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Abstract Preeclampsia is a hypertensive disease that
complicates many pregnancies, typically presenting with
new-onset or worsening hypertension and proteinuria. It is
well recognized that the placental syncytium plays a key
role in the pathogenesis of preeclampsia. This review
summarizes the findings pertaining to the structural alter-
ations in the syncytium of preeclamptic placentas and
analyzes their pathological implications for the develop-
ment of preeclampsia. Changes in the trophoblastic
lineage, including those in the proliferation of cytotro-
phoblasts, the formation of syncytiotrophoblast through
cell fusion, cell apoptosis and syncytial deportation, are
discussed in the context of preeclampsia. Extensive
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correlations are made between functional deficiencies and
the alterations on the levels of gross anatomy, tissue his-
tology, cellular events, ultrastructure, molecular pathways,
and gene expression. Attention is given to the significance
of dynamic changes in the syncytial turnover in
preeclamptic placentas. Specifically, experimental evi-
dences for the complex and obligatory role of syncytin-1 in
cell fusion, cell-cycle regulation at the G1/S transition, and
apoptosis through AIF-mediated pathway, are discussed in
detail in the context of syncytium homeostasis. Finally, the
recent observations on the aberrant fibrin deposition in the
trophoblastic layer and the trophoblast immature pheno-

type in preeclamptic placentas and their potential
pathogenic impact are also reviewed.

Keywords Pregnancy hypertension - HERV-W -
Syncytium - Preeclampsia - Nonfusogenic

Introduction

Affecting approximately 5 % of pregnant women,

preeclampsia is the most common disease that complicates
pregnancy. Women with preeclampsia typically present
with new-onset hypertension plus new-onset proteinuria.
Additional organ deficiency and damage are often observed
as well. Potential complications include thrombocytopenia,
impaired liver function with elevated liver transaminases,
pulmonary edema, new-onset renal insufficiency, cerebral
complications, and visual disturbances [1]. Currently, the
treatment of preeclampsia is limited to the control of
hypertension, and early termination of pregnancy remains
the only definitive treatment. However, prematurity and
low birth weight due to preterm delivery not only increase
perinatal death and morbidity but have also been linked to
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long-term risk for diabetes, and cardiovascular and renal
diseases [2, 3]. Investigators have raised additional con-
cerns over the long-term socioeconomic consequences
caused by preterm birth [4].

While some common risk factors, such as multifetal
gestation, advanced maternal age, obesity, history of
hypertension, diabetes, or kidney disorders have been
known for decades, the pathogenic mechanisms of
preeclampsia remain poorly understood. It is generally
thought that the occurrence of preeclampsia involves
multiple processes, including impaired implantation, sys-
temic inflammation, endothelial dysfunction, and tissue
damage caused by repeated ischemia-reperfusion [5].
Presumably, each of these processes may be related to
genetic predisposition and/or environmental factors.
However, such generalization provides little help for the
development of effective therapeutic approaches, reagents,
or modalities. More specific details on the cellular/molec-
ular mechanisms of preeclampsia are required for
improved treatment of preeclampsia patients.

As discussed in a point-by-point manner later, an
increasing body of evidence indicates that the placenta may
play a critical role in the pathogenesis of preeclampsia. The
systemic changes listed above can be largely explained by
placental dysfunction that often presents as placental
endocrine deficiency, shallow placental invasion, and
abnormal vasculature [6]. Placental trophoblasts represent
a highly specialized cell lineage directly involved in
embryo implantation and fetal interactions with the
decidualized maternal uterus. This is the first group of cells
to differentiate from the fertilized egg and to form the outer
layer of the blastocyst 6 days after fertilization. The tro-
phoblasts proliferate and differentiate into multinucleated
syncytiotrophoblasts, or syncytium, through a cell fusion
process. Syncytium represents a major histological and
functional component of the placenta. Syncytium forms the
maternal-placental interface [7] and produces large
amounts of steroid and peptide hormones. Syncytium also
serves as a physical barrier that protects the fetus from
exposure to harmful materials from the maternal side. At
the same time, active fetal-maternal exchanges of nutri-
ents, metabolites, wastes, and gases are constantly carried
out through syncytium by diffusion or transportation.

The integrity and normal function of the placental bar-
rier depends on a precise control and coordination of
cytotrophoblast proliferation, cell-cell fusion, and syncy-
tiotrophoblast deportation into maternal circulation [8].
Indeed, numerous in vitro and in vivo studies have
demonstrated a close, if not a causal, relationship between
structural/functional deficiency of syncytium and the
development of preeclampsia. While it remains debat-
able as to what extent the placental trophoblast anomalies
may contribute to the etiology of preeclampsia, it is safe to
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say that such anomalies are important pathological events
during the progression of preeclampsia. This review focu-
ses on the characteristic structural changes observed in
syncytium under preeclamptic conditions and their impli-
cations for the development of preeclampsia. Alterations of
trophoblast proliferation, cell fusion, cell death, as well as
their effects on the placental cell dynamics and syncytium
homeostasis are also discussed.

