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Abstract
Normal pregnancy is associated with significant hemodynamic changes and
vasodilation in the uterine and systemic circulation in order to meet the
metabolic demands of the mother and developing fetus. Hypertension in
pregnancy (HTN-Preg) and preeclampsia (PE) are major complications and life-
threatening conditions to both the mother and fetus. PE is precipitated by
various genetic, dietary and environmental factors. Although the initiating
events of PE are unclear, inadequate invasion of cytotrophoblasts into the uterine
artery is thought to reduce uteroplacental perfusion pressure and lead to
placental ischemia/hypoxia. Placental hypoxia induces the release of biologically
active factors such as growth factor inhibitors, anti-angiogenic proteins,
inflammatory cytokines, reactive oxygen species, hypoxia-inducible factors, and
antibodies to vascular angiotensin II receptor. These bioactive factors affect the
production/activity of various vascular mediators in the endothelium, smooth
muscle and extracellular matrix, leading to severe vasoconstriction and HTN. As
an endothelial cell disorder, PE is associated with decreased vasodilator mediators
such as nitric oxide, prostacyclin and hyperpolarizing factor and increased
vasoconstrictor mediators such as endothelin, angiotensin II and thromboxane
A2. PE also involves enhanced mechanisms of vascular smooth muscle contraction
including intracellular free Ca2+ concentration ([Ca2+]i), and [Ca2+]i sensitization
pathways such as protein kinase C, Rho-kinase and mitogen-activated protein
kinase. Changes in extracellular matrix composition and matrix metalloproteases
activity also promote vascular remodeling and further vasoconstriction in the
uterine and systemic circulation. Characterization of the predisposing risk
factors, the biologically active factors, and the vascular mediators associated with
PE holds the promise for early detection, and should help design specific genetic
and pharmacological tools for the management of the vascular dysfunction
associated with HTN-Preg.
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INTRODUCTION
Normal pregnancy (Norm-Preg) is associated with increased heart rate,
plasma volume and cardiac output, as well as decreased vascular resistance
and late gestational decrease in blood pressure (BP). These beneficial
hemodynamic changes maintain sufficient blood supply and nutrients to the
growing fetus, and are in most part due to increased amount/activity of
endothelium-derived vasodilators such as nitric oxide.

In 5–10% of pregnancies, women develop one of four forms of hypertension
in pregnancy (HTN-Preg): chronic HTN that predates pregnancy,
preeclampsia (PE), chronic HTN with superimposed PE, and nonproteinuric
gestational HTN [1,2]. In the Antenatal Care Trial by the World Health
Organization (WHO), 9.1% of pregnant women had either PE or gestational
HTN [3]. PE is characterized by HTN (BP ≥140/90 mmHg) and proteinuria (300
mg protein in urine sample). If untreated, PE can lead to eclampsia, a life-
threatening maternal neurovascular complication with severe HTN and
convulsions [4]. Although PE represents a major cause of maternal and fetal
morbidity/mortality, the underlying mechanisms have not been clearly
identified. Analysis of the plasma, body fluids, and postpartum placenta
from PE women has helped in determining some of the biochemical factors
involved. Also, studies in animal models of HTN-Preg have demonstrated
prominent changes in the renal control mechanisms of BP and highlighted
the role of glomerular injury and alteration in kidney function as major
causes of proteinuria and HTN [5]. Alterations in the neurohumoral and
vascular control mechanisms of BP as well as changes in lipid metabolism and
blood coagulation have also been observed in PE and in animal models of HTN-
Preg. Several genetic, dietary and environmental risk factors are thought
to cause poor placentation, placental ischemia/hypoxia, and increased release
of biologically active factors which eventually cause generalized vascular
dysfunction and HTN-Preg (Fig. 1). This review discusses the genetic,
medical and environmental risk factors, and outlines the various circulating
factors and vascular mediators underlying the pathology of PE. The review
also provides insight into potential approaches for the diagnosis and
management of the vascular dysfunction associated with PE.

Genetic Risk Factors of PE

Maternal Genes—Female offspring of a pregnancy complicated by PE may
have a higher risk of developing PE in their own pregnancies, suggesting
potential inheritance of genes that enhance maternal susceptibility to PE
[6]. Genome-wide scans and linkage studies have identified loci on
chromosomes 1, 2p13, 2q, 3p, 4q, 9, 10q, 11q23-24, 12q, 15q, 18 and 22q,
suggesting that PE is a multigenic disorder [7] (Table 1). Genes encoding sialic
acid binding Ig-like lectin 6 (Siglec-6), a potential leptin receptor, as well as
pappalysin-2 (PAPP-A2), a protease that cleaves insulin-like growth factor
(IGF) binding proteins, are over-expressed in PE [8]. On the other hand,
comparison of the genetic content of placental tissue from PE patients and
matched control pregnancies found that a large number of the 36 major
genes implicated in PE exhibit down-regulation as early as the first
trimester. Also, 12 out of the 36 PE genes are involved in maternal-fetal
immune dysregulation and/or altered decidualization, suggesting
compromised placentation and impaired trophoblast invasion during the
first trimester [9]. Some of the genes encoding different components of the
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renin-angiotensin system (RAS) such as the angiotensinogen (AGT) and
angiotensin type 1 receptor (AT1R), as well as the endothelial nitric oxide
synthase (NOS) gene have shown variations in HTN-Preg. For instance, the
presence of the T allele in the M235T polymorphism in the AGT gene may
serve as a link to high BP during pregnancy [10]. Also, the G894T
polymorphism in the NOS3 gene has been linked to symptoms of the
metabolic syndrome, a possible precursor to PE [11]. Interestingly, the
presence of the T allele in the T677C polymorphism in the 5,10-
methylenetetrahydrofolate reductase (MTHFR) (NADPH) gene, which is
responsible for converting homocysteine to methionine, is more prevalent
in PE subjects compared to controls. Mutations in the MTHFR gene can also
lead to homocysteinuria, which is observed in PE and intrauterine growth
retardation (IUGR) pregnancies [12]. Other candidate genes for PE have been
screened in the Genetics of Pre-eclampsia Consortium (GOPEC) study [13].

Paternal Genes—In addition to maternal genes, evidence suggests a paternal
component in the genetic inheritance of PE. For instance, PE is common in
hydatid-form mole-pregnancies in which all the fetal chromosomes
originate from the father [12]. Also, men born from PE pregnancies are
more likely to father a PE pregnancy. PE is also common in pregnancies
where the father, and not the mother, was born from a PE-Preg [19].

Fetal Genes—Another factor in the development of HTN-Preg is fetal genes.
PE is more common in women homozygous for the inhibitory killer Ig-like
receptor (KIR) haplotypes (AA) than in women homozygous for the
stimulator KIR halpotypes (BB), and the effect is strongest if the fetus is
homozygous for the human leukocyte antigen class II (HLA-C2) haplotype
[20]. Also, studies in mice have shown that the cyclin-dependent kinase
inhibitor cdkn1c (p57Kip2) is a major regulator of embryonic growth, and
mutations of this gene are associated with placental architecture and
histological changes indicative of the reduced utero-placental blood flow
found in HTN-Preg. Also, pregnant mice expressing wild-type levels of
p57Kip2 develop a PE-like condition when carrying p57kip2-deficient pups
[7], supporting a role of fetal genes in the development of HTN-Preg.

