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In this special issue of PPAR Research, we have assembled a
comprehensive and complementary group of review articles
and original investigations that illustrate the pivotal role of
the PPAR family of nuclear hormone receptors in the regu-
lation of fundamental cellular events in the lung. The lung
performs the vital function of gas exchange required for the
delivery of oxygen to tissues. In performing this function, the
lung is continuously exposed to a diverse array of microbial
pathogens, allergens, and toxic particulate matter. These in-
sults require immune and reparative responses that are ap-
propriate, yet tightly regulated in order to maintain the del-
icate alveolar structures required for efficient gas exchange.
PPARs and their obligatory heterodimer partners retinoid X
receptors (RXR) are well known to regulate the expression
of genes involved in lipid and glucose metabolism. More re-
cently, these transcription factors have been shown to modu-
late developmental, inflammatory, and reparative responses,
including those that occur in the lung.

Articles included in this special issue highlight the im-
portance of PPARs and RXR in lung biology and in the
pathogenesis of lung disease. Both PPAR-y and RXR partici-
pate in lung morphogenesis, including the processes of post-
natal alveolar elastogenesis and maturation.The majority of
studies reported to date support a role for PPAR-«a and/or
PPAR-y in inhibiting the release of inflammatory mediators
from lung immune and stromal/parenchymal cells in vitro,
and dampening inflammation and damage in animal mod-
els of acute lung injury (ALI), ischemia-reperfusion injury,
and allergic airways inflammation. Emerging evidence indi-
cates that PPAR family members can also suppress prolif-
erative and differentiation responses of lung epithelial cells,
smooth muscle cells, and fibroblasts, which is of particular

relevance to tissue remodeling and fibroproliferation that oc-
cur in chronic airways disease, ALI, pulmonary vascular dis-
ease, and pulmonary fibrosis. In contrast to these notable
inhibitory effects, PPAR-y can also activate key macrophage
antimicrobial and reparative responses, in part by enhancing
the expression of cell surface receptors required for ingestion
of microbes and cellular debris present within the airspace.
Finally, data is summarized to illuminate the central role of
PPAR-y in regulating critical aspects of lung tumor initiation,
progression, and metastasis. Specific effects include promo-
tion of tumor cell differentiation, induction of cell cycle ar-
rest and apoptosis, suppression of angiogenesis, and modu-
lation of immune/stromal cells within the tumor microenvi-
ronment.

The field of PPAR research continues to be hindered by
the nonselective effects of synthetic and naturally occurring
agonists, the limited availability of potent and specific in-
hibitors, and the absence of ideal genetic models of PPAR
deficiency. The introduction of new molecular tools and the
generation of conditionally targeted and site specific (in-
cluding lung epithelial cell-specific) PPAR-y deficient mice
will allow better distinction between PPAR-dependent and
PPAR-independent effects. Moreover, the search for relevant
endogenous PPAR ligands continues. The recently described
nitroalkene species are appealing candidates, although the
presence of these molecules in lung tissues has not yet been
characterized.

We thank the editors for the opportunity to share with
the readership this important area of investigation. It is our
hope that this special issue will serve as a catalyst for new
initiatives in this exciting and rapidly evolving field. Obser-
vations made at the bench have already transitioned to the
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bedside, as trials assessing effects of PPAR-y agonists in the
treatment of diverse lung diseases, including asthma and lung
cancer, are ongoing.

Theodore J. Standiford
Jesse Roman
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Understanding lung development has significant importance to public health because of the fact that interruptions in the normal
developmental processes can have prominent effects on childhood and adult lung health. It is widely appreciated that the retinoic
acid (RA) pathway plays an important role in lung development. Additionally, PPARs are believed to partner with receptors of
this pathway and therefore could be considered extensions of retinoic acid function, including during lung development. This
review will begin by introducing the relationship between the retinoic acid pathway and PPARs followed by an overview of lung
development stages and regulation to conclude with details on PPARs and the retinoic acid pathway as they may relate to lung

development.
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1. THE RETINOIC ACID PATHWAY AND PPAR

The effects of retinoic acid are mediated by the retinoic acid
receptors (RAR) and retinoid X receptors (or 9-cis retinoic
acid receptor, RXR). RARs and RXRs each have 3 separate
subtypes: «, 8, and y. RXR is specific for the 9-cis retinoic
acid (9CRA) stereoisomer, while RAR binds both 9CRA and
all-trans retinoic acid (ATRA). RARs form heterodimers with
the three RXR subtypes and RXR’s form heterodimers with
members of the nuclear receptor family, including PPARy.
RXRs can also form homodimers, which among other ef-
fects, can activate PPAR target genes [1]. While as a group,
the three PPAR isoforms («, /8, and y) function to regu-
late cellular lipid utilization and homeostasis, each isoform
has discrete yet overlapping functions and ligand specifici-
ties. Upon activation by an appropriate ligand, PPARs form
an obligate heterodimer with RXR to recruit nuclear recep-
tor coactivators. Because they function as heterodimers with
the RXR, PPARs could be considered an extension or mod-
ulator of the retinoic acid signaling pathway. The canoni-
cal pathway is that these ligand-activated PPAR-RXR het-
erodimers bind to peroxisome proliferator response elements
(PPREs), and activate gene transcription, although PPARs
can also serve as active transcriptional repressors [2]. Fur-

thermore, nongenomic functions of PPARs upon gene regu-
lation (e.g., regulatory effects independent of PPRE binding)
have been reported [3-5]. For instance, PPARs are capable
of trans-repression of other transcription factors, through
direct interaction or through interaction with other coacti-
vator/corepressors. Schupp and colleagues recently demon-
strated that a RAR« antagonist can directly affect PPARy ac-
tivity and therefore be considered both a PPARy agonist and
RARw antagonist [6]. Additionally, Szatmari and colleagues
found that PPARy regulates CD1d, a molecule involved in
dendritic cell antigen presentation, by inducing retinoic acid
synthesis through RAR« [7]. These observations highlight
the complex interplay between nuclear receptors. Given the
numerous pathways through which PPARs could regulate
gene expression either directly or indirectly, it is easy to en-
vision that they may play a role in the complex regulatory
mechanisms of lung development.

2. THE REGULATION OF MAMMALIAN
LUNG DEVELOPMENT

Mammalian lung development follows a highly regulated,
morphogenetic program beginning near mid-gestation and
continuing through postnatal life [8, 9]. The mammalian
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lung initiates as an out-pouching of the ventral foregut en-
doderm. Initially, during the “embryonic” stage of organ de-
velopment, which occurs during 5th and 6th week of gesta-
tion in the human or embryonic days 9.5 (E9.5) and E10.5
in the mouse, the lung arises as a ventral diverticulum of
the foregut endoderm, separating from the esophagus and
elongating caudally. This bud branches to give rise to the
main bronchi of the left and right lung. Significant recent
advances have been made in the understanding of the genetic
and molecular mechanisms governing many of the early pro-
cesses of lung development [10, 11]. Lung bud initiation and
outgrowth is controlled by both the Gli/Shh pathway [12-14]
and FGF receptor signaling [15].

Beginning in the pseudoglandular stage (which occurs
between 6 and 16 weeks of gestation in humans or E10.5—
16.5 in mice) and continuing through the canalicular stage
(which occurs between 16 and 26 weeks of gestation in hu-
mans or E16.5-17.5 in mice), this lung bud subsequently un-
dergoes repeated rounds of dichotomous branching to pro-
duce the tree-like structure of the mature conducting air-
way. Numerous molecules are currently appreciated as play-
ing a role in the branching process. Many, though certainly
not all, of these molecules belong to the BMP and FGF sig-
naling pathways [16-21]. BMP-4 and FGF-10 are believed
to form signaling centers that specify branch initiation sites
and outgrowth [22]. Locations of branching specificity are
limited, in part, by molecules such as Sprouty and Noggin,
which antagonize FGF and BMP signaling [23, 24]. Many
other factors such as EGF, Shh, and Wnt also play a role
in the regulation of branching morphogenesis. The involve-
ment of these particular pathways also highlights the role
of epithelial-mesenchymal interactions in lung development.
It is well accepted that epithelial-mesenchymal interactions
are essential for normal lung development, primarily during
embryonic growth and differentiation [25, 26]. The specific
role of epithelial-mesenchymal interactions in later stages of
lung development, including postnatal lung maturation, is
unclear. In addition to the continuation of branching mor-
phogenesis, the canalicular stage is marked proximo-distal
cell type specification and vascularization.

From 26 to 36 weeks of gestation (E17.5 through postna-
tal day 4 in mice), the “saccular” stage completes formation
of the conducting airway tree and differentiation of distal ep-
ithelial cells. During this stage, the distal architecture of the
lung dramatically changes due to further differentiation and
flattening of distal airway epithelia. This process is coordi-
nated by factors such as GATA-6, Nkx2.1, HNF3p, C/EBPq,
glucococorticoid hormones, and FGFs [27]. At or near the
end of the saccular stage, the lung becomes prepared for a
transition to air breathing with the production of pulmonary
surfactant. Recent studies support a role for the forkhead box
transcription factor, Foxa2 as a master regulator of surfactant
production [28], in coordination with the transcription fac-
tors, Ttfl and C/EBPa [29]. The calcineurin/NFAT signaling
pathway also appears to play a role in this process [30].

Finally, the gas exchange portions of the lung are formed
during the alveolar stage of development. This occurs begin-
ning in week 36 of human gestation and continues through

early childhood. In mice, this stage occurs entirely during the
postnatal period, beginning in the first week of life and con-
tinuing through the first month. Maturation of gas-exchange
capacity involves airway wall secondary crest septation and
elongation, a process referred to as alveogenesis. Elongation
of secondary septae results in partitioning of saccules into
alveolar ducts and alveoli with an increase in gas-exchange
surface area. Lung maturation and alveogenesis continues af-
ter birth in both rodents and humans. Although the number
of airway generations and branching pattern of the lung is es-
tablished at birth, the morphology of the lung parenchyma is
quite different between the newborn and the adult [31]. Alve-
oli continue to form for at least 2 years after birth in humans.
A detailed understanding of the regulatory processes control-
ling alveogenesis is lacking. Retinoic acid (discussed further
below), PDGEF, and FGF signaling all contribute to the regu-
lation of secondary crest elongation. PDGF-A is essential in
alveolar formation as defined by failed alveogenesis in its de-
ficiency state secondary to a lack of development of alveolar
myofibroblasts [32]. FGF signaling is also critical to alveo-
genesis, again, as defined by combined deficiency in FGFR3
and FGFR4 [33]. Interestingly, the ligand(s) mediating this
effect is unknown. These data can be integrated into a model
predicting morphogenic gradients of RA and FGF signaling
secondary crest elongation [34]. In recent years, the impor-
tance of coordinated development of the vasculature during
alveolarization has gained appreciation. It is clear that the ap-
propriate balance of VEGF activity, which is an important
pathway for vascular development and maintenance, plays a
critical role in alveogenesis [35-38]. VEGF also appears to
play a critical role in promoting surfactant expression [39].

Boyden and Tompsett have described a mechanism for
airspace formation distinct from the process of saccule sub-
division by secondary septal elongation; the transformation
of terminal or respiratory bronchioles into alveolar ducts
[31, 40]. Massaro et al. corroborated this concept, find-
ing that airspaces can develop through the nutritionally-
dependent elongation of the conducting airway and de novo
formation of alveoli (termed “retrograde alveolarization of
bronchioles”) [41]. Since the time of these seminal observa-
tions, only a few studies have clarified the regulation of alve-
olar duct formation and its contribution to airspace struc-
ture. Intact collagen and/or elastin fibers appear necessary for
the development of alveolar ducts, as treatment of neonatal
rats with the BAPN, an inhibitor of the collagen and elastin
cross-linking enzyme lysyl oxidase results in increased vol-
ume density of alveolar ducts [42]. Indomethacin treatment
of neonatal rats also results in increased alveolar duct forma-
tion, implicating endogenous prostaglandin levels as a regu-
latory component in this process [43].

3. RETINOIC ACID SIGNALING IS ESSENTIAL AT MANY
POINTS IN LUNG DEVELOPMENT

The retinoic acid pathway can have effects on all stages
of lung development (see Figure 1). The RARs and RXRs
have distinct expression patterns, notably during mouse em-
bryonic development [44-47]. Specifically, RXRs have been
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shown to be expressed in the human lung during critical pe-
riods in development from 13 weeks gestation until term,
then their expression becomes markedly reduced in the adult
[44]. Interestingly, retinoic acid signaling is downregulated
during lung epithelial tubule branching and differentiation,
which ultimately allows formation of mature type I and II
cells [46, 48].

To understand their functional role, gene-targeted mice
have been generated for all 3 RARs and RXRs [49-51]. RAR
single mutants are viable though they display a range of vi-
tamin A deficiency syndromes, which increase when double
null mutants are generated [49, 50]. RXRa« loss results in fe-
tal lethality at around E14.5 [52, 53]. Similar to PPARy null
mutants, these mice display severe myocardial hypoplasia.
Because of the in utero lethality, mice with alleles for con-
ditional gene targeting have been generated [51]. Based on
these studies, RXRa has been found to be a crucial mediator
of metabolism and skin development [54-57]. RXR mutant
fetuses also have high mortality (50%) with infertility in vi-
able male pups [58]. RXRy mutant mice survive and are fer-
tile though they have abnormal metabolism secondary to al-
terations in pituitary-thyroid axis [59, 60]. The development
of these genetically altered mice has provided insight into the
functional role of the RA signaling pathway as it relates to
lung development. Targeted deletion of RARS alters the reg-
ulation of lung septation [61]. RARy deletion also results in
reduced elastic tissue and alveolar number with increase in
mean chord length [62]. The authors found similar results
with RXRa deletion. Desai and colleagues demonstrated that
balanced activation of RAR« and f3 is critical for normal lung
bud initiation and endodermal differentiation [63]. Mollard
and colleagues determined that RA signaling through RARp
during the pseudoglandular stage promotes the formation of
conducting airways [64]. Because single RAR mutants have
few to no lung abnormalities [61, 64—68], double mutants
have been developed because of the apparent redundancy
in these receptors. For example, RARa/RXRa and RAR«/f3
double mutants develop lung hypoplasia or agenesis [69-71].
Additionally, retinoids are capable of promoting the forma-
tion of alveoli in neonatal rats and in adult rats with elastase-
induced emphysema [72, 73].

4. EPITHELIAL CELL PPARy EXPRESSION
CONTRIBUTES TO THE REGULATION OF
LUNG MATURATION

Most of the literature regarding the role of PPARs in the
lung has focused on understanding PPARy. While PPAR«
shares the common characteristic of having potent anti-
inflammatory properties with PPARy, it has not been shown
to have arole in regulating lung development. Similarly, there
has been no description for a role of PPARS/6 in modulating
lung development though Matsuura and colleagues demon-
strated upregulation of PPARB/§ expression in induced hu-
man tracheobronchial epithelial (HBE) cells which suggests
that PPARB/J may have a role in the squamous differenti-
ation process of airway cells [74]. PPARy is expressed as at
least 2 different isoforms, y1 and y2. These isoforms differ

only by the addition of 30 amino acids at the amino termi-
nus of y2, and appear to be functionally equivalent. While
PPARy2 is expressed primarily in adipose tissue, PPARy1
is expressed in a broad range of tissues including the lung,
heart, skeletal muscle, large and small intestine, kidney, pan-
creas, spleen, and breast [5, 75]. Within the lung, PPARy ex-
pression has been reported in the airway epithelium [76, 77],
bronchial smooth muscle [76, 78], endothelial cells [79],
macrophages [80], eosinophils [81], and dendritic cells [82].
There is little data describing the expression of PPARy in
the developing lung. Barlier-Mur and colleagues found that
PPARyl mRNA was detectable at 18 days gestation in fetal
rat lungs, as well as the C/EBPs [83]. The expression of these
factors increased during development, peaking just prior to
delivery. While they and others [84] have reported PPARy
expression in type II alveolar cells, they did not see that this
expression pattern was developmentally regulated, although
it could be induced by exposure of cultured type II alveo-
lar cells to dexamethasone, retinoic acid, EGE and KGE. In-
terestingly, PPARy protein concentrations were only induced
by KGE and not with EGF or dexamethasone. We observed a
spatial and temporally restricted pattern of PPARy expres-
sion, including prominent immunolocalization within the
conducting airway epithelium of normal mouse lungs [85].
This pattern of staining was first detectable at birth and in-
creased in intensity over the first few weeks of life in mice.

PPARy can play a prominent role in regulating cellular
differentiation. PPARY is sufficient and necessary to promote
the formation of adipocytes and the development of adipose
tissue in vivo [75, 86]. This appears to be due, at least in
part, to the ability of PPARy to regulate numerous genes in-
volved in lipid metabolism. Complete germ-line PPARy de-
ficiency in mice results in embryonic death at mid gestation,
prior to lung development due to failed placental cytotro-
phoblast differentiation, which is necessary for placental vas-
cularization [87]. Recently, Duan and colleagues generated a
mouse model of complete PPARy deficiency that spared the
trophoblast, allowing delivery of viable pups that they used
to study the role of PPARy in the metabolic syndrome [88].
Unfortunately, there was no description of effect on lung de-
velopment. A role for PPARy in promoting cellular differen-
tiation is also suggested by its antitumor effects in vivo and in
vitro, which include suppressing cellular proliferation, pro-
moting cell death, and inducing differentiation of malignant
tumors cells from various organs including the lung [89],
breast [90], colon [91], and adipose tissue [92]. In isolated
lung epithelial cells, PPARy can promote the expression of
markers for terminal differentiation including the expression
of surfactant associated protein genes [93-95].

In addition to its roles in cellular differentiation and or-
gan/tissue development, PPARy is widely appreciated as a
regulator of tissue inflammation, which will be discussed
in other sections of this review. In brief, PPARy activation
can modulate various immune cell functions. For example,
PPARy regulates monocyte/macrophage differentiation and
promotes cellular activation as measured by increased pro-
duction of metalloproteinases and reactive oxygen species
[96]. Dendritic cells express PPARy, which upon activation
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FIGURE 1: Retinoic acid and PPARy signaling are essential at many points during lung development. Lung development occurs in multiple
stages (top), each involving critical processes (middle) and multiple regulatory factors. This schematic highlights the timeline for human
lung development, though murine lung development occurs in similar stages. It is widely appreciated that retinoic acid signaling has effects
on all stages of lung development (bottom). Recently, PPARy has also been found to be a critical modulator of postnatal lung development.
(Adapted from Mariani, T.J. Developmental genetics of the pulmonary system. In: Moody, S.A., Editor, Principles of developmental genetics.
Burlington, VT: Academic Press, 2007:932-945. With the permission of Elsevier Inc.)

can influence cell maturation and antigenic peptide presen-
tation to T cells [82, 97]. PPARy is expressed at low lev-
els in resting T cells, but is increased following T cell acti-
vation where PPARy can then inhibit T cell IL-2 and IFNy
production [98]. Additionally, PPARy activation has an an-
tiproliferative and cytotoxic effect on normal and malignant
B cells [99]. While PPARy expression has been reported in
these various cell types, the target cells and mechanisms for
the protective, anti-inflammatory activities of PPARy ligands
within the lung are unclear. Some of these inflammation-
related functions of PPARy appear to mediate, at least in part,
the regulation of resident cell functions. PPARy has been
shown to be expressed in cultured human airway smooth
muscle cells and its activation inhibits cell growth while in-
ducing apoptosis and inhibits release of GM-CSF and G-CSF
to a greater extent than dexamethasone, a medication fre-
quently used in asthma [78]. Further, in cultured human air-
way epithelial cells, PPARy activation can inhibit expression
of proinflammatory mediators such as TNF-«, IL-8, iNOS,
and MCP-1 [5, 77, 81].

Our laboratory sought to understand the physiological
role of epithelial cell PPARy and its potential contribution to
lung development and homeostasis, considering the fact that
PPARy is capable of having a significant and complex influ-
ence upon cellular differentiation, organ development, and
the control of tissue homeostasis. We hypothesized that ep-
ithelial cell PPARy might be necessary for the establishment
and maintenance of normal lung structure through regula-
tion of epithelial cell differentiation and/or control of lung
inflammation.

Using a conditional targeting strategy, we deleted the
PPARy gene specifically within conducting airway epithe-
lial cells [85]. We started by generating a new line of
Cre Recombinase-expressing targeting mice, termed CCtCre,
where the rat CC10 promoter was used to drive Cre expres-
sion specifically within the lung conducting airway epithe-
lium. Functional targeting specificity in these CCtCre mice
was confirmed by crossing them to the ROSA26 reporter line.
Crossing the CCtCre mice with mice engineered to have loxP
sites (targets of Cre-mediated recombination) flanking exon
2 of the PPARy gene led to targeted deletion within the air-
way epithelium (see Figure 2).

Lungs from PPARy conditionally targeted, airway epithe-
lial cell PPARy deficient mice revealed structural and func-
tional abnormalities at maturity, but not prior to maturity,
including enlarged airspaces consistent with a deficiency in
postnatal lung maturation (see Figure 1). Abnormal airspace
structure persists throughout adulthood, but is not progres-
sive and occurs in the absence of inflammation. While con-
trol animals show a reduction in mean airspace size between
2 and 8 weeks of age, conditionally targeted, airway epithe-
lial cell PPARy deficient animals do not. These data suggest
that the phenotype results from an insufficiency in postna-
tal lung maturation. This does not appear to be the result
of a defect in alveogenesis, as numerous normal-sized alveoli
exist in conditionally targeted lungs. However, an abnormal
distribution of airspaces, with increased numbers of alveolar
ducts is observed (unpublished observations).

No qualitative or quantitative changes in the major
classes of airway and airspace epithelial cells are evident, but
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FIGURE 2: The generation of conditionally targeted epithelial cell PPARYy deficient mice [85]. We developed a line of mice capable of targeting the
airway epithelium by expressing Cre recombinase under the direction of the rat CC10 promoter (top, left). These mice, termed CCtCre, were
crossed with the ROSA26 Cre reporter mouse to test the efficiency for recombining loxP sites in vivo which demonstrated -galactosidase
staining limited to the conducting airway epithelium (arrow within inset). We crossed the CCtCre mice with mice homozygous for a PPARy
allele with a pair of 1oxP sites flanking exon 2 of the gene (top, right) [100], creating mice with PPARy deficiency limited to the conducting
airway epithelium (bottom, left). The conditional targeted genotype was confirmed by identification of gene rearrangement specifically in

the lung alone (bottom, right).

some characteristics of airway epithelial cell differentiation
appear affected. We found, through genome wide expression
analysis of targeted airway epithelial cells, changes consistent
with alterations in PPARy function (Lip1, Abcal, and Apoe)
and cellular differentiation (Moesin, Ctsb, KIf13). We believe
that altered epithelial-mesenchymal interactions, secondary
to epithelial PPARy deficiency, lead to changes in extracellu-
lar matrix gene expression and abnormal lung structure at
maturity. Efforts to further define the mechanism(s) mediat-
ing this abnormality and to test the role of this transcription
factor in regulating airway inflammation are the focus of cur-
rent investigation.

In summary, it is well appreciated that the retinoic acid
signaling pathway contributes to the regulation of lung devel-
opment at many different stages, including during terminal
maturation giving rise to the functional gas exchange units
of the lung, the alveoli. Although retinoic acid activity dur-
ing alveogenesis appears to be linked to elastin fiber forma-
tion, the cellular and molecular mechanisms for these effects
are not well defined. It has recently become apparent that
PPARy has a role in contributing to these regulatory pro-
cesses. Again, the mechanisms at work are yet to be defined.
Potentially, they involve the regulation of epithelial cell differ-
entiation, and may act in part through interaction with the
RARs and RXRs. Tremendous current activities in the field of
PPAR biology should rapidly lead to a better understanding
of the role of these transcription factors in promoting lung
maturation and their potential contribution to human lung
disease.

REFERENCES

[1] A.TIjpenberg, N.S. Tan, L. Gelman, et al., “In vivo activation
of PPAR target genes by RXR homodimers,” The EMBO Jour-
nal, vol. 23, no. 10, pp. 2083-2091, 2004.

[2] C. Yu, K. Markan, K. A. Temple, D. Deplewski, M. J. Brady,
and R. N. Cohen, “The nuclear receptor corepressors NCoR
and SMRT decrease peroxisome proliferator-activated recep-
tor y transcriptional activity and repress 3T3-L1 adipoge-
nesis,” Journal of Biological Chemistry, vol. 280, no. 14, pp.
13600-13605, 2005.

[3] L. H. Wang, X. Y. Yang, X. Zhang, et al., “Transcriptional
inactivation of STAT3 by PPARy suppresses IL-6-responsive
multiple myeloma cells,” Immunity, vol. 20, no. 2, pp. 205—
218, 2004.

[4] M. Gurnell, J. M. Wentworth, M. Agostini, et al., “A
dominant-negative peroxisome proliferator-activated recep-
tor y (PPARy) mutant is a constitutive repressor and inhibits
PPARy-mediated adipogenesis,” Journal of Biological Chem-
istry, vol. 275, no. 8, pp. 5754-5759, 2000.

[5] R. A. Daynes and D. C. Jones, “Emerging roles of PPARs in
inflammation and immunity,” Nature Reviews Immunology,
vol. 2, no. 10, pp. 748-759, 2002.

[6] M. Schupp, J. C. Curtin, R. J. Kim, A. N. Billin, and M. A.
Lazar, “A widely used retinoic acid receptor antagonist in-
duces peroxisome proliferator-activated receptor-y activity,”
Molecular Pharmacology, vol. 71, pp. 1251-1257, 2007.

[7] L. Szatmari, A. Pap, R. Riihl, et al., “PPARy controls CD1d
expression by turning on retinoic acid synthesis in develop-
ing human dendritic cells,” Journal of Experimental Medicine,
vol. 203, no. 10, pp. 2351-2362, 2006.



PPAR Research

(8]

[9

[10]

(11]

(12]

[13]

(14]

(15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

T. J. Mariani and N. Kaminski, “Gene expression studies in
lung development and lung stem cell biology,” Current Topics
in Developmental Biology, vol. 64, pp. 57-71, 2004.

T.]. Mariani, J. J. Reed, and S. D. Shapiro, “Expression profil-
ing of the developing mouse lung: insights into the establish-
ment of the extracellular matrix,” American Journal of Respi-
ratory Cell and Molecular Biology, vol. 26, no. 5, pp. 541-548,
2002.

D. Warburton, J. Zhao, M. A. Berberich, and M. Bernfield,
“Molecular embryology of the lung: then, now, and in the
future,” American Journal of Physiology - Lung Cellular and
Molecular Physiology, vol. 276, no. 5, part 1, pp. L697-L704,
1999.

D. Warburton, M. Schwarz, D. Tefft, G. Flores-Delgado, K. D.
Anderson, and W. V. Cardoso, “The molecular basis of lung
morphogenesis,” Mechanisms of Development, vol. 92, no. 1,
pp. 55-81, 2000.

J. Motoyama, J. Liu, R. Mo, Q. Ding, M. Post, and C.-C. Hui,
“Essential function of Gli2 and Gli3 in the formation of lung,
trachea and oesophagus,” Nature Genetics, vol. 20, no. 1, pp.
54-57, 1998.

Y. Litingtung, L. Lei, H. Westphal, and C. Chiang, “Sonic
hedgehog is essential to foregut development,” Nature Genet-
ics, vol. 20, no. 1, pp. 58-61, 1998.

C. V. Pepicelli, P. M. Lewis, and A. P. McMahon, “Sonic
hedgehog regulates branching morphogenesis in the mam-
malian lung,” Current Biology, vol. 8, no. 19, pp. 1083-1086,
1998.

K. Peters, S. Werner, X. Liao, S. Wert, J. A. Whitsett, and L.
Williams, “Targeted expression of a dominant negative FGF
receptor blocks branching morphogenesis and epithelial dif-
ferentiation of the mouse lung,” The EMBO Journal, vol. 13,
no. 14, pp. 3296-3301, 1994.

S. Bellusci, J. Grindley, H. Emoto, N. Itoh, and B. L. M.
Hogan, “Fibroblast growth factor 10 (FGF10) and branching
morphogenesis in the embryonic mouse lung,” Development,
vol. 124, no. 23, pp. 4867-4878, 1997.

D. Sutherland, C. Samakovlis, and M. A. Krasnow, “branch-
less encodes a Drosophila FGF homolog that controls tracheal
cell migration and the pattern of branching,” Cell, vol. 87,
no. 6, pp. 1091-1101, 1996.

W. Y. Park, B. Miranda, D. Lebeche, G. Hashimoto, and W.
V. Cardoso, “FGF-10 is a chemotactic factor for distal epithe-
lial buds during lung development,” Developmental Biology,
vol. 201, no. 2, pp. 125-134, 1998.

H. Min, D. M. Danilenko, S. A. Scully, et al, “Fgf-10
is required for both limb and lung development and ex-
hibits striking functional similarity to Drosophila branchless,”
Genes and Development, vol. 12, no. 20, pp. 3156-3161, 1998.
K. Sekine, H. Ohuchi, M. Fujiwara, et al., “Fgf10 is essential
for limb and lung formation,” Nature Genetics, vol. 21, no. 1,
pp. 138-141, 1999.

S. Bellusci, R. Henderson, G. Winnier, T. Oikawa, and B. L.
M. Hogan, “Evidence from normal expression and targeted
misexpression that bone morphogenetic protein-4 (Bmp-4)
plays a role in mouse embryonic lung morphogenesis,” De-
velopment, vol. 122, no. 6, pp. 1693-1702, 1996.

M. Weaver, N. R. Dunn, and B. L. M. Hogan, “Bmp4 and
Fgf10 play opposing roles during lung bud morphogenesis,”
Development, vol. 127, no. 12, pp. 2695-2704, 2000.

]. D. Tefft, L. Matt, S. Smith, et al., “Conserved function of
mSpry-2, a murine homolog of Drosophila sprouty, which

(35]

negatively modulates respiratory organogenesis,” Current Bi-
ology, vol. 9, no. 4, pp. 219-222, 1999.

M. Weaver, J. M. Yingling, N. R. Dunn, S. Bellusci, and B. L.
M. Hogan, “Bmp signaling regulates proximal-distal differ-
entiation of endoderm in mouse lung development,” Devel-
opment, vol. 126, no. 18, pp. 4005-4015, 1999.

M. Roth-Kleiner and M. Post, “Genetic control of lung de-
velopment,” Biology of the Neonate, vol. 84, no. 1, pp. 8388,
2003.

J. M. Shannon and B. A. Hyatt, “Epithelial-mesenchymal in-
teractions in the developing lung,” Annual Review of Physiol-
0gy, vol. 66, pp. 625-645, 2004.

W. V. Cardoso, “Lung morphogenesis revisited: old facts, cur-
rent ideas,” Developmental Dynamics, vol. 219, no. 2, pp. 121—
130, 2000.

H. Wan, Y. Xu, M. Tkegami, et al., “Foxa2 is required for tran-
sition to air breathing at birth,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 101,
no. 40, pp. 14449-14454, 2004.

P. C. Martis, J. A. Whitsett, Y. Xu, A.-K. T. Perl, H. Wan,
and M. Ikegami, “C/EBP« is required for lung maturation
at birth,” Development, vol. 133, no. 6, pp. 1155-1164, 2006.

V. Davé, T. Childs, Y. Xu, et al., “Calcineurin/Nfat signaling is
required for perinatal lung maturation and function,” Journal
of Clinical Investigation, vol. 116, no. 10, pp. 2597-2609, 2006.
P. H. Burri, “Fetal and postnatal development of the lung,”
Annual Review of Physiology, vol. 46, pp. 617—628, 1984.

H. Bostrom, K. Willetts, M. Pekny, et al., “PDGF-A signaling
is a critical event in lung alveolar myofibroblast development
and alveogenesis,” Cell, vol. 85, no. 6, pp. 863-873, 1996.

M. Weinstein, X. Xu, K. Ohyama, and C.-X. Deng, “FGFR-3
and FGFR-4 function cooperatively to direct alveogenesis in
the murine lung,” Development, vol. 125, no. 18, pp. 3615—
3623, 1998.

T. J. Mariani, “Regulation of alveogenesis by reciprocal prox-
imodistal FGF and retinoic acid signaling,” American Journal
of Respiratory Cell and Molecular Biology, vol. 31, no. 2, pp.
§$52-S57, 2004.

Y. Kasahara, R. M. Tuder, L. Taraseviciene-Stewart, et al.,
“Inhibition of VEGF receptors causes lung cell apoptosis
and emphysema,” Journal of Clinical Investigation, vol. 106,
no. 11, pp. 1311-1319, 2000.

X. Zeng, S. E. Wert, R. Federici, K. G. Peters, and J. A. Whit-
sett, “VEGF enhances pulmonary vasculogenesis and dis-
rupts lung morphogenesis in vivo,” Developmental Dynamics,
vol. 211, no. 3, pp. 215-227, 1998.

H.-P. Gerber, K. J. Hillan, A. M. Ryan, et al., “VEGF is re-
quired for growth and survival in neonatal mice,” Develop-
ment, vol. 126, no. 6, pp. 1149-1159, 1999.

B. Thébaud, F. Ladha, E. D. Michelakis, et al., “Vascular en-
dothelial growth factor gene therapy increases survival, pro-
motes lung angiogenesis, and prevents alveolar damage in
hyperoxia-induced lung injury: evidence that angiogenesis
participates in alveolarization,” Circulation, vol. 112, no. 16,
pp. 2477-2486, 2005.

V. Compernolle, K. Brusselmans, T. Acker, et al., “Loss of
HIF-2a and inhibition of VEGF impair fetal lung maturation,
whereas treatment with VEGF prevents fatal respiratory dis-
tress in premature mice,” Nature Medicine, vol. 8, no. 7, pp.
702-710, 2002.

E. A. Boyden and D. H. Tompsett, “The changing patterns
in the developing lungs of infants,” Acta Anatomica, vol. 61,
no. 2, pp. 164-192, 1965.



D. M. Simon and T. J. Mariani

(41]

[42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

[54]

(55]

(56]

(57]

D. Massaro, N. Teich, S. Maxwell, G. D. Massaro, and P. Whit-
ney, “Postnatal development of alveoli. Regulation and evi-
dence for a critical period in rats,” Journal of Clinical Investi-
gation, vol. 76, no. 4, pp. 1297-1305, 1985.

K. Kida and W. M. Thurlbeck, “The effects of f-
aminopropionitrile on the growing rat lung,” American Jour-
nal of Pathology, vol. 101, no. 3, pp. 693-710, 1980.

A. Nagai, M. Katayama, W. M. Thurlbeck, R. Matsui, S. Yasui,
and K. Konno, “Effect of indomethacin on lung development
in postnatal rats: possible role of prostaglandin in alveolar
formation,” American Journal of Physiology - Lung Cellular
and Molecular Physiology, vol. 268, no. 1, part 1, pp. L56-L62,
1995.

Y. Kimura, T. Suzuki, C. Kaneko, et al., “Retinoid receptors in
the developing human lung,” Clinical Science, vol. 103, no. 6,
pp. 613-621, 2002.

P. Dolle, V. Fraulob, P. Kastner, and P. Chambon, “Devel-
opmental expression of murine retinoid X receptor (RXR)
genes,” Mechanisms of Development, vol. 45, no. 2, pp. 91—
104, 1994.

S. Malpel, C. Mendelsohn, and W. V. Cardoso, “Regulation of
retinoic acid signaling during lung morphogenesis,” Develop-
ment, vol. 127, no. 14, pp. 3057-3067, 2000.

P. Dolle, E. Ruberte, P. Leroy, G. Morriss-Kay, and P. Cham-
bon, “Retinoic acid receptors and cellular retinoid binding
proteins—I: a systematic study of their differential pattern
of transcription during mouse organogenesis,” Development,
vol. 110, no. 4, pp. 1133-1151, 1990.

C. Wongtrakool, S. Malpel, and J. Gorenstein, “Down-
regulation of retinoic acid receptor « signaling is required for
sacculation and type I cell formation in the developing lung,”
Journal of Biological Chemistry, vol. 278, no. 47, pp. 46911—
46918, 2003.

M. Mark, N. B. Ghyselinck, and P. Chambon, “Function of
retinoid nuclear receptors: lessons from genetic and pharma-
cological dissections of the retinoic acid signaling pathway
during mouse embryogenesis,” Annual Review of Pharmacol-
ogy and Toxicology, vol. 46, pp. 451-480, 2006.

P. Germain, P. Chambon, G. Eichele, et al., “International
union of pharmacology. LX. Retinoic acid receptors,” Phar-
macological Reviews, vol. 58, no. 4, pp. 712-725, 2006.

P. Germain, P. Chambon, G. Eichele, et al., “International
union of pharmacology. LXIIIL Retinoid X receptors,” Phar-
macological Reviews, vol. 58, no. 4, pp. 760-772, 2006.