Trophoblast proliferation, apoptosis, and turnover
in preeclampsia

Proliferation and differentiation

One hallmark of preeclampsia is the abnormal differenti-
ation of trophoblasts, producing a defective maternal—fetal
interface [9, 10]. Abnormal development of placental villi,
specifically, reduced proliferation of villous and extravil-
lous cytotrophoblasts, may lead to shallow trophoblast
invasion that is associated with insufficient placental
implantation [11]. Trophoblasts produce vascular
endothelial growth factor and other angiogenic factors,
which promote the placental vasculature through paracrine
and autocrine mechanisms [12]. Reduced VEGF and
increased sFItl production have a negative impact on the
placental vascular development [13, 14]. The deficiency in
placental vasculature limits the uterine blood flow and
affects fetal development [11, 15]. This concept was con-
firmed when biopsies taken from term preeclamptic
placentas showed evidence of incomplete trophoblast
invasion in the uterus [9]. As an animal model, the BPH/5
mice exhibit borderline hypertension independent of
pregnancy. Interestingly, these mice develop severe
hypertension, proteinuria, and endothelial dysfunction
during late gestation. Using cdknlc (cyclin-dependent
kinase inhibitor 1C, p57, Kip2) as a marker for trophoblast-
mediated interstitial invasion, Dokras et al. observed that in
BPH/5 mice fewer cdknlc-stained trophoblasts were seen
invading the proximal decidual zone. This finding was
accompanied by a reduction in cdknlc gene expression.
While trophoblast giant cell morphology was not altered,
the mRNA levels of several giant cell-specific markers
were significantly reduced, indicating the presence of
functional abnormalities in the trophoblast lineage. How-
ever, because of species diversity, mouse trophoblast giant
cells are not considered the direct counterparts of syncy-
tiotrophoblasts even though they are of trophoblastic origin
and produce hormones like syncytiotrophoblasts. For this
reason, extrapolation of the findings from the mouse model
to human preeclampsia is difficult.

Newhouse et al. compared the outcomes of trophoblast
differentiation in both preeclamptic and intrauterine growth
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restriction (IUGR)-affected placentas and found that syn-
cytialization in preeclampsia and IUGR differs
significantly from normal pregnancies, as well as from each
other. Importantly, pregnancies complicated by both
preeclampsia and IUGR exhibited the lowest levels of
trophoblast proliferation. These observations revealed a
close relationship between syncytial structure and maternal
systemic disorders. As discussed in more detail below, the
reduced levels of syncytin-1, which have been shown to be
a key cell-cycle regulator [16], could partially explain the
decreased trophoblast proliferation in preeclamptic
placentas.

It is noteworthy that in a sharp contrast to the above
observations of reduced trophoblast proliferation in the
preeclamptic placentas, increased trophoblast proliferation
in preeclamptic placentas has been reported by some
investigators. For example, although the overall volume of
trophoblasts and the exchange surface area are not signifi-
cantly altered in preeclampsia [17], a higher rate of
proliferation in villous trophoblasts was observed by Red-
line et al. [18]. This study examined the implantation site of
normal and preeclamptic placentas from various gestational
ages ranging from 25 to 40 weeks using various cell pro-
liferation and phenotypic markers. An excessive number of
trophoblasts with a high proliferative index, but low phe-
notypic maturity, were detected in the preeclamptic
placenta. The authors proposed that an atypical implanta-
tion site with an increased number of immature trophoblasts
could represent a major characteristic of placentas from
preeclamptic pregnancies, in addition to acute atherosis,
villous infarction, and increased syncytial knotting.

The discrepancy in the trophoblast proliferation rate in
preeclamptic placentas may be due to differences in the
stage or severity of the preeclampsia cases studied by
different groups. It is not unusual that along the progression
of many human diseases, in their early stage or mild cases,
feedback mechanisms are often activated to compensate for
the loss of function. In the early stage of preeclampsia,
mild hypoxia or oxidative stress may lead to activation of
trophoblast proliferation to cope with the transient syncy-
tial deficiency. However, this compensatory capacity is
limited, and in late stages or severe cases this mechanism
might be overwhelmed, e.g., by severe hypoxia or repeated
ROS (reactive oxygen species) attacks, resulting in the
disruption of syncytium. Interestingly, the discrepancy in
trophoblast proliferation is reminiscent of another seem-
ingly controversial finding on syncytin-1 expression. As
discussed in more detail later, a decrease in the expression
of syncytin-1 mRNA and protein in preeclamptic placentas
has been repeatedly observed by many groups applying
various techniques [19-21]. In order to investigate the role
of syncytin-1 in placental and fetal development without
the interference of genetic variations, Gao et al. took

advantage of the genetic homogeneity among the
monozygotic dichorionic twins with birth weight discor-
dance (more than 20 % difference) [22]. To our surprise,
results of quantitative PCR and Western-blot analysis in 24
pairs of placentas showed a significantly higher syncytin-1
mRNA and protein expression in the placentas associated
with smaller fetus compared to placentas from larger fetus
or singleton normal pregnancy. Moreover, the syncytin-1
expression levels were inversely correlated with the birth
weight of fetuses when data from all the three groups (twin
large, twin small, and singleton normal) were analyzed
together. Furthermore, increased cell proliferation, as
indicated by the higher expression levels of PCNA, was
detected in placentas of the smaller fetuses. We hypothe-
sized that the relatively small discordance in birth weight
of the studied twins may likely recapitulate the early stage
of preeclamptic condition, which is characterized by mild
stress in comparison to severe preeclampsia with aggra-
vated stress. In placentas associated with the smaller
fetuses, the stressed condition may upregulate syncytin-1
expression, which is able to promote the trophoblast pro-
liferation as we have demonstrated by recent in vitro
experiments through manipulation of syncytin-1 expression
levels in choriocarcinoma cell cultures [16]. For the same
reason, as often observed in placentas and the cardiovas-
cular system, moderate hypoxia or ROS often leads to
active angiogenesis and epithelial expansion. However,
severe hypoxia and high levels of ROS will lead to irre-
versible tissue damage and functional disruption (Fig. 1).

