Membrane and Soluble Forms of Endoglin in Preeclampsia
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ABSTRACT

Preeclampsia is a disease of high incidence in pregnant women which complicates pregnancy and may
lead to the death of mother and baby. Preeclampsia is characterized by a series of clinical features
such as hypertension and proteinuria associated with endothelial dysfunction. Although the causes of
disease have not been elucidated, it has been reported that high levels of endoglin, a TGF-beta
auxiliary co-receptor, and a soluble form of this protein, occur respectively in the placenta and plasma
of women who develop the disease. In this review, the alterations in vasculogenesis and angiogenesis
that occur during preeclampsia, the cellular and molecular mechanisms that lead to increased
membrane bound endoglin expression and soluble endoglin release, including hypoxia and oxidative
stress, and the possible pathogenic role of soluble endoglin in this disease have been analyzed.
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INTRODUCTION
Preeclampsia is a pathology which affects between 3 and 5% of pregnant women worldwide, being
one of the first causes of maternal-fetal mortality and morbidity [1]. This illness is characterized by the
appearance, in the third trimester of pregnancy, of hypertension (systolic arterial pressure >140
mmHg and diastolic arterial pressure >90 mmHg) and marked proteinuria (>300mg/24hours) [2].
Other less frequent complications may also take place, such as acute kidney injury, thrombocytopenia,
hemolysis, placental abruption, lung edema or acute liver damage, many of them are found in a more
critical variant of preeclampsia, known as Hemolysis-Elevated Liver Enzymes-Low Platelet Count
(HELLP) syndrome [3]. Several risk factors for the manifestation of preeclampsia have been compiled,
and many of them are the same to those described for the most frequent cardiovascular pathologies:
obesity, diabetes mellitus, renal diseases or chronic hypertension. It has also been observed that
women who have suffered preeclampsia are more exposed to the risk of suffering cardiovascular
illnesses in the future [4]. Endothelial dysfunction is known to be a common link between
preeclampsia and these cardiovascular diseases. Besides, both cardiovascular diseases and
preeclampsia share an inflammatory process associated with an infiltration of low density lipoproteins
particles (LDLs) into the subendothelial artery wall in atherosclerosis of coronary vessels and in acute
atherosis of spiral arteries in preeclampsia [5].
Despite the numerous studies carried out so far, an effective treatment for this illness has yet not
been discovered, with labor and the consecutive delivery of the placenta being the only way of
alleviating the symptoms. This fact emphasizes the key role that the placenta plays in this illness.
During the development of the placenta, various angiogenic processes take place, including
trophoblastic migration, followed by an invasion in the uterine vasculature, whose objective is
establishing an uteroplacental circulation for nutrition and gas exchange between the mother and the
fetus. The importance of the Transforming Growth Factor-beta (TGF-beta)/endoglin signaling pathway
in this process, in which endoglin acts regulating the trophoblastic differentiation has been
demonstrated [6]. In preeclampsia, an inadequate trophoblastic invasion leads to an inappropriate
vascular remodeling, which generates conditions of hypoxia and increased oxidative stress in the
placenta [7]. Even though the mechanism through which the illness is produced is unknown, it can be
postulated that these hypoxic conditions may trigger various signaling pathways leading to a
deregulation of the angiogenic factors needed for the placenta’s normal vasculogenesis.
Preeclampsia is characterized by a rise in plasmatic levels of angiogenesis-related soluble factors like
the soluble factor fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin (sEng) [8-10]. Flt-1 is a
receptor for vascular endothelial growth factor (VEGF), whereas its soluble form sFlt-1 is able to
sequester VEGF in the medium. In addition, sEng is able to bind TGF-beta family members, thus

inhibiting the role of these ligands in angiogenesis. Elevated plasma levels of sFlt-1 and sEng have been
reported in pregnant women several weeks before the appearance of preeclampsia, and both
molecules play a fundamental role in its physiopathology, since their antiangiogenic characteristics
make them clear effectors of the dysfunction happening in the maternal endothelium. sFlt-1 binds to
VEGF and placenta growth factor-1 (PlGF), and blocks their angiogenic actions in vascular tissues by
preventing their binding to their membrane receptors. In addition, several studies carried out in rat
and mouse show that the rise of the plasmatic levels of sFlt-1 is capable of inducing hypertension,
proteinuria and glomerular endotheliosis [8, 9, 11]. sEng may impair binding of TGF-beta1 to its
receptor on the cell surface, thus leading to deregulation of TGF-1 signaling, specifically the activation
of endothelial nitric oxide synthase and vasodilation induced by TGF-beta1 in the presence of endoglin
[12-14]. The rise of sEng in plasma is correlated to the severity of preeclampsia and with the levels of
sFlt-1, including the HELLP syndrome where the concentration of sEng is even higher than that of sFlt1. The levels of sEng rise at the end of the second trimester of pregnancy in women presenting
hypertension, preeclampsia and in pregnancies where placenta detachment takes place [15, 16].
These levels also rise in pregnancies associated with a restriction of the uterine growth (IUGR) [17].
The purpose of the present review is to analyze the possible role of endoglin in the genesis of
preeclampsia.
ENDOGLIN: AN AUXILIARY RECEPTOR OF THE TGF-BETA SYSTEM
The family of proteins to which TGF-beta belongs to, consists of a series of cytokines, including TGFbeta isoforms, activins and bone morphogenetic proteins (BMPs). In mammals TGF-beta presents
three isoforms TGF-beta1, TGF-beta2 and TGF-beta3 which regulate several cellular functions such as
proliferation, differentiation and migration [18]. TGF-betas play a role in essential pathophysiological
processes, both in the embrionary stage, where it is necessary for vasculogenesis, and in the adult life,
where these ligands participate in maintaining vascular homeostasis and in other pathological
conditions such as fibrosis or cancer [19, 20].
Members of the TGF-beta family share a common signaling pathway that is activated upon ligand
binding to a heterodimeric complex consisting of two kinds of serine/treonine kinase receptors (type I
and type II), known as activin receptor-like kinases (ALK). Initial ligand binding to each receptor type
depends on their affinity for the cytokine. Thus, BMPs bind to the receptor type I [21], while TGF-beta
and activin, like other members of the superfamily, bind first to the receptor type II [22, 23]. In
addition, the heterocomplex formed is also different in that BMPs do not need the cooperation of
both receptors for signaling [21], while both TbetaRII as ActRIIA or ActRIIB (TGF-beta and activin type II
receptors, respectively) need to recruit the type I receptor which can be ALK1 or ALK5 in TGF-beta
signaling and ALK4 in the case of activins. This leads to the activation of type I receptor by the

