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Abstract
Long-chain polyunsaturated fatty acids (LCPUFAs) such as docosahexaenoic acid (DHA) and arachidonic acid (ARA) are essential for the maturation of the fetal 
brain, and retina in newborns. The concentration of LCPUFA in both organs increased dramatically from the third trimester until 24 months of life. DHA is one of 
the basic building blocks of nerve cells in the brain and retina. In the brain, it is found in the membrane of nerve cells (neurons) and synapses, and in the retina. It is 
also found in membrane of photoreceptor cells. It plays a structural role ensuring integrity, fluidity, permeability and greatly participates in the control of entry in these 
cells. It also plays a role in the production of molecules that protect these nerve cells from death, inflammation and oxidation, and stimulate the regeneration of nerve 
cells. Finally, it is involved in the various transmission systems between neurons at the synapse level (neurotransmission carried out by neurotransmitter molecules). 
We can therefore see through the action of these neurotransmitters the importance of DHA in memorization, attention, learning and self-control. Neurons lack the 
enzymes that would allow them to produce DHA from α-linolenic acid (ALA) or eicosapentaenoic acid (EPA). They must therefore be supplied with DHA through 
food, even if the liver and other brain cells produce it, but to a very small extent. The preferential transfer of LCPUFA to the fetus occurs across the placenta, compared 
with other fatty acids (FAs). The increase in LCPUFA DHA and ARA transferred from mother to fetus occurs late in pregnancy. Several studies have indicated that 
FA-activated nuclear transcription factors play important and complex roles in placental biology. Here, we review the recent roles of placental FA binding/transport 
proteins, and nuclear transcription factors in placental FA transfer to the fetus during fetal-placental growth and development.
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Introduction
Normal pregnancy is accompanied by transient changes in 

carbohydrate and lipid metabolism. During the in utero period, fetal 
adipose tissue is formed, with an accretion stage occurring from 
the start of the 3rd trimester of pregnancy. There are two varieties of 
adipocytes (or fat cells). White adipocytes and brown adipocytes, and 
consequently, two types of adipose tissue: white adipose tissue (WAT) 
which stores excess energy as triglycerides (TG). It regulates energy 
and nutritional metabolism via the action of adipocytokines. Brown 
adipose tissue (BAT) is ubiquitous in newborns. The uncoupling 
protein 1 (UCP1) of BAT allows dissipation of the electromagnetic 
proton gradient generated by the mitochondrial respiratory chain. 
The decoupling between energy consumption and ATP synthesis 
promotes the dissipation of energy into heat. BAT is the major site 
of thermogenesis in newborns, and is the main adipose tissue that is 
synthesized in the fetus.

The role and importance of LCPUFAs, such as Omega 3 (DHA) 
and Omega 6 (ARA), during pregnancy are indispensable for the 
development of the brain and retina of the fetus and infant. Breast milk 
(BM) is the only source of essential nutrients after birth.

Fatty acids, the main constituent of lipids, include in particular 
aliphatic carboxylic acids and their derivatives (methylated, 

hydroxylated FAs) and eicosanaoids [1,2]. The brain structures of the 
fetus are placed in place during pregnancy. During the last 3 months of 
pregnancy, the infant’s brain increases, which allows the fetus to build 
up its reserve adipose tissue and develop its retina. The accumulation 
of DHA in nerve cells begins as early as the perinatal period. This 
accumulation is an essential factor in the establishment of various 
cerebral and retinal functions. The main source of DHA for the fetus 
comes from the transplacental passage, but the FA composition of the 
amniotic fluid is very dependent on the mother’s diet. Some studies 
have shown that the concentration of DHA in the cord blood is higher 
in the blood of the fetus than in the mother, showing that the transfer of 
DHA to the fetus is promoted by the placenta. Maternal DHA can also 
come either from the diet or from the mobilization of its lipid reserves 
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[3]. In the long term, the quality of maternal lipid intake could be at the 
origin of metabolic disorders perpetuating throughout life, favoring 
the appearance of diseases such as obesity and associated metabolic 
disorders in children.

There are two main families of essential LCPUFAs (EsLCPUFAs): 
omega-6 polyunsaturated FAs (or PUFA n-6), the precursor and 
major representative of which is essential linoleic acid (LA-18: 2n-6), 
and ARA (20: 4n-6), and omega-3 EsLCPUFAs (or n-3), the essential 
precursor of which is ALA (18: 3n), DHA (22: 6n-3), EPA (20: 5n-3). 
In premature children, but also in children born at term, the quantities 
of DHA synthesized appear insufficient with regard to their needs. The 
benefits of DHA supplementation in neurosensory development have 
been clearly demonstrated [4].

During pregnancy, DHA and ARA are transferred from the mother 
to the fetus across the placenta [5,6]. This transfer can be disrupted 
during a preterm birth, in which case, the newborn is nourished with 
FAs supplied in the diet and/or intravenously provided as a parenteral 
lipid emulsion. In children, omega-3 deprivation and therefore in 
DHA (for example by a deficiency in the mother’s milk, or in preterm 
infants without supplementation) causes a delay in the development of 
visual acuity, but also a poor development of behavior and cognitive 
capacities (ability to lear, to think) [7-9]. It has been proven that this 
deprivation induces a difficulty in carrying out certain movements. It 
is around the time of birth (neonatal period) that the nervous system 
stores DHA in the most active way. Here we find the importance of 
this ultimately short period when the brain must absolutely receive this 
supply of DHA for optimal psychomotor development of the child [10].

The FA composition of BM is influenced by maternal diet [11], 
maternal age [12], stage of lactation [13], and pregnancy duration [14]. 
Many factors influence fetal growth: gestational age, maternal weight 
before pregnancy, weight gain during pregnancy, parity, and maternal 
fetal diet. One of the main research findings is that levels of LCPUFAs 
(including DHA) are significantly higher in preterm BM than in BM 
from mothers delivering at term [15].

The aim of this review was to update the knowledge in the field 
of placental FA transport and metabolism, the relationship between 
pregnancy and LCPUFAs, and the regulatory roles of placental FA 
binding/transporter proteins and nuclear transcription factors in this 
association.

Literature search
We searched computerized databases and publications on 

EsLCPUFAs in pregnancies and preterm and term newborns. Initially, 
the MEDLINE, PubMed, PubMed Central®, ScienceDirect, and Edition 
Diffusion Presse (EDP) Sciences databases were searched for published 
studies. The publication year filters were: 1991, 1995, 1998, 2001, 2002, 
2004-2009, 2011-2020 from PubMed/PMC; 2016 for ScienceDirect 
and 2005 for EDP Sciences. We also searched for relevant articles by 
using the following MeSH terms or keywords: LCPUFA, DHA, ARA, 
LA, ALA, EPA, omega-3 FAs, omega-6 FAs, prostanoids, eicosanoids, 
prostaglandins (PGs), leukotrienes (LTs), thromboxanes (TXs), 
protectins (PDs), maresins (MaRs), resolvins (Rvs), lipoxins (LXs), 
specialized pro-resolving lipid mediators (SPM), EsFAs,  pregnancy, 
placenta, human BM, preterm, and term infants; fetal development; 
transport of FAs across the human placenta (HP); placenta fatty-acid-
binding/transport proteins; nuclear transcription factors in HP tissue 
of pregnancies; sterol regulatory element-binding protein (SREBP); 
EsFA transfer and fetal development; and polyunsaturated fatty acid 

(PUFA) supply to fetus and brain. We included publications reported 
on analyses of FA and LCPUFA content pregnancies and in healthy 
term infants and preterm infants. Editorials, case reports, unpublished 
materials, submitted manuscripts, personal communications, and 
commentaries were excluded.

Classification of fatty acids
The lipid family is classified into six categories of components: 

(i) TG or triacylglycerols (TAG), (ii) glycerol phospholipids or 
phospholipids (PLs), (iii) sphingolipids, (iv) terpenoids, (v) sterols 
(cholesterol) or steroids, and (vi) FAs.

