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Abstract

Introduction—Preeclampsia (PE) is a major complication of pregnancy that could lead to
maternal and fetal morbidity and mortality. The pathophysiological mechanisms of PE are not
completely understood, but recent research has begun to unravel some of the potential
mechanisms.

Areas covered—Genetic polymorphisms and altered maternal immune response may cause
impaired remodeling of the spiral arteries; a potential early defect in PE. Inadequate invasion of
cytotrophoblasts into the decidua leads to reduced uteroplacental perfusion pressure (RUPP) and
placental ischemia/hypoxia. Placental ischemia causes the release of biologically active factors
such as anti-angiogenic factors, inflammatory cytokines, reactive oxygen species, hypoxia-
inducible factors, and angiotensin Il receptor autoantibodies. These vasoactive factors could cause
systemic vascular endotheliosis and consequent increase in vascular resistance and blood pressure,
glomerular endotheliosis causing proteinuria, cerebrovascular endotheliosis causing cerebral
edema, seizures and visual disturbances, and hepatic endotheliosis which may contribute to the
manifestations of HELLP syndrome. PE-associated vascular endotheliosis causes a decrease in
vasodilator mediators such as nitric oxide, prostacyclin and endothelium-derived hyperpolarizing
factor, an increase in vasoconstrictors such as endothelin-1, angiotensin Il and thromboxane A,
and enhanced mechanisms of vascular smooth muscle contraction such as intracellular Ca2*,
protein kinase C and Rho-kinase. Changes in matrix metalloproteinase activity and extracellular
matrix cause vascular remodeling and further vasoconstriction.

Expert opinion—Some of the genetic, immune and vasoactive factors involved in vascular
endotheliosis could be used as biomarkers for early detection, and as potential targets for
prevention and treatment of PE.
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INTRODUCTION

Normal pregnancy (Norm-Preg) is associated with significant changes in the hemodynamics
in order to meet the nutrient and metabolic demands of the mother and fetus. Pregnancy-
associated hemodynamic changes include increased plasma volume, heart rate and cardiac
output, vasodilation of the uterine and systemic circulation, and decreased vascular
resistance and blood pressure (BP) particularly during mid-gestation. Hypertension in
pregnancy (HTN-Preg) occurs in 5-8% of pregnancies and may take one of 4 forms: chronic
HTN that predates pregnancy, preeclampsia (PE)-eclampsia, chronic HTN with
superimposed PE, and nonproteinuric gestational HTN [1] (* = of importance, a very
informative review on PE). PE is clinically manifested as increased BP, often proteinuria,
and occasionally edema and increased platelet aggregation. PE may also be a part of HELLP
syndrome manifested as hemolysis, elevated liver enzymes and low platelet count. PE may
also be associated with fetal intrauterine growth restriction (IUGR) and reduced birth
weight. If untreated, PE can lead to eclampsia with severe neurovascular complications
including severe HTN and convulsions [2].

Because the etiology of PE is largely unclear, it has been difficult to develop effective
preventive or therapeutic measures, and currently the only definitive treatment for PE is
delivery of the infant and placenta. Risk factors for PE have been suggested including
genetic polymorphism and immune maladaptation. These risk factors are believed to cause
abnormal placental development, reduction of uteroplacental perfusion pressure (RUPP),
and placental ischemia/hypoxia. Placental ischemia is thought to trigger the release of
vasoactive factors that cause imbalance in circulating angiogenic and anti-angiogenic factors
and lead to generalized endotheliosis in the systemic, glomerular, cerebral and/or hepatic
circulation [3] (* = of importance, describes the role of endotheliosis in PE). Systemic
endotheliosis could cause increased vasoconstriction, vascular resistance and BP.
Glomerular endotheliosis is the likely cause of proteinuria. Cerebrovascular endotheliosis
could affect the blood-brain barrier and lead to severe headaches, visual disturbances and
seizures. Endotheliosis in the hepatic vessels could lead to changes in liver enzymes and
other manifestations of HELLP syndrome (Fig. 1). Because it is difficult to perform
mechanistic studies in pregnant women, animal models of HTN-Preg have been developed
in order to delineate some of the potential mechanisms of PE. Studies in these experimental
models have demonstrated significant changes in the renal control mechanisms of BP, and
highlighted glomerular injury and altered kidney function as possible causes of the increased
BP [4]. Also, genetic, immune and bioactive vascular factors have been suggested to play a
role in the pathogenesis of PE. In this review, we will discuss the current knowledge of the
genetic and immunologic factors implicated in PE. We will also discuss how impaired
placentation could cause an imbalance in angiogenic and anti-angiogenic factors and other
vasoactive factors resulting in the generalized endotheliosis and the changes in vascular
endothelial cells (ECs), vascular smooth muscle (VSM) and extracellular matrix (ECM)
associated with HTN-Preg. We will also discuss potential biomarkers for early prediction
and diagnosis, and future directions for prevention and treatment of PE.
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1. Genes and Genetic Imprinting in PE

According to the genetic-conflict theory, fetal genes function to enhance the transfer of
nutrients to the fetus, while maternal genes function to restrict transfer that exceeds maternal
optimum. Hence, a possible conflict between fetal and maternal genes may occur in PE.
With genetic imprinting, a similar conflict may occur within fetal cells between maternally-
and paternally-derived genes leading to genetic diseases such as Angelman’s syndrome. The
gene-conflict theory predicts that while fetal genes and placental factors act to raise maternal
BP to increase blood supply to the fetus, maternal factors act to reduce BP so that the
maternal blood supply is not seriously impaired. Thus, the EC dysfunction associated with
PE may represent a fetal-rescue strategy when the uteroplacental blood supply is inadequate
in order to increase the non-placental vascular resistance and BP and provide adequate blood
supply to the fetus [5]. Several maternal, fetal and paternal genes may be involved in PE.

1.1. Maternal Genes in PE

Maternal genes may play a role in PE. Female offspring of a pregnancy complicated by PE
may have a higher risk of developing PE in their own pregnancies, suggesting inheritance of
PE susceptibility genes [2]. Genome-wide linkage studies have identified more than one
gene locus on chromosomes 1, 2p13, 2q, 3p, 44, 9, 10q, 11q23-24, 12q, 15q, 18 and 22q,
suggesting that PE is a multigene disorder [2] (Table 1). When the global gene expression
was compared in placentas of PE and Norm-Preg women in the first trimester, about 36
major genes were identified in PE placentas, 31 of them were downregulated [6]. Some of
the genes implicated in PE include ACVR2A, STOX1 and those of VEGF, hypoxia-inducible
factor (HIF), Fas and leptin (Fig. 2) as well as angiotensinogen and cytokines such as tumor
necrosis factor-a (TNF-a) and interleukin-10 (IL-10).

ACVR2A located on chromosome 2g22 and STOX1 on chromosome 10922 are two of the
first PE susceptibility genes identified within confirmed regions with significant genome-
wide linkage, and both involving normal variations single nucleotide polymorphisms (SNPs)
[7] (* = of importance, describes the first PE susceptibility genes identified). STOX1 Y153H
common polymorphism and transmission of the maternal susceptibility allele have been
observed in families where several generations of women exhibited familial severe early-
onset PE. STOX1 encodes a transcription factor and has been linked to trophoblast
dysfunction and IUGR [7]. Interestingly, STOX1 overexpression in choriocarcinoma cells
mimics the transcriptional consequences of PE in the human placenta [8, 9]. Also, wild-type
female mice crossed with transgenic male mice overexpressing human STOX1 gene show
characteristics of PE including HTN, proteinuria, and increased plasma levels of soluble
fms-like tyrosine kinase 1 (sFlt-1) and soluble endoglin (sEng) [10].

Subjects carrying the T allele VEGF 936C/T genotype have lower plasma VEGF levels than
subjects carrying the VEGF 936C/C genotype. Changes in VEGF gene and plasma levels
could play a role in the vascular endotheliosis associated with PE [11].

HIF-1a and —2a proteins and regulated genes are increased in PE placenta. Upregulation of
placental HIF-1a may induce the expression of sFIt-1 and sEng, which are secreted into the
maternal circulation, and cause disruption of the endothelium and other manifestations of
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PE. Elevated levels of HIF-1a protein in PE placenta may be due to both increased
formation secondary to ischemia/hypoxia and reduced degradation after reperfusion/
oxygenation as a result of proteasomal dysfunction [12].