constitutively active type II receptor which phosphorylates type receptor in different residues,
depending on the kind of type I receptor. Next, the phosphorylated type I receptor activates the
canonical signaling cascade of Smad proteins (or another Smad-independent pathways), which are
responsible for directing the signal to the nucleus where they participate in transcriptional regulation
of target genes. This signaling cascade depends on the agonist and the type I and type II receptors
involved [24].
In the case of TGF-beta, the signaling pathway is triggered when TGF-beta is bound to the type II
receptor (TbetaRII), which then recruits and activates the type I receptor (ALK1 or ALK5 in endothelial
cells) by phosphorylation of specific serine and threonine residues [25]. Next, the phosphorylated type
I receptor activates the Smad signaling cascade. Thus, R-Smads or receptor-regulated Smads, are
phosphorylated by the type I receptor via two different pathways, the Smad 1/5/8, which is activated
by ALK1 and the Smad 2/3 pathway triggered by ALK5. Once in the nucleus, Smad proteins promote
different cellular responses [24].
In addition to the heterodimeric association between type I and type II receptors, the TGF-beta
receptor complex also contains a third group of auxiliary receptors, named type III receptors that
include betaglycan and endoglin, capable of binding several members of the TGF-beta superfamily.
ENDOGLIN STRUCTURE AND FUNCTION
Endoglin is a membrane glycoprotein predominantly expressed in endothelial cells [26], with an
upregulated expression in zones with vascular damage [27], inflammation [28], active angiogenesis
[29] and in tumor vessels [30]. Moreover, the presence of endoglin has also been observed in other
cellular types such as macrophages [31], stromal cells [32], smooth muscle vascular cells [33],
syncytiotrophoblasts of full term placenta [34] or certain hematopoietic cells [35]. The functional
importance of endoglin in the vascular development during the embrionary stage is revealed by the
fact that endoglin knockout mice die at mid-gestation because of defective angiogenesis [36-38]. The
clinical importance of endoglin is illustrated by the observation that mutations in the endoglin gene
result in the Rendu-Osler-Weber syndrome or Hereditary Hemorrhagic Telangiectasia type 1 (HHT1),
an illness characterized by the presence of epistaxis, telangiectases and arteriovenous malformations
in several organs, including lung, liver and brain [39, 40].
Human endoglin is a glycosylated type I integral membrane protein of 180-kDa formed by a
disulfide-linked homodimer [41], capable of binding TGF-beta1 and TGF-beta 3 (but not TGF-beta2),
activin-A, BMP-7, BMP-2 and BMP-9 [12]. Endoglin has three well defined regions: i) an extracellular
region of 561 amino acids that consists of an orphan domain and a zona pellucida (ZP) domain; ii) a
single hydrophobic transmembrane domain; and iii) a short cytosolic domain [42]. In primates, each