Fatty acids are saturated or unsaturated carboxylic acids. The FAs 
are grouped into distinct families depending on the number of bonds: 
(i) saturated FAs, which have no double bonds; (ii) monounsaturated 
FAs (MUFAs) that have only a single double bond; and (iii) PUFAs 
with double bonds ≥ 2. In unsaturated FAs, the chains structural 
configuration role is cis (more frequent) or trans (less frequent). Free 
fatty acids (FFAs) are obtained during digestion by lipases that separate 
FAs from TG.

Omega 6 is a family of PUFAs (or n-6 PUFAs), with as precursor 
LA, from which ARA and docosapentaenoic acid (DPA). Omega 3 
families of PUFAs (or n-3 PUFAs), with as precursors (ALA), were 
synthesized from EPA and DHA. Among the non-essential fatty acid 
(N-EsFA), oleic acid and saturated FAs are present, including lauric, 
myristic, and palmitic acids.

PUFAs, LA, and ALA are EsFAs because they cannot be synthesized 
endogenously, and thus must be obtained from the diet [16]. The 
derivatives of ALA include the DHA required for brain growth and 
development [17], and EPA, the precursor of series-3 PGs. Linoleic 
acid is converted to ARA, the main precursor of PGs, TXs, and LTs. 
Diet may also provide DHA, EPA, and ARA.

Metabolism of fatty acids
Dietary lipids are composed of TGs (95%), PLs, cholesterols, and 

acylglycerols. The FAs are first transported into the bloodstream on 
lipoproteins (LPs), which supply adipose tissue, muscle, and liver. In 
the second step, FAs are metabolized by the liver and redistributed 
throughout the body. Through mitochondrial β-oxidation, all dietary 
FAs provide energy, and the majority of PLs contribute to cell 
membrane structures. Some FAs are esterified from the omega-6 and 
omega-3 series. The metabolism of essential PUFAs (EsPUFAs) leads 
to (i) the synthesis of long-chain constituents of cell membranes and 
(ii) oxygenated bioactive mediators such as ALA [18].

Transport of fatty acids through the mitochondrial membrane

The FFAs captured by the liver are activated as their corresponding 
acylcoAs by acylcoA synthases present in the microsomes and in the 
outer mitochondrial membrane, or the mitochondrial matrix. Long-
chain acylcoA crosses the mitochondrial membrane through the 
carnitine acyltransferase system, where it is conjugated to a polar 
molecule, by carnitine transferase into the inner mitochondrial 
membrane, and into the mitochondrial matrix by acylcarnitine 
translocase.

In the mitochondrial matrix, acylcarnitine’s acyl group is 
transferred back to acylcoA (releasing carnitine) by carnitine 
acyltransferase II [19,20]. The mitochondrial metabolism of acetylcoA 
differs between extrahepatic and hepatic tissues. In extrahepatic tissues, 
acetylcoA is oxidized in the tricarboxylic acid cycle to produce CO2, 
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H2O, guanidine triphosphate (GTP), and reduced forms that enter 
the electron transport chain to produce ATP [21]. In hepatic tissues, 
the acetylcoA produced by β-oxidation can undergo either complete 
oxidation in the tricarboxylic acid cycle or can be used to synthesize 
ketone bodies, which are then released into the circulation and 
transported to peripheral tissues (Figure1).

Structural role of fatty acids

Lipoproteins, consisting of TGs, cholesterol, PLs, and 
apolipoproteins, are transported by proteins. There are five types of 
LPs: (i) chylomicrons are responsible for transporting TGs and dietary 

cholesterol taken up by the intestine to peripheral tissues; (ii) very low-
density LPs (VLDL) are mainly synthesized by the liver and mainly 
by the intestine in order to export TGs; (iii) intermediate density LPs 
(IDL); and (iv) low-density LPs (LDL). They transport high-density LP 
(HDL) cholesterol to peripheral organs; (v) HDL transports cholesterol 
to the liver and serves as a store of apolipoproteins (Figure 1).

Lipids are transported between different organs from their place 
of absorption and synthesis to their place of storage or use. As lipids 
are insoluble in water, they cannot be transferred via simple diffusion 
in the plasma. Their transport is facilitated by LPs and albumin. It 
breaks down into four functions: (i) transport of lipids from food, (ii) 

Figure 1: Production and metabolism of non-esterified fatty acid (NEFA) and esterified fatty acid (EFA)
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transport of hepatic lipids, (iii) transport of cholesterol to the liver by 
LPs, and (iv) the transfer of FAs released by adipose tissue.

The lipid bilayer consists essentially of PLs (70-90%) and cholesterol, 
which increases membrane fluidity [20]. PLs act as constituent 
membrane interfaces, FA transporters, and emulsifiers. Linoleic acid, 
ARA and DHA are fundamental constituents of membrane PLs [22,23]. 
Thus, in photoreceptor cells of the retina, the reception of the photon 
and its translation into an electrical signal require conformational 
changes in retinal photopigment. These changes are modulated by the 
PL composition of the photoreceptor membrane in general and the 
level of DHA [24]. An indirect structural effect involves modulation 
of the biosynthesis of membrane PLs regulating protein kinase C and 
apoptosis.

Mechanisms of polyunsaturated fatty acids supply to the 
brain and retina

n-3 LCPUFAs taken during pregnancy, either in the form of 
supplements or in the form of food intake (e.g., fish and fish oil 
containing n-3 LCPUFAs, particularly DHA or EPA) could reduce 
the number of premature births (before 37 weeks of gestation) or very 
premature (before 34 weeks of gestation), the risk of pre-eclampsia 
(PE), hypertension induced by pregnancy, growth retardation intra-
uterine, and reducing the risk of low birth weight. These LCPUFAs are 
essential for optimal neuronal development. Likewise, pregnant women 
taking the same LCPUFAs may have deleterious effects on pregnancy 
outcomes, such as an increased incidence of longer pregnancies 
(beyond 42 weeks of gestation), a larger intrauterine fetus, and an 
increase in newborn birth weight. In the fetus, LCPUFAs preferentially 
accumulate in the brain during the last trimester of pregnancy and in 
the first months of life. Maternal DHA is provided either from her diet 
or from the mobilization of her lipid reserves. The FA composition of 
maternal adipose tissue depends on the mother’s lifestyle and especially 
on her diet. Maternal circulating Omega 3, whether they are of food 
origin or that they come from its reserves, are primarily transferred to 
the fetus during pregnancy [25]. The incorporation of DHA into the 
PLs of the human brain occurs mainly during the period of rapid brain 
growth from the last trimester of pregnancy until the age of 2 years. The 
high concentrations of DHA and ARA in the brain and DHA in the 
retina suggest that these LCPUFAs play a key role in the functioning 
of the retina and brain. DHA and the retina could be involved in 
the regulation of neuroinflammation through their conversion into 
bioactive lipid derivatives. In the central inflammatory model, intake 
induced:(i) an increase in n-3 PUFA-derived lipid mediators, (ii) a 
decrease in n-6 PUFA-derived lipid mediators, and (iii) a decrease in 
inflammation in the hippocampus. Moreover, n-3 PUFA intake during 
the perinatal period did not affect the lipid composition of the brain 
immune microglial cells. PUFAs are mainly transported from the liver 
in the bloodstream to the brain by LPs such LDL receptors and VLDL 
or in the form of albumin complex. They can also be transported in 
esterified or non-esterified forms [26]. Albumin carries the non-
esterified PUFAs (N-EPUFAs) form, derived from adipose TAG 
stores or esterified PUFAs (EPUFAs), such as lysophosphatidylcholine 
(LPC). Once in the brain, the FAs cross the blood-brain barrier either 
by passive diffusion (flip-flop mechanism) or by active transport 
proteins [27,28]. There are five types of transport proteins of FAs 
involved in the transport of PUFAs:(i) fatty acid translocase/cluster 
of differentiation 36 (FAT/CD36) is expressed in endothelial cells and 
microglia cells, and (ii) fatty acid binding protein (FABP) facilitates 
the separation between FAs and albumin [29]. FABPs are expressed in 
tissues that are rich in FAs and comprise several isoforms. To date, nine 

