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Abstract: This review integrates the currently available information on the molecular, cellular,
and systemic mechanisms involved in the pathophysiology of preeclampsia. It highlights that the
growth, protection, and promotion of the conceptus requires the modulation of an intact maternal
immune system, communication between the mother and fetus, and adaptation of the maternal
organic functions. A malfunction in any of these factors, on either side, will result in a failure of
the cascade of events required for the normal course of pregnancy. Maladaptive processes, initially
aiming to protect the conceptus, fail to anticipate the gradually increasing cardiovascular volume load
during the course of pregnancy. As a result, multiple organ dysfunctions install progressively and
eventually reach a state where mother and/or fetus are at risk of severe morbidity or even mortality,
and where the termination of pregnancy becomes the least harmful solution. The helicopter view on
pathophysiologic processes associated with preeclampsia, as presented in this paper, illustrates that
the etiology of preeclampsia cannot be reduced to one single mechanism, but is to be considered a
cascade of consecutive events, fundamentally not unique to pregnancy.

Keywords: preeclampsia; gestational physiology; pathophysiology; inflammation; immune
tolerance; extracellular vesicles; maternal hemodynamics; venous hemodynamics; venous congestion;
intra-abdominal pressure

1. Introduction

Gestational hypertensive disorders (GHDs) account for an important fraction of prenatal
complications, and maternal and perinatal near miss or mortality [1]. GHDs are a heterogeneous
group of syndromes, in which elevated blood pressure is the predominant feature, occurring either
before midgestation or developing during the second half of pregnancy. Table 1 lists the diagnostic
criteria for different types of GHD, as currently defined by the American College of Obstetricians
and Gynecologists (ACOG) and the International Society for the Study of Hypertension in Pregnancy
(ISSHP) [2,3], together with the subcategories considered by different international societies [4].

For ages, numerous hypotheses on the etiology and pathophysiology of preeclampsia have been
reported, without a generally accepted consensus today. This narrative review aims to combine
currently published evidence on the sequence of background mechanisms from periconception to the
full clinical syndrome preeclampsia, and put these into perspective with the known pathophysiologic
processes of systemic syndromes in non-pregnant individuals as cardiorenal syndrome and other.
For this, an extended literature search in PubMed was conducted using combinations of the key words:
preeclampsia, gestational hypertensive disorders, epidemiology, risk factors, classification, early onset
preeclampsia, placental preeclampsia, late onset preeclampsia, maternal preeclampsia, spiral artery,
spiral artery remodeling, gestational adaptation, gestational physiology, intervillous space, immune
tolerance, inflammation, oxidative stress, systemic inflammatory response syndrome, epigenetics,
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microRNA, syncytiotrophoblast extracellular vesicles, trophoblast plugs, uterine arteriovenous
anastomoses, nitric oxide, maternal hemodynamics, venous hemodynamics, venous congestion,
intraabdominal pressure, abdominal hypertension, abdominal compartment syndrome.

Table 1. Criteria for the diagnosis of preeclampsia, as defined by the American College of Obstetrics
and Gynecology (ACOG) and by the International Society for Studies of Hypertension in Pregnancy
(ISSHP), with further specifications used by ACOG, Hypertension Canada (HT Canada), European
Society of Cardiology (ESC), Society of Obstetricians and Gynaecologists of Canada (SOGC), ISSHP,
Society of Obstetric Medicine of Australia and New Zealand (SOMANZ), and the Royal College of
Obstetricians and Gynaecologist (RCOG [2–4]).

Hypertension (HT): Systolic blood pressure ≥ 140 mm Hg and/or
diastolic blood pressure ≥ 90 mm Hg

Chronic hypertension (CH): hypertension before conception or
diagnosed ≤ 20 weeks of gestation

GH (GH): de novo hypertension after 20 weeks of gestation, without any signs of organ dysfunction
PE (PE): de novo HT ≥ 20 weeks of gestation, with ≥1 of following signs:

ACOG 2019 ISSHP 2018

HT 2 x ≥ 4 h apart HT 2 x over few hours
Proteinuria ≥ 300 mg/24 h

Protein/creatinine ≥ 30 mg/mmol
Dipstick ≥ 1+ Dipstick ≥ 2+ (> 1g/L)

Liver transaminases > 2 × normal
Platelets < 100 E9/L Platelets < 150 E9/L

Creatinine > 100 µmol/L Creatinine ≥ 90 µmol/L
Subjective signs

Uteroplacental dysfunction

ACOG HT Canada ESC SOGC ISSHP SOMANZ RCOG
2019 2018 2018 2014 2018 2014 2011

CH CH CH CH ± Sympt CH 1◦/2◦ CH 1◦/2◦ CH
GH GH GH GH ± Sympt GH GH GH

PE/Ecl PE/Ecl/HELLP PE PE PE, CH→PE PE/Ecl PE
CH→PE CH→PE Transient HT Transient HT CH→PE

UHT Wh Coat HT Wh Coat HT Wh Coat
Masked HT Masked HT

HELLP
Ecl

Mild Mild
140-159/ 140-149/
90-109 90-99

Moderate
150-159/
100-109

Severe Severe Severe Severe Severe Severe Severe
≥160/110 ≥160/110 ≥160/110 ≥160/110 ≥160/110 ≥160/110 ≥160/100

Emergent ≥15 min ≥15 min over few h
≥170/110

Legend to Table 1: HT: Hypertension; CH: Chronic hypertension; GH: Gestational hypertension; PE: Preeclampsia;
Ecl: Eclampsia; CH→PE: Preeclampsia superimposed on chronic hypertension; HELLP: Hemolysis, elevated
liver enzymes, low platelets; UHT: Undefined hypertension; CH ± Sympt: Chronic hypertension with or without
symptoms; GH± Sympt: Gestational hypertension with or without symptoms; Transient HT: Transient hypertension;
Wh Coat HT: White-coat hypertension; Masked HT: Masked hypertension; CH 1◦/2◦: Primary or secondary
chronic hypertension.

1.1. Epidemiology of Preeclampsia

It is estimated that GHDs occur in 5.2–8.2% of all pregnancies [5]. Overall, nonproteinuric
gestational hypertension (GH) occurs in 1.8–4.4% and preeclampsia (PE) in 0.2–9.2% of pregnancies.
Important differences have been reported in the rates of PE between continents: 0.5–2.3% in Africa,
0.2–6.7% in Asia, 2.8–9.2% in Oceania, 2.8–5.2% in Europe, 2.6–4.0% in North America, and 1.8–7.7% in
South America [5]. Increasing rates of PE have been reported in the USA and Norway, with age-adjusted
values increasing from 2.4% in 1987–1988 to 2.9% in 2003–2004 and from 3.7% in 1988–1992 to 4.4%
in 1998–2002, respectively [6]. The prevalence of PE seems subject to meteorological and geographic
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influences because higher rates are reported in winter births and in the northern regions of Finland
rather than the southern regions, and also during the transition from the dry to the rainy season in
Zimbabwe [6].

1.2. Predisposing Risk Factors

Numerous risk factors for the development of PE have been identified. Epidemiological studies
have demonstrated a genetic influence, via both maternal and paternal inheritance, with evidence for
familial clustering, parental transfer, twin sibling susceptibility, and racial differences [7]. First-degree
relatives of affected individuals have a 3–5-fold increased risk of PE [8]. Pregnancies fathered by
partners who themselves were born after PE are twice as likely to develop PE, and men who have already
conceived a preeclamptic pregnancy are at greater risk of recurrent PE in subsequent pregnancies [8,9].
In mono- and dizygotic female twin pairs, PE heritability is estimated to be 54%. A meta-analysis
of individual gene studies showed that individual genetic variants encoding components of the
renin–angiotensin system, coagulation, fibrinolysis, lipid metabolism, and inflammation pose an
increased risk of PE, and many of these variants are also associated with an increased risk of
cardiovascular disease [8,10]. Compared with White women, the risk of developing PE is higher in
Black women and lower in Hispanics, Asians, and Pacific islanders [11]. Inter-racial differences in
the prevalence of comorbidities, such as obesity and diabetes, may partly explain these observations,
but ethnic variants of single-nucleotide polymorphisms have also been identified, such as in the
endoplasmic reticulum aminopeptidase 2 (ERAP2) gene [7,12].