P. Kastner, J. M. Grondona, M. Mark, et al., “Genetic anal-
ysis of RXRa developmental function: convergence of RXR
and RAR signaling pathways in heart and eye morphogene-
sis,” Cell, vol. 78, no. 6, pp. 987-1003, 1994.

H. M. Sucov, E. Dyson, C. L. Gumeringer, J. Price, K. R.
Chien, and R. M. Evans, “RXR « mutant mice establish a ge-
netic basis for vitamin A signaling in heart morphogenesis,”
Genes and Development, vol. 8, no. 9, pp. 1007-1018, 1994.
M. Li, H. Chiba, X. Warot, et al., “RXRa ablation in skin ker-
atinocytes results in alopecia and epidermal alterations,” De-
velopment, vol. 128, no. 5, pp. 675-688, 2001.

M. Li, A. K. Indra, X. Warot, et al., “Skin abnormalities gen-
erated by temporally controlled RXRa mutations in mouse
epidermis,” Nature, vol. 407, no. 6804, pp. 633—636, 2000.

D. Metzger, M. Li, and P. Chambon, “Targeted somatic mu-
tagenesis in the mouse epidermis,” Methods in Molecular Bi-
ology, vol. 289, pp. 329-340, 2005.

Y.-J. Y. Wan, D. An, Y. Cai, et al., “Hepatocyte-specific mu-
tation establishes retinoid X receptor a as a heterodimeric

[59

(60]

integrator of multiple physiological processes in the liver,”
Molecular and Cellular Biology, vol. 20, no. 12, pp. 4436—
4444, 2000.

P. Kastner, M. Mark, M. Leid, et al., “Abnormal spermatoge-
nesis in RXRB mutant mice,” Genes and Development, vol. 10,
no. 1, pp. 80-92, 1996.

W. Krezel, V. Dupé, M. Mark, A. Dierich, P. Kastner, and
P. Chambon, “RXR y null mice are apparently normal and
compound RXR a+/-/RXR f3-/-/RXR y-/- mutant mice are
viable,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 93, no. 17, pp. 9010-9014, 1996.
N. S. Brown, A. Smart, V. Sharma, et al., “Thyroid hormone
resistance and increased metabolic rate in the RXR-y- defi-
cient mouse,” Journal of Clinical Investigation, vol. 106, no. 1,
pp. 73-79, 2000.

G. D. Massaro, D. Massaro, W. Y. Chan, et al., “Retinoic acid
receptor-f3: an endogenous inhibitor of the perinatal forma-
tion of pulmonary alveoli,” Physiological Genomics, vol. 4,
no. 1, pp. 51-57, 2000.

S. McGowan, S. K. Jackson, M. Jenkins-Moore, H.-H. Dai,
P. Chambon, and J. M. Snyder, “Mice bearing deletions of
retinoic acid receptors demonstrate reduced lung elastin and
alveolar numbers,” American Journal of Respiratory Cell and
Molecular Biology, vol. 23, no. 2, pp. 162—167, 2000.

T. J. Desai, E. Chen, J. Lii, et al., “Distinct roles for retinoic
acid receptors « and 3 in early lung morphogenesis,” Devel-
opmental Biology, vol. 291, no. 1, pp. 12-24, 2006.

R. Mollard, N. B. Ghyselinck, O. Wendling, P. Chambon, and
M. Mark, “Stage-dependent responses of the developing lung
to retinoic acid signaling,” International Journal of Develop-
mental Biology, vol. 44, no. 5, pp. 457-462, 2000.

D. Lohnes, P. Kastner, A. Dierich, M. Mark, M. LeMeur, and
P. Chambon, “Function of retinoic acid receptor y in the
mouse,” Cell, vol. 73, no. 4, pp. 643-658, 1993.

E. Ruberte, P. Dolle, A. Krust, A. Zelent, G. Morriss-Kay, and
P. Chambon, “Specific spatial and temporal distribution of
retinoic acid receptor y transcripts during mouse embryoge-
nesis,” Development, vol. 108, no. 2, pp. 213-222, 1990.

J. Luo, P. Pasceri, R. A. Conlon, J. Rossant, and V. Giguere,
“Mice lacking all isoforms of retinoic acid receptor 3 de-
velop normally and are susceptible to the teratogenic effects
of retinoic acid,” Mechanisms of Development, vol. 53, no. 1,
pp. 61-71, 1995.

N. B. Ghyselinck, V. Dupé, and A. Dierich, “Role of the
retinoic acid receptor § (RARf) during mouse development,”
International Journal of Developmental Biology, vol. 41, no. 3,
pp. 425-447, 1997.

C. Mendelsohn, D. Lohnes, D. Decimo, et al., “Function of
the retinoic acid receptors (RARs) during development (II).
multiple abnormalities at various stages of organogenesis in
RAR double mutants,” Development, vol. 120, no. 10, pp.
2749-2771, 1994.

P. Kastner, M. Mark, N. Ghyselinck, et al., “Genetic evi-
dence that the retinoid signal is transduced by heterodimeric
RXR/RAR functional units during mouse development,” De-
velopment, vol. 124, no. 2, pp. 313-326, 1997.

M. Maden, “The role of retinoic acid in embryonic and post-
embryonic development,” Proceedings of the Nutrition Soci-
ety, vol. 59, no. 1, pp. 65-73, 2000.

G. D. Massaro and D. Massaro, “Postnatal treatment with
retinoic acid increases the number of pulmonary alveoli in
rats,” American Journal of Physiology - Lung Cellular and
Molecular Physiology, vol. 270, no. 2, part 1, pp. L305-L310,
1996.



PPAR Research

[73] G. C. Massaro and D. Massaro, “Retinoic acid treatment ab-

[74

[75

(76

(77

(78

(79

(80

(82

(83

(84

(85

]

J

]

]

]

]

]

J

]

]

rogates elastase-induced pulmonary emphysema in rats,” Na-
ture Medicine, vol. 3, no. 6, pp. 675-677, 1997.

H. Matsuura, H. Adachi, R. C. Smart, X. Xu, J. Arata, and
A. M. Jetten, “Correlation between expression of peroxi-
some proliferator-activated receptor  and squamous differ-
entiation in epidermal and tracheobronchial epithelial cells,”
Molecular and Cellular Endocrinology, vol. 147, no. 1-2, pp.
85-92, 1999.

J. Berger and D. E. Moller, “The mechanisms of action of
PPARs,” Annual Review of Medicine, vol. 53, pp. 409-435,
2002.

L. Benayoun, S. Letuve, A. Druilhe, et al., “Regulation of
peroxisome proliferator-activated receptor y expression in
human asthmatic airways: relationship with proliferation,
apoptosis, and airway remodeling,” American Journal of Res-
piratory and Critical Care Medicine, vol. 164, no. 8, part 1, pp.
1487-1494, 2001.

A. C. Wang, X. Dai, B. Luu, and D. J. Conrad, “Peroxisome
proliferator-activated receptor-y regulates airway epithelial
cell activation,” American Journal of Respiratory Cell Molec-
ular Biology, vol. 24, no. 6, pp. 688—-693, 2001.

H. J. Patel, M. G. Belvisi, D. Bishop-Bailey, M. H. Yacoub,
and J. A. Mitchell, “Activation of peroxisome proliferator-
activated receptors in human airway smooth muscle cells has
a superior anti-inflammatory profile to corticosteroids: rel-
evance for chronic obstructive pulmonary disease therapy,”
Journal of Immunology, vol. 170, no. 5, pp. 2663—-2669, 2003.
D. S. Calnek, L. Mazzella, S. Roser, J. Roman, and C. M.
Hart, “Peroxisome proliferator-activated receptor y ligands
increase release of nitric oxide from endothelial cells,” Arte-
riosclerosis, Thrombosis, and Vascular Biology, vol. 23, no. 1,
pp. 52-57, 2003.

G. Chinetti, S. Griglio, M. Antonucci, et al., “Activation of
proliferator-activated receptors « and y induces apoptosis of
human monocyte-derived macrophages,” Journal of Biologi-
cal Chemistry, vol. 273, no. 40, pp. 25573-25580, 1998.

G. Woerly, K. Honda, M. Loyens, et al, “Peroxisome
proliferator-activated receptors « and y down-regulate aller-
gic inflammation and eosinophil activation,” Journal of Ex-
perimental Medicine, vol. 198, no. 3, pp. 411-421, 2003.

P. Gosset, A.-S. Charbonnier, P. Delerive, et al., “Peroxisome
proliferator-activated receptor y activators affect the matura-
tion of human monocyte-derived dendritic cells,” European
Journal of Immunology, vol. 31, no. 10, pp. 2857-2865, 2001.
A.-M. Barlier-Mur, B. Chailley-Heu, C. Pinteur, A. Henrion-
Caude, C. Delacourt, and J. R. Bourbon, “Maturational
factors modulate transcription factors CCAAT/enhancer-
binding proteins «, f, §, and peroxisome proliferator-
activated receptor-y in fetal rat lung epithelial cells,” Amer-
ican Journal of Respiratory Cell and Molecular Biology, vol. 29,
no. 5, pp. 620-626, 2003.

L. F. Michael, M. A. Lazar, and C. R. Mendelson, “Peroxi-
some proliferator-activated receptor y1 expression is induced
during cyclic adenosine monophosphate-stimulated differ-
entiation of alveolar type II pneumonocytes,” Endocrinology,
vol. 138, no. 9, pp. 3695-3703, 1997.

D. M. Simon, M. C. Arikan, S. Srisuma, et al., “Epithelial
cell PPARy contributes to normal lung maturation,” FASEB
j, vol. 20, no. 9, pp. 1507—1509, 2006.

J. Zhang, M. Fu, T. Cui, et al., “Selective disruption of
PPARy2 impairs the development of adipose tissue and in-
sulin sensitivity,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 101, no. 29, pp.
10703-10708, 2004.

(87]

(88]

(89

[97]

[100]

Y. Barak, M. C. Nelson, E. S. Ong, et al., “PPARy is re-
quired for placental, cardiac, and adipose tissue develop-
ment,” Molecular Cell, vol. 4, no. 4, pp. 585-595, 1999.

S. Z. Duan, C. Y. Ivashchenko, S. E. Whitesall, et al., “Hy-
potension, lipodystrophy, and insulin resistance in general-
ized PPARy-deficient mice rescued from embryonic lethal-
ity,” Journal of Clinical Investigation, vol. 117, no. 3, pp. 812—
822, 2007.

P. Shankaranarayanan and S. Nigam, “IL-4 induces apopto-
sis in A549 lung adenocarcinoma cells: evidence for the piv-
otal role of 15-hydroxyeicosatetraenoic acid binding to acti-
vated peroxisome proliferator-activated receptor y transcrip-
tion factor,” Journal of Immunology, vol. 170, no. 2, pp. 887—
894, 2003.

E. Mueller, P. Sarraf, P. Tontonoz, et al., “Terminal differen-
tiation of human breast cancer through PPARy,” Molecular
Cell, vol. 1, no. 3, pp. 465-470, 1998.

P. Sarraf, E. Mueller, D. Jones, et al., “Differentiation and re-
versal of malignant changes in colon cancer through PPARy,”
Nature Medicine, vol. 4, no. 9, pp. 1046-1052, 1998.

P. Tontonoz, S. Singer, B. M. Forman, et al., “Terminal differ-
entiation of human liposarcoma cells induced by ligands for
peroxisome proliferator-activated receptor y and the retinoid
X receptor,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 94, no. 1, pp. 237-241, 1997.
Y. Bren-Mattison, V. van Putten, D. Chan, R. Winn, M.
W. Geraci, and R. A. Nemenoff, “Peroxisome proliferator-
activated receptor-y (PPARy) inhibits tumorigenesis by re-
versing the undifferentiated phenotype of metastatic non-
small-cell lung cancer cells (NSCLC),” Oncogene, vol. 24,
no. 8, pp. 1412-1422, 2005.

T.-H. Chang and E. Szabo, “Induction of differentiation and
apoptosis by ligands of peroxisome proliferator-activated re-
ceptor y in non-small cell lung cancer,” Cancer Research,
vol. 60, no. 4, pp. 1129-1138, 2000.

L. Yang, D. Yan, C. Yan, and H. Du, “Peroxisome proliferator-
activated receptor y and ligands inhibit surfactant protein B
gene expression in the lung,” Journal of Biological Chemistry,
vol. 278, pp. 36841-36847, 2003.

M. Ricote, A. C. Li, T. M. Willson, C. J. Kelly, and C. K. Glass,
“The peroxisome proliferator-activated receptor-y is a neg-
ative regulator of macrophage activation,” Nature, vol. 391,
no. 6662, pp. 79-82, 1998.

H. Hammad, H. J. de Heer, T. Soullié, et al., “Activation
of peroxisome proliferator-activated receptor-y in dendritic
cells inhibits the development of eosinophilic airway inflam-
mation in a mouse model of asthma,” American Journal of
Pathology, vol. 164, no. 1, pp. 263-271, 2004.

R. B. Clark, D. Bishop-Bailey, T. Estrada-Hernandez, T. Hla,
L. Puddington, and S. J. Padula, “The nuclear receptor
PPARy and immunoregulation: PPARy mediates inhibition
of helper T cell responses,” Journal of Immunology, vol. 164,
no. 3, pp. 1364-1371, 2000.

J. Padilla, K. Kaur, S. G. Harris, and R. P. Phipps, “PPAR-
y-mediated regulation of normal and malignant B lineage
cells,” Annals of the New York Academy of Sciences, vol. 905,
pp. 97-109, 2000.

T. E. Akiyama, S. Sakai, G. Lambert, et al., “Conditional
disruption of the peroxisome proliferator-activated recep-
tor y gene in mice results in lowered expression of ABCAI,
ABCG]1, and apoE in macrophages and reduced cholesterol
efflux,” Molecular and Cellular Biology, vol. 22, no. 8, pp.
2607-2619, 2002.



Hindawi Publishing Corporation

PPAR Research

Volume 2007, Article ID 23812, 12 pages
doi:10.1155/2007/23812

Review Article

PPARs in Alveolar Macrophage Biology

Monica R. Smith, Theodore J. Standiford, and Raju C. Reddy

Division of Pulmonary and Critical Care Medicine, Department of Internal Medicine,
University of Michigan Medical Center, Ann Arbor, MI 48109-2200, USA

Correspondence should be addressed to Raju C. Reddy, rajuc@umich.edu

Received 13 March 2007; Accepted 18 May 2007

Recommended by Jesse Roman

PPARs, most notably PPAR-y, play a crucial role in regulating the activation of alveolar macrophages, which in turn occupy a
pivotal place in the immune response to pathogens and particulates drawn in with inspired air. In this review, we describe the dual
role of the alveolar macrophage as both a first-line defender through its phagocytotic activity and a regulator of the immune re-
sponse. Depending on its state of activation, the alveolar macrophage may either enhance or suppress different aspects of immune
function in the lung. We then review the role of PPAR-y and its ligands in deactivating alveolar macrophages—thus limiting the
inflammatory response that, if unchecked, could threaten the essential respiratory function of the alveolus—while upregulating
the cell’s phagocytotic activity. Finally, we examine the role that inadequate or inappropriate PPAR-y responses play in specific
lung diseases.
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1. INTRODUCTION

Peroxisome proliferator-activated receptors (PPARs) are
members of the nuclear-receptor superfamily. Their name
derives from the first-discovered member of the class, PPAR-
a, whose activation induces proliferation of peroxisomes in
the liver; no similar effect is seen with other members of
the class, however. These receptors act as transcription fac-
tors, forming heterodimers with the retinoid X receptor and
then binding to specific response elements (PPREs) in the
promoter regions of the genes they regulate. When activated
by appropriate ligands, PPARs undergo a conformational
change that leads to release of corepressors and binding of
coactivator molecules, with consequent increases in tran-
scription of the genes involved. Some evidence suggests that
in the absence of activating ligands, PPARs may bind core-
pressors and downregulate expression of genes with PPRE-
containing promoters [1].

There are three PPAR isoforms: PPAR-a, PPAR-y, and
PPAR-S/6. Each of the isoforms is the product of a differ-
ent gene. PPAR-f3/0 is expressed in almost every tissue of the
body. PPAR-« is most commonly thought of in connection
with hepatocytes and PPAR-y with adipocytes, but in fact
both are expressed in a variety of cells and tissues. Broadly
speaking, PPAR-« regulates lipid metabolism, lipoprotein

formation and transport as well as lipid catabolism, whereas
PPAR-f3/§ promotes lipid oxidation, and PPAR-y promotes
adipogenesis [2]. Each has other functions in specific tis-
sues, however. For example, PPAR-« inhibits proliferation
of vascular smooth muscle cells in response to injury [3]
and antagonizes the effects of angiotensin II on the vas-
cular wall [4]. In skin, PPAR-/8 induces terminal differ-
entiation of keratinocytes [5]. Activation of PPAR-y in en-
dothelial and vascular smooth muscle cells likewise inhibits
expression of the angiotensin II receptor [6] and lowers
blood pressure in hypertensive mice [7]. PPAR-y agonists
have also been shown to exert antiproliferative effects on
a variety of cancer cells [8]. This has led to widespread
discussion of their possible usefulness in cancer therapy
(e.g., for breast cancer [9]) and even to a few early clinical
trials.

All three PPARs have significant anti-inflammatory
roles in cells of the immune system. PPAR-y has been
found in monocytes/macrophages [10, 11], neutrophils [12],
dendritic cells [13], B [14] and T [15-17] lymphocytes,
eosinophils [18], natural killer cells [19], and mast cells
[20]. PPAR-y downregulates expression of a number of
proinflammatory mediators while upregulating expression
of anti-inflammatory mediators (reviewed in [21]). PPAR-
a is found in essentially all the same cells as PPAR-y with
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the notable exception of (mature) dendritic cells and alveo-
lar macrophages [22]. Among the many anti-inflammatory
effects of PPAR-« that have been demonstrated is inhibition
of airway inflammation induced by lipopolysaccharide [23]
and of the inflammatory ear-swelling response to leukotriene
By [24]. Furthermore, the acute anti-inflammatory effects of
the anticholesterolemic drug simvastatin have been shown to
be mediated by PPAR-« [25]. The role of PPAR-f3/§ in the im-
mune system has been less extensively investigated and while
alveolar macrophages have been found to express PPAR-f3/8
[22], no studies to our knowledge have demonstrated the
functional importance of this receptor in these cells. PPAR-
/68 has been shown, however, to decrease the expression of
proinflammatory mediators by other types of macrophages
[26].

Monocytes are produced in the bone marrow but, un-
der the influence of chemoattractant molecules, migrate to
various tissues of the body where they differentiate into
macrophages and other cells of the immune system. The
amount of PPAR-y in monocytes is relatively low [27] but
increases sharply during differentiation [28]. Furthermore,
PPAR-y agonists stimulate monocyte-macrophage differen-
tiation [27, 29]. The resulting macrophages play key roles
in regulation of the immune process. Macrophages are best
recognized as phagocytes, but their secretion of either anti-
inflammatory or proinflammatory mediators, depending on
their own state of activation, plays a crucial role in reg-
ulation of immune system activity. Phenotypic character-
istics of macrophages differ depending upon the tissue in
which they differentiate and remain. This is particularly true
with macrophages of the alveolus which differ substantially
from peritoneal macrophages or macrophages differentiated
in vitro from blood-borne monocytes.

In this review, we examine the role of PPARs, focusing
predominantly on the PPAR-y subtype, in regulating the ac-
tivities of alveolar macrophages, which occupy a pivotal spot
both as primary phagocyte and as primary regulator of the
immune system’s response to pathogens and particulates that
reach the alveolus through inspired air. We also examine ways
in which inadequate or inappropriate PPAR-y responses can
contribute to diseases of the lung.

2. THE ALVEOLAR MACROPHAGE: PIVOTAL
REGULATOR OF IMMUNE RESPONSE

The lung is constantly exposed to noxious agents, both liv-
ing pathogens and nonliving particulates, that are drawn
into the alveolus with inspired air. The alveolar macrophage
represents the first line of defense against these agents. Yet
the gas-exchange function of the alveolus depends crucially
on the thinness and integrity of the structures separating
the air space from the pulmonary capillary. An inflamma-
tory response, with edema and perhaps subsequent fibrosis,
would severely impact this essential function. Thus, while in-
flammation may at times be necessary to eradicate invading
pathogens, this response must be strictly regulated, as an in-
flammatory response to every arriving particle or organism
would substantially diminish the lung’s functional capacity.

2.1. Alveolar macrophages: origin and function

There are two major types of resident immune cells in
the alveolus: dendritic cells and macrophages. Neutrophils,
eosinophils, lymphocytes, and natural killer cells are also
present but tend to be less prominent in the absence of overt
inflammation. The dendritic cell, which forms part of the
alveolar lining, mediates adaptive immunity. Indeed, it is the
dendritic cell that presents antigens to other effector cells of
the adaptive immune system and thus induces an antigen-
specific response. The macrophage is the primary mediator
of the innate immune response that does not require recog-
nition of a specific antigen.

Most alveolar macrophages are derived from circulating
monocytes. These monocytes are recruited into the lung,
where they differentiate into macrophages under influence
of the lung environment. In patients who have received bone
marrow transplants, macrophages with the donor genotype
replace those with host genotype; kinetics indicate an average
macrophage lifespan of 81 days [30]. There is also evidence,
however, for proliferation of differentiated macrophages
within the alveolus, since replicating macrophages can be ob-
served in bronchoalveolar lavage fluid and are more com-
mon in smokers and others with chronic lung inflammation
[31]. Observations during acute lung inflammation induced
by heat-killed Bacillus Calmette-Guérin indicate that even
though local proliferation increased approximately 3-fold,
the influx of monocytes was eight times as great [32]. In the
normal steady state, greater than 70% of the macrophages are
derived from circulating monocytes [33]. Substances known
to induce the monocyte-macrophage transition include 1,25-
dihydroxycholecalciferol and IL-10, as well as serum factors
that remain less well defined [34-37].

The most obvious role of the alveolar macrophage is as
a phagocyte. Phagocytes engulf viruses, bacteria, fungal cells,
and a variety of appropriately sized nonliving particulates.
Once engulfed, these particulates may be degraded if they
are susceptible to the enzymes of the lysosomal system, as
many (but not all) bacteria and fungi are. Otherwise, the
particles will remain encapsulated within the macrophages
until the latter either die (probably being engulfed by other
macrophages), are transferred to lymph nodes draining the
site, or are cleared from the airway by the mucociliary system
[38].

Phagocytosis of many pathogens is mediated by the
macrophage’s Toll-like receptors (named for their sequence
similarity to the Toll protein that governs dorsal-ventral pat-
terning in Drosophila larvae). As recently reviewed by Akira
[39], there are multiple Toll-like receptors; each recognizes
a different microbial component or pathogen-associated
molecular pattern (PAMP) which initiates signaling path-
ways through selective utilization of intracellular adaptor
molecules. Phagocytosis may also be triggered by receptors
for complement and the Fc portion of antibodies, thus tar-
geting pathogens that have been recognized by the adap-
tive immune system [40]. There are also scavenger recep-
tors that facilitate phagocytosis of particles coated with
surfactant proteins A and D, which bind to a wide va-
riety of bacteria and opsonize them (i.e., “tag” them for
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phagocytosis) [41-43]. Finally, there are scavenger recep-
tors that target inhaled particulates that have not otherwise
been “tagged” by the immune system or surfactant proteins
[44].

Alveolar macrophages are also involved in maintenance
and remodeling of lung tissue, on the one hand secreting
growth factors and cytokines that stimulate fibroblast pro-
liferation and matrix synthesis and on the other hand pro-
ducing matrix-degrading proteinases. Macrophage-secreted
factors supporting matrix production include transforming
growth factor- (TGF-f3) [45] and insulin-like growth factor-
1 [46]. In addition to stimulating fibroblast proliferation,
these cytokines stimulate production of collagen and of tis-
sue inhibitors of matrix metalloproteinases (MMPs) while
inhibiting metalloproteinase synthesis. A major matrix-
degrading enzyme produced by alveolar macrophages is
MMP-1 [47], although other MMPs as well as serine and cys-
teine proteinases also originate in macrophages.

A crucial nonimmune activity of macrophages is main-
tenance of pulmonary surfactant homeostasis. Surfactant,
which serves to prevent alveolar collapse by reducing surface
tension, is a mixture of proteins and lipids (mostly phospho-
lipids) secreted by the epithelial cells of the lung [48]. Newly
produced and biologically active surfactant takes the form of
relatively large protein-lipid aggregates. Over time, however,
the mechanical stresses associated with alveolar motion re-
duce the aggregates’ size until they no longer provide effec-
tive surface tension reduction. These small, nonactive aggre-
gates are taken up by both the epithelial cell and the alveolar
macrophage [49]; most of those taken up by the epithelial
cell are recycled, while those taken up by the macrophage are
degraded and eliminated [50]. Hence, the macrophage plays
a major role in elimination of excess surfactant.

2.2. Keyrole of alveolar macrophages in lung
immune system regulation

Factors expressed by the innate immune system, including
antibacterial proteins found in the pulmonary surfactant, are
relatively noninjurious to the pulmonary epithelium. Only
the generation of bactericidal reactive oxygen species is likely
to have toxic effects. The adaptive immune system, on the
other hand, relies heavily on inflammatory reactions to fight
invading pathogens. Thus, in the lung it is desirable to rely
on the innate immune system whenever possible.

When macrophages are stimulated by lipopolysaccharide
and other microbial components, these cells respond by elab-
orating substances that upregulate the innate immune sys-
tem, including chemoattractant molecules that recruit neu-
trophils and monocytes. Major chemoattractants produced
by alveolar macrophages include leukotriene B, [51] and
chemokines, particularly CXCL8 (IL-8) and CCL3 [52-54].

Conversely, in most circumstances the alveolar macro-
phage suppresses adaptive immunity, both through direct
actions on the T cell and by inhibiting antigen presenta-
tion by dendritic cells. Depletion of alveolar macrophages
in mice and rats, followed by antigen challenge, results in a
marked increase in production of all antibody classes and in
the number of T cells found in the lung and regional lymph

nodes [55]. Antigen presenting activity of the dendritic cells
is also increased [56]. Macrophages suppress lymphocyte ac-
tivation via the production of nitric oxide, prostaglandin E,,
and immunosuppressive cytokines including TGF-f and IL-
10 [57, 58]. More recently it has been found that these im-
munosuppressive cytokines are the product of an “alterna-
tively activated,” or “M2,” macrophage induced by the T2
cytokines IL-4 and IL-13 [59, 60].

There will be times when the innate system is over-
whelmed and the adaptive system must be activated. A recent
elegant paper by Takabayshi et al. explains how the alveolar
macrophage becomes activated and in turn able to stimulate
the adaptive immune system and how this activation is re-
versed in time in the absence of continued stimulation [61].

3. PPARs AND THE ALVEOLAR MACROPHAGE

Macrophages differentiated from monocytes in vitro express
all three isoforms of PPAR: PPAR-« [28], PPAR-f/§ [62],
and PPAR-y [28]. Activation of PPAR-a, but not of PPAR-y,
increased expression of NADPH oxidase and thereby facili-
tated production of reactive oxygen species [63]. Expression
of some, but not all, proinflammatory molecules is decreased
in macrophages isolated from PPAR-f3/8 knockout mice and
increased in macrophages overexpressing the receptor. How-
ever, expression of these molecules was decreased by PPAR-
B/6 agonists, suggesting that it is specifically the unliganded
receptor that is proinflammatory and that ligands may in-
duce a switch between pro- and anti-inflammatory states
[64]. In addition, both PPAR-f3/§ and PPAR-y agonists limit
the ability of lipopolysaccharide to induce molecules such as
nitric oxide synthase that are associated with inflammation
[65].

In liver, liver-type fatty acid binding protein (L-FABP) is
required for transport of both PPAR-« and PPAR-y ligands
into the nucleus [66]. Interestingly, alveolar macrophages are
the only cells of the myeloid lineage to contain L-FABP [22].
Since the promoter region of the L-FABP gene contains a
binding site for PPARs [66], this represents a potential signal-
enhancing feed-forward mechanism.

PPAR-y is known to be highly expressed in alveo-
lar macrophages [11, 67, 68]. This is in contrast to peri-
toneal macrophages, where the amount is quite low in
the macrophages normally resident in the peritoneum
but sharply higher in activated macrophages elicited by
thioglycolate [11]. The expression of PPAR-y in alveolar
macrophages is further upregulated by IL-4 [68]. Con-
versely, PPAR-y is downregulated in activated peritoneal
macrophages by interferon-y and lipopolysaccharide [65].
Interestingly, we found that the predominant isoform in alve-
olar macrophages is PPAR-y2, previously considered specific
for adipocytes [68].

Although the amount of PPAR-y in monocytes is
markedly lower than in macrophages, its activation in a
monocyte-like leukemia cell line has been shown to pro-
mote differentiation into cells displaying macrophage mark-
ers [27]. However, experiments with stem cells genetically
lacking PPAR-y have shown that this receptor is not essen-
tial for development of macrophages [69, 70].
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As in many other tissues, exactly which of the many natu-
ral ligands are physiologically most important is not entirely
clear. One of the highest-affinity natural ligands currently
known is 15-deoxy-A'>!*-prostaglandin J, (15d-PGJ,), but
levels of this molecule may be quite low in many tissues and
often do not correlate with responses presumed to be medi-
ated by PPAR-y [71]. On the other hand, this ligand is plen-
tiful in histiocytes and dendritic cells from a variety of tissues
[72]. An argument for the importance of 15d-PG]J, in alveo-
lar macrophages is that lipopolysaccharide-induced synthesis
of secretory type IIA phospholipase A, is inhibited by arachi-
donic acid, a precursor of 15d-PG]J, but not by its nonmetab-
olizable analog 5,8,11,15-tetraynoic acid [73]. Arachidonic
acid is converted to 15d-PGJ, by a pathway dependent on the
cyclooxygenase-2 (COX-2) enzyme, and COX-2 inhibitors
blocked the effect of arachidonic acid. Furthermore, the ef-
fect of arachidonic acid was mimicked by administration of
either 15d-PGJ, or the PPAR-y ligand ciglitazone. Thus, the
same effect is produced by synthetic PPAR-y ligands and a
metabolic precursor of 15d-PG]J,, suggesting that the effects
observed result from binding of 15d-PGJ, or a closely related
compound.

It has also been shown [74] that mice lacking lysosomal
acid lipase, and thus deficient in free fatty acids (including
arachidonic acid), have an inflammatory phenotype in the
lung that is largely eliminated by PPAR-y agonists. In this
case, however, the alteration is too far upstream to clearly
identify the specific PPAR-y ligand involved. Additionally,
evidence that a given ligand plays a crucial role in one sit-
uation does not rule out involvement of different ligands in
other situations.

In addition to 15d-PGJ,, known ligands for PPAR-
y include 13-hydroxyoctadecadienoic acid (13-HODE)
and 15-hydroxyeicosatetraenoic acid (15-HETE), respec-
tively produced from linoleic and arachidonic acids by
12/15-lipoxygenase. In peritoneal macrophages, the anti-
inflammatory cytokine IL-4 upregulates expression of both
12/15-lipoxygenase and PPAR-y, suggesting an important
role for those unsaturated fatty acid derivatives in at least that
specific type of macrophage [75]. 13-HODE is also found as-
sociated with oxidized LDL and is believed to play a role in
regulating fatty streak macrophages [29].

Recent studies have revealed relatively large amounts of
nitrated fatty acids in human blood and urine, with deriva-
tives of oleic acid being particularly abundant [76]. These
substances, which are presumably generated as a result of
nitric oxide production during inflammation, have been
shown to act as potent PPAR-y ligands at physiological con-
centrations [76] and to inhibit lipopolysaccharide-induced
secretion of proinflammatory cytokines by macrophages
[77]. However, this latter effect was reported to reflect di-
rect alkylation of NF-«B rather than PPAR-y activation. All of
these natural ligands are fatty acid derivatives. The alveolus,
including its resident macrophages, is constantly bathed in
lipid-rich surfactant. Most of these lipids are phospholipids,
but about 10% are neutral lipids including free fatty acids
[78]. The essential role of free fatty acids in the production
of PPAR-y ligands has been demonstrated by Lian et al. [74]
and by Yan et al. [79]. The former group showed that inflam-

mation and abnormal gene expression in the lungs of lyso-
somal acid lipase knockout mice could be largely reversed by
9-hydroxyoctadenanoic acid or ciglitazone, while the latter
group demonstrated that expression of lysosomal acid lipase
specifically in macrophages had the same effect in a variety
of tissues throughout the body. These results are compati-
ble with the importance of free fatty acid release specifically
within the macrophage, but it has also been shown that ad-
dition of exogenous arachidonic acid to macrophages cul-
tured ex vivo had effects that appeared to be mediated by
PPAR-y [73]. Thus, PPAR-y expressing cells in the alveolus
are constantly bathed in precursors for the receptor’s ligands.
The alveolar microenvironment is immunosuppressive in the
absence of specific stimulation—a conclusion supported by
the finding that PPAR-y binds to PPREs in resting alveolar
macrophages from healthy controls but the binding is greatly
reduced in those from patients with a chronic inflammatory
condition such as pulmonary sarcoidosis [80].

3.1. Effects of PPAR-y agonists on the
alveolar macrophage

Early investigations of the role of PPAR-y in activated
peritoneal macrophages demonstrated that 15d-PG]J, and
rosiglitazone inhibited expression of inducible nitric oxide
synthase, gelatinase B, and scavenger receptor A [11]. Sim-
ilarly, in alveolar macrophages, 15d-PGJ, and troglitazone
inhibited the ability of lipopolysaccharide to induce synthe-
sis of tumor necrosis factor-a while simultaneously upreg-
ulating expression of CD36, a scavenger receptor that me-
diates phagocytosis of (among other things) apoptotic neu-
trophils [67]; phagocytosis of apoptotic neutrophils is typi-
cal during the resolution of inflammation. In another exper-
iment, treatment with PPAR-y agonists inhibited the oxida-
tive burst following addition of 43-phorbol-12-myristate-13-
acetate (PMA), expression of inducible nitric oxide synthase
following treatment with lipopolysaccharide plus interferon-
y, and production of IL-12 following lipopolysaccharide
treatment [68].

Given the role that phagocytosis of apoptotic cells plays
in resolution of inflammation, it is interesting that the pres-
ence of apoptotic cells inhibits the PMA-induced oxida-
tive burst through a mechanism that requires PPAR-y [81].
Thus, PPAR-y inhibits potentially destructive effects associ-
ated with inflammation, such as the release of reactive oxygen
species, while facilitating the resolution of inflammation. On
the other hand, however, recent work has shown that PPAR-y
supports noninflammatory protective effects by upregulating
activity of alveolar macrophage Fcy surface receptor (unpub-
lished results) which is of particular relevance as the Fcy re-
ceptor mediates phagocytosis of bacteria and other particles
opsonized by attachment of antibodies belonging to the im-
munoglobulin G class.

Takabayashi et al. demonstrated that actin polymeriza-
tion is a crucial step in the change of shape that lifts the
alveolar macrophage off the epithelial cell and leads to ac-
tivation [61]. Although the possible involvement of PPAR-y
in this process has not been directly investigated in alveolar
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macrophages, PPAR-y agonists have been shown to inhibit
actin polymerization in vascular monocytes [82].

3.2. PPAR-y effects in other immune cells of the lung

Macrophages are not the only essential immune cells of the
lung. The dendritic cell, which is also derived from mono-
cytes and resides within the alveolar wall, takes up and pro-
cesses foreign substances into antigenic fragments. These
cells then migrate to the draining lymph nodes, where they
present these antigens to helper T cells that promote adap-
tive immune responses.

Emerging data convincingly demonstrate that PPAR-y
agonists influence dendritic cell function. For example, ex-
posure of dendritic cells to PPAR-y ligands during differenti-
ation in vitro results in a reduction in the ability of these cells
to generate an immune response [13]. These effects include a
reduction in secretion of proinflammatory cytokines and in
expression of molecules essential for migration to regional
draining lymph nodes where antigen presentation occurs.
Dendritic cell responses to stimulation of Toll-like receptors
that constitutively respond to specific molecular stimuli are
likewise reduced [83]. In fact, ligands for all three PPAR iso-
forms reduce expression of costimulatory molecules and the
ability of dendritic cells to stimulate T cells in a mixed lym-
phocyte reaction [84]. Furthermore, treatment of dendritic
cells with PPAR-y ligands during antigen-stimulated matura-
tion (a step following differentiation) has been shown to re-
duce the eosinophilic response in a murine model of asthma
following reinjection of the in vitro-treated cells [85]. In vivo
treatment with PPAR-y ligands has also been shown to in-
hibit migration of epidermal dendritic cells to the draining
lymph nodes [86]. In one study, exposure during and after
differentiation in vitro produced dendritic cells with a greatly
blunted ability to release proinflammatory chemokines and,
even more significantly, to activate T-lymphocytes through
antigen presentation [13]. This blunted response was shown
to be alleviated by administration of IL-12.