Ethnic Background—Ethnic background may also be a factor in the
development of PE. A study of pregnant women in New York found that
the incidence rates of PE are highest in African-American women, and
lowest in Asian women [21]. Also, African-American and Hispanic women
had higher rates of PE compared to Caucasian and Asian women. A more
recent New York study indicated that the rates of PE per 100
hospitalizations for delivery were Caucasian 2.0, Hispanic 3.0, African
American 3.3, and Other 2.3, suggesting racial discrepancies in the incidence
of PE [22]. The differences in ethnic prevalence of PE may be related to the
socioeconomic status, dietary traditions, and medical comorbidities.

Socioeconomic Background—The incidence of PE is higher among women of
unfortunate socioeconomic status and level of education. The 2008
Generation R Study observed 3547 women from the Netherlands
experiencing their first pregnancies and analyzed the way in which
socioeconomic factors influenced the outcome of their pregnancies. Overall,
pregnancies in women with lower education background showed an increased
risk of PE compared with pregnancies in women with higher education.
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Lower education was associated with multiple pregnancies, family history of
PE, financial difficulties, psychopathology, and physically demanding
working conditions [23]. These socioeconomic conditions may also influence
the quality of nutrition available to women, another important risk factor
for PE.

Dietary Risk Factors

Calcium, Magnesium, Potassium—Increased calcium (Ca2+) intake has been
associated with lower incidence of HTN-Preg. However, the beneficial
effects of Ca2+ supplementation are not universally supported, possibly due
to the differences in age and socioeconomic status among women
participating in the studies [24]. In one study supporting the benefits of
Ca2+ supplementation, subjects who ingested Ca2+ tablets 2 g/day had a 66.7%
lower risk of PE and a 44.9% lower risk of premature delivery. However, in
women who developed PE there was no significant reduction in the severity
of the disease in the Ca2+ supplementation compared to placebo group [25].
Other studies suggest that increasing Ca2+ intake during pregnancy does not
prevent PE, but may minimize the severity of the disease [26]. In the WHO
randomized controlled clinical trials of Ca2+ supplementation during
pregnancy, Ca2+ did not decrease the risk of PE, but did help in lowering
the severity of the condition [27]. Studies in pregnant ewes also showed that
restriction of Ca2+ intake is associated with decreased uterine blood flow,
increased BP and elevated urine protein; all symptoms similar to those of PE
[28]. Thus, Ca2+ intake may have some benefits against PE and should be
carefully monitored in the diets of pregnant women. Magnesium (Mg2+) is
another dietary mineral with potential neurovascular effects during
pregnancy. Mg2+ is a cofactor of enzymes that regulate temperature and
protein synthesis and maintain electrical potential in nerves and muscle
membrane [29]. Observational studies based on medical records indicated that
Mg2+ supplementation during pregnancy was associated with a reduced risk
of PE. Also, increased maternal Mg2+ intake correlated with a reduced risk
of IUGR and higher birth weight. Diets high in potassium and fiber are also
associated with a reduced risk of HTN [30].

Vitamins—Vitamin D, a major regulator of Ca2+ absorption and metabolism,
may exhibit dietary advantages in pregnant women. Vitamin D deficiency
in early pregnancy is an independent risk factor for PE. Vitamin D levels
are lower in PE compared to Norm-Preg women [31]. Also, vitamin D-
deficient mice have an increase in renin expression and plasma AngII, which
are common characteristics of HTN [32]. An imbalance between oxidants and
antioxidants may also play a pathogenic role in PE. Vitamin E is antioxidant,
and as with other antioxidants, the serum levels of vitamin E are lower in
PE than Norm-Preg women. Also, studies have shown decreased plasma levels
of Vitamin C in women with PE, and Vitamin C and E supplementation may
decrease the incidence of PE in women at high risk [33]. Some studies have
shown lower serum levels of vitamin A in PE than Norm-Preg women in the
third trimester. However, because of its potential teratogenic effects, the
effects of vitamin A supplementation have not been examined in clinical
trials. Folic acid, a coenzyme required for the assembly of nucleic acids, is
essential for placental growth. In a recent study, women who received folic
acid supplementation had a 63% decreased risk for PE compared to women
with no supplementation [34]. Decreased dietary intake of folic acid and B12
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results in increased plasma levels of homocysteine, a condition associated
with a high risk of heart and vascular disease, as well as the risk of
development of PE and IUGR [35].

Other Environmental Risk Factors of HTN-Preg

Lead—Chronic environmental exposure to low levels of lead affects the
electrical and mechanical properties of the heart, alters vascular smooth
muscle (VSM) function and may promote the development of HTN. Studies
have demonstrated a dose-dependent relationship between lead exposure and
HTN-Preg, such that there is a 4% increase in the risk of HTN per 0.05 mg/
m3 increase in the seasonal average lead level [36]. Some lead is taken by the
bones, where it is stored and accumulated with age. Therefore, women with
history of past lead exposure or chronic low level exposure may have a
higher risk of HTN-Preg, even after a long period of no exposure [36,37].

Smoking—Despite the well-known negative and teratogenic effects of
cigarette smoking on the outcome of pregnancy, some studies suggest that
women who are frequently exposed to cigarette smoke may have reduced
risk of PE [23,38]. The mechanism of this paradoxical effect is unclear, but
may involve angiogenic growth factors. As described below, soluble fms-like
tyrosine kinase-1 (sFlt-1) is an anti-angiogenic factor and an antagonist
protein that binds vascular endothelial growth factor (VEGF) and placental
growth factor (PlGF) [39]. In PE there is disproportionate increase in sFlt-1
and decrease in VEGF and PlGF. Cigarette smoking could ameliorate PE by
decreasing sFlt-1 and possibly increasing PlGF levels. However, while
maternal plasma sFlt-1 levels are lower in smokers than non-smokers, the
differences are less pronounced in cases of PE [38]. Further testing on the
relation between cigarette smoke and the risk of PE may help to provide
insight into the pathogenesis of the disease.

Comorbidities and Risk of PE

Obesity—Obesity is a prevalent disorder in the United States. As of 2005,
the WHO estimated that at least 400 million adults are considered obese and
this number is expected to increase at least two-fold in the next decade
[40]. Obesity is linked to complications of pregnancy including PE. Changes
in lipid metabolism may play a role in the endothelial cell (EC) damage
characteristic of PE. PE women have elevated plasma levels of triglycerides,
increased serum levels of free fatty acids, and higher placental
concentrations of cholesterol, phospholipids, and lipid peroxides [41].
Increased intake of sucrose and polyunsaturated fatty acids is associated
with high risk of PE [1]. Polyunsaturated fat is easily oxidized and therefore
enhances the oxidative environment that exists in PE.

