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Molecular Development of Placenta and Its
Relationship with Preeclampsia and
Fetal Growth Restriction
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ABSTRACT

Preeclampsia (PE) is the leading causes of maternal death worldwide as well
as a significant cause of fetal morbidity and mortality, including fetal
growth restriction (FGR). The concept that PE and FGR shared a common
etiology is widely accepted, i.e., the maladaptive response to the impaired
placentation. Normal placentation is the result of dynamic integration of cell
proliferation, differentiation, and migration, in which trophoblast cells play
a crucial role. Impaired trophoblast invasion into the maternal decidua
leads to a decrease in uteroplacental blood flow and changes in intervillous
hemodynamic. The dynamic interaction of these process with maladaptive
decidual immune response, impaired cytokines and angiogenic factors
regulation, and oxidative stress will lead into the clinical manifestation of
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I. INTRODUCTION

Preeclampsia (PE) is a specific pregnancy-related
pathology that potentially harms both the mother and her
fetus. It is one of the leading causes of maternal death
worldwide as well as a significant cause of fetal morbidity
and mortality. PE affects an estimated 4.6% of pregnancies
globally [1]. PE can induce fetal growth restriction (FGR),
premature labor, low birth weight, fetal and neonatal death.
Women with PE are four times more likely to experience
FGR than those without PE. On the other hand, FGR can have
short-term impact, i.e. a 6-10 times higher risk of fetal
mortality, as well as long-term impacts, i.e. hypertension,
stroke, diabetes, cancer in adult life [2].

The exact etiology of PE is not known, and many clinicians
called it “the disease of theory". Several theories exist
regarding the causes of PE, i.e., immune maladaptation
theory, inflammation, endothelial dysfunction, oxidative
stress, and imbalance in renin-angiotensin system.
Meanwhile, the causes of FGR are attributed to maternal,
fetal, or placental factors. The concept that PE and FGR
shared a common etiology is widely accepted and has been
proven in several studies [3]-[5].

Fetal growth and development and placental structure and
function result from the dynamic integration of cell
proliferation, differentiation, and migration. The main aspect
of normal placentation is the invasion of the extravillous
trophoblast (EVT) and transformation of the decidual and
spiral arteries of the uterus. In the early stage of fetal
development, there are various stages of trophoblast
differentiation which, if disturbed, can induce the
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development PE or FGR. In both PE and FGR, decreased
uteroplacental blood flow and changes in intervillous
hemodynamic result from the insufficient remodeling of
spiral arteries by the trophoblast [6], [7]. The absence of
optimal uteroplacental blood flow through impaired spiral
arteries remodeling results in placental hypoxia,
reoxygenation, oxidative stress. However, FGR can coexist
with PE. Both conditions are generally thought to result from
the defective remodeling of the spiral arteries [7].

In this review, we will discuss the molecular mechanisms
underlying the development of placenta and their association
to PE and FGR.

II. PLACENTAL DEVELOPMENT IN PE AND FGR

The placenta is a unique organ that regulates fetal growth
and maternal conditions during pregnancy. Its role as a feto-
maternal mediator ends immediately after delivery. The
human placenta is broadly divided into three histologic
layers, i.e. the basal plate (maternal surface) and anchoring
villi (the most distal extension of the main villous trunk)
which interacts directly with the maternal endometrium; 2.
terminal villous units where active gas and nutrient exchange
occurs; and 3. the chorionic plate (fetal surface) and the villi
rods which consist of dense connective tissue containing the
larger fetal vessels. The amnion and chorion cover the
chorionic plate, and the umbilical cord collects the chorionic
artery and vein on the chorionic plate [8]. The basic structure
of the placenta is formed during the first half of pregnancy.
During normal placentation, trophoblast invasion occurs into
the uterine spiral arteries. In particular, the multinucleated
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syncytiotrophoblast, which forms the epithelial layer of the
villi, is one part of the trophoblast that is in direct contact with
maternal blood. Furthermore, extravillous mononuclear
cytotrophoblasts (EVT) form an interface network in the
uterine wall called the decidua [9].

