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Abstract

Peroxisome proliferator-activated receptor-gamma (PPAR-vy) belongs to the nuclear hormone
receptor superfamily. Apart from being involved in lipid metabolism, like its other subtypes PPAR
a and B, it is implicated to be crucial for successful placentation. While its role in extravillous
trophoblast (EVT) differentiation has been studied, the involvement in villous trophoblast (VT)
differentiation, fatty-acid metabolism, inflammatory responses, and oxidative pathways during
pregnancy deserves more attention. PPAR-y’s potential role in balancing structural development
and functional responsibilities at the maternal-fetal interface suggest a more central role for the
receptor. The central role of PPAR-y in pathways related to placental pathologies suggests a
potential role of PPAR-+y in placental function. The molecular regulation of PPAR-vy in this
context has been widely disregarded. In this review, we discuss the less explored functions of
PPAR-v in the areas of immunological responses and management of oxidative stress in the
placenta. We also shed light on the involvement of PPAR-vy in pathologic pregnancies and briefly
discuss the current models in the field. The ability to modulate PPAR-y’s activity using already
available drugs makes it a tempting therapeutic target. Elucidation of the molecular pathways and
specific targets regulated by PPAR-y will provide more information on the role of PPAR-y in
placentation and related disorders in pregnancy. Furthermore it will close the critical gap in our
knowledge about the differential regulation of PPAR-y in the two trophoblast lineages. This will
help to evaluate the usefulness and timing of PPAR-y modulation in at risk pregnancies to improve
placental and endothelial function.
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Introduction

Peroxisome proliferator-activated receptors (PPARs), a moniker owed to the early
observation that stimulation of these proteins could induce the proliferation of peroxisomes
in rodent hepatocytes, are transcription factors belonging to the nuclear hormone receptor
superfamily [Issemann and Green 1990]. The spectrum of ligands which effectively target
these receptors include endogenously expressed lipid-soluble molecules (e.g., prostacyclin,
lysophosphatidic acid), and the thiazolidinedione family of pharmaceutical compounds (e.g.,
rosiglitazone, Pioglitazone) [Chen et al. 2009; Stapleton et al. 2010]. Like other members of
this receptor superfamily, the interaction of PPARs with their corresponding ligands elicits
their activation via a change in protein conformation, resulting in dimerization with retinoid
X receptor (RXR) and recruitment of co-activators like histone deacetylateses (HDACS),
p300/CBP, or members of the steroid receptor co-activator (SRC) family [Lehrke and Lazar
2005; McKenna and O’Malley 2002]. This is followed by either direct binding to a
consensus sequence on the DNA or to enable binding to other transcription factors like NF-
kappap to regulate gene expression [Bright et al. 2007; Yamasaki et al. 2002].

To date, three subtypes of the receptor have been identified - PPAR a, B, and y. All three
subtypes, possess the canonical domain structure common to other nuclear receptor family
members. This is structured as the amino-terminal AF-1 trans activation domain, followed
by a DNA-binding domain, and a dimerization and ligand-binding domain with a ligand-
dependent trans activation function AF-2 located at the carboxy-terminal region [Zoete et al.
2007]. Each subtype is a product of a distinct gene and has an organ specific expression
pattern and their functions have been widely studied in different systems. Briefly, PPAR-a is
expressed primarily in brown adipose tissue, liver, kidney, heart, and skeletal muscle. It has
been implicated in mitochondrialfatty-acid (FA) oxidation, which provides energy for
peripheral tissues [Lefebvre et al. 2006]. The involvement in antioxidant pathways is
suggested to contribute to the pathogenesis of age-related macular degeneration (AMD) [Del
V Cano and Gehlbach 2007; Lefebvre et al. 2006]. PPAR-p is expressed predominantly in
the gut, kidney, and heart; and is involved in lipid metabolism, cell survival, wound healing,
embryonic implantation, and development of the central nervous system [Berger et al. 2005].
PPAR-vy is mainly expressed in adipose tissue and to a lesser extent in colon, the immune
cells — macrophages, and is known to be involved with adipogenesis and macrophage
differentiation [Rosen et al. 1999; Tontonoz et al. 1994; Tontonoz et al. 1998].

Interestingly, all three subtypes also show expression in the placenta. In the rodent placenta,
they are expressed in the trophoblast cells of the junctional zone as well as the labyrinth
zone [Wang et al. 2002]. Expression in lineages of human trophoblast cells has also been
reported [Schaiff et al. 2000; Tarrade et al. 2001a; Wang et al. 2002].