isoforms of FABP have been identified in the human genome. FABP-
1, liver-(L-FABP), FABP-2, intestine-(I-FABP); FABP-3, heart-(H-
FABP); FABP-4, adipocyte-(A-FABP); FABP-5, epidermal-(E-FABP); 
FABP-6, ileal-(IL-FABP); FABP-7, brain-(B-FABP); FABP-8, myelin-
(M-FABP); and FABP-9, testis(T-FABP). Peripheral membrane fatty 
acid binding protein (FABPpm) and cytoplasmic fatty acid binding 
protein (cFABP) plasma leaflets assist PUFA transport, which may 
occur via integral membrane proteins. FABP binds a variety of ligands 
(LCPUFA, eicosanoids, and retinoids); (iii) fatty acid transport proteins 
(FATP) are a family of transmembrane transport proteins. This family 
contains six isoforms (1-6). FATP-1 is expressed in WAT and BAT 
and is regulated by various factors, such as peroxisome proliferator-
activated receptor (PPAR). The other isoforms are broadly distributed 
in human tissue:(iv) Calveolae are small intracellular invaginations of 
plasma membranes that are formed from lipid rafts, making it possible 
to transport FAs [28]; (v) the major facilitator superfamily domain-
containing protein D2A (Mfsd2a) is a major transporter of DHA LPC 
form [29] and FAT/CD36 [30,31]. FATP indirectly drives FA uptake 
by esterifying PUFAs to coA inside the cell, which effectively traps 
the nondiffusion acyl-coA-PUFA. DHA-containing LPC molecules 
are transported by Mfsd2a proteins. Mfsd2a is expressed in blood 
brain-barrier endothelial cells. It specifically transports DHA into 
the LPC. Once in the brain, E-PUFAs are released from membranes 
by phospholipase A2 (PLA2), which hydrolyzes esterified FAs in the 
sn position of PL. There are several forms of PLA2: secretory PLA2 
calcium-dependent from group IIA or V (sPLA2), PLA2 calcium-
independent from group VI (iPLA2), and plasmalogen-selective PLA2 
(PIsETn-PLA2). FATP indirectly drives FA uptake by esterifying 
PUFAs to coA inside the cell, which effectively traps the nondiffusing 
acyl-coA-PUFA.

Prostaglandins: biosynthesis and biological effects of lipid 
mediators

PGs are molecules derived from PUFAs and belong to the 
eicosanoid superfamily. The precursor of protanoids, ARA, is produced 
by the hydrolysis of membrane glycerophospholipids by PLA2 and, to 
a lesser extent, by phospholipase C. The oxidation of ARA followed 
by reduction by COX1 and COX2 (also called PGHS1 and PGHS2), to 
be transformed into PGG2 (prostaglandin endoperoxydase G2) then 
into PGH2 (prostaglandin endoperoxidase H2). PGH2 is then converted 
by prostaglandin synthases (PGDs, PGEs, PGFs, PGIs, or TXAs) into 
PGs, PGD2, PGE2, PGF2α, or prostacylin (PGI2), or thromboxanes 
(TXA2, TXB2), respectively. These molecules are secreted and activate 
receptors with seven transmembrane domains coupled to G proteins, 
the G protein-coupled receptor (GPCR). There are nine members, DP1 
and DP2 for PGD2; EP1-4 for PGE2, FP for PGF2α, IP for PGI2, and TP 
for TXA2 [30,31,32] (Figures 2 and 3). 

There are three main groups of inflammatory mediators:(i) pro-
inflammatory cytokines including interleukin (IL-1, IL-6, IL-10, and 
IL-12 ; tumor necrosis factor-α (TNF-α), interferons (IFN); (ii) pro-
inflammatory chemokines included CXCL,CCL; platelet activating 
factor (PAF); (iii) lipid mediators, including PGD2, PGE2, PGF2α, PGI2, 
and 15 d-PGJ2 ; TXA and TXB [30]; LTC4, LTD4, LTE4, LTF4, LTA4, 
LTB4 [30]  (Figure 3), and SPMs  such as MaRs, LXs, Rvs, and PDs 
[33,34]. The GPCRs, of which there are four main families (Gi/Go, Gq, 
Gs, and G12/13) are composed of α, ß, and ϒ subunits [32].

PGE2 has important effects on labor inductions, bleeding after 
delivery, and termination of pregnancy. PGE2 has a variety of functions 
in the central and peripheral nervous systems. It contributes to 
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Figure 2: Biosynthesis of LCPUFAs via COX and LOX pathways. The conversion of ARA to eicosanoids by action of COX to prostaglandin endoperoxides, PGH2 (PGD2, PGE2, PGI2, 
PGF2α, TXA2, and TXB2), then by action of LOX include Lipooxin (LXA2), and 4 series leukotrienes (LTA4, LTB4, LTC4, LTD4, LTE4).
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Figure 3: Pro-resolving lipid mediators. Pathway of D-series resolvins (RvD1, RvD2, RvD3, RvD4, RvD5, RvD6), maresins (MaRs), and protectins (PDs) from DHA, and E-series 
resolvins (RvE1, RvE2 and RvE3) from EPA biosynthesis derived from Omega-3 PUFA, and lipoxins [LXs (LXA4 and LXB4)] from ARA biosynthesis derived from Omega-6 PUFA; 
NPD1(neuroprotectins 1). 
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inflammation when bound to EP2 receptors (EP1, 2, -3, and -4 receptors 
of PGEs). It exerts diverse effects on cell proliferation, including 
apoptosis, angiogenesis, and inflammation. PGE2 is found naturally 
in the seminal fluid, menstrual flow, amniotic fluid, and placenta. It is 
produced by a variety of tissues, including bone marrow, skin, brain, 
spleen, and respiratory tract, and is abundantly produced by mast cells, 
platelets, and alveolar macrophages. 

The synthesis of PGD2 is under the specific controlled by the 
enzyme prostaglandin D synthase (PGDS). There are two types of PGDS: 
lipocalin-PGDS (L-PGDS) and hematopoietic PGDS (H-PGDS). 
PGD2 undergoes dehydration to form a wide variety of metabolites: 
15-deoxy-PGD2, PGJ2, or 15-deoxy-PGJ2. PGD2 binds to two GPCR 
receptors: the DP1 and the DP2. The metabolite 15-deoxy delta (12,14) 
-prostaglandin J2 has been identified as ligand PPAR [33-35]. PPAR has 
been found in adipose tissue, where it plays a key role in the regulation 
of adipogenesis [36]. After ligand binding, PPARs form a heterodimer 
with the retinoid X receptor (RXRα). 

15-d-PGJ2 considered as product metabolite of PGD2 exerts 
its effects on cells by binding to PPAR. Stimulation of PPAR with 
15-d-PGJ2 reduces the production of inflammatory proteins, such as 
gelatinize B [36-38]. It has been shown that the binding of 15-d-PGJ2 
inhibits the production of cytokines (including TNF-α, IL-6, and IL-ß).

PGI2 inhibits platelet aggregation and induces vasodilation; hence, 
it counters the action of TXA2, a well-known vasoconstriction and 
inhibitor of platelet aggregation. The interaction between PGI2 and its 
receptor activates Gs proteins and induces a response that includes the 
generation of cAMP, followed by activation of protein kinase A, Gq, 
and Gi. Elevated levels of cAMP inhibit the AMP kinase pathway Gs 
plays a major role in PG receptor signaling because, PGI2/EP1 inhibits 
lipopolysaccharide (LPS)-induced p42/p44 [32,33]. 