Neutrophils also play an important role in lung inflam-
matory responses. Although there have been numerous stud-
ies demonstrating a reduction in neutrophil-predominant
inflammation following administration of PPAR-y agonists
[12], studies assessing direct effects on human neutrophils
are limited. Most notably, we showed that PPAR-y expression
in neutrophils was upregulated by tumor necrosis factor-« or
IL-4 and that incubation of resting human neutrophils with
PPAR-y agonists reduced chemotactic responses to IL-8 or
formylmethionylleucylphenylalanine (FMLP) (unpublished
results). Additionally, Imamoto et al. showed that the in-
creased expression of neutrophil CD11b/CD18 surface inte-
grins induced by FMLP was suppressed by pioglitazone [87].

3.3. Mechanisms of PPAR-y action in alveolar
macrophages

The molecular mechanisms through which PPAR-y acts have
been well characterized. What is often not explicitly appreci-
ated is that the coactivators used by PPAR-y are also used
by other nuclear transcription factors, including cAMP re-

sponse element-binding protein (CREB) [88, 89], activator
protein-1 (AP-1) [88], basic helix-loop-helix factors [90],
signal transducers and activators of transcription (STATS)
[91-93], and nuclear factor-xB (NF-xB) [94]. Because the
number of coactivator molecules is limited, PPAR-y activa-
tion may restrict availability of coactivators to other nuclear
transcription factors and thereby downregulate expression of
genes under their control. There is also evidence that PPAR-
y may directly bind to these and other transcription factors,
thus preventing them from binding to DNA and promot-
ing gene transcription [87, 95-98]. Indeed, the initial report
of PPAR-y activation in peritoneal macrophages focused on
downregulation of genes controlled by AP-1, STAT-1, and
NF-«B [11]. PPAR-y interference with activity of NF-«B also
appears likely in alveolar macrophages, since PPAR-y ago-
nists inhibit the ability of lipopolysaccharide to induce syn-
thesis of secretory type IIA phospholipase A,, which is pro-
moted by NF-«B [73].

Additionally, PPAR-y interacts with liver X receptor-«
(LXR-@). In contrast to the interactions with NF-xB, how-
ever, those with LXR-« are synergistic [99]. Both PPAR-y ag-
onists and LXR-a agonists inhibit the ability of lipopolysac-
charide to induce an inflammatory phenotype in cultured
macrophages. However, when suboptimal concentrations of
each agonist type are added simultaneously, the effects are
far greater than would be seen with either agonist alone. In
this study, these effects were associated with reduced activity
of NF-«B. Interestingly, LXR-« agonists increase expression
and DNA binding of PPAR-y [69, 99, 100], while PPAR-y ag-
onists increase LXR-« expression in mesangial cells [101].

4. PPAR-y IN LUNG DISEASE

There are several lung diseases in which alveolar
macrophages appear to play a crucial role in disease
pathogenesis and where PPAR-y agonists may prove useful
as therapy. In other cases the role of the alveolar macrophage
may be less clear but studies indicate that PPAR-y ligands
may also prove to be beneficial.

4.1. Pulmonary sarcoidosis

Sarcoidosis is a state of chronic granulomatous inflammation
that may affect multiple organs, especially the lungs [102].
The cause of sarcoidosis remains unknown, but the pathol-
ogy is characterized by greatly enhanced activation of the in-
nate and adaptive immune systems [103, 104]. This is ac-
companied by increased expression of cytokines such as IL-2,
IL-12, IL-18, and interferon-y, with the alveolar macrophage
having been demonstrated as a source for at least some of
these molecules. Given the established role of PPAR-y in
maintaining alveolar macrophages in a quiescent state and
the macrophage’s role in activating other components of the
immune system, examination of macrophage PPAR-y levels
appeared warranted. Indeed, alveolar macrophages from pa-
tients with sarcoidosis had much lower levels of PPAR-y and
higher levels of NF-«B activity than those from healthy con-
trols [80]. While a causal relationship between this deficiency
of PPAR-y and the heightened state of inflammation that
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characterizes sarcoidosis is plausible, the effects of PPAR-
y agonist administration or factors known to upregulate
PPAR-y expression on disease course remain to be investi-
gated.

4.2. Alveolar proteinosis

Alveolar proteinosis is a condition in which excessive
amounts of pulmonary surfactant, both phospholipids and
proteins, accumulate in the lung airspaces [105]. Phospho-
lipid inclusions are also prominent in alveolar macrophages
[106]. Most human alveolar proteinosis (not obviously sec-
ondary to other conditions) is associated with autoantibodies
to granulocyte-macrophage colony stimulating factor (GM-
CSF) [107, 108]; animal models in which either GM-CSF or
its receptor is genetically deleted can mimic the disease. The
current treatment is removal of excess surfactant through
whole-lung lavage under general anesthesia, but preliminary
studies support the potential efficacy of subcutaneous GM-
CSF treatment in the human disease [109, 110].

GM-CSEF, which is produced by a number of cell types in
the lung [111], promotes growth, differentiation, and acti-
vation of cells of the phagocytic lineage [112, 113] and has
been shown to promote accumulation and proliferation of
alveolar macrophages [114-116]. However, because its activ-
ities overlap those of other cytokines [117], hematopoiesis
and myelopoiesis are essentially normal in GM-CSF knock-
out mice [118-121].

Since GM-CSF has been shown to upregulate PPAR-
y in cell culture [11, 75], Bonfield and colleagues exam-
ined PPAR-y expression in alveolar macrophages from pa-
tients with alveolar proteinosis [122]. Not only was PPAR-y
mRNA and protein expression much lower than in alveolar
macrophages from healthy controls, but macrophage expres-
sion of the PPAR-y-dependent scavenger receptor CD36 was
also lower. Furthermore, treatment with GM-CSF fully re-
stored PPAR-y to normal levels. The conclusion that GM-
CSF acts at least partially through effects on macrophage
PPAR-y is supported by recent observations that GM-CSF
also upregulates PPAR-y in macrophages of the fatty streak
[123].

These observations raise interesting but speculative and
largely unexplored therapeutic possibilities. It could be
worth considering the possibility that PPAR-y agonists, in-
cluding the thiazolidinediones, might prove as effective as the
subcutaneous GM-CSF currently being investigated as a pos-
sible treatment.

4.3. Lunginjury

Injury to the lung, by inhaled irritant for example, is char-
acterized by exuberant inflammation, epithelial injury, and
often the development of secondary pulmonary fibrosis. An
appealing animal model of acute lung injury involves the
intratracheal administration of fluorescein isothiocyanate.
This insult results in a neutrophil-predominant inflamma-
tion accompanied by leakage of protein into the alveolus
that is maximal at 3 to 7 days, while patchy fibrosis devel-
ops 3 to 4 weeks after exposure to the agent [124]. Using this
model, we found that PPAR-y expression increases in alve-
olar macrophages and that pretreatment with pioglitazone

for 5 days prior to fluorescein isothiocyanate exposure sig-
nificantly reduced inflammation and reduced the number of
neutrophils in bronchoalveolar lavage fluid by 50%, but did
not affect expression of proinflammatory cytokines [12]. The
lack of effect on cytokine expression led us to postulate that
pioglitazone was acting directly on the neutrophil to impair
the ability of these cells to migrate in response to secreted
chemoattractants.

In humans, alveolar macrophages isolated from patients
with acute lung injury express elevated amounts of PPAR-
y and of PPAR-y ligands such as prostaglandin D, and 15-
HETE [12]. Indeed, the amount of 15-HETE found in these
patient’s bronchoalveolar lavage fluid is more than 50 times
of that seen in lavage fluid from healthy individuals. This
would be expected to reduce the extent of inflammation, and
hence may represent a step toward eventual resolution.

4.4. Otherlung diseases

4.4.1. Endotoxic shock

Lipopolysaccharide from gram-negative bacteria can pro-
duce severe systemic inflammation and multiorgan failure,
including lung injury. The ability of PPAR-y agonists to
block lipopolysaccharide-induced inflammatory changes in
macrophages in vitro has been well described. In an animal
model, Kaplan et al. showed that this observation may have
clinical relevance [125]. In this study, intraperitoneal injec-
tion of lipopolysaccharide in placebo-treated mice resulted in
severe inflammatory changes in the lung, including hemor-
rhage, infiltration of neutrophils, and reduction of the alveo-
lar space, that were visible within 6 hours. Increased expres-
sions of intercellular adhesion molecule-1, vascular cellular
adhesion molecule-1, and E-selectin were associated with
activation of NF-xB and decreased expression of PPAR-y;
seventy-two-hour mortality was 91%. Treatment with 15d-
PGJ», beginning 3 hours after lipopolysaccharide injection
and continuing every 12 hours thereafter, downregulated ex-
pression of adhesion molecules, reduced neutrophil infiltra-
tion, and decreased mortality to 45%. Binding of NF-«B to
DNA was decreased, while expression and DNA binding of
PPAR-y was increased, as was expression of the protective
heat shock protein 70.

Liu et al. obtained results in rats similar to those seen by
Kaplan et al. in mice [126]. Specifically, rosiglitazone treat-
ment began 30 minutes before lipopolysaccharide injection
and in some cases the PPAR-y antagonist GW9662 was ad-
ministered 20 minutes before rosiglitazone. In the absence
of rosiglitazone, lung edema and histological injury were ap-
parent within 4 hours. These were significantly reduced by
rosiglitazone, which also produced a 71% reduction of the
increase in myeloperoxidase activity (a marker for the pres-
ence of neutrophils) and an 84% reduction of the increase in
malondialdehyde levels. This was accompanied by a marked
decrease in inducible NO synthase mRNA and protein. All
these rosiglitazone effects were blocked by the PPAR-y an-
tagonist GW9662.

Although these are animal studies and do not di-
rectly demonstrate involvement of either PPAR-y or alveolar
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FIGURE 1: The alveolar macrophage: role in immunity and effects of PPAR-y. PPAR-y promotes differentiation of monocytes into AMs, then
mediates effects that suppress AMs” proinflammatory activities while upregulating phagocytosis through both CD36 and Fcy surface re-
ceptors. Interaction with foreign substances causes the AM to secrete a variety of inflammatory molecules such as TNF-q, IL-12, H,O,,
nitric oxide, and MMPs. This inflammatory response is suppressed, however, by the production of substances such as IL-4 that reinforce
PPAR-y activity. Alveolar surfactant also contains lipids that can stimulate PPAR-y, resulting in suppression of AM inflammatory activ-
ity. PPAR-y activation also enhances AM phagocytosis of bacteria and apoptotic neutrophils present in the closing stages of inflammation.
Thus, inflammation becomes self-limiting. Abbreviations: AM = alveolar macrophage; FcyR = surface receptor recognizing the Fc portion

of immunoglobulin G; iNOS = inducible nitric oxide synthase; MMP =

macrophages in the effects observed, they suggest that early
treatment with PPAR-y agonists could ameliorate the effects
of endotoxemia, at least in the lung and probably elsewhere.

4.4.2. Asthma

The alveolar macrophage has been described as “the forgot-
ten cell in asthma” [127]. Asthma is an exaggerated response
of the lung’s adaptive immune system to specific inhaled
antigens—a response that the alveolar macrophage downreg-
ulates in most circumstances. It is thus not surprising that de-
pletion of alveolar macrophages led to an enhanced response
to challenge with an antigen to which mice had previously
been sensitized [128]. As discussed by Peters-Golden, alve-
olar macrophages exert a variety of effects that could lead
to suppression of exaggerated asthmatic responses [127] and
many of these are precisely the effects that are elicited and

matrix metalloproteinase.

maintained by PPAR-y. Importantly, allergen challenge in
asthmatic patients has been found to downregulate PPAR-
y levels in alveolar macrophages [129]. Otherwise, how-
ever, the contribution of PPAR-y to alveolar macrophage re-
sponses in asthma has not been explicitly investigated.

5. CONCLUSIONS

Among the many often-overlooked roles of PPAR-y is its cen-
tral position in regulating the lung’s response to pathogens
and other noxious elements drawn in with inspired air. The
lung must be able to respond effectively, yet to control the in-
flammatory response generated in response to foreign agents
within the alveolar space. The alveolar macrophage is pivotal
in this respect. The ability of these cells to engulf unwanted
particles represents the first line of defense, yet when not fully
activated (e.g., by interactions with its Toll-likereceptors)
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serves to strongly dampen responses by the lung’s adap-
tive immune system. However, when these cells have been
sufficiently activated by danger signals within the alveolus,
alveolar macrophages release molecules that attract and acti-
vate other elements of the innate and adaptive immune sys-
tems. Finally, the macrophage’s ability to scavenge apoptotic
neutrophils is essential for resolution of inflammation once
the need has passed.

The central role of PPAR-y in regulating the activa-
tional state of alveolar macrophages is becoming increas-
ingly clear (see Figure 1). Many studies have now shown that
macrophage activation is inhibited by PPAR-y and/or PPAR-
y agonists. This is typically associated with decreases in NF-
B activity, with one likely mechanism being unavailability of
that transcription factor’s obligate coactivators because they
are being used by PPAR-y instead. Conversely, activation of
alveolar macrophages is associated with low levels of PPAR-y
and high levels of NF-«B activity.

Many aspects of alveolar macrophage function and the
role of PPAR-y in regulating these functions remain un-
clear. Especially uncertain are how these responses con-
tribute to pathological conditions such as asthma and acute
lung injury. All of these aspects deserve further investiga-
tion, with special attention to the possibility that PPAR-
y agonists may prove therapeutically useful in a variety
of lung diseases in which they have not previously been
considered.

LIST OF ABBREVIATIONS

13-HODE: 13-hydroxyoctadecadienoic acid
15d-PGJ,: 15-deoxy-A'?!*-prostaglandin J,

15-HETE: 15-hydroxyeicosatetraenoic acid

AP-1: Activator protein-1

COX-2:  Cyclooxygenase-2

CREB: cAMP response element-binding
protein

FMLP: Formylmethiolylleucylphenylalanine

GM-CSF:  Granulocyte-macrophage colony
stimulating factor

IL-: Interleukin-

L-FABP:  Liver-type fatty acid binding protein

LDL: Low-density lipoprotein

LXR: Liver X receptor

MMP: Matrix metalloproteinase

NF-«B: Nuclear factor-«B:

PMA: 4f3-phorbol-12-myristate-13-acetate

PPAR: Peroxisome proliferator-activated
receptor

STAT: Signal transducer and activator of
transcription

TGF: Transforming growth factor
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1. PPARs: OVERVIEW

PPARs are members of the nuclear hormone receptor su-
perfamily that were initially characterized as molecules that
mediated the proliferation of peroxisomes in rodent liver
parenchymal cells in response to the hypolipidemic drug
clofibrate [1]. Subsequently, PPARs have been shown to reg-
ulate the expression of genes involved in a variety of biolog-
ical processes, including lipid metabolism and insulin sensi-
tivity [2, 3]. Three isotypes of PPAR exist, PPAR-« (alpha),
PPAR-f3/8 (beta/delta), and PPAR-y (gamma), which are en-
coded by three separate genes and display distinctly different
tissue distributions and functions. PPAR-y, like other PPAR
isotypes, exists as a heterodimer complexed with the retinoid
X receptor and several corepressor molecules that tonically
suppress PPAR activity [4]. In the presence of PPAR ligands,
corepressor molecules are shed, followed by association of
coactivator proteins, binding to specific PPAR-response el-
ements, and transcription of target genes [4] (see Figure 1).
PPAR-« is activated by polyunsaturated fatty acids and
synthetic fibrates, and is implicated in regulation of lipid
metabolism, lipoprotein synthesis and metabolism, and in-

flammatory response in liver and other tissues. PPAR-« is
highly expressed in tissues with high fatty acid oxidation
(such as liver, kidney, and heart muscle), where it controls
a comprehensive set of genes that regulate most aspects of
lipid catabolism. Like several other nuclear hormone recep-
tors, PPAR-« heterodimerizes with RXR alpha to form a tran-
scriptionally competent complex [5]. In addition, PPAR-«
is expressed in vascular endothelial cells, smooth muscle
cells, monocyte/macrophages, and T lymphocytes. Activa-
tion of PPAR-« in selected cellular systems increases HDL
cholesterol synthesis, stimulates “reverse” cholesterol trans-
port, and reduces triglycerides [6].

The biological role of PPAR-f3/§ has not been clearly de-
fined. Animal studies revealed that PPAR-f3/8 plays an impor-
tant role in the metabolic adaptation of several tissues to en-
vironmental changes. Treatment of obese animals with spe-
cific PPAR-f3/4 agonists results in normalization of metabolic
parameters and reduction of adiposity. PPAR-/8 was also
implicated in the regulation of fatty acid burning capacities
of skeletal muscle and adipose tissue by controlling the ex-
pression of genes involved in fatty acid uptake, beta oxida-
tion, and energy uncoupling. Moreover, PPAR-f3/8 has been
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FIGURE 1: Schematic of PPAR activation events. Like other nuclear hormone receptors, PPAR acts as a ligand-activated transcription factor.
PPAR-a, when activated after binding with specific ligand, interacts with RXR and regulates the expression of target genes. These genes are
also involved in the catabolism of fatty acids. Conversely, PPAR-y is activated by different ligands (e.g., prostaglandins, leukotrienes, and
antidiabetic thiazolidinediones) and regulates the expression of genes involved in the storage of the fatty acids. PPAR-f3 is only weakly acti-
vated by fatty acids, prostaglandins, and leukotrienes and has no known physiologically relevant ligand. Abbreviations: nuclear corepressor
protein: (NcoR); PPAR gamma coactivator 1:(PGC-1); histone acyltransferase: (HAT); steroid receptor coactivator-1: (SR-1); 9-cis retinoic

acid: (RA).

shown to mediate the adaptive metabolic response of skeletal
muscle to endurance exercise by controlling the number of
oxidative myofibers and stimulating fatty acid catabolism in
muscular tissue [7]. Recent studies revealed that ligand ac-
tivation of these receptors is associated with improved in-
sulin sensitivity and elevated HDL levels thus demonstrating
promising potential for targeting PPAR-f3/6 in the treatment
of obesity, dyslipidemias, and type 2 diabetes [8].

PPAR-y plays an important role in the regulation of pro-
liferation and differentiation of several cell types, including
adipose cells. This receptor has the ability to bind a variety of
small lipophilic compounds derived from both metabolism
and nutrition. These ligands, in turn, direct cofactor recruit-
ment to PPAR-y, regulating the transcription of genes in a
variety of complex metabolic pathways. PPAR-y is highly ex-
pressed in adipocytes, where it mediates differentiation, pro-
motes lipid storage, and, as a consequence, is thought to
indirectly improve insulin sensitivity and enhance glucose
disposal in adipose tissue and skeletal muscle [9, 10]. Acti-
vation by drugs of the glitazone (thiazolidinediones) group
results in insulin sensitization and antidiabetic action. Nat-
urally occurring lipids can also activate PPAR-y, including
arachidonic, oleic, and linoleic acid, and the cyclopentenone
prostaglandin (PG) 15-deoxy Delta;;14-PGJ, (15d-PGJ,), a
metabolite of prostaglandin D,. Nitosylated oleic and linoleic
acid species have more recently been identified as potent
PPAR-y agonists at concentrations present in human tissues.
The cellular expression profile of PPAR-y in pulmonary tis-
sue has not been well characterised, but studies have uncov-
ered abundant expression of PPAR-y in airway epithelium
[11], bronchial submucosa [12], in mononuclear phagocytes
such as human alveolar macrophages (AM), human T lym-

phocytes, and in several pulmonary cell lines, including hu-
man bronchial and alveolar epithelial cells (NL20, BEAS, and
A549 [13]) and human airway smooth muscle (HASM) cells
[14]. The expression of the various isotypes of PPAR is highly
cell specific. For instance, HASM cells express PPAR-« and
PPAR-y, but not PPAR-$/8, whereas primary normal hu-
man bronchial epithelial cells and human lung epithelial cell
lines BEAS 2B, A549, and NCI-H292 all express PPAR-y and
PPAR-f3/8, but not PPAR-« [15]. Because little is known re-
garding the role of PPAR-f3/§ in regulating inflammation, es-
pecially in the context of lung injury, this review will focus
on the biology of PPAR-a and PPAR-y in human and animal
models of acute lung injury (ALI).

2. ACUTE LUNG INJURY (ALI)

Injury to the lung can occur in response to a variety of pul-
monary and extrapulmonary insults. In humans, ALI and its
more severe form, the acute respiratory distress syndrome
(ARDS) are syndromes of acute respiratory failure, which
are defined clinically on the basis of both radiographical
(bilateral lung field infiltrates) and physiological (the ratio
of arterial oxygen pressure and the inspiratory oxygen con-
centration, P,/F; < 300 mmHg for ALI and < 200 mmHg
for ARDS) criteria. These syndromes occur as a result of
widespread damage to cells and structures of the alveo-
lar capillary membrane and evolve within hours to days
[16]. ALI/ARDS can develop as a consequence of critical
illness of diverse etiologies, including direct injury to lung
such as pneumonia, aspiration, toxic inhalation, near drown-
ing, or lung contusion; as well as indirect mechanisms,
such as sepsis, burn injury, pancreatitis, gynecological insults
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(abruption of placenta, amniotic embolism, eclampsia), or
massive blood transfusion [17].

The pathophysiological consequences of ALI/ARDS are
related to the altered pulmonary capillary permeability and
alveolar diffusion capacity, as well as the increased intra-
pulmonary shunt. Endothelial injury and increased vascu-
lar permeability is a central feature of ALI/ARDS, and some
but not all studies suggest a role for neutrophils in mediat-
ing endothelial injury [17, 18]. Epithelial injury is also im-
portant not only in the development but also the repair of
the ALI/ARDS [19]. The degree of epithelial injury can pre-
dict outcome of ALI/ARDS [20]. Loss of epithelial integrity
and injury to type II alveolar cells can disrupt the normal
fluid transport, thereby impairing the removal of fluid from
the alveolar space. Injury to the type II pneumocytes can
reduce the production of surfactant, which contributes to
the clinical course of worsening atelectasis and gas exchange.
The process of epithelial repair can be dysregulated, leading
to proliferation of fibroblasts, exuberant matrix deposition
and remodeling, and culminate in fibrosis [21, 22]. There
are complex autocrine and paracrine interrelationships of cy-
tokines, as well as proinflammatory mediators that initiate
and amplify the inflammatory response in ALI/ARDS. The
cellular responses include the expression of endothelial ad-
hesion molecules, as well as the margination and migration
of neutrophils and other inflammatory cells. A number of
soluble factors are released that contribute to the pathobiol-
ogy of ALI/ARDS, including cytokines, lipid mediators, pro-
teases, oxidants, growth factors (e.g., transforming growth
factors (TGFs)), nitric oxide (NO), and neuropeptides [23]
(see Figure 2). This inflammatory state is driven by the acti-
vation of several key-signalling pathways including the NE-
xB, AP-1 and the mitogen-activated protein kinase (MAPK)
pathways.

2.1. PPAR-a and lung injury

Based on both in vivo and in vitro studies in multiple cell
systems, PPAR-« ligands have important anti-inflammatory
properties. For example, treatment of an activated murine
macrophage cell line with the synthetic PPAR-a ago-
nist Wy14643 [peroxisome proliferation-activated receptor-
alpha (PPAR-alpha) activator, 4-cholro-6-(2.3-xylidino)-2-
pyrimidinaylthio acetic acid] resulted in inhibition of nitric
oxide synthase (NOS), whereas LTB, and 8(S)-HETE, two
natural PPAR-« ligands, stimulated the expression of nitric
oxide synthase (NOS) activity in these same cells [24]. The
authors have postulated that this disparity resulted from low
potency and specificity of the endogenous ligands in com-
parison with that of synthetic compounds [25]. The in vivo
role of PPAR-« in the regulation of inflammatory/immune-
related functions is less well studied. The first in vivo ev-
idence for the role of PPAR-« evolved from studies using
PPAR-a deficient mice [26]. These mice are viable, but ex-
hibit altered triglyceride and cholesterol metabolism and
fail to respond to appropriate PPAR-« ligands. Data gener-
ated using PPAR-a knockout mice indicate that this recep-
tor regulates acute inflammation in vivo [27]. For exam-
ple, PPAR-a-deficient mice have abnormally prolonged re-
sponses to different inflammatory stimuli [28]. Furthermore,
fibrates have anti-inflammatory properties in vitro [29] and
in vivo [30]. In particular, PPAR-« ligands can inhibit the
expression of several proinflammatory genes such as IL-6,
VCAM, and cyclooxygenase-2, in response to cytokine acti-
vation [30]. Moreover, the suppressive effect of PPAR-« lig-
ands is mediated by inhibition of NF-«B activation, in part
by enhancing the expression of IxkBa [31]. It is important to
note that synthetic and natural PPAR-« agonists can exert
multiple biologic effects, including some which occur in a
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PPAR-a-independent fashion [32]. WY 14643, like GW7647,
shows excellent selectivity for murine and human PPAR-a.

Recent investigations have addressed the contribution
of PPAR-« to the development of acute pleural and pul-
monary inflammation and injury. We reported that when
compared with wild-type mice, PPAR-a knockout mice ex-
perienced more severe pleural inflammation when subjected
to intrapleural carrageenan administration. Specifically, the
absence of a functional PPAR-a gene resulted in a signifi-
cant augmentation of several inflammatory parameters (e.g.,
pleural exudate formation, mononuclear cell infiltration, and
histological injury). Furthermore, PPAR-a~/~ mice had en-
hanced the expression of tumor necrosis factor alpha (TNEF-
), interleukin-1 beta (IL-1f), and FAS ligand in the pleural
space post carrageenan administration [33].

Agonists for PPAR-«a have been shown to reduce lipo-
polysaccharide (LPS)- and cytokine-induced secretion of
matrix metalloproteinase-9 (MMP-9) in human monocytes
and rat mesangial cells, suggesting that this nuclear hormone
receptor may play a beneficial role in controlling both tissue
inflammation and remodeling. Consistent with this notion,
Delayre-Orthez showed enhanced airway neutrophil and
macrophage infiltration, elaboration of TNF-«, chemokines,
and MMP 9 in PPAR-a~/~ mice challenged with intranasal
LPS, compared to that observed in similarly treated PPAR-
o™ mice. Conversely, pretreatment with the PPAR-a ag-
onist fenofibrate reduced LPS-medicated airway inflamma-
tion, cytokine/chemokine expression and MMP-2 and -9 ac-
tivity in bronchoalveolar lavage fluid [34]. Our laboratory
has investigated the role of PPAR-« ligands in acute pul-
monary inflammation using an experimental model of acute
pancreatitis induced by cerulein. Intraperitoneal administra-
tion of cerulein in PPAR-« deficient mice resulted in severe
infiltration of pancreatic and lung tissue with neutrophils
(as measured by changes in myeloperoxidase activity), and
enhanced expression of the adhesion molecules intercellular
adhesion molecule-1 (ICAM-1), P-selectin, and growth fac-
tors TGF-f8 and VEGF in lung tissue, as compared to that
observed in wild-type animals [35]. Interestingly, Jiang et al.
have recently shown that acute lung injury in rats in response
to LPS results in a reduced expression of PPAR-a« mRNA and
protein in the lung, raising the possibility that alterations in
PPAR-« expression/activity may contribute to heightened in-
flammatory response [36].

Similar to effects in other models of pulmonary injury,
PPAR-« appears to play a pivotal role in regulating the in-
flammatory response in experimental models of bleomycin-
induced acute lung injury. Intratracheal administration of
bleomycin in PPAR-a~/~ mice resulted in a significant aug-
mentation of TNF-a, IL-1f, and immunoreactive poly-ADP-
ribose, as well as a loss of body weight and increased mor-
tality. The dysregulated expression of poly-ADP-ribose is of
particular relevance, as this molecule is synthesized from
nicotinamide adenine dinucleotide (NAD) by poly-ADP ri-
bose polymerase (PARP) during periods of oxidative stress,
and enhanced PARP activity results in consumption of
NAD™, ATP depletion, and ultimately cellular dysfunction.
Conversely, the treatment of wild-type mice with WY14643

(I mg/kg daily) prior to bleomycin administration signifi-
cantly reduced the degree of lung injury, attenuated the rise
in bleomycin-induced myeloperoxidase activity, and reduced
the expression of TNF-«, IL-1f , and poly-ADP-ribose [37].

2.2. PPAR-y and lung injury

In contrast to genetic models of PPAR-« deficiency, studies
evaluating immunomodulatory effects of PPAR-y have been
limited by the absence of mice that are homozygous deficient
for PPAR-y, as these fetuses die in utero. For that reason,
most studies assessing the role of PPAR-y in inflammatory
responses in vivo have relied on treatment with PPAR-y ago-
nists and/or antagonists or the use of mice that are heterozy-
gous PPAR-y deficient mice (PPAR-y*~), which display re-
duced but not absence PPAR-y activity.

As previously noted, the cyclopentenone prostaglandin
15d-PGJ, functions as an endogenous ligand for PPAR-y.
We reported that 15d-PGJ, (given at 10, 30, or 100 ug/kg
IP) in the carrageenan-induced pleurisy model exerted po-
tent anti-inflammatory effects (e.g., inhibition of pleural ex-
udate formation, mononuclear cell infiltration, delayed de-
velopment of clinical indicators, and histological injury) in
vivo. Furthermore, 15d-PGJ; reduced the increase in nitroty-
rosine and poly (ADP-ribose) polymerase and the expres-
sion of inducible nitric-oxide synthase and cyclooxygenase-
2, as determined by immunohistochemistry, in the lungs
of carrageenan-treated mice [38]. We also observed that
rosiglitazone (given at 3, 10, or 30 mg/kg IP 15 minutes
before carrageenan administration in the pleurisy model)
exerted similar anti-inflammatory effects (e.g., inhibition
of pleural exudate formation, mononuclear cell infiltra-
tion, and histological injury) in vivo as that observed with
15d-PGJ,. Furthermore, rosiglitazone reduced: (1) the in-
crease in nitrotyrosine and poly (ADP-ribose) polymerase
(PARP); (2) the expression of inducible nitric oxide syn-
thase (iNOS), cyclooxygenase-2 (COX-2), intercellular adhe-
sion molecules-1 (ICAM-1), and P-selectin in the lungs of
carrageenan-treated rats. In order to elucidate whether the
protective effect of rosiglitazone was causally related to ac-
tivation of PPAR-y, we investigated the effect of a PPAR-y
antagonist, bisphenol A diglycidyl ether (BADGE), on the
protective effects of rosiglitazone. BADGE (30 mg/kg IP) ad-
ministered 30 minutes prior to treatment with rosiglitazone
significantly antagonized the suppressive properties of the
PPAR-y agonist [39].

In an animal model of severe haemorrhage and resus-
citation, Abdelrahman et al. investigated the effects of 15d-
PGJ, administration on the development of multiple organ
injury/dysfunction. Importantly, PPAR-y agonist 15d-PGJ,
abolished the renal dysfunction and largely reduced the liver
injury caused by hemorrhagic shock. In addition, 15d-PGJ,
attenuated lung and intestinal injury (as determined by his-
tology) caused by haemorrhage and resuscitation [40].

We investigated the effects of rosiglitazone on the de-
velopment of nonseptic shock caused by zymosan in mice.
Treatment of mice with rosiglitazone (3 mg/kg IP, 1 and 6
hours after zymosan) attenuated the peritoneal exudation
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and the migration of polymorphonuclear cells caused by zy-
mosan. Rosiglitazone also attenuated zymosan-induced lung
dysfunction, as well as the increase in myeloperoxidase activ-
ity and malondialdehyde concentrations in the lung. To elu-
cidate whether the protective effects of rosiglitazone occurred
in a PPAR-y specific fashion, we investigated the effect of a
PPAR-gamma antagonist, GW9662, on the protective effects
of rosiglitazone. GW9662 (1 mg/kg administered IP 30 min-
utes before treatment with rosiglitazone) significantly abol-
ished the protective effect of rosiglitazone [41].

There exists convincing evidence that treatment with
PPAR-y agonists can also modulate pulmonary inflamma-
tion and tissue injury in response to systemic LPS admin-
istration and ischemia-reperfusion injury. For instance, ex-
perimental endotoxemia for 4 hours induced histological ev-
idence of lung injury and edema formation, both of which
were significantly attenuated by rosiglitazone pretreatment.
The protective effects of rosiglitazone were correlated with
the reduction by 71% and 84%, of the increase of myeloper-
oxidase and malondialdehyde, respectively, in the lung tissue.
Furthermore, the pulmonary induction of nitric oxide was
reduced by 82% of the increase related to lipopolysaccharide
[42]. More recently, it has been shown that preischemic treat-
ment with pioglitazone, a synthetic ligand of PPAR-y, signif-
icantly attenuated ischemia/reperfusion (I/R)-induced lung
injury in rats, including reductions in lung microvascular
permeability, lipid peroxidation, tissue-associated polymor-
phonuclear leukocyte infiltration, and proinflammatory cy-
tokine production. These findings can be explained, at least
in part, by PPAR-y-mediated inhibition of transcription fac-
tors such as NF-«xB [43], resulting in attenuated cytokine,
chemokine and eicosanoid production, adhesion molecule
expression, and as a consequence reduced inflammatory cell
influx and injury to the alveolar capillary [44—47]. Another
mechanism of protection afforded by the PPAR-y agonist
troglitazone in I/R lung injury is suppression of transcription
factor early growth response gene-1 and its inflammatory
gene targets such as interleukin-1f, monocyte chemotactic
protein-1, and macrophage inflammatory protein-2 [48].

While the majority of studies have found potent anti-
inflammatory properties of PPAR-y agonists, observations
made in several studies challenge this paradigm. Notably,
Inoue et al. [49] demonstrated that pretreatment of mice
with 15d-PGJ, did not reduce pulmonary inflammation
induced by intratracheal LPS administration. In fact, at
the highest concentrations (1 mg/kg), 15d-PGJ, paradoxical-
lyenhanced LPS-induced alveolar inflammation, pulmonary
edema, and inflammatory cytokine expression. One possible
explanation for the observed disparity in results may be at-
tributable to PPAR-independent effects of selected agonists,
dose-dependent toxicity or differences in the model systems
used. The role of PPAR-y in acute lung inflammation was
also investigated in fluorescein isothiocyanate-treated mice.
Here, pretreatment with pioglitazone (vehicle by oral gav-
age daily for 5 days) decreased the number of neutrophils
recovered in bronchoalveolar lavage (BAL) by 50% 3 days
after intratracheal challenge with fluorescein isothiocyanate.
However, the decreased pulmonary inflammation was not

associated withinhibition of the expression of inflamma-
tory cytokines (TNF-a, macrophage inflammatory protein-
2, KC, IL-12, or IEN-y) in either BAL fluidor whole lung
homogenates [50]. The authors speculated that the possi-
ble mechanism by which a PPAR-y ligand suppresses inflam-
mation in the absence of changes in cytokine expressionwas
by a direct effect on migration of neutrophils (and possibly
other leukocytes) in response to endogenous chemoattrac-
tants [50]. In the FITC model, treatment with pioglitazone
also had only modest suppressive effects on alveolar-capillary
leak or subsequent fibroproliferation. The disparate effects of
PPAR-y agonists on inflammation relative to alveolar capil-
lary injury and repair may be attributable to direct effects of
PPAR-y activation on alveolar epithelial cells. Treatment of
A549 alveolar type II-like epithelial cells with 15d-PGJ, or
TZDs, or forced expression of a constitutively active PPAR-
y has been shown to suppress NF-«B transcriptional activity
and decreased inflammatory cytokine and chemokine pro-
duction. However, incubation of these cells with PPAR-y lig-
ands also suppressed alveolar epithelial cell proliferative re-
sponses. Collectively these data suggest that beneficial anti-
inflammatory properties of PPAR-y in ALI may be partially
offset by growth inhibitory effects on alveolar epithelial cells,
responses that are necessary for repair of an injured alveolar-
capillary membrane.

Orderly lung remodeling is required for restoration of
an intact alveolar-capillary membrane after injury. Fibrob-
lasts are one of the key effector cells in this process. How-
ever, the differentiation of fibroblasts to myofibroblasts can
result in excessive and uncontrolled production of collagen
and other extracellular matrix components, leading to fibro-
sis. Importantly, PPAR-y agonists have been shown to block
two of the most important profibrotic activities of TGF-f3
on pulmonary fibroblasts; myofibroblast differentiation and
production of excess collagen. Both natural (15d-PGJ,) and
synthetic (ciglitazone and rosiglitazone) PPAR-y agonists in-
hibited TGF-p-driven myofibroblast differentiation in hu-
man lung fibroblasts, as determined by alpha-smooth mus-
cle actin expression. PPAR-y agonists also potently attenu-
ated TGF-f-induced type I collagen protein production [51].
Transfection with a dominant-negative PPAR-y construct
partially reversed the inhibition of myofibroblast differen-
tiation by 15d-PGJ2 and rosiglitazone, but the irreversible
PPAR-y antagonist GW-9662 did not, suggesting that the an-
tifibrotic effects of the PPAR-y agonists are mediated through
both PPAR-y-dependent and independent mechanisms.

