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Peroxisome proliferator-activated receptors (PPARa, PPARS and PPARy) are ligand-activated transcrip-
tion factors that regulate metabolic, anti-inflammatory and developmental processes. The maternal and
fetal metabolic impairments, the intrauterine pro-inflammatory environment and the developmental

Keywords: defects induced by maternal diabetes make PPARs an interesting focus of investigation. Therefore,
Peroxisome proliferator-activated receptors research has been conducted in experimental models of diabetes throughout gestation. During embryo
Diabetes organogenesis, impaired PPARS signaling pathways are related to the induction of congenital malfor-
glraecgen;tr;cy mations. In fetuses from diabetic rats, both lipid metabolism and several pro-inflammatory markers are
Fetus regulated by the activation of PPAR isotypes. In the placenta from diabetic animals, activation of

different PPAR isotypes regulates lipid metabolism and anti-inflammatory pathways, whereas in term
placentas from diabetic patients PPARy reduces the production of nitric oxide. Decreased PPARYy and
PPARo. protein expression are found in term placentas of diabetic animals and diabetic patients. In
addition, a deficiency in polyunsaturated fatty acids (PUFAs) and impaired formation of arachidonic acid
derivatives that activate PPARs is found in several diabetic intrauterine tissues. PPARs can be activated
by both natural and pharmacological activators. Intrauterine activation of PPARs can be achieved by the
administration of maternal diets enriched in PUFAs. This review summarizes recent advances high-
lighting the possible beneficial role of PPAR activation on embryonic and feto-placental development in
maternal diabetes.

© 2011 Published by IFPA and Elsevier Ltd.

1. Introduction lipid metabolism and anti-inflammatory pathways in placentas and
fetuses from diabetic mothers.

Peroxisome proliferator-activated receptors (PPARs) are ligand-

activated transcription factors that regulate the expression of
multiple genes involved in metabolic, anti-inflammatory and
developmental processes [1,2]. In maternal diabetes, the excess of
glucose and other metabolic substrates such as lipids in the
maternal circulation reaches the intrauterine tissues and generates
a pro-inflammatory environment that impairs embryonic, fetal and
placental development [3,4]. In this context, PPARs arise as regu-
lators of signaling pathways that could help to prevent impair-
ments in intrauterine development induced by maternal diabetes.
This review aims to summarize recent advances highlighting the
important role of PPARs in embryonic and feto-placental develop-
ment and to show that PPAR ligands have the capacity to regulate
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2. Brief background to PPARs

PPARs belong to the nuclear hormone receptor superfamily.
Three PPAR isotypes, encoded by distinct single-copy genes, PPARa.
(NR1C1), PPARS (PPARP or NR1C3) and PPARY (NUC1 or NR1C2)
have been described in mammals. Their amino acid sequences are
highly conserved across rats, mice and humans (>80% homology).
PPARs activate transcription of their target genes as heterodimers
with retinoid X receptors (RXRs), which are activated by 9-cis reti-
noic acid. In response to ligand binding, PPARs undergo a confor-
mational change in protein structure which allows the dissociation
of co-repressor proteins that inhibit transcription and the recruit-
ment of co-activators [1], thus allowing the transcription of target
genes (Fig. 1).

PPARs regulate development and differentiation and govern
cellular bioenergetics by modulating fat and glucose metabolism
and the inflammatory response [5]. The diversity of functions in
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Fig. 1. Schematic representation of the main PPAR activation pathways. PPARs activate transcription of their target genes as heterodimers with retinoid X receptor (RXR), the
nuclear receptor for 9-cis retinoic acid. Endogenous PPAR ligands can be transferred from the cytosol or generated in the nuclear membrane, in which synthesis of eicosanoids can
occur. In response to ligand binding, PPARs undergo a conformational change in protein structure allowing for dissociation of co-repressor proteins that inhibit transcription, and
recruitment of coactivator proteins that allow transcription of target genes. PPAR-RXR heterodimers binds to specific recognition sites of DNA, termed peroxisome proliferator-
activated receptor response elements (PPREs) located in the regulatory region of target genes.

which they are involved is reflected in the diversity of ligands that
can be accommodated within their huge ligand-binding pocket.
PPAR ligands include several naturally occurring fatty acids and
eicosanoids (metabolites of arachidonic acid) [6—8].