Trophoblast Apoptosis, autophagy, deportation,
and turnover

As the fetal-maternal interface, syncytium is under con-
stant ROS and immune attack; it is not surprising to find
cell death and replacement to be frequent events even in a
normal placenta. Trophoblast apoptosis and its significance
for preeclampsia have been intensively investigated. One
significant finding in recent years concerns autophagy [23],
a cellular process characterized by lysosome digestion and
recycling of damaged micro-organelles. A proper level of
autophagy is often observed in tissues undergoing fast
remodeling or repair. However, excessive autophagic
activity will cause cell apoptosis. Interestingly, high
autophagy activity and autophagy-induced cell death has
been found to be increased in placentas associated with
preeclampsia or IUGR [24, 25]. Moreover, Chen et al.
reported that hypoxia is able to induce autophagy in pla-
cental trophoblasts [26]. By measuring the light chain 3-1I
(LC3-II), an autophagic marker, and cleaved poly(ADP-
ribose) polymerase, an apoptosis marker, in the primary
cultures exposed to hypoxia, this study reveals evidence for
a cross-talk between autophagy and apoptosis functions in
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Fig. 1 Syncytin-1 regulation of syncytium homeostasis. The left
panel illustrates that under physiological conditions, or early stage of
preeclampsia, low levels of hypoxia and ROS will activate syncytin-1
expression through cAMP and GCMa-mediated pathway. A sufficient
level of syncytin-1 leads to upregulation of CDK4, E2F1, and C-Myc,
which ensures G1/S transition, promoting cytotrophoblast prolifera-
tion. At the same time, syncytin-1 mediates cell fusion and the
formation of syncytiotrophoblast and keeps the trophoblast apoptosis
at low levels. These actions work together to achieve the syncytium
homeostasis, which supports the normal pregnancy. The right panel
depicts the pathological situation. High levels of ROS, severe
hypoxia, genetic predisposition, or a combination of these factors,
may overwhelm the feedback mechanism for upregulation of

the placental trophoblasts. The authors speculated that
autophagy benefits placental function in vivo by eliminat-
ing cytotrophoblast organelles damaged by stressors such
as hypoxia. On the other side, Cha et al. reported that tumor
necrosis factor o (TNF-o)-induced autophagy mediates
intrinsic apoptosis in JEG-3, a choriocarcinoma cell line
[27]. This result pointed to the possibility that under severe
hypoxic conditions, excessive autophagy may cause tro-
phoblast apoptosis in human placentas. More
investigations, especially those using clinical data and
patients’ samples, are required to define the exact role and
mechanism of autophagy in preeclampsia.

Throughout the pregnancy, aged/damaged syncytium
needs to be constantly eliminated to maintain syncytial
homeostasis [6]. This process, commonly referred to as
syncytial deportation, involves the release of cellular or
subcellular placental material into the maternal circulation.
Placental deportation takes diversified forms, ranging from
large fragments of multinucleate syncytiotrophoblasts,
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syncytin-1. At a late stage of preeclampsia, the detrimental factors
may affect DNMT expression, leading to hypermethylation and
epigenetic silencing of syncytin-1 promoter. An insufficient level of
syncytin-1 leads to blocking of G1/S transition, inhibition of
trophoblast proliferation, and a reduced cytotrophoblast pool. The
low level of syncytin-1 and reduced cell fusion will affect the repair
of syncytium. Furthermore, a low level of syncytin-1 causes apoptosis
of syncytiotrophoblasts, increases the syncytial deportation, and
ultimately, the syncytium deficiency, which contributes to the
development of preeclampsia. On the other hand, some preeclamptic
conditions may further aggravate the syncytium deficiency, leading to
the deterioration of the disease

small uninucleate elements with cytotrophoblast morphol-
ogy, anucleate cytoplasmic fragments, to microparticles
and nanovesicles [15]. Multiple studies have shown that
there is an increased trophoblast deportation into the
maternal circulation in preeclampsia [28]. Syncytial tro-
phoblastic cells were first described to be circulating in
maternal blood in 1959 by Douglas et al. [29]. Although
some studies have been unable to confirm these findings, in
2008, Schmidt et al. used a monoclonal pan cytokeratin
antibody to detect trophoblasts in maternal circulation.
Their findings suggested that the number of circulatory
trophoblastic particles in preeclamptic pregnancies was
significantly higher when compared to non-preeclamptic
pregnancies [30]. This is consistent with the findings of
Heazell et al., who showed that syncytial debris was
increased in number and density by approximately twofold
in women with preeclampsia [31]. The deportation could
be further increased in women with small-for-gestational-
age infants [32]. Douglas et al. observed that the rate of
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trophoblast release decreases from the second to third tri-
mesters in normal pregnancies. In 2011, Rajakumar, et al.
showed that preeclamptic placentas released more tro-
phoblastic mass in the form of syncytial aggregates in the
third trimester when compared to normal placentas [33].
This material contains multinuclear structures, pointing to
their syncytiotrophoblastic origin.

Turnover of syncytiotrophoblasts is similar to the pro-
cess seen in other structures such as the epidermis,
intestinal epithelium, and blood endothelium. Damaged
syncytium is continuously repaired by replacing the dead
syncytiotrophoblasts with newly formed ones through the
fusion of cytotrophoblasts. During cell fusion, cytotro-
phoblasts transfer their nuclei and other organelles, as well
as proteins and RNA, into syncytiotrophoblasts [6]. This
fusion process is highly regulated by growth factors and
cytokines that control the expression of fusogenic proteins.
As discussed later, two retroviral envelope proteins, syn-
cytin-1 and syncytin-2, play a major role in trophoblast
fusion in human placentas. Preeclampsia may be related to
the dysregulation of any of these factors, leading to
abnormal syncytial structure. Gauster et al. described that
the altered fate of the villous trophoblasts in this condition
may be due to aberrant concentrations of growth factors,
cytokines, as well as elevated expression of receptor pro-
teins that catch circulating growth factors [8].