Observations made in several studies suggest that the ac-
tivation of PPAR-y may exert both anti-inflammatory and
antifibrotic effects in vivo. Mice subjected to intratracheal ad-
ministration of bleomycin develop marked lung injury fol-
lowed by fibrosis. An increase in immunoreactivity to ni-
trotyrosine, poly (ADP ribose) polymerase (PARP), and in-
ducible nitric oxide synthase as well as a significant loss
of body weight and mortality was observed in the lung of
bleomycin-treated mice. Administration of the two PPAR-
gamma agonists rosiglitazone (10 mg/kg IP) or 15d-PGJ,
(30 ug/kg 1P) significantly reduced: (1) the loss of body
weight; (2) mortality rate; (3) infiltration of the lung with
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polymorphonuclear neutrophils (myeloperoxidase activity);
(4) edema formation; (5) histological evidence of lung injury
and fibroproliferation; and (6) nitrotyrosine, PARP, and in-
ducible nitric oxide synthase formation [52]. Pretreatment
with the PPAR-gamma competitive antagonist BADGE sub-
stantially mitigated the effect of the two PPAR-gamma ag-
onists, indicating a PPAR-y specific response. Our findings
are in agreement with Ando et al. [53], who demonstrated
that the intravenous injection of prostaglandin D synthase
(PGDS) c¢DNA-expressing fibroblasts significantly reduced
lung edema, BAL leukocytes, and pulmonary collagen 4
weeks after intratracheal instillation of bleomycin. Moreover,
this attenuated lung response to bleomycin was quite similar
to that seen in animals pretreated with 15d-PGJ,, the nonen-
zymatic metabolite of PGD5, suggesting that these naturally
occurring ligands exert relevant effects on the fibroprolifera-
tive response in vivo.

3. CONCLUSION

The subsequent tissue response to acute and chronic lung in-
jury involves an intricate series of events including immune
cell infiltration, release of injurious host-derived molecules
such as reactive oxygen and nitrogen species, and high per-
meability edema formation. In addition, fibroproliferative
repair is characterized by myofibroblast transdifferentiation
and the deposition of extracellular matrix proteins. Failure
to initiate, maintain, or stop this repair program has dra-
matic consequences such as cell death or exuberant wound
repair. PPARs appear to be critical regulators of host inflam-
matory and reparative responses, and these transcriptional
factors may be activated by lipid mediators produced in re-
sponse to lung injury. The generation of better transgenic
model systems, including conditional and site-specific trans-
genic mouse models, are required to more precisely define
the contribution of PPAR-y and other PPAR family mem-
bers to disease pathogenesis in ALI and other inflammatory
lung diseases. This class of nuclear hormone receptors may
serve as important targets for therapeutic intervention in the
treatment of patient with both acute and chronic inflamma-
tory disorders of the lung.
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1. INTRODUCTION

Current treatment for chronic lung diseases, including
asthma, targets the inflammatory response that is a major
contributor to disease pathology. Although inhaled corti-
costeroids are safe and effective in most patients, a signifi-
cant proportion of patients with asthma fail to obtain the
expected benefits of anti-inflammatory treatment or suffer
adverse side effects, and these drugs have not been shown
to prevent disease progression. The involvement of diverse
cell types and mediators in the inflammatory process pro-
vides numerous potential therapeutic options in addition to
those targeted by corticosteroids. Novel anti-inflammatory
agents with different activity profiles to corticosteroids may
minimise persistent inflammation and reduce its contribu-
tion to airway remodelling and airways hyperresponsiveness
(AHR) in asthma and the loss of pulmonary function in
other chronic inflammatory lung diseases.

Peroxisome proliferator activated receptors (PPARs) are
ligand-activated transcription factors that have recently been

implicated as targets for the regulation of inflammation.
PPARs are members of the nuclear hormone receptor fam-
ily with three isoforms, designated PPAR«a (NR1C1), PPARp
(PPARS, NR1C2), and PPARy (NR1C3). Activation of these
receptors has been shown to regulate diverse cellular re-
sponses including production of immunomodulatory cy-
tokines, chemotaxis, cell differentiation, proliferation, and
survival. This review describes the localisation of these re-
ceptors in key cells involved in the pathogenesis of inflam-
matory diseases in the lung, and presents in vitro and in vivo
evidence describing the anti-inflammatory efficacy of PPAR
ligands. The identification of complementary or additional
actions to those exerted by corticosteroids supports further
exploration of the therapeutic potential of PPAR ligands in
asthma and chronic lung inflammation.

2. PPARs AND RXRs

The name PPAR derives from the identification of PPAR« as
the molecular target for the fibrate class of drugs that induce
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peroxisome proliferation in rodents, a property not shared by
the other PPAR isoforms. PPAR«, PPARf, and PPARy share
a common structure of 4 domains consisting of a variable
amino terminal activation function-1 domain (AF-1, A/B), a
DNA binding domain (C), a hinge region (D), and a highly
conserved activation function-2 domain (AF-2, E/F). The
large T-shaped ligand-binding domain within the AF-2 re-
gion enables PPARs to bind promiscuously to a plethora of
structurally diverse endogenous and synthetic ligands [1]. In
addition to ligand binding, AF-2 is important for association
with coregulators of receptor activity, and for receptor dimer-
ization and nuclear translocation. Unlike glucocorticoid re-
ceptors that form homodimers, PPARs exist as heterodimers
with retinoid X receptors (RXR). Like PPARs, there are three
distinct isoforms of RXR, namely RXRa, RXRf, and RXRy,
that are all activated by the endogenous ligand 9-cis retinoic
acid [2].

3. PROPOSED MECHANISMS OF GENE REGULATION
BY PPAR

The molecular mechanisms of gene regulation by PPARs are
complex. Heterodimerization of PPAR with RXR may be
affected by competition between PPAR isoforms and with
other nuclear receptors that are also RXR partners, such as
retinoic acid receptors, vitamin D receptors, and liver X re-
ceptors. In the absence of ligand, PPAR-RXR forms a com-
plex with corepressor proteins with histone deacetylase ac-
tivity, including nuclear receptor corepressor (NCoR) and
the silencing mediator for retinoid and thyroid hormone re-
ceptors (SMRT) that prevents interaction with intracellular
targets. Ligand binding causes corepressor dissociation, and
ligand-dependent recruitment of coactivators such as steroid
receptor coactivator-1 (SRC-1) and the PPAR binding pro-
tein (PBP) [3, 4].

Regulation of gene transcription can occur following nu-
clear translocation of this activated complex. Transcriptional
activation or suppression can occur following recognition
of PPAR response elements (PPRE) in promoters of tar-
get genes and binding to PPRE consensus sequences com-
prising AGGTCA hexamers separated by a single nucleotide
spacer DR-1 (reviewed in [5]). Alternatively, PPAR can nega-
tively regulate gene expression by antagonizing other signal-
dependent transcription factors such as nuclear factor B
(NFxB), CAAT/enhancer binding protein (C/EBP), signal
transducers and activators of transcription (STAT) or ac-
tivator protein 1 (AP-1). This may occur via direct bind-
ing to cause transrepression [6] or by sequestering coactiva-
tors such as the glucocorticoid receptor interacting protein-
1/transcriptional intermediary factor (GRIP-1/TIF) required
for activity of other transcription factors [7]. PPARy lig-
ands may also mediate responses via activation of mitogen-
associated protein kinase (MAPK) and phosphoinositide-3-
kinase (PI3K) pathways [8, 9]. The differential tissue distri-
bution of PPAR«, PPARS, and PPARy as well as competition
between these isoforms and with other nuclear receptors for
the accessory proteins that regulate their activity may allow
the specific recognition of target genes and other transcrip-
tion factors to modulate cell function [3].

4. PPARTISSUE DISTRIBUTION AND LIGANDS

PPARa, PPARS, and PPARy are all widely expressed and
share some common ligands. However, activation of a spe-
cific PPAR can be achieved using selective ligands in tissues
where all isoforms are present or by targeting tissues where
the isoforms are differentially expressed (Tables 1, 2).

PPARw is highly expressed predominantly in liver, kidney,
skeletal muscle, and heart, and has a role in the catabolism
of fatty acids. Structurally diverse ligands for PPAR« include
naturally occurring fatty acids and eicosanoids such as 8S-
hydroxyeicosatetranoic acid (8S-HETE) and leukotriene B4
(LTB4). Among the synthetic PPAR« ligands described are
the fibrate class of drugs used clinically for the treatment of
dyslipidaemia such as clofibrate and fenofibrate, and phar-
macological tools such as Wy14 643 [2].

The physiological role of PPARS is less certain due to
its ubiquitous expression. Fatty acids also activate PPARS,
with prostacyclin among other potential endogenous lig-
ands for PPARS. Recently developed synthetic ligands such
as GW501516 and L165041 have been used to support a role
for PPARp in regulation of fatty acid oxidation and cell dif-
ferentiation in skeletal muscle and adipose tissue [2, 4].

PPARy was originally characterised as a regulator of
adipocyte differentiation, but also plays key roles in glu-
cose and lipid metabolism. Activation of PPARy also oc-
curs in response to a wide variety of potential endogenous
ligands as well as synthetic agonists, such as the thiazo-
lidinedione (TZD) class of insulin-sensitising drugs. Nat-
urally occurring PPARy ligands include polyunsaturated
fatty acids (PUFAs), such as linoleic acid, arachidonic acid,
and eicosapentanoic acids, and oxidised lipids such as 9-
and 13-hydroxyoctadecadienoic acid (HODE), and 12- and
15-HETE [10]. The arachidonic acid metabolite 15-deoxy-
A2 _prostaglandin-J; (15-d-PGJ,) has been widely used ex-
perimentally to define PPARy-dependent responses, despite
additional actions mediated through PPAR« activation [11].
In this context, it is important to also note that it is still un-
certain whether this prostaglandin D, metabolite can be gen-
erated in vivo at the micromolar concentrations sufficient to
mediate potential PPARy-dependent effects [12].

The TZD or glitazone class of drugs used in the treat-
ment of type 2 diabetes are believed to exert their insulin-
sensitising and hypoglycaemic effects through stimulation of
PPARy [4]. Activation of PPARy by TZDs results in an alter-
ation in the transcription of several genes involved in glucose
and lipid utilisation such as GLUT4 glucose transporter and
fatty acid transporter protein [13], and their binding affin-
ity to PPARy closely parallels their in vivo hypoglycaemic
potency [14]. These synthetic ligands include rosiglitazone
(RGZ), ciglitazone (CGZ), pioglitazone (PGZ), and troglita-
zone (TGZ), with RGZ reported to be the most potent [15].

5. PPAREXPRESSION AND ITS REGULATION IN
INFLAMMATORY CELLS AND IN THE LUNG

Recent evidence supports a role for PPARs in the regula-
tion of lung inflammation. Differential expression of PPAR
isoforms has been demonstrated in different inflammatory,
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TasLE 1: Natural and synthetic ligands for PPAR isoforms.
Isoform Natural ligands Synthetic ligands Antagonists
PGD, Fibrates
PPARa PGL, Wyl4 643 MK866
LTB, GW9578, GW7647 GW6471
8S-HETE NSAIDs
PPARS PGA, GW501516, GW0742 Sulindac
PGl L165041
PGD,, PGJ,,15-d-PG]J, TZDs BADGE
PPARy 9-HODE, 13-HODE GW262570 GW9662
12-HETE, 15-HETE NSAIDs T0070907
PPARa«, y — GWZ.SSI —
Ragaglitazar
PPARG, B, Saturated FAs o o
PUFAs

BADGE: bisphenol A diglycidyl ether; FA: fatty acid; HETE: hydroxyeicosatetranoic acid; HODE: hydroxyoctadecadienoic acid; NSAID: nonsteroidal anti-

inflammatory drug; PUFA: polyunsaturated fatty acid; TZD: thiazolidinedione.

resident, and structural cells in the airways (see Table 2).
Both PPAR« and PPARy are expressed in macrophages and
monocytes [16-18], eosinophils [19, 20], with PPARS also
expressed in neutrophils [21, 22]. Dendritic cells express
PPARy but not PPAR« [14, 23], but both PPAR« and PPARy
are expressed in B and T lymphocytes [24, 25]. PPARS and
PPARy but not PPAR« are expressed in mast cells [26], while
all three isoforms have been detected in A549 and BEAS-2B
airway epithelial cell lines [27-30]. Mesenchymal expression
of PPARs has been demonstrated with PPARy detected in
primary fibroblasts [31], and with PPAR« and PPARy but
not PPARS in airway smooth muscle [13, 32]. The variable
patterns of expression of these PPARs in these diverse cell
types suggest that receptor activation of different isoforms
may specifically modulate both the production of media-
tors implicated in inflammation and the cellular responses
that contribute to tissue remodelling and the development of
AHR.

Emerging evidence suggests that PPAR receptor expres-
sion is altered in lung disease, with changes in PPARy lev-
els being the most extensively studied. PPARy has been lo-
calised in mucosal eosinophils and macrophages, airway ep-
ithelium and smooth muscle in human airway biopsies, with
increased expression in asthmatic patients compared with
controls [13]. In addition, in murine models of allergen-
induced inflammation, higher levels of PPARy were evident
in total lung extracts [36, 37] and could be localised to airway
epithelium and muscle cells, mast cells, and some inflamma-
tory cells [38].

The stimulus for the increased PPARy levels detected
in intact airways is unclear, as is the functional role of
this increase. In vitro, PPARy is inducible by the inflam-
matory cytokine interleukin-4 (IL-4) in airway epithelial
cells and macrophages [27, 39]. PPARy expression in mono-
cytes is increased with macrophage differentiation and acti-
vation [16, 17] and in sensitised mast cells following anti-
gen exposure [26]. Similar changes in the cellular environ-
ment in asthmatic airways may contribute to the elevation

in PPARy levels. The lower levels of PPARy expression in
glucocorticoid-treated asthmatics, compared with untreated
asthmatics [13], suggest that increased PPARy expression
may be a product of the inflammatory pathways sensitive
to steroid therapy. The current hypothesis is that PPARy
expression is upregulated in response to inflammatory cy-
tokines to provide a negative feedback mechanism, whereby
endogenous PPARy ligands could activate these receptors
to limit the cellular inflammatory response in the airways.
Increases in PPAR«a and PPARp during inflammation have
not yet been described, although PPARS expression in the
lung has recently been shown to be increased in the lungs of
streptozotocin-induced diabetic rats [40].

However, PPAR upregulation does not appear to be a
generalised response to inflammation. PPAR«a and PPARp
were expressed in peripheral blood lymphocytes, monocytes,
and neutrophils healthy subjects and in patients with cystic
fibrosis (CF). However, relatively lower levels and activity of
PPARa, and not PPARS, were detected in the lymphocytes
from CF patients [22]. The authors speculate that this may
be associated with changes in levels of endogenous PPAR«
ligands in CF, but that treatment with synthetic PPAR« lig-
ands may increase receptor expression and activity to min-
imise the immune response [41]. Although ovalbumin sen-
sitisation has been shown to increase PPARy expression in
the lung [36-38], levels of PPAR« were decreased in in-
flamed lungs of allergen-exposed mice [42]. In addition, a
recent study has shown that PPARy mRNA and protein are
downregulated in alveolar macrophages following segmen-
tal allergen challenge in asthmatic patients, but not healthy
controls [43]. It has been suggested that this downregula-
tion could contribute to ongoing pulmonary inflammation,
tissue injury, and loss of function. Alternatively, it could ac-
company the reduction or resolution of inflammation fol-
lowing activation by PPARy ligands since increases in PPARy
expression induced in a murine model of asthma by aller-
gen sensitisation were inhibited by administration of the syn-
thetic ligand, CGZ [38].
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TABLE 2: PPAR isoforms in inflammatory cells and lung structural cells.
Cell type PPAR« PPARS PPARy
Macrophage/monocyte v [16,22] v [22,33] v [13,17,18, 33]
X [33] — X [22]

Eosinophil v [19] — v [13,19,20]
Neutrophils v [22] v [21,22] v [21]

— — X [22]
Lymphocytes v [22,24,25] v [22] v’ [24,25]

— — X [22]
Dendritic cells X [14, 23] — v [14, 23]
Mast cells X [26, 34] v [26] v [26]
Epithelial cells v [28] v [28,29] v’ [13,27,28, 30]
Lung fibroblasts — — v [13,31]
Airway smooth muscle v [32,35] X [32, 35] v’ [13, 32, 35]

These studies suggest a complex interaction between the
initiation and resolution of the inflammatory process and
changes in PPAR receptor expression that may be regu-
lated by both inflammatory mediators and the levels of en-
dogenous PPAR ligands. It is important therefore to define
receptor-mediated responses at both the cellular level and in
integrated animal models of disease to elucidate the role for
PPARs in lung inflammation.

Against this translational background, the development
of selective ligands for PPAR isoforms has been critical. How-
ever, there are marked differences between reported binding
affinities and receptor activation potencies for PPAR ligands
versus the concentrations required to elicit cellular effects.
Multiple approaches are therefore required to support claims
for PPAR-dependency of these actions. These include con-
firming receptor expression in cells of interest and the use of
pharmacological antagonists. Several irreversible antagonists
for PPARy have been described including bisphenol A digly-
cidyl ether (BADGE) [44], and GW9662 [45], although the
utility of the former may be compromised by its partial ago-
nist activity [46]. Antagonists for other PPAR isoforms have
been described (see Table 1), but have not been utilised in
studies outlined in this review.

More recently, molecular techniques have been used to
characterise potential PPAR-mediated responses. Adenoviral
constructs expressing a dominant negative PPARy gene that
binds to the ligand and the PPRE on DNA but does not ini-
tiate transcription have been used in lung fibroblasts [31],
while the effects of overexpression of functional PPARy have
been assessed in murine models of asthma [36, 37, 47]. In
vivo, transgenic approaches have also characterised the regu-
latory role of PPAR« in inflammation using PPAR«-deficient
mice [19, 48]. A similar approach for PPARy is not pos-
sible, since complete elimination of this isoform results in
embryonic lethality. However, heterozygous knockout mice
(PPARy™~) have been generated [49] and used to impli-
cate PPARy in mast cell proliferation [50]. More recently,
a developmental study using mice with specific ablation of
PPARy in the airway epithelium showed that these condi-
tionally PPAR ™/~ -targeted mice had reduced collagen extra-
cellular matrix (ECM) gene expression in the lung [51]. This

suggests that PPARy has a role in the epithelial-mesenchymal
interactions necessary for the establishment of normal lung
structure [51]. The implications of this finding on inflamma-
tion in lung disease have yet to be explored.

6. PPARFUNCTION IN INFLAMMATORY
CELLS AND IN THE LUNG

There is now extensive evidence that PPAR ligands reg-
ulate inflammatory and immune processes mediated by
cells in which one or more PPAR isoforms is expressed.
Many of these actions are in common with corticosteroids,
which have been shown to have inhibitory effects on T cell,
eosinophil, neutrophil, mast cell/basophil, and macrophage
function [52]. PPAR ligands have also been shown to af-
fect cellular responses of resident and structural cells im-
plicated in inflammation and tissue remodelling in chronic
lung diseases. Most of these studies have focussed on PPARy,
and some direct comparisons have been made with corticos-
teroids [32, 53]. In many cases it remains to be determined
whether the effects of PPAR ligands are receptor-mediated,
to clarify differences in the activities and mechanisms of ac-
tion of putative endogenous ligands and synthetic agonists,
and to determine their potential therapeutic advantages over
corticosteroids.

A characteristic feature of airway inflammation in
asthma is the predominance of Th2 lymphocytes and their
products, which mediate inflammatory cell recruitment of
mast cells, eosinophils, and lymphocytes and subsequent re-
lease of mediators from these cells. Both 15-d-PGJ, and CGZ
are reported to inhibit T cell proliferation [24, 54]. 15-d-
PGJ; but not CGZ or PPAR« agonists induced T cell apopto-
sis [55]. 15-d-PG]J, also decreased production of both Thl
and Th2 type cytokines from T cells [56]. In addition, T
cells obtained from sensitised mice treated with CGZ showed
decreased IFNy, IL-4, and IL-2 release when exposed to al-
lergen [56]. However, 15-d-PG]J, also caused a potentially
proinflammatory induction of IL-8 gene expression in hu-
man T cells and macrophages via a MAPK and/or NFxB-
dependent signalling pathway [8, 57].
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In activated monocytes, the PPARy ligands 15-d-PGJ,
and TGZ inhibited production of proinflammatory cy-
tokines tumour necrosis factor « (TNFa), interleukin-1p (IL-
1/3) and IL-6 [58]. In contrast, natural and synthetic agonists
for PPAR« were ineffective in these cells [58]. 15-d-PG]J, and
RGZ also reduced TNF« release and the expression of in-
ducible nitric oxide synthase (iNOS) and matrix metallopro-
teinase (MMP)-9 in activated macrophages, in part by antag-
onising the activities of AP-1, STAT, and NF«xB [17, 33]. Both
PPARa and PPARYy agonists induced macrophage apoptosis,
in cells stimulated with TNF« and IFNy [16].

6.1. Eosinophils

Eosinophils are elevated in the airways of asthmatics and
can release inflammatory and cytotoxic mediators, cytokines,
and growth factors that contribute to tissue remodelling and
AHR. IL-5 and eotaxin-induced chemotaxis were reduced
by PPARa- and PPARy-selective ligands Wyl4 643 and RGZ
at micromolar concentrations, with the effect of RGZ pre-
vented by the PPARy antagonist, GW9662 [19]. In contrast
to these findings, it has recently been shown that both 15-
d-PGJ, and TGZ prime eotaxin-induced chemotaxis in the
picomolar to low nanomolar concentration range, and that
this effect is also prevented by GW9662 [59]. The possibility
that endogenous ligands may have proinflammatory effects
via PPARy at physiological concentrations, but that exoge-
nous ligands may be negative immunomodulators at higher
concentrations, will require further investigation. This expla-
nation may also resolve discrepancies in other in vitro stud-
ies examining regulation of cytokine release and expression
that ascribe both pro- and anti-inflammatory properties to
PPARy ligands.

6.2. Mastcells

Mast cell infiltration of airway smooth muscle (ASM) in the
airway wall is associated with impaired function in asthma
[60]. In response to antigen stimulation, mast cells release
stored mediators such as histamine, and produce arachidonic
acid derivatives such as prostaglandins and leukotrienes, and
cytokines such as TNFa, IL-4, and granulocyte macrophage-
colony stimulating factor (GM-CSF). Several roles for PPARs
in regulation of mast cell function have been proposed. The
PPARP ligand carbaprostacyclin and PPARy ligands 15-d-
PGJ, and TGZ suppressed histamine release and TNFa and
GM-CSF production by human basophilic KU812 cells and
mast cells [26, 61]. In addition, the increase in cell surface ex-
pression of the high affinity IgE receptor FceRI in response to
antigen was reduced by selective PPARf and PPARy ligands,
namely PGA, and 15-d-PG]J, [61]. PPAR« ligands had no ef-
fect on cytokine release or FceRI expression in these human
cells [26, 61]. Although fenofibrate, Wy14 643, and CGZ in-
hibited antigen-induced leukotriene production from rat ba-
sophilic leukemia (RBL)-2H3 cells, these effects are likely to
be PPAR-independent since PPARa¢ mRNA was below detec-
tion [34] and the inhibition by CGZ was not prevented by
a PPARy antagonist or associated with nuclear translocation
of the receptor [62]. However, proliferation of bone-marrow

derived murine mast cells was increased by RGZ in an ap-
parently PPARy-dependent manner, since it was prevented
by the PPARy antagonist GW9662 and the effect of RGZ was
reduced in cells from PPARy*™/~ mice [50].

Further studies are required to explore the mechanisms
of action of these selective PPARf and PPARy ligands, and to
clarify the role of both receptors in the modulation of mast
cell function. Previous in vivo studies suggest that corticos-
teroids have a minimal effect on mast cell degranulation and
the appearance of mast cell mediators after segmental anti-
gen challenge in subjects with asthma [63].

6.3. Epithelial cells

Epithelial remodelling has been documented early in the de-
velopment of asthma. Airway epithelial cells can contribute
to persistent inflammation through synthesis and secretion
of enzymes and mediators that regulate matrix turnover and
inflammatory cell influx. Potential anti-inflammatory ac-
tions for PPARy ligands have been described in various ep-
ithelial cell lines. RGZ and PGZ decreased TNFa- and phor-
bol myristate acetate (PMA)-induced MMP-9 activity levels
in NL20 and BEAS cells, associated with inhibition of NFxB
activation [30]. In A549 cells, TZDs reduced expression of
iNOS [27] and decreased secretion of Regulated upon Ac-
tivation, Normal T-cell Expressed, and Secreted (RANTES)
and IL-8 [27, 64]. In contrast to these studies, both RGZ
and TGZ potentiated TNFa-induced production of proin-
flammatory cytokines GM-CSE, IL-6 and IL-8 from A549
cells, independently of PPARy, NFxB or MAPK activation
[65].

There is also a complex relationship between PPARy
and cyclo-oxygenase-2 (COX-2) expression in airway epithe-
lial cells. Both RGZ and CGZ inhibited increases in PMA-
induced COX-2 expression by inhibiting AP-1 signalling
[66]. However, TGZ increased basal and TNFa-induced
COX-2 expression independently of PPARy and NF«B, but
dependent on PI3K and ERK MAPK pathways in A549 cells
[9]. In this study, neither 15-d-PG]J, nor RGZ (PPARYy lig-
ands), GW262570 (PPARy/« agonist), nor L-165041 (PPARf
agonist) regulated COX-2 expression. Further investigation
of these discrepancies will be required to define the effects of
PPARy ligands on airway epithelial cells and the mechanisms
by which these pro- and/or anti-inflammatory responses oc-
cur.

6.4. Mesenchymal cells

Fibroblasts play an important role in regulation of ECM de-
position that contributes to subepithelial fibrosis layer of the
airway, and the development of fixed airway obstruction in
asthma [67]. Thickening of the ASM layer is another char-
acteristic feature of airway remodelling in asthma. This has
been associated with ASM hypertrophy and/or hyperplasia
(68, 69] and increased ECM deposition within the ASM
bundle [70]. These cells can respond to both mitogens and
inflammatory mediators and contribute to further changes
in the airway through the production of ECM proteins, cy-
tokines, and chemokines. The PPARy ligands RGZ, CGZ,
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and 15dPG]J, inhibited the differentiation of human lung
fibroblasts into myofibroblasts and reduce collagen I produc-
tion following TGFf stimulation, although the PPAR« lig-
and Wyl4 643 was ineffective [31]. These potential antifi-
brotic effects may be only partly mediated by PPARy, since
they were suppressed by expression of a dominant negative
PPARy construct, but not by GW9662 [31]. It has been re-
ported that corticosteroids did not prevent TGFfS-induced
collagen I production by ASM cells from individuals with or
without asthma [71], and this suggests that PPARy agonists
may have a therapeutic advantage over corticosteroids in the
regulation of lung fibrosis.

In ASM, the PPARy agonists 15-d-PGJ, and CGZ sup-
pressed both GM-CSF and G-CSF release [32, 53]. Inter-
estingly, the profile of inflammatory mediator inhibition
differed between CGZ and corticosteroids, as dexametha-
sone inhibited GM-CSF but not G-CSF levels [32, 53]. In
a separate study, 15-d-PGJ, and TGZ were shown to in-
hibit TNFa-induced production of eotaxin and monocyte
chemotactic protein-1 (MCP-1) but not IL-8 secretion from
ASM [53]. The inhibitory effects of 15-d-PGJ, were addi-
tive with fluticasone, offering the intriguing possibility that
PPARy agonists in combination with corticosteroids may
provide additional therapeutic benefit in asthma [53]. Al-
though PPARy heterodimerisation with the retinoid X re-
ceptor is well characterized, this study also described addi-
tional complexity in the mechanisms of action of PPARy ag-
onists, with direct physical interactions between PPARy and
GR [53]. In addition, PPARy agonists were shown to me-
diate anti-inflammatory effects directly via GR activation,
with RGZ and CGZ stimulating GR nuclear translocation in
a PPARYy deficient cell line [72]. Assessment of these poten-
tial interactions between PPARy and GR by receptor translo-
cation studies may provide additional insights into mecha-
nisms underlying the relative activities of nuclear receptor
agonists in ASM.

PPARy agonists CGZ and 15-d-PGJ, increased COX-2
expression in ASM, by binding to the PPRE in the COX-2
promoter [35]. Despite the proposed proinflammatory role
for this enzyme, the increased PGE, levels following induc-
tion of COX-2 may act in an autocrine manner to reduce sub-
sequent production of GM-CSF, and to inhibit proliferation
of ASM [73, 74].

PPARy ligands may also exert direct antimitogenic ac-
tions that could inhibit airway remodelling. Both 15-d-
PGJ, and TZDs inhibited proliferation of human cultured
ASM cells [32, 75]. The effects of 15-d-PGJ, and RGZ were
mitogen-independent, as each ligand decreased FGF2- and
thrombin-mediated proliferation with similar potency [75].
However, only the effects of RGZ were reversed by the selec-
tive PPARy antagonist GW9662 [75]. RGZ caused inhibition
of cell-cycle progression in late G1 phase, without decreasing
mitogen-stimulated cyclin D1 protein levels, a mechanism
that differs from dexamethasone [76]. Of additional interest,
the degree of inhibition of serum-induced ASM proliferation
was greater for CGZ than dexamethasone [32]. It is critical
to extend these comparisons to cells derived from asthmatics
where the ability of corticosteroids to inhibit proliferation is
reduced [77] to determine whether PPARy provides an addi-

tional or alternative therapeutic target to glucocorticoid re-
ceptors to regulate remodelling in asthma.

PPARa was also expressed in ASM, but surprisingly,
Wyl4 643 did not regulate inflammatory cytokine produc-
tion [32, 53], COX-2 expression [35], or proliferation [32,
77] of these cells.

7. PPARREGULATION OF ALLERGEN-INDUCED
INFLAMMATION IN VIVO

On the basis of these in vitro findings in inflammatory and
structural cells, the role of PPARs has now been explored in
murine models of allergen-induced bronchial inflammation.
Although these models do not recapitulate all the patho-
physiological changes seen in asthma, sensitisation and re-
peated aerosol challenges with ovalbumin (OVA) induce air-
way eosinophilia, changes in airway structure and increases
in airways reactivity. Numerous studies have now utilised
synthetic PPAR ligands, adenoviral constructs carrying PPAR
cDNA (AdPPAR) and transgenics to support immunomod-
ulatory roles for PPARs in the regulation of inflammation,
airway wall remodelling, and hyperresponsiveness. Although
the majority of studies have focussed on PPARy, some com-
parisons have been made with the other PPAR isoforms.

7.1. PPAR«

In PPARa-deficient Balb/c mice sensitized and challenged
with OVA, there were greater increases in lung inflamma-
tion, airway eosinophilia, and antigen-specific serum IgE lev-
els than in wild-type OVA-treated mice [19]. This was asso-
ciated with relatively higher IL-6, IL-13, and eotaxin levels
in the lung, although IL-4, IL-5, and soluble vascular and
cell adhesion molecule-1 (sVCAM-1) were not different [19].
Critically, the PPARa-deficient Balb/c mice also displayed a
greater response to MCh after OVA-sensitization and aerosol
challenge than wild-type mice, providing a functional cor-
relate to the cellular and humoral changes [19]. It was sug-
gested that this PPAR« deletion worsened eosinophilia and
asthma-like symptoms by preventing the anti-inflammatory
actions mediated by the endogenous PPAR« ligand, LTB4,
known to be produced abundantly by mast cells and other
cell types in asthma. A separate study utilising a selective
PPARe ligand provides support for this explanation, since
GW09578 inhibited allergen-induced influx of eosinophils
and lymphocytes [28]. In the same study, the selective PPARfS
agonist GW501516 had no effect on inflammatory cell influx
[28].

There are conflicting reports on the role of PPAR« in
regulating airway inflammation induced by lipopolysaccha-
ride (LPS), which is characterised by infiltration of neu-
trophils and macrophages, increased chemoattractant lev-
els, and elevated MMP activity in BALE. Although GW8578
had no effect on neutrophil influx or increased levels of ker-
atinocyte derived-chemokine (KC) or TNFa following LPS
treatment [28], fenofibrate reduced the increase in BALF
neutrophils and macrophages as well as levels of TNFa,
KC, macrophage inflammatory protein-2 (MIP-2), mono-
cyte chemoattractant protein-1 (MCP-1) and both MMP-2
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and MMP-9 activities [78]. Further studies are required to
confirm if PPAR« activation may also have a beneficial effect
in acute or chronic inflammatory airway disorders involving
neutrophils and macrophages.

7.2. PPARy

7.2.1.  Inflammation

In Balb/c mice sensitized and challenged with OVA, PPARy
ligands reduced levels of proinflammatory mediators in the
bronchoalveolar lavage (BAL) fluid and lung [19, 28, 36, 37,
56] (see Figure 1). Significantly, cytokines associated with
Th2-driven humoral responses were decreased by treatment
with synthetic PPARy ligands. Increased levels of IL-4, IL-5,
IL-13, and eosinophil cationic protein were reduced by the
administration of RGZ or PGZ [36, 37]. In addition, in vitro
studies of T cell obtained from sensitised mice treated with
CGZ showed decreased IL-4 release when exposed to aller-
gen [56].

Although the antigen sensitisation protocol differed, a
common finding in these studies in Balb/c mice has been
that PPARy ligands CGZ, RGZ and PGZ, and administra-
tion of AAPPARy reduced the OVA-induced influx of inflam-
matory cells, specifically eosinophils [19, 28, 36-38, 47] (see
Figure 1). However, in C57BL/6 mice, RGZ treatment had no
effect on levels of inflammatory cells in the bronchoalveo-
lar lavage fluid despite inhibiting airways hyperresponsive-
ness [79]. Whether this is a strain difference in sensitivity to
regulation of this measure of airway inflammation, or relates

to the ligand and/or route of administration used is yet to be
clarified.

7.2.2.  Airway remodelling

Airway wall remodelling is characterised by goblet cell meta-
plasia, collagen deposition and subepithelial fibrosis, and
smooth muscle hypertrophy and/or hyperplasia. The role of
PPARy in regulating these changes has been explored. Treat-
ment of Balb/c mice with nebulised CGZ was associated
with a reduction in mucous production [38] (see Figure 1).
Since orally administered CGZ had no effect [56] and oral
RGZ treatment had no impact on goblet cell hyperplasia in
C57BL/6 mice [79], the route of administration may be crit-
ical to regulate this parameter.

There is now evidence that activation of PPARy may reg-
ulate ECM deposition that occurs in airway wall remod-
elling. CGZ decreased basement membrane thickness and
airways collagen deposition in response to antigen sensiti-
zation and challenge, associated with a reduction in TGF-f
synthesis [38]. Inhibition of TGF- signalling has also previ-
ously been shown to be inhibited by CGZ in cultured lung
fibroblasts [31]. In support of a generalised antifibrotic ac-
tivity for PPAR ligands, both RGZ and Wy14 643 have been
shown to reduce bleomycin-induced pulmonary fibrosis in
mice [18, 48, 80].

The antifibrotic effect of CGZ seen in vivo may also be re-
lated to regulation of the activity of MMPs or their inhibitors.
Although an increase in MMP-2 proteolytic activity in the

BALF with OVA treatment was not affected by RGZ [79], it
has previously been reported that RGZ inhibits MMP-9 ex-
pression in bronchial epithelial cell lines [30].

Further studies are required to assess whether the in-
hibitory effects of TZDs on ASM proliferation translate to
the in vivo setting, where antigen sensitization and challenge
leads to inflammation, airway fibrosis, and thickening of the
ASM layer. This is critical since the ability of corticosteroids
to reduce airway structural changes in murine models is vari-
able [81, 82], and airway remodelling persists despite optimal
clinical use of corticosteroids in asthmatic patients [83].

7.2.3.  Airways hyperresponsiveness

The impact of regulation of these markers of inflamma-
tion and tissue remodelling by PPARy ligands on AHR has
also been explored. Using unrestrained plethysmography, the
methacholine (MCh)-induced increase in enhanced pause
(Penh) has been used as a measure of AHR following allergen
sensitisation and challenge. In Balb/c mice, nebulized CGZ,
oral RGZ, or oral PGZ completely prevented the increased
response to MCh [19, 36-38, 47]. The effects of the synthetic
PPARYy ligands were mimicked by AdPPARy [36, 37, 47] and
abrogated by GW9662 [19, 36-38, 47].