Adipokines, specific hormones secreted in adipose tissue, play a role in
obesity-related inflammation and may serve as biomarkers in PE [42,43].
Adiponectin is an adipokine with anti-inflammatory and anti-artherogenic
properties that increases insulin sensitivity. Some studies have shown that
adiponectin levels decrease with increasing body mass index (BMI) and linked
this deficiency to the insulin resistance characteristic of PE [42]. Other
studies showed no difference in adiponectin levels among women of
differing BMIs [43], but greater levels in normal weight PE than Norm-preg
women [42,43]. Only in severe PE did overweight women show a decrease in
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adiponectin levels compared to normal weight women [43]. These conflicting
data suggested that there may be an initial increase in the release of
adiponectin in PE women as an attempt to reduce excess fat accumulation in
tissues. These elevated levels of adiponectin may suppress the expression of
adhesion molecules in vascular ECs and cytokine production from
macrophages in order to minimize the inflammation associated with PE.
However, when the PE women are obese, this inflammation-minimizing
mechanism may begin to fail and the adiponectin concentrations decrease.
Increased levels of another adipokine, leptin, and increased insulin resistance
in obese women may also contribute to the decrease in adiponectin levels and
spur the onset of severe PE [43].

Ethnic differences in obesity may influence the incidence of PE. According
to the Institute of Medicine’s guidelines for weight gain during pregnancy,
African-American women are most likely to be overweight prior to
pregnancy and to exceed the suggested weight gain during pregnancy.
Caucasian women are most likely to gain the required weight during
pregnancy, while Asian women are most likely to gain less than the required
weight [44]. Thus, ethnicities most likely to gain weight during pregnancy
correlate with those most at risk of developing PE, supporting the notion
that weight gain during pregnancy increases the risk of PE.

Diabetes—Diabetes is associated with EC dysfunction and may increase the
risk of PE. Also, metabolic syndrome is characterized by glucose intolerance,
dyslipidemia, insulin resistance, diabetes, obesity and HTN. Patients with
metabolic syndrome have endothelial dysfunction, and their blood vessels
could be more sensitive to circulating factors released during HTN-Preg.
Increased sugar consumption in pregnant women may lead to
hyperglycemia, which in turn could inhibit endothelium-dependent
vasorelaxation. In a recent study, PE was one of the leading outcomes when
pregnant women received glucose supplements as part of glucose-tolerance
testing [45]. Also, during Norm-Preg, women experience brief insulin
resistance due to increased glycemia after a meal and exhibit symptoms of
elevated inflammatory response such as increased plasma levels of
plasminogen activator inhibitor-1, TNF-α and C-reactive protein. In
gestational diabetes and PE these factors increase to a greater extent.
Gestational diabetes is also associated with higher BMI and increased risk of
PE [46].

Medical History—PE and HTN-Preg are also associated with renal or cardiac
disease, PE in a previous pregnancy, urinary tract infection, extreme
maternal age (<16 or >40 years old), and twin pregnancy [47]. Risk factors
of HTN-Preg also include a previous neonatal macrosomia, history of
reproductive tract surgery, and antepartum hemorrhage. Primiparity and a
history of chronic respiratory conditions may also increase the risk of PE
[3].

Abnormal Placentation as an Initiating Event of HTN-Preg

During the early stages of Norm-Preg, the cytotrophoblasts invade the
uterine spiral arteries, progressively replacing ECs, medial elastic tissue,
VSM, and neural tissue. The uterine spiral arteries progressively transform
from small muscular arterioles to low resistance large capacitance vessels,
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and by the end of the second trimester, they become dilated tubes lined by
cytotrophoblasts, which ensure sufficient blood supply and nutrition to the
growing fetus. During PE, abnormal expression of the cell adhesion
molecules integrins and apoptosis of cytotrophoblasts lead to shallow
invasion of the uterine spiral arteries to only the superficial layers of the
decidua [48]. The inadequate vascular remodeling of the uterine spiral
arteries does not meet the fetal blood flow and nutrition demands, resulting
in IUGR [49,50]. Placental ischemia may also induce the release of bioactive
circulating factors that cause the harmful changes in the maternal
circulation and EC function observed in PE. Animal models of HTN-Preg have
been useful in understanding the role of placental ischemia as an initiating
event of the elevated BP in PE. Although induction of uteroplacental
ischemia during pregnancy has shown variable effects in different species,
it is considered an important animal model of HTN-Preg. Reduction of
uteroplacental perfusion pressure (RUPP) in late pregnant sheep, dogs,
rabbits and rats results in a hypertensive state that resembles PE [51] (Table
2).

Other animals models of HTN-Preg include the DOCA/saline pregnant rat
model demonstrating significant changes in the rennin-angiotensin system
and the vascular NO pathway [55], the BPH/5 mouse which demonstrates
spontaneous late-gestational proteinuria and progressive glomerulosclerosis
[56], and the transfer of activated th1 cells into Norm-Preg mice leading to
glomerulonephritis and proteinuria [57].

Biologically Active Factors Involved in HTN-Preg

Placental hypoxia is thought to induce the release of various bioactive
factors. Increased plasma and vascular tissue levels of these bioactive factors
during pregnancy could cause EC and VSM dysfunction, severe
vasoconstriction and PE in humans (Table 3) and HTN-Preg in rats (Table 4).
Placental trophoblasts may be a potential source of the factors released into
the maternal circulation during PE. The syncytiotrophoblast connecting the
placenta to the mother’s circulation is composed of a multi-nucleated
syncytium with an extensive microvillous brush. In Norm-Preg, the
syncytiotrophoblast microvillous membranes (STBMs) appear normal and
break off slightly due to necrosis. Although the release of these free-
floating STBMs into the maternal circulation could alter the structure of
ECs, they do not cause extensive damage during Norm-Preg. However,
during PE the STBMs are much thinner and have an unusual club-like form,
making them susceptible to more frequent breakage with more debilitating
results [58]. A complex purified from STBMs has been shown to inhibit the
proliferation of cultured human ECs [59]. Also, studies on human umbilical
vein ECs co-cultured with STBM cells isolated from normal and PE placentas
have suggested that endothelial cell-to-cell junctions are sensitive targets
for STBM-derived factors, leading to increased EC permeability [60]. Other
studies do not support the STBM deportation theory and have shown that
intraluminal perfusion of isolated myometrial arteries of Norm-Preg
women with STBM concentrations up to 100 times those reported in PE does
not affect bradykinin-induced dilation or cause significant damage to the
endothelium [61].

Some of the bioactive factors suggested to be released during PE include the
pro-angiogenic factors plasma VEGF, PlGF, and transforming growth factor
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β (TGFβ), and anti-angiogenic factors such as sFlt1 and soluble endoglin
(sEng). Other potential factors in PE include cytokines, oxidative stress,
hypoxia-inducible factors (HIFs), matrix metalloproteases (MMPs), sex
hormones and antibodies to vascular AT1R (Fig. 2).

