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Targeting PPAR receptors in the airway for the
treatment of inflammatory lung disease
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Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors that belong to the nuclear
hormone receptor superfamily. PPARy regulates several metabolic pathways by binding to sequence-specific PPAR response
elements in the promoter region of genes involved in lipid biosynthesis and glucose metabolism. However, more recently
PPARy, PPARo. and PPARB/S agonists have been demonstrated to exhibit anti-inflammatory and immunomodulatory properties
thus opening up new avenues for research. The actions of PPARy and PPARa activation are thought to be due to their ability
to down regulate pro-inflammatory gene expression and inflammatory cell functions, and as such makes them an attractive
target for novel drug intervention. Interestingly, PPARB/3 has been shown to be involved in wound healing, angiogenesis, lipid
metabolism and thrombosis. In this review we will focus on the data describing the beneficial effects of these ligands in the
airway and in the pulmonary vasculature and in vivo in animal models of allergic and occupational asthma, chronic obstructive
pulmonary disease and pulmonary fibrosis. A clinical trial is underway to examine the effect of rosiglitazone in asthma patients
and the outcome of this trial is awaited with much anticipation. In conclusion, PPARs are novel targets for lung disease and
continued work with these ligands may result in a potential new treatment for chronic inflammatory lung diseases.
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Introduction The suggestion that peroxisome proliferator-activated recep-
tors (PPARs) may possess potent immunomodulatory and

Inflammatory diseases of the lung such as asthma and chronic  anti-inflammatory activity (Serhan, 1996; Serhan & Devc-

obstructive pulmonary disease (COPD) represent a major
worldwide health problem. And while there are potent anti-
inflammatory drugs available to treat asthma, such as the
glucocorticoids, these drugs suffer from unwanted side effects
and exhibit limited efficacy in the treatment of COPD. Con-
sequently, the search for novel drug targets leading to new
therapies for these diseases is ongoing (Belvisi ef al., 2004).
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hand, 2001) has led to increased interest in these receptors
and to the study of their involvement in a variety of disease
states including type 2 diabetes, atherosclerosis, inflamma-
tory bowel disease, arthritis, myocarditis, cancer and endot-
oxic shock (Spears et al., 2006).

PPARs

Peroxisome proliferator-activated receptors are a family of
ligand-activated transcription factors belonging to the
nuclear hormone receptor family and related to retinoid,
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genomic responses by binding to RXR and the PPAR response element leading to the induction or repression of target genes. (2) In its
inactivated state PPARB/S can bind and repress the transcription factor BCL6. BCL6 is displaced and released in the presence of PPARB/3 ligands.
BCL6 is then free to influence gene induction. (3) Following activation of PPARB/S with a specific ligand it can bind and repress PKCo., without
the involvement of RXR. These properties of PPARB/3 happens within seconds and may contribute to the acute actions of ligands in platelets

and vessels. PPAR, peroxisome proliferator-activated receptor.

glucocorticoid, and thyroid hormone receptors (Evans, 1988).
The three recognized subtypes, PPARo (also known as
NR1C3), y (NRIC1) and & ( or NR1C2), are widely expressed
and have a wide range of effects on metabolism, cellular
proliferation and immune responses (Berger et al., 2005; Kota
et al., 2005).

All members of this superfamily have a similar structural
organization: an amino-terminal region that allows ligand-
independent activation, a DNA-binding domain and a ligand-
dependent activation domain. Three alternative promoters
have been identified for PPARy so far, giving rise to at least
four different transcripts and two different protein isoforms,
vl and Y2, which differ in their amino-terminal, with y2
carrying 30 additional amino acids. PPARy2 is expressed
exclusively in adipose tissue whereas PPARy1 is more widely
expressed, although it is most abundant in adipocytes (Moras
and Gronemeyer, 1998).

Peroxisome proliferator-activated receptors were first iden-
tified for their role in lipid and glucose regulation and until
recently their actions were thought to be limited to specific
tissue types. PPARa is highly expressed in tissues exhibiting
high carbolic rates of fatty acids such as the liver, heart,
kidney and intestinal mucosa. PPARy is also expressed in lung
epithelium, submucosa and airway smooth muscle. PPARB/3
is ubiquitously expressed and was initially shown to play a
role in regulating energy homeostasis, thermogenesis, kerati-
nocyte proliferation and differentiation (Braissant et al.,
1996).

Recently, two of the PPARs, PPARy and PPARo, have been
identified as important immunomodulators and to have
potential as novel anti-inflammatory targets for diseases of
the airways (Belvisi et al., 2004; 2006; Becker et al., 2006).