Thromboxane A2 is an ARA-derived omega-6 PUFA. Aspirin 
inversely inhibits platelet COX-1, preventing the formation of PGH, 
and therefore TXA2 [39]. There are two types of TXA2 receptors (TPα 
and TPß), both of which are functionally coupled to heterotrimeric 
G-proteins. Activation of these components triggers a signaling 
cascade, and the central events in TXA2/TP signaling are the activation 
of phospholipase C, calcium release from intracellular stores, and 
activation of phosphokinase C (Figure2).

Specialized lipid pro-resolving lipid mediators are part of a large 
family of pro-resolving molecules enzymatically produced from the 
omega-6 and omega-3 FAs. These include LXA4 and LXB4 derived 
from ARA (Figure 2); RvE1-RvE3 derived from EPA; RvD1-RvD6, PD1 
and PDX, MaR1 and MaR2 derived from DHA; RvT1-RvT4 derived 
from DPA, and their aspirin-triggered epimeric forms (AT-RvD1-
AT-RvD6) generated via the action of LOXs and CYP450, and COX-
2 (Figure 3). EPUFAs play a role in regulating the persistence and 
resolution of inflammation [39-41]. SPMs turn off the inflammatory 
response by acting on distinct GPCRs expressed in immune cells that 
activate dual anti-inflammatory and pro-resolution activities.

Maresins belong to the family of anti-inflammatory lipid mediators 
and DHA-derived SPMs. They are primarily produced in macrophages, 
where the phagocytosis of apoptotic neutrophils generates SPMs and 
14-hydroxy-DHA (14-HDHA) [42,43]. Lipopolysaccharide, TNFα, 
IFN-ϒ, IL-4, -10, -13, immune complexes, and toll-like receptors 
(TLR) induce the differentiation of macrophages. MaR1 is generated 
by human macrophages via the conversion of 14-HDHA by 12-,15-
LOX through a 13, 14-epoxide intermediate and by human platelet-

neutrophil interaction via platelet 12-LOX-mediated conversion 
of DHA to 13S,14S-epoxy-maresin. The direct impact of MaR1 on 
smooth muscle and endothelial cells reduced the production of pro-
inflammatory cytokines and decreased the activation of nuclear factor 
kappa-light chain-enhancer of activated B cells (NF-κB). MaR2 also 
has a powerful bioregulatory effect [44].

Lipoxins are metabolites of the ARA pathway. There are three 
major LOX genes involved in LX synthesis from ARA: 12-LOX, 5-LOX, 
and 15-LOX. LX can be synthesized by three major routes from ARA: 
(i) the platelet pathway, where LTA4 is acted upon by 12-LOX, and 
is converted to LX; (ii) the neutrophil pathway activated by 5-LOX, 
and the erythrocyte pathway activated by 15-LOX. ARA is converted to 
15-hydroxyperoxyeicosatetraenoic acid (HEPE), which is subsequently 
converted to LXA and LXB; (iii) an aspirin-independent pathway that 
leads to the generation of 15 epi-LXA4 and 15 epi-LOXB4. Lipoxins 
and epi-lipoxins exert their anti-inflammatory effects by interacting 
with GPCR LXA4 (ALX) and GPCR 32 [45,46]. The LXs control 
the expression of the early growth response 1 gene (EGR1) and the 
transcription of pro-inflammatory cytokines IL-2 and TNFα in T-cells. 
LXs have been shown to increase the levels of PPAR and the neutrophil 
gelatinize-associated lipocalin gene.

Resolvins, biosynthesized from essential omege-3 PUFAs EPA 
and DHA as precursors, are thought to have anti-inflammatory and 
pro-resolving actions [42,45]. The biosynthesis of RvD1 and RvD2 
requires the catalysis of 15-LOX and 5-LOX [42,47-49]. RvE1 and RvE2 
are biosynthesized from EPA through aspirin-COX-2 and 5-LOX 
from the interaction of endothelial cells and leukocytes [50], and 
also via an aspirin-independent pathway through the CYP450. RvE3 
is generated from 18R-HEPE through the 12/15-LOX pathway and 
can be synthesized in eosinophils [51,52]. RvE1 inhibits the synthesis 
of cytokines and cell adhesion molecules, NF-κB expression, and 
chemotaxis of polymorphonuclear leukocytes and dendritic cells to the 
inflammatory focus. RvE1 and RvE2 also regulate neutrophil chemotaxis 
and activate phagocytosis. RvD1 action is mediated by GPCR32 and 
ALX receptors [42].

Protectins are members of a class of SPMs. They are synthesized 
from DHA by 15-LOX-1 in a number of cells, including brain cells 
(microglia), monocytes, and CD4+ T-lymphocytes [42,53]. PD1 
proceeds through the activity of 15-LOX-1. The binding of 15-LOX-
1 to DHA leads to the formation of the (17S) -hydro (peroxy)-DHA 
intermediate to form a (16) -epoxy intermediate, which is hydrolyzed 
to PD1. The inhibition of NF-κB results in the downregulation of the 
pro-inflammatory gene COX-2, which is responsible for the release of 
PGs. In addition, PD1 protects retinal pigment epithelial cells against 
oxidative stress-induced apoptosis and blocks cytokine production in 
glial cells.

Role of the placenta on fatty acid requirements during pregnancy

The placenta is a unique ephemeral organ that physically and 
biologically connects the developing embryo to the uterine wall. 
Through pregnancy, the placenta provides the embryo and then the fetus, 
with water and nutrients it needs. Placental transfers also concern the 
elimination of fetal metabolic wastes that are released into the maternal 
blood and then eliminated (urea, uric acid, creatinine). The respiratory 
function of the placenta allows the delivery of O2 to the fetus and the 
evacuation of fetal CO2. The exchanges take place between maternal 
blood (rich in O2) and umbilical arterial blood (mixture of arterial 
and venous blood), poor in O2. Placenta is implicated in physiological 
functions during gestation, such as immunological tolerance between 
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mother and fetus, hormonal production necessary for the maintenance 
of pregnancy, and fetal defense against environmental attacks [54,55]. 
The HP plays a crucial role in concentrating LCPUFAs and mobilizing 
maternal adipose tissue fat stores. Lastly, one of the essential roles of 
the placenta is to physically connect the fetus to the uterine wall and 
allow the formation of an exchange surface between the mother and 
fetus. 

The corticosteroid-releasing hormone (CRH) produced in the 
paraventricular nucleus of the hypothalamus, controls the stress 
response via the anterior pituitary. During stress, two reactions are 
triggered at the level of the central nervous system, one leads to the 
release of adrenaline, norepinephrine and acetyl choline by the adrenal 
medulla, the other leads to the release of glucocorticoids such as cortisol. 
In prolonged stress, the production of CRH by the hypothalamus 
controls the production of adreno-corticotropin hormone (ACTH) 
by the anterior pituitary, which itself stimulates the production of 
glucocorticoids (cortisol) by the fetal adrenal cortex glands. Once 
released into the bloodstream, glucocorticoids exert negative feedback 
on the hypothalamus and pituitary gland causing CRH and ACTH 
levels to drop.

CRH increases exponentially throughout pregnancy until the near 
term of pregnancy. It acts on the placenta and the smooth muscles of 
the myometrium, but also on the pituitary-adrenal axis of the fetus. It 
also plays a role in the initiation and progress of labor, by stimulating 
the production of steroid hormones (estrogen and progesterone) 
produced by the placenta during pregnancy. The concentration of 
estrogen causes the formation of oxytocin receptors on the uterine 
myometrium, increases myometral contractility and maturation of the 
cervix. Estradiol increases the synthesis of glycosaminoglycans, and acts 
on collagenase, consequently the mature cervix. There is an increase 
in its ability to relax. Progesterone is essential for the maintenance 
of pregnancy, decreases the contractility of the myometrium and the 
formation of intercellular junctions, and an inhibition of cervical 
maturation. It reduces the effects of estrogen.