The Fas ligand-Fas interaction is a known pathway of apoptosis. The binding of Fas ligand
to Fas triggers the activation of caspases 3, 7 and 9, which promote apoptosis. In Norm-
Preg, activated T lymphocytes, which recognize paternal antigens, express Fas and interact
with the cytotrophoblasts expressing the Fas ligand, leading to apoptosis of T cells and
reduction in their ability to recognize and destroy the cytotrophoblasts invading the
myometrium and spiral arteries. Polymorphisms of Fas and Fas ligand genes may play a role
in PE. In PE, the expression of Fas 670 G variant is associated with reduced Fas production
in activated T lymphocytes, leading to reduced T cell apoptosis, increased destruction of
cytotrophoblasts, and inadequate invasion of spiral arteries [13].

Leptin gene expression may also be involved in PE. Leptin gene expression is increased in
the basal plate of PE compared with Norm-Preg placenta. Also, genes encoding sialic acid
binding Ig-like lectin 6 (Siglec-6), a potential leptin receptor, and pappalysin-2 (PAPP-A2),
a protease that cleaves insulin-like growth factor (IGF) binding protein-5 (IGFBP-5), are
over-expressed in PE. In fibroblasts, increased IGFBP-5 proteolysis may attenuate its
stimulatory effects on cell migration. Placental cytotrophoblasts may respond in a similar
fashion such that an increase in PAPP-A2 could inhibit cytotrophoblast invasion by
mechanisms involving increased IGFBP-5 proteolysis. Because IGF and insulin signaling
act via the same pathways, it is likely that alterations in leptin, Siglec-6, and PAPP-A2
levels may work in concert to inhibit cytotrophaoblast invasion, resulting in PE [14].

Studies have suggested that homozygous T 235 coding angiotensinogen genotype is
associated with reduced plasma volume in nulligravid women, which might provide the
basis for the “intolerance to plasma volume expansion” theory of PE and contribute to IUGR
in PE [15, 16]. Studies have also shown possible association between clinical and laboratory
manifestations of PE and the TNF-a gene G308A (rs1800629) polymorphism [17]. Other
studies have shown specific IL-10 gene promoter polymorphisms in women with early-onset
PE [18].

1.2. Fetal Genes in PE

Fetal genes are also an important factor in the development of PE. Women homozygous for
the inhibitory killer immunoglobulin-like receptor (KIR) haplotypes (AA) have higher risk
of PE than women homozygous for the stimulator KIR halpotypes (BB), and the effect is
strongest if the fetus is homozygous for the human leukocyte antigen class Il (HLA-C2)
haplotype [19]. Also, gene-to-gene interaction between fetal HLA-G and maternal
KIR2DL4 is associated with PE risk in multigravid pregnancy [20]. In mice, mutations in
the cyclin-dependent kinase inhibitor cdknlc (p57KiP2), a regulator of embryonic growth,
induces changes in the placental architecture indicative of the RUPP found in HTN-Preg.
Also, pregnant mice expressing wild-type levels of p57XiP2 develop a PE-like condition
when carrying p57XiP2-deficient pups, supporting a role for fetal genes in the development of
PE [2].
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1.3. Paternal Genes in PE

Paternal genes could play a role in the development of PE. In a study which compared men
whose mothers had PE to men whose mothers did not have PE, a paternal family history of
PE was associated with more than 2-fold increase in risk of PE [21]. PE is also common in
hydatid form mole pregnancies in which all the fetal chromosomes originate from the father

2].

1.4. Ethnic Background and PE

Maternal ethnicity may be a factor in the development of PE. African-American women
have the highest incidence rate of PE (5.2%), while Asian women have the lowest rate
(3.5%) [2]. Paternal ethnicity may also play a role in the incidence of PE. Among African-
American women, the incidence of PE is greater if paternal ethnicity is different from
maternal ethnicity (5.8%) than if the paternal and maternal ethnicities are the same (5.2%).
Also, among Asian women, the incidence of PE is greater if paternal ethnicity is different
(4.6%) than if it is the same as maternal ethnicity (3.2%). In contrast, among Native-
American women, the incidence of PE is greater if the paternal ethnicity is the same (9.7%)
than if it is different from maternal ethnicity (3.3%) [22].

2. Immune Maladaptation in PE

Maternal immune maladaptation to fetal or paternal factors could play a role in PE. PE is
more common during a first conception, after the mother has switched partners, in women
who use barrier contraception, and in cases of donated gametes. Among nulliparous women,
a previous spontaneous or induced abortion may have a protective effect against PE, but
nulliparous women who had an abortion with a different partner are at the same risk as
primigravidas. Also, while multiparous women may have a lower risk of PE than nulliparous
women, and the protective effect of multiparty is lost with a change of partner. These
observations suggest that tolerance to paternal antigens develops during the first pregnancy,
and that memory T cells, which induce paternal antigen-specific tolerance, quickly increase
in the next pregnancy and lower the risk of maladaptation during pregnancy [23]. Also, in
mice, maternal T cells acquire a transient state of tolerance to specific paternal alloantigens
during pregnancy. Importantly, conditions associated with suppressed immune response
such as HIV-related T-cell immune deficiency are associated with a low rate of PE [19].

Prolonged exposure of the female reproductive system to seminal fluid may alter the
immune response and decrease the risk of PE. Vaginal or uterine antigen presenting cells
(APC) may take up soluble major histocompatibility complex (MHC) class | antigens
present in the seminal fluid leading to specific tolerance to paternal MHC class | antigens
[23]. Alloreactive maternal T cells may also undergo apoptosis when they come in contact
with soluble MHC Class | antigens. Also, transforming growth factor- (TGF-) present in
the seminal fluid may initiate inflammatory response and increase pro-inflammatory
cytokines and chemokines in uterine tissues, leading to deviation of the immune activity of
T cells towards the inflammatory reaction, and thereby decreased activity against paternal
sperm alloantigens [23]. This is supported by experiments in rodents demonstrating that
exposure of the female reproductive tract to seminal TGF-p initiates an influx of APC that
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process ejaculate antigens and subsequently activate the lymphocytes in lymph nodes
draining the uterus and, as a consequence, induce systemic tolerance to paternal MHC class
| antigens [5]. Thus prolonged exposure to soluble MHC class | antigens may be important
for the induction of tolerance to paternal antigens, while limited exposure or low levels of
soluble MHC-class | antigens in sperms may be a contributing factor in PE [23].

Natural killer (NK) cells may play a role in induction of MHC class | tolerance. Uterine NK
cells produce angiogenic factors such as VEGF, placental growth factor (PIGF) and TGF-§8
[23]. During Norm-Preg, activation of decidual uterine NK cells by paternal MHC class |
antigens causes an increase in VEGF, which reacts with FIt-1 receptors on human
intermediate and extravillous trophoblasts (EVT) and thereby causes efficient EVT invasion.
The failure of interplay between growth factors from decidual uterine NK cells and
trophoblast receptors may be responsible for the decreased EVT invasion in PE [24].

During Norm-Preg, T cells which react with autoantigens are removed by Fas ligand/Fas-
mediated apoptosis, a process known as “‘clonal deletion’, leading to tolerance. HLA-G and
the Fas ligand expressed on trophoblasts may play a role in clonal deletion [23]. Soluble
HLA-GL1 is produced by syncytiotrophoblasts and probably EVT, and may exert
immunotolerance to fetal or paternal antigens by inducing apoptosis of activated maternal
CD8+ T cells via the Fas ligand/Fas system. Lack of or decreased soluble HLA-G1
expression in trophoblasts may cause inadequate tolerance at the feto-maternal interface
resulting in PE [23].

There may be a relation between inflammation or infection and PE. Anti-cytomegalovirus
(CMV) and anti-Chlamydia pneumonia antibodies are higher in early than late onset PE or
Norm-Preg [25]. Also, women sero-negative for antibodies against viral agents such as
CMV, herpes-simplex virus type 2, and Epstein-Barr virus are at higher risk of PE than sero-
positive women because sero-negative women are more susceptible to primary infection
during pregnancy [26].