endoglin subunit comprises one ZP domain in the juxtamembrane region [43, 44] that contains an ArgGly-Asp (RGD) peptide sequence [42] that is known as a cell recognition motif for integrins found in
numerous adhesive proteins of the extracellular matrix (ECM). However, this sequence does not
appear in rat or mice endoglin, suggesting that this is a recent adaptation. The NH2-terminal domain
of endoglin does not show any significant homology to any other protein family/domain and thereby
has been named “orphan” domain [44]. The importance of this region in ligand binding was elucidated
since experiments with two deletional endoglin constructs showed that the orphan domain was
enough to bind BMP-9 [45]. A scheme showing the major domains of endoglin structure is shown in
Fig. 1.
The cytosolic domain of endoglin is constitutively phosphorylated, and can be targeted by serine and
threonine kinases [46, 47], including the TGF-beta type I and II receptors [48, 49]. It has been shown
that the endoglin phosphorylation status can influence its subcellular localization [49] and cellular
migration [50]. Endoglin cytoplasmic domain contains a consensus postsynaptic density 95/Drosophila
disk large/zonula occludens-1 (PDZ)-binding motif present at the carboxyl terminus that mediates
endoglin interaction with several PDZ domain-containing proteins and endoglin phosphorylation of
distal threonine residues [49, 51] (Fig. 1).
THE MEMBRANE ISOFORMS: L-ENDOGLIN AND S-ENDOGLIN
Two membrane-bound isoforms of the protein have been described in humans and mice, the L-(large)
endoglin (L-endoglin), which is the most abundant isoform, and the S-(short) endoglin (S-endoglin)
which is generated by an alternative splicing of the same gene, due to retention of intron 14 (Fig. 1B).
The difference between L-endoglin and S-endoglin resides in their cytoplasmic tail. Thus, S-endoglin is
33 amino acids shorter in humans and 12 amino acids shorter in mice than L-endoglin [52, 53]. Lendoglin and S-endoglin seem to have different functional properties, as the lethal phenotype of
endoglin-null (Eng-/-) mice was not rescued by breeding transgenic mice over expressing S-endoglin
into the endoglin-null background [53]. Alternative splicing factor or splicing factor-2 (ASF/SF2 or
SRSF1) seems to play a role in the intron retention responsible for alternative splicing of the endoglin
gene, as SRSF1 over expression increases the proportion of S-endoglin with respect to L-endoglin [54].
These two isoforms display differences in their phosphorylation status, but this fact does not alter the
endoglin’s capacity to bind TGF-beta [46, 52]. However, both isoforms show a different affinity for the
TGF-beta type I receptors ALK1 and ALK5 [55, 56]. Interestingly, the S/L ratio of both endoglin isoforms
was increased during senescence of human endothelial cells in vitro, as well as during aging of mice in
vascularized tissues [56].
Regulation of Vascular Function by Membrane Endoglin Isoforms

Because L-endoglin is the most abundant and first discovered endoglin isoform, most of the studies
carried out until now have been focused on the physiological function in this isoform. L-endoglin
seems to play a major role in regulating vascular tone [12]. Studies in mice haploinsufficient for
endoglin (Eng+/-) showed a lower vascular response to nitric oxide dependent vasodilators such as
acetylcholine or bradykinin than wild type littermates (Eng+/+). This deficient response was the
consequence of an impaired endothelium-dependent vasodilatation, produced by a smaller
production of nitric oxide (NO) due to a decrease of the endothelial nitric oxide synthase (eNOS)
expression and activity in these mice [14]. On the other hand, Toporsian et al. [13], showed that
endoglin haploinsufficiency produces an uncoupling of eNOS and heat shock protein 90 (Hsp90) in
endothelial cells leading to increased production of O2- and decreased levels of NO, suggesting that
endoglin also acts stabilizing eNOS in the caveolae. With respect to the role of S-endoglin in vascular
tone, we have reported that transgenic mice overexpressing the short endoglin isoform (S-Eng+)
develop hypertension because of an alteration in the TGF-beta1-induced synthesis of NO [56].
Accordingly, opposing functional effects of L-endoglin and S-endoglin isoforms on the NO synthesis
and vasodilatation regulation have been postulated [12].
A crucial role of endoglin in angiogenesis is demonstrated by the fact that endoglin KO (Eng-/-) mice die
during the fetal life due to impaired neoangiogenesis [36-38]. TGF-beta1 is a well-known regulator of
angiogenesis. Depending on the specific microenvironment, TGF-beta1 can be angiogenic, favoring the
formation of new vessels, or anti-angiogenic favoring vessel stabilization [19, 51]. The ability of
endoglin to regulate the TGF-beta1-dependent angiogenic response was noted by Li et al. in primary
cultures of human endothelial cells, in which they suppressed endoglin expression using an antisense
approach. The result obtained was not only a reduced formation of capillary tubes, but also a higher
mortality in endoglin deficient endothelial cells [57]. These data suggest that endoglin promotes
angiogenesis by antagonizing TGF-beta1 inhibitory effects in endothelial cells.
Several studies have also revealed that Eng+/- mice show a deficient adult angiogenesis, as
demonstrated by a lesser formation of blood vessels after ischemia [58] and during the growth of solid
tumors [59]. The molecular mechanism by which endoglin regulates angiogenesis has been proposed
by Lebrin et al. [60]. In this model, endoglin favors ALK1 signaling pathway promoting proliferation and
migration in endothelial cells. Thus, in the absence of endoglin, TGF-beta1 signaling occurs through
ALK5, maintaining a quiescent endothelium [60]. Supporting this view, experiments carried out with
cell transfectants expressing L-endoglin or S-endoglin revealed that both L-endoglin and S-endoglin are
able to decrease the inhibitory effect of TGF-beta1 and promote cell proliferation. However, whereas
L-endoglin abolishes this effect completely, S-endoglin only attenuates it partially [61].