Syncytial antigens released from the allogeneic placenta
may interact with the maternal immune system and con-
tribute to the formation of maternal immune tolerance
against fetal antigens [34]. Thus, aberrant maternal
immune responses, such as those observed in preeclampsia,
may result from the quantitative and/or qualitative changes
in the deported trophoblast debris [35]. What would be the
impact on the maternal immune system by too large or too
small amounts of syncytial debris? No sufficient data is
available at this time to address this question. Some
investigators hold that the excessive deportation may
contribute to the maternal inflammatory responses as often
observed in preeclampsia patients [36—38].

While it is conceivable that increased apoptosis triggered
by hypoxia and ROS may aggravate preeclamptic symp-
toms through disruption of placental structure and function,
the initial cause and upstream mechanism of preeclampsia
remain elusive. Questions can be raised as, before the onset
of preeclampsia what factor(s) causes what initial events
that could lead to the later syncytial abnormalities? Genetic
predisposition could be one culprit. Study efforts in the past
decades have led to revelation of several genes and poly-
morphisms, but often with relatively weak association and
at their most, to explain a small number of preeclampsia
cases. More research effort in larger patient populations is
required to clarify the significance of the identified genetic
alterations for the development of preeclampsia.

Changes in syncytial knots and syncytial sprouts

Syncytial debris found in the maternal circulation has two
major forms: syncytial knots and syncytial sprouts [31].
Syncytial knots are aggregated syncytiotrophoblastic nuclei
at the surface of terminal villi that is found in the third
trimester, which have stopped outgrowth and active pro-
liferation. Syncytial knots are consistently present and
increase with advancing gestational age. Most knots are
frequently found after 32 weeks of gestation [39]. For this
reason, the structure can be used for histological assess-
ment of villous maturity [40]. Syncytial knots are more
common in preeclampsia than in normal pregnancy, pos-
sibly due to malnutrition, shrinkage and premature aging of
the villi, which leads to buckling of the syncytial epithe-
lium [41]. In normal pregnancies, syncytial knots are found
on 10-15 % of terminal villi, whereas in placentas of
preeclamptic women they are almost ubiquitous [42].

Syncytial knots sequester syncytiotrophoblast cells with
heavily condensed chromatin, a feature of apoptotic cells.
The nuclei are closely juxtaposed with little cytoplasm and
express 8OHdG, a biomarker for oxidative stress, which is
increased in preeclampsia [42]. They also contain a paucity
of cellular organelles, few nucleoli and mitochondria, and
display an abnormal distribution of endoplasmic reticulum
and more heterochromatin, indicating a transcriptionally
inactive state [42]. Heazell et al. suggested that there is a
reduced frequency of nuclear pores, which are known to
decrease in number as nuclei show signs of advanced
apoptosis [31]. Additionally, the incidence of syncytial
knots was increased in low birth weight neonates and low
weight placentas, the conditions commonly associated with
preeclampsia. Conversely, this study also showed that the
number of syncytial knots was reduced with the increased
birth weight [43]. Devism et al. reported that increased
syncytial knots, infarcts, basal decidual vasculopathy,
hypermature villi, and placental erythroblastosis were sig-
nificantly associated with preeclampsia [44]. Results from
other studies confirmed these findings, and additionally
showed that there is a proportional increase in the number
of syncytial knots associated with the increasing severity of
preeclampsia [45].

It has been under debate if there is significant apoptotic
activity in syncytial knots, at least in normal placentas,
despite the observation for highly condensed nuclei in the
structure. Coleman et al. assessed the condensed nuclei in
syncytial nuclear aggregates, or syncytial knots. While a
higher proportion of condensed nuclei were found in the
aggregated areas than other syncytiotrophoblasts, no evi-
dence of apoptosis was found [46]. However, this study
was conducted in placentas from normal pregnancy, it
remains unclear if the same findings can be expected in the
preeclamptic placentas where trophoblasts undergo
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extensive apoptosis. In a recent study, we performed
immunohistochemistry and observed greatly increased
syncytiotrophoblast apoptosis in preeclamptic placentas in
comparison with placentas from normal pregnancy. Inter-
estingly, these apoptotic cells are often found in syncytial
aggregates that form bulged areas at the apical surface of
syncytium. The activation of apoptosis inducing factor
(AFD)-mediated apoptotic pathway, including an increased
expression of calpain and AIF, AIF cleavage, and nucle-
arization, was often detected in the same areas in serial
sections of placental tissues. As described in more details
under “Reduced syncytin-1 leads to trophoblast apopto-
sis”, AIF mediates a caspase-independent apoptotic
pathway that is initiated at mitochondria and leading to
DNA degredation and cell death. These observations have
provided support for a connection between syncytial knots
and apoptosis in preeclamptic placentas [47].