The trophoblast invasion causes changes in the spiral
arteries in the form of damage to the muscle layer, elastic
layer, and nerve tissue found in the spiral artery walls and the
replacement of endothelial cells with trophoblast cells. This
interaction aims to induce the transformation of maternal
vessels into vessels with high capacitance and low resistance
that can provide adequate supply oxygen and nutrients for the
placenta and the developing fetus [10]. The trophoblast cells
lining the spiral arteries exhibit endothelial cell-like
characteristics, adopt an endothelial phenotype, and express
adhesion molecules classically found on the surface of
endothelial cells [11]. This occurs through the differentiation
of trophoblast cells during the invasion. This process is called
pseudovasculogenesis or epithelial-endothelial
transformation [12]. If trophoblast cell invasion occurs
normally, by the end of the second trimester the spiral arteries
will be lined only by trophoblast cells. The endothelial cells
are no longer found in the endometrium and superficial
myometrium. This remodeling of the spiral arteries results in
the spiral arteries having a larger diameter and lower
resistance, thus allowing for increased blood supply to the
developing fetus.

Angiogenesis and vasculogenesis play an important role in
the development of the placenta. Adequate angiogenesis and
vasculogenesis will support uteroplacental flow so that the
supply of oxygen and nutrients to the fetus can be adequately
fulfilled. Vascular growth is critical in increasing
fetoplacental flow during pregnancy. The increase in total
diffused oxygen is proportional to fetal weight, making fetal
well-being highly dependent on maternal (uteroplacental) and
fetal (fetoplacental) blood flow systems, and -efficient
transplacental exchange between these two systems. The
growth process of the placental vascular system consists of
three stages, i.e. vasculogenesis, branching angiogenesis and
non-branching or vascular transformation. Vasculogenesis is
the de novo formation of new blood wvessels, while
angiogenesis is the formation of new capillaries or branching
of existing blood vessels [7].

An imbalance between angiogenic and anti-angiogenic
factors is closely related to the pathophysiology of PE and
FGR [13]. During angiogenesis, differentiation of
cytotrophoblast cells forms a column of cells ending in the
superficial part of the endometrium, followed by interstitial
invasion into the decidua basalis and endovascular invasion
into the spiral arteries. During pregnancy, trophoblast cells
cause remodeling of the spiral arteries through
pseudovasculogenesis [7]. In early pregnancy (<6 weeks
gestation), the spiral arteries have high resistance and low
capacity. However, the invasion of endovascular
cytotrophoblast causes smooth muscle cell breakdown. It
causes remodeling of the spiral arteries, thereby reducing the
resistance and increasing the flow capacity of the spiral
arteries. Poor vascular development leads to intrauterine
embryo death, and insufficient angiogenesis is also associated
with PE and FGR. Although the exact cause of the abnormal
vascularization is unknown, it is related to a deficiency of
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angiogenic growth factors. VEGF is one of the angiogenic
growth factors that decreased in PE and FGR [14].

III. IMMUNOLOGICAL PROCESSES OF PLACENTAL
IMPLANTATION AND ITS ASSOCIATION WITH PE AND FGR

The greatest contact area between maternal and fetal
immunocompetent T cells is on the surface of the trophoblast
villi. Placental trophoblast cells play a crucial role in
maintaining immunotolerance to the fetus. During
implantation, EVT emerges from the tips of the villi and
invades the decidua, creating a boundary between the mother
and the fetus or the maternal-fetal interface. The decidua has
a large population of maternal immune cells that interact
extensively with fetal-derived trophoblasts. Nearly 40% of
decidual cells are leukocytes [15]. EVT avoids the detection
of maternal immune cells while promoting immune tolerance
by expressing a set of significant molecules—unique major
histocompatibility complex (MHC). There are two classes of
MHC 1, i.e. classical and non-classical. The classic class I
MHC molecules, consisting of Human Leukocyte Antigen
(HLA)-A, HLA-B, and HLA-C, are ubiquitous polymorphic
proteins dedicated to peptide presentation to cytotoxic T cells.
These class of MHCs can present many antigens, including
foreign antigens. If cells express these foreign antigens, they
will be attacked by cytotoxic T lymphocytes (CTL). Non-
classical MHC 1 are not polymorphic and expresses "zero
antigen" by all three known classes, i.e. HLA-E, HLA-F, and
HLA-G. This HLA is soluble and expressed on the entire
surface of the villous trophoblast (villous and extravillous
trophoblast). Unlike most cells, EVT does not express HLA-
A and HLA-B but expresses only HLA-C and non-classical
MHC molecules HLA-E and HLA-G, which are non-
polymorphic [16].