CRH stimulates the production of PGs and oxytocin by potentiating 
the action of these on the uterine muscle. The regulation of CRH is 
complex, with a decrease in placental production by progesterone 
and nitric acid (NO), and on the contrary an increase in its placental 
production secondary to glucocorticoids, on the one hand, and IL1, 
noradrenaline and acetylcholine on the other hand. Another action 
of placental CRH is to directly stimulate the production of steroids 
by the fetal adrenals (dehydroepiandrosterone sulfate) and indirectly, 
by stimulating the production of ACTH by the fetal pituitary gland. 
This could be in favor of the intervention of the fetal hypothalamic-
pituitary-adrenal axis in the process of induction of childbirth. 

During the last third of gestation, progressive protection in 
pregnancy increases the production of PGE2 by the fetal trophoblast, 
activating the fetal hypothalamic-pituitary adrenal axis, leading to an 
increase in fetal cortisol concentration. PGE2 are synthesized within the 
human fetal membranes, amnion, chorion, decidua and myometrium 
during pregnancy. They stimulate the synthesis of glycosaminoglycans 
and decrease the collagen concentration in the cervix. They increase 
the hydration of the cervix and the concentration of hyaluronic acid. 
Secretion of PGs during pregnancy from the placenta is increased 
with uterine distension. The placenta plays a particularly biochemical 
role with an increase in estrogen and a decrease in progesterone. At 
the same time, the adrenal and pituitary hormones of the fetus cause 
an increase in the number of gap junctions between cells. They allow 

the simultaneous contraction of the fibers of the myometrium and 
the passage of ions almost instantly from one cytoplasm to another, 
which causes uterine contractions and spontaneous onset of labor 
[55]. Placenta also exerts an endocrine function that is essential for 
the maintenance of pregnancy, fetal maturation, and parturition. 
It secretes several gestational hormones, such as progesterone and 
estrogen (estriol, estradiol, and estrone), and peptidic hormone 
(human chorionic gonadotrophin (hCG), lactogenic placental 
hormone (also called somatotrophin chorionic hormone)) into the 
maternal circulation. 

The placenta is able to synthesize and store glycogen at the 
trophoblast level to ensure local glucose requirements by glycogenolysis. 
Pregnancy induces complex endocrino-metabolic changes. It has 
an overall "diabetogenic" effect on the metabolism, but this effect 
is variable depending on the period of pregnancy. The first part of 
gestation is characterized by an anabolic maternal phase during which 
lipid stores increase to subsequently meet maternal and fetal needs in 
late pregnancy and during breastfeeding. The second phase is called 
the maternal catabolic phase or fetal anabolic phase, in connection 
with a decrease in tissue sensitivity to insulin at level by up to 80%. The 
objective of which is to promote fetal growth. The placenta, which has 
an endocrin role during pregnancy, plays an important role in these 
mechanisms induced by the secretion of placental lactogenic hormone, 
placental growth hormone or even leptin and adiponectin. 

Any pregnant woman therefore develops insulin resistance which 
requires increased secretion of insulin by the pancreas. Thus, those who 
already have, before pregnancy, a higher level of insulin resistance and/
or a reduced capacity of the pancreas to secrete insulin, as in the case 
of obesity or a history of gestational diabetes, have higher blood sugar 
levels.

The fetal liver can synthesize FAs de novo, but much of fetal lipid 
is provided from the placenta, which indicates that all the Omega 
n-3 and Omega n-6 FAs acquired by the fetus during growth might 
cross the placental barrier, indicating   a much higher concentration 
of ARA and DHA in the fetal blood. During the period from 22 weeks 
of amenorrhea to childbirth, the fetus remains totally dependent on 
the placenta for its supply of nutrients. The HP is a hemochorial, villus 
type where the maternal blood enters directly around the terminal villi 
without any intervening maternal vessel wall [56]. The placenta is made 
up of the maternal and fetal sides. It constitutes a protective barrier for 
the fetus. It is also made up of two contiguous membranes: the decidua 
and the embryonic trophoblast with many folds called chorionic villi. 
It contains several blood vessels allowing mother/fetus exchanges 
via the umbilical cord (cord connecting the fetus to the placenta). 
There are three umbilical vessels: two arteries that drain blood to the 
placenta, and a vein that drains blood into the fetus. Transport across 
the placental barrier takes place by different means: (i) passive diffusion 
(i.e., O2, CO2, H2O, and steroids); (ii) facilitated diffusion transporters 
of ions and organic molecules (glucose and amino acids); (iii) active ion 
transport using energy (ATP); (iv) direct endocytosis with degradation 
of molecules, and indirect, without degradation, thanks to receptors. 
The exchanges were dependent on maternal glucose levels. Glucose 
is transported by diffusion, facilitated by symport/Na+. Proteins do 
not pass through the placental membrane, because they are too large. 
Amino acids and peptides necessary for protein synthesis pass through 
facilitated transport (symport/Na+).

Considering all these functions described, the placenta would 
normally be able to ensure good growth and development of the fetus, 
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but if we only consider reproductive function, this vital process is 
unfortunately inefficient, such as 50-60% of embryos that die before 
birth. Placental abnormalities can induce obstetric pathologies, such 
as (i) ectopic sites (placenta previa and placenta accreta), (ii) lack of 
placentation (PE), (iii) trophoblast disease (hydatiform mole and 
choriocarcinoma), and (iv) others (spontaneous abortion). To gain 
a better understanding of how the placenta could be involved in 
many obstetric pathologies, it has been speculated that the mutation 
phenomena implicating the inactivation gene could result in embryonic 
and fetal mortality in utero [55].

Fatty acid carriers in placental membranes

Once FAs are released by the lipases as N-EsFAs, they enter the cell 
through passive diffusion or by means of membrane carrier proteins. 

There are several membranes and cytoplasmic FA transports/binding 
in the HP [57]. These include FABP (40-kDa) which is an integral 
transmembrane protein located in both trophoblast membranes. It 
consists of an FA-binding protein plasma membrane (FABPpm) and 
placental plasma membrane FABP (p-FABPpm). FABPpm has been 
shown to promote the unidirectional flow of LCPUFA from the mother 
to the fetus. FAT/CD36 (88-kDa) and FATP (63-70 kDa) are present in 
both the microvillus and basal membranes in the HP. This location may 
favor the transport of FFA from the mother to the fetus, and vice versa. 
Its role consists of FA internalization. FABPpm, which specifically binds 
to LCPUFAs, was isolated from HP membranes [57]. Unlike FABPpm, 
FAT/CD36 is a multifunctional protein and has a number of putative 
ligands, including FFAs, collagen, thrombospondin, and oxidized LDL 
(ox LDL) (Figure 4).

Figure 4: Fatty acids movement across placental tissue
LP: Lipoprotein; LPL: Lipoprotein Lipase; NEFA: Non-Esterified Fatty Acid; FATP: Fatty Acid Transport Protein; FAT: Fatty Acid Translocase; p-FABPpm: Placental Plasma Membrane 
Fatty Acid Binding Protein; H-FABP: Heart-Fatty Acid Binding Protein; L-FABP: Liver-Fatty Acid Binding Protein; TG: Triglyceride; PG: Prostaglandin; LT: Leukotriene; ACBP: Acyl-
coA-Binding Protein; TGPL: Triglyceride Phospholipid; PPAR: Peroxisome Proliferator Activated Receptor; RXR: Retinoid X Receptor; LXR: Liver X Receptor; SREBP: Sterol Regulatory 
Element-Binding Protein; RAR: Retinoid Acid Receptors
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The enrichment of LCPUFA in the fetal circulation could be 
related to their interaction with some FA carriers, such as p-FABPpm 
and FATP4. p-FABPpm may be directly involved in the uptake of DHA 
and ARA. The association between DHA dietary supplementation 
and placental transport protein gene expression in pregnant women 
showed that placental FATP-1 and FATP-4 gene expression was 
directly correlated with the percentage of DHA in the placental plasma 
PL. These data suggest that FATP-4 may be involved in the selective 
placental transport of DHA. FATP is a family of proteins that presents 
acyl-coA-synthase activity and may directly translocate FFA across 
the membrane as well as direct acyl-coA conversion, facilitating their 
metabolism within the cell. 