PPARP/& was not thought to possess these properties (Trifillieff
et al., 2003) but recent evidence suggests it may have a role to
play in regulating the transition from inflammation to wound
healing and may enhance the anti-fibrotic actions of PPARy
agonists (Lakatos et al.,, 2007). Furthermore, the PPARB/
ligand GW0742 was recently shown to inhibit fibroblast pro-
liferation consistent with a proposed anti-fibrotic role for this
receptor (Ali etal., 2006b). Most recently, work from our
group has revealed acute inhibitory effects of PPARB/S ago-
nists in platelets (Ali ef al., 2006a) and in blood vessels (Reed
et al., 2007). These acute effects were seen within seconds or
minutes of PPARB/S agonists being added to tissues and as
such must be mediated independently of gene induction. The
potential mechanism by which PPARB/§ agonists affect
inflammation dependently or independently of gene induc-
tion are illustrated on Figure 1 and discussed below.

PPARs: mechanism of action

The anti-inflammatory actions of PPARy and PPARa observed
in cell-based assays and animal models are thought to be
mainly due to their ability to regulate inflammatory gene
expression. PPARs, including PPARB/S, regulate gene expres-
sion after binding as a heterodimer with the retinoid X recep-
tors (RXRs), a member of the nuclear hormone receptor
superfamily activated by binding of 9-cis-retinoic acid. The
RXR family comprises three different gene isoforms: RXRo,
RXRP and RXRy. RXR is widely expressed in several tissues and
cells including adipose tissue, liver, kidneys, small intestine,
cardiac myocytes and monocytes/macrophages (Dubuquoy
et al., 2002).
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The PPAR/RXR heterodimer binds to sequence-specific
PPAR response elements in the promoter region of target
genes and acts as a transcriptional regulator. To prevent PPAR/
RXR binding to DNA, high-affinity complexes are formed
between the inactive PPARy/RXR heterodimers and
co-repressor molecules, such as nuclear receptor co-repressor
or silencing mediator for retinoic receptors. On ligand
binding and activation, these co-repressors are displaced and
the heterodimer is free to bind to the response element in the
promoter region of the relevant target genes, resulting in
either activation or suppression of a specific gene. Recruit-
ment of co-activator proteins along with chromatin remodel-
ling proteins is also required for transcriptional interaction of
PPAR with motifs in the PPAR response elements (Desvergne
and Wahli, 1999). Therefore, to summarize, the actions of
PPARyand PPARo are thought to be mainly due to their ability
to down regulate pro-inflammatory gene expression either by:
(i) sequestration of shared co-activators such that competition
for co-activators would reduce the ability of inflammatory
transcription factors to access their target DNA; (ii) ligand-
dependent transrepression which does not involve sequence-
specific DNA binding and involves the physical interaction
of PPARy ligands with other transcription factors (e.g. NF-kB,
STAT, NFAT) preventing their association with DNA
sequences; (iii) SUMOylation of PPARy and subsequent PPARy
binding to the NCoR-containing corepressor complex inter-
feres with the removal of repressor complexes and hence
suppresses inflammatory gene transcription (Ghisletti et al.,
2007; Straus and Glass, 2007).

The other PPAR isoforms also induce ligand-dependent
transrepression but the mechanisms involved have not been
fully elucidated. However, direct interaction of PPARa with
the p65 subunit of NF-xB suggests that transrepression of
pro-inflammatory genes may occur via this mechanism
(Delerive etal., 1999). Furthermore, for PPARB/3 another
mechanism of transrepression has been identified that
involves the binding of the transcriptional repressor BCL-6 by
unliganded PPARB/. Binding of ligand to PPARB/S then
releases BCL-6 which then is free to repress inflammatory
genes (Lee et al., 2003). It should also be noted that PPARB
ligands may have anti-inflammatory actions via gene induc-
tion (in addition to BCL6), for example by induction of
anti-inflammatory cytokines and anti-oxidant enzymes.
Interestingly, one of the early proposals regarding the mecha-
nism of action of PPARa ligands was that they were anti-
inflammatory by affecting lipid mediator metabolism
through regulating oxidative degradation of fatty acids (e.g.
Leukotiene By) (Devchand et al., 1996).

Finally, the mechanisms that mediate the acute inhibitory
effects of PPARB/S agonists, which are clearly mediated inde-
pendently of any involvement of the nucleus, remain some-
what of a mystery. Nevertheless, unpublished observations
from our group suggest that these may be mediated by the
binding and repression of PKCa. (Ali et al., unpublished obser-
vations). While this pathway remains speculative in the case
of PPARP/S, others have shown that PPARy receptors bind and
repress PKCo in human nucleated cells (Paumelle et al., 2006;
von Knethen ef al., 2007). The full impact of this and other
acute, none gene mediated effects of PPARB/d remain the
subject of investigation.
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Ligands for PPAR receptors

PPARy

The interest in PPARs led to the identification of PPARy as a
target for intervention and thus more is known about this
receptor and more tools are available to study it. PPARy is
bound and activated by a variety of lipophilic ligands, includ-
ing long-chain polyunsaturated fatty acids and several
eicosanoids. The essential fatty acids arachidonic acid,
gamolenic acid, docosahexanoic acid and eicosapentaenoic
acid, as well as modified oxidized lipids 9- and 13-
hydroxyoctadecadienoic ~ acid and 12- and  15-
hydroxyeicosatetraenoic acid, bind to and activate PPARy
(Willson et al., 2000). 15-deoxy-A'*'*-PG]J, (15d-PGJ,) has been
recognized as an endogenous ligand for PPARy, although it is
now known to activate all the PPAR receptors, and is thought
to be responsible for many of its anti-inflammatory actions
(Sher and Pillinger, 2005).