Tolerance is induced by HLA-G, which is known to enter
the maternal circulation and binds to leukocyte
immunoglobulin-like receptors (LIR-1 and LIR-2) on uterine
natural killer (NK) cells, macrophages, and T lymphocytes
[17]. Communication between MHC I and leukocytes (uUNK
cells, macrophages, and T lymphocytes) is important for
inducing and maintaining maternal tolerance during
physiological pregnancy [18]. The presence of HLA-G
protein in the preimplantation embryos has been reported
[19]. Downregulation of HLA-G is reported to be associated
with poor placentation in PE and immune cell infiltration
during ascending infection [20].

The decidual lymphocyte subpopulation differs
dramatically from their peripheral counterparts. The human
endometrium is usually filled with T cells, macrophages, NK
cells, and limited amount of B cells. However, during the late
luteal phase and early pregnancy, nearly 70 to 90% of
endometrial lymphocytes are believed to be uterine-specific
NK (uNK) cell variants, and 10-20% are antigen-presenting
cells (APCs) such as macrophages and dendritic cells. Human
decidual NK cells have been shown to play an essential role
in spiral artery remodeling and trophoblast invasion [21],
[22]. Peripheral NK cells exhibit strong cytotoxic activity and
are involved in the defense against infection and neoplasia. In
contrast, uterine NK cells show limited cytotoxic activity.
These unusual cells are variously called decidual granular
lymphocytes (DGL), large granular lymphocytes (LGL) and
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decidual NK cells. Ligands on the surface of NK cells
recognize MHC Class I products which can be either
inhibitory or activating [23].

The categorization of NK cell receptors is complex and
differs between species. In humans, NK receptors fall into
two main subcategories, i.e. immunoglobulin-like inhibitory
receptors (KIRs) and lectin-like heterodimers composed of
the CD94/NKG receptor complex. KIR molecules of both
activating and inhibitory subtypes have been shown to
recognize HLA-C locus molecules, while both CD94/NKG
receptor activating and inhibitory complexes recognize HLA-
E molecules. HLA-G can also interact directly with various
NK receptors, with some outcomes depends on the state of
cell activation [23]. The correlation existing between
maternal killer cell immunoglobulin-like receptor (KIR) and
HLA-C in trophoblast cells constitutes robust evidence for
the genetic etiology of PE. The combinations of the two kinds
of gene systems, together with the KIR genotype in the
mother and the HLA-C group in her fetus, are likely to exactly
decide the pregnancy outcome. The women, who have the
inappropriate match of KIR’HLA-C, are likely to be prone to
the augmented risk of PE [24].

In addition to HLA and NK cells, preimplantation factor
(PIF), a small peptide secreted by viable embryos, may also
play an important role in maternal recognition leading to
semi/allogeneic embryo tolerance [25]. PIF is detected since
the embryo enters the two-cell stage and is associated with
embryonic development. PIF has an autotrophic effect on
embryonic development, inhibited by anti-PIF antibodies. In
embryos, PIF targets protein-disulfide isomerase/thioredoxin
and heat shock proteins (HSPs), promoting embryonic
development and protecting against maternal serum toxicity.
In addition, PIF reduces the toxicity of natural killer (NK)
cells. PIF promotes endometrial receptivity to support
embryo implantation [26]. PIF significantly promoted
invasion of human EVT isolated from first-trimester placenta.
The proinvasive regulatory effect of PIF in EVT was
associated with increased MMP9 activity reduced tissue
inhibitor of metalloproteinase-1 (TIMP1) mRNA expression
[27]. Thus, PIF is involved in pathological pregnancies
characterized by insufficient or excessive trophoblast
invasion.

Both PIF and HLA-G are secreted by living embryos and
interact intimately from the early stages of embryonic
development. This interaction continues, with PIF and HLA-
G present in the circulation in subsequent pregnancies. PIF
and HLA-G are expressed by the trophoblast, as PIF is
expressed by living embryos immediately after fertilization
and by trophoblasts immediately after implantation.
Therefore, both ligands may play a local regulatory role in
trophoblast HLA class I function. The effects of PIF can be
compared to that of progesterone (P4), which is known to be
a HLA-G/HLA-E regulator. PIF regulates endogenous P4
activity, and Thl/Th2 cytokine secretion has also been
identified. PIF regulates the increase of several HLAs,
potentiates progesterone's action, and promotes the secretion
of Th1/Th2 cytokines by trophoblast cells [26]. These
observation provides insight into putative mechanisms of PE
and the role of PIF. PIF promotes implantation, endometrium
receptivity, trophoblast invasion and increases pro-tolerance
trophoblastic HLA-G expression. Furthermore, PIF protects
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against oxidative stress and protein misfolding, interacting
with specific targets in embryo [28]. Thus, PIF is a potential
target for early preventative PE intervention.