The presence of other proteins involved in the transport of FAs has 
been demonstrated in the placenta, such as caveolae. Caveolae are flask-
shaped invaginations that represent a subdomain of lipid rafts and are 
enriched in cholesterol, and a family of 21-24 kDa integral membrane 
proteins called caveolins. There are three different isoforms: caveolin-1 
(Cav-1), Cav-2, and Cav-3. All three isoforms are found in human 
placental tissue. In HP, Cav-1 is strongly expressed in endothelial 
cells, with lower levels in cytotrophoblasts, mesenchymal cells, and 
syncytiotrophoblasts. Cav-2 and Cav-3 may play roles other than the 
formation of caveolae, such as regulation of Cav-1 expression and 
metabolism. Caveolae may control FAT/CD36 mediated FA uptake by 
increasing its surface availability [58]. Cav-1 and Cav-2 are upregulated 
by PPARϒ in human carcinomas [58].

The CRH carrier protein is produced mainly in the liver but also 
in the placenta and fetal membranes. The presence of this protein 
prevents the increase in CRH during the 3rd trimester of pregnancy. It 
has been observed a rapid decrease in this carrier protein 4 to 6 weeks 
before the onset of labor at term, which suggests that this phenomenon 
is likely to intervene in the process of induction of childbirth.

The expression of FAT/CD36 and FATP is under the control of 
PPARα in the liver and in adipose tissue. Several ligands for PPARϒ 
such as FAs, oxLDL derivatives, and 15d-PGJ2 have been identified. The 
ligands involved in activating PPAR/RXR heterodimers in the placenta 
may also activate the expression of FA binding/transport proteins in 
HP. Expression of p-FABPpm enables the placenta to recruit ARA and 
DHA, which may also act as ligands for PPAR and RXR. The presence 
of FAT and FATP in placental trophoblasts may help to deliver ligands 
(FA and eicosanoids) to PPARϒ for gene expression [57,59-61]. It has 
been suggested that the biomagnification of LCPUFA is related to the 
action of placental FABPpm and FATP-4.  FATP-1 and FATP-4 exhibit 
both FA transport and acyl CoA synthase activities and facilitate FA 
trafficking and metabolism within the cell.

FABP isoforms present in trophoblasts regulate FAT within the 
cytosol. The FAs oxidized or re-esterified are directed towards fetal 
circulation via the placental basal membrane. It has been demonstrated 
to FABP-3 regulates the transport of n-3 and n-6 PUFAs in trophoblast 
cells. PPARα is critical for placental development and placental FA 
uptake. High concentrations of PGD2 have been reported in the HP, 
extra-placental membranes, and amniotic fluid [59].

Esterified fatty acids or LCPUFA from maternal circulation

Human placental transport of EsFA or LCPUFA from the maternal 
circulation into the fetal circulation is essential for proper fetal growth 
and development. During this period, recruitment of maternal 
LCPUFA, mainly DHA and ARA, is critical for rapid brain and other 
tissue growth. PPAR may be responsible for regulating the expression 

of FA transport or binding proteins in tissues such as adipose, liver, 
and skeletal muscle. On the other hand, FAs and their oxygenated 
derivatives directly or indirectly regulate several cellular processes such 
as differentiation and development. Therefore, these nuclear receptors 
may be involved in placental FA uptake by modulating the expression 
of FATP [59].

The placenta may capture N-EsFAs and FAs released from the 
membrane of maternal LPs by local endothelial lipases (ELs). It has 
been shown that the N-EsFA concentrations in maternal and fetal 
circulation increase during gestation and at the time of delivery. These 
concentrations are approximately three times higher in the maternal 
circulation than in the fetus. Maternal hyperlipidemia that occurs 
during gestation constitutes a source of FAs to the fetus, following their 
release from the maternal LPs by the placental LPL and EL, which is 
involved in FA uptake in placental tissues. This enzyme is also found in 
the placental microvillus membrane in contact with the maternal blood 
and trophoblasts. EL continues to be expressed at the end of pregnancy, 
while LPL is virtually absent in the trophoblast [59] (Figure 5).

Maternal erythrocytes, which take lyso-phospholipids (Lyso-PL) 
into their membranes, constitute a potential store of LCPUFA. They 
are also vehicles for Lyso-PL transport to the placenta. Other lipases 
involved in the release of FAs from maternal plasma LP are PLA2 type 
II, which are mainly expressed in the placenta and choriodecidua. 
TAG hydrolase is expressed in the syncytiotrophoblast microvillus 
membrane. The placental tissue also showed LP receptors for HDL 
and LDL. After binding to these receptors, some LPs can undergo 
endocytosis to provide cholesterol to the placenta. This last mechanism 
could also provide FAs to placental tissue once they are released by 
intracellular lipases [55] (Figure 5).

Binding and transport proteins of fatty acids within the placenta

Once the FAs are in the cytosol, they bind to cytosolic FABPs that 
act in the cytoplasmic compartment through specific interactions with 
the endoplasmic reticulum, mitochondria, lipid droplets (LDs), and 
peroxisomes. The following FABPs have been described in the placenta:  
FABP-1, FABP-3, FABP4, FABP5, and FABP7. FABP-1 and FABP-3 
were detected in the cytosol of human placental primary trophoblasts, 
as well as in human placental choriocarcinoma cells. FABP-4 and 
FABP-7 are isolated from trophoblasts [59]. 

Cyclopentenones (PGA1, PGA2, PGJ2 and δ12-PGJ2) bind strongly 
to FABP-1, which transports these ligands to PPAR through protein-
protein interactions. Furthermore, differential effects of proteins have 
different roles in the intracellular trafficking of FAs in the placenta. 
Elevated expression of FABP-1 in placental trophoblasts during 
differentiation has been reported, once in the placenta, a proportion 
of the FAs is oxidized in the mitochondria to produce energy, and the 
other is incorporated into PLs.

During pregnancy, the placenta is the major source of PGs in 
intrauterine tissues. The fetal-placental unit synthesizes a range of 
eicosanoids, which might serve as ligands for PPARs and LXEs in the 
placenta. These PGs are synthesized in HP from ARA via the action 
of COX-1/2 and specific PG isomerase/synthases. PGD2 produced in 
HP and convert into PGJ2 can be converted to PPARϒ ligand [60]. 
In the PG synthesis pathways, the conversion of ARA and linoleate 
(hydroxyeicosatetraenoic acid (HETEs), and hydroxyoctadecadienoic 
acid (HODEs)), respectively, by LOX, has been shown to activate 
PPARs. Other oxidized FAs (such as 9-HODE, and 13-HODE), can 
activate PPARϒ suggesting that these endogenous PPARϒ ligands 



Biendo M (2022) Is there a relationship between pregnancy and the levels of long-chain polyunsaturated fatty acids? Role of placental fatty acid binding/transporter 
proteins and nuclear transcription factors in this relationship: A review

 Volume 6: 11-15Biomed Res Rev, 2022          doi: 10.15761/BRR.1000147

play a role as regulators of gene expression. It has been shown that the 
course of pregnancy can affect PPAR ligands produced in the fetal-
placental unit [60]. 

Nuclear receptors and placentation

Nuclear receptors are required for the regulation of different 
functions, such as metabolism, placentation, and parturition. It can 
be divided into two groups: class I steroid hormone receptors, (i.e., 
thyroid, progesterone, estrogen, androgen, mineralocorticoid, and 
glucocorticoid receptors), and class II “orphans’’ receptors (so-called 
lipid sensors) (i.e., PPAR, liver X receptor (LXR) α and ß) [56], 
farmesoid X receptor (FXR), pregnane X receptor (PXR), retinoic 
acid receptor (RARs) α, ß and ϒ, and RXRs α, ß and ϒ).  Each 
receptor’s modular structure features six conserved domains: A/B, 

C, D, E, and F [55], each of which has a specific function. PPARs are 
essential for placental development. There are three PPAR isotypes: 
PPARα, PPARβ/δ, and PPARϒ [61,62]. These receptors are involved 
in reproductive biology, tissue regeneration, cell differentiation, lipid 
metabolism, immune response, and disease processes (such as type 
II diabetes and cancers). PPARs have also been implicated in early 
pregnancy development (implantation, placentation, and trophoblast 
differentiation) (Figure 4). 