The cyclopentenone prostaglandin 15d-PG]J, was first dis-
covered in 1983 (Fitzpatrick and Wynalda, 1983) but received
relatively little attention until two independent groups
reported that it was capable of activating PPARy (Forman
et al., 1995; Kliewer et al., 1995). Accumulating evidence now
suggests that 15d-PGJ, is the endogenous PPARy ligand (Sher
and Pillinger, 2005). However, what goes against prostanoids
(e.g. 15d-PG]J,, prosacyclin) being endogenous PPAR agonists
is the fact that NSAIDs, which would globally reduce all the
prostanoids, do not have dramatic metabolic side effects, as
one might expect if effecting endogenous PPAR pathways.
Furthermore, in vivo it has been hard to demonstrate endog-
enous 15-dPG]J, activity as it is very difficult to get accurate
measurements making it difficult to confirm its role as an
endogenous ligand.

15d-PGJ, and other PPARy ligands have been shown to
possess anti-inflammatory activity in a wide range of inflam-
matory disease models and recently 15d-PGJ, has been shown
to significantly limit lung injury in an animal model of pul-
monary fibrosis, a disease characterized by inflammatory cell
infiltration (Genovese et al., 2005a). A reduction in neutro-
phil influx, oedema, histological parameters and mortality
were observed thus supporting the anti-inflammatory poten-
tial of PPARy ligands.

15d-PG]J, has been widely used as a pharmacological tool for
defining the role of PPARy and it is important to note that it
can induce a variety of PPARy-independent responses, and
indeed a recent study demonstrated that 15d-PGJ, exerts its
anti-inflammatory effect in rat chondrocytes by a PPARy-
independent mechanism, which could be attributed to a
partial inhibition of inhibitor kBo. degradation (Boyault et al.,
2004). Other PPARy-independent effects include inhibition of
IxB kinase and inhibition of NF-xB DNA binding (Straus and
Glass, 2007). 15d-PGJ, has also been shown to induce
responses in cells devoid of the receptor.

In addition to natural ligands, a wide range of synthetic
PPARy agonists have been developed. The most widely used
belong to the thiazolidinedione or glitazone class of anti-
diabetic drugs used in the treatment of type 2 diabetes (Yki-
Jarvinen, 2004). These include rosiglitazone, pioglitazone,
ciglitazone and troglitazone. The first to be developed, trogli-
tazone, has since been withdrawn from the market following
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Endogenous agonists
Synthetic agonists

15d-PGJ2, 15-hydroxyeicosatetraenoic acid (15-HETE) and 13-hydroxyoctadecadienoic acid (13-HODE)
SB-219994 (8.68), LY-510929 (8), AD-5061 (7.7), TZD18 (7.24), L-764406 (7.15), ragaglitazar (7.03), GW0072 (6.96),

nTzDpa (6.5), troglitazone (6.27), LY-465608 (6.26), pioglitazone (6.23), fatty acids (6), SB-219993 (5.5), 5-ASA (1.82)
[pICso]. GW1929 (8.84), L-796449 (8.7), GW7845 (8.43), CDDO (8), L-783483 (7.85), L-165461 (7.8), AD5075 (7.66),
FMOC-L-leucine (~6), CS-045 (5.8) [pKi], farglitazar (7.47), indomethacin (7.38), rosiglitazone (7.37), GW2331 (6.52),
KRP-297/MK-0767 (6.49), PAT5A (6.35), MCC555 (~6.3), linoleic acid (5.3), BADGE (4) [pK4], GW409544 (9.55),
GW9578 (6) BVT0.13 (7.52), TAK-559 (7.5), reglitazar (7.08), GW9578 (6), ciglitazone (4.64), KRP-297/MK-0767 (7)
[PECso]; DRF2519, LG10074, ibuprofen, diclofenac

Antagonists

GW9662 (8.48), PD068235 (6.1), BADGE (5), SR-202 (3.85) [plCso]; CDDO-Me (8), LG100641 (6.36) [pk]; diclofenac

PPAR, peroxisome proliferator-activated receptor.