Primigravid women show a three-fold higher rate of PE than multigravida women, and those
who have had limited reproductive contact with paternal antigens in the preconception period are at
particular risk. This circumstance can arise from a short prepregnancy period of cohabitation, the use of a
barrier method of contraception, a new partnership, azoospermia treated with surgical sperm extraction
before intracytoplasmic sperm injection (ICSI), or donor insemination [6,9]. These observations strongly
suggest that the maternal immune system plays an important role in the etiology of PE, as will be
discussed further in the section on the immune system, implantation, and vascular remodeling.

Maternal comorbidities may strongly predispose a woman to GHD. A meta-analysis of large
cohort studies and a World Health Organization (WHO) multicountry survey of maternal and newborn
health showed that women with antiphospholipid syndrome or chronic hypertension have the highest
individual risk of PE, followed by those with pregestational diabetes, chronic diseases of the kidney,
liver, or heart, anemia, systemic lupus, or other systemic infections [13,14]. However, the relevance of
these disorders to population health care differs markedly from their relevance to an individual’s risk
and depends upon the prevalence of these morbidities in the population [13].

Another important group of predisposing factors for PE are individual characteristics, such as
body mass index (BMI) > 25 kg/m2, age > 35 years, school education ≤ 10 years, grand multiparity
(≥5), and a history of PE, abruption, or stillbirth [14]. A predisposition to gestation-specific PE is also
observed in multiple pregnancies [14], and after conception with artificial reproductive treatments,
particularly in vitro fertilization and ICSI techniques [15], irrespective of whether the gametes are from
partners or donors or whether it is a singleton or multiple pregnancy [9,14,16,17].

Environmental factors, such as air pollution, are becoming a more and more important predisposing
factor for preeclampsia and cardiovascular disease, most likely via oxidative stress induced endothelial
dysfunction [18]. This mechanism will be explained further in the chapter on Immune system,
implantation, and vascular remodeling.

Less-frequently reported factors associated with a higher risk for PE are maternal dyslipidemia,
sleep-disordered breathing, (worsening) migraine, and the intake of certain foods, minerals, and
vitamins [18–23]. It is unclear whether these factors act independently or as confounders of an
underlying predisposition to cardiovascular disease [24].
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2. Pathophysiology

2.1. Types of PE

The term “eklampsia” (violent bursts, lightning) was first used in ancient Greece to describe
the unexpected and abrupt appearance of seizures in young pregnant women [25]. Only by the
end of the 19th century to the early 20th century were hypertension and proteinuria recognized as
preceding symptoms [26]. Decades later, it was noted that this disease is most prevalent in primigravid
women. In the 1970s, histological studies of placental invasion were reported, and maladaptation of
the maternal spiral arteries in a very early stage of pregnancy was linked to the development of PE.
By the end of the 20th century, the focus of research had moved to the immunological mechanisms of
systemic inflammation and endothelial activation [26]. More recently, there has been an increasing
number of publications on the subtypes of PE, with different predisposing risk factors and preclinical
pathophysiological pathways. The first classification system discriminated early-onset from late-onset
PE based on whether the clinical diagnosis was made before or after 34 weeks [27]. These two
types showed differences in maternal cardiovascular function in the latent phase of the disease [28].
Compared with late-onset PE, early-onset PE usually proceeds more aggressively, shows faster
deterioration, and is commonly associated with fetal growth restriction, features that are attributed
to early gestational dysfunction of the placenta [29]. By contrast, late-onset PE is more frequently
associated with maternal phenotypic characteristics, such as obesity, diabetes, or metabolic syndrome,
and is presumably less affected by placental dysfunction [29]. For these reasons, some authors have
suggested classifying the two entities as placental PE and maternal PE, respectively [30]. Because there is
considerable overlap between these two entities in both classification methods, maternal hemodynamic
characteristics have been evaluated in PE-associated pregnancies relative to the presence or absence of
(fetal) intrauterine growth restriction (IUGR) [31,32]. PE with IUGR, which predominantly occurs with
the early-onset or placental type of PE, presents with signs of a vascular hypertonic state, whereas,
in PE without IUGR (usually associated with the late-onset or maternal-type PE), hypertension is
mainly related to high cardiac output [31,33]. This classification is consistent with the hemodynamic
definition of high blood pressure, which, according to Ohm’s law, is “mean arterial pressure = cardiac
output × peripheral resistance” [34]. Of all the PE classification systems, the latter method not only
accommodates most fundamental physiological factors, but also offers a better opportunity for the
more-targeted management of both subtypes [31–33]. To complete the picture, two different subtypes
of late-onset PE have also been reported, based on the bimodal skewing of the birth weight percentiles
and uterine artery Doppler ultrasound measurements [35]. The categorization of PE into three subtypes
is not only consistent with the reported prevalence figures, which are higher for late-onset PE than
for early-onset PE [36], but also with the three reported types of longitudinal changes in maternal
cardiovascular functions throughout the course of the pregnancy, as will be explained below [37–39].

The upcoming paragraphs discuss one by one the role of the different functional processes
and organ systems in the pathophysiology of preeclampsia, many of which present simultaneously.
For readers’ comprehension, Table 2 presents the consecutive sequence in time of these events, with
special reference to related figures.
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Table 2. Consecutive sequence of pathophysiologic events associated with preeclampsia.

Pathophysiologic Process Figure Predisposing Factors/Mechanisms Clinics [references]

Inflammation Preimplantation fetal signaling 2A Genetic predisposition Paternal preeclampsia [8,9]
Maternal response 2B Preconceptional paternal antigen immune memory Primipaternity [6,9]

Local adaptation Local maternal immune tolerance 2B Maternal immunologic precondition Auto-immune disease [13,14]
Local inflammation 2B Maternal immunologic precondition Auto-immune disease [13,14], immune suppression [40]

Local vascular adaptation 2B Maternal cardiovascular/endothelial precondition CV disease [13,14], endoth dysfunction [18]

Systemic adaptation Systemic maternal immune tolerance 2C Maternal immunologic precondition Auto-immune disease [13,14]
Systemic cardiovascular adaptation 2C Maternal cardiovascular/endothelial precondition CV disease [13,14], endoth dysfunction [18]

Early oxidative stress Local tissue damage & inflammation 4 Maternal (immunologic) precondition Auto-immune disease [13,14]
Intercellular mediators, chemokines 4 Genetic/immunologic precondition Genetic diseases [7.8.10.11], auto-immune diseases [13,14]

IVS hemodynamics Veno-lymphatic remodelling & Arterial plugging 2C Venous/ body volume dysfunction (Subclinical) CV disease [41], body constitution [42,43]
2C Maternal immunologic dysfunction Auto-immune disease [13,14]

Spiral artery remodelling 1 Maternal arterial/endothelial dysfunction CV disease [13,14], endoth dysfunction [18]
1 Arterial response to poor venous adaptation CV disease [13,14], endoth dysfunction [18]

Systemic Hemodynamics Body water volume 3 Preconceptional low/high body water volume Maternal body constitution [83.93], renal disease [13.14]
Body water expansion upon early CV dysfunction 3 Extravasation/poor intravascular expansion CV disease [13,14], renal disease [13.14], endoth dysfunction [18]

Volume induced endoth dysfunction 3 Maternal constitutional/CV/endoth precondition CV disease [13,14], renal disease [13.14], endoth dysfunction [18]
Raised venous tone/venous hypertension 4 Maternal precondition Aut NS [44], endoth dysfunction [18]

External venous compression 4 Preconceptional raised intra-abdominal pressure Maternal body constitution [83.93], renal disease [13.14]
4 Increased gestational rise of intra-abdominal pressure Large uterine volume [13,14]

Late oxidative stress Intercellular mediators, chemokines 4 Genetic/immunologic precondition Genetic [7.8.10.11], maternal disease [13.14], endoth [18], Aut NS [44]
Systemic inflammation 4 Genetic/immunologic precondition Genetic [7.8.10.11], maternal disease [13.14], endoth [18], Aut NS [44]

4 Developing during pregnancy Genetic [7.8.10.11], maternal disease [13.14], endoth [18], Aut NS [44]

CV: cardiovascular; Endoth: endothelium; Aut NS: autonomic nervous system; IVS: intervillous space.
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2.2. Placentation Process

