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Abstract
The syncytiotrophoblast (SCT) is the outer layer of placenta which is in direct contact with maternal
blood. As such it is uniquely positioned to alter maternal hemostasis and endothelial function. The
syncytium is known to release anti-angiogenic factors including fms-like tyrosine kinase-1 (sFlt-1)
and soluble endoglin (sEng), as well as the anti-fibinolytic factor plasminogen activator inhibitor-1
(PAI-1). Its release of microparticles has also been suggested to play a role in regulating maternal
endothelial and immune cell function. It is of note that syncytial release of the abovementioned factors
increases in preeclampsia, a major cause of maternal mortality and morbidity. In preeclampsia,
hypoxia and reperfusion injury in the placenta is associated with activation of the maternal
endothelium. In this review, I describe the interaction of syncytial factors with hypoxia, reactive
oxygen species, and apoptosis in the pathophysiology of preeclampsia and intrauterine growth
restriction. In addition, I detail the potential protective actions of placental ceruloplasmin in
preeclampsia, recently described by our group to be a sensitive marker of syncytial hypoxia.
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Introduction
Release of syncytial factors in preeclampsia

Although the precise etiology of the maternal syndrome of preeclampsia remains unelucidated,
there is agreement that it is preceded by failed conversion of maternal endometrial spiral arteries
in the placental bed [1]. This is suggested to preclude the development of a low resistance/high
capacitance utero-placental circulation requisite for normal pregnancy [2,3]. Whether this is
due to inadequate trophoblast invasion and/or maternal factors is the subject of debate [1]. The
syncytium is the outer cell layer of the placenta that is in direct contact with maternal blood
[4]. It is postulated in preeclampsia that hypoxia/reperfusion injury disrupts syncytial
architecture and promotes increased release of soluble syncytial factors including cytokines
[5,6], eicosanoids [7], peroxides [8,9], the anti-angiogenic factors soluble fms-like tyrosine
kinase (sFlt)-1[10] and endoglin [11], as well as syncytiotrophoblast microparticles (STBM)
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[12,13]. These factors are suggested to pathologically activate the maternal endothelium
leading to maternal proteinuria and hypertension, clinical hallmarks of preeclampsia.

Syncytial hypoxia, reperfusion injury, and apoptosis in preeclampsia
Hypoxia and/or reperfusion injury associated with preeclampsia occurs in concert with the
release of the abovementioned deleterious compounds by syncytiotrophoblasts [1,8]. It is well
known that the superoxide anion (SO), the most common reactive oxygen species (ROS), is
generated during the conversion of xanthine (X) to uric acid by the enzyme xanthine oxidase
(XO)[8,14]. SO may combine with nitric oxide to produce peroxynitrite anions which damages
cellular proteins [8]. Increased placental nitrosylation of proteins and oxidative stress are
biochemical markers of preeclampsia [15,16]. ROS-associated placental damage was noted in
synctiotrophoblasts in pregnancies with preeclampsia and intrauterine growth restriction
(IUGR) [8,14,16], and is suggested to promote higher levels of apoptosis noted in this cell type
in these pregnancy complications [17,18]. In vitro studies are consistent with this notion as
hypoxia and reperfusion, not hypoxia alone, induced apoptosis in syncytiotrophoblasts [19].
Our group has studied apoptosis at the maternal-fetal interface in association with the
expression of Fas ligand (FasL) [20-22]. FasL is a member of the tumor necrosis factor family
that induces cell death following binding to Fas, its receptor on target cells [23]. We observed
that placental trophoblasts express FasL across gestation, and Fas was localized to chorionic
trophoblasts, amnion epithelial cells, and decidua of fetal membranes [20-22]. It has been
suggested that dysregulation of the Fas/FasL signaling system in villous trophoblasts occurs
in association with preeclampsia [23]; the Fas/FasL ratio increased in preeclamptic villi [24],
and sera from preeclamptic women decreased trophoblast viability while increasing
trophoblast sensitivity to Fas-mediated apoptosis [25]. It is of note, that in a recent study we
presented a novel methodology in which laser capture microdissection (LCMD) followed by
Western blotting was used to assess levels of syncytial Fas ligand (FasL) [26], suggesting that
this technique may be used to elucidate changes in syncytial protein expression that occurs in
preeclampsia and IUGR.