Vascular Endothelial Growth Factor (VEGF)—VEGF is a glycoprotein that acts
as a mitogen and mediator of EC growth and tissue neovascularization. VEGF
expression is induced by hypoxia in various cell types, including ECs and
VSM cells. Studies suggest that serum VEGF immunoreactivity is suppressed
during Norm-Preg [85]. In PE, elevated serum VEGF levels may be involved
in EC activation/dysfunction [86]. Maternal plasma VEGF increases before
the clinical onset of PE and is further elevated during the vasoconstriction
phase of the disease. It is possible that the hyperdynamic circulation in the
latent phase of PE may induce vascular shear stress, which in turn increases
circulating VEGF. Because VEGF normally acts as a vasodilator, its increase
may represent an unsuccessful vascular rescue response during P E [87].
VEGF may cause vasodilation by stimulating the NO-cyclic guanosine
monophosphate (cGMP) vascular relaxation pathway. VEGF increases [Ca2+]i,
which promotes calmodulin binding to eNOS, increases eNOS activity and
stimulates NO production [88]. It is important to note that despite the
increased serum levels of total VEGF, the levels of free-flowing VEGF may
decrease in cases of PE compared to Norm-Preg [85]. In non-pregnant mice,
infusion of antibodies against VEGF to cause a 50% reduction of VEGF leads
to glomerular endotheliosis and proteinuria similar to what is seen in PE
[39]. Also, patients receiving VEGF antagonists for cancer treatments
develop HTN, proteinuria and endothelial activation [39]. Thus the decrease
of the freely circulating VEGF, rather than the increased total VEGF, may
be involved in the pathogensis of PE.

Placental Growth Factor (PlGF)—PlGF is another pro-angiogenic factor of
the VEGF family that is associated with EC growth. Although the
physiological role of PlGF is not completely understood, it may cause
vasodilation in the peripheral vasculature and, thereby, modulates regional
blood flow and vascular resistance [89]. During Norm-Preg, circulating PlGF
concentrations are more than 40 times greater than VEGF, but PlGF has only
1/10th the affinity for the Flt-1 receptor compared to VEGF. During PE,
circulating PlGF levels decrease while the levels of its antagonist protein,
sFlt-1, increase [89]. Because the sFlt-/PlGF concentration ratio is much
higher in PE than Norm-Preg women as early as the second trimester [90],
it can be used as an early indicator of the onset of PE.

Soluble fms-like tyrosine kinase-1 (sFlt-1)—sFlt-1 is a VEGF and PlGF
antagonist protein that binds VEGF and PlGF and prevents their interaction
with their endogenous receptors (Fig. 2). Compared with Norm-Preg women,
circulating levels of sFlt-1 are increased in PE women [75,91] secondary to
placental ischemia/hypoxia [51]. The increase in sFlt-1 paired with a decrease
in VEGF and PlGF promote proteinuria, HTN, and glomerular endotheliosis,
the hallmarks of PE [39]. Administration of sFlt-1 to pregnant rats induces
albuminurea, HTN, and renal pathologic changes in the form of glomerular
endotheliosis [64]. Also, removal of sFlt-1 from the supernatant of PE tissue
culture restores EC function and angiogenesis to normal levels [63].
Interestingly, Redman and coworkers suggested an association between
trisomy 13 and PE and predicted the involvement of fetal factors and
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proteins encoded by genes located on chromosome 13, the same chromosome
where the sFlt-1 gene is found [92,93].

Endoglin—Endoglin is a transmembrane receptor for transforming growth
factor-β (TGF-β) that is expressed on ECs. Placenta-derived soluble endoglin
(sEng) is an anti-angiogenic protein with a potential role in PE [94]. sEng
inhibits TGF-β1 signaling in ECs and blocks TGF-β1 mediated activation of
eNOS and vasodilation, suggesting that dysregulated TGF-β signaling is
involved in the pathogenesis of PE [95] (Fig. 2). sEng is elevated in sera of PE
women 2 to 3 months before the onset of clinical signs, correlates with the
severity of PE, and falls after delivery. Thus, an increase in the serum level
of sEng together with increased sFlt-1:PlGF ratio could be predictive of PE
[96]. This is supported by reports that in pregnant rats, sEng increases
vascular permeability, induces HTN [95] and potentiates the vascular effects
of sFlt-1 to induce a severe PE-like state, with the development of IUGR and
symptoms of HELLP syndrome including hemolysis, elevated liver enzymes
and low platelet count [96]. However, the use of sFlt-1 and sEng as mediators
or predictors of PE should be viewed with extreme caution as the levels of
sFlt-1 and sEng may not be altered in some women or experimental animals
with PE/HTN-Preg as compared to Norm-Preg.

Cytokines—Cytokines such as tumor necrosis factor-α (TNF-α), interleukin
(IL)-6, and IL-8, are involved in cell proliferation and hypoxia-mediated cell
activation. Hypoxia induces marked increases in IL-6 and IL-8 synthesis in
VSM cells [78]. RUPP during pregnancy and the ensuing placental ischemia
are thought to increase the release of TNF-α and IL-6 into the maternal
circulation, leading to EC dysfunction, generalized vascular changes and HTN
[97]. The plasma levels of TNF-α and IL-6 are elevated in women with PE
[97]. 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 women [98]. Cytokines may affect various
vascular mediators (Fig. 2). TNF-α induces structural and functional
alterations in ECs, enhances the formation of endothelin-1 (ET-1), reduces
acetylcholine-induced vasodilatation and destabilizes eNOS mRNA [77]. Also,
both TNF-α and IL-6 induce VEGF expression in ECs [99]. Infusion of
cytokines has been used to develop animal models of HTN-Preg (Table 2).
Chronic infusion of TNF-α or IL-6 in late pregnant rats results in marked
elevation of renal vascular resistance and BP [52,100]. Also, vascular
contraction is enhanced and endothelium-dependent vascular relaxation is
reduced in TNF-α and IL-6 infused pregnant rats compared with Norm-Preg
rats possibly due to inhibition of the endothelial NO-cGMP pathway [52].

Reactive Oxygen Species (ROS)

While some ROS may be normal and necessary during Norm-Preg, excessive
ROS has been implicated in PE/HTN-Preg. Excessive oxidative stress could
provide the link between localized RUPP and the generalized EC dysfunction
in PE [101]. Hypoxia increases the production of superoxide anion (O2

•−) and
hydrogen peroxide in ECs and VSM cells [102]. During PE, free radicals and
placental lipid peroxides are increased. Also, a deficiency in the plasma levels
of the antioxidant ascorbate is typical of PE [103]. It has been shown that
brachial artery flow-mediated and endothelium-dependent vasodilation is
reduced in women who previously developed PE compared with controls.
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Administration of ascorbic acid increases flow-mediated vasodilation in
women who previously developed PE but not in controls, suggesting that the
EC dysfunction in women with previous PE is possibly due to increased
oxidative stress and ROS [104]. However, whether antioxidants are beneficial
in preventing the impaired EC function associated with PE needs to be
further examined [105].

Neutrophils are another source of ROS and EC damage in PE. Stimulated
neutrophils from women with PE produce more O2

•− compared to
neutrophils from Norm-Preg women. Neutrophils also produce NO, which
can protect cells from O2

•−-induced damage in Norm-Preg. However, in PE,
O2

•− production may dominate the neutrophil and EC NO production,
resulting in EC injury [67]. Also, the plasma levels of lipid peroxidation
markers is increased in women with PE, supporting the hypothesis that poor
uteroplacental perfusion results in increased synthesis of placental free
radical and maternal oxidative stress [106].