While most of the endoglin results on angiogenesis described above can be attributed to the
predominant L-endoglin isoform, some reports have addressed the role of S-endoglin in this process.
Thus, studies in S-Eng+ mice reveal that these animals show an impaired angiogenesis [53]. S-endoglin
is able to interact with both TGF-beta type I receptors, ALK5 and ALK1, although the interaction with
ALK5 was stronger than with ALK1 [56]. Moreover, experiments performed by Velasco et al. [62] in
myoblasts transfected with L- or S-endoglin show that L-endoglin decreases collagen and CTGF
expression induced by TGF-beta1 while a high increase in both proteins is shown by S-endoglin
transfectants. Thus, it can be suggested that, while L-endoglin favors the TGF-beta/ALK1/Smad1/5/8
pathway, promoting proliferation and endothelial migration, S-endoglin, which presents a lesser
interaction with ALK1, favors signaling via the TGF-beta/ALK5/Smad2/3 pathway, promoting the
synthesis of extracellular matrix and hindering the proliferation and endothelial migration [60, 62, 63]
(Fig. 2).
Taken together, these experiments suggest that in contrast to the proangiogenic and vasodilator
effects of the predominant L-endoglin isoform, S-endoglin has antiangiogenic and vasoconstrictor
effects. Although, there is not any study on the role of S-endoglin in preeclampsia, this could be an
important protein to be explored in this disease.
SOLUBLE ENDOGLIN
Besides the membrane-bound isoforms described above, a soluble form of endoglin has been
described in plasma, serum and urine of patients with different pathologies such as preeclampsia [10],
atherosclerosis [57], and a wide variety of cancer types [29, 30, 51, 64]. Furthermore, high levels of
sEng in plasma from patients who have suffered a myocardial infarction correlate with a poor
prognosis [65]. High levels of sEng in plasma are also associated with the presence of vascular
alterations in patients with diabetes or hypertension [66]. Soluble endoglin is the result of a
proteolytic cleavage of the membrane isoforms. Several experimental evidences suggest that the
membrane metalloprotease (MMP) MT1-MMP or MMP-14 has a key role by cleaving the Gly-Leu bond
at the juxtamembrane position 586 of endoglin, and releasing the extracellular domain to the plasma
[67]. However, the role of other MMPs in the shedding of endoglin cannot be discarded.
In plasma, sEng can bind several ligands, among them TGF-beta1, BMP-9 and BMP-10 through the
orphan domain, and with a higher affinity than the full length membrane isoform [10, 45, 68]. When
sEng binds circulating TGF-beta1, the availability of the cytokine to interact with its membrane
receptors decreases, as sEng is unable to interact directly with the extracellular region of TGF-beta
receptors type I and type II [69] (Fig. 2). This way, an imbalance in the natural signaling pathway of
TGF-beta1 would occur, inhibiting eNOS activation, decreasing the NO production and hindering
vasodilatation and angiogenesis. This hypothesis is supported by experiments performed by

Venkatesha et al. [10] showing that increased levels of sEng reduce TGF-beta1 binding to its
membrane receptors in endothelial cells. As a result, sEng prevents the activation of Smad2/3 via TGFbeta1, impairing its signaling. In addition, sEng abolishes eNOS activation via TGF-beta1 which leads to
the eNOS dependent vasodilation inhibition in rat renal and mesenteric cells treated with similar sEng
concentrations to those seen in preeclamptic women.
It has been reported that the extracellular domain of endoglin present in either mouse or human sEng,
is able to inhibit angiogenesis in in vivo angiogenesis assays. Therefore, sEng inhibited sprouting blood
vessel formation induced by VEGF in a chick chorioallantoic membrane (CAM) assay and in VEGF/FGFinduced angiogenesis using in vivo angioreactors [68]. These data agree with previously published
observations that sEng inhibits formation of capillary tubes in vitro [10] and reduces spontaneous and
VEGF-induced endothelial sprouting in cultured HUVEC cells [67]. The anti-angiogenic activity of sEng
was also confirmed by its ability to reduce the growth of tumors induced by subcutaneous
implantation of colon-26 adenocarcinoma cells in mice [68].
Membrane endoglin-enhanced angiogenesis has been related with its ability to activate the
ALK1-dependent pathway [45, 69, 70]. Recent studies have established BMP-9 and BMP-10 as major
ligands in the angiogenic pathway of ALK1. The extracellular domain of mouse and human endoglin
was able to bind directly, specifically, and with high affinity to BMP-9 and BMP-10, suggesting that the
anti-angiogenic effect of sEng may be attributed to inhibition of the signaling triggered by BMP-9 and
BMP-10, rather than by TGF-beta1 or TGF-beta3.
REGULATION OF ENDOGLIN EXPRESSION
The human endoglin gene maps to chromosome 9q34qter [71]. Similarly to other components of the
TGF-beta signaling pathway, the endoglin promoter is a TATA- and CAAT-less promoter with GC-rich
sequences near to the transcription initiation site [72, 73] and Sp1 motifs that are necessary for basal
transcription [74]. The endoglin promoter also contains consensus sequences for several transcription
factors, including Smad, HIF-1, KLF6, NFkB, GATA-2, AP2, glucocorticoids, vitamin D and Ets [27, 7275].
It has been shown that endoglin promoter presents a stronger activity in endothelial cells as compared
with other cell types [72, 73]. The genetic expression of endoglin can be upregulated by several
components of the TGF-beta signaling pathway, including TGF-beta1, BMP-9 and the constitutively
activated ALK1 [61, 73, 76-78]. This upregulated expression appears to be mediated by a synergistic
cooperation between Sp1 and Smad transcription factors [74].
Hypoxia is one of the best studied inductors of endoglin expression [79]. Under hypoxic conditions, the
hypoxia-inducible factor 1 alpha (HIF-1alpha), subunit of HIF-1 heterodimer, plays a critical role [80].