2.2.1. Spiral Artery Remodeling in Normal Pregnancy and Preeclampsia

The normal and pathological processes of uterine artery remodeling in the early stages of pregnancy
have been described well and republished in basic textbooks on obstetrics as one of the fundamental
concepts of gestational physiology. Normal placentation occurs in a two-step process, in which spiral
arteries in the center of the placental bed become disrupted, invaded, and remodeled by trophoblasts
between 8 and 14 weeks, followed by invasion of the junctional-zone myometrial vascular segments
in the later stages [45]. The net result is a marked increase in the oxygen tension of the placental
bed from 10 weeks onwards. Inadequate spiral artery remodeling was more frequent in placental
bed biopsies after PE than after normal pregnancies, evident as the shallow dilatation of the arterial
lumen, less-extensive invasion of the myometrial segments, and signs of hyperplastic arteriosclerosis
and atherosclerosis [45]. The net result is a reduced oxygen supply to the placental bed, resulting in
local oxidative stress, which gradually spreads throughout the global cardiovascular system as the
pregnancy advances (see ‘Maternal–fetal communication’ below). The observation that the symptoms
of PE resolve faster after early postpartum curettage of the uterine cavity suggests that the placenta
acts as the primary driver of the cardiovascular dysfunctions in PE [46].

2.2.2. Vascular Uterine Adaptation Involves More than Spiral Artery Remodeling

There is now a growing body of evidence refuting abnormal placentation as a unifactorial etiology
of PE [47]. A meta-analysis of blinded and unblinded placental histology studies showed villous
and/or vascular placental lesions in 39–42% of PE compared with 10–19% in normal pregnancies,
indicating that abnormal placentation is not a prerequisite nor pathognomonic for PE [48]. It has
also been shown that uterine vascular changes occur before the first wave of trophoblast invasion,
as documented in angiographic studies dating back to the 1960s, in which doubling of the uterine
artery diameter was observed at 7 weeks of gestation. These data were later confirmed in experimental
and histological studies [45,49]. More recent evidence has shown that veins and lymphatic vessels
are invaded at an earlier stage than the spiral arteries, illustrating that the adaptation of the uterine
circulation involves much more than just the arteries [50]. Consistent with theoretical models
describing the increased flow velocities and oxygen tension in the intervillous space downstream
from narrow spiral arteries [51], transabdominal near-infrared spectroscopic measurements of the
oxygenation of placental tissue confirmed greater placental oxygenation during PE than during normal
pregnancies [52]. This contradicts the concept of placental hypoxia as the primary trigger for the
cascade of events that ultimately causes PE. In silico and in vitro perfusion models of the human
placenta, with modifiable maternal artery perfusion pressures, have not only demonstrated increased
intervillous hydrostatic pressure and associated flow changes when the perfusion rate is increased,
but also morphological damage, such as vacuolization and the shedding of syncitiotrophoblast cells,
similar to the lesions observed in PE [53,54]. Together with the physiological concept of a lower flow
velocity and lower perfusion pressure downstream from increased resistance to the uterine arterial
flow [55], these observations support the idea that abnormal spiral artery remodeling is a consequence,
rather than a cause, of abnormal perfusion of the intervillous space (Figure 1).
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perivascular tissue. (A): Hemodynamic effects in the intervillous space caused by spiral artery dilatation. In this 
condition, the flow volume increases, but flow velocity and pressure decrease. This condition allows optimal 
maternal–fetal exchange. (B): Hemodynamic effects in the intervillous space when spiral artery dilatation occurs 
after inadequate adaptation of the venous outflow. There is stasis of blood that cannot be drained efficiently and 
causes congestion, responsible for increased pressure and reduced flow velocity in the intervillous space. (C): 
Impact of the incomplete dilatation of the spiral arteries on the conditions presented in Figure 1B. The reduced 
spiral artery blood supply reduces the degree of congestion and pressure in the intervillous space, at the cost of a 
reduced flow volume. This mechanism might improve the maternal–fetal exchange when there are unbalanced 
pressure/flow conditions in the intervillous space as in Figure 1B. 
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The concept of a mechanistic driving force of uterine artery (mal)adaptation is supported by a 
recent review of the functions of endothelial mechanosensitive Piezo 1 channels, which transduce 
shear stress into increased calcium influx and activation of the nitric oxide (NO) pathway, with 
subsequent uterine vascular dilatation [56]. Shear stress is an important driver of trophoblast-induced 
endothelial apoptosis during early placentation [57]. Mechanosensitivity in the earliest stages of 
placentation and throughout the course of pregnancy is consistent with a bidirectional model of 
maternal–fetal communication (see chapter maternal–fetal communication), and is consistent with 
the observations in maternal hemodynamic studies (see chapter maternal hemodynamics). This 
supports the view that placental hypoxia and oxidative stress are consequences of abnormal vascular 
adaptation. Placental hypoxia and reperfusion mechanisms trigger mitochondrial dysfunction and 

Figure 1. Schematic presentation of the hemodynamics of the intervillous space. As in any capillary
network, the functioning of the intervillous space is determined by a balanced intra- and extravascular
exchange under flow conditions that are tightly regulated by arteriolar and venular activity in accordance
with osmotic forces of the perivascular tissue. (A): Hemodynamic effects in the intervillous space
caused by spiral artery dilatation. In this condition, the flow volume increases, but flow velocity and
pressure decrease. This condition allows optimal maternal–fetal exchange. (B): Hemodynamic effects
in the intervillous space when spiral artery dilatation occurs after inadequate adaptation of the venous
outflow. There is stasis of blood that cannot be drained efficiently and causes congestion, responsible
for increased pressure and reduced flow velocity in the intervillous space. (C): Impact of the incomplete
dilatation of the spiral arteries on the conditions presented in Figure 1B. The reduced spiral artery
blood supply reduces the degree of congestion and pressure in the intervillous space, at the cost of a
reduced flow volume. This mechanism might improve the maternal–fetal exchange when there are
unbalanced pressure/flow conditions in the intervillous space as in Figure 1B.

2.2.3. Hemodynamics of the Intervillous Space

The concept of a mechanistic driving force of uterine artery (mal)adaptation is supported by a
recent review of the functions of endothelial mechanosensitive Piezo 1 channels, which transduce shear
stress into increased calcium influx and activation of the nitric oxide (NO) pathway, with subsequent
uterine vascular dilatation [56]. Shear stress is an important driver of trophoblast-induced endothelial
apoptosis during early placentation [57]. Mechanosensitivity in the earliest stages of placentation
and throughout the course of pregnancy is consistent with a bidirectional model of maternal–fetal
communication (see chapter maternal–fetal communication), and is consistent with the observations in
maternal hemodynamic studies (see chapter maternal hemodynamics). This supports the view that
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placental hypoxia and oxidative stress are consequences of abnormal vascular adaptation. Placental
hypoxia and reperfusion mechanisms trigger mitochondrial dysfunction and damage, and initiate the
molecular mechanisms of oxidative stress, which is reportedly higher in PE than in uncomplicated
pregnancies [58]. In turn, oxidative stress triggers intravascular inflammation and endothelial
dysfunction via the release of factors such as tumor necrosis factor-α (TNFα), interleukin-6 (IL6),
IL10, C-reactive protein, and other factors, such as Hemoglobin F [59]. Oxidative stress is also
responsible for structural damage to DNA, proteins, and lipids long before the onset of clinical
symptoms [58]. These effects are enhanced by epigenetic gene modifications, including altered histone
modifications, DNA methylation, and the production of noncoding RNAs, such as microRNAs or
circular RNAs [60]. Epigenetic gene modification not only occurs in placental tissue, but also in
circulating leucocytes, shed extracellular trophoblast particles, and cell-free DNA and RNA. As will be
discussed below, these play an important role in fetal–maternal communication and in triggering the
systemic inflammatory response [60–62], in which they are assisted by the presence of trophoblast plugs
in the uterine arteries. Before 10 weeks of gestation, the intravascular lumen of the spiral arteries is
blocked by solid trophoblast plugs, containing numerous endovascular trophoblast cells and adhesive
molecules, such as matrix metallopeptidase 1 (MMP1) [63]. These plugs are impenetrable to circulating
blood cells but permeable to plasma, contributing to the nutrient supply to the embryo, which,
at this stage, mainly depends on histiotropic cell to cell transfer of energy sources. The intra-arterial
trophoblast plugs serve several important functions:

- Maintenance of an oxygen gradient with a low embryonic oxygen tension, protecting the conceptus
from toxic oxygen metabolites [63,64].