Syncytial sprouts are considered the major vehicle for
syncytial nuclear loss and account for the majority of deported
fragments in preeclampsia [15]. They contain clusters of
large, rounded, euchromatic nuclei with little heterochro-
matin, and usually have a prominent nucleolus. The
cytoplasm of cells in syncytial sprouts tends to harbor large
numbers of rough endoplasmic reticulum and ribosomes.
With their thin, protruding structure, syncytial sprouts are
more susceptible to detachment and loss into the maternal
intervillous space [15, 39]. Some investigators pointed out
that syncytial sprouts may be deported to a greater extent in
preeclampsia due to the readily abnormal structure of spiral
arteries and the formation of placental lakes, which allows
more sprouts to be dislodged [39]. Placental lakes are defined
as homogenous, sonolucent avillous lesions greater than 2
x 2 cm in diameter, with turbulent, swirling slow blood flow
detected by real-time color Doppler scanning. Small-for-
gestational-age fetal status was found to be significantly
correlated with large placental lakes [48]. These findings may
explain the increased deportation of syncytial sprouts, but on
the other hand, may point to a possible role of syncytial
sprouts and trophoblast deportation for the subsequent for-
mation of placental lakes.

Microscopic observations in preeclamptic
syncytium

On gross examination, preeclamptic placentas are often
pale in color and sometimes contain infarcts, hematomas,
and calcifications. Morphological changes can be observed
in 50 % of the placentas complicated by severe
preeclampsia [49]. Placental infarcts have been associated
with not only preeclampsia but also intrauterine growth
restriction and other adverse fetal outcomes [50, 51].
Preeclamptic placentas also tend to weigh less and have
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smaller diameters than those from normal pregnancies [52].
Microscopic examination may reveal sclerotic narrowing
of arteries and arterioles in the preeclamptic placentas [53].
Placentas in pregnancies complicated by preeclampsia
often demonstrate shallow trophoblast invasion with fewer
invading trophoblasts and failure to convert the spiral
arteries to their loosened, low-resistance and high-capaci-
tance state necessary for normal pregnancy and fetal
growth [54]. Since extravillous trophoblasts normally
replace the vascular endothelium in placental arteries,
changes in trophoblast lineage may partially account for
the dysfunction of local circulation and hypoxia seen in
preeclampsia.

Chronic low-grade ischemia—reperfusion injuries can be
found in all placentas. Preeclampsia appears to represent an
extreme state in which excessive ROS caused by recurrent
ischemia—reperfusion insult results in higher levels of tis-
sue damage and cell apoptosis. Tenney and Parker
investigated preeclamptic placentas in 1940, and noted
premature aging, with syncytial degeneration consuming
the majority of terminal villi. In some cases, the degener-
ation appeared to be extensive, occurring in all of the villi
examined. They also found marked congestion and dis-
tention of the villous blood vessels, which showed
decreased permeability. They hypothesized that these
findings could explain the fetal compromise associated
with preeclampsia [55]. Later studies found that the syn-
cytium in preeclamptic placentas was thin and
discontinuous with bulbous edges and vacuoles in tro-
phoblasts [16]. Sankar et al. reported that the
vasculosyncytial membrane thickness, as well as the den-
sity and diameter of syncytial knots are significantly
increased in preeclamptic placentas [56]. These findings
were statistically significant, with a twofold increase in the
vasculosyncytial membrane thickness in preeclamptic
placentas when compared to normal controls. These
structural changes may result in placental functional
alterations, contributing to the hypoxic conditions found in
preeclampsia [56]. Sodhi et al. examined 20 placentas from
various grades of preeclampsia and eclampsia patients and
20 placentas from normal pregnancies [57]. Linear corre-
lation was observed between the severity of preeclampsia
and increasing cytotrophoblastic cell proliferation and
increased thickening of the villous basement membrane.
Soma et al. summarized the preeclampsia related histo-
logical changes as decreased number of syncytial
microvilli, focal syncytial necrosis, thickening of tro-
phoblastic basement membrane and narrowing of the fetal
capillaries [58]. Other characteristics include terminal villi
that are smaller and atrophic, with increased syncytiotro-
phoblast nuclei, increased stromal deposition of collagens
and laminin, and increased deposition of fibrin plaques
[59]. The thinner, degenerated syncytium found in
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preeclamptic placentas also contains dilated spaces sepa-
rating the syncytiotrophoblast from underlying structures
[45].

When the placental syncytium of preeclamptic women is
examined on an ultrastructural level, there are multiple
unique characteristics noted. Specifically, Jones et al.
examined 23 placentas from women whose pregnancy was
complicated only by preeclampsia and noted focal syncy-
tial necrosis, dilation of rough endoplasmic reticulum,
decreased pinocytotic activity, and number of secretory
droplets. In areas where syncytial necrosis was detected,
the cells tend to contain swollen mitochondria. Addition-
ally, the plasma membrane demonstrated an increased
degree of basal interdigitation, which was noted to be
especially marked in placentas with severe preeclampsia
[60]. Tenney and Parker commented on ultrastructural
findings in 1940, noting a progression from the “first
stage” of syncytial degeneration, which consisted of
nuclear clumping and autolysis, to the “final stage” which
involved disappearance of all nuclei from the syncytium,
leaving the villus surrounded by a thin irregular layer of
hyaline material [55]. In 1970s, MacLennan, et al. pub-
lished a series of studies on the ultrastructural alterations
under hypoxic conditions using either trophoblast culture
or organ culture. They compared samples from fresh pla-
centa to samples from the same placentas cultured in
hypoxic conditions. Rapid damage to the syncytium in
hypoxic conditions, including an increase in basal lamina
thickness and intervillous collagen, and a decrease in the
volume and complexity of mitochondria, was documented.
They also noted hypoxic conditions induced a marked
thinning and vacuolation of syncytiotrophoblasts, as well
as increased folding of the syncytial basal membranes,
clubbing of the microvilli, and clumping of nuclear chro-
matin. Ultimately, there was loss of organelles essential for
syncytial function, leading to cellular degeneration. It was
noted that some of these changes were progressive in all
placentas, however these changes were more prominent in
preeclamptic placentas, and became more significant over
time [61].