Recent research suggests an association between ROS and the severe
endoplasmic reticulum (ER) stress initiated by deficient remodeling of the
uterine arteries during PE. When there is a deficiency in the formation of
maternal spiral arteries supplying the placenta, the arteries spontaneously
constrict. If the arteries constrict enough, ischemia-reperfusion (I/R)
injury will result. I/R injury leads to an increase in ROS, which decreases
the amount of stored Ca2+ and intracellular ATP and produces misfolded
proteins. These misfolded proteins create ER stress, which the cell attempts
to fix via the unfolded protein response (UPR). During low-grade ER stress,
the UPR promotes phosphorylation of eukaryotic initiation factor 2, which
prevents the binding of the initiator to the ribosome and reduces cell
proliferation. Although this is meant as a cell survival technique, prolonged
exposure to UPR during pregnancy can be harmful to the mother and the
fetus. If the ER stress is severe enough, the UPR may require the cells to
undergo apoptosis. As a result, STBM particles enter the maternal
circulation, impair vascular EC function, and lead to PE and IUGR [107].

O2
•− and peroxynitrite may promote the vascular dysfunction in PE through

increased degradation of HIF-1α [108] and stimulation of matrix
metalloproteases MMP-1, -2, and -9 in VSM [109]. ROS can also increase VSM
[Ca2+]i by stimulating the influx of extracellular Ca2+, inhibiting Ca2+-
ATPase activity, or promoting inositol triphosphate (IP3)-induced Ca2+
release from intracellular stores. ROS also activate Ca2+-dependent protein
kinase C (PKC) and promote vasoconstriction by activating Rho-A/Rho-
kinase signaling mechanisms [110].

Hypoxia Inducible Factors (HIF)—Hypoxia promotes the induction of
HIF-1α and HIF-1β, which are quickly degraded after reoxygenation. Once it
is produced, HIF-1 binds to the enhancer region of genes that encode
glycolytic enzymes and VEGF [111]. Because placental hypoxia likely plays a
role in PE, the role of HIFs in the human placenta has been investigated. The
expression of HIF-1α and HIF-2α, but not HIF-1β, is selectively increased in
PE placenta [68]. The molecular mechanisms underlying the changes in HIF
expression and the genes affected during PE are unclear. However, a
HIF-1α binding site exists in the promoter region of the ET-1 gene and acts,
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in combination with other transcription factors, to regulate ET-1 expression
[112]. Upregulation of HIF-1 also enhances the expression of VEGF [108].

Matrix Metalloproteases (MMP)—MMPs are zinc-dependent endopeptidases
capable of degrading extracellular matrix proteins and processing a number
of bioactive molecules. MMPs may play a role in the vascular dysfunction
associated with HTN-preg. MMP-2, the main collagenolytic enzyme in the
umbilical cord artery (UCA) wall, cleaves big ET-1 into ET-11-32, a potent
vasodilator, and inhibits both relaxin and thrombin. Some studies suggest an
increase in MMP-2 levels in PE [113]. Other studies have demonstrated
reduced levels of MMP-2 in UCA and reduced collagen breakdown in the
arterial wall, and suggested that the accumulation of collagen, along with
reduction of elastin in UCA, decrease the blood flow to the fetus in women
with PE [114]. Hypoxia increases MMP-9 mRNA and enzymatic activity 3-to
4-fold in ECs [111]. The higher MMP-9 activity in HTN-Preg compared with
Norm-Preg suggests that MMP-9 may also play a role in the pathophysiology
of PE. MMP may have a bidirectional relationship with VEGF, such that
VEGF upregulates MMP expression, and membrane type-1 MMP promotes
VEGF expression [115].

2-Methoxy-estradiol (2-ME) Deficiency—2-ME, a natural metabolite of E2, is
elevated during the third trimester of Norm-Preg but is markedly
decreased in women with severe PE (Fig. 2). Also, pregnant mice deficient in
catechol-O-methyltransferase (COMT) demonstrate a decrease in 2-ME and
show a PE-like phenotype. Administration of 2-ME ameliorated all PE-like
features and suppressed placental hypoxia, HIF-1α expression and sFLT-1
elevation in the COMT deficient pregnant mice [54]. Thus, measurement of
2-ME in plasma and urine may be a useful biomarker for the diagnosis of
PE. Also, because of its ability to reverse key abnormalities in PE, 2-ME
supplementation may serve as a potential therapeutic measure [54].

Vascular Mediators in HTN-Preg

Vascular tone is maintained by a balance between vasodilator and
vasoconstrictor mediators. The release of biologically active factors in
response to placental hypoxia/ischemia could result in EC and VSM
dysfunction and influence the release of various vascular mediators (Fig. 1).
PE and other pregnancy-related complications, such as HELLP syndrome,
may be associated with “generalized endotheliosis” and abnormal
proliferation of ECs. The PE-associated glomerular endotheliosis in the
kidney could result in renal injury. In PE, the ECs lining the glomerular
capillaries are swollen and hypertrophied, leaving less space for
erythrocytes and giving the glomeruli their bloodless appearance.
Glomerular endotheliosis could be manifested as a decrease in both
glomerular filtration rate (GFR) and renal plasma flow (RPF), resulting in
increased blood urea nitrogen and creatinine levels similar to that of non-
preganant women. The decrease in VEGF levels found in PE is partly
responsible for glomerular endotheliosis. VEGF is produced in the
glomerulus by podocytes and is essential for the preservation of general
endothelial wellness, but also plays a key role in the initiation of fenestrae,
the small pores in the ECs that allow the transfer of molecules from the
glomerular capillaries into the urinary space. The lack of fenestrae
contributes to the reduction of GFR during PE. At the dame time,
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subendothelial deposits of fibrin or fibrinogen-derivatives produces more
filtrate in the extracellular space, which further reduces the GFR. The
combination of a lack of fenestrae and the excessive production of sFlt-1
seen in women with PE inhibits VEGF signaling and eventually leads to the
clinical complications of endotheliosis and proteinuria. Once the fetus is
delivered, all glomerular changes accompanying endotheliosis are reversed
within weeks as is the HTN and proteinuria [116,117]. Generalized
endotheliosis in PE could also affect the systemic blood vessels leading to
increased vascular resistance and HTN. More specifically, endotheliosis could
affect the blood vessels of the brain leading to seizures or the blood vessels
of the liver leading to HELLP syndrome. The EC dysfunction could also
involve changes in the release of vasodilators, such as NO, prostacyclin
(PGI2), and endothelium-derived hyperpolarizing factor (EDHF), or
vasoconstrictor mediators, such as ET-1 and AngII in human (Table 3) and in
rats (Table 4).

Decreased Endothelium Derived Vasodilators in PE

Nitric Oxide (NO)—NO is a potent vasodilator and relaxant of VSM. NO is
produced from the transformation of L-arginine to L-citrulline by neuronal
nNOS, inducible iNOS, and endothelial eNOS. Low oxygen tension in vivo
results in a decrease in eNOS mRNA expression and NO production [111]. The
vascular changes during Norm-Preg have been attributed, in part, to the
increased NO synthesis by various maternal cells including vascular ECs
[118]. NOS expression and activity are increased in human uterine artery
during Norm-Preg [119]. Also, the plasma concentration and urinary
excretion of cGMP, a second messenger of NO, are increased in Norm-Preg.
The production of cGMP markedly increases during the first trimester
when the maternal circulation is rapidly vasodilating, while NO production
is not proportionately elevated, suggesting additional sources of cGMP
[120].