When pO2 decreases, cytoplasmic HIF-1alpha translocates to the nucleus and dimerizes with HIF1beta. The HIF-1 heterodimer binds the hypoxia response element (HRE) region present in the
endoglin promoter in cooperation with Sp1 and the coactivator CBP/P300, thus stimulating the
expression of endoglin mRNA and the subsequent protein synthesis. This stimulatory effect is further
enhanced when the HIF-1alpha/Sp1 complex collaborates with the TGF-beta/Smad3 signaling pathway
[79].
Endoglin transcription can be upregulated by agonists of Liver X receptors (LXRs) [81]. LXRs are ligandactivated transcription factors that form heterodimers with the retinoic X receptor (RXR), regulating
the expression of different target genes [82]. These receptors are found in several tissues such as liver,
spleen, kidney and placenta, where they carry out important functions. Two variants of LXR, alpha and
beta have been described. Whereas LXR-alpha is highly expressed mainly in the liver, kidney, small
intestine, adipose tissue and macrophages, the presence of LXR-beta is ubiquitous in most tissues,
although its expression level is quite low [83]. Henry-Berger et al. [81] have demonstrated that LXRalpha/RXR heterodimer is capable of binding at least one among six putative LXR response elements
(LXRE) of the endoglin promoter, activating its expression in response to 22(R)-hydroxy cholesterol,
T0901317 (a synthetic and selective agonist, specific for LXRalpha and LXRbeta) or synthetic RXR
agonists.
A transcriptional activation of endoglin upon endothelial injury has been described in cultured
endothelial cells and in animal models. This response to vascular injury involves the cooperative
interaction between Sp1 and Kruppel-like factor 6 (KLF6) in the endoglin promoter [27]. Several
members of Ets family of transcription factors, including Erg, Elf-1 and Fli-1 and Ets-2 have also been
reported as regulators of endoglin expression in the endothelium [73, 75].
ENDOGLIN AND PREECLAMPSIA
Both total endoglin expression and sEng plasma levels have been reported to be increased in
preeclampsia [10]. In addition, a pathogenic role for sEng has been postulated. Here, the possible
mechanisms involved in endoglin overexpression in preeclampsia have been reviewed.
HYPOXIC ENVIRONMENT AND ENDOGLIN EXPRESSION IN PREECLAMPSIA
Various studies have demonstrated that certain pathologies such as preeclampsia or cancer develop
with some degree of cellular hypoxia, which could be related with the increased membrane endoglin
or the levels of its soluble form [50, 64, 79].
Studies in placentas from preeclamptic women have shown an increase in the levels of endoglin, HIF1alpha and TGF-beta3 compared with placentas from normal pregnancies [17]. Both HIF-1alpha and
TGF-beta3 appear during the first trimester of pregnancy, in response to low oxygen levels, and may

promote the subsequent increased expression of endoglin. It is also known that HIF-1alpha not only
binds to the endoglin promoter, but also interacts with the HRE region in the TGF-beta3 gene,
activating its expression (Fig. 3). Studies carried out in rats with reduced uterine perfusion with silver
clips placed on the aorta and on ovarian´s arteries, show an increase in HIF-1alpha and soluble
endoglin release, which suggests that hypoxia does not only provoke a rise of the membrane endoglin,
but it also favors the release of soluble protein to the plasma [84].
LXR-alpha and LXR-beta are expressed in human and mouse trophoblasts and the placenta from early
gestation. Its function in the placenta seems to be related with the control of the fatty acids
metabolism and cholesterol between mother and fetus, showing a primordial function in pregnancy.
In the human placenta LXRalpha and LXRbeta expressions increases during normal pregnancy. This is
paralleled by the expression of their prototypical target genes, e.g., the cholesterol transporter
ABCA1. Interestingly, early-onset preeclamptic placenta reveals a significant upregulation of ABCA1
[85]. A further link of LXRs with preeclampsia derives from the reported association between the LXRbeta gene polymorphism and preeclampsia [86]. In pregnancies complicated by preeclampsia,
expression of LXRalpha, LXRbeta and fatty acid transporter CD36, was significantly decreased in
placental tissues and the placental LXRbeta protein levels were also reduced, suggesting a possible
role for this receptor, as a transcriptional regulator, in preeclampsia [87].
In relation with placental hypoxia, culture of JAR trophoblast cells and human first trimester placental
explants under low oxygen concentration lead to increased expression of LXRalpha and ABCA1 which
was further enhanced by the LXR agonist T0901317. Deregulation of this system in early preeclampsia
might be the result of placental hypoxia with important consequences for maternal-fetal cholesterol
transport. A crosstalk between hypoxia and oxidative stress has been described by several authors.
Under hypoxic conditions, reactive oxygen species (ROS) are produced by a flavoprotein-containing
NAD(P)H or by mitochondria as a mechanism that contributes to stabilize HIF-1alpha and
consequently mediates the transcriptional response to hypoxia [88]. Thus, hypoxic conditions may
favor the generation of ROS in preeclampsia. Indeed, oxidative stress has been shown to play a pivotal
role in the etiopathogenesis of preeclampsia [89]. This oxidative stress is defined by an imbalance
between pro-oxidant and antioxidant factors, which is characterized by an increase in serum and
placenta tissue of ROS molecules, hydrogen peroxide [90] and peroxynitrite, as well as the decrease of
the enzymatic expression of the superoxide dismutase (SOD) or the nitric oxide synthase [91]. In
trophoblasts of preeclamptic placentas, the lack of endogenous protective factors such as the
antioxidant heme oxygenase-1 (HO-1), superoxide dismutase and glutathione peroxidase may
contribute to the increased production of soluble factors such as sEng and sFlt-1, a splice variant of
VEGF receptor 1 [92-94]. Supporting this view, Tam Tam et al. have recently demonstrated that there