Cytokine-secreting cells could also be involved in the immunologic response associated with
PE. The CD4-positive T helper cells are classified into Th1 and Th2 cells. Th1 cells produce
IL-2, IFN-y and TGF-B, which acts on effector cells to enhance cell-mediated immunity,
delayed type hypersensitivity and rejection response. Th2 cells secrete IL-4, IL-5, IL-6 and
IL-13, and are involved in antibody production and suppression of cell-mediated immunity.
In Norm-preg, the predominance of Th2 over Th1l cells causes downregulation of the
allogeneic immune responses to the fetus and reduces inflammation. In PE, the balance
between Thl and Th2 cells may shift toward Th1 cells with a polarized Th1 immune
response and a decrease in Th2 response (Fig. 3) [23].

3. Abnormal Placentation as an Initiating Event in PE

Although the pathophysiology of PE remains undefined, placental ischemia/hypoxia is
considered an important initiating event. The vascular development of the placenta involves
first, vasculogenesis and formation of a primitive vascular network from endothelial
progenitor cells; second, branching angiogenesis; and third, non-branching angiogenesis
[27]. During early pregnancy, cytotrophoblasts invade the uterine spiral arteries, replacing
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the endothelial layer and destroying the medial elastic, muscular, and neural tissue.
Cytotrophoblasts initially express adhesion molecules characteristic of epithelial cells such
as integrins a6/p4 and a6/p1 and E-Cadherin. As cytotrophoblasts take the invasive
pathway, epithelial cell-like adhesion molecules cease to be expressed, and expression of
integrins a1/l and av/B3 is observed; a process referred to as vascular mimicry or
pseudovasculogenesis [28] (** = of considerable importance, describes the changes in
integrins during placentation). By the end of the second trimester, the uterine spiral arteries
are lined exclusively by cytotrophoblasts, and ECs are no longer present in the endometrial
or superficial myometrial regions. The remodeling of the spiral arteries results in a low
resistance arteriolar system with a dramatic increase in blood supply to the growing fetus. In
PE, abnormal expression of epithelial cell-like adhesion molecules and apoptosis of
cytotrophoblasts leads to limited invasion of the spiral arteries to only the superficial layers
of the decidua, with 30% to 50% of the spiral arteries escaping endovascular trophoblast
remodeling [28]. The failure of trophoblast invasion results in RUPP and placental ischemia.
Animal models of RUPP in late pregnant sheep, dogs, rabbits and rats exhibit a HTN state
that resembles PE (Table 2). Studies in the RUPP model have supported that the ischemic
placenta may induce the release of biologically active factors that contributes to the maternal
EC dysfunction associated with PE [4, 29].

4. Biologically Active Factors in PE

Placental ischemia/hypoxia induce the release of various bioactive factors. Increased plasma
and vascular tissue levels of these bioactive factors could cause EC and VSM dysfunction,
severe vasoconstriction and PE in humans (Table 3) or HTN-Preg in rats (Table 4). The EC
dysfunction in PE may result from anti-angiogenic/angiogenic imbalance with high
circulating levels of the anti-angiogenic factors sFlt-1 and sEng and low circulating levels of
the proangiogenic factors VEGF and PIGF [3]. Other biologically active factors in PE
include cytokines, ROS, HIFs, Angll type 1 receptor autoantibodies (AT1-AA), and sex
hormone metabolites (Fig. 4).

4.1. Vascular Endothelial Growth Factor (VEGF)

VEGF is a major angiogenic factor and a prime regulator of EC proliferation,
vasculogenesis and vascular permeability. VEGF binds to Flt-1 (VEGFR-1) and flk1 (KDR,
VEGFR?2), both are tyrosine kinase receptors present on EC membrane. VEGF may also
have vasodilator effects by stimulating the NO-cGMP vascular relaxation pathway. VEGF
increases EC [Ca2*];, which promotes calmodulin binding to eNOS and thereby stimulates
NO production [2].

While the circulating total VEGF levels are elevated in PE, the free unbound VEGF
concentration is reduced possibly due to the elevated levels of sFlt-1, which captures free
VEGF [30]. This is supported by the observation that patients receiving VEGF antagonists
such as bevacizumab for renal cell carcinoma develop HTN, proteinuria and endothelial
activation resembling PE [31]. Also, mice lacking one VEGF allele in renal podocytes
develop the typical renal pathology found in PE. In non-pregnant mice, infusion of VEGF
antibodies to cause a 50% reduction of VEGF leads to glomerular endotheliosis and
proteinuria similar to what is seen in PE [31]. Also, in vitro angiogenesis studies have shown
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that exogenous VEGF or an sFlt-1 antibody can reverse the anti-angiogenic effects of PE
plasma [32]. These observations support that the VEGF levels and signaling pathways may
be altered during PE.

4.2. Placental Growth Factor (PIGF)

PIGF is a pro-angiogenic factor of the VEGF family that may play a role in EC growth and
the control of vasculogenesis, angiogenesis, and placental development [30, 32]. Circulating
PIGF levels exceed those of VEGF by >40-fold during Norm-Preg, although its affinity for
VEGFR-1 is only 1/10th of the affinity of VEGF. During PE, circulating PIGF levels
decrease while the levels of its antagonist protein sFlt-1 increase [30], and the sFlt-1/PIGF
ratio is higher in PE than Norm-Preg women. Because the sFIt-1/PIGF ratio could be
elevated as early as the second trimester, it can be used as an early biomarker of the onset of
PE [29]. However, the use of sFlt-1 and sEng as predictors of PE should be viewed with
caution as their levels may not be altered in some women or experimental animals with PE/
HTN-Preg.

4.3. Soluble fms-like tyrosine Kinase-1 (sFit-1)

sFIt-1 is a splice variant of the VEGF receptor Flt-1 that lacks the transmembrane and
cytoplasmic domains and acts as a potent VEGF and PIGF antagonist by preventing their
interaction with their endogenous receptor (Fig. 4). sFlt-1 is made in large amounts by the
PE placenta and released into the maternal circulation [30]. Circulating sFlt-1 levels are
increased in women with established PE and may begin to rise before the onset of clinical
symptoms [29]. Consistent with the antagonistic effect of sFlt-1, free (or unbound) VEGF
and PIGF concentrations are decreased in PE women. Increases in maternal sFlt-1 are
observed in several conditions that are considered risk factors for PE [29, 30]. For example,
in twin pregnancy, there is a 2- to 3-fold increase in the incidence of PE [33] and the
circulating sFlt-1 levels and sFlt-1/PIGF ratios are twice as high as those in singleton
pregnancy [34]. Also, in trisomy 13 an extra copy of the Flt-1/sFlt-1 gene (present on
13g12) may lead to excess circulating sFlt-1, reduced free PIGF level, and hence increased
sFIt-1/PIGF ratio, and increased risk of PE [34]. Exogenous sFlt-1 given to pregnant rats
results in HTN, proteinuria and glomerular endotheliosis, akin to the PE phenotype observed
in human [30]. Also, in tissue culture, exposure of EC to conditioned medium containing PE
plasma results in reduced angiogenesis, while removal of sFlt-1 by immunoprecipitation
restores EC function and angiogenesis to normal levels [32].

4.4 Endoglin

Endoglin (Eng), a co-receptor for TGF-1 and TGF-B3, is highly expressed on cell
membranes of vascular ECs and syncytiotrophoblasts [29]. Placental endoglin is up-
regulated in PE, releasing soluble endoglin (SEng) into the maternal circulation [35]. SEng is
an anti-angiogenic protein that inhibits TGF-p1 signaling in the vasculature [35] (Fig. 4).
Circulating sEng levels increase in the beginning 2 to 3 months before the onset of PE and
more steeply in women who develop PE, and peak at the onset of clinical manifestations
[29]. sEng may act in concert with sFlt-1 to cause EC dysfunction in severe PE and HELLP
syndrome.
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sEng disrupts formation of endothelial tubes in human umbilical vein endothelial cells
(HUVECS) in culture and induces vascular permeability and HTN in pregnant rat in vivo
[35]. Mutations in endoglin result in loss of capillaries, arteriovenous malformations, and
hereditary hemorrhagic telangiectasia [33]. Coadministration of sEng and sFlt-1 in pregnant
rats is associated with proteinuria, severe HTN, HELLP syndrome, and IUGR, and
histological analysis of tissues from these rats reveals severe glomerular endotheliosis,
placental infarction, liver necrosis, and fragmented red blood cells (schistocytes) [35]. Also,
placental ischemia in the RUPP rat model is associated with increased expression of SEng
and HIF-a and shifts the balance of angiogenic factors in the maternal circulation toward an
angiostatic state [4].