In aspects of placental function, PPAR-y has emerged as the crucial subtype owing to the
embryonic lethality of the knockout mice due to gross placental abnormalities. While,
PPAR-y null mice show increased maternal abortion (20% over wild type), surviving pups
develop normally [Lee et al. 1995]. PPAR-B knockout mice also show an embryonic
lethality due to defects in placental morphogenesis, but some pups do survive (lethality >
90%) [Barak et al. 2002; Nadra et al. 2006]. In comparison, PPAR-y knockouts show 100%
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lethality due to defects in differentiation of labyrinth trophoblast and thinning of the
myocardial lining of the ventricles. Interestingly, correcting for the mutation in these
embryos (via aggregation with tetraploid embryos which contribute only to the extra-
embryonic lineages) rescued the placental as well as the cardiac phenotype suggesting an
important role for PPAR-y in placental function [Barak et al. 1999]. Aspects of PPAR-y
function in placental development have therefore been extensively explored in the human
placenta. In this review, we outline the current and potentially new roles of PPAR-vy in
placental development and other functions at the maternal-fetal interface (Figure 1).

PPAR-y in Trophoblast Differentiation

Trophoblast differentiation is a critical process towards establishing placental lineages that
govern the placental development, maintenance, and function. We distinguish the human
trophoblast cells into the decidua invading extravillous trophoblast (EVT) and the placenta
residing villous trophoblast (\VT) cells which are covered by the syncytium. EVTs invade the
maternal decidua to establish pregnancy and secure blood-flow to the implantation site
which provides nutrients and oxygen to the fetus. The villous trophoblast forms the main
maternal-fetal exchange surface, which is critical for fetal development and has to adapt to
environmental changes to secure growth throughout pregnancy. Trophoblast differentiation
is a tightly regulated process and is implicated to be abnormally regulated in placental
dysfunction disorders [Kliman et al. 1986; Lim et al. 1997; Pijnenborg et al. 1996].

While all three PPAR subtypes are expressed in human trophoblast cells, the expression of a
and B subtypes decreases as the cells differentiate, PPAR-y continues to be expressed
strongly in these cells [Georges et al. 2005; Schaiff et al. 2000; Tarrade et al. 2001a; Waite et
al. 2000; Wang et al. 2002]. /n-vitro studies with first trimester EVTs showed that treatment
with PPAR-y antagonists increased invasion whereas agonists hampered it, implicating the
involvement of PPAR-vy in regulating decidua invasion [Fournier et al. 2002; Tarrade et al.
2001b]. A similar study with isolated term villous trophoblast showed induction of
differentiation upon treatment with agonists [Schaiff et al. 2000]. Involvement of PPAR-y in
regulating the functions of both EVTs and VT not only suggests its crucial role in
trophoblast differentiation but these studies also highlight the differences in response of the
trophoblast subtypes to PPAR-y induction.

Interestingly, the studies on term villous trophoblast also observed differential behavior of
these cells in response to synthetic and naturally occurring ligands of PPAR-y. Treatment
with synthetic ligand troglitazone induced differentiation, whereas the natural ligand PGJ2
hindered it, even inducing apoptosis in cells [Schaiff et al. 2000]. Thus, PPAR-y seems to
have different roles depending upon: 1) trophoblast subpopulations, 2) the gestational age
and type, and and 3) the stimulating ligand [Handschuh et al. 2009]. However, one needs to
bear in mind that isolated trophoblasts lack their natural environment and tend to
differentiate directly in culture conditions which is a critical limitation in some of these
studies [Pavan et al. 2004; Schaiff et al. 2005]. While we have substantial evidence for
involvement of PPAR-vy in trophoblast differentiation, we still lack the understanding of the
molecular regulation. Very few studies focusing on the downstream targets of PPAR-y exist
[Shalom-Barak et al. 2004; Yoon et al. 2000]. Glial cell missing 1 (Gem-1) has emerged as
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an interesting candidate in this respect. It regulates differentiation of chorion into labyrinth
trophoblast populations and controls syncytiotrophoblast differentiation. Mice lacking
Gem-1 die at E10.5 due to the absence of the placental labyrinth [Anson-Cartwright et al.
2000]. A deficiency of PPAR-y in mouse trophoblast stem cells was shown to affect
labyrinth cell lineages with a concurrent decrease in Gecm-1 [Parast et al. 2009]. Gem-1 has
been shown to also be present in human trophoblast tissue and altered levels of Gem-1 have
also been associated with preeclampsia (PE) placentas [Baczyk et al. 2009; Baczyk et al.
2004; Chen et al. 2004]. Recently, Levystka et al. [2013] showed that Gem-1 levels could be
increased or decreased by PPAR-y agonists or antagonists in BeWo choriocarcinoma cells
suggesting that PPAR-y via Gecm-1 [Levytska et al. 2013] may play a role in human
trophoblast differentiation.