- Reduction in perfusion pressure and flow velocity during the formation of the intervillous space,
which are necessary for trophoblast cell invasion and the remodeling of the uterine vasculature
(Figure 2C) [64,65].

- Diversion of the arterial blood from the radial arteries to the uterine venules by arteriovenous
anastomoses (Figure 2C). These vascular connections allow direct endothelial cell–cell
communication between the uterine venular and arteriolar vessels during the formation of
the intervillous space [55,65,66].

- Initiation of the adaptation of the maternal systemic cardiovasculature by causing the drainage of
endocrine and trophoblast signals into the maternal circulation. During blockage of the spiral
arteries, trophoblast cells invade and dilate the maternal veins [64], a process that also contributes
to maintaining the low pressure and flow conditions during the formation of the intervillous
space [63].

- In a similar way, a systemic maternal immune response and tolerance are generated by
the trophoblast invasion of lymphatic vessels, allowing the drainage and presentation of
immunoregulatory signals to immune cells at locations distant from the uterus [64].

When the trophoblast plugs start to degrade at around 10 weeks, both the uterine and systemic
circulations and the immune system are adapted to accept and accommodate the further growth of the
fetus and the placenta.
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Figure 2. Early maternal and uterine vascular adaptations before the initiation of spiral artery flow.
(A): Before implantation, the conceptus sheds products such as choriogonadotropin, interleukins,
insulin-like growth factor (IGF) and extracellular vesicles. Proinflammatory interleukin 1β activates
an endometrial inflammatory response, promoting apposition and adhesion at the implantation site
with assistance of maternal insulin-like growth factor (IGF). (B): Fetal–maternal communication during
implantation is illustrated by the release of embryonic lysophosphatidylcholine, which is metabolized
by maternal autotaxin, promoting the invasion of the conceptus and the initiation of decidualization.
This process involves loosening the intercellular connections and the release of trophic secretions,
together with signals promoting inflammation, immune tolerance, and angiogenesis. Trophoblast cells
modulate the functions of stromal cells, immune cells, natural killer cells, and endothelial cells by
releasing proteolytic enzymes, paracrine and immunomodulatory agents, and extracellular vesicles.
(C): Early stages of maternal vascular adaptation during the formation of the intervillous space.
Spiral arteries are obstructed with trophoblast plugs and arterial blood is directed to the venous system
via arteriovenous anastomoses. Simultaneously, the venular and lymphatic microcirculations are
penetrated and modulated by trophoblast cells, promoting the release of gestational products into
the maternal circulation and lymphatic system, weeks before the spiral artery flow actually starts.
During this stage, the fetal environment is very hypoxic and growth of the conceptus is supported by
maternal plasma products penetrating the trophoblast plugs, together with decidual histiotrophy.
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The three panels of this figure show that the abnormal adaptation of the uterine vasculature can
result from an unbalanced inflammatory reaction, caused by inadequate signaling by the conceptus
or a suboptimal maternal response. Abnormal remodeling of the venous and lymphatic vessels
is responsible for the inefficient systemic distribution of adaptation signals and the inappropriate
formation of the early intervillous space at the stage in which the spiral artery flow has not yet started.

2.3. Immune System, Implantation, and Vascular Remodeling

The immune system plays an important role in the early stages of embryo implantation, balancing
the pro- and anti-inflammatory responses to fetal paternal antigens with the establishment of controlled
immune tolerance, while simultaneously maintaining an adequate defense against microorganisms [67].
The T-cell-mediated activation of complement and the proliferation of neutrophils are suppressed and
the stroma is penetrated by tolerant uterine natural killer cells, while proinflammatory macrophages,
mast cells, T-suppressor and T-regulatory cells are activated, in association with T-helper cell
differentiation, the accumulation of T-regulatory cells in the uterine myometrium, and the control of
B-cell functions (Figure 2B) [68]. The production of factors that mediate angiogenesis and vasculogenesis
increases, such as vascular endothelial growth factor (VEGF), placental growth factor, Tumor Necrosis
Factor (TNF) α, Interleukin (IL)1β, IL6, IL8, and Matrixmetalloproteases (MMP) [68–70]. MMPs play
a role in the degradation of the extracellular matrix surrounding the uterine vasculature, as the first
step in uterine artery remodeling, and are stimulated by coagulation regulators, such as urokinase
plasminogen activator. The fibrinolytic functions of these proteins are, in turn, regulated by a
plasminogen activator inhibitor [71]. Human chorionic gonadotropin is an important mediator of this
complex process, during which numerous cytokines, ILs, and proangiogenic factors are produced,
contributing to fetal and maternal angiogenesis, vasculogenesis, and uterine artery remodeling,
as described above [68,70]. Compared with normal pregnancies, PE is associated with increased
serum concentrations of complement factors C3a and sC5b-9 and chemokines CXCL10 and CXCL11,
and reduced levels of IL4 [72]. Pentraxin-3 activity is also upregulated in PE. Pentraxin-3 is produced
by macrophages, fibroblasts, dendritic cells, and endothelial cells to regulate NO synthesis, to
activate complement, macrophages, and dendritic cells, and to promote trophoblast apoptosis [72,73].
Importantly, increased serum concentrations of C3a, CCXL10, and petraxin-3 are found in nulliparous
but not multiparous women [72]. Furthermore, uterine and circulating T-regulator cells have a memory
function for fetal–paternal antigens in multigravida women [67]. These observations illustrate the
important contributions made by the maternal immune system to the mechanisms underlying the
increased risk posed by primipaternity and the reduced risk of HIV-positive status in the development
of PE [40]. Recent research strongly emphasizes that the quality of the earliest steps of implantation
determines the quality of the ongoing pregnancy [67].

2.4. Fetal–Maternal Communication

2.4.1. Pre- and Peri-Implantation Signaling

The crosstalk between the conceptus and the mother begins before implantation [74].
Animal studies have shown that during the conception–implantation interval, there is a four-fold
increase in proteins in the blastocyst cavity, of which 20% are embryonic and 80% are maternal in
origin. One of the earliest embryonic signals besides chorionic gonadotropin is proinflammatory IL1β
(Figure 2A), which prepares the inflammatory environment required for the successful implantation
of the embryo [75]. Insulin-like growth factor (IGF) produced by the mother promotes early
embryonic development via IGF-binding proteins expressed by the preimplantation embryo [74].
Maternal products, such as haptoglobin and uteroglobin, are captured by the embryo and re-presented
to the mother, where they play a role in modulating the maternal immune system [74].
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2.4.2. Endocrine, Biological and Chemical Signaling

Other endocrine mechanisms are involved in fetal–maternal communication and the maternal
adaptation to pregnancy. Estrogens and progestogens not only stimulate local placental and uterine
angiogenesis, but also contribute to maternal systemic vasodilatation by increasing prostaglandin I2
(PGI2) and NO production [76,77]. The net results are increased uterine blood flow and reduced blood
pressure. Since the introduction of highly specific laboratory assays, there is increasing evidence that PE
is associated with altered serum hormone concentrations, with an increased androgen/estrogen balance,
which contributes to unbalanced vasoactivity [69,76,77]. Estrogens, and to a lesser extent progestogens,
exert their vascular effects by increasing the intracellular calcium concentration, and its swift intercellular
spread through increased gap junction communication [69]. Intracellular calcium bursts are required
for the catalysis of NO, PGI2, and endothelium-derived hyperpolarizing factor (EDHF). NO and PGI2
diffuse from the endometrium to the vascular smooth muscle layer, where they promote the production
of cyclic nucleotides cGMP and cAMP, which both act as strong inhibitors of vascular tone. These cyclic
nucleotides are active at both local and distant locations, increasing intracellular calcium bursts and gap
junctions, before or after their release into the circulation. In normal pregnancies, these self-reinforcing
activities build up gradually towards sustained vasodilatation throughout the circulation. As is
discussed above, in PE, the cellular products of inflammation and circulating factors, such as placental
growth factor, soluble fms-like tyrosine kinase 1 (sFLT1), TNFα, ILs, and many others, cause major
interference. The net effect is a state of vasoconstriction arising from reduced intracellular calcium
signaling, the closure of gap junctions, and the disrupted integrity of the endothelium monolayer,
presenting clinically as hypertension, edema, proteinuria, and other organ dysfunctions [69].