It should be pointed out that the morphological changes
in syncytium bear immediate functional implications for
the pathogenesis of preeclampsia. For example, the pla-
cental barrier prevents fetal proteins to enter maternal
circulation, avoiding the maternal immune response against
fetal antigens. This barrier function relies on the high
integrity of syncytium. The discontinuous syncytium could
allow the leakage of fetal antigen into the maternal circu-
lation, significantly increasing the risk for immune
rejection of the allogeneic placenta. Such immune
responses may cause or aggravate the local and systemic
inflammatory process, a key clinical feature of
preeclampsia.

Syncytin-1 as a key regulator of syncytium
turnover

Syncytin-1 is a human endogenous retroviral envelope
gene product that plays an important role in the formation
and maintenance of normal syncytium throughout preg-
nancy. Syncytin-1 gene is located on chromosome 7, and is
subject to dynamic genetic and epigenetic regulations [62].
As previously discussed, the syncytium is formed by the
fusion of cytotrophoblasts; syncytin-1 is the key mediator
of the fusion process. Importantly, recent studies have
shown that this gene product has multiple functions,
including fusogenic and nonfusogenic activities, and the
coordinated actions of these activities are required for the
homeostasis of syncytium.

Reduced syncytin-1 expression in preeclampsia

Cell fusion is the characteristic step in the pathway to
terminal trophoblast differentiation. Langbein et al. found a
decreased quantity of syncytin-1, as well as a lower rate of
cell fusion in preeclamptic placentas. Syncytin-1 transcript
copy number was 8.1-fold lower in placentas from preg-
nancies complicated by preeclampsia and intrauterine
growth restriction, and 222.7-fold lower in placentas
complicated by HELLP syndrome and intrauterine growth
restriction [63]. The reduced syncytin-1 expression on
mRNA and protein levels in the trophoblastic lineages in
preeclamptic placenta has been confirmed by several
studies with the use of multiple techniques. Matouskova
et al. initially described syncytin-1 gene demethylation,
which is largely responsible for its specific expression in
trophoblasts [64]. They compared methylation patterns
between human choriocarcinoma BeWo cells and cervical
cancer HeLa cells. Increased DNA methylation was asso-
ciated with decreased syncytin-1 expression in these cells.
Moreover, there is a quantitative relationship between
syncytin-1 gene methylation and expression [64]. In addi-
tion, inhibition of the cAMP-induced and GCMa-mediated,
non-epigenetic transcriptional activation of syncytin-1 may
also contribute to the syncytin-1 deficiency in preeclamptic
placentas. Huang et al. reviewed the potential causes for
the downregulation of syncytin-1 expression in
preeclampsia. They concluded that the syncytin-1 gene
undergoes dynamic alteration in expression and 5'LTR
DNA methylation during placental maturation or under
preeclamptic/hypoxic conditions. The downregulation of
syncytin-1 by hypoxia is likely an important part of the
pathologic mechanism underlying this disorder [61].
However, it is not clear at this time through what molecular
mechanism the hypoxic condition may lead to the inhibi-
tion of syncytin-1 expression. Aberrant expression of DNA
methyltransferase (DNMT), the enzyme carrying out DNA
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methylation of genomic DNA, was thought to play a role in
gene inhibition [22, 62].

Lee et al. performed in situ hybridization and
immunohistological studies to compare the expression
levels and localization of syncytin-1 between normal and
preeclamptic placentas. As much as 25-fold lower
hybridization signal was observed in preeclamptic placen-
tas than in normal placentas. Consistent results were found
on the syncytin-1 protein expression levels. Interestingly,
in normal placentas syncytin-1 expression was detected
mainly in the basal syncytiotrophoblast cytoplasm mem-
brane, whereas in preeclamptic placentas, the expression is
limited to a thin lining of apical syncytiotrophoblast
microvillous membrane. The authors reasoned that the
improper distribution of syncytin-1 protein makes it
unavailable for fusion, and the characteristic changes in
preeclamptic syncytium may be related to the aberrant
localization of syncytin-1 protein [65].

Syncytin-1 as a cell-cycle regulator

As discussed above, some studies showed that there is an
accelerated regeneration of the syncytium in preeclamptic
placentas, in an attempt to replace the syncytium that has
been damaged by ischemia [22, 60, 66], especially in the
early stage or mild cases of the disease, in which the
feedback function is still intact. However, for a long time,
the mechanism responsible for increased trophoblast pro-
liferation has remained unclear. Recent studies have shown
that the syncytin-1 gene may carry out some novel, non-
fusogenic functions. One of these involves the role of
syncytin-1 in the regulation of trophoblast proliferation.
Huang et al. investigated the role of syncytin-1 as a regu-
lator of the cell cycle [16]. They demonstrated that
syncytin-1 knockdown in BeWo, a choriocarcinoma cell
line expressing relatively low levels of syncytin-1 protein,
resulted in inhibition of cell growth by blocking the G1/S
transition. The mRNA levels of cell-cycle inhibitor pl5
were significantly upregulated, whereas positive regulators,
including E2F1, PCNA, and c-Myc were downregulated
following syncytin-1 knockdown. Changes of the respec-
tive key regulators of the G1/S transition on protein levels
mirrored those in mRNA levels. Forced overexpression of
syncytin-1 in CHO, a Chinese hamster ovarian cell line
deficient of fusion activity and therefore, being free of
interference by the fusogenic activity, led to significantly
increased cell proliferation as the result of correspondent
changes in cell-cycle regulators. These results indicated
that syncytin-1 plays an important part in two processes of
syncytialization: syncytin-1 promotes proliferation of
cytotrophoblasts through cell-cycle regulation, and at the
same time mediates the fusion of cytotrophoblasts to form
the placental syncytium [16]. Thus, a decreased level of
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this gene product, as seen in preeclampsia, has the potential
to exert detrimental effects on the placenta as well as the
development of fetus.