IV. THE ROLE OF CYTOKINES IN PLACENTAL
IMPLANTATION AND ITS ASSOCIATION WITH PE AND FGR

The level of cytokine, prostaglandin, and leukocyte counts
are increased in the human endometrium during implantation
[29]. The level of chemokines and cytokines produced by
endometrial cells increase gradually, guiding the blastocyst to
the implantation site allowing its interaction with the
endometrium. Trophoblast cells penetrate the epithelial and
stromal cells during the invasion. Endometrial tissue is
repaired and renovated by the growing placenta. In humans,
implantation processes mimics local wound healing and
characterized by a strong Thl inflammatory response. High
pro-inflammatory cytokines such as IL-6, LIF, IL-8, and
TNFa are involved. These cytokines and chemokines recruit
immune cells into the decidua and large populations of human
decidual leukocytes into the implantation site [26].

The potential role of cytokines during implantation is
broad, as cytokines are involved during apposition, adhesion,
early and late invasion. The main cytokines involved consist
of interleukin 1 (IL-1), leukaemia inhibitory factor (LIF),
macrophage colony-stimulating factor (M-CSF), and immune
response T helper 1 (TH1) cytokine IFN-y, IL-2, IL-12, TNF-
B and T helper 2 (TH2) immune response cytokines IL-4, 6,
10 and 13. IL-1, LIF, and M-CSF appear to exert their effects
during apposition and adhesion. In contrast, TH1 and TH2
immune response cytokines can influence subsequent events
in the invasion phase [30].

The predominance of TH2 found in early pregnancy is due
to increased progesterone levels. In addition to increasing the
secretion of TH2 cytokines, progesterone inhibits the
secretion of TH1 cytokines. In particular, IL-4 and IL-6 levels
are increased, while IL-2, IL-12 and IFN-y levels are
decreased. The embryo directly contributes to the TH2
dominance by secreting IL-10 and transforming growth factor
(TGF-b). Women with recurrent miscarriages have impaired
TH2 responses (reduced IL-4, IL-6, and IL-10) and may even
exhibit TH1 predominance. Decreased expression of TGF-
and IL-10 mainly secreted by TH 2, regulatory T cells (Treg)
or activated macrophages (M2), and increased expression of
IL-17 cells by TH17 have been reported to participate in
maternal immune rejection toward the fetus [31]. PE is
associated with an exaggerated inflammatory state and
predominance of TH1 and TH17 immunity [32].

Treg cells, generally defined as CD4+CD25+ cells
expressing the transcription factor Foxp3, anti-inflammatory
and immune suppression. A vital feature of the pregnancy-
specific immune response is the presence of Treg cell. Treg
cells are potent suppressors of Thl and Th17 cell-mediated
inflammatory and immune events. Treg cells are essential for
preventing exogenous and self-antigen immune reactions
through various mechanisms, including inhibition of T cell
proliferation and cytokine production, suppression of B cell
proliferation and antibody production, prevention of NK cell
cytotoxicity and inhibition of dendritic cells and macrophage
maturation and activation. Treg cells suppress via paracrine
mechanism involving the production of the cytokines TGFB
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and IL10 [33]. Impaired Treg activity has been associated
with the development of PE [34], [35].

Dendritic cells (DC) are in the right place at the right time
to promote Treg cell proliferation before implantation. The
population is abundant in endometrial tissue at ovulation. A
specific phenotype of dendritic cells known as 'tolerogenic
dendritic cells' controls the activation and expansion of Treg
cells. Uterine dendritic cells express markers suggesting a
tolerogenic phenotype that will be retained by GM-CSF, 1L4
and IL10 produced by uterine tissue. Trophoblast-derived IL-
9 promoted the immature differentiation of CD4+ DC, and
induced the secretion of Th2 cytokines, including 1L4 and
IL10, shifting the Th1/Th2 ratio to Th2. IL-9 secretion is
decreased in PE and thus, may impair the regulation of DC
activity [36].