2.4.3. Syncytiotrophoblast Extracellular Vesicles

As mentioned above, an important fetal–maternal communication system involves the
intravascular shedding of placental particles, varying in size and shape from multinucleated syncytial
aggregates to subcellular nanovesicles, originating from apoptosis in normal pregnancies, but also
from necrosis in PE [78]. This phenomenon is also associated with increased serum levels of total
cell-free DNA [79]. Both in vitro and in vivo animal studies have shown that these particles are
cleared from the circulation via phagocytosis by macrophages and endothelial cells at locations
distant from the uterus, where they induce a reactive endothelium cell response. In uncomplicated
pregnancies, endothelial cells become progressively less sensitive to vasoconstrictive mediators.
However, in PE, they show signs of activation, including increased surface expression of monocyte
adhesion receptors, such as E-selectin, and the secretion of proinflammatory IL6 and transforming
growth factor β (TGF-β). This activation process spreads rapidly via paracrine and endocrine pathways
to other nearby or distant endothelial cells [78]. As discussed above, these particles may act via
intravesicular microRNAs and/or circular RNAs that, after phagocytosis by endothelial and immune
cells, induce sterile inflammation and alter the production of mediators of angiogenesis and vasoactivity,
such as sFLT1, VEGF, and pregnancy-associated placental protein A (PAPP-A) [61,62,80]. Many other
vasoactive and immunological mediators have been studied in the maternal serum for the diagnosis
or prediction of PE, and are summarized in Table 3. It is generally accepted that the placenta is the
primary source of these factors and is therefore the key driver of the global functioning of the maternal
circulation [81]. However, it should be emphasized that abnormal serum concentrations of many
of these factors have also been documented in nonpregnant individuals with (preclinical) chronic
cardiovascular and/or renal disease (Table 3). This indicates that, apart from some gestation-specific
products, it is still unclear whether the origin of the serum vasoactive and/or immunomodulatory
substances associated with PE is placental, maternal, or both.
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Table 3. Serum markers of preeclampsia and/or cardiovascular disease.

Physiologic Effects PE Non Pregnant Type CVD Ref

CRP Immunomodulation ↑ [82]
↑ CHD, HF [83]

VEGF Pro-angiogenic ↓ [84]
Pro-vasculogenic Polymorphisms CHD [85]

sFlt-1 Anti-angiogenic ↑ [84]
↑ CHD, HF [86]

sEng Anti-angiogenic ↑ [84]
↑ CHD [87]

Gal-3BP Immunomodulation ↑ [88]
↑ CHD [89]

Activin A Immunomodulation ↑ [90]
Apoptosis ↑ HT, CHD [91]

Leptin Immunomodulation ↑ [92]
angiogenetic ↑ CHD [93]

sE-selectin Immunomodulation ↑ [94]
↑ HT [95]

ADAM 12 angiogenetic ↑ [96]
immunomodulation ↑ HT [97]

ADMA vasodilatation ↑ [98]
↑ CHD, HF, HT [99]

PLGF Pro-angiogenic ↓ [84]
↑ CHD, HF [86]

PAPP-A Proteolysis IGF-BP ↓ → ↑ [94,100]
↑ CHD [101]

ADM Pro-angiogenic ↓ [102]
Vasodilatation ↑ AMI [103]

PP13 Immunomodulation ↓ [104]
Inhibin A Undetermined in pregnancy ↑ [90]

E3 Undetermined in pregnancy ↓ [105]
AFP Undetermined in pregnancy ↑ [100]
HbF A1M Immunomodulation ↑ [59]

Legend to Table 3: PE: Preeclampsia; CVD: Cardiovascular disease; ↑: High serum concentration; ↓: Low serum
concentration; ↓ → ↑: Serum concentration changing from low to high; CHD: Coronary heart disease; HT:
Hypertension; HF: Heart failure; AMI: Acute myocardial infarction; CRP: C-reactive protein; VEGF: Vascular
endothelial growth factor; sFLT1:Soluble fms-like tyrosine kinase 1; sENG: Soluble endoglin; GAL-3BP: Galectin
3 binding protein; sE-selectin: Soluble E-selectin; ADAM12:A disintegrin and metalloproteinase 12; ADMA:
Asymmetric dimethylarginine; PLGF: Placental growth factor; PAPP-A: Pregnancy-associated placental protein A;
ADM: Adrenomedullin; PP13: Placental protein 13; E3: Estriol; AFP: Alpha fetoprotein; HbF: Fetal hemoglobin;
A1M: Alfa-1-microglobulin.

2.5. Maternal Hemodynamics

2.5.1. Peri-Implantation Hemodynamics

The very first change that occurs in the maternal circulation is a generalized reduction in
vascular tone with subsequent vasodilatation, triggering volume retention mechanisms to expand
the circulating volume [106]. This is associated with an increase in cardiac output in the very first
weeks after implantation [39], coincident with an increase in the volume of the intrathoracic fluid [107].
It should be emphasized that, in these very early stages, uterine spiral artery remodeling is still
incomplete and the trophoblast plugs are still in place. In pregnancies complicated with hypertension,
particularly those associated with impaired fetal growth, the early-gestational increase in cardiac
output is less profound because the increase in the stroke volume is shallow [39,108]. This reduces the
expansion of the plasma volume in PE compared with that in normal pregnancies [109]. From this,
it can be concluded that the cardiovascular conditions that predispose a woman to a normal outcome
or to gestational hypertensive disorders, with or without fetal growth restriction, are already present
in the first weeks after implantation. Furthermore, abnormal cardiac output and/or peripheral arterial
resistance have been documented before conception in some women who subsequently developed PE
or fetal growth restriction [41]. This supports the view that peri-implantation maternal cardiovascular
dysfunction is the cause, rather than a consequence, of abnormal placentation (Figure 1) [110].
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2.5.2. Body Water Volume Expansion and (Subclinical) Cardiovascular Dysfunctions

Irrespective of the gestational outcome, the body water volume increases in all women during
pregnancy [111]. Body water includes both circulating and noncirculating volumes, among which are
the plasma volume, intra- and extracellular water, and interstitial fluid (interstitial fluid = extracellular
water – plasma volume) [112]. The expansion of the intravascular volume is an important stressor of
the maternal cardiovascular system, as illustrated by the large proportion of women who show cardiac
signs of volume overload during uncomplicated third-trimester pregnancies [113]. This observation
is particularly evident in obese women, whose body water volume and cardiac output are greater
than those of normal-weight women [42]. It has also been shown that when this volume expansion
is superimposed upon first-trimester (subclinical) dysfunctions of one or more elements of the
maternal cardiovascular circuit, a gradual deterioration in the global circulatory function may occur.
This process is unique for each type of GHD, eventually presenting as either GH, early-, or late-onset
PE (Figure 3) [114]. It is important to emphasize that the type of hypertensive disorder that occurs
is related to the type of early-gestational dysfunction, implying that the biophysical parameters
determined by noninvasive assessment of the maternal hemodynamics are useful in screening for
gestational hypertensive disorders [115]. The mechanisms of this gradual circulatory deterioration
are very similar to those involved in cardiorenal syndrome, where interorgan communication occurs
via endocrine, metabolic, endothelial, immunological, and autonomic nervous mechanisms [44].
Cardiorenal communication mechanisms help explain the different clinical phenotypes of gestational
hypertensive disorders: pre- and/or periconceptional cardiovascular dysfunction predisposes the
pregnant woman to early-onset PE, as in chronic cardiorenal syndrome type II. In some late-onset PE,
however, endothelial dysfunction may develop as a result of volume overload, as in acute cardiorenal
syndrome type I [44]. An important point of interest here is that the involvement of the maternal
venous compartment in global circulatory dysfunction has been observed in PE but not in GH,
suggesting that inadequate volume regulation and venous hemodynamic functions may be a much
more pathophysiologically important aspect of PE than is presently believed [116,117].