Syncytiotrophoblast microparticles (STBM)
STBM are surface membranes shed from the outer layer of the placenta directly to maternal
blood [12,13,27,28]. Higher levels of STBM were found in maternal blood in association with
preeclampsia, and STBM were demonstrated to promote endothelial and immune cell
dysfunction in vitro [12,13,27-29]. STBM can be isolated in vitro by mechanical means, during
perfusion, and from explant culture media following centrifugation, and are quantitated using
FACS and ELISA [27,28,30]. The presence of STBMs were specifically demonstrated to
promote cell death and/or reduce proliferation of endothelial cells [28,30]. In addition, they
were shown to activate superoxide production in neutrophils isolated from women with
preeclampsia [27]. It is of note, that STBM levels in maternal blood correlate with the severity
of preeclampsia, whereas deportation of trophoblasts (cells) does not [31]. Enhanced shedding
of STBM appears to occur in association with preeclampsia and not IUGR, suggestive of unique
patterns of placental pathophysiology in these complications of pregnancy [12]. STBM are 0.2
to 2 μm in size, and they are formed by plasma membrane blebbing associated with apoptosis/
necrosis [32]. STBM are distinct from exosomes which are 40 to 80 nm and are formed from
fusion of intracellular vesicles with the plasma membrane [32]. An exciting recent finding
suggests an apoptotic etiology for STBM generation as apoptotic DNA fragments (ladders)
were found in STBMs isolated from maternal blood as well as in conditioned media from JEG-3
choriocarcinoma cells [33].
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Placental damage and PAI-1 in PE and IUGR
Although fibrin deposition at the syncytial surface is a critical component of physiological
repair and differentiation of the placental villous [34], aberrantly high levels of intervillous
fibrin is a histological hallmark of pregnancies with preeclampsia and IUGR, and has been
suggested to reduce nutrient flow between mother and fetus resulting in poor neonatal outcomes
[35,36]. Placental damage (infarct) in pregnancies with preeclampsia and IUGR was correlated
with adverse fetal outcomes as well as increased placental expression of the antifibrinolytic
factor plasminogen activator inhibitor -1 (PAI-1) [37,38]. Immuohistochemistry and in situ
hybridization revealed elevated syncytial expression of PAI-1 in these pregnancies, suggesting
that this specific cell type was responsible for reduced perivillous fibrinolysis in preeclampsia
and IUGR [38,39]. The technique of dual (maternal+fetal) placental perfusion was used by our
group to study the syncytial release of PAI-1, cytokines, microparticles, and eicosenoids [40,
41]. The maternal component of dual perfusion is perfused via cannulae inserted through the
decidual surface directly into the intervillous space, thereby effectively mimicking the in
vivo process in which syncytiotrophoblasts release proteins and other compounds directly to
maternal blood. Thus, dual perfusion affords the investigator a physiology relevant model to
study the causes of aberrant release of syncytial factors in preeclampsia.

Adaptive syncytial responses in preeclampsia; potential role of placental ceruloplasmin
As described above, there is consensus that ROS generated during ischemia/reperfusion injury
in preeclampsia promotes both placental damage and the release of factors leading to maternal
endothelial dysfunction. There are several antioxidant systems shown to be present in placenta
that are altered in activity in association with preeclampsia [8,9]. Glutathione peroxidase,
catalase, and superoxide dismutase are a key group of enzymes that metabolize reactive oxygen
species thereby limiting cellular damage. It has been suggested that increased placental
expression of glutathione peroxidase, a selenium-containing enzyme that metabolizes and
inactivates hydrogen peroxide, serves as an adaptive/protective mechanism to limit oxidative
damage in preeclampsia [42,43]. However, in another report, glutathione peroxidase activity
was found to be lower in placentas from pregnancies with preeclampsia [42,43]. The enzyme
catalase, which also catalyzes the decomposition of hydrogen peroxide, was demonstrated to
be increased in preeclamptic placentas [42,43]. Decreased levels of mRNA and activity of the
copper-zinc isoform of superoxide dismutase (i.e. an enzyme which metabolizes and
inactivates SO) were reported in preeclamptic placentas [43,44]. Additionally, it was found
that there was no alteration in levels or localization of isoforms of superoxide dismutase in
normal and preeclamptic placentas [45].