PPARϒ is expressed in adipose tissue, intestine and immune 
cells, and at much lower levels in muscle, liver, kidney, pancreas and 
retina. It is strongly expressed in HPs, particularly in trophoblasts. It 
is also essential for placental development, trophoblast invasion, and 
differentiation of cytotrophoblasts into syncytiotrophoblasts, which 
form a barrier between maternal and fetal circulation [59]. The PPARϒ 

Figure 5: Placental fatty acid uptake processes 
NEFA: Non-Esterified Fatty Acids; EFA: Esterified Fatty Acids; LCPUFA: Long Chain Polyunsaturated Fatty Acid; PL: Phospholipids; Lyso-PL: Lysophospholipids; R: Receptors; LPL: 
Lipoprotein Lipase; EL: Endothelial Lipase; PLA2: Phospholipase A2; PLA1: Phospholipase A1; FFA: Free Fatty Acid; LDL: Low-Density Lipoprotein; VLDL: Very Low-Density 
Lipoprotein; HDL: High-Density Lipoprotein
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expression has been found in the granulosa, theca, and luteal cells, and 
may regulate the differentiation and proliferation of the ovarian cells, 
steroidogenesis, angiogenesis, and PG production. There are three 
isoforms of PPARϒ: PPARϒ1, 2, and 3. PPARϒ1 is expressed only in 
adipose tissue, colon, and liver. Like PPARϒ2, PPARϒ3 is restricted to 
adipose tissue and the colon. In HP, PPARϒ is specifically expressed 
in villus syncytiotrophoblasts and cytotrophoblasts [55,63].  Other 
endogenous PPARϒ ligands such as 9-HODE, 13-HODE, 15-PGJ2, 15-
HETE, ARA, DHA, and LA, stimulated hCGß production in primary 
human trophoblasts. PPARs participate in uterine functions such as 
steroidogenesis, cytokine production, and angiogenesis during the 
estrous cycle and/or pregnancy [55,63]. Their activation may stimulate 
the production and secretion of hormones, such as gonadotrophin, 
which is required during pregnancy and fetal development. 

PPARα has been detected in amnion, choriodecidua, placental 
syncytial, and cytotrophoblast cells at term, as well as in placental 
choriocarcinoma cell lines. The PPARα data suggest that it is involved 
in the development of the fetal epidermal barrier, in the inhibition of 
cell growth, and a decrease in hCGß secretion. It is activated directly 
by endogenous ligands such as ARA, DHA, LA, and EPA PUFAs and 
LTB4. It also transcribes genes involved in FA catabolism, thereby 
promoting FA clearance. The PPARα/RXR heterodimer binds to the 
DNA-binding peroxisome proliferator response elements (PPRE)/
Direct Repeat 1. Oxygenated PUFA derivatives (prostanoids and LTs) 
induce binding to the RXR and thus to the target gene’s PPRE [64-66]. 
PPARα may not be essential for fetal-placental biology, unlike PPARϒ 
and PPARδ/ß.

PPARδ has been detected in human trophoblast cells. It is essential 
for fetal-placental growth and development and is involved in embryo 
implantation and decidualization. It stimulates cell growth and 
increases the differentiation and FA uptake. The endogenous ligands 
such as PGI2 analog carbaprostacyclin (cPGI2), FAs, ARA, and DHA 
of PPARδ, reduce the activity of 11ß-hydroxysteroid dehydrogenase 
type2 (11ß-HSD2), and expression at both protein and mRNA levels 
in cultured human placental trophoblasts. Placental 11ß-HSD2 
plays a key role in controlling the level of fetal exposure to maternal 
glucocorticoids and levels of decidualization. cPGI2 enhances the 
heterodimerization of PPARδ and RXRα. Taken together, these data 
indicate that PPARδ is a regulating factor for fetal-placental growth 
and development [61].

There are two sub-types of LXR, LXRα and LXRß [56], both of 
which form heterodimers with RXRs. LXRß is ubiquitously expressed 
in all tissues. LXRα is closely related to tissues known to play important 
roles in lipid metabolism (such as liver, kidney, macrophages, small 
intestine, and adipose tissue), injury of vascular endothelial cells, 
and proliferation and invasion of trophoblasts. It acts through 
the transcriptional regulation of key target genes involved in lipid 
absorption, transport, synthesis, metabolism, and excretion. LXRα is 
expressed in the placenta of women with normal pregnancies. This 
expression is significantly upregulated in the placentas of PE patients, 
which is positively correlated with the extent of hypoxia. It also 
influences LP metabolism by modifying regulatory enzymes such as 
LPL, cholesterol ester transfer protein, and PL transfer protein [61,67]. 
Moreover, LXRß plays an important role in the inhibition of human 
trophoblast invasion. The transcriptional regulation gene is made by 
binding the heterodimer RXR/RAR or RAR/RXR. The two receptor 
families are stimulated by the active derivatives of vitamin A. The 
importance of RXRs in mammalian placentation and development and 
a harmonious pregnancy found to require a well-controlled supply and 

transformation of vitamin A. RARα, RXRα, and RXRß are ubiquitously 
expressed in embryonic and adult tissues, whereas RARß, RARϒ, and 
RXRϒ expression is more restricted [61,63,67]. The PPARϒ/RXRα 
heterodimer ligands have been shown to be important modulators of 
hormone synthesis in the human trophoblast. These ligands increase 
the transcription of hCGß. It has been suggested that the hCGß 
contains binding sites for PPARϒ/RXRα heterodimers.

The receptors (FAT/CD36) for oxLDL in trophoblasts may supply 
oxyterols through of oxLDL for activation of PPARϒ and LXRs and thus 
may increase FA synthesis. Maternal hyperlipidemia is a characteristic 
feature of pregnancy and corresponds to the accumulation of TGs in 
both VLDL and LDL. In PE, there is a further increase in plasma lipids 
compared to that in normal pregnancy. The maternal liver may play 
an important role in lipid homeostasis; however, a placental role in the 
development of hyperlipidemia has been increasingly evident. Similar to 
PPARα, activation of LXR reduced the secretion of hCGß in trophoblasts. 
The mechanisms of LXR-mediated inhibition of hCGß secretion may have 
a regulatory role in trophoblasts and countervailing. The effect of PPARϒ-
induced increase of hCGß production thereby contributing to balancing 
the production of hCGß during pregnancy [55,63,64].

Expression of sterol regulatory element-binding proteins in 
placenta tissue of pregnancies

SREBPs are a family of transcription factors that regulate lipid 
biosynthesis and adipogenesis by controlling the expression of 
several enzymes required for cholesterol, FA, TAG, and phospholipid 
synthesis. There are three SREBP proteins encoded by two genes, 
SREBP1 and SREBP2. SRBP1 encodes two isoforms (SREBP-1a 
and SREBP-1c). SRBP-2 preferentially activates genes involved in 
cholesterol biosynthesis, whereas SREBP-1 activates genes required 
for FA synthesis [61,65]. To date, SREBPs have been shown to 
directly activate multiple genes involved in the synthesis and uptake 
of cholesterol, FAs, TG, PL (such as 3-hydroxy-3-methylglutaryl-coA 
synthase1, 3-hydroxy-3-methylglutaryl-coA reductase) [59,67]. Thus, 
SREBP-1c plays an irreplaceable role in the process of fat synthesis and 
is also a key adjustment factor to maintain the dynamic balance of FA 
in the placenta by investigating differential gene expression in placentas 
of PE pregnancies by means of gene chip technology [66]. In addition, 
SREBP-1c, acyl-coA synthase long-chain family member 3, FAs are all 
targets of LXRα and are all closely related to lipid metabolism [68]. 
SREBP controls intracellular lipid accumulation, which may be linked 
to insulin resistance and visceral obesity [69].