Measurements of total NO production during HTN-Preg did not produce
consistent findings. Some studies have shown that the concentration of
nitrite/nitrate, stable byproducts of NO, is reduced in the sera of PE women
[121], while other studies have shown increased levels [122]. The difference
in the nitrite/nitrate levels during PE could be related to dietary nitrate
intake. However, in a study of women with PE during which dietary
nitrate/nitrite intake was controlled, reduction in NO production was not
consistently observed [120]. The apparent dissociation between whole body
NO production and the decreased vascular relaxation during HTN-Preg
suggests tissue-specific differences in NOS expression and NO bioavailability.
For instance, the expression of NOS isoforms may not be different in the
placentas of Norm-Preg and PE women [123]. However, in late pregnant rats,
the amount of renal eNOS is decreased by 39% while iNOS and nNOS increase
by 31% and 25%, respectively [124].

Although the total nitrate/nitrite production may not be decreased in the
plasma of PE women, the bioavailability of NO to produce vascular relaxation
may be reduced. Ascorbate is essential for the decomposition of S-
nitrosothiols and the release of NO. Ascorbate deficiency is typical of PE
plasma and might result in decreased decomposition rates of S-nitrosothiols
[33]. This is consistent with the observation that PE plasma contains higher
concentrations of total S-nitrosothiols and S-nitrosoalbumin than plasma
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taken during Norm-Preg, possibly due to insufficient NO release from these
major NO reservoirs in PE [103].

While measurements of total nitrate/nitrite did not produce consistent
findings in PE, specific reduction in vascular endothelial NO production may
be associated with PE [125]. In support of this theory, NOS blockade with
Nω-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 renal vasoconstriction, proteinuria, thrombocytopenia and
IUGR [126,127]. Also, BP is markedly increased in pregnant rats treated with
L-NAME compared with virgin rats treated with equal doses of L-NAME
[127] (Table 2).

Prostacyclin (PGI2)—PGI2 is an anti-platelet aggregator and a vasodilator
produced from the metabolism of arachidonic acid by the cyclooxygenase
(COX)-1 and COX-2. Endothelium-derived PGI2 may contribute to the
hemodynamic and vascular changes during pregnancy. During Norm-Preg,
the plasma and urinary levels of 6-keto-prostaglandin F1α (PGF1α), a
hydration product of PGI2, are increased [128]. Hypoxia has been shown to
down-regulate COX-1 [129], and may result in the alterations in PGI2
production observed in PE. During severe PE, the plasma and urinary
concentrations of PGF1α are lower than in Norm-Preg, suggesting that
overall PGI2 synthesis is diminished. Endothelial PGI2 production may also
be decreased in PE [130]. Interestingly, in vascular strips of RUPP rats,
acetylcholine-induced relaxation is not completely inhibited by L-NAME,
suggesting that changes in other endothelium-derived vasodilators such as
PGI2 may play a role in HTN-preg [71].

Endothelium-Derived Hyperpolarizing Factor—EDHF is a major relaxing
factor particularly in the small resistance vessels. Studies have shown that
EDHF is the predominant relaxing factor in female mice, while NO and
PGI2 are the dominant vasodilators in male mouse vessels [131]. An increase
in EDHF production/activity may also play a role in the vascular adaptation
during Norm-Preg. Studies on the uterine vascular beds of pregnant rats
have suggested that EDHF release is activated by a delayed rectifier type of
voltage-sensitive K+ channel [132] and causes vasodilation by affecting
myoendothelial gap junctions alone or in combination with H2O2 or
cytochrome P-450 epoxygenase, a metabolite of arachidonic acid. Although
EDHF is not reduced by chronic hypoxia [133,134], its release may be
impaired during PE [135,136].

While NO, PGI2 and EDHF have different vasodilator mechanisms, they may
affect each other. PGI2 analogue may upregulate eNOS and NO production in
ECs [137]. PGI2 may also activate the inward rectifier K+ channels through
the release of EDHF [138].

Increased Endothelium Derived Vasoconstrictors in PE

Endothelin-1 (ET-1)—ET-1 is produced by ECs and causes marked
vasoconstriction. Hypoxia induces the synthesis and secretion of ET-1 from
ECs [112]. ET-1 production also appears to be increased in women with PE
[139], perhaps due to activation of AT1R [73]. ET-1 secretion is 4- to 8-fold
higher in umbilical cord ECs of PE compared to Norm-Preg women [140].
Also, the concentration of immunoreactive ET-1 is elevated in the plasma of
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PE women and rapidly returns to a normal value within 48 h of delivery,
suggesting that ET-1 may contribute to the vasoconstriction associated with
PE [141]. Typically, plasma ET-1 levels are highest during the later stages of
PE, suggesting that ET-1 may not be involved in the initiation of PE, but
rather in the progression into the malignant hypertensive phase of the
disease [73].

ET-1 interacts with ETA receptor (ETAR) and ETB2R in VSM to cause vascular
contraction. Under normoxic conditions, ET-1 increases VSM [Ca2+]i and
contraction by stimulating ETAR-mediated Ca2+ release from the
intracellular stores and PKC-dependent inhibition of K+ channels and
subsequent membrane depolarization and Ca2+ influx through voltage-gated
channels. In hypoxic conditions, up to 80% of ET-1 induced vascular
contraction is independent of [Ca2+]i and PKC [142]. ET-1 also activates
ETB1R in ECs and causes the release of NO, PGI2, and EDHF and promotes
vascular relaxation [143]. ET-1 via ETBR may also mediate the reduced
myogenic reactivity and vasodilation of renal arteries and the glomerular
hyperfiltration during pregnancy in rats [144,145]. The role of ET-1 and its
receptors in the vascular dysfunction associated with PE remains an
important area of investigation.

Angiotensin II (AngII)—AngII is an important regulator of BP and electrolyte
homeostasis. Hypoxia causes an increase in plasma levels of AngII in rabbits
[146]. Also, local levels of ACE, AT1R and angiotensin type 2 receptor
(AT2R) are increased during chronic hypoxia [146]. Plasma Ang-(1–7) levels
and most other components of RAS, except ACE, are reduced in PE compared
with Norm-Preg women. Only plasma AngII remains elevated in PE. In PE,
the decreased plasma Ang-(1–7) and elevated AngII may contribute to HTN
[147].

AngII causes vascular remodeling by promoting vasoconstriction, vascular
growth, and inflammation. AngII also activates the Rho/Rho-kinase system,
a prominent regulator of VSM contraction, the cytoskeleton, and vascular
remodeling [148]. The response to AngII is decreased during Norm-Preg
partly due to inactivation of AngII by angiotensinase in serum and placenta.
Angiotensinase activity is lower in sera of women with severe PE leading to
decreased degradation and increased sensitivity and vascular responses to
AngII [149].