4.5 Cytokines

During Norm-Preg, women may show an inflammatory response and increased plasma
levels of plasminogen activator inhibitor-1 (PAI-1), TNF-a and C-reactive protein. In PE,
increased production and release of TNF-a, IL-6, and IL-8 from ischemic placenta may
contribute to the maternal EC dysfunction. TNF-a reduces acetylcholine-induced
vasodilatation and enhances the release of ET-1 from ECs. TNF-a induces oxidative damage
as it destabilizes electron flow in mitochondria, resulting in the release of oxidizing free
radicals and formation of lipid peroxides that damage ECs. The plasma level of TNF-a and
IL-6 increases 2- to 3-fold in women with PE compared with third-trimester Norm-Preg and
women with gestational HTN [36]. In contrast, IL-10, which may be involved in the
maintenance of pregnancy by inducing corpus luteum maturation and progesterone
production, is decreased in PE [2]. RUPP during pregnancy and the ensuing placental
ischemia are thought to increase the release of TNF-a and IL-6 into the maternal circulation,
leading to generalized EC dysfunction and HTN. Also, chronic infusion of TNF-a or IL-6 in
late pregnant rats causes significant increases in BP, enhanced vascular contraction and
reduced endothelium-dependent vascular relaxation possibly due to inhibition of the
endothelial NO-cGMP pathway [37] (* = of importance, provides evidence for a role of
cytokines in endothelial dysfunction in HTN-Preg).

It has been suggested that PE may represent an excess maternal inflammatory response to
pregnancy. PE is characterized by leukocyte activation, which may account for the elevated
cytokine levels [38]. In particular, maternal neutrophils are activated during their passage in
the decidua of women with PE [38]. Also, conditioned medium of cultured placental villi
taken from PE women causes activation of neutrophils [39].

4.6. Reactive Oxygen Species (ROS)

Pregnancy is a state of oxidative stress characterized by placental production of ROS such as
superoxide (O»°7), hydrogen peroxide (H»05), hydroxyl radicals (~OH) and peroxynitrite
(ONOO-). In Norm-Preg, ROS are counterbalanced by abundant antioxidant defenses.
However, in PE excessive ROS production overpowers antioxidant defenses, leading to
increased oxidative stress and ROS activity. Increased levels of lipid peroxides and loss of
glutathione peroxidase (GPx) activity have been demonstrated in placentas from PE women.
Also, mMRNA levels of ROS modulators such as heme oxygenase (HO)-1, (HO)-2, copper/
zinc superoxide dismutase (SOD), GPx and catalase are decreased in blood cells of PE
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women, and the reduction in the amount of HO-1 and HO-2 correlates with the severity of
PE [40].

Neutrophils represent an important source of ROS and EC damage in PE. Stimulated
neutrophils from women with PE produce more O,°~ and cause more EC damage compared
to those from Norm-Preg women. Of note, neutrophils also produce NO, which can protect
cells from O,""-induced damage during Norm-Preg. However, in PE, excess O,*~ scavenge
the NO produced by neutrophils to form peroxynitrite (ONOQO™), effectively reducing NO
bioavailability and causing EC injury [41].

0,"~ and ONOO™ may promote vascular dysfunction in PE through stimulation of MMP-1,
-2, and -9 in VSM. ROS increase VSM [Ca?*]; by stimulating Ca2* influx, inhibiting Ca%*-
ATPase activity, and promoting inositol trisphosphate (IP3)-induced Ca?* release from the
intracellular stores. ROS may also promote vasoconstriction by activating protein kinase C
(PKC) and Rho-A/Rho-kinase signaling pathways [2].

4.7. Hypoxia Inducible Factors (HIF)

HIF-1 is a transcriptional factor that plays a role in the physiologic responses to hypoxia and
the pathophysiology of ischemic cardiovascular disease, and may be involved in PE. HIF-1
is a heterodimer consisting of an oxygen-regulated HIF1-a and HIF2-a subunits and a
constitutively expressed HIF1-f subunit. To date, more than 100 HIF-1 downstream genes
with varying functions have been identified including VEGF, leptin, TGF-p3, and NOS.
Also, DNA microarrays have shown that more than 2% of all human genes are regulated
directly or indirectly by HIF-1 in arterial ECs. HIF-1 activates the expression of these genes
by binding to a 50-base pair cis-acting hypoxia response element located in their enhancer
and promoter regions. Under normoxic conditions, the a-subunit of HIF-1 is rapidly
degraded by ubiquitination and proteosomal degradation. The amount of HIF-1a and
HIF-2a, but not HIF-1B, is increased in PE placenta. The increase in HIF-1a protein occurs
as a result of both increased formation secondary to ischemia/hypoxia and reduced
degradation after reperfusion/oxygenation due to proteosomal dysfunction [12]. The
molecular mechanisms underlying the changes in HIF expression and the genes affected in
PE are unclear. However, upregulation of HIF-1 has been shown to enhance VEGF
expression. Also, a HIF-1a binding site exists in the promoter region of the ET-1 gene and
may regulate ET-1 expression and consequently vasoconstriction [2].

4.8. Angiotensin Il (Angll), and AT1 Receptor Autoantibodies (AT1-AA)

Angll is an important circulating hormone for BP regulation and electrolyte homeostasis.
Also, ~40% of Angll is produced locally in the placenta by chymase, a chymotrypsin-like
serine protease produced mainly from villous syncytiotrophoblast [42]. Angll, via ATR,
causes vascular remodeling by promoting vasoconstriction, vascular growth, and
inflammation. Angll increases VSM [Ca2*]; and activates Rho/Rho-kinase, a major
regulator of VSM contraction, the cytoskeleton and vascular remodeling. Inflammatory
cytokines such as TNF-a stimulate Angll production in the female reproductive tract and
IL-6 increases AT{R expression of VSM cells [2]. On the other hand, Angll, via endothelial
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AT>,R, stimulates the release of NO through activation of eNOS and the synthesis of PGl»,
which oppose Angll-induced vasoconstriction.

Norm-Preg is associated with increased plasma renin and Angll levels, but decreased
sensitivity and blunted response to Angll. The reduction in Angll sensitivity during Norm-
Preg could be related to the relative expression of AT1R and AT,R, and the absence of
adaptive changes in Angll receptor expression could contribute to PE [43]. During Norm-
Preg monomeric ATR are inactivated by ROS leading to lower Angll sensitivity. In PE,
ATR forms a heterodimer with bradykinin B2 receptor and becomes resistant to ROS
inactivation and therefore remains active and hyper-responsive to Angll [44]. Angll peptide
levels, renin, and angiotensin converting enzyme (ACE) mRNA are also higher in the
uterine placental bed of PE compared with Norm-Preg controls [45].

Plasma hemopexin activity increases during Norm-Preg from 10 weeks onward and active
hemopexin downregulates AT1R in human monocytes and ECs in vitro, and in aortic rings
of Norm-Preg rats. Decreased hemopexin activity during PE may enhance AT1R expression
and promote vascoconstriction [46].

AT¢R agonistic autoantibodies (AT1-AA) may provide a link between placental ischemia
and HTN-Preg (Fig. 4). AT1-AA induces signaling in vascular cells and activates protein-1,
calcineurin, and nuclear factor kappa B (NFxB). Also, activation of AT;R by AT1-AA in
human trophoblasts may increase PAI-1 production and cause shallow trophoblast invasion
[47]. Administration of AT1-AA to pregnant rats increases ET-1 levels in renal cortex and
placenta. Also, AT1-AA can additively contribute, alongside Angll and local placental
hypoxia, to the excess sFlt-1 secretion in PE [48].