Table 2 Ligands for PPARa receptors

Endogenous agonists 8-HETE, LTB,

Synthetic agonists

GW409544 (8.7), LY-518674 (7.6), LY-510929 (7.55), TZD18 (7.55), LTB4 (7), oleylethanolamide (6.92), LY-465608 (6.8),

pirinixic acid (6.22), fatty acids (6), ragaglitazar (6), AD-5061 (5.55), fenofibric acid (4.46) [plCso]; GW7647 (8.22),
GW9578 (7.3), TAK-559 (7.17), KRP-297/MK-0767 (6.8), eicosatetraenoic acid (6.7), farglitazar (6.35), reglitazar (5.72),
DRF 2519 (~5), pristanic acid (4.4), bezafibrate (4.3), clofibrate (4.25) [pECso); KRP-297/MK-0767 (7.64), 8S-HETE (7),
GW2331 (6.8); pterostilbene, tetradecylglycidic acid, ortylthiopropionic acid

Antagonists MK886 (4.6) [plCso]

PPAR, peroxisome proliferator-activated receptor.

the emergence of a serious hepatotoxicity in some patients.
The two PPARy agonists currently available for the treatment
of type 2 diabetes in the United States are rosiglitazone and
pioglitazone.

Thiazolidinediones exert their insulin-sensitizing and
hypoglycaemic effects through stimulation of PPARy (Berger
et al., 1996). The involvement of PPARy in the pharmacologi-
cal effects of thiazolidinediones has been supported by studies
showing that their binding affinity to PPARy closely parallels
their in vivo hypoglycaemic potency (Willson et al., 2000). In
the last few years, there have been numerous reports indicat-
ing that the therapeutic benefits of PPARy agonists may go far
beyond their use in diabetes with increasing evidence of anti-
inflammatory activities in a range of disease models from
Alzheimer’s to pancreatitis and evidence is now emerging of
the potential benefits of PPARy ligands in models of inflam-
matory airways disease. See Table 1 for a comprehensive list
(adapted from Michalik et al., 2006).

PPARa

A variety of endogenous ligands also activate PPARa including
endogenous fatty acids, like the 8-hydroxyeicosatetraenoic
acid (8S-HETE) and the arachadonic acid derivative leukot-
riene B, (LTB,). Synthetic molecules have also been developed
including Wy-14,643 and GW2331 and the fibrates that are
used clinically to treat dyslipidaemia (e.g. fenofibrate, ciprofi-
brate). See Table 2 (adapted from Michalik et al., 2006). In
addition to the selective ligands there are also dual PPARo/y
ligands including ragaglitazar, GW-409544 and KRP-297.

PPARB/S
Perhaps what makes PPARB/S particularly intriguing and rel-
evant as a therapeutic target is the fact that prostacyclin is an

endogenous ligand. Prostacyclin is a cardio-protective
hormone which inhibits thrombosis, vasospasm and lipid
accumulation which mediates its effects by actions on cell
surface IP receptors as well as on cytosolic PPARB/S (Mitchell
etal., 2008). In addition, many therapeutic prostacyclin
mimetics, including trepostinil sodium, activate PPARB/d (Ali
et al., 2006a,b) However, it should be mentioned that other
studies, using four different cell types and different experi-
mental strategies, do not support the prevailing opinion that
PGI, plays a significant role in the regulation of PPARB/$
(Fauti et al., 2006).

Nevertheless, the action of prostacyclin and related mimet-
ics on PPARB/S highlights a potential therapeutic opportunity
for the treatment of pulmonary hypertension. Pulmonary
hypertension is rare, but difficult to treat and associated with
a high level of morbidity and mortality. Prostacyclin therapy
has been the gold standard treatment for pulmonary hyper-
tension. However, it is associated with severe side effects and
risks as well as being expensive. Several small molecule
ligands of PPARB/d have been synthesized by various Pharma
companies including GW 501516, L165041, GW0742, L-783,
483. These are potent activators of PPARB/S, but do activate
the other PPARs at micromolar concentrations. See Table 3 for
a comprehensive list which is adapted from (adapted from
Michalik et al., 2006). These agonists have been developed
principally for the treatment of hyperlipidaemia; however, if
preclinical data are substantiated in clinical trials, they could
also be useful treatments for pulmonary hypertension. It
should be noted that one study recently demonstrated that a
pro-inflammatory effect of the PPARy ligands (i.e. thiazo-
lidinediones) in a human monocytic cell line was due to low
affinity binding of these ligands to the PPARB/d receptor (Hall
and McDonnell, 2007). These potential side effects and any
others remain speculative at the moment as large scale clinical
trials in man have yet to be completed and published.
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Table 3 Ligands for PPARP receptors

Endogenous agonists
Synthetic agonists

Prostacyclin

GWO0742X (7.52), GW2433 (6.57), GW9578 (5.9) [pECso]; GWO0742 (9), fatty acids (5.2) [plCsol; GWS01516 (8.96), retinoic

acid (7.77) [pKa]; L-796449 (8.7), L-165461 (8.52), L-165041 (8.22) [pk]

Antagonists

PPAR, peroxisome proliferator-activated receptor.