A fraction of circulating IgG antibodies may activate the AT1R and is
considered a factor in PE (Fig. 2). The plasma level of AT1R autoantibodies
(AT1-AA) rises in PE and subsides within 6 weeks after delivery. AT1-AA
activity may promote Ca2+ signaling and VSM contraction. AT1-AA induced
mobilization of intracellular Ca2+ also initiates a signaling cascade that leads
to activation of NF-κB and activator protein-1 and increased tissue factor
expression, which in turn cause vasoconstriction and lead to HTN [150].

Cytokines such as TNF-α and IL-6 stimulate AngII production in the female
reproductive tract [151] and upregulate the expression of AT1R in VSM cells
[152]. The vasoconstrictor effects of AngII are mediated via AT1R in VSM.
AngII also induces the production of ET-1, which further promotes
vasoconstriction [153]. AngII also stimulates AT2R in ECs and promotes the
release of NO and PGI2 [154,155]. Although AngII infusion in mice does not
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change EDHF-mediated vascular relaxation [156], administration of an ACE
inhibitor or an AT1R antagonist improves EDHF-mediated vascular relaxation
in rats [157,158].

Thromboxane A2—TXA2, a potent vasoconstrictor and platelet aggregator,
was thought to play a role in PE. The levels of TXB2, a metabolite of TXA2,
are higher in PE than Norm-Preg women [159], and earlier studies suggested
that the levels of TXA2 or its metabolites might be used to determine the
severity of PE. However, experimental studies suggest that enhanced
production of TXA2 may not play a major role in mediating the HTN and
renal vasoconstriction produced by RUPP in pregnant rats [160]. Some
clinical studies suggested the use of a low dose of aspirin to prevent PE
[161]; however, a randomized controlled clinical trial on women at high risk
for PE showed no benefit of low dose aspirin as a preventive measure [162].

Increased Vascular Smooth Muscle Mediators in PE

VSM Ca2+—[Ca2+]i is a major determinant of vascular tone. VSM activation is
triggered by increases in [Ca2+]i due to IP3-induced Ca2+ release and
ryanodine-sensitive Ca2+-induced Ca2+ release from the intracellular stores.
Vasoconstrictor agonists also stimulate Ca2+ entry through ligand-gated and
voltage-gated Ca2+ channels. Endothelium-derived relaxing factors act on
VSM to inhibit phospholipase C, open K+ channels, or stimulate [Ca2+]i
extrusion, and thereby decrease [Ca2+]i. EC dysfunction is associated with
decreased release of relaxing factors and decreased VSM Ca2+ extrusion
mechanisms. EC dysfunction also causes an increase in VSM contracting
factors such as ET-1, which increases [Ca2+]i. VSM contraction in response to
hypoxia is also mediated by increased [Ca2+]i [163]. It is generally thought
that vasoconstrictors may play a role in PE. In rat aortic VSM cells, the basal
and agonist-stimulated [Ca2+]i are reduced in Norm-Preg compared with
virgin rats, but significantly elevated in pregnant rats treated with L-
NAME [83] (Table 4). Also, AngII and KCl cause greater increases in VSM
contraction and [Ca2+]i in renal VSM from RUPP compared with Norm-Preg
rats [84]. However, studies on myometrial and subcutaneous resistance
vessels have shown that microvessel reactivity to high KCl depolarizing
solution, phenylephrine (PHE) and AngII are not increased in PE compared
with Norm-Preg women, and suggested that this may be an unlikely
mechanism of the increased vascular resistance in PE [164].

VSM Protein Kinase C (PKC)—PKC plays a role in VSM contraction. Activation
of PKC by phorbol esters causes sustained contraction of VSM with no
detectable change in [Ca2+]i, suggesting that PKC increases the Ca2+
sensitivity of the contractile proteins. In the uterine artery from pregnant
sheep and the aorta of late pregnant rats there is a decreased contraction
associated with a decrease in vascular PKC activity [165,166]. Also, the
expression and subcellular redistribution of the Ca2+-dependent α-PKC and
the Ca2+-independent δ- and ζ-PKC are reduced in aortic VSM of late
pregnant compared with nonpregnant rats [166,167].

Increased VSM PKC expression/activity has been identified in HTN [168,
169]. Also, the Ca2+ sensitivity of VSM contractile myofilaments is increased
in women with PE, suggesting that VSM PKC activity may be involved in
the vascular changes observed in PE [170]. PKC may also play a role in the
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changes in AngII and AT1R-mediated signaling associated with PE. Studies on
cultured neonatal rat cardiomyocytes have shown that IgG in plasma from
PE women enhances AT1R-mediated chronotropic response, and treatment
of 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
AT1R antibody. These studies concluded that PE women develop stimulatory
AT1-AA, a process that appears to be mediated via PKC [171]. Also, we have
shown that the expression and activity of α- and δ-PKC isoforms are
enhanced in L-NAME treated compared with Norm-Preg rats, suggesting a
role of α- and δ-PKC in the increased vasoconstriction and vascular
resistance observed in HTN-Preg [166,167].

VSM Rho/Rho-Kinase—Rho is a family of small GTP-binding proteins that
are involved in many cellular functions including cell proliferation,
migration, cytoskeletal reorganization and contraction. Rho-kinase is
activated by GTP binding and inactivated by hydrolyzing GTP to GDP, and
this process is influenced by growth factors and vasoactive substances
[172]. The Ca2+ sensitivity of the contractile elements is increased in
subcutaneous resistance arteries from women with PE compared with Norm-
Preg and nonpregnant women, suggesting a role of Rho-kinase in PE [170].
Also, an increase in AngII activity during PE may activate Rho-kinase and
promote vasoconstriction [173]. However, other studies have shown that the
expression of Rho-kinase mRNA may be downregulated in umbilical arteries
of PE women [174], making it important to further investigate the role of
Rho-kinase in the vascular changes associated with PE.

Diagnostic Elements and Biomarkers of PE

In addition to the hallmarks of PE, such as HTN and proteinuria, women
with PE may develop edema in the face, hands, and feet, and experience
sudden weight gain. The edema in PE may be related to the renal
dysfunction and consequent sodium and fluid retention [117]. Other
diagnostic elements and biomarkers of PE have been suggested.

Immune Response—The status of the immune system can be useful in
predicting the risk of PE in early stages of pregnancy. The immune system
fights off foreign pathogens through the activation of the alternate
complement pathway, and activation of the Bb fragment could initiate
vascular injury and fetal demise. PE women show higher levels of Bb than
Norm-Preg women [175]. In support of this theory, the mother’s abnormal
immune response to paternal antigens is prominent in PE. For example, 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. Conversely, conditions associated with suppressed immune
response, such as HIV-related T-cell immune deficiency, are associated with
a low rate of PE [20]. An increase in inflammatory factors in PE may also
represent an abnormal maternal immunological response, comprising a
change in the role of monocytes and natural killer cells, altered release of
circulating cytokines, and activation of proinflammatory AT1R [20].

Platelet Count—The mean platelet volume (MPV) may be an important
predictor of PE in pregnant women. Longitudinal studies have shown that
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women who develop PE have higher MPV than Norm-Preg women. Also, an
increase in MPV can be detected as early as 4.6 weeks prior to the appearance
of the hallmark symptoms of PE [176].