4.9. 2-Methoxy Estradiol (2-ME) Deficiency

2-ME, a natural metabolite of estradiol, is generated by catechol-O-methyltransferase
(COMT) in the placenta. Plasma levels of 2-ME are elevated during the third trimester of
Norm-Preg, but are markedly lower in women with severe PE. Pregnant mice deficient in
COMT demonstrate a PE-like phenotype resulting from the absence of 2-ME. 2-ME
ameliorates PE-like features in COMT-deficient pregnant mice and suppresses placental
hypoxia, HIF-1a expression and sFlt-1 elevation. Measurement of 2-ME in plasma and
urine may be used as a diagnostic marker for PE, and 2-ME may prevent or treat PE [49] (*
of importance = describes the changes in estrogen metabolism in PE).

5. Generalized Endotheliosis in PE

One of the major targets of the circulating vasoactive factors in PE is ECs. Women with PE
may develop glomerular endotheliosis, swelling of glomerular ECs and display fibrin
deposit within EC and mesangial cells that could cause renal injury. Microalbuminuria is an
important manifestation of renal endothelial dysfunction, and two third of women with PE
may show microalbuminuria 2 to 4 months after delivery [50]. In PE, the glomerular
endotheliosis may be caused by decreased VEGF levels. VEGF, produced by podocytes in
the glomerulus, is essential for the preservation of general endothelial wellness. VEGF also
plays a role in the formation of fenestrae, the small pores in ECs that allow the transfer of
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molecules from the glomerular capillaries into the urinary space. In women with PE, the
excessive production of sFlt-1 inhibits VEGF signaling, and the lack of fenestrae causes
reduction in glomerular filtration rate and eventually leads to proteinuria [51]. Endotheliosis
could also affect the blood vessels of the brain leading to seizures or visual disturbances, or
the hepatic vessels of the liver leading to HELLP syndrome. Also, vascular tone is regulated
by both vasodilator and vasoconstrictor mediators, and generalized endotheliosis in PE
could cause an imbalance in vascular mediators and lead to increased systemic vascular
resistance and HTN.

5.1. Decreased Endothelium-Derived Vasodilators in PE

5.1.1. Nitric Oxide (NO)—NO is a potent vasodilator and relaxant of VSM. NO is
produced by endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS).
The NOS isoforms share a common effect leading to oxidation of L-arginine to L-citrulline
and the release of NO. NOS expression and activity are increased in human uterine artery,
and NO production is enhanced during Norm-Preg. Also, plasma concentration and urinary
excretion of cGMP, a second messenger of NO and cellular mediator of VSM relaxation, are
increased in Norm-Preg. Because NO is an important vasodilator in Norm-Preg, NO
deficiency has been suggested to play a role in PE. However, whether NO production
decreases during PE is unclear because it is difficult to accurately assess NO in humans. For
example, measurement of whole-body NO in clinical settings has shown variable results
caused by difficulties in controlling for nitrate intake. Also, whole-body NO may not be an
accurate measure of the NO system activity in specific tissues such as the vasculature or the
kidneys [52].

Experimental studies have shown that NOS blockade with N,-nitro-L-arginine methyl ester
(L-NAME) during mid- to late gestation in rats produces pathological changes similar to
those observed in women with PE including increased BP, renal vasoconstriction,
proteinuria, thrombocytopenia and IUGR [53]. Also, chronic RUPP in pregnant rats causes
significant increase in BP, proteinuria, decreased GFR and renal plasma flow (RPF), and
IUGR. Although the RUPP rat may not show reduction in whole-body NO synthesis as
assessed by urinary excretion of nitrate/nitrite, specific reduction in nNOS expression in the
kidneys may contribute to the changes in renal hemodynamics and the HTN in this
experimental model of PE [52]. Also, acetylcholine induced relaxation and NO production
are reduced in RUPP compared with Norm-Preg rats, supporting specific reduction in NO
synthesis in the vasculature [54].

5.1.2. Prostacyclin (PGIl,)—PGl; is produced from the metabolism of arachidonic acid
by cyclooxygenase 2 (COX)-2 and COX-1, and is a potent vasodilator and inhibitor of
platelet aggregation. During Norm-Preg, the synthesis of 6-keto-PGF1a (a stable metabolite
of PGly) is increased in fetoplacental and umbilical tissues and may play role in the
regulation of the maternal and fetal circulation [55, 56]. Plasma and urinary concentrations
of PGF1la are lower in severe PE than in Norm-Preg, suggesting that the overall PGl,
synthesis is diminished. Endothelial PGI, production may also decrease in PE [57]. Also,
while the release of PGl, may not be different in apical and basal trophoblasts of PE
compared with Norm-Preg women, the release of thromboxane A, (TXA5), another COX
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product, from basal trophoblast cells is increased in PE women, and may contribute to
increased placental vasoconstriction [58].

5.1.3. Endothelium-Derived Hyperpolarizing Factor (EDHF)—EDHF is an
important relaxing factor particularly in the small resistance vessels, and is believed to be
involved in the control of local organ blood flow, peripheral vascular resistance and BP, all
of which are disturbed in PE. Studies in subcutaneous arteries from Norm-Preg and PE
women have shown similar overall relaxation responses to bradykinin, but reduced EDHF-
mediated relaxation component in PE. Also, while myoendothelial gap junctions could be
the main pathway for EDHF in Norm-Preg, PE vessels show heterogeneous contribution of
EDHF, and involved either myoendothelial gap junctions alone or in combination with
H,0, or cytochrome P-450 epoxygenase products of arachidonic acid [59]. Also, studies on
the uterine vessels of pregnant rats have suggested that EDHF activates a delayed rectifier
type of voltage-sensitive K* channel. Although NO, PGI, and EDHF have different
vasodilator mechanisms, they may affect each other. For example, PGI, may upregulate
eNOS and NO production in ECs, and PGl5 also activates the inward rectifier K* channels
through the release of EDHF [2].

5.2. Increased Endothelium-Derived Vasoconstrictors in PE

5.2.1. Endothelin-1 (ET-1)—ET-1 is a potent vasoconstrictor synthesized by ECs.
Hypoxia induces the synthesis and secretion of ET-1 from ECs. Also, ET-1 secretion is 4- to
8-fold higher in umbilical cord ECs of PE than Norm-Preg women. The elevated plasma
levels of ET-1 in PE women return to normal levels within 48 h of delivery, suggesting that
ET-1 may contribute to the vasoconstriction and HTN in PE. Typically, plasma levels of
ET-1 are highest during the later stage of the disease, suggesting that ET-1 may not be
involved in the initiation of PE, but rather in its progression into a malignant phase [2].

Although the circulating levels of ET-1 may not dramatically increase during PE, the role of
ET-1 as a paracrine or autocrine agent in the vasculature should be considered. ET-1
interacts with ETAR and ETB2R in VSM leading to vascular contraction. ET-1 stimulates
Ca?* release from the intracellular stores, CaZ* influx through Ca2* channels, and PKC-
mediated Ca2*-sensitization pathways of VSM contraction [2]. ET-1 also activates ETB1R
in ECs and causes the release of vasodilator substances such as NO, PGl, and EDHF. ET-1,
via activation of ETB1R, may mediate the reduced myogenic reactivity and vasodilation of
renal arteries as well as hyperfiltration during pregnancy in rats [60]. Downregulation of
ETBR may predispose women to PE by impairing trophoblast invasion. This is supported by
recent report that the expression and activity of microvascular endothelial ETBR are
downregulated in RUPP rat model of HTN-Preg [61] (** = of considerable importance, first
evidence of a role of decreased ETBR in HTN-Preg). Also, excessive expression of ET-1,
ETAR or ETB,R on VSM of renal arterioles may overwhelm the vasodilation promoted by
relaxin [60].