2.5.3. Venous Hemodynamics

The venous compartment serves three important physiological functions: (1) the regulation of
the cardiac output, in close cooperation with the heart; (2) the storage of a noncirculating reserve
blood volume, mainly in the splanchnic and liver beds; and (3) the control of capillary function by
maintaining the high-volume/low-pressure venous return. The relevance of these functions during
pregnancy is demonstrated by the correlations observed between maternal cardiac output, the Doppler
parameters of the hepatic venous hemodynamics, and the neonatal birth weight [118]. Consistent with
this, a constitutionally low body water volume and cardiac output, in association with activated venous
return mechanisms, were recorded throughout gestation in women who gave birth to neonates that
were small for gestational age [43]. As explained above, low and high cardiac outputs distinguish the
two phenotypes of PE, one presenting with fetal growth restriction and the other with a normal-to-high
neonatal birth weight, respectively [31,33]. Abnormal maternal venous Doppler parameters are more
pronounced and show a longer preclinical latency phase in early-onset PE than in late-onset PE [119,120].
These observations suggest that a more activated state of venous hemodynamics supports the cardiac
output in low-output PE more than in high-output PE, a characteristic not observed in GH [116,117].
This suggestion is corroborated by the reported association between PE and congenital maternal heart
disease with right heart dysfunction [121], and with the predisposition to later-life diastolic dysfunction
in these women, eventually evolving to heart failure with a preserved ejection fraction [122]. Therefore,
these observations support the view that venous congestion is a key phenomenon explaining the
clinical picture of PE as “a GH syndrome with signs of dysfunction in one or more organ” [2,3].
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Figure 3. Schematic presentation of the gradual deterioration of circulatory dysfunction from the first
to third trimester in early-onset preeclampsia, late-onset preeclampsia, and gestational hypertension
(adapted from [114]). The circulation is presented as a closed circuit, with interdependently functioning
components. The depicted icons in the circuit represent the sites/organs where abnormal hemodynamic
characteristics are measured using noninvasive impedance cardiography, bioimpedence spectrum
analysis, and combined ECG/Doppler ultrasonography [114]. Early gestational dysfunctions in the
first trimester gradually increase throughout the course of the pregnancy, and this co-exists with the
expansion of body water volumes [111]. The final end stage, defined as early-onset preeclampsia,
late-onset preeclampsia, or gestational hypertension, depends on the type of hemodynamic dysfunction
already present in the first trimester. Note that abnormal Doppler characteristics of the hepatic and
renal interlobar veins are observed in preeclampsia but not in gestational hypertension.

2.5.4. Venous Congestion

Venous congestion is a microcirculatory dysfunction with unbalanced capillary leakage/resorption
of the intravascular contents during conditions in which the arterial blood supply exceeds the
venous outflow. This latter phenomenon can result from increased intravenous pressure or venous
hypertension, from a reduced forward venous flow velocity evolving to stasis of the blood, and from
external venous compression (Figure 4) [123]. Smooth muscle constriction in the venous vascular wall
increases the vascular tone and causes intravenous hypertension. The Doppler characteristics observed
during early-onset PE are consistent with increased venous vascular tone [119], a condition predisposing
a woman to poor venous return in the long run [114]. This is associated with poor expansion of the
plasma volume [109], a shallow gestation-induced increase in the cardiac output [39,111], a profound
increase in peripheral vascular resistance [39] and uterine artery impedance [33,114]. This condition
leads to poor fetal growth and ultimately to early failure of one or more maternal organs and/or fetal
distress, for which early delivery of the baby is usually the only solution.
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Figure 4. Mechanisms of venous congestion at the level of the kidney. Venous congestion
can result from venous vascular hypertonia with subsequent venous hypertension, from volume
stasis arising from (sub-)obstructed outflow, and/or from external compression. At the level of
the kidneys, this congestion induces a retrograde dysfunction of the peritubular and glomerular
capillaries. Reflex arteriolar constriction and activation of the renin–angiotensin–aldosterone system
prevents further microcirculatory deterioration at the cost of reduced organ perfusion and subsequent
parenchymal hypoxia. An oxidative stress response induces immunological, neurological, and metabolic
protection mechanisms by activating the autonomic nervous system and the intravascular distribution
of cytokines, endocrines, and vasoactive mediators, causing endothelial activation and a generalized
state of inflammation. In non-pregnant individuals, this sequence of events unfolds in the kidneys as
part of the pathophysiology of renocardial syndrome but can also occur in other internal organs as
in cardiohepatic or hepatorenal syndromes. In pregnancy, this mechanism may unfold in the uterus
and placenta as well as in internal organs. In this picture, the kidney may serve as a proxy for other
maternal organs, such as uterus-placenta, heart, etc.

Inadequate venous return and/or organ drainage can be a consequence of poor cardiac
diastolic function, with or without intravascular volume overload or (sub)obstructed venous outflow.
In pregnancy, these conditions often present with maternal obesity, diabetes, and metabolic syndrome,
and evolve to maternal or late-onset PE with an appropriate or large-for-gestational-age neonatal
birth weight [33,114]. Longitudinal observations throughout pregnancy show an early-gestational
cardiovascular state of high flow/low resistance, which is converted to a low flow/high resistance state
in advanced pregnancy (Figure 5) [38]. This conversion probably results from endothelial activation
caused by intravascular overload, similar to that in cardiorenal syndrome type I, as discussed above,
with or without enhancement by the placental oxidative stress that develops during the course of the
pregnancy [124].
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Figure 5. Longitudinal changes in cardiac output and peripheral resistance, expressed as a product of
12-week measurements, reported in normal pregnancies [125], early-onset preeclampsia [114], late-onset
preeclampsia type I (cross over) [38], and late-onset preeclampsia type II (high output) [37]. In normal
pregnancies, the cardiac output increases to a plateau from the second trimester until term, whereas the
total peripheral resistance reaches a nadir in the early third trimester to increase again until term [125].
Early-onset preeclampsia presents with high total peripheral resistance from the first trimester onward,
combined with a poor increase in cardiac output [114]. Late-onset preeclampsia type I presents with a
normal change in peripheral resistance, but a more pronounced increase in cardiac output until the
third trimester, when a fast crossover occurs from a high output/low resistance circulation to a low
output/high resistance circulation [38]. Late-onset preeclampsia type II shows high cardiac output
and low peripheral resistance throughout all stages of pregnancy in a population of mainly obese
women [37].

2.5.5. The Role of Intra-Abdominal Pressure

Increased intra-abdominal pressure during pregnancy is a well-documented but poorly recognized
physiological phenomenon [126,127], with important external compression effects on the venous return
in maternal intra-abdominal veins. In nonpregnant women, intra-abdominal hypertension reduces the
venous return and cardiac output, with a reflex-induced increase in the arteriolar tone and reduced organ
perfusion [128]. This condition gradually evolves into a state of intra-abdominal compartment syndrome
with multiorgan failure and is only resolved after the release of the intraabdominal pressure [128].
Abdominal compartment syndrome is often associated with intravascular overload within the context
of an originally normal but gradually deteriorating cardiovascular function [129]. This situation is
also present in the term pregnancies of obese women or those with a large uterine volume resulting
from multiplets or polyhydramnios, which are all known risk factors for PE, as discussed above.
Longitudinal observations of persistently high cardiac output throughout all stages of pregnancy,
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including the latent and clinical phase of late-onset PE, were reported by Easterling in a cohort of mainly
obese women (Figure 5) [37]. These observations were consistent with a state of gestation-induced
intra-abdominal hypertension and subsequent organ dysfunction resulting from venous congestion, a
condition that is also observed during laparoscopy-induced pneumoperitoneum [130].