In vitro activity of PPAR ligands

Inflammatory cells

Peroxisome proliferator-activated receptor y activation can
lead to differentiation of monocytes to macrophages (Ton-
tonoz et al., 1998). Furthermore, the expression of PPARy in
macrophages is up-regulated by interleukin (IL)-4 and IL-4 also
enhances the activation of PPARy via the production of endog-
enous PPARy ligands such as 13-hydroxyoctadecadienoic
acid and 12- and 15-hydroxyeicosatetraenoic acid (Huang
etal., 1999). PPAR ligands have effects on cytokine
production. 15d-prostaglandin ], (15d-PGJ,) and 13-
hydroxyoctadecadienoic acid inhibited lipopolysaccharide-
induced IL-10 and IL-12 production by macrophages (Azuma
etal., 2001). PPARy agonists also inhibit IL-1B, IL-6 and
tumour necrosis factor (TNF)-o,, in stimulated human periph-
eral blood monocytes (Jiang et al., 1998). PPARy activation
suppresses cycloxygenase-2 expression by preventing activa-
tion and translocation of NF-kB (Inoue ef al., 2000; Maggi
et al., 2000). PPARy is markedly up-regulated in activated peri-
toneal macrophages and PPARy ligands inhibit the expression
of inducible nitric oxide synthase, gelatinase B and scavenger
receptor A genes, in part by antagonizing the activities of the
transcription factors AP-1, STAT and NF-xB (Chinetti et al.,
1998; Ricote et al., 1998a,b). Recent studies also show that
PPARy plays an anti-inflammatory role in macrophages by
inhibiting cytokine production, increasing CD36 expression
and enhancing the phagocytosis of apoptotic neutrophils, an
essential process for the resolution of inflammation (Asada
et al., 2004). Interestingly, exposure to rosiglitasone led to
decreased TNFo, but not cigarette smoke induced cytokine
release from a monocyte-macrophage cell line (Caito et al.,
2008). PPARo is expressed in various inflammatory cells
including human and murine monocytes and macrophages
(Cuzzocrea, 2006). PPARa ligands induce apoptosis of acti-
vated human macrophages, decrease the lipopolysaccaride
(LPS)-induced release of matrix metalloproteinases (MMPs)
from human monocytic lines and decrease NOS activity in
murine macrophage cell lines (Cuzzocrea, 2006).

Immune cells such as T and B lymphocytes have also been
shown to express PPAR o and vy (Yang et al., 2000; Jones et al.
2002). In T cells, PPARy activation inhibits IL-2 production via
a mechanism believed to involve transrepression of NFAT
(Yang et al., 2000). PPARy activation has also been reported to
down-regulate CCR2, the receptor for monocyte chemoattrac-
tant protein-1, in circulating rat monocytes (Ishibashi et al.,
2002). Interestingly, suppression of IFNy and IL-17, thought
to be a key mediator in inflammatory diseases, expression has
been observed in cultured splenocytes by the PPARa agonist,
fenofibrate (Lee et al., 2007). As mentioned above PPARy also
has a role in apoptosis in several cell types.
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Eosinophils may play a pivotal role in the development of
allergic diseases such as asthma. IL-5 and eotaxin are critical
cytokines/chemokines for eosinophil activation. The PPARy
agonist, troglitazone reduced both IL-5-stimulated eosinophil
survival and eotaxin-directed eosinophil chemotaxis suggest-
ing a role for PPARy agonists in the treatment of allergic
diseases such as asthma (Ueki et al., 2004).

Dendritic cells are powerful antigen-presenting cells with a
unique capacity to stimulate naive T cells and the migration
of dendritic cells from the epithelia to the lymphoid organs
represents a tightly regulated series of events involved in the
induction of the immune response. A recent study has shown
that PPARy activation reduces the spontaneous migration of
antigen bearing lung dendritic cells (Angeli et al., 2003) sug-
gesting a potential role for PPARy agonists in the treatment of
allergic asthma.

Recently, data have been generated suggesting that platelets
have a role in the inflammatory process by releasing mediators
such as eicosanoids in addition to their involvement in throm-
bus formation. Although platelets do not have a nucleus they
have been found to possess PPARy and PPAR (/8 receptors
(Akbiyik et al., 2004; Ali et al., 2006a) and PPARs may, separate
to DNA binding, directly interact with proteins such as the
transcription factor NF-xB. PPARyligands have been shown to
attenuate CD40L surface expression and sCD40L release from
thrombin-activated platelets, thromboxane release and also
prevented ATP release and ADP-induced aggregation (O’Brien
et al., 2007). PPARB/d and PPARa agonists have also been
demonstrated to inhibit platelet aggregation (Ali et al., 2006a).
In the same study the authors showed that prostacyclin also
activates PPARP/S selectively and that both agonists can syn-
ergize with nitric oxide to inhibit platelet activation to various
stimuli (e.g. ADP, collagen, thrombin).