PPAR-y and Fatty Acid Metabolism in the Placenta

Placental fatty acid (FA) transfer from the mother to the fetus is crucial for adequate
development [Munro et al. 1982]. PPAR-vy has been classically known for its role in
promoting lipid storage. The observation that the PPAR-y knockout placentas showed less
accumulation of lipid droplets suggested that it may have some similar function in the
placenta. Schaiff et al. in 2007 showed that PPAR-y could alter the FA uptake in the
placenta by increasing the expression of FA transport proteins (FTPs) in mice [Schaiff et al.
2007].

A number of FA transporters (FABP, FATP, and CD-36) have also been identified at the
microvillous and basal membranes of human placenta. Similar to observations in mice,
increase in PPAR-vy activity has been shown to increase fatty acid uptake and accumulation
in primary human trophoblast cells by regulating the expression of fatty acid binding
proteins (FABP). In turn, oxidized low density lipoproteins (LDLs) were shown to be
capable of activating PPAR-y in primary cytotrophoblast cells and even inhibit trophoblast
invasion [Pavan et al. 2004; Schild et al. 2002]. Thus, PPAR-y appears to be regulating and
itself being regulated by lipid metabolites. PPAR-y might thus act as a nutritional sensor and
coordinate FA uptake and trophoblast differentiation in the placenta to ensure growth and
function. This might partially help in explaining the pathophysiology of placental
insufficiency disorders like PE which are associated with increased lipid peroxidation and
defective trophoblast invasion [Hubel 1999; Hubel et al. 1989].

PPAR-vy in Placental Oxidative Stress

Pregnancy is a state of physiological stress including oxidative stress. The initial hypoxia
followed by the reoxygenation (ischemic reperfusion) are the major contributors of oxidative
stress during early pregnancy [Jauniaux et al. 2000]. In later stages, increased placental
mitochondrial activity and production of reactive oxygen species (ROS) further contribute to
the oxidative stress [Myatt and Cui 2004]. In moderation, this normally does not cause a
problem but excess oxidative stress has been observed in pregnancy complications like intra
uterine growth restriction (IUGR), diabetes, and PE [Jauniaux, et al. 2000; Myatt and Cui
2004; Sharma et al. 2006].
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Nitric oxide (NO) is a vasodilator at normal levels, but at elevated levels it reacts with ROS
to cause lipid peroxidation and nitrosylation of tyrosine residues affecting many signaling
pathways. High levels of NO are observed in cases of gestational diabetes mellitus (GDM)
with higher levels of oxidative stress [Jawerbaum et al. 2004]. Interestingly, blocking PPAR-
v greatly increases endogenous NO production suggesting that PPAR-y might be involved
in its regulation [Myatt and Cui 2004].

Heme oxygenase (HO)1 is known for its anti-oxidant properties and cytoprotective effects.
In the placenta, Heme oxygenases (HO) are found in vascular endothelium and villous and
extravillous trophoblast [Lyall 2000]. HO metabolites carbon monoxide (a potent
vasodilator) and bilirubin decrease expression of endothelin 1 and ROS along with anti-
angiogenic proteins such as soluble fms-like tyrosine kinase 1 (sFLT-1) [George et al. 2011a;
George et al. 2011b]. Recently, PPAR-y was shown to be involved in regulating HO1
expression. Induction of PPAR-vy in vascular endothelial cells was shown to induce
expression of HO1 [Kronke et al. 2007]. This emphasizes the potential role of PPAR-y in
managing oxidative stress and hypertension during pregnancy.

Immune Mediated Effects of PPAR-y

Pregnancy is a state of dynamic inflammatory phases, wherein the immune status of the
mother varies from being pro-inflammatory in the start of pregnancy, to anti-inflammatory in
the middle phase to again being pro-inflammatory towards the end [Mor et al. 2011]. There
is also a growing body of evidence suggesting that parturition at term is an inflammatory
process with pro-inflammatory cytokines like IL-8 and TNF-a playing a role [Christiaens et
al. 2008; Elliott 2001; Norman et al. 2007]. Thus, a balance between the pro and anti-
inflammatory modulators at the feto-maternal interface is crucial for maintenance of
pregnancy.