Using invasive measurements of respiratory resistance
and compliance, RGZ reduced the increase in airways re-
sistance after OVA challenge in C57BL/6 mice, without af-
fecting the decrease in lung compliance, reflecting an effect
on the airways rather than the parenchyma of the lung [79].
This finding provides further support for the proposed role
of PPARy in the regulation of AHR, and is important in
light of recent criticism of the use of Penh measurements to
draw conclusions about the effects of potential therapeutic
agents on AHR [84]. However, since this inhibition by RGZ
occurred in the absence of a significant effect on the OVA-
induced increase in BAL inflammatory cells, MMP-2 activity,
and goblet cell number, it is possible that RGZ may modu-
late AHR by a mechanism that is independent of inhibition
of inflammatory cell recruitment to the airway [79]. Disso-
ciation between inhibition of eosinophilia and reduction in
AHR have previously been reported, although the dose of
dexamethasone required to inhibit AHR was higher than that
needed to inhibit eosinophilia in a murine model of allergic
airway inflammation [85].

7.2.4. Potential mechanisms for decreased inflammation
and AHR by PPARYy ligands

MCh reactivity was unchanged in saline-challenged mice af-
ter oral treatment with RGZ for 7 days [79], suggesting that
exposure of ASM to RGZ does not directly inhibit con-
tractile responsiveness. In addition, RGZ did not modulate
basal airway tone, or the contraction in response to MCh or
histamine in isolated guinea pig tracheal rings [79]. However,
CGZ and RGZ have been shown to produce concentration-
dependent relaxation smooth muscle of isolated mouse tra-
chea [86]. This effect was not prevented by GW9662, but was
inhibited by indomethacin, and suggested that TZDs could
act independently of PPARy to inhibit PGE, metabolism by
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FIGURE 1: Proposed effects of PPARy ligands on inflammatory and remodelling changes in the asthmatic airway that contribute to airways

hyperresponsiveness.

15-hydroxyprostaglandin dehydrogenase leading to a dilator
response [86, 87].

A series of studies have shown that inhibitory effects
of TZDs and AdPPARy on both eosinophilia and AHR
were prevented by GW9662 and implicate increases in phos-
phatase and tensin homologue deleted on chromosome
ten (PTEN) and IL-10 in the protective roles of PPARy-
activation [36, 37, 47]. This is in agreement with a sepa-
rate study, in which RGZ inhibited the migration of antigen-
loaded dendritic cells in the mediastinal lymph nodes and
increased IL-10 production [88].

8. SUMMARY

On the basis of these in vitro and in vivo findings, substantial
evidence has emerged to provide proof-of-concept for the fu-
ture clinical application of PPARy ligands to treat airway in-
flammation. Given their long record of use in type 2 diabetes,
TZDs appear to be ideally placed for use in the treatment
of chronic lung disease. Like corticosteroids, they appear to
have broad anti-inflammatory effects and possess potential
anti-remodelling efficacy on multiple cell types in the lung
and in animal models of asthma. However, PPARy agonists
including RGZ may offer additional therapeutical advantages
to current treatment, if they can be proven to exert control
over proinflammatory and proasthmatic pathways that are
not susceptible to inhibition by corticosteroids in the clinical
setting. Further comparative studies are required to explore
these novel complementary or additional actions of PPARy
agonists to those already identified.

The efficacy of TZDs in asthma has not yet been eval-
uated in human clinical studies, although there has been a
case report describing the reduction in asthma symptoms in
patients treated with PGZ for diabetes [89]. A limited trial
examining the effect of RGZ on lung function in comparison

with low dose inhaled corticosteroids in steroid naive smok-
ers with asthma is currently underway in the United King-
dom to determine whether targeting PPARy may offer ther-
apeutic benefit in the future treatment of asthma and other
inflammatory lung diseases.

ABBREVIATIONS

AHR: Airways hyperresponsiveness
AP-1: Activator protein-1

ASM: Airway smooth muscle

BADGE:  Bisphenol A diglycidyl ether
BALF: Bronchoalveolar lavage fluid
C/EBP: CAAT/enhancer binding protein
CF: Cystic fibrosis

CGZ: Ciglitazone

COX-2: Cyclo-oxygenase-2

15-d-PG]J; : 15-deoxy-A'?!-prostaglandin J,

ECM: Extracellular matrix

ERK: Extracellular regulated kinase

FA: Fatty acid

FGF-2: Fibroblast growth factor-2

G-CSF: Granulocyte colony stimulating
factor

GM-CSF:  Granulocyte-macrophage colony
stimulating factor

GR: Glucocorticoid receptor

GRIP-1:  Glucocorticoid receptor interacting
protein-1

HETE: Hydroxyeicosatetranoic acid

HODE: Hydroxyoctadecadienoic acid

IFNy: Interferony

iNOS: Inducible nitric oxide synthase

KC: Keratinocyte-derived chemokine

LPS: Lipopolysaccharide
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LTB4: Leukotriene B4

MAPK:  Mitogen-associated protein kinase

MCh: Methacholine

MCP-1:  Monocyte chemotactic protein-1

MIP-2:  Macrophage inflammatory protein-2

MMP: Matrix metalloprotease

NF«B: Nuclear factor «B

NSAID:  Nonsteroidal anti-inflammatory drug

OVA: Ovalbumin

PGZ: Pioglitazone

PI3K: Phosphoinositide-3-kinase

PMA: Phorbol myristate acetate

PPAR: Peroxisome proliferator activated
receptor

PPRE: Peroxisome proliferator activated
receptor response element

PUFA: Polyunsaturated fatty acid

PTEN: Phosphatase and tensin homologue
deleted on chromosome ten

RANTES: Regulated upon activation normal T
cell expressed and secreted

RGZ: Rosiglitazone

RXR: Retinoid X receptor

STAT: Signal transducers and activators of
transcription

sVCAM-1: Soluble vascular and cell adhesion
molecule-1

TGFB:  Transforming growth factorf

TGZ: Troglitazone

TIF: Transcriptional intermediary factor

TNF«a:  Tumour necrosis factora

TZD: Thiazolidinedione
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INTRODUCTION

Pulmonary fibrosis is a group of disorders characterized by accumulation of scar tissue in the lung interstitium, resulting in loss
of alveolar function, destruction of normal lung architecture, and respiratory distress. Some types of fibrosis respond to corticos-
teroids, but for many there are no effective treatments. Prognosis varies but can be poor. For example, patients with idiopathic
pulmonary fibrosis (IPF) have a median survival of only 2.9 years. Prognosis may be better in patients with some other types of
pulmonary fibrosis, and there is variability in survival even among individuals with biopsy-proven IPFE. Evidence is accumulating
that the peroxisome proliferator-activated receptors (PPARs) play important roles in regulating processes related to fibrogenesis,
including cellular differentiation, inflammation, and wound healing. PPAR« agonists, including the hypolidipemic fibrate drugs,
inhibit the production of collagen by hepatic stellate cells and inhibit liver, kidney, and cardiac fibrosis in animal models. In the
mouse model of lung fibrosis induced by bleomycin, a PPAR« agonist significantly inhibited the fibrotic response, while PPAR«
knockout mice developed more serious fibrosis. PPARf3/8 appears to play a critical role in regulating the transition from inflam-
mation to wound healing. PPARS/§ agonists inhibit lung fibroblast proliferation and enhance the antifibrotic properties of PPARy
agonists. PPARy ligands oppose the profibrotic effect of TGF-f3, which induces differentiation of fibroblasts to myofibroblasts, a
critical effector cell in fibrosis. PPARy ligands, including the thiazolidinedione class of antidiabetic drugs, effectively inhibit lung
fibrosis in vitro and in animal models. The clinical availability of potent and selective PPAR« and PPARy agonists should facilitate
rapid development of successful treatment strategies based on current and ongoing research.

Copyright © 2007 Heather F. Lakatos et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

ity in the natural history of this disease. For example, the
mean survival time after a diagnosis of UIP is less than three

Pulmonary fibrosis is a potentially fatal disease character-
ized by accumulation of scar tissue in the lung interstitium,
resulting in loss of alveolar function, destruction of nor-
mal lung architecture, and respiratory distress [1-3]. Known
causes include inhalation of dusts and other particulates such
as silica and asbestos, chemo- and radiation therapy, au-
toimmunity, hypersensitivity pneumonitis, and sarcoidosis
[4, 5]. The idiopathic interstitial pneumonias, as the name
suggests, are a group of fibrotic diseases of unknown etiology,
the commonest of which is the usual intersitial pneumonitis
(UIP), also called idiopathic pulmonary fibrosis (IPF) [6-8].
Some types of fibrosis respond to corticosteroids but many
are refractory [9-11]. Prognosis is varied, but can be poor.
UIP is considered to be the most severe of the idiopathic in-
terstitial pneumonias. However, there is significant variabil-

years [12], but there are patients who can survive for much
longer periods of time with much slower (or rarely no) pro-
gression of their lung disease [13]. In contrast, other patients
can develop acute exacerbations of their pulmonary fibrosis
with the rapid onset of dyspnea, new radiographic abnormal-
ities, respiratory failure, and death in 20%—-86% of patients.
Histological examination of their lungs reveals diffuse alveo-
lar damage superimposed on a background of UIP [12]. The
etiology of these exacerbations is unclear, but factors includ-
ing infection have been implicated.

At the cellular level, pulmonary fibrosis is character-
ized by proliferation and accumulation of fibroblasts and
scar-forming myofibroblasts in the lung interstitium with
increased synthesis and deposition of extracellular matrix
proteins including collagen and fibronectin [9, 14]. Although
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fibroblasts were previously regarded as simple structural
cells, they are now recognized as having important sentinel
and regulatory functions and are a rich source of regula-
tory cytokines and chemokines [15]. Fibroblasts differentiate
to myofibroblasts after appropriate stimuli, including trans-
forming growth factor (TGF)-f1 [9, 14, 16]. Myofibrob-
lasts have some of the characteristics of smooth muscle cells,
including contractility and expression of a-smooth muscle
actin (a-SMA) [14, 17, 18]. The differentiation of fibroblasts
to myofibroblasts, along with increased cellular proliferation
and matrix deposition, leads to the development of fibrob-
lastic foci similar in appearance to the early stages of nor-
mal wound healing. Fibrosis is usually progressive, leading to
destruction of the normal lung architecture [2, 14, 17, 18].
Other organs can develop fibrosis, including the skin, liver,
kidney, and pancreas, and the cellular events and signals are
likely to be similar.

It has been hypothesized that fibrosis is a consequence
of abnormal regulation of wound repair [2, 19, 20]. An in-
jury leads to acute inflammation, followed by an initial repair
phase in which fibroblasts and myofibroblasts at the injury
site replace damaged tissue with scar tissue. Normally, this
phase of wound repair is self-limiting, with myofibroblasts
eventually undergoing apoptosis, and the scar tissue may
be remodeled and reconstructed as relatively normal func-
tional tissue. In fibrosis, the fibroblasts and myofibroblasts do
not undergo apoptosis, but continue to proliferate, resulting
in progressive scarring. The cellular signals involved in the
maintenance of the profibrotic phenotype are unknown, al-
though it is likely that TGF-$ is a critical factor [21-24].

2. PPARs AND LUNG DISEASE

Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcription factors belonging to the nu-
clear hormone receptor family, that function to regulate a
wide range of physiological activities [25]. Three different
isoforms of PPARs have been identified: PPAR«a (NR1C1),
PPARB/§ (NUCI; NR1C2), and PPARy (NR1C3), encoded
by three separate genes. The PPARs and their obligate core-
ceptors, the retinoid X receptors (RXRs), bind a variety of lig-
ands. The ligand-activated heterodimeric complexes then in-
duce expression of target genes carrying peroxisome prolifer-
ators response elements (PPREs) in their promoters. PPAR«
was first identified as the mediator of the response to per-
oxisome proliferators in rodents [26]. Over the past decade,
PPARs have been implicated as important regulators of var-
ious physiological processes, such as lipid and lipoprotein
metabolism, glucose homeostasis, cellular proliferation, dif-
ferentiation, and apoptosis. PPAR« is found in high levels in
liver, kidney, heart, and muscle, whereas PPARS/§ is ubiq-
uitously expressed [26, 27]. PPARy is found in two main
isoforms, PPARy1 and PPARy2, derived from different pre-
mRNA splice variants that use different transcription start
sites. PPARy is widely expressed, and has been found in
blood cells, such as macrophages [28], T and B lympho-
cytes [29, 30], and platelets [31], as well as in tissues in-
cluding adipose, colon, spleen, retina, skeletal muscle, liver,

bone marrow, and lung [27]. Within the lung, PPARy is ex-
pressed by the epithelium, smooth muscle cells, fibroblasts,
endothelium, macrophages, eosinophils, and dendritic cells
[32].

The role of the PPARs in lung disease is not yet clear.
Both PPAR«a and PPARy have been localized in lung tis-
sue, including bronchial epithelial cells, alveolar walls, and
alveolar macrophages [27, 32, 33]. A comparison of non-
smokers, smokers with chronic obstructive pulmonary dis-
ease (COPD), and smokers without COPD found no statisti-
cally significant difference in the number of PPARy-positive
macrophages, but found an increased number of PPARa-
positive alveolar macrophages in smokers with COPD [34].
Sarcoidosis and pulmonary alveolar proteinosis are two
other disorders in which alveolar macrophages are defi-
cient in PPARy [35].A causal relationship has not been de-
termined, however, treatment of pulmonary alveolar pro-
teinosis with granulocyte-macrophage colony-stimulating
factor (GM-CSF) restores alveolar macrophage PPARy levels
[36].

There is evidence that the PPARs, particularly PPAR«
and PPARy, play a role in regulating inflammation. For ex-
ample, fatty-acid-derived inflammatory mediators, includ-
ing prostaglandins and leukotrienes, are ligands for PPAR«
and y [37]. Although the pathogenesis of fibrosis appears to
be distinct from inflammation, and many forms of fibrosis
are refractory to anti-inflammatory therapies such as corti-
costeroids, recent work has supported the hypothesis that fi-
brosis is a consequence of a dysregulated wound healing pro-
cess with an initial injury and inflammatory response. Cer-
tainly, many important inflammatory signals and mediators,
particularly TGF-f, TNF-q, and IL-1f, and prostaglandins,
play key roles in fibrosis [21-24]. This review will discuss re-
cent reports examining the link between PPARs and fibrosis,
and the possibility of using PPAR ligands as antifibrotic ther-
apies. Because the study of PPARs in lung fibrosis is relatively
new, we will also review selected results from fibrotic disease
models in other organs.

3. PPAR«x

PPARa was originally cloned as the molecular target for
the hypolipidemic fibrate drugs, although arachidonic acid
metabolites (eicosanoids, prostaglandins, and leukotrienes)
are also important ligands [38]. PPAR« plays a key role in
lipid metabolism and is highly expressed in tissues involved
in lipid and cholesterol metabolism, including the liver, kid-
ney, and macrophages. PPAR« ligands have important anti-
inflammatory properties, although some studies have re-
ported proinflammatory effects as well [37, 39]. Little is
known about PPAR« in lung disease, although other fibro-
sis models implicate PPAR« in regulating fibrosis.

In the liver, the PPAR« agonists fenofibrate and WY 14643
dramatically reduced fibrosis in the thioacetamide model
of cirrhosis [40]. N-3 polyunsaturated fatty acid, another
PPAR« ligand, reduced hepatic and serum TNF-« levels and
reduced the degree of liver injury in a rat model of non-
alcoholic steatohepatitis [41]. The synthetic PPAR« agonist



Heather F. Lakatos et al.

WY14643 reduced the severity of steatohepatitis in C57BL/6
mice fed a methionine- and choline-deficient diet, with re-
ductions in hepatic mRNA levels of collagen alpha 1, tissue
inhibitor of metalloproteinase (TIMP)-1 and TIMP-2, and
matrix metalloproteinase (MMP)-13 [42].

Fenofibrate also attenuated cardiac and vascular fibro-
sis in pressure-overloaded rat hearts, with reductions in
collagen I and III mRNA [43], and inhibited fibrotic left
ventricular remodeling in mineralcorticoid-dependent hy-
pertension [44]. The PPARa agonist gemfibrozil attenu-
ated glomerulosclerosis and collagen deposition in diabetic
ApoE-knockout mice [45].

Recent reports have found significantly reduced PPAR«
mRNA levels in lymphocytes from cystic fibrosis patients
[46], while PPARa knockout mice develop more severe
carageenan-induced pleural inflammation [47], suggesting a
connection between diminished PPARa-dependent gene ac-
tivation and disease pathology.

The role of PPAR« in lung fibrosis was investigated in
mice using the bleomycin model of lung injury and fi-
brosis. Intratracheal instillation of the antineoplastic agent
bleomycin causes acute lung inflammation that develops into
severe fibrosis, with proliferation of a-SMA-positive myofi-
broblasts, increased collagen deposition, and loss of normal
alveolar architecture [48, 49]. PPARa-knockout mice treated
with bleomycin developed more severe inflammation and
fibrosis than wild-type mice, with increased immunohisto-
chemical detection of TNF-« and IL-1p, increased apoptosis
of interstitial cells, and decreased survival [50]. Treatment of
wild-type mice with the PPAR« agonist WY-14643 enhanced
survival and reduced the severity of fibrosis, as well as reduc-
ing the detection of TNF-« and apoptosis by immunohisto-
chemistry. The authors concluded that endogenous PPAR«
ligands play an important role in limiting the fibrotic re-
sponse in wild-type mice, and that treatment with PPAR«
ligands has potential as an antifibrotic therapy.

As yet, there have been no molecular mechanisms pro-
posed to explain these results. Since bleomycin treatment re-
sults in an acute inflammatory response that later resolves
into fibrosis, it is possible that PPAR« agonists act to inhibit
fibrosis by moderating the initial inflammatory response.
This could be addressed by using a fibrogenic insult that pro-
vokes minimal inflammation, such as adenovirus-mediated
overexpression of TGF-f3 [24].

Interestingly, there is some evidence that the effects
of PPAR« agonists are not entirely dependent on PPARa-
dependent transcription [51]. Since the above study did not
report treating PPARa-knockout mice with WY-14643, the
issue of the PPARa dependence or independence of the ef-
fect was not addressed. It should also be noted that WY-
14643 is also a weak PPARy agonist [52], and PPARy ago-
nists may have antifibrotic activity as well (discussed below).
One way to investigate the PPARa dependence or indepen-
dence of PPAR« agonists would be to study their effects in
PPARa-knockout fibroblasts in vitro and PPARa-knockout
mice in vivo. Studies using additional in vivo models of fi-
brosis (such as thoracic radiation or inhalation of crystalline
silica) should also prove informative.

4. PPARB/S

Although little is known about PPARS/§ in the lung,
PPARpB/S does play a critical role in wound healing in
the skin. PPARfB/J expression is upregulated following skin
injury. Further, PPARB/§-knockout mice exhibit defective
in vivo wound healing, and keratinocytes from PPARf/d-
knockout mice show decreased adhesion and migration in
vitro [53]. It has been suggested that PPARf/J is a critical
regulator of the transition from the initial inflammatory re-
sponse to the later wound healing program [54].

An intriguing recent study suggested that PPARpS/S
may be a target of prostacyclin mimetics used in treating
pulmonary hypertension. Treprostinil sodium activated a
PPARJ/S reporter gene and inhibited proliferation of lung fi-
broblasts in vitro. The effect was not seen in lung fibroblasts
from PPARB/§-knockout mice, demonstrating that the effect
was dependent on PPARS/§ and not on the prostacyclin re-
ceptor [55]. Finally, PPARfS/J agonists enhance the efficacy
of PPARy agonists in mediating adipocyte differentiation in
vitro [56], suggesting that PPARS/§ agonists may also po-
tentiate the antifibrotic effects of PPARy agonists discussed
below.

5. PPARy

PPARy is expressed in many types of lung cells includ-
ing fibroblasts, ciliated airway epithelial cells and alveolar
type II pneumocytes, alveolar macrophages, T lymphocytes,
and airway smooth muscle cells [57]. Endogenous ligands
of PPARy include 15-deoxy —A'>'*-prostaglandin J, (15d-
PG]J,) [58, 59], lysophosphatidic acid [60], and nitrolinoleic
acid [61]. PPARy can also be activated by synthetic ligands
including the thiazolidinedione (TZD) class of clinically used
insulin-sensitizing drugs [62] including rosiglitizone and pi-
oglitizone, as well as oleanic acid derivatives known as triter-
penoids [63].

The anti-inflammatory properties of PPARy ligands have
been well described [37, 64]. In the lung, PPARy ligands in-
hibit LPS-induced neutrophilia [65, 66] and allergic airway
inflammation and hyperresponsiveness in a mouse model
of asthma [67, 68]. PPARy ligands also inhibit the release
of proinflammatory mediators from airway epithelial cells
and alveolar macrophages [69, 70]. In addition, PPARy plays
an important role in regulating cellular differentiation, as
PPARy ligands promote differentiation of preadipocyte fi-
broblasts to adipocytes [58, 59, 71].

A number of studies have investigated PPARy ligands
as potential antifibrotic agents in vivo. Pioglitazone reduced
carbon-tetrachloride-induced hepatic fibrosis in rats, with
decreases in hydroxyl proline content, procollagen I mRNA,
and a-SMA-positive hepatic stellate cells [72]. A similar ef-
fect was observed when fibrosis was induced by a choline-
deficient diet [73, 74]. Rosiglitazone inhibits cardiac fibro-
sis in rats [44] and kidney fibrosis in diabetic mice and rats
[45]. Intriguingly, improvements in renal function have been
noted in patients with type II diabetes who are treated with
TZDs [75, 76].
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F1GURE 1: PPARYy ligands promote fibroblast differentiation to adipocytes and inhibit differentiation to myofibroblasts. Primary human fibroblasts
(center panel) can be differentiated to adipocyte-like cells (left panel) by treatment with 1 yM 15d-PGJ, for 8 days. Lipid droplets were
visualized with oil red O staining. Alternatively, incubation with 10 ng/mL TGF-f3 for 3 days will differentiate fibroblasts to myofibroblasts
(right panel). a-SMA was detected by immunocytochemistry. Note the long bundles of contractile fibers.

Only a limited amount of data is available on the effects
of PPARy agonists on lung fibrosis in vivo. Ciglitazone ad-
ministered by nebulization in a mouse model of asthma not
only reduced lung inflammation and eosinophilia, but also
reduced basement membrane thickening and collagen depo-
sition associated with airway remodeling, as well as synthesis
of the profibrotic cytokine TGF-f [68]. This effect was abol-
ished by concomitant use of GW9662, an irreversible PPARy
antagonist. Rosiglitazone and 15d-PGJ, significantly reduced
mortality, inflammation, cellular infiltrates, and histological
fibrosis following intratracheal administration of bleomycin
[77]. Studies of the in vivo effects of PPARy agonists have
been hampered by the fact that unlike PPAR«, homozygous
germline deletion of the PPARy gene results in embryonic
lethality [78]. A conditional knockout mouse, in which exon
2 of the PPARy gene has been flanked by loxP sites, has been
developed [78], and strategies to inducibly knock out PPARy
expression in the adult mouse lung prior to fibrotic insult are
being explored in a number of laboratories.

The antifibrotic effects of PPARy ligands have been stud-
ied in vitro, leading to new insights into their mechanism of
action. As previously discussed, TGF-f3 drives differentiation
of lung fibroblasts to myofibroblasts, a key effector cell in fi-
brosis [16, 23, 24]. In contrast, PPARy ligands differentiate
fibroblasts to fat-storing adipocytes [58, 59]. This suggests
that PPARy ligands may oppose the fibrogenic effects of TGF-
B (Figure 1). We investigated the ability of PPARy ligands to
counter the profibrotic effects of TGF-f on primary human
lung fibroblasts. Rosiglitazone and 15d-PGJ, efficiently in-
hibited TGF-f-driven differentiation of human lung fibrob-
lasts to myofibroblasts, with reductions in the expression of
a-SMA (a myofibroblast marker) and production of collagen
[79].

Similar results have been observed in other cell types.
Differentiation of hepatic stellate cells to a myofibroblast
phenotype is a key step in liver fibrosis [80-82]. PPARy
agonists suppress proliferation of hepatic stellate cells and
chemotaxis in response to platelet-derived growth fac-
tor (PDGF) [83], and induce hepatocyte growth factor

(HGF), an anti-fibrotic cytokine [84]. PPARy ligands also
block PDGF-dependent proliferation, prolyl4-hydroxylase
() mRNA, and the expression of collagen and a-SMA by
pancreatic stellate cells [85]. Renal cortical fibroblasts treated
with glucose induce myofibroblastic markers. Treatment of
these cells with pioglitizone decreased collagen IV produc-
tion, incorporation of proline, fibronectin production, and
MMP-9 activity as well as reduced secretion of TIMP-1 and
-2 [86, 87].

The molecular mechanisms by which PPARy ligands in-
hibit myofibroblast differentiation and effector function are
under investigation. Because TGF-f appears to be a key profi-
brotic cytokine in lung fibrosis [2, 21], several groups have
investigated the ability of PPARy ligands to interfere with
TGEF-f signaling. TGF-f signaling is mediated by the Smad
family of transcription factors [21]. Binding of TGE-f to type
2 TGF-p receptor recruits type 1 TGF-f3 receptors (TGF-fR-
I), forming a heterotetrameric structure that phosphorylates
Smad2 and Smad3. Smad2 and Smad3 form heteromeric
complexes with Smad4, which translocate to the nucleus
and activate transcription of target genes (Figure 2). In hu-
man hepatic stellate cells, TGF-f causes a time- and dose-
dependent increase in Smad3 phosphorylation, followed by
increased collagen production. Cotreatment with either a
TGEF-BR-I kinase inhibitor or the synthetic PPARy agonist
GW?7845 resulted in dose-dependent inhibition of both col-
lagen production and Smad3 phosphorylation [88]. In con-
trast, the natural PPARy agonist 15d-PG]J, did not inhibit
nuclear translocation of Smad2/3 complexes in human re-
nal mesangial cells treated with TGF-f. Instead, 15d-PGJ,
induced expression of the antifibrotic hepatocyte growth fac-
tor (HGF) via a peroxisome proliferator response element
in the HGF promoter, and upregulated the Smad corepres-
sor TG-interacting factor (TGIF), leading to inhibition of
a-SMA and fibronectin expression [84]. Interestingly, the
same study reported that 15d-PGJ, did inhibit Smad2/3 nu-
clear translocation in rat kidney fibroblasts treated with TGF-
B, while we have reported that 15d-PGJ, does not inhibit
TGF-f-stimulated phosphorylation of Smad2 in human lung
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FIGURE 2: The TGF- signaling pathway. Binding of TGF-f to TGF-f3 receptor II recruits TGF-f receptor I (TGF-SR-I). The kinase domain
of TGF-fR-I phosphorylates Smad2 and 3, which form a heteromeric complex with Smad4 that translocates into the nucleus where it
activates transcription of target genes. Numbers indicate points in the pathway where PPARy ligands have been demonstrated to interfere
with TGEF-p signaling. (1) GW7845, a PPARy ligand, inhibited Smad3 phosphorylation in human hepatic stellate cells [88]. (2) 15d-PG]J,
inhibited nuclear translocation of Smad2/3 in rat kidney fibroblasts [84]. (3) In human renal mesangial cells, 15d-PGJ, induced hepatocyte
growth factor (HGF), which upregulates the Smad corepressor TG-interacting factor (TGIF) [84]. (4) In mouse L929 fibroblasts, 15d-PGJ,
or retinoic acid upregulated the phosphatase and tensin homologue deleted on chromosome 10 (PTEN), leading to repression of TGF-f1

transcription [89].

fibroblasts [79]. It is possible that inhibition of myofibroblast
differentiation by PPARy agonists is mediated by different
mechanisms in different cell types, or that natural and syn-
thetic agonists act by different mechanisms.

Another candidate mechanism for inhibition of profi-
brotic effector functions of fibroblasts involves upregulation
of the tumor-suppressor phosphatase and tensin homologue
deleted on chromosome 10 (PTEN). The PTEN promoter
contains a PPRE, and PPARy ligands upregulate PTEN ex-
pression [90]. In vitro studies have shown that PTEN inhibits
fibroblast-myofibroblast differentiation and expression of a-
SMA and collagen in human and mouse lung fibroblasts
[91], while loss of PTEN activity contributes to the migra-
tory/invasive phenotype of lung fibroblasts isolated from IPF
patients [92]. It has also been reported that PTEN levels are
decreased in the lung tissue of IPF patients, and that PTEN
knockout mice aremore susceptible to bleomycin-induced fi-
brosis [91]. Interestingly, both 15d-PGJ, and the RXR lig-
and 9-cis-retinoic acid inhibited transcription of the TGF-f1
gene via PTEN upregulation in mouse 1929 fibroblasts [89],
providing an additional mechanism by which PPARy ligands
might interfere directly with the profibrotic effects of TGF-f.

One important consideration is that the effects of PPARy
ligands may not all be dependent on PPARy-dependent tran-
scriptional activation. PPARy-dependent transcriptional re-
pression has been described in adipogensis, but not in my-
ofibroblast differentiation [93, 94]. Additionally, recent re-
ports have suggested that some of the biological effects of
15d-PGJ, are moderated by a PPARy-independent mecha-
nism involving modification of protein thiols by an elec-
trophilic carbon on the imidazole ring of 15d-PG]J; [95, 96].
For example, the ability of troglitazone or 15d-PG]J, to in-

hibit proliferation of hepatic stellate cells was shown to be
PPARy-independent [97], while 15d-PG]J, inhibts the pro-
liferation of human breast carcinoma cell lines by covalent
modification of the estrogen receptor DNA-binding domain
[98]. We examined the PPARy dependence of the antifi-
brotic effects of PPARy ligands on human lung fibroblasts.
Neither the irreversible PPARy antagonist GW9662 nor a
dominant-negative PPARy mutant significantly blocked the
ability of 15d-PGJ, to inhibit TGF-B-induced a-SMA ex-
pression, suggesting that this effect of 15d-PG]J, was largely
PPARy-independent [79]. However, the antifibrotic effects
of rosiglitizone were rescued significantly by the dominant-
negative PPARy, suggesting that while rosiglitizone was less
effective at inhibiting myofibroblast differentiation, the effect
was mostly dependent on PPARy [79].

6. RETINOID X RECEPTOR

The PPARs must form heterodimers with the retinoid X re-
ceptor (RXR) in order to initiate gene transcription [99].
Therefore, it has been proposed that the anti-inflammatory
and antifibrotic functions of PPARs may be addressed or
enhanced by RXR ligands, predominantly the retinoic acids
[100, 101]. In the rat liver, endogenous and synthetic retinoic
acids (RA) reduced proliferation of HSCs and production
of collagen I. In addition, all-trans RAs inhibited the syn-
thesis of collagen I/II and fibronectin but did not affect
HSC proliferation [102]. Levels of RXR-aw and RXR-f3 were
decreased in the HSC of rats with cholestatic liver fibro-
sis [103]. In addition, there were decreases in all-trans RA
and 9-cis-RA levels and RA binding to the retinoid receptor
response element (RARE) in fibrotic liver tissue. Similar
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findings have been demonstrated in glomerular mesangial
cells where 9-cis-RA induced the antifibrotic growth factor
HGF and inhibited TGF-f-stimulated induction of a-SMA
and fibronectin [104]. Synergistic effects between RXR lig-
ands and PPAR ligands have not yet been reported in lung fi-
broblasts in vitro or in animal models of lung fibrosis, though
this is under investigation.

7. CONCLUSION

Although the role of the PPARs in fibrosing diseases has been
less well studied than their role in regulating inflammation,
a number of key results have emerged. PPARy agonists in-
hibit the differentiation of lung fibroblasts to myofibroblasts
in vitro, and also inhibit airway remodeling and fibrosis in
animal models [77, 79]. PPAR« agonists also attenuated fi-
brosis in the mouse bleomycin model, while PPAR« knock-
out mice developed more severe disease [50].

Our understanding of the role of PPARs in lung fibro-
sis is hindered by the relative lack of experiments directly
involving the lung or lung cells. However, progress has also
been made toward determining the role of the PPARs in
fibrosing diseases of the liver, kidney, and pancreas. Hep-
atic stellate cells and pancreatic stellate cells differentiate to
myofibroblast-like cells under the same stimulus as lung fi-
broblasts, and this differentiation is inhibited by both nat-
ural and synthetic PPARy ligands [83—85]. The TZD class of
PPARy agonists is effective in reducing liver, cardiac, and kid-
ney fibrosis in rats and mice [44, 45, 72]. PPAR« agonists,
including the fibrate drugs, have also shown promise in at-
tenuating liver, kidney, and cardiac fibrosis [40, 43, 45].

The mechanisms by which PPAR ligands alter fibrosis are
not well understood, but appear to involve multiple regula-
tory pathways (see Figure 3). Natural and synthetic PPARy
agonists inhibit TGF-S-driven myofibroblast differentiation
and activation in hepatic stellate cells, kidney fibroblasts, and
lung fibroblasts. In human hepatic stellate cells, the PPARy
agonist GW7845 inhibited Smad3 phosphorylation and nu-
clear translocation [88], while a similar result was seen with
15d-PGJ; in rat kidney fibroblasts [84]. However, 15d-PGJ,
did not alter Smad2 phosphorylation in human lung fibrob-
lasts [79] or human renal mesangial cells, but instead upreg-
ulated HGF and TGIF [84]. It is likely that the precise mecha-
nism of action of PPARy ligands varies depending on the cell
type and agonist used. A further complication is that PPARy
agonists appear to have PPARy-independent effects. Further
studies using pharmaceutical inhibitors of PPARy or PPARy
knockout cell lines may prove useful in further investigations.

A very intriguing recent report found that 15d-PGJ, al-
tered transcriptional activity of the estrogen receptor by co-
valent modification of cysteine residues in its zinc finger
DNA-binding domain [98]. Since cysteine is a ready target of
covalent modification by 15d-PGJ, [95, 96] and many tran-
scription factors use cysteine-rich zinc finger DNA-binding
domains, this suggests that one possible mechanism by which
PPARy ligands can affect the regulation of cell differentiation
independently of PPARy itself is via modification of other
transcription factors.

(1) PPARa ligands have antifibrotic effects in rodent liver and
lung fibrosis models; the mechanism is unknown but may
involve downregulation of inflammation.

(2) PPARP/S plays a role in regulating the transition from in-
flammation to normal wound healing.

(3) PPARB/S agonists potentiate the antifibrotic activities of
PPARy agonists.

(4) PPARy ligands upregulate transcription of genes that op-
pose myofibroblast differentiation (PTEN).

(5) PPARy ligands interfere with TGF-f signaling via the
Smad pathway in some cell types.

FIGURE 3: Key concepts in the regulation of fibrosis by PPARs.

There are less data available on the mechanism of action
of PPAR« and f/§ agonists. Although PPAR« agonists atten-
uate animal preclinical fibrosis models, studies of the direct
effect of PPAR« ligands on myofibroblast activation have not
been reported. Treprostinil inhibition of lung fibroblast pro-
liferation is PPARf/§-dependent [55], and PPARpS/$ also ap-
pears to play a role in keratinocyte maturation and function
[53]. It has been hypothesized that fibrosis is a consequence
of dysregulated wound healing and tissue remodeling follow-
ing an initial injury [54]. This may provide the mechanistic
link between PPAR« and f3/§ and fibrosis. Rather than di-
rectly acting on fibroblasts and myofibroblasts, PPARa may
regulate inflammation, while PPARB/§ regulates the transi-
tion from inflammation to wound healing [54, 105]. Thus,
PPAR«a and f3/8 agonists may ameliorate fibrosis by altering
the initial inflammatory response and the transition to a fi-
brogenic milieu, respectively.

The relationship between the PPARs and fibrosis is likely
to be complex. As discussed above, PPAR« and PPARy are
involved in regulating both inflammation and fibrosis, and
some ligands have affinity for more than one PPAR. In ad-
dition, because RXR is the obligate dimerization partner for
all three PPARs, modulating RXR activity may have multiple
overlapping or even conflicting effects. A number of useful
tools exist to study these relationships, including highly spe-
cific synthetic agonists and antagonists, dominant negative
expression constructs, and germline and conditional gene
knockouts. Each of these approaches has potential advan-
tages and drawbacks. In particular, genetic ablation of PPAR
genes will eliminate their function from both inflammatory
and repair processes, making it difficult to determine their
role in each process independently. This problem can be ad-
dressed by using multiple complimentary approaches to ex-
amine PPAR function in both normal and abnormal wound
repair and fibrosis.