PPAR« is highly involved in fatty acid oxidation and plays
a critical role in the transcriptional regulatory response to fasting
[9]. Long-chain polyunsaturated fatty acids (LC-PUFAs), such as
arachidonic acid, linoleic acid, docosahexaenoic acid and eicosa-
pentaenoic acid, are potent PPARa agonists. In addition, leukotriene
B4 (LTBy4), produced from arachidonic acid via the lipoxygenase
pathway, is a natural PPARq« ligand. Fibrates are pharmacological
PPARa agonists used to treat dyslipemias [6,7,10].

PPARS is involved in cell differentiation, myelination and lipid
metabolism [11]. The natural agonists of PPARS are prostaglandin I
(PGIy) and diverse PUFAs [6,12]. Carbaprostacyclin (cPGI;) and ilo-
prost are drugs that activate PPARS [10].

PPARy plays a pivotal role in adipogenesis, the survival of
mature adipocytes, the expression of genes that govern fatty acid
uptake, lipid storage and systemic energy homeostasis [13,14].
PPARY has also been associated with control of inflammation.
Indeed, its activation can inhibit the expression of cyclooxygenase-
2 (COX-2) and inducible nitric oxide synthase, the release of pro-
inflammatory cytokines, matrix metalloproteinase (MMP) activity
and vascular smooth cell migration [1,15]. PPARY can be activated
by diverse PUFAs and the bioactive metabolite of prostaglandin Do,
15deoxyA’?* Prostaglandin J, (15dPGJ,), a potent endogenous
ligand for PPARY [8]. In addition, glitazones are synthetic ligands for
PPARY, and are a family of antidiabetic drugs with insulin sensi-
tizing activity [6,10]. Indeed, studies have revealed a link between
PPARy polymorphisms and alterations in body mass index and
insulin sensitivity [16]. Although these studies failed to show
associations between PPARY polymorphisms and the induction of
gestational diabetes mellitus, Pro12Ala PPARy polymorphism is
associated with glycemic control and preterm birth in non-diabetic

pregnant women, and with weight gain in pregnant women with
gestational diabetes [17,18].

3. PPARs in embryonic and fetal development

During rodent embryonic development PPARGJ is the first isotype
to be expressed [19]. Its transcripts can be identified in the embryo
during early organogenesis and at the fetal stage. Its transcription is
tissue- and developmental stage-dependent, being ubiquitously
expressed in the adult. PPAR« and PPARY are first expressed in the
fetus at the post-placentation stage, suggesting their role as regu-
lators of the use of the metabolic substrates derived from the
maternal circulation [2,19]. PPAR transcripts are found in the tissues
where they will be expressed later in adulthood [19]. A similar
expression pattern for PPAR isotypes has been identified in human
fetal tissues obtained from fetuses ranging from 8 to 18 weeks of
age. The mRNA expression varies by tissue and is comparable to
that of various adult tissues [20].

A role for PPARs in development has been revealed by the study
of PPAR knockout mice. The abortion rate is higher in PPARa
knockout mice [21]. The viable newborns are fertile, but accumu-
late lipids in the liver, become obese and exhibit prolonged
inflammatory responses [7,9]. In agreement with the functions of
PPARg in adult tissues, a significant role of PPARa in fetal liver and
heart lipid catabolism has been identified [22—24]. PPARa and its
coactivator 1 (PGC-1) are up regulated in the heart in the neonatal
period when energy substrate preference switches from glucose to
fatty acids [25]. Interestingly, during fetal liver development,
epigenetic regulation induces stable changes in the expression of
PPARa and its target genes related to lipid catabolism [26].

Unlike PPARa knockout mice, both PPARy and PPARS null
mutations are lethal. Embryo lethality is the result of develop-
mental defects in the placenta that occur in parallel to develop-
mental defects in the embryo [11,13]. PPARY knockout mice are
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characterized by a severe myocardial thinning, an alteration that is
prevented when PPARY null mice are rescued by forming chimeras
[13]. Nevertheless, these mice die soon after birth because they are
devoid of adipose tissue [13].

PPARG is expressed in the uterus during embryonic implantation
and its endogenous ligand PGI, is involved in facilitating this
process [12]. The homozygous loss of PPARS causes lethality in over
90% of the embryos [11,27]. The surviving mice reveal an extremely
lean phenotype characterized by a reduction of abdominal fat mass,
but with conserved fertility in both male and female mutants.
Surviving PPARJ-deficient progeny show growth retardation,
impairments in neural development and altered epidermal cell
proliferation [11,27].