PUFAs stimulate the catabolic pathway by activating the 
transcription of FA transport proteins and mitochondrial peroxisomal 
β-oxidation enzymes. They reduce the lipogenic activity of liver tissue by 
repressing transcription factors and lipogenic enzymes, and regulating 
the expression of genes encoding LPL transcription, apolipoproteins 
for HDL and VLDL in the SREBP-1c pathway, and proteins controlling 
the development of adipose tissue, sugar metabolism, FA metabolism, 
and neurotransmission (neurotransmitter release, ion channels, and 
neural connection) [65].

In the liver, PUFAs (i) induce the transcription of  enzymes 
regulating  peroxisomal β-oxidation and the ketogenesis of FAs via 
the activation of PPARα, (ii) decrease the synthesis of malonyl-CoA, 
and (iii) inhibit  the synthesis of enzymatic proteins that control the 
pathways for de novo lipogenesis of FAs (acylcoA synthase, acylcoA 
carboxylase, and FA synthase), bioconversion of PUFAs (delta 9, 6, 
5-desaturases, and elongases), and the synthesis of TG (diacylglycerol 
acyltransferase) via the inactivation of SREBP-1c [70,71]. 
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In adipose tissue, the regulation involves both PUFAs and their 
oxygenated derivatives including the isoform PPARδ, as well as the 
prostacyclin and PPARϒ. The SREBP-1c pathway is also involved in the 
regulation of HDL, VLDL, LPs, and apolipoprotein. The expression of 
genes involved in the brain metabolism of FAs and neurotransmission 
might also be regulated by PUFAs.

The roles of fatty acid metabolism in fetal-placental development

The fetus depends on the maternal supply of LCPUFA ARA and 
DHA. LCPUFA DHA is highly concentrated in the cell membranes 
of the retina and brain, where it acts as a modulator of membrane 
function, neurogenesis, photoreceptor differentiation, activation of 
the visual pigment rhodopsin, the function of ion channels, and the 
metabolism of neurotransmitters. The maternal transfer of DHA and 
ARA to the fetus during the 3rd trimester of pregnancy and into the 
postnatal period allows an appreciable amount of DHA to be stored in 
the maternal adipose tissue. This period of net mobilization corresponds 
to an exponential increase in fetal fat, during which 94% of all fat 
deposition in the fetus occurs. The maternal circulating concentrations 
of TAG, PLs, and N-EsFAs all increase during gestation. N-EsFAs can 
be oxidized within trophoblasts or re-esterified and stored as TAG 
in placental cells. Later, FAs can be released from cellular LDs by the 
action of TAG hydrolases during lipolysis [72,73].  

Lipid metabolism takes place in two stages: (i) fat storage (1st 
and 2nd trimester of gestation) favored by overeating and increased 
lipogenesis;(ii) mobilization of reserves. From the 3rd trimester of 
gestation, lipolysis and the influx of FAs to the fetus predominate, 
linked to a state of insulin resistance and hyperestrogenism. This 
mobilization of reserves allows nutrients to be directed to the fetal 
placental unit. An increase in maternal hepatic production of VLDL 
was also demonstrated, associated with a decrease in their clearance 
by decreasing the activity of hepatic LPL and adipose tissue, as well as 
an increase in intestinal adsorption of dietary lipids. There is also an 
increase in the breakdown of TGs into FFAs and glycerol, which, once 
taken up by the maternal liver, will allow the synthesis of ketone bodies 
and maternal glucose, respectively. Ketones cross the placental barrier, 
and then the hematoencephalic barrier for the synthesis of brain lipids.

Maternal body fat accumulated during early pregnancy allows 
the accumulation of an important store of LCPUFAs derived from 
the maternal diet. During the last trimester of pregnancy, lipolytic 
activity in adipose tissue is increased. The FAs that are released, as 
well as FAs from dietary sources and hepatic overproduction of TAG, 
are responsible for increasing the amount of TAG in the maternal 
circulation. The increase in placental lipase activity during the last 
trimester of pregnancy results in a subsequent decrease in TAG storage. 
Placental LPL hydrolyzes TAGs from post-hepatic LDL and VLDL, but 
not the TAGs present in chylomicrons. Placenta FA metabolism may 
play a key role in guiding pregnancy and fetal outcomes.

Fatty acid supply to the fetus

Physiologically, the fetus may synthesize some saturated FAs and 
MUFAs de novo from glucose. However, the fetus depends on the 
placental supply of maternal EsFA and LCPUFA (especially ARA and 
DHA). They must be supplied to the maternal diet [74]. PUFAs exert 
many biological functions, especially during the perinatal period of 
rapid development of cell membranes, in the brain and retina. During 
pregnancy, the LCPUFAs ARA and DHA are transported actively and 
specifically across the placenta from the maternal circulation to the fetus. 
LCPUFA ARA and DHA are transported more actively and selectively 

than LA and ALA, explaining the higher concentrations of these FFAs 
in the fetal circulation. Thus, increasing maternal DHA intake during 
the last trimester of pregnancy effectively increased the DHA content 
of maternal plasma and red blood cells and, consequently, the status 
of DHA from the developing fetus (concentrations in cord blood). In 
contrast, maternal dietary intake of ALA appears to be less effective 
in increasing DHA status, due to the low rate of maternal conversion 
of ALA to DHA. During the lactation period, LA, ALA, ARA, EPA, 
and DHA found in the lipids of BM come from the mother’s diet 
(lipomobilization), but also from their mobilization from maternal 
adipose tissue partially constituted before and during pregnancy [75].

DHA is highly concentrated in the PLs of the brain and retinal 
membranes, making up about 25% of total FAs in the cerebral cortex 
and more than 30% in the retina. The incorporation of DHA into brain 
PLs occurs mainly during the period of rapid brain growth, from the 
last trimester of pregnancy.  The main LCPUFAs found in BM are 
DHA and ARA. They can be synthesized in human tissues using EsFA 
precursors. It has thus been shown that the LA content of human 
BM is more closely related to that of adipose tissue than that of the 
mother’s diet; two-thirds of the LA found in BM would thus come from 
the process of lipomobilization of adipose tissue and only one-third 
directly from the mother’s diet. Consequently, PUFA concentrations 
in human BM strongly depend on maternal intake during the lactation 
period as well as during pregnancy.

The DHA and ARA contents in BM tend to vary as a function 
of the mother’s diet, nutritional status, and other factors. The DHA 
concentration in BM is lower and more variable than that in ARA. The 
level of ARA is relatively stable in BM and is biologically important 
because it consistently provides preformed ARA at a time when brain 
growth and development is critical. The majority of ARA in BM is 
derived from the maternal stores of ARA, rather than from the mother’s 
dietary LA [76-78]. 

Conclusions
The present review presents recent data on the role of regulatory 

transcription factors at different stages of placental development 
during pregnancy. Nuclear transcription factors, including LXRs, 
PPARs, and SREBPs, control fetal placental growth and development 
either individually or together. Early detection of LXRα and LXRß in 
HP suggested their involvement in choriovitelline and chorioallantoic 
placentation. The higher expression levels of LXRα in the human 
amniotic membrane play a crucial role in several mechanisms occurring 
in the placenta, such as hormone production, fetal-maternal tolerance, 
and lipid metabolism. PPARϒ expressed in the placenta is essential 
for placental development, trophoblast invasion, differentiation 
of cytotrophoblast into syncytiotrophoblast, and regulation of fat 
accumulation in trophoblasts. SREBP plays a role in the regulation of 
tissue differentiation, lipid homeostasis, inflammation, and apoptosis. 
It is an altered function of the placenta and may contribute to the 
development of disease (i.e., PE). These receptors are also FA sensors 
and may be involved in placental FA transport. This review also shows 
the existence of several membrane transport/binding proteins involved 
in the uptake of PUFAs. These include FAT/CD36, FATP, FABP, and 
CAV.
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