Reduced syncytin-1 leads to trophoblast apoptosis

In addition to cell-cycle regulation, syncytin-1 is involved
in the control of cell survival. Huang et al. reported that
knockdown of syncytin-1 expression in BeWo cells acti-
vated the AIF-mediated cell death pathway [47]. The
reduction of syncytin-1 appeared to promote cell apoptosis
by two mechanisms. First, syncytin-1 knockdown resulted
in upregulation of calpain-1, a cysteine protease capable of
cleaving AIF and activating the apoptotic pathway. Sec-
ond, decreased syncytin-1 induced the expression,
cleavage, and nuclear translocation of AIF. Moreover,
similar changes in AIF and calpain-1 were detected in
syncytiotrophoblasts undergoing apoptosis in preeclamptic
placentas. Interestingly, the classic, caspase-mediated
apoptotic pathway remains dormant, although previous
studies have shown the presence and intact apoptotic
activity of caspase pathway in BeWo cells. Thus, the
syncytin-1 deficiency triggered cell apoptosis appears to be
specifically mediated by the AIF pathway. These findings
provided a mechanism underlying the increased tro-
phoblast deportation under preeclampsia conditions when
synctyin-1 expression is compromised, e.g., by hypoxia as
shown by other investigators [67]. Since it has been shown
that hypoxia is able to activate the caspase-mediated
apoptotic pathway and cause trophoblast death, one pos-
sible scenario could be that hypoxia leads to trophoblast
cell death via two independent mechanisms, the caspase-
and AIF-mediated pathways, with the latter one specifically
triggered by the reduction of syncytin-1 expression.

The significance of syncytin-1 for the maintenance
of syncytium homeostasis

The above findings support the concept that syncytin-1
serves as the guardian for the syncytium integrity through
both fusogenic and nonfusogenic activities, and the defi-
ciency of syncytin-1 in preeclampsia may play a key role in
the pathogenesis of the disease [47]. By this concept,
syncytin-1 is able to promote trophoblast proliferation and
fusion, and at the same time, to inhibit apoptosis of syn-
cytiotrophoblasts.  Normal pregnancy requires a
stable “pool” of cytotrophoblasts with a healthy balance
between input (proliferation) and output (fusion) of these
cells. In addition, protection of syncytium integrity by
avoiding excessive damage and deportation caused by
hypoxia and ROS attack is equally critical for placental
function. Sufficient levels of syncytin-1 may be the key for
the maintenance of syncytium homeostasis. Using a single
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factor to co-regulate three related cellular activities, pro-
liferation, fusion, and apoptosis, may provide an advantage
for more precise control and better coordination of these
activities. As illustrated in Fig. 1, under physiological
conditions or early stages of preeclampsia, low levels of
hypoxia and ROS stress could activate syncytin-1 expres-
sion, as observed in the monozygotic, dichorionic
discordant twin studies, which results in the faster
cytotrophoblast proliferation and fusion, to replace the
damaged and deported syncytium [22]. However, at late
stage of preeclampsia, this compensatory feedback mech-
anism may be overwhelmed, leading to increased syncytin-
1 gene methylation and a decline in the syncytin-1
expression [21]. The reduced syncytin-1 expression will
ultimately affect syncytium homeostasis through compro-
mised cell proliferation and fusion, and increased cell
apoptosis, the characteristic morphological alterations in
preeclamptic placentas.

It should be pointed out that current knowledge on
syncytin-1 function is still limited, and the above model
may present an oversimplified picture of syncytin’s com-
plex involvement in the pathogenesis of preeclampsia. For
example, Tolosa et al. has described the ability of syncytin-
1 to suppress maternal immune responses. They found that
syncytin-1 downregulated the concentrations of important
cytokines, including TNF-a, CXCL10, and IFN v in the
maternal circulation by some yet to be identified mecha-
nisms [68]. Deficiency of syncytin-1 expression, therefore,
may induce a pro-inflammatory state due to the increased
release of these cytokines, which may be responsible for
the elevated systemic inflammation seen in preeclampsia
[62]. These findings raised the possibility that syncytin-1
may not only participate in the regulation of placental
structure and function, but also may impose systemic
impact on the maternal adaptation and fetal development in
human pregnancy.

Trophoblastic fibrin deposition

Pregnancy is normally in a “hypofibrinolytic” state, mostly
due to the disturbance of the balance of plasminogen
activators and their inhibitors. Fibrin deposition is associ-
ated with excessive trophoblast injury. Loss of normal
villus structure and deposition of fibrinoid materials around
the syncytium is often observed in preeclamptic placentas.
Gilabert et al. reported that in preeclampsia, the level of
plasminogen activator inhibitor type 1 (PAI-1) is signifi-
cantly elevated, leading to a higher level of fibrin
deposition than in normal placentas [69]. Similarly, Kanfer
et al. describe an increased placental antifibrinolytic
potential and fibrin deposits in pregnancy-induced hyper-
tension and preeclampsia [70]. Plasminogen activator