4. PPARs in the placenta

PPARa, PPARS and PPARy are present in trophoblast cells and
exert critical functions in placental development and function [28].
The different phenotypes of the PPAR isotype knockout mice
suggest the existence of important differences between the
placental functions of the different isoforms. Embryonic lethality of
PPARy null mice results from severe developmental placental
damage, affecting the placental labyrinth [13]. PPARy null mice
show impaired differentiation of the trophoblasts, altered placental
vascularization and fewer lipid droplets in the labyrinthine
trophoblasts [13]. Besides its important role in trophoblast differ-
entiation, PPARYy regulates the thickness of the spongiotrophoblast
layer and is also important in trophoblast maturation to establish
and maintain maternal-fetal transport. Indeed, the activation of
PPARY affects the labyrinthine vasculature and enhances fatty acid
uptake and expression of fatty acid transport proteins [28—30]. The
ligands of PPARY inhibit pro-inflammatory cytokine synthesis in
human gestational tissues, including the placenta [31]. These
functions are exerted both by natural and pharmacological PPARYy
ligands, although natural ligands such as 15dPGJ, can also exert
anti-inflammatory functions independently of PPARy activation, in
part due to its capacity to inhibit nuclear factor-kappa B [31].

PPARS is also essential for placentation since PPARS knockout
embryos start dying in parallel to the appearance of disruption at
the placental—decidual interface [11,32]. In PPARS null mice,
differentiation of the labyrinthine trophoblasts is not affected, but
trophoblast giant cells show accumulation of lipid droplets [11,32].

In PPARa knockout mice no placental developmental alterations
have been described [21]. However, in the rat placenta, PPARa
exerts important metabolic functions associated with the regula-
tion of lipid catabolism and synthesis [33]. In addition, when PPARa
is activated in human cultured trophoblasts, the synthesis of
progesterone is up regulated and the synthesis of human chorionic
gonadotropin is down regulated [34].

5. Implications of PPAR activation in maternal diabetes
5.1. Background

The multiple functions of PPARs in implantation, trophoblast
differentiation and placental function, as well as in embryonic and
fetal development, highlight their crucial function throughout
gestation. Therefore, alterations induced in this signaling pathway
could contribute to the pathogenesis of gestational diseases.

Maternal diabetes constitutes a challenge for embryonic and
feto-placental development. Type 1 and type 2 pregestational
diabetes increase the risk of abortions and congenital malforma-
tions [35]. Both pregestational and gestational diabetes increase the
risk of macrosomia, placentomegaly and several perinatal diseases
[36,37]. They also alter intrauterine fetal programming and increase

the risk of type 2 diabetes in adult life [37]. Both maternal metabolic
impairments and the consequent generation of a pro-inflammatory
environment in the intrauterine tissues are involved in the devel-
opmental alterations induced by maternal diabetes [3,4]. Since the
PPAR system regulates metabolic and anti-inflammatory pathways,
it is considered to be crucial to the development of pregnancy
complications in maternal diabetes.

5.2. The human placenta

As reviewed elsewhere, PPAR concentrations are altered in the
placenta in different gestational diseases, including diabetic preg-
nancy [2,38]. In term placental tissues from gestational diabetic
women, PPARy and PPARq protein concentrations are lower,
whereas no changes in PPARS are detected [39,40]. Besides,
concentrations of RXRa, the heterodimer partner of PPARs, are
reduced in placentas from gestational diabetic patients [40]. PPARY
mRNA concentrations are lower in placentas from gestational dia-
betic women, although no changes in PPARa and RXRa mRNA
concentrations have been found in term placentas from gestational
diabetic patients [40]. No changes have been found in PPARYy
protein concentrations in placentas from type 1 diabetic women,
although levels of the natural PPARy agonist, 15dPGJ,, are clearly
decreased in term placentas from gestational and pregestational
diabetic patients [39]. This prostaglandin has potent PPARY
-dependent and -independent anti-inflammatory activity in human
gestational tissues, as reflected in its capacity to decrease cytokine
and prostaglandin E; and F,a release, isoprostane concentrations
and MMP activity [31,41]. Moreover, 15dPG]; is a negative regulator
of nitric oxide (NO) concentration in the placenta [39]. This is an
important anti-inflammatory function since both NO over-
production, and the related peroxynitrite formation can induce
damage in the placenta of diabetic patients [42].

Due to the difficulties arising when studying human feto-
placental development, much research is still needed to under-
stand the potential benefits of PPAR activation in gestational and
pregestational human diabetes. However, the putative relevance of
PPAR ligands as targets to prevent developmental alterations
associated with maternal diabetes is suggested by the results
obtained when analyzing PPAR function during feto-placental
development in experimental animal models of diabetes.