is a dependent relation between oxidative stress and vascular effects of sFlt-1, since the
administration of tempol prevented the hypertensive effect induced by the long term administration
of sFlt-1 in pregnant rats [95].
ROS can interact and modify critical macromolecules existing in the cell such as lipids, proteins or even
cause damages in cellular DNA. Several studies have demonstrated high levels of LDL in the serum
from women with preeclampsia and these LDL show a higher susceptibility to oxidation giving oxidized
LDL (oxLDL) [96, 97]. In vitro studies have demonstrated the ability of oxLDL to inhibit trophoblastic
migration through an LXR-dependent mechanism [98]. Endogenously oxygenated cholesterol
derivatives such as 24(S)-hydroxycholesterol or 22(R)-hydroxycholesterol (oxysterols), were also
identified as endogenous agonists of LXRs. Oxysterols are detected at relatively high levels in the
placenta and it has been suggested a role of LXRs in the reproductive system and a potential
application of LXR agonists in the treatment of reproductive pathologies [99]. In vitro studies have
demonstrated the ability of oxLDL to inhibit differentiation and fusion of term primary trophoblasts
and trophoblastic migration by activating LXRs [98]. Of note, activation of LXR can induce the
expression of endoglin [81].
MECHANISM OF SOLUBLE ENDOGLIN RELEASE IN PREECLAMPSIA
The exact molecular mechanisms underlying the release of soluble endoglin in preeclampsia remain to
be elucidated. Studies carried out in rat models where an ischemia of the placenta (reduced
uteroplacental perfusion, RUPP) had been produced, show an increase in HIF-1alpha and membrane
and soluble endoglin, suggesting that hypoxia not only provokes a rise of membrane bound endoglin,
but also favors the release of protein to the plasma [84]. Besides, Redman and Sargent [100] have
described that ROS generated by oxidative stress in the placenta, can produce an inflammatory
process that might contribute to the release of sFlt-1 and sEng, via NFkB-activation. Moreover, they
have described that hypoxia is not a limiting factor for the release of these molecules in the cell [101].
This hypothesis is supported by the fact that placental villous explants release significant amounts of
sEng into the culture medium in non-hypoxic conditions, after the treatment with TNF-alpha [92].
Recently, increased levels of protein S100B, a calcium-binding protein, has been described in placentas
from patients with preeclampsia. Further, in vitro studies have demonstrated that S100B, induced
through oxidative stress, is capable of regulating the release of sEng in endothelial cells [102].
The metalloprotease MT1-MMP (MMP-14) is able to shed endoglin from the plasma membrane of
endothelial cells [67]. Interestingly, MMP-14 is expressed in placental in syncityotrophoblasts, where it
is able to release sEng from membrane endoglin [103]. Furthermore, it has been described that
hypoxia is able to regulate the expression and activity of some metalloproteases. In the case of MMP14, the main protease implicated in endoglin shedding until now, an adaptive post-translational