inhibitor type 2 is also implicated in preeclampsia. Tanjung
et al. observed a reduced PAI-2 (activator inhibitor type 2)
levels with increased tissue-type PA (t-PA) antigen and
plasminogen activator inhibitor-1 antigen in preterm
preeclampsia compared to normal pregnancy [71]. A low
level of PAI-2 synthesis is probably due to trophoblastic
damage, as it has been demonstrated in preeclamptic
women with placental dysfunction [72]. An excessive
deposition of fibrin may disrupt the exchange of gas and
nutrients between the maternal and fetal circulations in the
intervillous space, accounting for some of the complica-
tions of preeclampsia [43]. Guller et al. hypothesized that
the excessive fibrin deposition in conjunction with the
hypoxia-associated —apoptosis/necrosis of syncytiotro-
phoblasts found in preeclampsia may produce the severe
fetal outcomes and maternal symptoms that are associated
with the disease [73]. Thus, plasminogen activator inhibi-
tors could be a useful biomarker for the prediction of
preeclamptic pregnancy outcome [72]. While increased
fibrin deposition appears to coincide with more trophoblast
apoptosis, it remains to be delineated which of the two
processes is the initiating event.

Phenotypic immaturity of syncytiotrophoblasts
in preeclampsia

One concept that has been repeatedly discussed in the lit-
erature that may contribute to the pathogenesis of
preeclampsia on the cellular level is trophoblastic imma-
turity. In many cell types, glycogen contents are associated
with cellular immaturity. As cell differentiate and reach
maturity, glycogen contents tend to decrease. Arkwright
et al. described their findings on the excess of glycogen
breakdown products in syncytiotrophoblast microvesicles
purified from preeclamptic placentas in comparison to
placentas from normal pregnancy [74]. The study demon-
strated that syncytiotrophoblasts of preeclamptic placentas
have higher glycogen contents than normal placentas, a
change similar to those in hydatidiform moles [74]. The
authors concluded that glycogen accumulation in villous
syncytiotrophoblasts may be a metabolic marker of
immaturity. Similarly, Redline et al. later reported that
syncytium from the implantation site of preeclamptic pla-
centas contain a high number of intermediate trophoblasts
with inappropriate phenotypic immaturity [18]. They found
a decreased level of human placental lactogen in
preeclamptic placentas, again suggesting a low differenti-
ation or immaturity of trophoblasts, because only the well-
differentiated syncytiotrophoblasts produce large amounts
of lactogen. This immaturity likely contributes to the
atypical placental implantation seen in preeclampsia. The
authors speculated that this may be due to an intrinsic
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inability of the placenta to deeply invade the uterus, or due
to maternal factors that prevent deep invasion of the pla-
centa. In addition, they reported that abnormalities in
vascular remodeling and persistence of occlusive cytotro-
phoblast plugs in large muscularized uterine arteries are
consistently detected in preeclamptic placentas, indicating
a dysfunction of the trophoblast lineage.

Paradoxically, data from some studies suggested that
preeclamptic placentas can display signs of premature
aging. Calcification, usually found on the maternal surface
of term placenta, is generally considered as an indicator for
placental aging [75]. Nahar et al. investigated placental
changes in pregnancy-induced hypertension and their
impacts on fetal outcome. One finding was that placental
calcification was more marked in placentas associated with
pregnancy-induced hypertension [76]. Chen et al. reported
that early preterm placental calcification was correlated
with the high incidence of adverse maternal and fetal
outcomes including postpartum hemorrhage, placental
abruption, maternal transfer to the intensive care unit,
preterm birth, low birth weight, low Apgar score, and
neonatal death [77]. Considering the possibility that diverse
forms of placental dysfunctions may be involved in the
development of preeclampsia, it becomes less surprising to
see the association of preeclampsia with either premature
or prematurely aged morphology of placentas.

Concluding remarks

Numerous studies have pointed to the significance of pla-
cental dysfunction in the development of preeclampsia. It
is recognized that the integrity of the placental syncytium
is compromised in preeclampsia. In this disorder, the pla-
cental trophoblasts undergo aberrant proliferation,
abnormal differentiation, and increased apoptosis that
accounts for the elevated rate of deportation of tro-
phoblastic materials into maternal circulation. This process
ultimately produces an abnormal-appearing placenta,
which is present on gross examination as well as on his-
tological inspection and ultrastructural levels. Syncytin-1,
via its fusogenic and nonfusogenic activities, participates in
the regulation of trophoblast proliferation, syncytium for-
mation, and survival. The disturbance of homeostasis in
trophoblast linage is likely to produce deleterious effects
on the placental function and pregnancy. Finally, fibrin
deposition around villi, phenotypic immaturity of tro-
phoblastic tissue, calcifications at the maternal surface, and
premature aging have also been documented in
preeclamptic placentas, although the relationship between
these changes and syncytium deficiency has not been
clearly defined.

@ Springer

It should be pointed out that although placentas from
early and late onset preeclampsia may have different
morphological changes, most studies failed to distinguish
the two classes. Another technical limitation we are facing
is the lack of appropriate cellular and animal models to
study preeclampsia, as well as many studies applying
choriocarcinoma or immortalized cell lines as study model.
Because of these shortages, many observations from pre-
vious reports need to be confirmed in more defined patient
samples or primary trophoblast cultures. Future studies
focusing on the specific molecular mechanisms underlying
the syncytin-1 expression, cell dynamics and function of
cytotrophoblasts and syncytiotrophoblasts could help us to
better understand the placental biology. Ultimately, the
dysfunctional placental syncytium could be a prospective
target for potential interventions, which may bear landmark
clinical implications for the treatment of this disease.
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