Studies have shown that increasing AT1-AA in pregnant rats to the levels observed in PE
women increases BP, and that the HTN is attenuated by oral administration of the AT{R
antagonist losartan or an ETAR antagonist, supporting a role of ET-1 in PE [48].
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5.2.2. Thromboxane A, (TXA,)—TXA; is a potent stimulator of platelet aggregation,
vasoconstriction, and VSM cell proliferation and mitogenesis. PE is associated with
decreased vascular production of PGI, and excessive production of TXA,, and this
imbalance might explain some of the manifestations of PE such as HTN and platelet
aggregation. Measurements of urinary metabolites of TXB,, markers of TXA, synthesis,
and PGl have shown an imbalance in their levels that predates the clinical symptoms of PE
[57]. These observations have led to the suggestion that antiplatelet agents such as low-dose
aspirin and other thromboxane modulators might be effective in preventing PE. However,
clinical trials on women at high risk for PE showed no benefit of low dose aspirin when used
as a preventive measure [2]. Another study has shown that ozagrel, a thromboxane
modulator, reduces the occurrence of PE, HTN-Preg and proteinuria [62], making it
important to further examine the role of TXA, in PE.

6. Increased Vascular Smooth Muscle Mediators in HTN-Preg

6.1. VSM Ca?*

Ca®* is a major determinant of VSM contraction and growth. Increases in [Ca2*]; due to
Ca?"* release from the intracellular stores and Ca2* entry from the extracellular space trigger
VSM contraction. Ca2* binds calmodulin to form a complex, which activates myosin light
chain (MLC) kinase, causes MLC phosphorylation, initiates actin-myosin interaction and
produces VSM contraction. Endothelium-derived relaxing factors act on VSM to inhibit
phospholipase C, open K* channels or stimulate Ca%* extrusion, and thereby decrease
[Ca?*];. EC dysfunction is associated with decreased release of relaxing factors, and
decreased VSM Ca2* extrusion mechanisms. EC dysfunction also causes an increase in
vasoconstrictor substances, which stimulate Ca2* mobilization in VSM. Studies in
myometrial and subcutaneous resistance microvessels have shown that the vascular
reactivity to high KCI depolarizing solution, phenylephrine (Phe) and Angll is not increased
in PE compared with Norm-Preg women, suggesting that this is an unlikely mechanism of
the increased vascular resistance in PE [2]. On the other hand, basal and Angll- and KCI-
induced maintained [Ca2*]; is greater in renal arterial VVSM cells from RUPP than Norm-
Preg rats [63], suggesting that the Ca2* entry mechanisms of VSM contraction are enhanced
in animal models of HTN-Preg.

6.2. VSM Protein Kinase C (PKC)

PKC is one of the second messengers involved in VSM contraction. Direct activation of
PKC by phorbol esters causes sustained contraction of VSM with no significant change in
[CaZ*],, suggesting a role for PKC in increasing the Ca2* sensitivity of the contractile
proteins. Vascular PKC activity does not change during early and mid-gestation, but is
reduced in late pregnant compared with virgin rats, ewes and gilts [64]. The changes in
vascular PKC activity during late pregnancy could be related to the increased NO and cGMP
production. Vascular PKC activity is greater in L-NAME treated pregnant rats than virgin
rats, suggesting that L-NAME not only inhibits NO synthesis, but may also increase the
synthesis of vasoactive compounds that increase PKC activity [64]. Increased VSM PKC
expression/activity has been shown in HTN. Also, the Ca2* sensitivity of VSM contractile
myofilaments is increased in women with PE, and PKC activation may be involved in the
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vascular changes observed in PE [2]. PKC may also play a role in the changes in Angll and
ATR-mediated signaling associated with PE. 1gG in plasma from PE women enhances
ATR-mediated chronotropic response in cultured neonatal rat cardiomyocytes, and
treatment of the cardiomyocytes with the PKC inhibitor calphostin C prevented the
stimulatory effect of PE IgG. Also, examination of VSM cells with confocal microscopy
have shown colocalization of purified IgG from PE women and AT1-AA, suggesting that
PE women may develop stimulatory AT1-AA via a PKC-mediated process [65]. The
expression and activity of a- and 8-PKC are also enhanced in the aorta of L-NAME treated
pregnant compared with Norm-Preg rats, supporting a role of PKC in the increased
vasoconstriction and vascular resistance in HTN-Preg [64].

6.3. VSM Rho/Rho-Kinase

Rho-kinase is activated by interaction with the small GTP-binding protein RhoA, and it
participates in a variety of important physiological functions in the vasculature, including
VSM contraction, cell proliferation, cell adhesion, migration, and other aspects of the
inflammatory response. Rho-kinase may play a role in the increased Ca2* sensitivity of the
contractile proteins observed in subcutaneous resistance arteries from PE compared with
Norm-Preg and nonpregnant women. Also, stimulation of AT;R induces upregulation of
RhoA/Rho-kinase activity in hypertensive rats, and an increase in Angll activity during PE
may activate Rho-kinase and promote vasoconstriction [66]. Other studies have shown that
Rho-kinase mMRNA expression is downregulated in umbilical arteries of PE women [2],
making it important to further investigate the role of Rho-kinase in the vascular changes
associated with PE.

7. Extracellular Matrix and Matrix Metalloproteinases in PE

The extracellular matrix (ECM) provides the architectural framework of the arterial wall,
and provides a medium that could regulate the behavior of the vascular cells and their ability
to migrate, proliferate and survive injury. Matrix metalloproteinases (MMPs) are a family of
zinc- and Ca%*-dependent endopeptidases involved in vascular ECM turnover and
remodeling. MMPs include collagenases, gelatinases, stromelysins, and other subtypes.
MMPs may play a role in the vascular dysfunction in PE. MMP-2 is the main collagenolytic
enzyme in umbilical cord artery (UCA) wall. MMP-2 cleaves big ET-1 into ET-14_3», which
is a potent vasodilator. MMP-2 and —9 may also decrease vascular [Ca%*];, through
reduction of Ca2* entry from the extracellular space [2]. MMP activity is modulated by
tissue inhibitors of MMPs (TIMPs). A study has shown that both serum MMP-2 and
TIMP-1 levels are increased in PE [67], while other studies suggest that decreased levels of
MMP-2 in UCA reduce the breakdown of collagen in the arterial wall [2]. Other studies
have shown changes in MMP-2 and -9 protein amount and activity in uterine, placental and
aortic tissue of RUPP rats [68]. MMPs may have a bi-directional relationship with VEGF,
whereby VEGF upregulates MMP expression, while membrane type-1 MMP promotes
VEGF expression [2]. Studies have also shown that during pregnancy and chronic relaxin
administration in nonpregnant rats for days, increased vascular MMP-2 may mediate renal
vasodilation, hyperfiltration, and decreased myogenic activity of renal arterioles. In contrast,
vascular MMP-9 may play a role in the vasodilation and decreased myogenic activity of
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renal arterioles after short-term administration of relaxin for only several hours [69]. Hence,
further studies are needed to determine the role of MMPs in Norm-preg and PE.

8. Management and Biomarkers of PE

Currently, delivery of the fetus and placenta is the most effective measure to cure PE.
Adequate prenatal care is most important in the management of PE and includes bed rest and
anti-HTN drugs such as oral nifedipine or i.v. hydralazine or diazoxide, depending on the
severity of HTN. Angiotensin receptor blockers (ARBs) and angiotensin converting enzyme
(ACE) inhibitors are contraindicated in PE possibly due to potential teratogenic effects. If
PE worsens into eclampsia, maintenance of airway patency and prevention of fluid
aspiration should be the first measure, then anticonvulsants should be given, with Mg2*
sulfate infusion being the drug of choice.

Because PE has a relatively long preclinical phase before clinically manifesting in late
gestation, the identification of women at risk, early diagnosis using various biomarkers, and
prompt management could improve the maternal and perinatal outcome. Measurement of
plasma levels of biomarkers such as VEGF, sFlt-1 and sEng might allow the stratification of
PE patients in different categories according to the severity of symptoms [70] (Table 5,
Table 6). Biomarkers may also allow early disease assessment in asymptomatic pregnant
women, in particular among target groups at increased risk based on their clinical history
e.g. PE or HTN in a previous pregnancy, or pre-pregnancy state e.g. HTN, obesity, or
autoimmune disease.