Indeed, a premature (or untimely) shift towards the pro-inflammatory conditions has been
associated with cases of spontaneous abortion and preterm delivery [Challis et al. 2009].
Increased levels of pro-inflammatory cytokines like TNF alpha, IL6, and IL8 have also been
reported in PE cases [Rakheja et al. 2002; Sattar et al. 1996].

Interestingly, PPAR-y has been known for its anti-inflammatory effects [Jiang et al. 1997]. It
has also been shown to down regulate expression of pro-inflammatory cytokines like I1L-6,
IL-8, and TNF-a in human gestational tissue [Lappas et al. 2002]. A drop in the levels of
PPAR-vy during labor has also been detected [Dunn-Albanese et al. 2004]. These
observations suggest that a drop in PPAR-y at term might contribute to parturition by
regulating the inflammatory cytokines. A premature decline in PPAR-y levels would thus
ensue an inflammatory response which may result in loss of pregnancy.

PPAR-y Expression Levels and Activity

Studies assessing the protein levels of PPAR-y associate aberrant levels of PPAR-y with
placental disorders. Decreased levels of PPAR-y were reported in cases of GDM. Increased
levels were observed in IUGR associated PE [Holdsworth-Carson et al. 2010; Rodie et al.
2005].
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In comparison, placentas from women with only PE did not show any changes in the levels
of PPAR-y protein [Holdsworth-Carson et al. 2010; Rodie et al. 2005]. These women
showed significantly lower levels of the activators (probably a FA derivative) of the receptor
in their serum when compared to gestational age matched controls [Waite et al. 2005].
During normal gestation, PPAR-y activators increase as the pregnancy progresses to term
[Waite et al. 2000]. Women with PE showed a drop in these activating factors levels 10-15
weeks before presentation of symptoms [Waite et al. 2005]. Lowered levels of the activators
may lead to decreased activation of PPAR-y which in turn may contribute to the pathology
[Waite et al. 2005]. While these studies emphasize the importance of PPAR-y in placental
pathologies, they also suggest that balance between the absolute levels of PPAR-y protein
and the level of activity is crucial.

Levystka et al. [2013] recently showed that PPAR-y underlies an auto-regulatory
mechanism. Using the BeWo choriocarcinoma cell line they showed that inhibition of
PPAR-vy activity using an antagonist T0070907 led to an up-regulation of expression
whereas activation by an agonist rosiglitazone had the opposite effect. Thus, PPAR-y
increased levels of protein may not always correlate with increased activity. These factors
need to be considered when looking at pathologic cases from a PPAR-y perspective. Studies
on pathologic placentas, similar to those in cell lines will add on to our knowledge about
molecular regulation of PPAR-+y in such pathologies.

PPAR-y as a Therapeutic Option in Placental Disorder

Involvement of PPAR-y with key aspects of pregnancy and the fact that it can be specifically
modulated by a vast array of drugs already available makes it an attractive therapeutic option
[McCarthy et al. 2011b]. In 2011 McCarthy et al. showed that pregnant rats treated with
synthetic PPAR-y antagonists developed pre-eclamptic phenotypes comparable to what has
been described in human suggesting a relevant role in physiology and disease [McCarthy et
al. 2011a]. More interestingly the same authors showed in a separate study that activation of
the receptor by administration of its synthetic agonist rosiglitazone, to the (reduced uterine
perfusion pressure) RUPP rats showed considerable improvement in hyper-tension with no
adverse effects on the litters or placental vasculature [McCarthy et al. 2011b]. The RUPP
model of rats resembles, in part, the human PE condition, and administration of
rosiglitazone significantly reduced hypertension and improved vascular function in an HO1
dependent manner [McCarthy et al. 2011b]. The authors did not observe any adverse effects
on placental morphology which is in contrast to some other studies [Nadra et al. 2010;
Schaiff et al. 2007]. The group argued that the low dosage used in the study and the time of
administration of the drug contributed to the contrasting results. The study demonstrates the
ease and potential effectiveness of PPAR-y modulation using drugs with so far no observed
side-effects, albeit in an animal model.