Structural cells
Our group was the first to show that human airway smooth
muscle cells express PPARy and PPARo and that treatment
with endogenous and synthetic PPARy ligands could inhibit
serum-induced growth of these cells and promote apoptosis
(Patel et al., 2003). This study also revealed that PPARy acti-
vation inhibited the release of the cytokines G-CSF and
GM-CSF. The effect on cell growth and G-CSF was greater than
that produced by a glucocorticoid, the current drug class of
choice for the treatment of inflammatory airways disease.
This suggests that PPARy agonists may provide a novel alter-
native approach to the treatment of inflammatory diseases of
the airways and one that has advantages over the therapies
currently used.

PPARy receptors are present in epithelial cells (e.g. lung
alveolar type 2 cells) (Michael ef al., 1997) and agonists sup-



press the production of IL-8 in airway epithelial cells (Wang
et al., 2001) thus suggesting the possibility of reducing leuko-
cyte recruitment and airway inflammation. MMPs are known
to be involved in airway wall remodelling and are thought to
play a role in the development of chronic inflammatory dis-
eases of the airways. In a study using human bronchial epi-
thelial cells Hetzel efal. (2003) found that PPARy was
expressed and was functionally active in these cells. Activa-
tion of PPARy by rosiglitazone or pioglitazone significantly
reduced TNFa and PMA-induced MMP-9 gelatinolytic activ-
ity, but did not alter the expression of tissue inhibitor of
MMPs type 1, the endogenous inhibitor of MMP-9. They also
demonstrated a decrease in MMP-9 mRNA expression follow-
ing treatment with PPARy which resulted from the inhibition
of NF-kB activation in these cells (Hetzel et al., 2003). Limiting
the expression of matrix degrading MMP-9 by PPARy activa-
tion might have therapeutic potential in the treatment of
chronic inflammatory diseases of the respiratory system.

Myofibroblasts are one of the key effector cells in pulmo-
nary fibrosis and are the primary source of extracellular
matrix production. Burgess et al. (2005) have shown that both
15d-PG]J,, ciglitazone and rosiglitazone inhibit transforming
growth factor (TGF)-B driven myofibroblast differentiation.
PPARy agonists also potently attenuated TGF-B driven type 1
collagen protein production (Burgess etal., 2005). Thus,
PPARy agonists may provide potential therapy for fibrotic
diseases of the lung.

Peroxisome proliferator-activated receptor o is expressed in
human aortic smooth muscle (HASMCs) and endothelial
cells. PPARa ligands partially inhibit LPS and TNFo-induced
VCAM-1 expression in these cell types. In HASMCs they also
inhibit IL-1B-induced production of IL-6 and COX-2 expres-
sion (Cuzzocrea, 2006).

In vivo studies

Studies in knockout animals have also highlighted a role for
PPARs in animal models. A specific role for PPARy in lung
maturation was recently revealed by utilizing mice where
PPARy deletion was initiated specifically in conducting airway
epithelium (Simon et al., 2006). This produced persistent
enlargement of the airspaces in adult mice, which together
with other phenotypic changes in the lungs point to a role for
PPARy in postnatal lung maturation. Targeted animals also
had greater smoke-induced emphysema and macrophage
number when compared with age-matched, wild-type litter-
mate controls suggesting that epithelial PPARy is necessary for
proper lung maturation and response to injury. PPARy expres-
sion is also decreased in pulmonary hypertension and affects
endothelial cell growth. In these studies the authors con-
cluded that fluid shear stress decreases the expression of
PPARy in endothelial cells and induces a loss of PPARy
expression and leads to the development of an abnormal,
proliferating, apoptosis-resistant endothelial cell phenotype
(Ameshima et al., 2003).

Mice that have the PPARo gene knocked out (PPARa™
homozygotes) have an increase in the disease phenotype in a
model of allergic asthma (Woerly et al., 2003; Delayre-Orthez
et al., 2004). Interestingly, a difference between control and
PPARo deficient mice was observed in disease severity in the
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absence of PPAR ligands suggestive of an anti-inflammatory
role for unliganded receptors or endogenous ligands bound to
the receptor.

Little is known about PPARS in the lung although it is now
known to play a role in wound healing and specifically in the
transition from inflammation to healing. A recent study has
also suggested that it may be a target for eicosanoids where its
activation resulted in the inhibition of lung fibroblast prolif-
eration (Ali etal., 2006b). It is evident then that not only
PPARy but also PPARa and possibly PPARS should be studied
when searching for novel targets and therapies for combating
inflammatory diseases of the airways.

