammatory signalling to maintain proper
control of physiological inflammation and allow for the
execution of physiological functions of PPARY in macro-
phages such as lipid metabolism. However, in an
increased inflammatory state, NF-xB drives down PPARY
expression to nullify its actions and accelerate the inflam-
matory process. The downregulation of PPARy by TLR4
signalling may significantly impact the therapeutic efficacy
of TZDs in inflammatory diseases and may play an
important role in metabolic diseases such as obesity-
related insulin resistance.
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