Microarray analysis may help to screen the placental transcriptome for upregulated and
downregulated genes in PE. In one study, mRNA levels of plasminogen activator inhibitor-1
(PAI-1), tissue-type plasminogen activator (t-PA), VEGF receptor 1 (FIt-1), endoglin,
placenta-specific 1 and P-selectin were increased in plasma from pregnant women who later
developed PE in comparison with Norm-Preg women. Also, Flt-1 had the highest detection
rate while placenta-specific protein 1 (PLACL) had the lowest detection rate (Table 5). The
best multivariable model was obtained by the combination of all markers [71].

Assessment of the immune system could be useful in predicting the risk of PE in early
pregnancy. The alternate complement pathway may be upregulated in PE and plasma levels
of factor B-derived Bb fragment are higher in PE than Norm-Preg women [2]. An increase
in inflammatory factors in PE may represent an abnormal maternal immunological response,
with a change in the role of monocytes and natural killer cells, altered release of circulating
cytokines, and increased AT1-AA and activation of pro-inflammatory AT;R [19].

The mean platelet volume (MPV) could be an important predictor of PE. Longitudinal
studies have shown that women who develop PE have higher MPV 4.6 weeks prior to the
appearance of symptoms than Norm-Preg women [2]. Also, thrombocytopenia is a common
abnormality in PE, and progresses with the severity of the condition [24].

Uric Acid is a marker of oxidative stress, tissue injury and renal dysfunction, and may help
in predicting PE. During Norm-Preg, uric acid levels decrease initially, but then gradually
increase over gestational time. Hypoxia and ischemia of the placenta and cytokines such as
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interferon induce the expression of xanthine oxidase which increases the production of uric
acid and ROS. During PE, hyperuricemia may develop as early as 10" week of gestation.
Increased circulating uric acid may attenuate normal trophoblast invasion and spiral artery
remodeling, stimulate monocytes to produce TNF-a, IL-6 and IL-1f, and contribute to the
reduced NO production and endothelial dysfunction [72].

Amniotic fluid derived by amniocentesis in the second trimester may be useful in predicting
maternal complications and PE. Insulin-like factor 3 (INSL3) is a member of the insulin/
relaxin family of peptide hormones made by the fetal testis and is responsible for the first
trans-abdominal phase of testicular descent. In the presence of a male fetus, INSL3 is
elevated in amniotic fluid samples of women who subsequently developed PE [2]. The
amniotic fluid levels of inhibin A, a glycoprotein produced by syncytiotrophoblast, are
higher in pregnant women who subsequently developed severe PE than in Norm-Preg
women [73]. Also, the level of sFlt-1 is higher in the amniotic fluid of PE than Norm-Preg
women [74].

Uterine artery Doppler screening at 23 weeks of pregnancy may predict PE as an abnormal
early diastolic bilateral uterine artery notching in the waveform, although ~50% of women
with uterine artery notching do not develop PE. PE women with uterine artery notching have
altered levels of fibrinolytic activators and inhibitors such as tissue-type plasminogen
activator (t-PA), PAI-1, PAI-2, plasmin-a2-antiplasmin (PAP) and D-dimers. The increase
in t-PA levels in women with PE appears to be related to EC activation/dysfunction [75].

Recent studies identified a human-specific splicing variant of VEGF type 1 receptor
(designated sFIt1-14) that is qualitatively different from sFlt-1 and functions as a potent
VEGF inhibitor. sFlt1-14 is generated primarily in nonendothelial cells such as VSM. The
expression of sFlt1-14 is elevated in placenta of women with PE, and is specifically induced
in abnormal clusters of degenerative syncytiotrophoblasts known as syncytial knots. Other
studies have shown that the ratio of circulating C-terminal glucose-regulated protein 78
(GRP78) over full length GRP78, an endoplasmic reticulum stress protein present on the cell
surface of invasive cytotrophoblast, is lower in plasma of women who later develop PE [76].
Also, the circulating levels of soluble c-Met (sMet), a receptor for hepatocyte growth factor,
are markedly lower at the early second trimester of severe PE than Norm-Preg women, and
may serve as an early predictor of severe PE [77].

Despite the existence of several potential markers for PE, their reliability in predicting PE
has not been consistent and their predictive value needs to be further assessed in order to
identify the best marker combinations for use in clinical settings.

9. Conclusions

PE is major complication of pregnancy and a complex disorder that may involve maternal,
fetal and paternal genes, and the maternal immune response. Genetic predisposition and
immune maladaptation affect the normal development of the placenta and lead to placental
ischemia/hypoxia and the release of anti-angiogenic factors, cytokines, ROS, HIF-1 and
AT1-AA. These bioactive factors cause vascular endotheliosis of the systemic, glomerular,
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vasoconstrictors leading to severe vasoconstriction, increased vascular resistance and HTN.
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Expert Opinion

Recent research has provided significant information regarding the causes and
mechanisms of HTN-Preg and PE. Clinical and observational studies have
suggested that certain genetic predispositions and immune factors could cause
inadequate development of the placenta and placental ischemia/hypoxia.
Experimental studies in animal models of HTN-Preg such as the RUPP rat
model have shown that placental ischemia could trigger the release of several
bioactive factors that target blood vessels and lead to endothelial dysfunction,
increased vasoconstriction, vascular resistance and HTN-Preg.

Identification of bioactive factors such as sFlt-1, TNF-a, HIF, ROS and the role
of endothelial dysfunction and vascular mediators such as ET-1 in the
pathogenesis of PE could provide potential biomarkers for early detection of PE.
Changes in the levels of these factors could also help to determine the severity
of PE and the proper time for initiation of treatment.

An important question is whether the observed changes in bioactive factors and
vascular mediators are the cause or the consequence of PE. PE may not be
caused by a single factor, and it is likely that concertive effects of more than one
factor may be involved. Also, whether these factors act synergistically or affect
other pathogenic mechanisms is unclear.

Future studies should further define the specific genes and immunologic factors
involved, and how they could cause inadequate development of the placenta.
Also, further research is needed to determine how placental ischemia/hypoxia
could lead to the release of vasoactive factors and generalized vascular
dysfunction.

Using specific and sensitive biomarkers should help in reducing the incidence of
PE and early detection of the disorder before it progresses to severe stages.

Current management of PE includes antihypertensive therapy and infusion of
Mg?* sulfate. The identification of new bioactive factors and vascular mediators
could provide novel approaches and more specific therapeutic options to target
the cause of PE rather than general symptomatic treatment of the manifestations.

Targeting cytokines such as TNF-a using the TNF-a antagonist etanercept, or
changing the angiogenic/antiangiogenic balance using PIGF could help in
reducing the severity of PE and prolongation of pregnancy until full maturity of
the fetus and thereby reduce the potential of IUGR. Additional experimental in
vivo interventions and clinical studies should help to introduce these potential
targets as new options in the management of PE.
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Avrticle highlights box

Preeclampsia (PE) is a pregnancy-associated disorder with adverse
consequences to the health of mother and fertus, but the pathophysiological
mechanisms involved are unclear.

Genetic polymorphisms and altered maternal immune response may cause
inadequate invasion of cytotrophoblasts into the decidua, impaired remodeling
of the uterine and spiral arteries, and reduced uteroplacental perfusion pressure
(RUPP).

Placental ischemia causes the release of various anti-angiogenic factors,
inflammatory cytokines, reactive oxygen species, hypoxia-inducible factors, and
angiotensin Il receptor autoantibodies into the maternal circulation.

Circulating vasoactive factors could cause systemic vascular endotheliosis and
hypertension; glomerular endotheliosis and proteinuria; cerebrovascular
endotheliosis and seizures; hepatic endotheliosis and the HELLP syndrome.

Vascular endotheliosis during PE could be manifested as decreased vasodilators
such as nitric oxide, prostacyclin and hyperpolarizing factor, increased
vasoconstrictors such as endothelin-1 and thromboxane A2, enhanced
mechanisms of vascular smooth muscle contraction such as Ca2*, protein kinase
C and Rho-kinase, and changes in matrix metalloproteinases, extracellular
matrix and vascular remodeling.