3. Integrated Pathophysiology of PE

From the information summarized in this paper, it is clear that pregnancy—the process from the
implantation of the conceptus to the delivery of the baby—is a multistage stepwise accumulation of
key events that all serve one primary goal: the survival of the heir. These key events can be condensed
to: (1) control the maternal immune system; (2) bidirectional conceptus–mother communication; and
(3) adaptation of the maternal systemic functions. A schematic summary of these pathophysiologic
keystones is enlisted in Table 2, and a pictorial summary is presented in Figure 6.
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Figure 6. Schematic representation of the evolution from placentation and maternal vascular adaptation
to the clinical end stage of (A) normal pregnancy, (B) normal pregnancy with cardiac signs of
volume overload, (C) early-onset preeclampsia, (D) crossover late-onset preeclampsia (type I), and
(E) high-output late-onset preeclampsia (type II). A: The normal remodeling of the spiral arteries is
followed by the normal expansion of the body water volume in an uncomplicated pregnancy. B:
The same situation as in panel A, but the woman presents at term with echocardiographic signs of
volume overload [113]. C: Shallow spiral artery dilatation, presenting already in the first trimester with
signs of endothelial activation and vascular hypertonia, followed by the suboptimal expansion of the
plasma volume, and resulting in early-onset preeclampsia and poor fetal growth [39]. D: The normal
remodeling of the spiral arteries is followed by the normal expansion of the body water volume with
subsequent secondary endothelial activation, resulting in crossover from a high volume/low resistance
to a low volume/high resistance circulation, eventually presenting as late-onset preeclampsia type
I [38]. E: The normal remodeling of the spiral arteries is followed by the normal expansion of the
body water volume in women with high intra-abdominal pressure, resulting in high-output late-onset
preeclampsia type II [37].

3.1. Immunomodulation

Immunology-mediating factors are already released by the conceptus in the preimplantation
stage, to promote the intrauterine inflammatory state that facilitates successful implantation [74,75].
This process is continued after implantation and supplemented with a second immunomodulatory
effect: the maternal tolerance of the paternal antigens carried by the implanting embryo [75]. Inadequate
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signaling by the conceptus may result in an imbalanced inflammatory response and the subsequent
maladaptation of the intrauterine vasculature [74]. The role of the immunomodulatory conceptus
is illustrated by the fact that primipaternity is a risk factor for the development of PE, and in the
observation that males can father preeclamptic pregnancies in multiple partners [9]. The role of
the mother is illustrated by the fact that the risk of PE is increased in those with autoimmune
disorders, such as antiphospholipid syndrome [13], with potential contributions by genetic and racial
factors [7,8,10–12].

3.2. Maternal-Fetal Crosstalk

The first stages of distant fetal–maternal communication occur via trophoblast invasion of the
intrauterine veins and lymphatic vessels [50], during the stage when the spiral arteries are blocked
with trophoblast plugs [63–65]. Before the activation of the intervillous arterial supply, biochemical
and epigenetic signals are released into the maternal system, preparing the female organ systems to
accept and accommodate the growth of the fetus [60–62]. Errors in this communication process can
be bidirectional because the fetal signals may be inadequate and/or the maternal response may be
unbalanced. The recurrence of PE in pregnancies fathered by different partners illustrates a maternal
failure in this communication process. Inadequate venous or lymphatic preparation of spiral artery
remodeling can partly explain the simultaneous occurrence of the shallow dilatation of the spiral
arteries and the increased impedance of the uterine artery as two important contributors to the best
possible flow conditions for maternal–fetal exchange in the intervillous space [55].

3.3. Maternal Hemodynamics and Venous Congestion

The key role of maternal cardiovascular adaptation in the normal course of pregnancy has
been known for a long time. This adaptation not only involves the maternal heart and arteries, but
also the expansion of the intravascular volume and the venous compartment. Inadequate venous
hemodynamics, hampering the drainage of blood from the organs, predisposes the woman to venous
congestion, presenting as edema and proteinuria, which among other factors, are key features of
PE. Venous congestion also partly explains the semi-identical phenotypes of PE, despite different
pathophysiological mechanisms in the latent phase [114], as well as the different types of longitudinal
gestational evolution of the maternal cardiovascular function, illustrated in Figure 5 [37–39]. Preexisting
diseases, such as the essential hypertension or renal dysfunction, are well-known predisposing
factors for the development of PE [13]. However, it has only recently become clear that subclinical
cardiovascular dysfunction may also be present in apparently healthy individuals with normal blood
pressure and heart rate, predisposing them to the development of PE [33]. Screening for and the
diagnosis of these subclinical dysfunctions before conception will be important challenges for prenatal
healthcare workers and researchers in the near future, with the aim of reducing and/or even preventing
PE, which is one of the most important medical threats for young women and their offspring.

4. Conclusions

This review integrates information from many other reviews of the molecular, cellular, and systemic
pathophysiological mechanisms involved in the clinical gestational syndrome PE. In particular, the
relevance of immunological modulation, maternal–fetal communication, and maternal cardiovascular
adaptation as independent and interdependent processes is highlighted, with equally important
contributions from both the conceptus and the mother. Incorrect signaling or responses on either
side can explain the conditions that predispose a pregnancy to PE and the different pathways to the
development of a common clinical phenotypic syndrome. These present as new-onset hypertension
combined with the symptoms of failure in one or more organs. Together, the information summarized
in this review demonstrates that PE is not a unicausal disorder but a multifaceted, multifactorial
syndrome—fundamentally not unique to pregnancy—and that no aspect must be overlooked in the
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research, management, screening, and prevention of this ever-devastating threat to maternal and
neonatal health.

Author Contributions: W.G. is responsible for research concepts, performance and output as summarised in this
paper. All authors have read and agreed to the published version of the manuscript.

Funding: The research of the Hasselt University Research Group on Maternal Hemodynamics, presented in this
paper, was funded by The Limburg Clinical Research Program (LCRP) supported by the foundation Limburg
Sterk Merk—Hasselt University—Ziekenhuis Oost Limburg—Jessa Hospital, by Hasselt University Research
Fund, and by grant nr 131581 of the Agency for Innovation by Science and Technology (IWT) Brussels.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Chhabra, P. Maternal near miss: An indicator for maternal health and maternal care. Indian J. Community Med.
2014, 39, 132–137. [CrossRef]

2. American College of Obstetricians and Gynecologists. Task Force on Hypertension in Pregnancy Hypertension
in pregnancy. Report of the American College of Obstetricians and Gynecologists’ Task Force on Hypertension
in Pregnancy. Obstet. Gynecol. 2013, 122, 1122–1131.

3. Tranquilli, A.L.; Dekker, G.; Magee, L.; Roberts, J.; Sibai, B.M.; Steyn, W.; Zeeman, G.G.; Brown, M.A.
The classification, diagnosis and management of the hypertensive disorders of pregnancy: A revised
statement from the ISSHP. Pregnancy Hypertens 2014, 4, 97–104. [CrossRef]

4. Braunthal, S.; Brateanu, A. Hypertension in pregnancy: Pathophysiology and treatment. SAGE Open Med.
2019, 7, 2050312119843700. [CrossRef] [PubMed]

5. Umesawa, M.; Kobashi, G. Epidemiology of hypertensive disorders in pregnancy: Prevalence, risk factors,
predictors and prognosis. Hypertens Res. 2017, 40, 213–220. [CrossRef]

6. Hutcheon, J.A.; Lisonkova, S.; Joseph, K.S. Epidemiology of pre-eclampsia and the other hypertensive
disorders of pregnancy. Best Pract. Res. Clin. Obstet. Gynaecol. 2011, 25, 391–403. [CrossRef] [PubMed]

7. Hill, L.D.; Hilliard, D.D.; York, T.P.; Srinivas, S.; Kusanovic, J.P.; Gomez, R.; Elovitz, M.A.; Romero, R.;
Strauss, J.F. Fetal ERAP2 variation is associated with preeclampsia in African Americans in a case-control
study. BMC Med. Genet. 2011, 11, 12–64. [CrossRef] [PubMed]

8. Morgan, L.; McGinnis, R.; Steinthorsdottir, V.; Svyatova, G.; Zakhidova, N.; Lee, W.K.; Iversen, A.C.;
Magnus, P.; Walker, J.; Casas, J.P.; et al. InterPregGen: Genetic studies of pre-eclampsia in three continents.
Nor. Epidemiol. 2014, 24, 141–146.