These parameters of low dosage and exposure times to the drugs seem to hold true in human
cases too. A few human case reports assessed the effects of the use of synthetic PPAR-y
agonists (rosiglitazone and pioglitazone) during pregnancy, although the drugs were shown
to cross the maternal-fetal barrier no harm to the fetus or induction of PE was noted.
[Haddad et al. 2008; Kalyoncu et al. 2004; Yaris et al. 2004]. The dosage in these studies
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was not as high (~4 mg/day) as recommended for diabetic patients (~8 mg/day) and the time
of treatment/exposure to the drug was between 7 — 17 weeks of pregnancy. Additionally,
while these drugs were previously thought to increase the risk of cardiovascular diseases in
humans, recent reports say otherwise and the drugs have been recently approved by the FDA
for widespread use [Bach et al. 2013]. While further studies and risk assessment would be
necessary to ensure safety, we need to recognize PPAR-vy as a strong candidate in the
development of therapies for managing placental pathologies. The potential reduction in
EVT invasion by PPAR-y agonists could be a problem in efforts to improve placental
function in disease [Tarrade et al. 2001b]. Even so, the positive effects on villous trophoblast
function could still be assessed in the second and third trimester after most of the spiral
artery remodeling and EVT invasion are finished [Milovanov et al. 2013; Robson et al.
2002].

Future Directions

Current studies on the functions of PPAR-vy in the placenta focus mainly on EVTs while
studies on villous trophoblast are rare [Pavan et al. 2004; Schaiff et al. 2005]. Villous
trophoblast differentiation has been shown to be abnormal in extreme pre-term deliveries.
Increased levels of apoptosis has been reported for placental dysfunction disorders such as
severe PE and IUGR [Fitzgerald et al. 2011; Ishihara et al. 2001; Longtine et al. 2012].
Additionally the villous trophoblast is the source of many proteins that have been shown to
impair systemic endothelial function contributing to hypertension and renal dysfunction in
disease [Maynard et al. 2003]. Considering that PPAR-y might play different roles in EVT
and VT, we need better models for addressing the role of PPAR-vy in the overall physiology
of the placenta in general and cell types specifically. While the isolated cell culture based
models might be appropriate in delineating the molecular players involved in the PPAR-y
pathway, they do not maintain cells in their natural physiological state. In contrast, explant
based models preserve the natural micro-structure of tissue, maintain cell proliferation, and
prevent terminal differentiation [Miller et al. 2005; Orendi et al. 2011].

In the future we suggest that human studies individually focus on both the extra villous and
villous trophoblast as well as in context of each other. Studies concentrating on the role of
PPAR-vy in placenta at early stages of gestation (first and second trimester) will add greatly
to our knowledge about how both cell lineages develop and contribute to placental disorders.
Delineating the PPAR-y pathway and information about its downstream molecular targets
may help in developing better therapeutic intervention strategies for adverse pregnancies
before they completely manifest. The currently available PPAR-y modulating drugs may
provide a good starting point for altering placental function in certain pregnancy
complications.
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FA fatty acids
EVT extravillous trophoblast
VT villous trophoblast
Gem-1 glial cell missing 1
PE pre-eclampsia
ROS reactive oxygen species
IUGR intra uterine growth restriction
GDM gestational diabetes mellitus
HO heme oxygenase
NO nitric oxide
RUPP reduced uterine perfusion pressure
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Peroxisome proliferator-activated receptor-gamma (PPAR-+y) has been shown to be involved
in multiple key metabolic pathways in placentation and pregnancy. These include
trophoblast differentiation, inflammatory and oxidative response, and nutrient sensing -
specifically fatty acid metabolism. Placental disorders such as preeclampsia often show
changes in these pathways which are partially regulated by PPAR-y. Changes in activity and
not necessarily expression may result in altered fatty acid metabolism which in turn may
influence villous and extravillous trophoblast differentiation. Similarly, altered activity may
cause changes in oxidative stress and inflammation due to regulation and release of
inflammatory cytokines such as TNF-a., IL-6, and others which have shown to be associated
with conditions like pre-term labor, miscarriage, and pre-eclampsia. The observation that all
these factors are at least in part regulated by PPAR-y supports its potential critical role in
placental physiology and disease. VT: villous trophoblast; EVT: extravillous trophoblast;
IL-6: inter-leukins-6; TNF-a.: tumor necrosis factor alpha; HO-1: heme-oxygenase-1; NO:

nitric oxide.
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