It must be emphasized that important classes of PPAR«
(the fibrate drugs) and PPARy (TZDs) agonists are currently
available in the clinic. Although the frequency of lung fi-
brosis in the general population is not high, it may be pos-
sible to perform retrospective studies of long-term users of
TZDs and fibrates to determine whether these drugs reduce
the incidence or severity of lung fibrosis and other fibrosing
diseases. More importantly, the clinical availability of these
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drugs means that significant results from animal studies of
fibrosis models may be rapidly applied in the clinical set-
ting. Recent advances in drug delivery by inhalation may al-
low delivery of antifibrotic PPAR agonists directly to the site
of fibrosis (as has already been demonstrated with the use
of ciglitazone in a mouse model of airway remodeling [68]),
achieving higher effective doses at the target site with lower
systemic side effects. As most forms of lung fibrosis are re-
fractory to current treatment, the rapid translation of basic
research to bedside practice holds great promise for a patient
population suffering from a largely untreatable disease.
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1. INTRODUCTION

Originally described in 1990, peroxisome proliferator-
activated receptors (PPARs) are ligand-activated transcrip-
tion factors belonging to the nuclear hormone receptor su-
perfamily [1]. PPARs have been implicated in diverse dis-
orders including cancer, diabetes, and atherosclerosis, and
activation of these receptors regulates diverse physiolog-
ical processes ranging from lipogenesis to inflammation.
Three distinct PPAR subclasses have been identified; PPARq«,
PPARJ3/d, and PPARy. These isotypes are encoded by sepa-
rate genes and exhibit different tissue distributions and func-
tion. PPAR« is predominantly expressed in liver, heart, kid-
ney, and muscle where it regulates genes involved in lipid
metabolism. PPARS/S is a more ubiquitously expressed iso-
form that stimulates fatty acid oxidation in heart and skele-
tal muscle [2] and whose diverse functions include cell dif-
ferentiation [3] and participation in placental development,
cancer [4], wound repair [5], and atherosclerosis [6]. PPARy,
expressed in many tissues including adipose, vascular en-
dothelium and smooth muscle, and heart among others, is
an important regulator of genes involved in cellular differen-
tiation, particularly adipogenesis, lipid metabolism, and glu-
cose homeostasis. More recently, PPARy has been shown to

play a pivotal role in cell growth, inflammation, apoptosis,
and angiogenesis [7—10]. There is limited evidence for the
potential roles of PPAR«a and PPARS/§ in pulmonary vas-
cular function and disease. However, recent studies have es-
tablished that pulmonary hypertension in humans is associ-
ated with reduced PPARy expression and that PPARy ligands
can attenuate the development of pulmonary hypertension
in several experimental models. This review will summarize
recent work implicating PPARy in pulmonary vascular dis-
ease.

2. PPARBIOLOGY

Ligand binding stimulates the PPAR to form a heterodimer
with the retinoid X receptor (RXR) in the cytoplasm [11].
Once activated, the PPAR/RXR heterodimer translocates to
the nucleus where the complex binds to PPAR response ele-
ments (PPRE) in the promoter region of responsive genes to
modulate transcriptional activity. Gene regulation involves
ligand-induced conformational changes in the PPAR recep-
tor that mediate interaction with specific coactivator (e.g.
steroid receptor coactivator-1 and p300) and corepressor
molecules. The coactivator proteins either possess histone
acetyltransferase activity or recruit other proteins with this
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activity to the transcription start site. Acetylation of histone
proteins alters chromatin structure, facilitating the binding
of RNA polymerase and the initiation of transcription [12].
PPARs can also repress gene expression by interfering with
other signaling pathways and by recruiting corepressors to
unliganded PPARs [13].

Structurally diverse ligands activate PPARs. For exam-
ple, ligands of PPAR« include polyunsaturated fatty acids,
arachidonic acid metabolites such as leukotriene B4, and syn-
thetic fibrate compounds used in the treatment of dyslipi-
demia. Ligands for PPARf/§ continue to be defined and in-
clude prostacyclin suggesting a potential role for PPARS/6 in
regulation of vascular tone, platelet aggregation, and cell pro-
liferation [14, 15]. On the other hand, PPARy ligands include
the thiazolidinedione class of anti-diabetic medications (e.g.
pioglitazone, rosiglitazone, and troglitazone), components
of oxidized low-density lipoprotein [16], nitrated fatty acids
(nitroalkenes), long chain fatty acids and their metabolites,
and the PGD; metabolite, 15-deoxy-A12,14-prostglandin J,
(15d-PGJ,). However, despite this promiscuity for activating
ligands and broad tissue distribution, specificity of PPAR-
mediated tissue effects occurs, in part, through recruitment
of ligand-specific populations of coactivator and corepressor
molecules [17-19].

3. PATHOGENESIS OF PULMONARY VASCULAR
DYSFUNCTION

The appreciation of the potential role of PPARy in pul-
monary vascular disease derives from several basic concepts
of vascular disease pathogenesis. Current evidence indicates
that endothelial dysfunction and derangements in the bal-
anced production of vasodilatory and vasoconstrictive me-
diators play a critical role in both systemic [20, 21] and pul-
monary vascular [22] diseases. Within the systemic circula-
tion, endothelial dysfunction represents an early step in the
pathogenesis of atherosclerotic vascular disease that culmi-
nates in coronary, peripheral vascular and cerebrovascular
disease.

In contrast, pulmonary hypertension represents the most
common manifestation of pulmonary vascular disease. Pul-
monary hypertension is characterized by pulmonary vaso-
constriction and vascular smooth muscle cell and endothelial
cell proliferation. Defined as elevation of mean pulmonary
artery pressure above 25 mmHg at rest or above 30 mmHg
with exercise, pulmonary hypertension caused 15 668 deaths
and 260 000 hospital visits in the United States in 2002
[23]. Pulmonary hypertension is most commonly caused
by diverse clinical conditions that produce chronic contin-
uous or intermittent alveolar hypoxia including chronic ob-
structive pulmonary disease, obstructive sleep apnea, or liv-
ing at altitude. These conditions promote pulmonary vaso-
constriction, vascular remodeling, and pulmonary hyper-
tension. Less commonly, pulmonary hypertension devel-
ops secondary to congenital heart defects, autoimmune dis-
eases, left-sided heart failure, or ingestion of certain anorex-
igen drugs or as a consequence of derangements in bone
morphogenetic protein receptor signaling [24, 25]. Existing

treatment strategies for patients with pulmonary hyperten-
sion are limited by an incomplete understanding of the un-
derlying disease pathogenesis, high cost, and lack of efficacy
indicating an urgent need for new approaches to our under-
standing and treatment of this disorder.

Abundant evidence in humans and animal models indi-
cates that derangements in pulmonary endothelial-derived
mediators and endothelial dysfunction play a pivotal role
in pulmonary hypertension pathogenesis. Many of these en-
dothelial mediators are also impacted by PPARy. The follow-
ing summarizes what is known about the interplay between
PPARy and these mediators.

3.1. Nitric oxide

Nitric oxide (NO) has been studied extensively as an
endothelium-derived mediator that plays a critical role in
normal vascular function and that promotes a host of vascu-
lar protective effects. For example, NO inhibits smooth mus-
cle proliferation [26] and platelet aggregation [27], reduces
endothelin-1 (ET-1) production [28], and protects against
hypoxia-induced vasoconstriction [29]. Although chronic
hypoxia causes pulmonary vasoconstriction through com-
plex mechanisms, compelling evidence indicates that dysreg-
ulation of vascular endothelial function constitutes a crit-
ical event in the pathogenesis of pulmonary hypertension
[22]. These endothelial derangements include alterations in
the proliferative capacity of vascular endothelium as well as
derangements in endothelium-derived mediators that mod-
ulate vascular smooth muscle cell function such as NO,
ET-1, serotonin, and prostanoids [30, 31]. While impaired
NO bioavailability contributes to pulmonary hypertension
[32, 33], the relationship between endothelial nitric oxide
synthase (eNOS) expression and pulmonary hypertension is
not clear as reports have variously described reduced, un-
changed, or increased levels of the enzyme [34-37]. Per-
haps this is not surprising given that eNOS-mediated NO
production is regulated by complex mechanisms including
co-factor availability [38—40], eNOS phosphorylation [41-
43], and protein-protein interactions [44—48]. Thus, pul-
monary hypertension-associated alterations in these regula-
tory mechanisms as well as in eNOS expression determine
rates of NO production in the pulmonary circulation.

Once NO is produced, its bioavailability can also be reg-
ulated by levels of other reactive targets in the surrounding
vicinity. For example, superoxide reacts with NO at an ex-
tremely rapid, diffusion-limited rate to form the potent oxi-
dant, peroxynitrite [49]. This reaction not only diverts NO
from its generally salutary effects on physiological down-
stream signaling pathways but can simultaneously lead to ox-
idation of the eNOS cofactor, tetrahydrobiopterin, causing
eNOS uncoupling and eNOS-mediated production of super-
oxide rather than NO [50, 51]. These findings support evi-
dence for impaired endothelium-derived, NO-mediated va-
sodilation in pulmonary hypertension [52]. The ability of
NO inhalation to improve pulmonary hemodynamics and
quality of life in selected patients with pulmonary hyper-
tension [53] further suggests the importance of relative NO
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deficiency in this disorder. Collectively these and other stud-
ies indicate that post-translational alterations in eNOS regu-
lation and/or enhanced NO degradation rather than reduced
eNOS expression contribute significantly to pulmonary hy-
pertension pathogenesis [38, 44, 46, 47].

NADPH oxidase is an important source of superoxide in
pulmonary vasculature, and its stimulation by hypoxic con-
ditions has been recognized for at least 10 years [54]. Re-
cent publications have confirmed the importance of NADPH
oxidase-derived reactive oxygen species in hypoxia-induced
pulmonary hypertension. For example, in isolated-perfused
lung preparations from wild-type mice, ventilation with
3% oxygen caused acute vasoconstrictor responses whereas
hypoxic-induced vasoconstriction was blunted in NADPH
oxidase deficient, p47P"°* knockout mice [55]. Similarly,
C57Bl/6 mice exposed to 10% oxygen for 3 weeks demon-
strated increased superoxide generation in pulmonary ar-
teries and increased right ventricular pressure and pul-
monary arterial medial wall thickness [56]. These hypoxia-
induced derangements were completely attenuated in sim-
ilarly treated NADPH oxidase deficient, gp91P"** knockout
mice. In a separate report, these same investigators demon-
strated that chronic hypoxia enhanced ET-1-stimulated pul-
monary arterial vasoconstriction and superoxide genera-
tion and that these ET-1 effects were attenuated in gp91Pho
knockout mice [57]. NADPH oxidase appears to reside
in both the endothelial and vascular smooth muscle cell
compartments. Hypoxia stimulated superoxide generation
in segments of intact pulmonary artery and in pulmonary
artery endothelial or vascular smooth muscle cells ex vivo,
and hypoxia-stimulated superoxide generation was inhib-
ited by pharmacological inhibition of NADPH oxidase (with
diphenyliodonium or apocynin) and was associated with en-
hanced gp91Pho* expression [47]. Taken together, these re-
ports indicate that NADPH oxidase is an important mediator
of pulmonary hypertension in response to hypoxia and that
it contributes to enhanced vasoconstrictor responses in the
pulmonary circulation following chronic hypoxia.

PPARy ligands stimulate NO release from endothelial
cells through PPARy-dependent signaling pathways [58, 59].
This enhanced endothelial NO release was not related to
increased eNOS expression [58, 59] but was mediated, in
part, by alterations in the post-translational regulation of
eNOS that increased enzyme activity [58]. PPARy ligands
also produced coordinate reductions in endothelial NADPH
oxidase expression and activity and increased CuZn superox-
ide dismutase expression and activity [60, 61]. Although ad-
ditional studies will be required to confirm that these effects
of PPARy ligands on superoxide production and degradation
are PPARy-dependent, these findings suggest that PPARy
ligands have great potential for favorably modulating NO
bioavailability. Rosiglitazone-induced reductions in NADPH
oxidase activity in a rat model of hypertension further sup-
port the potential of PPARy ligands to favorably modulate
dysregulated reactive oxygen species production [62]. Taken
together, these findings suggest that PPARy ligands can regu-
late the balance between endothelial NO and superoxide pro-
duction and provide insights into potential mechanisms by

which PPARy ligands could reduce pulmonary endothelial
dysfunction.

PPARy ligands also exert a variety of other effects on
vascular wall cells that could be mediated, in part, by NO
bioavailability. PPARy ligands inhibit stimulated plasmino-
gen activator inhibitor-1 production [63], inhibit smooth
muscle cell migration and proliferation [64], and angiogen-
esis [65]. Nitroalkenes, the product of NO and unsaturated
fatty acids, are potent endogenous PPARy agonists that mod-
ulate PPARy-regulated signaling events such as adipogenesis
and CD36 expression in macrophages [66]. Nitroalkenes also
stimulate relaxation of vessel segments in an NO-dependent
manner [67] although their role in vascular regulation re-
mains to be defined. Finally, in models of inflammation,
PPARy ligands reduce inducible nitric oxide synthase expres-
sion [68], cytokine-induced monocyte chemotactic protein-
1 production [69], and endothelial-leukocyte adhesion [70].
Taken together, these reports illustrate that PPARy plays a
central role in regulating NO bioavailability and emphasize
the potential relevance of PPARy biology to both systemic
and pulmonary vascular function.

3.2. Endothelin-1

ET-1 is a polypeptide that has been implicated in pulmonary
hypertension pathogenesis. ET-1 is a potent vasoconstric-
tor that promotes platelet aggregation, and its receptors are
upregulated in the lung in both animal models [71, 72]
and patients with pulmonary hypertension [36]. ET-1, as
well as endothelium-derived reactive oxygen species, atten-
uated NO-dependent pulmonary vasodilation following ex-
posure to chronic hypoxia in isolated rat lungs [73]. ET-1-
induced pulmonary vasoconstriction was markedly reduced
by administration of Cu/Zn superoxide dismutase and was
completely attenuated in gp91Ph°* deficient mice [56]. These
findings suggest that NADPH oxidase and superoxide play an
important role in pulmonary vascular effects of ET-1.

Endothelin-1 receptor antagonists have been employed
in patients with pulmonary hypertension to improve func-
tional status and other indices of pulmonary hypertension-
related morbidity [73], further suggesting that ET-1 is an im-
portant mediator of pulmonary vascular dysregulation. Lim-
ited evidence suggests that PPAR ligands inhibit ET-1 secre-
tion by vascular endothelial cells [74, 75].

3.3. Prostacyclin

Prostacyclin, another endothelial-derived mediator involved
in pulmonary vascular regulation, is a potent vasodilator that
inhibits platelet aggregation and exerts anti-inflammatory,
anti-thrombotic, and anti-proliferative vascular effects [76].
Overexpression of prostacyclin synthase protected mice
from chronic hypoxia-induced pulmonary hypertension
[77] whereas prostacyclin-receptor deficient mice were sen-
sitized to hypoxia-induced pulmonary hypertension [78].
Decreased prostacyclin synthase expression has been noted
in the pulmonary arteries of patients with severe pul-
monary hypertension compared to normal subjects, and the



PPAR Research

vascular endothelium was found to be the major site of lung
vascular prostacyclin synthase expression [34]. In patients
with pulmonary hypertension, prostacyclin derivatives de-
creased urinary isoprostane metabolites, an index of oxida-
tive stress without altering thromboxane A2 [79]. Currently,
this endothelial-derived mediator is a therapeutic target in
the treatment of pulmonary hypertension [80], however
the precise cellular mechanisms responsible for prostacyclin-
mediated benefits remain to be defined.

Several studies have suggested potential relationships be-
tween PPAR, prostaglandin metabolism, and vascular dis-
ease. For example, inducible cyclooxygenase-2 (COX-2) is
expressed in vascular endothelial cells and promotes vascular
dysfunction [81-83]. The ability of PPARy ligands to inhibit
COX-2 induction [84] suggests potential relationships be-
tween PPARy and altered prostaglandin metabolism in vas-
cular dysfunction. PPARf3/J, a putative receptor for prosta-
cyclin, was involved in prostacyclin-induced increases in en-
dothelial cell survival [85] and has been implicated in the
anti-thrombotic and anti-proliferative actions of prostacy-
clin [14, 15].

3.4. Rho/rho kinase

The small GTPase, Rho, and its associated effector, Rho-
kinase play a central role in diverse cellular functions in-
cluding smooth muscle contraction, cell proliferation, and
gene expression. Several studies have demonstrated that the
Rho/Rho-kinase pathway participates in the pathogenesis
of pulmonary hypertension. Rho-kinase activation was in-
volved in hypoxia-induced pulmonary vasoconstriction [86]
and increased basal pulmonary vascular tone in chroni-
cally hypoxic rats [87]. Rho-kinase inhibition reversed acute
hypoxic vasoconstriction [88] and attenuated the develop-
ment of chronic hypoxia-induced pulmonary hypertension
and vascular remodeling in mice [89]. Long-term inhibition
of Rho-kinase also prevented or reversed monocrotaline-
induced pulmonary hypertension in rats by enhancing
apoptosis and reducing proliferation of pulmonary artery
smooth muscle cells [90]. Interestingly, inhaled Rho-kinase
inhibitors caused selective pulmonary artery pressure re-
duction in several models of pulmonary hypertension [91].
Hypoxia-induced Rho-kinase activation may also contribute
to capillary angiogenesis and sustained vasoconstriction
[92]. Collectively, these data suggest that the Rho/Rho-kinase
pathway represents an attractive therapeutic target in pul-
monary hypertension.

Recent evidence demonstrated that PPARy activation
inhibited the Rho/Rho-kinase pathway through upregula-
tion of the protein tyrosine phosphatase, SHP-2 [93]. The
demonstration that PPARy ligands increased NO produc-
tion [58, 59] and that NO increased SHP-2 activity and sup-
pressed Rho/Rho kinase activation [94] provides additional
evidence that this pathway may be amenable to manipula-
tion with PPARy ligands. Thus, the role of PPARy in the reg-
ulation of the Rho/Rho-kinase pathway during pulmonary
hypertension remains a promising area for continued inves-
tigation.

4. PPARy AND SYSTEMIC VASCULAR
DISEASE

To date, a more extensive literature has been devoted to inves-
tigation of PPARy in the systemic than in the pulmonary cir-
culation. In general, PPARy activation attenuates endothelial
dysfunction and the development of atherosclerosis. These
findings are reviewed in brief to emphasize common path-
ways involved in PPARy-mediated regulation of vascular
function. In vivo studies of atherosclerosis in non-diabetic
mouse models, including low-density lipoprotein receptor
or apolipoprotein E-deficient mice, demonstrated that thi-
azolidindione PPARy ligands reduced lesion formation [95—
97] consistent with PPARy-mediated vascular protection in
non-diabetic vascular disease. PPARy activation also inhib-
ited VEGF receptor expression and decreased endothelial
tube formation in rats [65] as well as reduced VEGF and
leptin-induced migration of human endothelial cells [98].
Another important step in the development of atherosclero-
sis involves adhesion of inflammatory cells to the endothe-
lium. PPARy activation decreased expression of several adhe-
sion molecules, specifically VCAM and ICAM in endothelial
cells [99] and reduced monocyte-endothelial cell interaction
[70].

In addition, a growing body of literature in animal
and human subjects indicates that PPARy ligand ther-
apy is associated with improved endothelial function in
vivo [100-103]. For example, pioglitazone and rosiglita-
zone decreased angiotensin II-induced hypertension and
improved endothelium-dependent vasodilation in the rat
[104]. Several mechanisms have been proposed for the anti-
hypertensive effects of PPARy ligands such as increased ex-
pression of PPARy receptors in blood vessels [104], reduced
expression of angiotensin II type I receptors [105], and
more recently, direct inhibition of the Rho/Rho-kinase path-
way [93]. In an ET-1-dependent hypertensive rat model,
rosiglitazone restored endothelium-dependent vasodilation,
diminished hypertension progression, and prevented vascu-
lar remodeling by decreasing ET-1 production and blunting
production of reactive oxygen species [62]. Clinical data in
diabetic subjects have demonstrated that thiazolidinedione
PPARy ligands: (a) reduced surrogate markers of vascular
disease [101], (b) improved flow-mediated, endothelium-
dependent vasodilation [102], and (c) reduced carotid inti-
mal thickening [106] and neointimal formation after coro-
nary stent placement [107]. The vascular protective effect of
PPARy ligands in humans was recently extended to nondia-
betic subjects with documented coronary disease; rosiglita-
zone reduced common carotid arterial intima-media thick-
ness progression [108]. Moreover, in healthy, nondiabetic in-
dividuals, rosiglitazone significantly increased flow-mediated
endothelium-dependent vasodilation as well as reduced in-
flammatory biomarkers of atherosclerosis [109]. Finally, pi-
oglitazone improved endothelial-dependent dilation in non-
diabetic patients with cardiovascular risk factors [110]. Large
clinical trials are currently underway that will ultimately
determine if thiazolidinediones alter systemic vascular out-
comes in patients with and without diabetes.
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5. PPARy AND PULMONARY HYPERTENSION

Several studies have suggested a potential role for PPARy
in the pathogenesis of pulmonary hypertension. For ex-
ample, PPARy is abundantly expressed in pulmonary vas-
cular endothelial cells of normal human lung tissue and
is significantly reduced in the plexiform lesions of hu-
man subjects with pulmonary hypertension [111]. Reduced
PPARy expression was also demonstrated in vascular lesions
of a rat model of severe pulmonary hypertension caused
by treatment with a VEGF receptor inhibitor in combina-
tion with hypobaric hypoxia exposure [111]. Furthermore,
loss of PPARy expression resulted in abnormal prolifera-
tion of apoptosis-resistant endothelial cells. The causal link
between apoptosis and pulmonary hypertension-associated
alterations in PPARy expression remains to be established.
However, additional evidence that vascular endothelial cell
apoptosis is induced by overexpression of PPARYy or by treat-
ment with 15d-PG]J, suggests fertile areas for future inves-
tigation [112]. Hypoxia as well as shear stress were impli-
cated in reduced PPARy expression in human endothelial-
like cell lines [111]. Because oscillatory shear stress downreg-
ulates eNOS and upregulates ET-1 [113] and NADPH oxi-
dase [114, 115], these findings suggest that the hemodynamic
derangements in pulmonary hypertension may contribute to
the development or propagation of vascular dysfunction and
that reductions in PPARy expression during pulmonary hy-
pertension may lead to dysregulated production of a broad
variety of vascular mediators that contribute to pulmonary
vascular remodeling and pulmonary hemodynamic dysfunc-
tion.

Not only does pulmonary hypertension appear to be as-
sociated with reduced PPARy expression, emerging evidence
suggests that ligand-induced PPARy activation attenuates
pulmonary vascular dysfunction in animal models of pul-
monary hypertension. For example, PPARy activation with
either pioglitazone or troglitazone significantly reduced pul-
monary hypertension and pulmonary artery wall thicken-
ing in a rat model of monocrotaline-induced pulmonary hy-
pertension [116]. Although the exact mechanisms by which
PPARy exerts its effects in pulmonary hypertension remain
to be defined, several studies have shown that PPARy ac-
tivation reduced proliferation of vascular smooth muscle
cells and promoted apoptosis in several cell lines in vitro
[117, 118]. Murine models of pulmonary hypertension are
characterized more by medial thickening of the pulmonary
vasculature and lack the characteristic plexiform lesions
composed of proliferative intraluminal endothelial cells that
characterize human pulmonary hypertension [119]. These
reports indicate that attenuation of monocrotaline-induced
pulmonary hypertension may well be related to the capacity
of PPARy activation to inhibit vascular smooth muscle cell
proliferation [116].

PPARy ligands also attenuated hypoxia-induced pul-
monary hypertension. Treatment with rosiglitazone reduced
hypoxia-induced pulmonary artery remodeling in Wistar-
Kyoto rats [120]. In this study rats were randomized to nor-
moxia or hypobaric hypoxia and treated with rosiglitazone

(2.5 mg/kg/day) for 3 weeks. Rosiglitazone decreased right
ventricular hypertrophy and pulmonary arterial remodeling.
Moreover, these changes were attributed to the inhibition of
smooth muscle proliferation and were not associated with in-
creased apoptosis further supporting previous findings in the
monocrotaline-induced pulmonary hypertension model.

While little is known about the involvement of PPARf/d
in pulmonary hypertension, recent data suggest that
PPARp/S could be a potential therapeutic target. PPARB/S
was activated by prostacyclin [15] suggesting that the ben-
eficial effects of prostacyclin therapy, the current treatment
of choice for many patients with severe pulmonary hyper-
tension, could be mediated in part through activation of
PPARS/S. Additionally, treprostinil sodium, a prostacylin
mimetic, activated PPARf/§ and inhibited proliferation of
human lung fibroblasts at concentrations consistent with a
PPAR rather than a prostacyclin receptor-mediated pathway
[15]. These limited observations suggest that PPARS/S de-
serves additional study as a potential therapeutic target for
treatment of pulmonary hypertension.

6. FUTURE DIRECTIONS AND CONCLUSIONS

In unpublished data, we have observed that exposure to
chronic hypoxia (10% oxygen) for 3 weeks reduced lung
PPARy expression and caused pulmonary hypertension in
C57Bl/6 mice as indicated by elevation of right ventricular
systolic pressure and right ventricular hypertrophy. Treat-
ment with rosiglitazone (10 mg/kg/day) by gavage during
the final 10 days of this hypoxia exposure regimen atten-
uated pulmonary hypertension and right ventricular hy-
pertrophy. Hypoxia-induced pulmonary hypertension was
also associated with reductions in serum levels of nitrosyl-
hemoglobin (NO-Hgb), an index of NO bioavailability.
Hypoxia-induced alterations in NO bioavailability were not
associated with lower eNOS protein levels. These preliminary
findings further support the hypothesis that ligand-induced
PPARy activation attenuates hypoxia-induced reductions in
NO bioavailability in part by suppressing the generation of
reactive oxygen species that inactivate NO such as super-
oxide [61, 120, 121] and in part by promoting eNOS ac-
tivity through modification of post-translational regulatory
mechanisms [58]. Taken together, these findings suggest that
PPARy may represent a novel potential therapeutic target in
pulmonary hypertension that modulates nitroso-redox bal-
ance in the vasculature. The relationships between PPARy
and selected aspects of endothelial dysfunction in pulmonary
hypertension are schematically presented in Figure 1.
Current evidence strongly suggests that vascular en-
dothelial dysregulation plays a crucial role in the initiation
and progression of pulmonary hypertension. Moreover, al-
terations in endothelium-derived mediators such as NO, ET-
1, and prostanoids as well as reactive oxygen species have
been established as important mechanisms in the devel-
opment of vascular remodeling leading to pulmonary hy-
pertension. Our understanding of PPARy biology has pro-
gressed rapidly over the last decade but much remains to be
learned about the mechanisms by which these receptors and
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FIGURE 1: The effects of PPARy activation on reactive oxygen species and nitric oxide production in the vascular wall. Factors including hypoxia
and shear stress increase the production of superoxide in the vascular wall by NADPH oxidase. Superoxide (O; ) rapidly reacts with nitric
oxide (NO) generated by endothelial nitric oxide synthase (eNOS) to reduce the bioavailability of NO to stimulate vasodilation and inhibit
vascular smooth muscle cell (VSMC) proliferation, platelet activation, and adhesion molecule expression. PPARy activation inhibits NADPH
oxidase expression and activity [61] and stimulates NO production in vascular endothelial cells (EC) [58, 59]. These effects illustrate potential
mechanisms by which PPARy activation may favorably modulate pulmonary endothelial dysfunction and pulmonary hypertension.

their ligands regulate the pulmonary vasculature. Identifying
specific downstream targets regulated by PPARs in the pul-
monary vasculature will facilitate the development of poten-
tial PPAR-related therapeutic strategies for the prevention or
treatment of pulmonary hypertension.
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1. INTRODUCTION

Lung cancer is the leading cause of cancer death in the world
for both men and women [1]. Primary malignant cancers of
the lung are classified into small cell lung cancer (SCLC) and
nonsmall cell lung cancer (NSCLC) [2]. NSCLC accounts for
75% and SCLC constitutes the remainder. Based on the cellu-
lar phenotype, NSCLC is further subdivided into squamous
cell carcinoma, adenocarcinoma, and large cell carcinomas
[2]. Despite advances in understanding the mechanisms in-
volved in carcinogenesis, the development of new surgical
procedures, and the use of new radio and chemotherapeu-
tic protocols, the 5-year survival rate for lung cancer patients
is poor and remains less than 15% [1]. This underscores the
desperate need for novel strategies for early detection, pre-
vention, and treatment of this disease.

Peroxisome proliferator-activated receptors (PPARs)
have recently emerged as potential targets for the develop-
ment of safe and effective therapies for lung cancer [3].
PPARs are ligand-activated transcription factors belonging
to the nuclear hormone receptor superfamily [4]. They were
initially found to be involved in the control of energy home-
ostasis and cell differentiation, proliferation, apoptosis, and

inflammation. This suggested a role for PPARs in several dis-
orders such as diabetes, metabolic syndrome, and atheroscle-
rosis [5]. Early research also linked PPARs to carcinogenesis
and, to date, PPARs have been implicated in solid organ can-
cers like breast, ovary, prostate, bladder, gastric, and colon as
well as in leukemias [3]. Similarly, several studies have identi-
fied PPARs in lung cancer cells. Few tantalizing studies in an-
imal models of lung cancer showed that modulation of spe-
cific PPARSs results in decreased tumor burden. Hence, many
studies are underway to test the impact of targeting these re-
ceptors for therapeutic purposes.

2. PPARS ARE MEMBERS OF THE NUCLEAR
RECEPTOR SUPERFAMILY

Nuclear receptors (NRs) are a superfamily of phylogenet-
ically related proteins that are ligand-dependent transcrip-
tional regulators. A total of 48 NR genes have been identified
in the human genome [4]. They regulate a diverse range of
normal physiological functions such as homeostasis, repro-
duction, development, differentiation, and metabolism [5].
In addition, ligand-independent actions of several members
of the NR superfamily have also been reported, which may
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explain their complex range of effects [5]. The NR super-
family includes receptors for classical steroid hormones (es-
trogens, androgens, progesterone, glucocorticoids, mineralo-
corticoids, and vitamin D3), bile acids, retinoic acids, and
thyroid hormones. In addition, a large number of receptors
have been identified through sequence similarity to known
receptors, but lacking identified natural ligands. The latter
are referred to as nuclear orphan receptors and PPARs fall
into this latter category.

Sequence alignment and phylogenetic tree construction
resulted in in the classification of the NR family into six
evolutionary groups of unequal size with PPARs in group 1
(NR1) along with thyroid and retinoic acid receptors [6]. All
nuclear receptors share a common structural organization
with multiple distinct functional domains (Figure 1). The N-
terminal A/B domain contains at least one constitutively ac-
tive transactivation region (AF-1) and several autonomous
transactivation domains. The C domain is the most con-
served region, responsible for DNA-binding specificity and
essential for both homo- and heterodimerization of recep-
tors. The D domain is a less conserved flexible hinge region
between DNA-binding and the C-terminal ligand-binding
domain E. The D domain contains the nuclear localization
signal and also serves as docking site for cofactors. The E
domain is a moderately conserved domain with a ligand-
dependent transactivation function called AF-2. Some mem-
bers also have a c-terminal F domain, whose sequence is
extremely variable, and its structure and function are not
known.

NR family members also share a common mode of ac-
tion to regulate target gene expression. Ligand binding in-
duces a conformational change in the receptor that permits
homo- or heterodimerization, dissociation of corepressors,
and concomitant association of coactivators. The homo- or
heterodimer-coactivator complex binds to specific response
elements in the promoter regions of target genes to regu-
late their transcription. Given the wide range of functions
they regulate, it is not surprising that several members of the
NR superfamily are implicated in various pathological con-
ditions including the regulation of tumorigenesis. The effects
of individual members are either beneficial or detrimental
to tumorigenesis depending on the processes regulated by a
given receptor and the tissue(s) in which it is expressed.

PPARs represent one of the intensively studied and well-
characterized groups of NRs. Three subtypes of PPARs, en-
coded by three separate genes, have been identified and

cloned: PPAR-a (NR1C1), PPAR-f/§ (NR1C2), and PPAR-
y (NR1C3) [6]. PPAR-« is the first member and was iden-
tified in the early 1990s in rodents as a receptor for com-
pounds that induce peroxisome proliferation, which explains
its name [7]. Subsequently, other two members were iden-
tified based on sequence similarity. Since then, PPARs have
been recognized as important sensors for cellular fatty acids
and fatty acid derivatives and mediate their effects through
transcriptional regulation. Through these pathways, PPARs
and their ligands are implicated in the regulation of cell pro-
liferation, differentiation, and survival, and, therefore, car-
cinogenesis [8].

PPARs heterodimerize with retinoid X receptor (RXR)
before binding a peroxisome proliferators response element
(PPRE) in target genes. In addition to the induction of tar-
get gene expression, PPARs also mediate indirect repressive
effects through transrepression by inhibiting the activity of
key transcription factors via direct protein—protein interac-
tions or by sequestrating cofactors necessary to their activity.
In this fashion, PPAR-« and PPAR-y interfere with NF-«B-
and AP-1-mediated gene transcription, whereas PPAR-f3/
represses the expression of target genes induced by PPAR-«
and PPAR-y by binding to PPRE in association with core-
pressors [9—11].

Cofactors are proteins that can repress (corepressors) or
enhance (coactivators) nuclear receptor transcriptional ac-
tivity by bridging transcription factors to the basic transcrip-
tion machinery or by specifically modifying chromatin struc-
ture. The nuclear receptor corepressor (NCoR), for example,
and the silencing mediator of retinoid and thyroid receptors
(SMRT) repress nuclear receptor activity. Their repressive ef-
fects are thought to occur through the recruitment of his-
tone deacetylases (HDACs), but interactions with the basal
transcriptional machinery might also play a role. The impor-
tance of corepressor interactions for PPAR-« and PPAR-f3/6
action is currently poorly understood. The PPAR-y interact-
ing protein (PRIP/RAP250) and the PRIP-interacting pro-
tein with methyltransferase domain (PIMT) are two coac-
tivators acting as molecular scaffolds which enhance PPAR-
y and RXR-mediated transcription. Importantly, the choice
of PPAR/RXR heterodimers for PPAR target gene activation
by PPAR agonists are related to the availability of cofactors
such as CREB binding protein (CBP) and p300 versus SRC-
1. Thus, the relative levels of cofactor expression control the
specificity of the physiological response to PPAR or RXR ag-
onists [12].

3. PPARSIN LUNG CANCER

In normal cells, the process of cellular differentiation is typ-
ically accompanied by cessation of proliferation, followed by
senescence and, eventually, apoptosis. The balance between
these events is disrupted in cancer cells. Therefore, the in-
duction and maintenance of a differentiated state have been
an important strategy in the search for cancer therapeutics
[13]. The use of all-trans retinoic acid for the treatment of
acute promyelocytic leukemia represents the first success-
ful application of such an approach [14]. However, this ap-
proach has not been successfully exploited for the treatment
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of solid tumors. Since PPAR-f/§ and PPAR-y play a key role
in the differentiation of keratinocytes and adipocytes, it has
been proposed that drugs capable of activating these recep-
tors might be useful in arresting tumor growth [8, 15, 16]. In
contrast, the role of PPAR-a in human carcinogenesis is less
clear, but ligands that activate PPAR-a are implicated in the
development of hepatocellular carcinoma in rodents [8, 17].

4. PPAR-«

PPAR-« is expressed in several tissues including liver, kidney,
heart, skeletal muscle [18-20], vascular smooth muscle cells
[21], endothelial cells [22], and monocytes/macrophages
[23]. It was the first PPAR to be identified, and was shown
to mediate peroxisome proliferators actions [18]. Peroxi-
some proliferators include several unrelated molecules such
as steroids, lipids, hypolipidemic drugs (fibrates), indus-
trial plasticizers, pesticides, and solvents that target the liver,
among other organs, where they are known to induce perox-
isome proliferation, liver hypertrophy, and hyperplasia, fol-
lowed by hepatocellular carcinoma in rodents [18]. PPAR-«
null mice are resistant to the effects of peroxisome prolifera-
tors (e.g., clofibrate) and PPAR-« ligands (e.g., Wy-14,643)
as well as to the development of hepatocellular carcinoma
in response to peroxisome proliferators [24]. The underlying
mechanisms responsible for this effect remain incompletely
understood. It has been proposed that peroxisome prolifera-
tors induce DNA replication and proliferation in hepatocytes
in a PPAR-a-dependent manner [25, 26]. However, there is
no direct evidence that PPAR-« effects the transcription of
cell-cycle genes. Peroxisome proliferators are also reported
to repress apoptosis in hepatocytes both in vitro and in vivo
[27, 28]. The involvement of PPAR-« in this process was con-
firmed in studies using dominant negative PPAR-« in rat pri-
mary hepatocytes [29].