PPAR agonists in lung disease models

The PPARs have been identified in various cells in the lung
and in lung tissue, they have also been found to be present in
cells associated with inflammation in the lung. However,
although there are a large number of endogenous ligands
many of them bind with low affinity which questions the
biological relevance of any effects seen especially in vivo. The
suggestion that activation of PPARs may have anti-
inflammatory and immunomodulatory effects led to the
development of agonists for each of the PPAR isoforms
(Table 1). These were then examined in cells known to be
involved in inflammation in the airways and then in various
animal models of airway disease (Belvisi ef al., 2006; Belvisi
and Hele, 2008). Some of these data, however, require careful
interpretation given that certain ligands; for example,
15-deoxyA'*'-prostaglandin J, can act via both PPAR-
dependent (e.g. inhibition of NF-xkB mediated transcription)
and independent (inhibition of IKB kinase and NFkB DNA
binding) mechanisms (Straus and Glass, 2007).

PPARy

As described, PPARy ligands inhibit the release of pro-
inflammatory cytokines from activated macrophages, airway
epithelial cells and eosinophils and play an important role in
regulating cellular differentiation (Belvisi et al., 2006). In addi-
tion, PPAR-y agonists function as regulators of epithelial cell
inflammation by reducing cigarette smoke-induced mucin-
production in cells in the airway epithelium (Lee ef al., 2006b).
Various animal models of airway disease such as asthma,
COPD, acute lung injury and pulmonary fibrosis have been
used to study the anti-inflammatory effects of PPARy ligands
(Belvisi et al., 2006; Spears et al., 2006). In an animal model of
airway inflammation the PPARy agonist, rosiglitazone, inhib-
ited lipopolysaccharide (LPS)-induced neutrophilia and
reduced chemoattractants and survival factors (Birrell et al.,
2004). Similar results have been achieved by other groups
working with LPS-induced models of lung pathology in both
mice and rats (Inoue et al., 2003; Liu et al., 2005). This work
suggests that PPARy agonists may have potential in the treat-
ment of acute lung injury and possibly COPD.

Recently, several groups have published work demonstrat-
ing that PPARy agonists have beneficial effects in models of
asthma (Narala et al., 2007). Using a murine model of allergic
asthma they have demonstrated beneficial effects of PPARy
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agonists on allergic airway inflammation and airway hyper-
responsiveness. PPARy expression is increased in airway epi-
thelial cells after allergen exposure in sensitized mice and a
nebulized PPARy agonist, ciglitazone significantly suppressed
mucus secretion, and collagen deposition (Honda etal.,
2004). Another study with ciglitazone showed significantly
reduced lung inflammation and mucus production and T cells
from the ciglitazone treated mice produced less interferon-y,
IL-4, and IL-2 upon allergen challenge in vitro (Mueller et al.,
2003). A further study in a murine asthma model, using the
PPARy agonist rosiglitazone, demonstrated a reduction in
airway hyperresponsiveness (Ward ef al., 2006). PPARy ago-
nists have also been shown to inhibit allergen-induced eosi-
nophilic inflammation in murine lungs through an effect on
dendritic cell function where the results suggested that PPARy
activation prevented the induction of Th2-dependent eosino-
philic airway inflammation (Hammad et al., 2004). Trifillieff
et al. (2003) showed that intranasally administered agonists of
PPARa (GW 9578) and PPARy (GI 262570), but not PPARS
(GW 501516), inhibited allergen-induced bronchoalveolar
lavage eosinophil and lymphocyte influx in ovalbumin sen-
sitized and challenged mice. A study where PPAR agonists
were administered by aerosol resulted in a reduction in
antigen-induced airway hyperresponsiveness, lung inflamma-
tion, eosinophilia, cytokine production, GATA-3 expression
and serum levels of antigen-specific IgE (Woerly et al., 2003).
In a murine model of toluene diisocyanate-induced occupa-
tional asthma the administration of PPARy agonists or
adenovirus carrying PPARy2 cDNA decreased the pathophysi-
ological symptoms of asthma and reduced the levels of Th2
cytokines, adhesion molecules, chemokines and TGF-B1 (Lee
etal.,, 2006a). Employing another lung injury model,
bleomycin-induced lung injury, Genovese et al. (2005a) have
shown that a PPARy agonist reduced fibrosis, cellular influx,
inflammation and mortality and this observation has recently
been confirmed by another study (Milam et al., 2008). These
data make a strong case for PPARy activation as a potential
treatment for inflammatory diseases of the airways such as
asthma and COPD.

PPARo

Peroxisome proliferator-activated receptor o has been impli-
cated in the control of airway inflammation but as yet little is
known about its role. Recent work has shown that the PPARo
agonist, fenofibrate dose-dependently reduced inflammation
triggered by LPS in mouse lung, as demonstrated by decreased
airway neutrophil and macrophage infiltration and reduced
release of chemoattractants and metalloproteinases (Delayre-
Orthez et al., 2005; Becker et al., 2006). Another interesting
and recent study has attempted to characterize the role of
PPARo in glucocorticoid-mediated anti-inflammatory activity
in the lung. They tested the efficacy of dexamethasone, in an
experimental model of lung inflammation, carrageenan-
induced pleurisy, comparing mice lacking PPARa with wild-
type mice (Cuzzocrea etal., 2007). They also tested for
possible synergism with the combined treatment of dexam-
ethasone and a PPARa agonist, clofibrate. Their results
showed that dexamethasone-mediated anti-inflammatory
activity is weakened in PPARo. knockout mice as compared
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with wild-type controls, and that it is increased in wild-type
mice when combined with PPARa agonist treatment. These
results suggest that PPARa. may contribute to the anti-
inflammatory activity of glucocorticoids.