response to hypoxia was observed [104]. Thereby, hypoxia produces an accumulation and activation
of MMP-14 in the plasma membrane. Another possible mechanism relating hypoxia, oxidative stress
and sEng release is the increased levels of oxysterols detected in the placenta and their possible
involvement in reproductive pathologies [99]. It has been recently described that LXR activation by
oxysterols in cultured trophoblasts increases MMP-14 expression and activity and enhances the
release of sEng. Furthermore, oxysterols administration to mice increases the plasma concentrations
of sEng [105]. In turn, the capability of MMP-14 to activate HIF-1alpha was described in hematopoiesis
[106], thus suggesting a bidirectional effect between hypoxia and MMP-14.
Gu et al. [107] have described that cultured placental trophoblasts from preeclamptic women
produced significantly more sEng, sFlt-1, and PlGF than normal trophoblasts when cells were
incubated under normoxic conditions (20% O2). In addition, when placental trophoblasts were
cultured under low oxygen concentrations (2% O2), sEng and sFlt-1 productions increased in
preeclamptic trophoblasts, but not in normal trophoblasts. Moreover, experiments performed by Aoki
et al. [108] showed that human choriocarcinoma cells treated with serum from preeclamptic women
in normal conditions produced higher levels of sEng and decreased HO-1 levels with respect to
untreated cells. It is important to note that these experiments were performed using preeclamptic
serum samples and since both trophoblasts and sera were previously exposed to hypoxia, the
presence of hypoxia-induced products in these samples cannot be excluded. Taken together, these
data suggest that, in addition to hypoxia stimuli, preeclampsia serum contains some components that
might contribute to the release of soluble endoglin. The regulatory effect of HO-1, an enzyme that
catalyzes oxidation of the hemo group and favors the synthesis of antioxidants, has been described, as
HO-1 inhibits the secretion of sEng and sFlt-1 from human villous explants [109]. Moreover, the
treatment with cobalt protoporphyrin, a HO-1 inductor, diminishes hypertension and other
characteristics common to preeclampsia, using a reduction in RUPP rat model [110], demonstrating a
cytoprotective effect of HO-1 and pointing to a possible therapeutical pathway. Relating to the
protective effect of HO-1, Cudmore et al. [111] have recently described the interdependence between
HO-1 and phosphoinositide 3-kinase/Akt (PI3K/Akt) signaling pathway. The PI3K/Akt route is activated
in the presence of various factors such as insulin, VEGF and angiopoietin with a resulting protective
effect in the cell. Knockout mice for HO-1 reveal a lower expression of p-Akt, and so do placentas from
patients with preeclampsia. Furthermore, the loss of PI3K/Akt and/or HO-1 activity promotes sEng
release, indicating that both are necessary to maintain the balance between the soluble form and the
membrane protein. Several authors have described the increase in preeclampsia of the protein for
growth arrest and DNA damage inducible 45 alpha (Gadd45). This protein acts as a response to stress
conditions in the cells, activating another MAPK stress-induced response protein, p38, whose
expression is also high in preeclampsia. When activated p38 induces the release of sFlt-1 and sEng,

whose plasmatic levels are correlated with the increase in the Gadd45 and p38 levels [112, 113].
Moreover, inhibition of Gadd45alpha or p38 reestablishes the normal levels of sFlt-1 and sEng in
endothelial cells and diminishes the oxidative stress produced by hypoxia, thus promoting
angiogenesis [112].
In addition to hypoxia and oxidative stress, other mechanisms can be involved in increased sEng
release from the placenta in preeclampsia. In this sense, Zhou et al. [109] have demonstrated the
relationship between the rise of soluble endoglin and the presence of agonist antibodies to
angiotensin receptor type I (AT1-AA). AT1-AA is found in the serum of patients with preeclampsia and
seems to induce the expression of TNF-alpha via AT1R, which, in turn, induces ET1 and stimulates the
production of sEng. Accordingly, the rise in the levels of TNF-alpha, a proinflammatory cytokine, in
preeclampsia has been described [114]. In a rat model of preeclampsia (RUPP), increased levels of
AT1-AA, ET-1 and sEng have been observed. Interestingly, the administration of AT1-AA to nonpregnant rats induced an increase in arterial pressure and in plasma levels of sFlt-1, sEng and ET-1. By
contrast, suppression of circulating AT1-AA by B-cell depletion in RUPP rats was associated with lower
blood pressure and decreased ET-1 plasma levels [115]. It should be noted that ET-1 has also been
suggested to contribute to hypertension and the induction of oxidative stress and endoplasmic
reticulum stress in preeclampsia, while these two types of stress have been proposed to induce many
of the clinical manifestations of this disorder [116].
Taking into account the data described above, it can be postulated that cells from normal placentas
might be able to compensate, or be more resistant, to low oxygen tension than cells from
preeclamptic placentas. In addition, the release of sEng does not seem to be due to the activation of a
single signaling pathway. Instead, it is a consequence of various stimuli, which end up in the shedding
of the extracellular region from the full-length protein to the plasma compartment, thus allowing sEng
to exert an antiangiogenic effect by inhibiting the TGF-beta and/or the BMP-9 and BMP-10 signaling
pathway. A schematic overview of the main mechanisms involved in soluble endoglin release in
preeclampsia is given in Fig. 4.
PERSPECTIVES AND POSSIBLE TREATMENT STRATEGIES
Preeclampsia is an illness which takes place with hypertension and proteinuria and can lead to very
serious complications during pregnancy. The absence of symptoms in the first months of gestation and
the lack of an adequate treatment worsen this situation even more. Actually, the only treatment for
preeclampsia is delivery of the fetus and placenta after which, a full recovery of the patient is usually
achieved. Currently, there is a high demand for therapeutic strategies that could extend the pregnancy
in these patients for only a few weeks of gestation to reduce maternal and neonatal morbidity and
mortality. According to the pathogenic mechanisms discussed above, it can be speculated that the