Interestingly, humans appear to be resistant to many of
the adverse effects of the known peroxisome proliferators,
but retain their beneficial effects. For example, epidemiolog-
ical studies failed to show significant peroxisome prolifera-
tion in the liver of patients treated with hypolipidemic drugs
[30, 31], and cell culture studies indicate that human cells
display a reduced transcriptional response to PPAR-« acti-
vation when compared with rat cells [32]. These differences
are important, but the mechanisms involved in their mani-
festation are unknown. Understanding the differences in the
range of responses displayed by rodents and humans is one
of the challenging aspects of PPAR-« biology. Today, very lit-
tle is known about the role of PPAR-« in lung cancer biology
and, thus, attention should be given to this area.

5. PPAR-B/0

This PPAR isotype was first named as PPAR-f when isolated
from Xenopus oocyte [33]. It was named PPAR-§ when it was
subsequently identified in mouse [34], rat [35], and humans
[36, 37], as it was not obviously homologous to the Xeno-
pus gene. Nevertheless, it is now clear that both PPAR-f and
0 are bonafide orthologues and, for clarity, it is referred to
as PPAR-f/§. The expression of PPAR-f/6 is broad since it

has been detected in all of the tissues tested, with varied ex-
pression levels. It is expressed at relatively higher levels in the
brain, adipose tissue, and skin [19, 38]. Several naturally oc-
curring compounds such as saturated and polyunsaturated
fatty acids and eicosanoids serve as PPAR-f3/§ agonists in the
micro molar range. However, similar to other PPARs, true
physiological ligands of PPAR-f/§ are yet to be identified.
Recently, synthetic agonists with affinities in the nanomo-
lar range have been developed. GW501516 was the first syn-
thetic PPAR-f3/6 ligand developed by GlaxoSmithKline [39].
It was followed by Merck’s L-165,041 compound [40] and a
1,3,5-trisubstituted aryl compound by Novartis [41]. Unlike
PPAR-a and PPAR-y ligands, none of the PPAR-/§ ligands
are in clinical use, but they are in different stages of clinical
testing.

The generation of receptor knock-out mice unveiled
multiple developmental and homeostatic abnormalities in
PPAR-$/6 null animals including placental defects, defects
in myelination, decreased body fat, impaired wound healing,
and altered inflammatory responses in skin [42—44]. Stud-
ies with high-affinity synthetic ligands revealed a critical role
for PPAR-f3/6 in glucose and lipid metabolism making it an
important therapeutic target for the treatment of insulin re-
sistance, glucose intolerance, hypertension and dyslipidemia
(collectively known as metabolic syndrome or syndrome X),
and with the potential to control weight gain, enhance phys-
ical endurance, improve insulin sensitivity, and ameliorate
atherosclerosis [45].

Recent studies with knock-out mice and the treatment of
human keratinocytes with high-affinity ligands have demon-
strated that PPAR-f3/3 plays a crucial role in the control of
important cellular functions such as adhesion, proliferation,
differentiation, and survival [8, 46]. Its role in lung cancer
is less studied. However, in NSCLC cell lines, activation of
PPAR-S/8 with GW501515 increased proliferation via stim-
ulation of PI3-kinase/Akt signaling resulting in increased
recognition of prostaglandin E, via transcriptional upregu-
lation of its EP4 receptor [47]. This contrasts PPAR-f3/8 with
PPAR-y whose activation is consistently associated with in-
hibition of NSCLC proliferation.

6. PPAR-y

PPAR-y was discovered based on its similarity to PPAR-«,
and it is the most intensively studied NR. By utilizing three
different promoters, a single PPAR-y gene encodes three iso-
forms namely PPAR-y1, PPAR-y2, and PPAR-y3 [48]. Anal-
ysis of PPAR-y1 and y3 transcripts revealed that they both
translate into the same PPAR-y1 protein [49]. PPAR-y2 pro-
tein contains an additional 30 amino acids at its N-terminus
compared to PPAR-y1. PPAR-y is highly expressed in adi-
pose tissue and it is a master regulator of adipocyte dif-
ferentiation [50, 51]. In addition to its role in adipogene-
sis, PPAR-y serves as an important transcriptional regula-
tor of glucose and lipid metabolism, and it has been im-
plicated in the regulation of insulin sensitivity, atheroscle-
rosis, and inflammation [52-54]. PPAR-y is also expressed
in multiple other tissues such as breast, colon, lung, ovary,
prostate, and thyroid where it was demonstrated to regulate
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cellular proliferation, differentiation, and apoptosis [55-58].
More recently, various leukocyte populations, including
monocytes/macrophages, lymphocytes, and dendritic cells,
have also been shown to express PPAR-y suggesting a role
for this molecule in the regulation of immune responses
[59]. PPAR-y has been described as a negative regulator of
macrophage function since its activation suppresses the pro-
duction of inflammatory cytokines, chemokines, metallo-
proteases, and nitric oxide [60, 61]. These PPAR-y medi-
ated anti-inflammatory effects are not restricted to mono-
cytes, as treatment with PPAR-y agonists results in inhibi-
tion of cytokine/chemokine production in several epithelial
and stromal cell populations [62]. As will be discussed later,
PPAR-y activation also inhibits tumor progression in NSCLC
[62, 63].

Since its discovery, several natural and synthetic com-
pounds have been identified as activators of PPAR-y. The
insulin sensitizing antidiabetic drugs known as thiazolidine-
diones (TZDs) were the first compounds identified as PPAR-
y agonists [64]. The TZDs rosiglitazone and pioglitazone
are currently in clinical use for the treatment of type-II dia-
betes, while troglitazone was withdrawn from clinical use be-
cause it was linked to idiosyncratic liver toxicity [65]. Other
non-TZD synthetic ligands include certain nonsteroidal anti-
inflammatory drugs such as isoxzolidinedione JTT-501 [66]
and tyrosine-based GW7845 [67]. Naturally occurring com-
pounds that activate PPAR-y in vitro include polyunsatu-
rated fatty acids, prostaglandin D, (PGD,) and its metabolite
15-deoxy-A!>!* prostaglandin J,(15d-PGJ), 12/15 lipoxyge-
nase products 15-hydroxyeicosatetraenoic acid (15-HETE),
and 13-hydroxyoctadecadienoic acid [68, 69]. However,
none of these compounds activated PPAR-y at physio-
logically relevant concentrations. More recently, intact ni-
troalkenes such as OA-NO, (nitrated oleic acid) and LNO,
(nitrated linoleic acid) were observed to activate PPAR-y at
concentrations well within their detected levels in human
plasma and urine making them ideal candidates for long-
awaited endogenous ligands [70, 71]. It would be interesting
to investigate whether nitroalkenes are present in tumor tis-
sues, and their potential role in tumorigenesis. In addition,
compounds from several medicinal plants such as Saurufu-
ran A from Saururus chinesis [72], flavonoids such as chrysin
and kampferol [73], phenolic compounds from Glycyryhiza
uralensis [74], and curcumin from Curcumin longa [75, 76]
are also shown to activate PPAR.

The synthetic ligands and some natural ligands have been
used to elucidate the role of PPAR-y in cellular functions
both in vitro and in vivo. However, several caveats should be
taken into consideration when interpreting such studies [3].
First, the natural ligands that regulate PPARs in vivo remain
incompletely defined. Second, not all PPAR-y ligands exert
their effects through PPAR-y since there is strong evidence
for the activation of PPAR-y-independent signals, particu-
larly with the natural ligand 15d-PG]J,. Third, high-affinity
ligands for PPAR-y (e.g., the TZDs) may exert partial ago-
nist/antagonist activity [77]. The latter might be due to the
fact that individual TZDs induce different PPAR-y confor-
mations that influence the recruitment of different coactiva-
tor/corepressor molecules. Much information is now avail-

able regarding the potential role of PPAR-y and its ligands in
lung cancer and, thus, the rest of the discussion will focus on
this topic.

7. PPAR-y AND PPAR-y LIGANDS IN LUNG CANCER

PPAR-y is expressed in many cancers including colon, breast,
and prostate, and with few exceptions, PPAR-y ligands are
generally antiproliferative in these settings. Similarly, PPAR-y
is expressed in SCLC and NSCLC [78]. Furthermore, PPAR-y
ligands induce growth arrest and promote changes associated
with differentiation as well as apoptosis in a variety of lung
carcinoma cell lines, although most of the knowledge avail-
able in this area has been generated in NSCLC [3, 62]. The ex-
act mechanisms linking modulation of PPAR-y with cancer
growth inhibition remain incompletely elucidated; however,
strong evidence suggests that PPAR-y ligands modulate the
intracellular machinery involved in cell signaling and cell cy-
cle control, and inhibit tumor cell recognition of extracellular
mitogenic signals. Yet, other studies suggest that modulation
of PPAR-y affects the expression of angiogenic factors needed
for the development of the vascular network responsible for
supplying nutrients to tumor cells. These mechanisms are
discussed below as they relate to the action of PPAR-y lig-
ands in lung cancer.

7.1. PPAR-y ligands interfere with tumor cell signaling
and cell-cycle control

Several observations point to targets for PPAR-y ligands in
the intracellular machinery responsible for cell-cycle con-
trol in tumor cells. For example, PPAR-y ligands have been
found to inhibit the growth of A549 adenocarcinoma cells
due to GO/G1 cell cycle arrest through the upregulation of
mitogen-activated protein kinases Erk1/2 and the downreg-
ulation of GI cyclins D and E [62]. Troglitazone inhibits
NSCLC proliferation in part by stimulating the expression
of the GADD 153 (for growth arrest and DNA damage in-
ducible gene-153) [79]. PPARy ligands can also trigger the
activation of the mitogen-activated protein Kinase (MAPK)
Erk cascade, which plays a central role in intracellular sig-
naling by many extracellular stimuli. Interestingly, PPARYy it-
self is a target for Erks, and Erk5 was reported to interact
with PPAR-y, but unlike the other MAPKSs, this interaction
induces activation rather than inhibition of PPAR-y tran-
scriptional activity [80]. Troglitazone was found to induce
the apoptosis of NCI-H23 cells via a mitochondrial pathway
through the activation of Erk1/2 [81]. In that study, the pro-
apoptotic effects of troglitazone were clearly mediated via
PPAR-y since PPAR-y siRNA blocked the response. Others
have shown similar results using CRL-202 cells, and further
demonstrated that troglitazone downregulated the expres-
sion of the pro-apoptotic molecules Bcl-w and Bcl-2, and de-
creased the activity of SAPK/JNK [82]. PPAR-y ligands also
induce the expression of death receptor 5 (DR5) and increase
DRS5 distribution at the cell surface in addition to reducing
c-FLIP levels in human lung cancer cells. These agents co-
operated with TRAIL to enhance apoptosis in human lung
carcinoma cells [83].
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Tumor suppressor genes are also affected by PPAR-y lig-
ands. For example, PGJ, and ciglitazone stimulated the ex-
pression of p21 mRNA and protein expression in NSCLC,
and this coincided with a reduction in cyclin D1 mRNA ex-
pression [84]. Of note, p21 antisense oligonucleotides signif-
icantly blocked lung carcinoma cell growth inhibition ob-
served with PPAR-y ligands thereby establishing an impor-
tant role for p21 in this process. These findings are consis-
tent with those of others showing that the proliferation of
A549 cells injected subcutaneously into nude mice was in-
hibited significantly by treatment with ciglitazone, and this
coincided with increased expression in tumors of PPAR-y
and p21, and with downregulation of cyclin D1 [85]. A con-
nection between p53, another tumor suppressor gene, and
PPAR-y ligands has also been demonstrated by showing that
15-deoxy-PG]J,, together with docetaxel, stimulates apopto-
sis in NSCLC through inhibition of Bcl2 and cyclin D1, and
overexpression of caspases and p53 [86].

Recent reports implicate alterations in the mammalian
target of rapamycin (mTOR) signaling pathway in the an-
titumor effects of PPARy ligands. Rosiglitazone, for exam-
ple, was reported to reduce the phosphorylation of Akt,
an upstream positive modulator of mTOR, and increase
PTEN, a negative modulator of mTOR, in NSCLC H1792
and H1838 cells; this resulted in inhibition of cell prolifer-
ation [87] (Figure 2). Although the effects of rosiglitazone
on Akt and PTEN were blocked by the selective PPAR-y an-
tagonist GW9662 and restored by transient overexpression
of PPAR-y, cell growth was not entirely restored suggesting
the involvement of additional PPAR-y-independent mecha-
nisms of action. These observations are consistent with the
work of others showing similar increases in PTEN expres-
sion induced by rosiglitazone [88]. Further work revealed
that rosiglitazone increased the phosphorylation of AMPKa,
a target of LKB1 and upstream downregulator of mTOR [87].
Rosiglitazone may also activate TSC2, another potential tu-
mor suppressor and upstream downregulator of mTOR. The
latter pathway was independent of PPAR-y since it was not
affected by GW9662 or PPAR-y siRNA. This again highlights
the fact that TZDs may act via PPARy-independent path-
ways. This is important since TZDs display proinflammatory
activities in part via their ability to augment PPAR-f/§ sig-
naling. Thus, some effects of PPAR-y ligands may be medi-
ated through an off-target effect [89]. These studies empha-
size the need for PPAR modulators with increased receptor
subtype specificity.

7.2. PPAR-y ligands inhibit tumor cell recognition of
extracellular mitogenic factors

Several studies suggest that PPAR-y ligands exert their an-
titumor effects by blocking access to mitogenic agents such
as PGE,, a major cyclooxygenase metabolite that plays im-
portant roles in tumor biology. The functions of PGE,
are mediated through one or more of its receptors EP1,
EP2, EP3, and EP4 [90]. Human NSCLC cell lines ex-
press EP2 receptors, among other EP receptors, and the in-
hibition of cell growth by PPAR-y ligands like GW1929,
PGJ,, ciglitazone, troglitazone, and rosiglitazone is associ-
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FIGURE 2: Rosilitazone stimulates NSCLC proliferation by affecting
the Akt/mTOR pathway through PPARy-dependent and PPARy-
independent mechanisms.

ated with a significant decrease in EP2 mRNA and protein
expression. Notably, the inhibitory effects of rosiglitazone
and ciglitazone, but not PGJ,, were reversed by a specific
PPAR-y antagonist GW9662, suggesting the involvement of
PPAR-y-dependent and PPAR-y-independent mechanisms
[90].

Other studies suggest that PPAR-y ligands might pre-
vent the interaction of tumor cells with their surrounding
stroma, thereby interfering with host-derived and tumor-
derived factors with mitogenic and prosurvival effects. An
example of this is fibronectin, a matrix glycoprotein that re-
sides in the lung stroma that is increased in most, if not all,
chronic forms of lung disease [91]. This is true for tobacco-
related lung disorders and fibrotic disorders, all associated
with increased incidence of lung cancer [92]. Several stud-
ies suggest that fibronectin serves as a mitogen and sur-
vival factor for NSCLC [93], and fibronectin was recently
shown to stimulate tumor cell expression of matrix metallo-
proteinases, proteases implicated in metastatic disease [94].
These observations support the idea that tumor cell inter-
actions with fibronectin through surface integrin receptors
are advantageous for tumors since they stimulate prolifer-
ation, survival, and metastases [93]. This idea remains to
be proven in vivo, but if found to be true, this might un-
veil a new target for anticancer strategies. In this regard,
PPAR-y ligands were shown to inhibit fibronectin expres-
sion in NSCLC cells by inhibiting transcription factors in-
volved in regulation of fibronectin gene expression [95].
PPAR-y ligands (rosiglitazone and GW1929, but not PGJ,)
were also recently reported to inhibit the expression of the
gene encoding for the a5 integrin subunit resulting in re-
duced expression of the integrin a5f1, a fibronectin recep-
tor that mediates fibronectin’s mitogenic effects in NSCLC
cells and nontumor lung cells [96]. Thus, by inhibiting the
expression of fibronectin and its integrin a531, PPAR-y lig-
ands might reduce tumor cell recognition of fibronectin
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with consequent changes in cell proliferation and apopto-
sis.

7.3. PPAR-y ligands inhibit angiogenesis and
tumor vascularization

The idea that PPAR-y might regulate the generation of the
complex vascular network that supplies tumor cells is sup-
ported by studies showing significant reduction in blood
vessel density in the lung tumors generated by the injec-
tion of A549 cells into the flanks of SCID mice treated
with PPARy ligands [97]. In studies in vitro, the treatment
of A549 cells with troglitazone or their transient transfec-
tion with a constitutively active PPAR-y construct blocked
the production of angiogenic molecules such as ELR+CXC
chemokines IL-8 (CXC-8), ENA-78 (CXCL5), and Gro-
alpha (CXCL1) [97]. Moreover, conditioned media from
untreated A549 cells stimulated human microvascular en-
dothelial cell chemotaxis, whereas the condition media of
troglitazone-treated A549 was inhibitory. Of note, PPARy ac-
tivation inhibited NF-xB, a transcription factor known to
regulate the expression of many of the pro-angiogenic fac-
tors mentioned above. Similarly, rosiglitazone was shown
to inhibit mouse lung tumor cell growth and metastasis
in vivo through direct and indirect anti-angiogenic effects
[63].

7.4. PPAR-yis a novel candidate for targeting
tumor microenvironment

In tumors, cancer cells coexist with different cell types in-
cluding fibroblasts, macrophages, endothelial cells, and mul-
titude of diverse cytokines and chemokines secreted by these
cells, constituting a distinct tumor microenvironment. One
of the important conceptual advances in tumor biology in re-
cent years has been the appreciation that all major aspects of
a cancer cell are influenced by the tumor microenvironment.
Interestingly, PPAR-y is expressed in all major cell types
present in the tumor microenvironment, and its ligands have
been shown to inhibit several of the pro-tumorigenic func-
tions of these cell types in vitro and, in some cases, in vivo.
For example, PPAR-y ligands were shown to inhibit prolif-
eration, and induce apoptosis, migration, and tube forma-
tion in endothelial cells [98]. Also, PPAR-y ligands can in-
hibit the transdifferentiation of fibroblasts into myofibrob-
lasts, a phenotype similar to that of tumor-associated fi-
broblasts, in several fibrotic conditions [99—102]. A recent
study demonstrated that PPAR-y ligands completely reverse
the antitumor cytotoxic T-lymphocyte suppressive activity
and the M2 phenotype of tumor-associated macrophages
[103]. PPAR-y ligands are also known to inhibit the expres-
sion of several cytokines and chemokines produced by all
of the major cell types present in the tumor microenviron-
ment (60, 61, 97, 98]. Together with data showing effects
on fibronectin matrix expression and recognition in NSCLC
[95], the above observations suggest that PPAR-y might be
a novel candidate for targeting the tumor microenviron-
ment.

8. IMPLICATIONS FOR THERAPY AND
RESEARCH NEEDS

The studies mentioned above suggest that PPARs are in-
volved in lung cancer cell biology. However, their roles re-
main uncertain, and much needs to be learned before they
are targeted for therapeutic intervention, especially when
considering PPAR-« and PPAR-f3/6. Activation of PPAR-y is
strongly associated with decreased lung carcinoma cell pro-
liferation both in vitro and in vivo. Furthermore, in primary
NSCLC, the expression of PPAR-y has been correlated with
tumor histological type and grade, and decreased PPAR-y ex-
pression was correlated with poor prognosis [104]. Because
of this, and the fact that synthetic agonists of PPAR-y with
good safety profiles are currently in use in the clinical arena,
PPAR-y has emerged as a reasonable target for the devel-
opment of anti-lung cancer therapies. Synthetic and natural
PPAR-y activators might be useful. For example, arachidonic
acid treatment inhibits the growth of A549 cells, and this ef-
fect is blocked by the synthetic PPAR-y inhibitor GW9662
[105]. MK886, a 5-lipoxygenase activating protein-directed
inhibitor, stimulates apoptosis and reduces the growth of
A549 cells through activation of PPARy [106]. These and re-
lated drugs can be used alone or in combination with other
drugs for synergistic effects. This was observed when using
low doses of MK886 in combination with ciglitazone and
13-cis-retinoic acid on A549 and H1299 cells [106]. Also,
dramatic synergistic anticancer effects have been reported
for lovastatin (an HMG-CoA reductase inhibitor) and the
PPAR-y ligand troglitazone in several cell lines including lung
cancer cells [107]. An enhancement by rosiglitazone of the
antitumor effects of gefitinib on A549 cell growth was re-
cently noted suggesting that combination strategies using se-
lective nuclear receptor activators in conjunction with epi-
dermal growth factor receptor inhibitors might prove effec-
tive [108].

Although little information is available in vivo, emerg-
ing data are beginning to unveil potential implications to the
human condition. In this regard, a retrospective analysis of
a cohort of 87678 individuals identified through the Veter-
ans Integrated Services Network 16 data warehouse revealed
a 33% reduction in lung cancer risk among TZD users com-
pared with nonusers after adjusting for confounder variables.
Interestingly, a similar risk reduction was not observed for
colorectal and prostate cancers [109].

Despite the above, enthusiasm for this approach should
be tempered by work showing that the PPAR-y ligands
rosiglitazone, ciglitazone, and PGJ, were found to stimulate
PPAR-y transactivation in lung adenocarcinoma cell lines in
vitro, but little to no effects were noted in squamous cell or
large cell carcinomas suggesting that their anticancer proper-
ties might not be shared by all lung tumors, or that important
PPAR-y-independent pathways are at play [108, 110]. Thus,
a better understanding of the mechanisms of action of ac-
tivated PPARs in tumors (and host cells) is required since
the dissection of these pathways might unveil better targets
for therapy. Nevertheless, the data available to date regard-
ing PPAR-y is promising and justify engaging in prospec-
tive, randomized, clinical studies to determine the true role
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of PPAR-y ligands in lung cancer, while further work is per-
formed to identify more selective and effective strategies.
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1. INTRODUCTION

Phagocytosis—engulfment of invading pathogens, particu-
lates, and dying cells—is a crucial homeostatic mechanism
in multicellular organisms. Most mammalian phagocytosis
is carried out by macrophages or neutrophils. This process
begins with adhesion of the material to be phagocytosed to
a receptor on the macrophage or neutrophil surface. The re-
ceptor then triggers intracellular signals that lead to a zipper-
like infolding of the cell membrane, engulfing the receptor
and that which is bound to it. Further signals cause transport
of the resulting endosome to the lysosome, where enzymes
are available to digest commonly phagocytosed materials.
Both oposonin-dependent and-independent classes of
cell-surface receptors mediate phagocytosis. Among the for-
mer are the Fc receptors that recognize the Fc portion of
an immunoglobulin bound through its antigen-recognition

site to the target particle or organism [1]. The most im-
portant of these is the Fcy receptor for immunoglobulin G
(IgG), but Fca receptors and Fce receptors (for the Fc por-
tions of immunoglobulin A and immunoglobulin E, resp.)
also exist. Complement receptors also recognize opsonized
particles that are bound with complement proteins [2]. The
broad class of opsonin-independent receptors involved in
immune surveillance and phagocytosis includes the Toll-like
and scavenger receptors that recognize apoptotic cells, mi-
crobial components, and other unopsonized materials [3, 4].

The nuclear receptor, peroxisome proliferator-activated
receptor-y (PPAR-y), is expressed in a variety of cells of
the immune system, including macrophages, neutrophils,
eosinophils, lymphocytes, and mast cells. This receptor is
expressed abundantly in alveolar macrophages (AMs) [5-7]
but at much lower levels in resident macrophages of the bone
marrow and peritoneum [6, 7]. In peritoneal macrophages
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(PMs) that have been elicited by activating agents such as
thioglycolate, however, PPAR-y is upregulated significantly
[7].

Many aspects of AM function have been found to be
modulated by both natural and synthetic PPAR-y ligands
[8]. For example, PPAR-y ligands inhibit the ability of var-
ious stimuli to induce production of proinflammatory medi-
ators, including tumor necrosis factor-a and interleukin-12,
expression of inducible nitric oxide synthase, and the pro-
duction of reactive oxygen species [5, 6]. Conversely, activa-
tion of PPAR-y in AMs has been shown to upregulate phago-
cytosis of apoptotic neutrophils through increased expres-
sion of the CD36 surface receptor [5]. PPAR-y ligands have
also been shown to increase CD36-mediated phagocytosis of
senescent neutrophils and fluorescent-labeled latex beads by
pancreatic stellate cells [9].

In light of these results, we hypothesized that activation
of PPAR-y could regulate Fcy receptor-mediated phagocyto-
sis. We therefore performed experiments in both AMs and
PMs using IgG-opsonized phagocytic targets and ligands for
PPAR-y.

2. MATERIALS AND METHODS
2.1. Animals

Pathogen-free 129/SvEv mice (The Jackson Laboratory, Bar
Harbor, Me, USA) and 125-150gm female Wistar rats
(Charles River Laboratories, Portage, Mish, USA) were uti-
lized. Animals were treated according to National Institutes
of Health guidelines for the use of experimental animals with
the approval of the University of Michigan Committee on
Use and Care of Animals.

2.2. Reagents

O-phenylenediamine dihydrochloride, = 3-(4,5-dimethyl-
thiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT),
and sodium dodecyl sulfate were obtained from Sigma-
Aldrich (St. Louis, Mo, USA). Uniform, superparamagnetic,
2.8 micron polystyrene beads covalently coated with IgG
were purchased from Dynal-Invitrogen (Carlsbad, Calif,
USA). Troglitazone, rosiglitazone, and 15-deoxy-A!>!4-
prostaglandin J,(15d-PGJ,) were obtained from Cayman
Chemical (Ann Arbor, Mich, USA). These compounds
were dissolved in DMSO to a stock concentration of
10 mM and stored at —80°C prior to use. RPMI-1640 and
penicillin/streptomycin/amphotericin B solutions were
purchased from Gibco-Invitrogen (Carlsbad, Calif, USA).
Tryptic soy broth was supplied by Difco (Detroit, Mich,
USA). Klebsiella pneumoniae 43816, serotype 2, was obtained
from the American Type Culture Collection (Rockville, Md,
USA); aliquots were grown until mid-log phase in TSB at
37°C under 5% CO, atmosphere. The concentration of
bacteria in culture was determined spectrophotometrically
at 600 nm [10]. Required dilutions of all compounds were
prepared immediately before use and equivalent quantities
of vehicle were added to the appropriate controls.

2.3. Cellisolation and culture

Resident AMs from mice and rats were obtained via ex vivo
lung lavage as previously described [11] and resuspended
in RPMI to a final concentration of 2 x 10° cells/mL. Res-
ident peritoneal macrophages (PMs) from mice and rats
were harvested by lavage as previously published [12]. Cells
were allowed to adhere to tissue-culture-treated slides/plates
for 1 hour at 37°C in a 5% CO, atmosphere, followed
by two washings with warm RPMI to remove nonadher-
ent cells. Prior to use, macrophages were cultured overnight
in RPMI containing 10% fetal bovine serum and 1% peni-
cillin/streptomycin/amphotericin B. On the following day,
cells were washed again with a warm medium to remove
nonadherent cells.

2.4. Microcolorimetric erythrocyte phagocytosis assay

Macrophage phagocytosis of IgG-opsonized sheep red blood
cells (SRBCs) was assessed as previously described [13, 14].
Briefly, cells were plated and cultured overnight in 96-well
culture-treated dishes (Becton, Dickinson, Franklin Lakes,
NJ, USA) at a density of 2 X 10° cells/well and in the presence
of PPAR-y ligands or vehicle controls. SRBCs (ICN, Costa
Mesa, Calif, USA) were opsonized with a subagglutinating
concentration of polyclonal rabbit anti-SRBC IgG (Organon
Teknika-Cappel, Durham, NC, USA). Macrophages were
then washed twice with warm RPMI and preincubated for
45 minutes with cytochalasin D (5 yg/mL) or vehicle. Follow-
ing preincubation, opsonized SRBCs were added at a ratio of
50 : 1 (SRBC : macrophage) and cultures were incubated for
an additional 90 minutes at 37°C. Wells were then washed
three times with phosphate buffered saline to remove non-
ingested erythrocytes and 100 uL of 0.3% sodium dodecyl
sulfate in phosphate buffered saline was added to each well
for 10 minutes. A standard curve was derived by adding serial
dilutions of known numbers of SRBCs to separate wells fol-
lowed by addition of sodium dodecyl sulfate solution. Lastly,
100 yL of O-phenylenediamine dihydrochloride solution was
added to each well as a chromogen. Following a 30-minute
incubation in the dark at 22°C, the absorbance (A) at 450 nm
was evaluated with an automated reader (VersaMAX, Molec-
ular Devices, Sunnyvale, Calif, USA). The number of SRBCs
per well was derived from Ayso data using the standard curve
prepared as described. The phagocytic index (PI) was defined
as the number of SRBCs in an experimental well (ingested +
adhered SRBCs) minus the mean number of SRBCs in wells
treated with the phagocytosis inhibitor cytochalasin D (ad-
hered SRBCs) and was expressed as the percentage of the
control. Independent experiments were performed in septu-
plet.

2.5. Phagocytosis of IgG-opsonized beads

Phagocytosis of IgG-opsonized beads (IgG-beads) was quan-
tified via light microscopy. Macrophages were cultured on 8-
chamber glass slides before the challenge with IgG-beads at
a ratio of 40 beads/cell. PPAR-y ligands or vehicle controls
were added before the addition of IgG-beads as described
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in Section 3 and/or figure legends. Experiments were termi-
nated and uningested IgG-beads were removed by aspirating
supernatants and washing slides three times with cold phos-
phate buffered saline. Slides were subsequently stained with
a modified Wright-Giemsa stain and examined under light
microscopy. The PI was determined from 200 cells per well
by multiplying the percentage of macrophages containing at
least 1 IgG-bead by the mean number of IgG-beads per posi-
tive cell [13, 15]. The ability to distinguish intracellular from
surface-associated IgG-beads was verified by comparing the
PI of untreated cells with that of cells exposed for 30 minutes
to the phagocytosis inhibitor cytochalasin D (5 yg/mL) [16].
A minimum of 4 replicate wells per condition was studied in
each experiment.

2.6. Phagocytosis of live, serum-opsonized bacteria

Once the Gram-negative pathogen K. pneumoniae has been
opsonized with immune serum, it is subject to phagocytosis
by alveolar macrophages via the Fcy class of receptors [17].
We assessed phagocytosis of K. prneumoniae based on a pro-
tocol for bacterial killing that we have previously published
[18]. Briefly, rat AMs at a concentration of 2 X 10°/mL, pre-
pared as described, were seeded in a 96-well tissue culture
dish and exposed to PPAR-y ligands or vehicle controls for
18 hours. The next day, K. pneumoniae were opsonized with
3% anti-K. pneumoniae rat-derived immune serum, as pre-
viously described [16]. Macrophages were then infected with
a 0.1-mL suspension of opsonized K. pneumoniae (1 x 107
colony-forming units/mL; multiplicity of infection, 50 : 1)
and incubated for 30 minutes to allow phagocytosis to oc-
cur. Cells were then washed three times with 100 uL of phos-
phate buffered saline to remove noningested bacteria, after
which the macrophages were lyzed with 100 L of TSB con-
taining 0.5% saponin (which did not lyze the bacteria). Cul-
tures were incubated for 2 hours at 37°C to amplify bacte-
rial growth prior to the addition of the tetrazolium salt MTT
(5 mg/mL in phosphate buffered saline). Plates were held for
30 minutes at 37°C, after which the purple formazan salt was
solubilized with a solution of isopropanol/0.1 N HCL and 1%
Triton X-100 [19]. The intensity of the absorbance at 595 nm
was directly proportional to the number of intracellular bac-
teria associated with the macrophages [19]. Results are ex-
pressed as a percent of the untreated cells.

2.7. Immunoblot analysis

Western blots were performed as previously described [20].
Briefly, the whole cell protein extracts were obtained by lyz-
ing freshly harvested AMs in a buffer [50 mM Tris-HCI (pH
7.4), 25mM KCl, 5mM MgCl,, 0.2% Nonidet P-40] sup-
plemented with protease and phosphatase inhibitors (Roche
Diagnostics, Mannheim, Germany). Protein samples (40 ug)
were resolved on 10% Tris-HCI polyacrylamide gels and sub-
sequently transferred to nitrocellulose membranes. Mem-
branes were probed with commercially available rabbit poly-
clonal antibodies against phospho-spleen tyrosine kinase
(phospho-Syk; Tyr525/526; Cell Signaling Technology, Dan-
vers, Mass, USA; 1 : 500), total Syk (Santa Cruz Biotech-

nology, Inc., Calif, USA; 1 : 800), total p42/44 (ERK-1/2;
Cell Signaling Technology; 1 : 1000), or with mouse mono-
clonal antibodies against f-actin (Sigma-Aldrich; 1 : 10000)
or phospho-p42/44 (Tyr204/Thr202; Cell Signaling Tech-
nology; 1 : 1000) followed in either case by horseradish
peroxidase-conjugated antirabbit or antimouse, respectively,
secondary antibodies, and ECL chemiluminescence detec-
tion reagents (Amersham Biosciences, Piscataway, NJ, USA).
For experiments involving activation of the Fcy receptor,
AMs were treated for 7 minutes with IgG-SRBCs at a ratio of
33 SRBC per macrophage [21]. Band density from Western
blots was determined using Adobe Photoshop 6.0 (Adobe,
San Jose, Calif, USA).

2.8. RT-PCRof Fcy receptors |, 1IB, and Il

The mRNA expression of Fcy receptors I, IIB, and IIT was de-
termined in macrophages treated for 16 hours with troglita-
zone (5 uM) or with DMSO vehicle. RNA from cultured cells
was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. RT-PCR
was then performed using the Access RT-PCR kit (Promega
Corporation, Madison, Wis, USA) according to the manu-
facturer’s directions, with 100 ng of RNA being used for each
reaction. The primers used in the reaction were synthesized
according to standard methods and displayed in Table 1. The
PCR conditions were as follows: 45 minutes at 45°C, 2 min-
utes at 94°C followed by 30 cycles of 30 seconds at 94°C fol-
lowed by 1 minute at 58°C, and then 90 seconds at 68°C. All
PCRs were performed in a reaction volume of 50 yL.

2.9. Statistical analysis

Data are represented as mean + SE and were analyzed with
the Prism 4.0 statistical program (GraphPad Software, San
Diego, Calif, USA). Comparisons between two experimen-
tal groups were performed with Student ¢ test. Comparisons
among > 3 experimental groups were performed with anal-
ysis of variance (ANOVA) followed by Dunnett’s adjustment
for multiple comparisons. Differences were considered sig-
nificant if P < .05. All experiments were performed on at
least three separate occasions unless otherwise specified.

3. RESULTS

3.1. Troglitazone increases Fcy receptor-mediated
phagocytosis in rat AMs but not PMs

Troglitazone is a thiazolidinedione no longer approved for
human use but still commonly used experimentally to ac-
tivate PPAR-y. An earlier study demonstrated that doses
>10 uM decreased Fcy receptor-mediated phagocytosis in a
macrophage-like cell line, although this effect was accom-
panied by apoptosis [22]. To study Fcy receptor-mediated
phagocytosis in a more biologically relevant system, we em-
ployed lower, nonapoptotic inducing doses of this drug us-
ing primary AMs. As shown (Figures 1(a) and 1(b)), troglita-
zone enhanced the ingestion of IgG-SRBCs by rat AMs, with
the effect being both dose- and time-dependent. The peak
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TaBLE 1: Primer sequences used for RT-PCR.

5-GAG CAG GGA AAG AAA GCA AAT TCC-3’

5"-TTA AGA GTT GCA TGC CAT GGT CC-3’ (232bp)
5-CCC AAG TCC AGC AGG TCT TTA CC-3’

5 -TTC TGG CTT GCT TTT CCC AAT GCC-3' (277 bp)
5'-GAT CCA GCA ACT ACA TCC TCC ATC-3’

5'-GCC TTG AAC TGG TGA TCC TAA GTC-3" (333 bp)
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Ficure 1: Stimulation of Fcy receptor-mediated phagocytosis by
troglitazone in rat macrophages. Rat alveolar macrophages (AM:s)
were treated for 16 hours with troglitazone at the doses indicated by
(a) or with 5 uM troglitazone for the times indicated by (b) prior to
the challenge with IgG-opsonized sheep red blood cells (SRBCs). In
(c), both AMs and peritoneal macrophages (PMs) were treated for
16 hours with 5uM troglitazone before phagocytosis was assessed,
as described in Section 2. *P < .05 and **P < .01 compared to un-
treated cells.

effect occurred with a 16-hour incubation in the presence
of 5uM troglitazone; this exposure increased phagocytosis
to 199 +12.4% of the untreated value (Figure 1(b)). At this
dose of troglitazone, apoptosis was not observed (data were
not shown).

Unlike AMs, PMs express little PPAR-y [6]. We specu-
lated that the effect of troglitazone would be more potent in

AMs than PMs, reflecting the differences in PPAR-y expres-
sion. Indeed, we observed no increase in the ingestion of IgG-
SRBCs by rat PMs treated with troglitazone (Figure 1(c)).