Identification of the genetic, immune and vasoactive factors involved in
vascular endotheliosis should provide useful biomarkers for early detection and
potential new approaches for prevention and management of PE.
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Risk Factors Genetic Factors Immune Factors
Leptin Polymorphism Immune Maladaptation
Fas 670 G, PAPP-A2, AGT Inflammation
I |
v
Shallow Placentation
Initiating Event { Uteroplacental Perfusion Pressure (RUPP)

Placental Ischemia/Hypoxia

v v

Circulating 1 sFlt-1, sEng { VEGF, TGF-B
Vasoactive Factors TNF-a, IL-6 IL-10
ROS, HIF, AT1-AA COMT, 2-ME
Endotheliosi @ @ @ @
ndotheliosis Systemic Vascular Glomerular Cerebral Hepatic
T Vascular | Vasodilators 4 GFR 1 Glomerular | Blood-Brain Barrier 1 Coagulation
Permeability NO, PGI,, EDHF 1 RAS Permeability 1 Endothelial Cell Pathways
Pathological T I\gl:src:nstnctors Permeability
Changes oh }|{‘ 2 '
1 Vascular 1 Plasma Cerebral Microangiopathic
Resistance Volume Edema Hemolytic Anemia
_ " — ! l
Clinical 2 S : ; : ;
Mani . Edema Hypertension Proteinuria Visual Disturbance, Periportal Necrosis
anifestations .
| Headache, Seizures l
Pregnancy-Associated Preeclampsia » Eclampsia HELLP Syndrome
Disorder
Fig. 1.

Risk factors and pathogenesis of preeclampsia. Genetic and immune factors cause shallow
placentation and RUPP during late pregnancy and trigger the release of circulating bioactive
factors. Bioactive factors could affect the systemic blood vessels and lead to generalized
vasoconstriction, increased vascular resistance and hypertension, or cause increased vascular
permeability and edema. The bioactive factors could injure the kidney leading to increased
plasma volume and severe HTN, as well as glomerular endotheliosis and proteinuria.
Increased cerebral vascular permeability and edema lead to seizures and life-threatening
eclampsia. Endotheliosis of the hepatic vessels could lead to activation of coagulation
pathways and manifest as HELLP syndrome. GFR: glomerular filtration rate, RAS: Renin
Angiotensin System.
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Maternal DNA
Genetic Variation Fas 670 G Variant Leptin Gene — T HIF-1a, -2a VEGF 936/CT
Polymorphism
J Caspases 3,7, 9 1 Siglec-6
. Pappalysin-2
Factors/Mediators l
Ll Apoptosis of Proteolysis of IGF 1 sFIt-1 { VEGF
Alloreactive T cells Binding rrotein-S sEng
Uteroplacental and { Invasion by Generalized

Vascular Changes

Fig 2.

Cytotrophoblasts

Endotheliosis

Preeclampsia

Maternal genes involved in preeclampsia. Potential genes that are altered in preeclampsia

include Fas 670 variant, leptin gene polymorphism, HIF and VEGF 936C/T. Fas 670 G
variant causes a decrease in activity of caspases 3, 7 and 9 and hence decreased apoptosis of

alloreactive T cells. Leptin gene polymorphism leads to an increase in Siglec-6 and

Pappalysin-2, thus affecting insulin growth factor (IGF) signaling. Both Fas 670 G Variant
and leptin gene polymorphism cause inadequate uterine invasion by cytotrophoblasts and

placental ischemia/hypoxia. Placental hypoxia causes increases in HIF expression and

HIF-1a and —2a proteins which in turn cause an increase in sFlt-1 and sEng. VEGF 936C/T
variant causes a decrease in VEGF levels. Increased sFIt-1/VEGF ratio leads to generalized

endotheliosis and preeclampsia.
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Polarized T helper 1 Cell Response in Preeclampsia
/g~
@
b 4

Cytokines O O
Oo

T helper Cell

Immune Response
To Fetus

Outcome

Fig 3.

J Th1 Response
T Th2 Response

11L-4,5,6,13

Suppressed Cell
Mediated Immunity

J Immune response
Inflammation

v
Normal Pregnancy

T Th1 Response
4 Th2 Response

T IL-2, IFN-y, TGF-B

T Cell Mediated Immunity
Delayed Type Hypersensitivity
Rejection Response

Allogeneic Immune response
T Inflammation

Preeclampsia

Polarized T helper 1 cell response during PE. During Norm-Preg, T helper cell 2 (Th2)
response is predominant over T helper 1 (Th1) cell response. Th2 cell secretes cytokines like
IL-4, -5, -6, —13 leading to the suppression of cell-mediated immunity and decreased
immune response. In preeclampsia, Thl cell response may increase and dominate the Th2
cell response. Thl cells secrete cytokines like IL-2, IFN-y, TGF-f leading to increased cell-
mediated immunity, delayed type hypersensitivity and rejection response. This leads to
increased allogeneic immune response and inflammation, and may contribute to the
pathogenesis and manifestations of preeclampsia.
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LOCATION / TARGET

Placenta

Circulation

Endothelium

Vascular

Smooth Muscle

HIF Ischemia/Hypoxia

@Q @©© TNF-o,IL-6 —> ROS  AT1-AA | 2-ME
®

VEGF TGFB
TB-RII
VEGF-R L
{NO PGl, EDHF
. ETBR
A v v
N ET-1 TXA, Angll 1 Vasoconstrictors
)
ETAR TXA,R
_________ » ETB,R AT,R
cGMP cAMP Caz _ IP, PKC Rho-K
MmMP-2 . TIMP
MMP-9

Extracellular Matrix

Vascular Remodeling

Fig. 4.
Circulating bioactive factors and vascular mediators in preeclampsia. Placental hypoxia/

ischemia and the increase in HIF trigger the release of circulating factors such as sFlt-1,
SEng, TNF-qa, IL-6, ROS and AT1-AA. sFlt-1 binds VEGF and prevents it from activating
its natural VEGF-R and as a result prevents the angiogenic effects of VEGF and PIGF. sEng
binds TGF-f and prevents it from activating its natural TBRII receptor and producing its
angiogenic effects. sFlt-1 and sEng may also cause systemic endotheliosis and decreased
release of endothelial vasodilators such as NO, PGI, and EDHF. Other vasoactive factors
such as TNF-a and IL-6 could decrease the endothelial ETB1R vasodilator activity or
increase ROS production. ROS decrease the bioactivity of NO, and stimulate the release of
vasoconstrictors such as ET-1, TXA, and Angll, which increase [Ca2*];, PKC, Rho-K and
stimulate VSM contraction. AT1-AA acts on AT{R and further stimulates VSM Ca2* and
PKC activity. Decreased 2-ME could lead to further reduction in vasodilator mechanisms.
MMPs are involved in pregnancy-associated vascular remodeling and their activity may be
reduced by tissue inhibitors of MMPs (TIMPs). Solid arrows indicate stimulation.
Interrupted arrows indicate inhibition.
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Table 6

Genetic, Immune and Bioactive Factors in Preeclampsia

Factors

Increased

Decreased

Genetic

HIF-1a and —2a proteins
Leptin, Siglec-6, Pappalysin-2

Fas 670 G variant

Immune Response

T helper cell 1 response
Neutrophil activity

HLA-G1 Expression

Biological Factors

Total VEGF

sFlt-1, sEng

TNF-a, IL-6, IL-1B
C-reactive protein, PAI-1
ROS

Free VEGF

PIGF

GPx activity

Heme oxygenase 1 & 2
Cu/Zn SOD, Catalase

Rho/Rho-kinase

HIF 2-Methoxy Estradiol (2-ME)
Endothelium Derived | ET-1 NO
Factors TXA; — TXB, PGIl, — PGFla
EDHF
Vascular Smooth Ca?* MMP activity
Muscle Mediators PKC

Biomarkers

mRNA levels

Other markers

PAI-1, t-PA
FLT-1

Endoglin
Placenta-specific 1
Selectin P

Mean platelet volume
Uric acid

Insulin-like factor 3
Inhibin A, Activin-A
sFlt1-14

P-selectin

Platelet count

GRP78 (C-terminal/Full length)
soluble c-Met

TGF-f1

L-selectin

PAI-2

Page 37

PAI-1, Plasminogen activator inhibitor-1; t-PA, tissue-type plasminogen activator; FLT-1, fms-like tyrosine Kinase-1; s-Met: soluble c-Met; GPx,

glutathione peroxidase; GRP78, glucose-regulated protein 78
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