5.3. Lessons from animal models

5.3.1. The embryonic stage

Research from our laboratory has shown that PPARS, the only
PPAR isotype expressed in the rat embryo during early organo-
genesis [19], plays an important role in closure of the neural tube
[43]. Indeed, activation of PPARS by cPGI; leads to an increase in the
synthesis of PGE, and phospholipids, both needed to sustain the
rapid growth of the neural folds and lead to normal neural tube
closure [43]. Considering that defects in the neural system are
among the most common malformations arising both in human
diabetes and in diabetic experimental models [44], it was signifi-
cant to find decreases in PPARS levels, PGI, concentrations, PGE;
concentrations and phospholipid synthesis in embryos from dia-
betic rats [43]. Thus a signaling pathway that involves the activa-
tion of PPARJ associated with neural system development is
profoundly altered by maternal diabetes.

Several papers have addressed the role of arachidonic acid, an
essential fatty acid that is the precursor of PGs, in diabetes-induced
embryonic malformations [45]. Indeed, dietary supplementation
with safflower oil enriched in linoleic acid, the substrate for the
synthesis of arachidonic acid, decreases the malformation rate in
diabetic animals [46]. It should be noted that deficiency in PUFAs
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affects intrauterine tissues in both diabetic patients and diabetic
experimental models [45,47,48]. PUFAs have PPAR-dependent and
-independent functions [49]. Considering the lipid nature of natural
PPAR ligands, the ability of oleic acid to activate PPAR isotypes, and
the capacity of linoleic acid, arachidonic acid, and the arachidonic
acid-derived PGI;, to activate PPARS, we have addressed whether
diets supplemented with olive oil (rich in oleic acid) and safflower
oil (rich in linoleic acid) are able to regulate embryo development in
maternal diabetes. We have found that both diets are able to
increase PGE; and PGI, production, and to reduce overproduction
of NO, which needs to be precisely regulated to avoid the produc-
tion of peroxynitrite [50]. Together with these changes, both
embryo resorption and malformation rates are decreased. Inter-
estingly, with these diets, regulation of PG production and anti-
inflammatory pathways is observed not only in the embryo but also
in the decidua, suggesting that these diets, enriched in natural
ligands of PPARs, provide a broad range of benefits in intrauterine
development during early organogenesis in maternal diabetes [50].

5.3.2. The fetal stage

In the rat, the three PPAR isotypes are expressed after placen-
tation, suggesting that they are relevant in the adaptive responses
to the increases in oxygen and nutrients that reach the placenta
from the maternal circulation [28]. Similarly, most human fetal
tissues express the three PPAR isotypes [20]. Indeed, the fetus
needs to deal with increasing reactive oxygen species (ROS)
formation, derived from the increase in metabolic substrates and
oxidation required to support fetal growth. In the diabetic
pathology, a metabolic overload derived from the increased meta-
bolic substrates in maternal circulation leads to an increase in
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oxidative stress [3,4]. In this context, the anti-inflammatory activity
of PPARy and the metabolic effects of PPARa activation become
a relevant focus of research.

Regarding PPARY activation, the concentration of its endogenous
ligand 15dPGJ; is reduced in fetuses from diabetic rats at midg-
estation, although compensatory effects can arise due to increased
fetal PPARY concentrations [51]. The capacity of 15dPGJ, to prevent
overproduction of both NO and MMPs in fetuses from diabetic rats
evidences its anti-inflammatory effects [51]. Similarly to what is
found in human trophoblasts and adipocytes, 15dPG]J; increases lipid
concentrations in mid-gestation fetuses from diabetic rats [ 14,28,52].

On the other hand, PPARa has been found to regulate lipid
catabolism in fetuses from control and diabetic rats. Indeed, both
endogenous and pharmacological PPARa agonists are potent
negative regulators of lipid mass and lipid synthesis in fetuses from
diabetic animals, in which lipid overaccumulation and increased
synthesis of different lipid species are found [33]. Altered expres-
sion of PPARa has been detected in different organs such as the liver
and the heart in fetuses from diabetic animals [23,24]. Recent
studies performed at term gestation have shown that the fetal liver
is an important target of PPARa activation, as its agonists are
capable of preventing lipid overload and lipid peroxidation in the
fetal liver from diabetic rats [24]. Moreover, fetal PPARa. activation
regulates the weight of the fetus and the fetal liver [24].