3.2. Troglitazone enhances Fcy receptor-mediated
phagocytosis in murine AMs but not PMs

To address the generalizability of our initial observation, we
repeated our experiments using murine macrophages and
a different IgG-opsonized target, an IgG-coated polystyrene
bead. Figure 2 demonstrates that troglitazone enhanced Fcy
receptor-mediated phagocytosis by AMs over the same con-
centration range observed for the rat, while no effects were
seen in the PMs.

3.3. Multiple PPAR-y ligands enhance Fcy
receptor-mediated phagocytosis by AMs

The above studies were limited by (a) the application of
a single PPAR-y ligand with known/suspected PPAR-y-
independent signaling properties [23] and (b) the use of
nonphysiological targets of IgG-opsonization. We therefore
tested the ability of rat AMs to ingest IgG-opsonized bac-
teria using the relevant Gram-negative pathogen K. pneu-
moniae. As demonstrated in Figure 3, troglitazone, rosiglita-
zone, and 15d-PGJ, each increased phagocytosis of K. pneu-
moniae by ~20%-25% when administered to the cells at a
10 uM concentration. Thus, distinct PPAR-y ligands enhance
the ingestion of IgG-opsonized pathogens by primary lung
macrophages.

3.4. PPAR-y activation does not modulate Fcy receptor
expression

PPAR-y ligands have been shown to increase the phagocyto-
sis of apoptotic cells by increasing the cell surface expression
of the CD36 receptor [5]. By analogy, we speculated that the
observed stimulation of Fcy receptor-mediated phagocytosis
by PPAR-y ligands might reflect increased expression of that
receptor. We therefore performed RT-PCR for the Fcy recep-
tors I and III using RNA extracted from mouse AMs treated
for 16 hours with 5uM troglitazone. We also considered an
alternative possibility that PPAR-y activation might suppress
the expression of the Fcy IIB receptor, which is an inhibitory
Fcy receptor. However, we did not detect significant differ-
ences in the expression of any of these three receptors by RT-
PCR (Figure 4), confirming the flow-cytometric results ob-
tained by Kasono et al. using J774.A1 macrophages [22].
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FiGure 2: Stimulation of Fcy receptor-mediated phagocytosis by troglitazone in mouse macrophages. Murine AMs (a) and (b) or PMs (c)
were treated for 16 hours with 5 uM troglitazone before phagocytosis of IgG-opsonized beads was assessed, as described in Section 2. Panel
(b) is a representative light microscopy field (400x magnification) demonstrating the effect of troglitazone (5 uM, bottom panel) compared

to vehicle (top panel). *P < .05 compared to untreated cells.
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FIGURE 3: PPAR-y ligands enhance phagocytosis of opsonized K.
pneumoniae. Rat AMs were pretreated for 16 hours with troglita-
zone, rosiglitazone, or 15d-PGJ, (each at 10 uM) prior to infection
with immune serum-opsonized K. pneumoniae at a multiple of in-
fection of 50 : 1. Phagocytosis was determined after 30 minutes, as
detailed in Section 2. ***P < .001 compared to untreated cells.

3.5. Troglitazone enhances post-Fcy receptor
signaling in AMs

Because the expression of Fcy receptors was not altered by
troglitazone, we postulated that PPAR-y activation might be
enhancing the intracellular signaling network involved in the
internalization of IgG-opsonized targets. We therefore tested

FcyRI
Tro.5uM - +

FcyRIIB FcyRIII

+ - +

<—333bp
232bp s

FIGURE 4: Expression of mRNA for Fcy receptors is not affected by
PPAR-y ligands. Mouse AMs were plated and treated for 16 hours
with either 5 uM troglitazone or DMSO vehicle. RNA was isolated,
amplified by RT-PCR, and subjected to electrophoresis. The ex-
pected sizes of cDNAs for Fcy receptors I, IIB, and III, respectively,
are 232, 277, and 333 bp.

the effect of troglitazone (5uM for 16 hours) on the acti-
vation of proximal and distal signaling molecules involved
in Fcy receptor-mediated phagocytosis [24]. As shown in
Figure 5, the proximal tyrosine kinase Syk becomes phos-
phorylated when cells are challenged with IgG-SRBCs; this
phosphorylation was significantly enhanced by troglitazone.
The extracellular signal-regulated protein kinases (ERK)-1
and -2 (also known as p42/44 proteins) are also important
in IgG-mediated phagocytosis [24]. We found that 16-hour
administration of troglitazone to AMs stimulated activation
of ERK-1 and -2 over and above that triggered by IgG-SRBCs
alone. Analysis showed that only prior treatment with trogli-
tazone led to statistically significant increases in the phos-
phorylation of Syk or ERK proteins in response to opsonized
SRBCs (Figure 5).

4. DISCUSSION

In this study, we demonstrate that activation of PPAR-y en-
hances the phagocytosis of IgG-opsonized targets via the
Fcy class of receptors in AMs. To our knowledge, this is
the first study to demonstrate that PPAR-y ligands increase
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F1GURE 5: Troglitazone enhances Syk and ERK activation during Fcy
receptor-mediated phagocytosis. Rat AMs were treated with 5uM
troglitazone for 16 hours prior to challenge with IgG-opsonized SR-
BCs. Unopsonized SRBCs were used as negative controls. Cells were
lyzed after 7 minutes and subjected to Western immunoblot analy-
sis. Bands labeled p42 and p44 represent ERK-1 and -2. The phos-
phorylation of Syk was identified on the tyrosine residues 525 and
526. Representative blots from three independent experiments are
shown. Values represent the mean (+ SE) of the ratio of phosphy-
orylated to total proteins determined by band densitometry from
multiple experiments (n = 3 — 4), expressed relative to untreated
cells. *P < .05 compared to untreated cells.

Fcy receptor-mediated phagocytosis. Notably, the effects of
troglitazone that were seen in AMs were not observed in res-
ident PMs. This result accords with the earlier finding that
AMs express significantly more PPAR-y than PMs do [6].

We hypothesized that PPAR-y activation might regulate
Fcy receptor-mediated phagocytosis based on the nuclear re-
ceptor’s known ability to enhance phagocytosis mediated via
other receptors on the cell surface. For example, PPAR-y ac-
tivation has been shown to increase expression of the cell
surface receptor CD36, which is involved in the recognition
and internalization of apoptotic cells, and thereby to enhance
apoptotic cell uptake by macrophages [5]. The phagocytosis
of senescent neutrophils and unopsonized polystyrene beads
by pancreatic stellate cells was also enhanced by PPAR-y-
activating agents [9]. This effect was also shown to result
from increased expression of the cell-surface receptor CD36,
although the receptor(s) involved was not specifically char-
acterized.

Our studies were strengthened by the use of AMs and
PMs from both rats and mice and by the use of multi-
ple IgG-opsonized targets, including standard SRBCs and
live bacterial pathogens. However, our results appear to dif-
fer from the only other published study of PPAR-y ac-
tivation and receptor-mediated phagocytosis [22]. Using
the macrophage-like cell line J774.A1, Kasono et al. found
that troglitazone, pioglitazone, and 15d-PGJ, suppressed
phagocytosis of IgG-opsonized SRBCs without—as we also
found—altering Fcy receptor expression. However, the au-
thors demonstrated that both troglitazone and pioglitazone
induced significant apoptosis in these cells at the same con-

centrations used to suppress phagocytosis (15d-PG]J, was not
tested). It therefore seems likely that the inhibition by PPAR-
y ligands of Fcy receptor-mediated ingestion in J774.A1 cells
occurred primarily as a consequence of cell death through
apoptosis. It is notable, however, that Kusano et al. found that
both the suppression of phagocytosis and the induction of
apoptosis occurred at doses of troglitazone >30 yuM, whereas
a dose of 10 uM caused an increase in phagocytosis that did
not reach statistical significance. We also observed inhibition
of phagocytosis and cell death in AMs at concentrations of
troglitazone >10 uM (data were not shown).

Although we found qualitatively similar, stimulatory ef-
fects of troglitazone on Fcy receptor-mediated phagocytosis
using three unique phagocytic targets (erythrocytes, beads,
and K. pneumoniae), the magnitude of troglitazone’s effects
differed with regards to the model examined. The reasons for
this are not entirely clear. The greatest effect of troglitazone
was seen in assays using inert targets (IgG-SRBCs and 1gG-
beads), as compared to the use of live, serum-opsonized bac-
teria. We speculate that as yet undefined differences between
the interactions of macrophages with live bacteria versus in-
teractions with inert targets might underlie these variabili-
ties.

Azuma et al. demonstrated that the PPAR-y ligand
15d-PG]J, dose dependently inhibited the phagocytosis by
glycogen-elicited (activated) PMs from Wistar rats of unop-
sonized Escherichia coli [25] (lack of opsonization implied
that phagocytosis was not mediated by the Fcy receptor).
However, since PPAR-y expression is known to be markedly
upregulated in activated compared to resident PMs [7], the
disparity between these results and our failure to find an ef-
fect of troglitazone on phagocytosis via the Fcy receptor in
resident PMs is not surprising.

The finding of activation of phagocytosis in AMs, rather
than the inhibition that Azuma et al. observed in activated
PMs, may be attributed to differences in the two cell types
[26, 27]. The alveolus is constantly exposed to pathogens and
irritant particles drawn in with the inspired air, and the in-
citing of an inflammatory response to inhaled irritants might
impair the ability of the alveolar space to participate in the
essential function of gas exchange. Studies have shown that
PPAR-y ligands inhibit AM inflammatory responses, includ-
ing the production of reactive oxygen species, and the ex-
pression of pro-inflammatory cytokines and inducible nitric
oxide synthase [5, 6]. Phagocytosis without accompanying
inflammatory activity, however, does not threaten alveolar
function. There is, thus, no conflict between downregulation
of inflammatory responses and simultaneous upregulation of
phagocytosis mediated by either CD36 receptors [5, 9] or Fcy
receptors (this study). This point is further supported by the
finding of Sutterwala et al. in bone marrow macrophages, in
which the binding of materials such as IgG-opsonized SRBCs
to the Fcy receptor promoted the production of the anti-
inflammatory cytokine interleukin-10 and the resultant in-
hibition of the pro-inflammatory cytokine interleukin-12’s
production [28].

Regulation of Fcy receptor expression and activity is
complex. Granulocyte-macrophage colony stimulating fac-
tor is required both for constitutive expression in AMs and
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for upregulation of receptor expression by interferon-y [29].
Mancuso et al. found that leukotrienes B, and C4, as well
as 5-hydroxyeicosatrienoic acid (5-HETE), stimulated AM
phagocytosis of K. pneumoniae [16]. A subsequent study
showed that this effect was specific to bacteria opsonized with
IgG and due to downstream activation of Fcy receptor inter-
nalization and transport rather than to increased receptor ex-
pression [17]. These same leukotrienes stimulate AM bacte-
ricidal activity by activating NADPH oxidase and stimulating
production of H,O, [18], an effect that in this case is oppo-
site to that of PPAR-y ligands. Conversely, reflecting the fre-
quent antagonism between leukotrienes and prostaglandins,
prostaglandin E; has been shown to inhibit Fcy receptor-
mediated phagocytosis in AMs [13].

We found that, just as with leukotrienes, increased Fcy
receptor-mediated phagocytosis induced by PPAR-y ligands
did not result from increased receptor expression. While the
PPAR-y ligands did not alter Fcy receptor mRNA expres-
sion, these studies do not rule out the possibility that the
ligands altered phagocytosis by increasing the surface ex-
pression of these receptors. Regardless, we infer from our
data that PPAR-y ligands prime cells for an enhanced activa-
tion of downstream effectors involved with postbinding in-
ternalization and transport, such as Syk, ERK-1, and ERK-2.
While our data support a mechanism whereby PPAR-y lig-
ands stimulate post-Fcy receptor signaling (rather than re-
ceptor expression), our work does not definitively establish
the true role of these signaling pathways in this process.

Syk, which is a protein tyrosine kinase, has been shown
to be essential for the transport of internalized Fc receptors
to lysosomes [30]. Enhancement of Fcy receptor-mediated
phagocytosis in AMs by LTB, has also been shown to de-
pend on Syk activation [21]. Our study appears to be the
first to demonstrate effects of PPAR-y ligands on Syk activity.
Effects of PPAR-y ligands on ERK-1/2 activation, however,
have previously been established. For example, inhibition of
growth and induction of apoptosis by 15d-PGJ, in a neu-
roblastoma cell line was associated with ERK activation [31]
as was troglitazone-induced arrest of cell growth in lung ade-
nocarcinoma cells [32]. Similar effects of troglitazone in lung
cancer cells were shown to be blocked by inhibition of either
PPAR-y expression or ERK-1/2 activity [33]. In a mouse os-
teoblastic cell line, induction of apoptosis by ciglitazone was
accompanied by increased amounts of phosphorylated ERK,
with cell death being blocked by both PPAR-y and ERK an-
tagonists [34].

It may be questioned whether the effects we saw were
necessarily mediated via PPAR-y, since it is known that
15d-PGJ, and thiazolidinediones can act through PPAR-y-
independent mechanisms [35, 36]. Although the evidence is
indirect, finding similar effects with troglitazone, rosiglita-
zone, and 15d-PGJ, argues for an effect mediated through
their common receptor. This conclusion is further strength-
ened by the observation that such effects were seen in AMs,
where PPAR-y expression is abundant, but not in resident
PMs that express relatively little of this receptor.

In summary, we demonstrate here that PPAR-y ligands
stimulate phagocytosis via the Fcy receptor in AMs but not
in PMs. This effect does not depend on increased expression

of the cell-surface receptor, but rather on downstream acti-
vation of Syk, ERK-1, and ERK-2. In AMs, PPAR-y ligands
thus stimulate phagocytosis mediated by two quite different
classes of cell-surface receptors and do so via quite different
mechanisms.
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PPARy ligands inhibit the proliferation of non-small cell lung carcinoma (NSCLC) cells in vitro. The mechanisms responsible
for this effect remain incompletely elucidated, but PPARy ligands appear to inhibit the mammalian target of rapamycin (mTOR)
pathway. We set out to test the hypothesis that PPARy ligands activate tuberous sclerosis complex-2 (TSC2), a tumor suppressor
gene that inhibits mTOR signaling. We found that the PPARy ligand rosiglitazone stimulated the phosphorylation of TSC2 at
serine-1254, but not threonine-1462. However, an antagonist of PPARy and PPARy siRNA did not inhibit these effects. Rosigli-
tazone also increased the phosphorylation of p38 MAPK, but inhibitors of p38 MAPK and its downstream signal MK2 had no
effect on rosiglitazone-induced activation of TSC2. Activation of TSC2 resulted in downregulation of phosphorylated p70S6K, a
downstream target of mTOR. A TSC2 siRNA induced p70S6K phosphorylation at baseline and inhibited p70S6K downregulation
by rosiglitazone. When compared to a control siRNA in a thymidine incorporation assay, the TSC2 siRNA reduced the growth
inhibitory effect of rosiglitazone by fifty percent. These observations suggest that rosiglitazone inhibits NSCLC growth partially
through phosphorylation of TSC2 via PPARy-independent pathways.
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1. INTRODUCTION

Lung cancer remains the leading cause of cancer-related mor-
tality in the United States, and 30% to 40% of newly di-
agnosed patients with non-small cell lung cancer (NSCLC)
present with regionally advanced and unresectable stage I1I
disease [1]. Despite recent advances in understanding the
molecular biology of lung carcinoma and the introduction of
multiple new chemotherapeutic agents for its treatment, the
poor five-year survival rate of less than 15% has not changed
substantially [2]. This justifies the continuous search for
agents with therapeutic potential against NSCLC.
Peroxisome proliferator-activated receptors (PPARs; iso-
types a, /0, y) are ligand-inducible nuclear transcription
factors that heterodimerize with retinoid X receptors and
bind to PPAR response elements (PPREs) located in the pro-
moter region of PPAR target genes [3]. These lipid-sensitive
receptors can be activated in a variable isotype-specific man-

ner by natural fatty acids, leukotrienes, prostaglandins, and
some synthetic agonists, including antidiabetic drugs such
as rosiglitazone, ciglitazone, and pioglitazone which are spe-
cific PPARy ligands. These drugs are also effective in reg-
ulating cell activation, differentiation, proliferation, and/or
apoptosis [4, 5]. The role of PPARy, one PPAR isotype, has
been extensively studied thanks to the availability of synthetic
PPARy agonists. The anticancer activity of PPARy agonists
has been examined in a variety of cancers including colon,
breast, and prostate [6]. These and related studies support a
role for PPARy as a potential tumor suppressor.

Several studies have implicated PPARy in lung cancer as
well. The expression of PPARy has been demonstrated in
NSCLC and was correlated with tumor histological type and
grade [7]. Thus, it has been postulated that PPARy mRNA
levels may serve as a prognostic marker in lung carcinoma
in addition to playing important roles in lung carcinogen-
esis. Activation of PPARy by troglitazone, ciglitazone, and
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pioglitazone caused growth inhibition and apoptosis of
NSCLC cells [8, 9]. Recently, studies in animal models of tu-
morigenesis showed that treatment of A549 tumor-bearing
SCID mice with troglitazone or pioglitazone inhibited pri-
mary tumor growth by 66.7%, and significantly inhibited
the number of spontaneous lung metastasis lesions [10]. To-
gether, these observations suggest that PPARy ligands may
serve as potential therapeutic agents in the management of
NSCLC, but the mechanisms responsible for these effects re-
main incompletely elucidated.

We have reported that PPARy agonists inhibit NSCLC
proliferation by inhibiting the mammalian target of rapam-
ycin (mTOR) signaling pathway through PPARy-dependent
and -independent mechanisms [11]. The mTOR subfamily
belongs to the phosphatidylinositol 3-kinase (PI3-K)-related
kinase family and is partly inhibited by rapamycin, a feature
that has facilitated efforts to study its function in eukaryotic
cells [12]. mTOR signaling induced by hormones, growth
factors, and amino acids regulates the phosphorylation of
several proteins including p70 ribosomal protein S6 kinase
(p70S6K) and eIF-4E binding protein (4E-BP1), which are
key regulators of translation, and are among the most well-
characterized targets of mTOR [12].

One of the downregulators of the mTOR pathway is the
tumor suppressor protein tuberous sclerosis complex (TSC).
TSC is composed of two proteins, TSC1 (also known as
hamartin) and TSC2 (known as tuberin), which function to
integrate growth factor and cell stress responses [13]. We set
out to explore the effects of PPARy agonists on TSC expres-
sion and the contribution of this pathway on inhibition of
cell proliferation in NSCLC cells treated with the PPARy ag-
onist rosiglitazone. We found that PPARy ligands activate
TSC2, which, in turn, inhibits mTOR signaling in NSCLC
cells through PPARy-independent pathways.

2. MATERIALS AND METHODS
2.1. Culture and chemicals

The human NSCLC cell line H2106 was obtained from the
American Type Culture Collection (Manassas, Va, USA)
and grown in RPMI-1640 medium supplemented with
10% heat-inactivated FBS, HEPES buffer, 50 IU/mL peni-
cillin/streptomycin, and 1 yg amphotericin (complete medi-
um) as previously described [14]. Polyclonal antibodies spe-
cific for TSC2, p38 MAPK, p70S6K, and their respective
phosphorylated active forms were purchased from Cell Sig-
naling (Beverly, Mass, USA). GW9662 was purchased from
Cayman Chemical Co. (Ann Arbor, Mich, USA). The in-
hibitor of the mitogen-activated protein kinase-activated
protein kinase 2 (MAPKAP kinase 2, MK2), a synthetic 13-
residue peptide (KKKALNRQLGVAA) corresponding to the
phosphorylation site of HSP27, one of the known substrates
of MK2, was purchased from Calbiochem (San Diego, Calif,
USA). Rosiglitazone, antibodies against PPARy, SB239063,
and other chemicals were purchased from Sigma Aldrich (St.
Louis, Mo, USA) unless otherwise indicated.

2.2. Western Blot analysis

Western blotting was performed as previously described
[15]. Briefly, protein concentrations were determined by the
Bio-Rad protein assay. Equal amounts of protein from whole
cell lysates were solubilized in 2x SDS-sample buffer and
separated on SDS-8% polyacrylamide gels. Blots were incu-
bated with antibodies raised against TSC2 and phosphory-
lated TSC2 (1:2000), p38 MAPK and phosphor-p38 MAPK,
p70S6K and phosphor-p70S6K (1:1000). The blots were
washed and followed by incubation with a secondary goat
antibody raised against rabbit IgG conjugated to horseradish
peroxidase (1:2000, Cell Signaling, Beverly, Mass, USA). The
blots were washed, transferred to freshly made ECL solution
(Amersham, Arlington, Ill, USA) for 1 minute, and exposed
to X-ray film. In controls, the antibodies were omitted or re-
placed with a control rabbit IgG.

2.3. Treatment with PPARy and TSC2 small
interfering RNA

The PPARy (Cat number sc-29455) and TSC2 siRNAs (Cat
number sc-36762) and the control siRNA (Cat number
sc-37007) were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, Calif, USA). For the transfection pro-
cedure, cells were grown to 50% confluence and PPARy,
TSC2, or control siRNAs were transfected using the Lipofec-
tamine 2000 reagent (Invitrogen, Carlsbad, Calif, USA) ac-
cording to the manufacturer’s instructions. Briefly, oligofec-
tamine reagent was incubated with serum-free medium for
10 minutes. Subsequently, a mixture of siRNA was added. Af-
ter incubation for 15 minutes at room temperature, the mix-
ture was diluted with medium and added to each well. The
final concentration of siRNA in each well was 100 nM. After
culturing for 48 hours, cells were washed and resuspended in
new culture media in the presence or absence of rosiglitazone
for up to 48 hours for Western blot and cell growth assays.

2.4. [Methyl-3H] thymidine incorporation assay

H2106 NSCLC cells (10* cells/well) were cultured with the
selective PPARy antagonist GW9662 (20 uM) for 1 hour, or
transfected with TSC2 siRNA (100nM) for 48 hours be-
fore exposing the cells to rosiglitazone (10 uM) followed by
incubation with 1uCi/mL [methyl-*H] thymidine (Amer-
sham, specific activity 250 Ci/mmol) for up to 48 hours. The
medium was removed and the attached cells were washed
with 1x PBS. Afterwards, the attached cells were treated with
ice-cold 6% trichloroacetic acid (TCA) at 4°C for 20 minutes
and washed once with 6% TCA. The cells were then solubi-
lized with 0.1 N NaOH and counted in a liquid scintillation
counter in 4 mL of scintillation fluid.

2.5. Statistical analysis

All experiments were repeated a minimum of three times.
All data collected from Western Blot and [Methyl-*H]-thym-
idine incorporation assays were expressed as means =SD.
The data presented in some figures are from a representative
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FIGURE 1: Rosiglitazone stimulates the activation of TSC2. (a) Time-dependent effect of rosiglitazone on TSC2 phosphorylation. Cellular protein
was isolated from H2106 cells that were cultured with increasing concentrations of rosiglitazone (Rosig.) for 1 hour followed by Western
blot analysis with antibodies against total TSC2 and phosphorylated TSC2 (p-TSC2). (b) Effect of PPARy antagonists on rosiglitazone-induced
TSC2 phosphorylation. Cellular protein was isolated from H2106 cells cultured for up to 2 hours in the presence or absence of GW9662
(20 uM) before exposure of cells to rosiglitazone (Rosig., 10 uM) for an additional 24 hours, then subjected to Western blot analysis for
total TSC2 and phosphorylated TSC2 (p-TSC2). (c) Effect of PPARy siRNA on rosiglitazone-induced TSC2 phosphorylation. H2106 cells were
transfected with control or PPARy siRNA (100 nM each) for 48 hours before exposing the cells to rosiglitazone (Rosig., 10 uM) for up to
24 hours. Afterwards, we performed Western blot analysis for total TSC2 and phosphorylated TSC2 (p-TSC2). Actin served as internal
control for normalization purposes (Con, indicates untreated control cells).

experiment, which was qualitatively similar in the replicate
experiments. Statistical significance was determined with
Student’s ¢ test (two-tailed) comparison between two groups
of data sets. Asterisks shown in the figures indicate signifi-
cant differences of experimental groups in comparison with
the corresponding control condition (P < .05, see figure leg-
ends).

3. RESULTS

3.1. Rosiglitazone stimulates the expression
of TSC2 protein

Since rosiglitazone has been found to regulate the PI3-
K/Akt/mTOR/p70S6K signaling pathway, we tested if it also

affected TSC2, an upstream regulator of that pathway. H2106
cells treated with rosiglitazone for the indicated period of
time showed an increase in the phosphorylation of TSC2
at serine-1254, whereas only a slight increase in phospho-
rylation was detected on threonine-1462 (Figure 1(a)). To-
tal TSC2 protein levels remained unchanged. PPARy ligands
have been shown to exert their effects through pathways de-
pendent and independent of PPARy. To test if phosphoryla-
tion of TSC2 by rosiglitazone was mediated through activa-
tion of PPARY, cells were pretreated with a selective PPARy
antagonist, GW9662, or PPARy siRNA before exposing them
to rosiglitazone. As depicted in Figures 1(b) and 1(c), the
inhibitory effect of rosiglitazone on the phosphorylation of
TSC2 was not affected by GW9662 (b) or by PPARy siRNA
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FIGURE 2: The role of p38 MAPK signaling cascade in mediating the effect of rosiglitazone on activation of TSC2. (a) Time-dependent effect of
rosiglitazone on phosphorylation of p38 MAPK. Cellular proteins were isolated from H2106 cells treated with rosiglitazone (Rosig., 10 4uM)
for the indicated time period. Afterwards, Western blot analyses were performed using a polyclonal antibody against phosphor-p38 MAPK
(Thr180/Tyr182) and total p38 MAPK. Actin served as internal control for normalization purposes. (b) Effect of p38 inhibitor on rosiglitazone-
induced TSC2 phosphorylation. Cellular protein was isolated from H2106 cells cultured for up to 2hours in the presence or absence of
SB239063 (10 uM) before exposure of cells to rosiglitazone (Rosig., 10 uM) for an additional 24 hours, then subjected to Western blot analysis
for total TSC2 and phosphorylated TSC2 (p-TSC2). Actin served as internal control for normalization purposes (Con, indicates untreated
control cells). (¢) Effect of MK2 inhibitor on rosiglitazone-induced TSC2 phosphorylation. Cellular protein was isolated from H2106 cells
cultured for up to 2 hours in the presence or absence of MK2 inhibitor (10 uM) before exposure of cells to rosiglitazone (Rosig., 10 uM) for
an additional 24 hours, then subjected to Western blot analysis for total TSC2 and phosphorylated TSC2 (p-TSC2). Actin served as internal
control for normalization purposes (Con, indicates untreated control cells).

(c) suggesting that PPARy-independent signals mediated this
effect. Note that the PPARy siRNA blocked PPARy protein
production, while the control siRNA had no effect (c).

3.1.1. Rosiglitazone increases the phosphorylation of
p38 MAPK, but blockade of p38 MAPK and

its downstream signals had no effect on
rosiglitazone-induced activation of TSC2

PPARy ligands have been shown to induce the activation of
p38 MAPK in different cell systems [16, 17]. Activation of
P38 mitogen-activated protein kinase (MAPK) and its down-
stream kinase MK2 have been associated with the phospho-
rylation of TSC2 [18]. Similarly, we found that rosiglita-
zone induced a transient increase in the phosphorylation of
p38 MAPK in a time-dependent manner with maximal in-

duction at 2hours (Figure 2(a)). We next assessed if acti-
vation of p38 signals were related to the effect of rosigli-
tazone on TSC2 activation. As shown in Figures 2(b) and
2(c), SB239063, a selective p38 inhibitor, and KKKALNRQL-
GVAA, a potent and selective inhibitor of MK2, had no ef-
fect on rosiglitazone-induced TSC2 phosphorylation (serine-
1254). No effects were noticed with increasing doses of these
inhibitors (not shown).

3.1.2.  Silencing TSC2 restored the mTOR-related signal and
partially blocked the effect of rosiglitazone on cell
growth inhibition

We next examined if upregulation of TSC2 by rosiglitazone
was associated with inhibition of mTOR signaling as deter-
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FIGURE 3: Silencing TSC2 restored the activity of p70S6K. (a) TSC2 siRNA blocks TSC2 production. H2106 cells were transfected with control
or TSC2 siRNA (100 nM each) for 30 hours. Afterwards, we performed Western blot analysis for TSC2 proteins (Con, indicates untreated
cells). (b) TSC2 siRNA ameliorates the inhibitory effect of rosiglitazone on p70S6K phosphorylation. H2106 cells were transfected with control
or TSC2 siRNA (100 nM each) for 48 hours before exposing the cells to rosiglitazone (Rosig., 10 uM) for up to 24 hours. Afterwards, we
performed Western blot analysis for p70S6K proteins (Con, indicates untreated cells). The representative data shown here is obtained from
at least three separate experiments. Graphs are densitometry results. (*indicates significant differences as compared to the zero hour or
untreated cells (P < .05); **indicates significance of combination treatment as compared with rosiglitazone alone (P < .05).)

mined by evaluating the phosphorylation state of p70S6K, a
downstream target of mTOR. To determine the exact contri-
bution of TSC2, we tested tumor cells transfected with con-
trol and TSC2 siRNAs. As shown in Figure 3(a), the TSC2
siRNA blocked TSC2 protein production, while the control
siRNA had no effect. Armed with these tools, we tested the ef-
fects of rosiglitazone on p70S6K. As expected, upregulation
of TSC2 by rosiglitazone coincided with downregulation of
phosphorylated p70S6K (Figure 3(b)). Silencing of TSC2 by
siRNA induced phosphorylation of p70S6K at baseline and
inhibited p70S6K downregulation in the presence of rosigli-
tazone demonstrating a direct link between TSC2 induction
and inhibition of mTOR signaling (Figure 3(b)).

3.2. Rosiglitazone inhibits carcinoma cell proliferation

We next tested the contribution of TSC2 to NSCLC cell pro-
liferation in the setting of rosiglitazone treatment using an
[*H] thymidine incorporation assay. As expected, we found
that rosiglitazone inhibited NSCLC cell proliferation. This is
consistent with our own observations (not shown) and find-
ings by others [10] showing inhibition of tumor growth in
vivo in response to rosiglitazone. Interestingly, silencing of
TSC2 reduced the growth inhibitory effect of rosiglitazone

by approximately 50%, whereas a control siRNA had no ef-
fect (Figure 4).
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on cell growth inhibition. H2106 cells transfected with control or
TSC2 siRNA (100 nM each) for 48 hours before exposing the cells
to rosiglitazone (Rosig., 10 M) and incubated with 10 yCi/mL
[methyl->H] thymidine for 48 hours. Afterwards, cell numbers were
determined. All data are depicted as means + SD. (*indicates sig-
nificant differences as compared to the untreated cells (P < .05);
**indicates significance of combination treatment as compared
with rosiglitazone (Rosig.) alone (P <.05).)

4. DISCUSSION

Rosiglitazone, one of the thiazolidinedione derivatives, is the
most potent and selective synthetic ligand of PPARy. It binds
to PPARy with a kD of approximately 40 nM and it is known
to have marked adipogenic effects on preadipocyte and mes-
enchymal stem cells in vitro as well as dramatic antidiabetic
effects [19]. However, not all of its cellular effects are medi-
ated via PPARy [20, 21]. Herein, we show that rosiglitazone
increases PPARy protein expression in NSCLC in a time- and
dose-dependent fashion. Note that the concentrations used
were consistent with those reported by others. For exam-
ple, Valentiner et al. found that rosiglitazone inhibited the
in vitro growth and viability of human neuroblastoma cell
lines in a dose-dependent manner showing considerable ef-
fects only at high concentrations (10 uM and 100 uM) [22].
In another study, rosiglitazone inhibited both the prolifer-
ation and invasiveness of the human adrenocortical cancer
cell line H295R in a dose-dependent manner with maximal
effects (about 50% inhibition) noted at 20 yuM [23].

We previously demonstrated that rosiglitazone inhibited
the activation of the PI3-K/Akt/mTOR signaling pathway in
NSCLC cells [11] and, therefore, set out to explore the effects
of rosiglitazone on modulators of this pathway. mTOR sig-
naling is induced by hormones, growth factors, and amino
acids, and regulates the phosphorylation of several proteins
including p70S6K and 4E-BP1, which are key regulators of

translation, and are amongst the most well-characterized tar-
gets of mTOR [12]. A modulator of the mTOR pathway is
the tumor suppressor protein TSC2, which functions to inte-
grate growth factor and cell stress responses [13]. The TSC2
gene is known to be involved in mammalian cell cycle con-
trol and its overexpression is thought to exert an antitumor
effect on cancer cells [24]. Here, we report that rosiglitazone
increased the phosphorylation of TSC2 highlighting the rel-
evance of this tumor suppressor in mediating the effects of
rosiglitazone. However, this effect appeared to be indepen-
dent of PPARy since the inhibitor of PPARy, GW9662, and
transfection with PPARy siRNA had no effect on this pro-
cess.

TSC2 is phosphorylated by multiple kinases, including
Akt, RSK1, ERK, CDC2, MK2, and AMPK. Therefore, TSC2
integrates signals from multiple signaling pathways and in-
fluences cell growth through regulation of the mTOR path-
way [25]. Note that the rosiglitazone-induced phosphoryla-
tion of TSC2 occurred at serine-1254, but not at threonine-
1462 sites, which are sites different from those phospho-
rylated by Akt and AMPK [26, 27]. The effect of phos-
phorylation of TSC2 at serine-1254 site remains unclear
[25]. The interaction of TSC2 with 14-3-3 is associated with
phosphorylation of serine-1254 and may be independent of
Akt. However, TSC2 serine-1254 phosphorylation does not
necessarily influence TSC2-14-3-3 interactions [28]. On the
contrary, the association between 14-3-3 and TSC2 requires
phosphorylation of serine-1210, which is not considered an
Akt phosphorylation site [29]. This discrepancy may be due
to the different cells studied and the elicitation of mech-
anisms other than those related to PI3-K, 14-3-3 and p38
pathways. How these multiple phosphorylation events are in-
tegrated by TSC2 to regulate cell growth needs to be explored
further.

PPARy ligands have been shown to induce the activa-
tion of p38 MAPK in different cell systems [16, 17]. In line
with this, we showed that rosiglitazone increased the phos-
phorylation of p38 MAPK in NSCLC cells. Activation of p38
MAPK and its downstream signal MK2 have been associated
with phosphorylation of TSC2 (serine-1210) [18], and the
inhibitor of p38 MAPK reduced the phosphorylation of both
p38 MAPK and MK2 [30]. However, in the current study,
blockade of p38 MAPK and its downstream signal MK2 had
no effect on rosiglitazone-induced TSC2 phosphorylation
suggesting that the p38 MAPK cascade plays no role in medi-
ating the effect of rosiglitazone on TSC2. The concentrations
of these inhibitors were based on other studies which showed
significant inhibition of p38 MAPK and its downstream MK2
signaling cascade [30, 31].

TSCI-TSC2 complexes have recently been implicated in
cell survival responses. The molecular mechanisms by which
TSC2 affects mTOR-related signals remain unclear. We
found that knockdown of TSC2 resulted in inhibition of
the effect of rosiglitazone on the mTOR downstream target
p70S6K suggesting a role for TSC2 in mediating this effect. In
cell proliferation assays, we showed that the TSC2 siRNA par-
tially restored NSCLC cell growth in the presence of rosigli-
tazone, although knockdown of TSC2 alone had no effect
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on NSCLC cell proliferation. This suggests that TSC2 does
not contribute to NSCLC cell proliferation at baseline, but
its phosphorylation partially mediates the growth inhibitory
effect of rosiglitazone.

Taken together, our results demonstrate that rosiglita-
zone inhibits NSCLC cell growth in part through activa-
tion of TSC2 with the consequent suppression of mTOR sig-
naling. This effect appeared to be independent of PPARy
and p38 MAPK signaling pathways. This work complements
our previous work demonstrating partial inhibition of the
mTOR pathway by rosiglitazone through downregulation of
Akt and induction of PTEN via PPARy-dependent path-
ways [11]. Together, the activation of rosiglitazone-induced
PPARy-dependent and -independent pathways results in in-
hibition of NSCLC growth. These observations are justifying
further work testing the use of rosiglitazone (and perhaps
other PPARy ligands) as potential coadjuvants in the treat-
ment of NSCLC in humans.

ABBREVIATIONS

NSCLC:  Non-small cell lung carcinoma

PPARy: Peroxisome proliferator-activated
receptor gamma

PPRE: PPAR response element

PI3-K: Phosphatidylinositol 3-kinase

p38 MAPK: p38 mitogen-activated protein kinase

MK2: MAPKAP kinase 2

mTOR: Mammalian target of rapamycin

p70S6K:  p70 ribosomal S6 kinase

TSC2: Tuberous sclerosis complex-2

4E-BP1: Eukaryotic initiation factor
4E-binding protein 1

siRNA: Small RNA interference
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