Uric Acid—The levels of uric acid could also be a potential predictor of PE.
During Norm-Preg, uric acid levels decrease initially, but then gradually
increase over gestational time. However, during PE the uric acid levels begin
to increase as soon as 10 weeks earlier in the gestational period, and even
precedes the MPV predictor. Also, rats with experimentally enhanced uric
acid levels show higher incidence of renal and vascular disease. Elevated uric
acid levels could contribute to the reduced production of NO and the altered
endothelial function in PE women. Also, uric acid stimulates human
monocytes to produce the pro-inflammatory cytokines TNF-α, IL-6 and
IL-1β, which are elevated in PE [177]. Careful studies are needed to further
evaluate the use of uric acid levels as a predictor of PE.

Amniotic Fluid—Because of the dangers to the fetus inherent from
collection of the amniotic fluid, some studies utilized amniotic fluid from
amniocyte banks for retrospective analysis. In one study, amniotic fluid
samples were tested for insulin-like factor (INSL) 3, a peptide hormone made
by the fetal testis and responsible for the first transabdominal phase of
testicular descent. The results showed that, in male fetuses only, INSL3
levels were elevated in asymptomatic women who subsequently developed PE
[178]. These results indicate that careful monitoring of hormones in the
amniotic fluid may be used as a potential indicator of PE.

Fetal Development—Ultrasound technique can also monitor changes in the
progress of fetal development and may detect IUGR early. For instance,
ultrasounds have shown that fetuses with significant decrease in thymic size
are prone to developing IUGR [179].

Circulating Factors—Other potential biomarkers, including the circulating
factors described above, can also help in the prediction of PE. For example,
the levels of VEGF, sFlt-1:PlGF, inflammatory cytokines, ROS and 2-ME can
be monitored for early detection of PE (Table 3).

Uterine artery Doppler screening—Uterine artery Doppler screening at 23
weeks of pregnancy has been used to predict PE, with an abnormal finding
defined as early diastolic bilateral uterine artery notching in the waveform.
However, about 50% of mothers with uterine artery notching do not develop
PE. Plasma levels of fibrinolytic markers including plasma levels of tissue-
type plasminogen activator (t-PA), plasminogen activator inhibitor-1
(PAI-1), plasminogen activator inhibitor-2 (PAI-2), plasmin-α2-antiplasmin
(PAP), D-dimers have also been used in conjunction with uterine artery
Doppler screening as predictors of PE. Uterine artery notching at 23 weeks
of gestation is associated with increased PAI-1 levels. Within the uterine
artery notching group, mothers who developed PE had increased t-PA levels
and decreased PAI-2 levels, although there was no net change in fibrinolysis
as measured by D-dimer levels. These findings have led to the conclusion
that no single fibrinolytic marker is helpful in determining pregnancy
outcome in women with uterine artery notching, but t-PA and PAI-2 are
worthy of study in a multifactorial algorithm [180].
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Management of HTN-Preg

Overall, the current management of PE is mainly symptomatic, and the
most effective way to reverse the manifestations is induction of delivery.
Management of mild to moderate HTN-Preg consists of bed rest and anti-
hypertensive drugs such as methyldopa, hydralazine, β-blockers and
nifedipine, which have few side effects on the mother and fetus [181]. The
antihypertensive drugs mainly decrease the risk of developing acute HTN,
but may not have a clear effect on fetal mortality, premature birth, or
fetal growth restriction. It is important to note that some of the
contraindicated anti-hypertensive medications during PE include
angiotensin receptor blockers (ARBs) and the angiotensin converting enzyme
(ACE) inhibitors. If PE worsens into eclampsia, maintenance of airway
patency and prevention of fluid aspiration is the first measure, then
anticonvulsants such as magnesium sulfate infusion should be given. High
doses of magnesium sulfate infusion may create side effects, such as
increased postpartum bleeding, decreased neuromuscular transmission,
increased respiratory depression, and maternal death. Lower dose
intravenous magnesium sulfate regimens reduce these side-effects, while
still working just as effectively as higher doses against eclampsia [182].

Potential Molecular Targets for Management of PE

Future approaches for management of HTN-Preg should focus on preventing
the disease rather than treating the symptoms. Some of the potential
approaches include methods to minimize placental hypoxia, utilize cytokine
antagonists, and develop drugs that increase the release of vasodilators such
as NO or block the release or the effects of vasoconstrictors such as ET-1.
For example, recent trials have shown promising effects of supplements of
L-arginine, a precursor of NO, in non-proteinuric gestational HTN [183], but
little effects on the glomerular injury associated with PE [184]. Control of
dietary and environmental factors including dietary calcium and vitamin D
could also reduce the incidence of PE in susceptible women. Advanced gene
analysis may also provide an alternative gene therapy approach and a specific
measure to prevent PE.

Current research focuses on altering the levels of angiogenic factors in
order to reverse the manifestations of PE. Experimental studies using
recombinant VEGF-121 therapy on rats reversed PE-like phenotypes by
replacing natural VEGF lost to sFlt-1 antagonism without causing any
perceived effects on the fetus or placenta. VEGF-121 treatments also
produced significant changes in gene expression by reversing the effects of
genes related to angiogenesis, hypoxia, inflammation, and coagulation [185].

Research has also suggested possible management of PE by reducing the TNF-
α inflammation of the endothelium with Digibind, a polyclonal-fragmented
Digoxin-immune Fab antibody raised in sheep. The antibody decreases
inflammation by down-regulating endothelial Na+/K+-ATPase activity,
leading to improved maternal symptoms and increased fetoplacental
perfusion [186].

Conclusion

Genetic predisposition, dietary and environmental factors affect the normal
development of the placenta and may lead to placental ischemia/hypoxia and
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increase the release of bioactive growth factors, cytokines, ROS, HIF-1 and
antibodies to AT1R. These bioactive factors in turn decrease the vasodilator
mediators and increase the production of vasoconstrictor mediators leading
to severe vasoconstriction, increased vascular resistance and HTN-Preg.
Understanding the cellular mediators of PE should provide more specific and
efficient measures for the prevention, diagnosis and treatment of this
disorder.
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Fig. 1.
Cellular mechanisms of HTN-Preg. Shallow placentation and RUPP during
late pregnancy trigger the release of biologically active factors, which
affect the systemic blood vessels and lead to generalized vasoconstriction,
increased vascular resistance and HTN-Preg. The bioactive factors could also
injure the kidney leading to increased plasma volume and severe HTN, as well
as glomerular endotheliosis and proteinuria, leading to clinically manifested
PE. Increases in cerebral vascular permeability and edema lead to seizures and
life-threatening eclampsia.
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Fig. 2.
Interactions between biologically active factors and vascular mediators
during HTN-Preg. Ischemia in the placenta triggers the release of circulating
factors in the blood, followed by a decrease in vasodilation in the
endothelium, an increase in vasoconstriction in vascular smooth muscle and
vascular remodeling in the adventitia. sEng is a TGF-β antagonist that blocks
the receptor TβRII, and sFlt-1 is a VEGF antagonist that blocks the Flt-1
receptor. Solid arrows indicate stimulation. Interrupted arrows indicate
inhibition.
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