Considering that PUFAs are signaling lipophilic molecules and
natural PPAR activators, it is relevant to consider the effects of
PUFAs in pregnant diabetic animals. Dietary supplementation with
n-3 PUFAs is able to prevent aberrant lipid metabolism, impaired
antioxidant status and macrosomia in the term fetus [21,53]. When
evaluated at midgestation, diets enriched in safflower oil and olive
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Fig. 2. Schematic representation of diabetes-induced alterations in PPAR pathways in experimental models of diabetes.
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oil (see above) are able to regulate impairments in lipid synthesis
and lipid mass accumulation and to increase 15dPGJ, concentra-
tions in fetuses from diabetic animals [52].

5.3.3. The developing placenta

The three PPAR isotypes are present in the placenta and
involved in its development from its initial formation until term
[2,28]. Similar to term placentas from diabetic patients, no changes
in PPARS concentration but decreases in both PPARa and PPARY
protein concentrations are found in term placentas from diabetic
rats [39,40,54,55]. Interestingly, these changes are stage-depen-
dent, as both PPARa and PPARY show increased concentrations in
placentas from diabetic rats when analyzed at the post-placenta-
tion stage [33,51,56].

An important function of PPARy in the placenta is the regulation
of NO concentrations. NO overproduction in the diabetic placenta is
a marker of the intrauterine pro-inflammatory state and can impair
normal developmental processes and function [3]. As found in rat
fetuses, the natural ligand of PPARY, 15dPG]», is a negative regulator
of NO production in term placentas from diabetic rats [54]. In
addition, when NO and ROS are present, peroxynitrites are formed
and can activate enzymes involved in placental development such
as the antioxidant enzyme superoxide dismutase and MMPs
[57,58]. MMPs can cleave most components of the extracellular
matrix, and MMP overactivity is a marker of a pro-inflammatory
environment [3]. MMP-2 and MMP-9 are overexpressed in the
placenta from diabetic rats [51]. Interestingly, in the developing
placenta, activation of PPARy by 15dPGJ, not only negatively
regulates MMP activity, but also increases the concentration of
tissue inhibitor of matrix metalloproteinases-3 (TIMP-3), which is
reduced in the placenta from diabetic rats [51]. Therefore, mending
the MMP/TIMP balance is likely to be relevant in restoring the
appropriate dialogue between placental cells and the extracellular
matrix in the developing rat placenta in maternal diabetes.

Metabolic functions of PPARY activation have also been reported
in placentas from diabetic animals, in which a negative regulation
of lipid synthesis occurs [59]. Human trophoblasts show increase
uptake of lipids under PPARy activation [29]. An increase in the
capacity for lipid accretion and a reduction of lipid synthesis are
found in placentas from diabetic rats given diets enriched in natural
PPAR ligands (safflower and olive oil supplemented diets) [59].
Metabolic functions of PPARa have been identified in placentas
obtained in the post-placentation period from diabetic animals.
Indeed, both lipid mass and lipid synthesis are negatively regulated
by the activation of this PPAR isotype in the placentas of diabetic
rats [33]. In addition, decreased concentrations of the endogenous
PPARa ligand LTB4 have been found in the placentas from diabetic
animals [33].

In the rat term placenta, important functions of PPARS have also
been found. Indeed, activation of this PPAR isoform leads to the
regulation of lipid synthesis, lipid oxidation and lipoperoxidation in
the placenta from diabetic animals [55]. Altogether, these results
highlight the crucial role of the three PPAR isotypes in the placenta
in animal models of diabetes.

6. Conclusions

PPARs have emerged as regulators of metabolic and anti-
inflammatory pathways in embryonic and feto-placental develop-
ment important to the diabetic disease (Fig. 2). Activation of PPARs
by pharmacological agents during pregnancy deserves further
research due to the multiple targets of PPARs in both mother and
fetus and their capacity to be transferred through the placenta,
which limits their putative use [60]. Natural activators of PPARs,
including locally produced prostaglandins and leukotrienes and

dietary unsaturated fatty acids that are efficiently transported to
the fetus through the placenta, are able to regulate several intra-
uterine abnormalities induced by maternal diabetes, such as lipid
overload, lipid peroxidation, pro-inflammatory pathways and
abnormal feto-placental growth. Although further research is
needed, since a deficiency in PUFAs has been found in human
diabetic gestations [47,48], dietary PUFA supplementation to
provide a proper PPAR activation in intrauterine tissues may be
a helpful means to prevent damage induced by maternal diabetes.
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