V. MOLECULAR PATHOLOGY OF THE PLACENTA IN PE

The clinical syndrome of PE arises from systemic
circulatory disturbances secondary to widespread maternal
endothelial dysfunction. The observation that there is an
abnormal interaction between maternal tissues, paternal, and
fetal causes of PE has led to the hypothesis that this syndrome
consists of two stages (two-stage disorder). The concept of a
two-stage disorder in PE, which Redman and colleagues
introduced, states that in the first stage, trophoblastic
endovascular remodeling disorder ends with reduced
placental perfusion (stage 1), resulting in factors that cause
clinical manifestations of PE (stage 2) [37]. The first stage is
an asymptomatic, preclinical stage, while the second stage is
the clinical impact that manifest on both mother and fetus due
to placental ischemia.

The early stage of PE is characterized by a hypoxic and
dysfunctional placental state, which in turn causes oxidative
stress to the placenta [37]. Placental hypoxia and/or ischemia
accompanied by excessive oxidative stress triggers the
release of placental factors into the maternal circulation,
which then causes a systemic inflammatory response and
endothelial dysfunction, the prominent components of PE.
These factors include anti-angiogenic factors (sFlt, sEng),
inflammatory mediators (TNF-a, IL-6), immune cells
(neutrophils, monocytes, NK cells, T cells), and angiotensin-
1 autoantibodies [38]. These molecules in the maternal
circulation cause exaggerated inflammatory response and
increase the oxidative environment (ROS, such as
superoxide, and RNS such as peroxynitrite) in the blood
vessels. This sequence of events further causes endothelial
activation and dysfunction characterized by increased
vasoconstriction, decreased vasodilation, and altered
angiogenesis processes. This imbalance causes a systemic
maternal response in increased blood pressure and vascular
resistance in all organs, including the placenta. Increased
constriction of the uterine or placental arteries causes a
negative feedback loop, which results in an even more
difficult ischemic situation in the placenta [39].

Recent data suggest that endothelial dysfunction in PE is
the result of an angiogenic imbalance [40]. The
syncytiotrophoblast releases many bioactive factors into the
maternal circulation in a hypoxic state. One of them is a
soluble receptor for vascular endothelial growth factor
(sVEGFR-1) called soluble Fms-like tyrosine kinase 1
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(sFlt1). These are anti-angiogenic factors that potentially bind
and inactivate pro-angiogenic factors, such as VEGF in the
circulation and other target tissues such as the kidneys. VEGF
is a key factor in endothelial resistance, and the inactivation
of these factors leads to systemic endothelial dysfunction
[41].

VI. MOLECULAR PATHOLOGY OF THE PLACENTA IN FGR

FGR is caused by placental dysfunction, which result in
abnormalities in the transfer of oxygen and nutrients from the
placenta into the fetus, leading to fetal hypoxia and growth
abnormalities [42]. It is well known that the placenta in FGR
is smaller and has increased maternal and fetal vascular
lesions. Maternal vascular lesions were observed in 50% of
placentas in pregnancies with FGR at term, compared to only
20% in normal pregnancies, and fetal vascular lesions were
observed in 11% versus 4% in normal pregnancies.
Furthermore, there is an association between an abnormal
umbilical artery 2D Doppler flow study and a recent 3D
Doppler study that demonstrated deterioration of placental
function and abnormal villous branch development,
represented by high maternal and fetal placental vascular
lesions [43].

The bi-layered trophoblast of villi shares a basement
membrane that lines the villous core, which contains fetal
blood vessels that pass through a connective tissue matrix.
Although the placental function is essential at all stages of
gestation, nutrient transport requires the chorioallantoic villi
in general, especially the villous trophoblast, and peaks at the
time the fetal weight gain triples in the third trimester of
gestation. Thus, villous trophoblast apoptosis increases with
pregnancy and causes villous injury that a compensatory
increase in cytotrophoblast proliferation may not accompany.
The imbalance between damage and repair and
developmental abnormalities of the villous branches is a
feature of the placenta in FGR [44].

VII. CONCLUSION

The main aspects of good placentation are the invasion of
extravillous trophoblasts (EVT) and the transformation of the
decidual portion of the uterine spiral arteries to ensure access
to oxygen into the maternal circulation and nutrients for the
placenta and the developing fetus. If the process of arterial
remodeling is disrupted, this condition will lead to the release
of mnecrotic and aponeurotic trophoblast fragments
culminating in the maternal systemic inflammatory response.
Failure of EVT invasion correlates with the incidence of PE
and FGR. Increased knowledge on the molecular
pathophysiology of placental development can improve the
clinical management and the prognosis of PE and FGR.
Hopefully, future studies will add to a deeper understanding
into the pathophysiology and the role of the placental
development in both PE and FGR.
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