In order to further characterize placental factors playing a role in the pathophysiology of
preeclampsia, we recently used DNA microarray gene profiling to identify mRNA
differentially regulated in placentas from women with severe preeclampsia compared to both
preterm and term control groups [46]. Microarray studies detected an up-regulation of mRNA
for ceruloplasmin, a copper-containing iron transport protein with anti-oxidant ferroxidase
properties, in preeclamptic placentas compared to preterm and term controls. Quantitative real-
time PCR confirmed these results [46]. Ceruloplasmin was first described as a protein that was
synthesized and released by the liver [47]. Decreased serum levels of ceruloplasmin were noted
in patients with Wilson's disease, establishing the basis for a clinical test that is still in use
[48]. Early animal studies showed that iron accumulated in liver as well as tissues of pigs fed
a copper free diet, and administration of ceruloplasmin rapidly promoted the release of iron to
the circulation [49,50]. Of note, ceruloplasmin was also demonstrated to be a ferroxidase
[51]. The ferroxidatic activity of ceruloplasmin is a critical function of this enzyme in light of
the finding that even trace amounts of iron can generate hydroxyl radicals through the Fenton
reaction which can destroy cellular architecture [47,52]. Ferroxidatic activity of ceruloplasmin
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converts toxic ferrous iron to less toxic ferric iron, thereby reducing oxidative damage to lipids,
proteins, and DNA [47,52].

To determine which cell types in placenta synthesize ceruloplasmin, RNA was isolated from
whole placental tissue and from primary cultures of syncytiotrophoblasts and placental
fibroblasts, and ceruloplasmin expression was examined by PCR [46]. Results from this
experiment indicated that syncytiotrophoblasts expressed ceruloplasmin mRNA and are the
likely source of placental ceruloplasmin. It is of note, that preeclampsia was associated with a
60% increase in the concentration of ceruloplasmin in maternal blood in one study [53], and a
16% increase in another [54]. To date, it is not known whether placental ceruloplasmin is
secreted, thus its potential contribution to the preeclampsia-associated increase of this protein
in maternal serum is unknown.

The question then arises as to which factors may lead to increased placental ceruloplasmin
expression in preeclampsia. One possibility is that placental hypoxia which accompanies
preeclampsia [1,2] increases placental ceruloplasmin expression as has been noted in studies
using macrophages and monocytes [55]. Using primary cultures of syncytiotrophoblasts we
reported that hypoxic treatment induced ceruloplasmin expression approximately 25-fold,
significantly greater than the effect on expression of PAI-1 and sFlt-1 [46]. This suggests that
ceruloplasmin expression is a sensitive marker of syncytial hypoxia in pregnancies with
preeclampsia.

Concerning the potential role of elevated placental ceruloplasmin in preeclampsia, it is known
that this syndrome is characterized by increased placental expression of ROS, lipid
peroxidation, and damage to villous architecture [7,8,16,56]. Thus, our findings suggest that
increased levels of placental ceruloplasmin in preeclampsia would result in enhanced
ferroxidatic activity, thereby converting excess ferrous iron to the less toxic ferric form. This
suggests that syncytial ceruloplasmin, induced by hypoxic conditions in severe preeclampsia,
plays a key role in a cellular program which mitigates the damaging effects of subsequent
reperfusion injury in placenta.

Role of syncytial products in preeclampsia and IUGR
In Figure 1 we present a model which incorporates the roles of syncytial hypoxia/reperfusion
and ROS in activation of the maternal endothelium and placental damage in pregnancies
associated with preeclampsia and IUGR. It is indicated that hypoxia and reperfusion leads to
the generation of excessive levels of ROS in placenta. In uncomplicated pregnancies ROS
generation is low, and antioxidative pathways including glutathione peroxidase, catalase and
ceruloplasmin are able to inactivate endogenous ROS thereby limiting placental damage.
However, in pregnancies with preeclampsia and IUGR, these adaptive mechanisms are
overwhelmed by enhanced production of ROS leading to an apoptotic/necrotic cascade in
syncytiotrophoblasts. This is postulated to promote the release of syncytial products including
sFlt-1, endoglin, eicosanoids, peroxides, and STBM. These factors aberrantly activate maternal
endothelium and promote the maternal syndrome of preeclampsia. In addition, we suggest that
when preeclampsia occurs in combination with enhanced levels of syncytial PAI-1, intervillous
fibrin deposition, and infarction, this may critically reduce the flow of nutrients from mother
to fetus leading to IUGR.
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Figure 1.
Model of the putative role of the placental syncytium in the pathophysiology of preeclampsia
and IUGR.
ROS, reactive oxygen species; GPX, glutathione peroxidase; CP, ceruloplasmin; PAI-1,
plasminogen activator inhibitor-1; STBM, syncytiotrophoblast microparticles; sFlt-1, soluble
Fms-like tyrosine kinase; sEng, soluble endoglin
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