The role of PPARa in lung fibrosis has been investigated in
mice using the bleomycin model of lung injury and fibrosis
(Genovese et al., 2005b). PPARo. knockout mice treated with
bleomycin developed more severe inflammation and fibrosis
than wild-type mice and exhibited increased expression of
TNFa and IL-1B, increased apoptosis of interstitial cells, and
decreased survival. Treatment of the wild-type mice with a
PPARo. agonist, WY-14643, enhanced survival and reduced
the severity of fibrosis, as well as reducing the detection of
TNF-o and apoptosis by immunohistochemistry. These data
show that endogenous PPARa ligands can reduce the fibrotic
response to bleomycin in wild-type mice, and that treatment
with PPARa ligands may have potential in the treatment of
fibrotic diseases of the lung.

PPARS

Peroxisome proliferator-activated receptor  appears to play a
critical role in regulating the transition from inflammation to
wound healing and PPARS agonists inhibit lung fibroblast
proliferation and enhance the anti-fibrotic properties of
PPARy agonists and as such they may prove useful as an
adjunct to PPARy therapy (Lakatos et al., 2007). As mentioned
above, one recent study suggested that PPARS may be a target
of prostacyclin mimetics used in the treatment of pulmonary
hypertension. Treprostinil sodium activated a PPARS reporter
gene and inhibited proliferation of lung fibroblasts in vitro.
This effect was not seen in lung fibroblasts from PPARS knock-
out mice, suggesting that the effect was dependent on PPARS
and not on the prostacyclin receptor (Ali et al., 2006b). In
addition, it has been reported that PPAR-3 protein content is
reduced in the skeletal muscle of COPD patients suggesting
that a disturbed expression of these regulatory factors may
well underlie the disturbed skeletal muscle functioning in
COPD (Remels et al., 2007). Interestingly, a recent paper sug-
gests that activation of PPARB/§ attenuates the degree of
inflammation in a model of LPS-induced pulmonary inflam-
mation (Haskova et al., 2008). This paper adds additional
support to the assertion that activation of PPARB/6 would be
of value in the setting of pulmonary inflammation.

Conclusions

Inflammatory diseases of the lung (e.g. asthma, COPD, pul-
monary fibrosis) need safe and effective drugs to treat them.
Corticosteroids while effective in treating asthma have
limited efficacy in the treatment of COPD and pulmonary
fibrosis and suffer from unwanted side effects. Therefore,
there is a demand for safe and effective anti-inflammatory
approaches for these indications. Inflammation in the lung
involves several transduction pathways and inhibition of
these pathways is a logical anti-inflammatory approach.
Therefore, a new therapy that can exert control over many
pathways in a similar but different manner to corticosteroids
is required for the treatment of these airway diseases.



Peroxisome proliferator-activated receptors are ligand-
activated nuclear hormone receptors, PPARy, PPARa. and
PPARS, belong to the nuclear receptor superfamily and there is
now sufficient evidence that activation of these receptors
induces anti-inflammatory and immunomodulatory effects in
the lung as well as in other tissues. It would appear that
activation of each of the PPARs results in an anti-
inflammatory action, thus providing three potentially novel
targets for drug intervention. The PPAR initially generating
the most interest was PPARy because thiazolidinediones, such
as rosiglitazone, were established in the management of dia-
betes in the clinic and the belief was that these compounds
could be used to treat inflammatory diseases. Unfortunately, a
recent problem which may hamper this strategy has been the
suggestion of an association of rosiglitazone treatment with
an increased risk of cardiovascular events in patients being
treated for type 2 diabetes. It remains to be seen whether this
is a class effect of the thiazolidinediones or whether it is due
to PPARy activation. In contrast, in patients with type 2 dia-
betes mellitus and a high cardiovascular risk the PROactive
study demonstrated that pioglitazone significantly reduced
the predefined secondary combined endpoint of total mortal-
ity, nonfatal myocardial infarction and stroke (Dormandy
et al., 2005) suggesting that these are not class effects. Inter-
estingly, a clinical trial is currently underway examining the
effect of rosiglitazone on lung function in comparison with
low-dose inhaled corticosteroids in steroid naive smokers
with asthma (Spears et al., 2006). The results of this trial will
be keenly awaited, not only to determine the hoped for effi-
cacy but also to see if this approach is free of unwanted side
effects. However, this fact coupled with the recent positive
animal model results obtained with PPARa and PPARS ago-
nists make this a field worthy of continued exploration in the
hope of discovering novel and effective treatments for these
chronic diseases of the airways.
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