different therapies to treat preeclampsia should be directed to restoring the normal angiogenesis
balance in the maternal circulation. This goal may be approached by: i) inhibiting the release of soluble
factors sFlt-1 and sEng; ii) inhibiting sFlt-1 and sEng action through specific monoclonal antibodies or
any other specific inhibitor; or iii) using agents that enhance endogenous VEGF, PlGF or TGF-beta
production.
While the regulatory mechanisms underlying the alternative splicing machinery that result in the
synthesis of sFlt-1 remain to be elucidated, the release of sEng has recently begun to be characterized.
More specifically, several authors have identified MMP-14 as the molecule responsible for endoglin
shedding in preeclampsia and other conditions [67, 103, 105]. Thus, it can be hypothesized that
blockade of the enzymatic activity of this metalloprotease by substrate competition or by any other
mechanism could prevent endoglin shedding with potential therapeutic implications. Current research
on MMP-14 inhibition is a hot topic, as MMPs have been shown to be key players in both extracellular
matrix remodeling and cell migration during cancer metastasis and other prevalent pathologies.
Blockade of metalloproteases is a difficult area of investigation due to the low specificity of most
blocking substances, and the opposite functional effects of several related MMPs [117]. However,
recent studies are providing valuable insights with potential application in this area. Thus, activation of
MMP-2 by MMP-14 has been shown to be inhibited by the calcium-binding proteoglycans Testican-1,
Testican-3 and Testican-3 splice variants [118, 119]. Tissue inhibitors of metalloproteases 1 and 2
(TIMP-1 and TIMP-2) are naturally occurring inhibitors of MMP-14. A highly selective fully human
MMP-14 inhibitory peptide (DX-2400) has been recently described [120]. Furthermore, synthetic
peptides, mimicking the essential outermost strand motifs within the hemopexin domain of MMP-14
inhibit MMP-14 activity but without effect on the function of other MMPs, have been developed, and
these peptides interfere with cancer metastasis without affecting primary tumor growth [108]. Thus,
targeting MMP-14 could be a promising therapeutic approach to decrease endoglin shedding and,
likely, the clinical symptoms observed in preeclampsia. In this regard, administration of an endoglin
peptide containing the consensus MMP-14 cleavage site Gly-Leu prevented the oxysterol-dependent
increase in arterial pressure and sEng plasma levels in mice [105], thus suggesting a potential
usefulness of this peptide as an anti-hypertensive therapy in preeclampsia.
Studies on animal models that reproduce at least partially the characteristics of human preeclampsia
should be a useful tool for testing novel therapeutic compounds. For example, treatment with VEGF121 (an isoform of VEGF) has shown to ameliorate preeclampsia signs and symptoms in a rat model
that overexpresses sFlt-1 [121]. Recently, Kumasawa et al. [122] have generated a transgenic mouse
model which overexpresses sFlt-1 specifically in the placenta. These mice show some features that
resemble those observed in preeclampsia, such as impaired placental vasculogenesis, fetal growth

restriction and hypertension. Treatment with pravastatin, a drug of the family of statins, used to
inhibit the synthesis of cholesterol, induces placental and non-placental PlGF that counteracts sFlt-1
effect and improves some of the symptoms of preeclampsia [122]. Another statin, simvastatin
decreases not only sFlt-1, but also sEng release through upregulating HO-1 in endothelial cells [92]. In
addition, statins may act regulating the angiogenic balance and stimulating protective factors in
preeclampsia as HO-1 [92]. These results suggest that statins may be useful for the treatment of
altered angiogenesis in preeclampsia.
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FIGURE LEGENDS

Fig. 1. A) Schematic representation of L-Endoglin structure. Endoglin is a disulfide linked homodimer
whose extracellular region contains a Zona Pellucida (ZP) domain and an Orphan domain. The position
of the consensus integrin-binding RGD motif and PDZ-binding motif are indicated. B) An alternative
splicing mechanism generates L-endoglin and S-endoglin. The endoglin gene, containing 15 exons,
undergoes alternative splicing leading to two different mRNA coding for L-endoglin and S-endoglin.
Retention of the intron between exon #13 and exon #14 gives rise to S-endoglin. Translation of these
transcripts results in two distinct endoglin isoforms that differ from each other in the amino acid
composition of their cytoplasmatic tail. The PDZ motif is present in the L-endoglin form, but not in Sendoglin.
Fig. 2. All three endoglin forms regulate TGF-beta signaling pathway in endothelial cells. L-endoglin (LEng) and S-endoglin (S-Eng) are membrane isoforms able to bind TGF-beta family members. L-Endoglin
promotes the ALK1 mediated signaling pathway, whereas S-Endoglin cooperates with the ALK5
signaling pathway. The soluble form of endoglin (sEng), consequence of the proteolytic cleavage of the
membrane isoforms by MT1-MMP (MMP-14), inhibits TGF-beta signaling by preventing ligand binding
to the membrane receptor.
Fig. 3. A) Preeclamptic placenta is characterized by narrow spiral arteries that carry limited blood flow
causing a hypoxic condition. B) Hypoxia signaling pathway. Hypoxia upregulates endoglin expression
via HIF-1alpha, which migrates into the nucleus where it binds to HRE in the endoglin promoter and
cooperates with other transcription factors such as Sp1 or Smads. Moreover, HIF-1alpha stimulates
TGF-beta3 gene expression and in turn, TGF-beta signaling induces endoglin expression via Smad3.
Fig. 4. Overview on the major mechanisms responsible for membrane endoglin (mEndoglin)
overexpression and soluble endoglin (sEng) shedding in preeclampsia.
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