9. Galaviz-Hernandez, C.; Sosa-Macias, M.; Teran, E.; Garcia-Ortiz, J.E.; Lazalde-Ramos, B.P.
Paternal determinants in preeclampsia. Front. Physiol. 2019, 9, 1870. [CrossRef]

10. Buurma, A.J.; Turner, R.J.; Driessen, J.H.; Mooyaart, A.L.; Schoones, J.W.; Bruijn, J.A.; Bloemenkamp, K.W.;
Dekkers, O.M.; Baelde, H.J. Genetic variants in pre-eclampsia: A meta-analysis. Hum. Reprod. Update 2013,
19, 289–303. [CrossRef]

11. Ghosh, G.; Grewal, J.; Männistö, T.; Mendola, P.; Chen, Z.; Xie, Y.; Laughon, S.K. Racial/ethnic differences in
pregnancy-related hypertensive disease in nulliparous women. Ethn. Dis. 2014, 24, 283–289. [PubMed]

12. Vanhille, D.L.; Hill, L.D.; Hilliard, D.D.; Lee, E.D.; Teves, M.E.; Srinivas, S.; Kusanovic, J.P.; Gomez, R.;
Stratikos, E.; Elovitz, M.A.; et al. A novel ERAP2 haplotype structure in a chilean population: Implications
for erap2 protein expression and preeclampsia risk. Mol. Genet. Genom. Med. 2013, 1, 98–107. [CrossRef]
[PubMed]

13. Bartsch, E.; Medcalf, K.E.; Park, A.L.; Ray, J.G. High Risk of Pre-eclampsia Identification Group. Clinical
risk factors for pre-eclampsia determined in early pregnancy: Systematic review and meta-analysis of large
cohort studies. BMJ 2016, 353, i1753. [CrossRef] [PubMed]

14. Abalos, E.; Cuesta, C.; Carroli, G.; Qureshi, Z.; Widmer, M.; Vogel, J.P.; Souza, J.P. WHO multicountry survey
on maternal and newborn health research network. Pre-eclampsia, eclampsia and adverse maternal and
perinatal outcomes: A secondary analysis of the world health organization multicountry survey on maternal
and newborn health. BJOG 2014, 121, 14–24. [CrossRef]

15. Thomopoulos, C.; Tsioufis, C.; Michalopoulou, H.; Makris, T.; Papademetriou, V.; Stefanadis, C.
Assisted reproductive technology and pregnancy-related hypertensive complications: A systematic review.
J. Hum. Hypertens 2013, 27, 148–157. [CrossRef]

http://dx.doi.org/10.4103/0970-0218.137145
http://dx.doi.org/10.1016/j.preghy.2014.02.001
http://dx.doi.org/10.1177/2050312119843700
http://www.ncbi.nlm.nih.gov/pubmed/31007914
http://dx.doi.org/10.1038/hr.2016.126
http://dx.doi.org/10.1016/j.bpobgyn.2011.01.006
http://www.ncbi.nlm.nih.gov/pubmed/21333604
http://dx.doi.org/10.1186/1471-2350-12-64
http://www.ncbi.nlm.nih.gov/pubmed/21569342
http://dx.doi.org/10.3389/fphys.2018.01870
http://dx.doi.org/10.1093/humupd/dms060
http://www.ncbi.nlm.nih.gov/pubmed/25065068
http://dx.doi.org/10.1002/mgg3.13
http://www.ncbi.nlm.nih.gov/pubmed/24040622
http://dx.doi.org/10.1136/bmj.i1753
http://www.ncbi.nlm.nih.gov/pubmed/27094586
http://dx.doi.org/10.1111/1471-0528.12629
http://dx.doi.org/10.1038/jhh.2012.13


J. Clin. Med. 2020, 9, 2245 20 of 25

16. Storgaard, M.; Loft, A.; Bergh, C.; Wennerholm, U.B.; Söderström-Anttila, V.; Romundstad, L.B.; Aittomaki, K.;
Oldereid, N.; Forman, J.; Pinborg, A. Obstetric and neonatal complications in pregnancies conceived after
oocyte donation: A systematic review and meta-analysis. BJOG 2017, 124, 561–572. [CrossRef]

17. Qin, J.; Liu, X.; Sheng, X.; Wang, H.; Gao, S. Assisted reproductive technology and the risk of pregnancy-related
complications and adverse pregnancy outcomes in singleton pregnancies: A meta-analysis of cohort studies.
Fertil. Steril. 2016, 105, 73–85. [CrossRef] [PubMed]

18. Pedersen, M.; Stayner, L.; Slama, R.; Sørensen, M.; Figueras, F.; Nieuwenhuijsen, M.J.; Raaschou-Nielsen, O.;
Dadvand, P. Ambient air pollution and pregnancy-induced hypertensive disorders: A systematic review and
meta-analysis. Hypertension 2014, 64, 494–500. [CrossRef]

19. Wojcik-Baszko, D.; Charkiewicz, K.; Laudanski, P. Role of dyslipidemia in preeclampsia—A review of
lipidomic analysis of blood, placenta, syncytiotrophoblast microvesicles and umbilical cord artery from
women with preeclampsia. Prostaglandins Other Lipid. Mediat. 2018, 139, 19–23. [CrossRef]

20. Sanapo, L.; Bublitz, M.H.; Bourjeily, G. Sleep disordered breathing, a novel modifiable risk factor for
hypertensive disorders of pregnancy. Curr. Hypertens Rep. 2020, 22, 28. [CrossRef]

21. Allais, G.; Chiarle, G.; Sinigaglia, S.; Mana, O.; Benedetto, C. Migraine during pregnancy and in the
puerperium. Neurol. Sci. 2019, 40, 81–91. [CrossRef] [PubMed]

22. Schoenaker, D.A.; Soedamah-Muthu, S.S.; Mishra, G.D. The association between dietary factors and
gestational hypertension and pre-eclampsia: A systematic review and meta-analysis of observational studies.
BMC Med. 2014, 12, 157. [CrossRef] [PubMed]

23. Akbari, S.; Khodadadi, B.; Ahmadi, S.A.Y.; Abbaszadeh, S.; Shahsavar, F. Association of vitamin D level and
vitamin D deficiency with risk of preeclampsia: A systematic review and updated meta-analysis. Taiwan J.
Obstet. Gynecol. 2018, 57, 241–247. [CrossRef] [PubMed]

24. Romagnuolo, I.; Sticchi, E.; Attanasio, M.; Grifoni, E.; Cioni, G.; Cellai, A.P.; Abbate, R.; Fatini, C. Searching
for a common mechanism for placenta-mediated pregnancy complications and cardiovascular disease: Role
of lipoprotein(a). Fertil. Steril. 2016, 105, 1287–1293. [CrossRef]

25. Bell, M.J. A historical overview of preeclampsia-eclampsia. J. Obstet. Gynecol. Neonatal. Nurs. 2010, 39,
510–518. [CrossRef]

26. Robillard, P.Y.; Dekker, G.; Chaouat, G.; Le Bouteiller, P.; Scioscia, M.; Hulsey, T.C. Preeclampsia and the 20th
century: “Le siècle des Lumières”. Pregnancy Hypertens 2018, 13, 107–109. [CrossRef]

27. von Dadelszen, P.; Magee, L.A.; Roberts, J.M. Subclassification of preeclampsia. Hypertens Pregnancy 2003, 22,
143–148. [CrossRef] [PubMed]

28. Valensise, H.; Vasapollo, B.; Gagliardi, G.; Novelli, G.P. Early and late preeclampsia: Two different maternal
hemodynamic states in the latent phase of the disease. Hypertension 2008, 52, 873–880. [CrossRef] [PubMed]

29. Myatt, L.; Roberts, J.M. Preeclampsia: Syndrome or disease? Curr. Hypertens Rep. 2015, 17, 83. [CrossRef]
[PubMed]

30. Phipps, E.; Prasanna, D.; Brima, W.; Jim, B. Preeclampsia: Updates in pathogenesis, definitions, and guidelines.
Clin. J. Am. Soc. Nephrol. 2016, 11, 1102–1113. [CrossRef] [PubMed]

31. Lees, C.; Ferrazzi, E. Relevance of haemodynamics in treating pre-eclampsia. Curr. Hypertens Rep. 2017, 19,
76. [CrossRef]

32. Ferrazzi, E.; Stampalija, T.; Monasta, L.; Di Martino, D.; Vonck, S.; Gyselaers, W. Maternal hemodynamics:
A method to classify hypertensive disorders of pregnancy. Am. J. Obstet. Gynecol. 2018, 218, 124.e1–124.e11.
[CrossRef] [PubMed]

33. Tay, J.; Foo, L.; Masini, G.; Bennett, P.R.; McEniery, C.M.; Wilkinson, I.B.; Lees, C.C. Early and late preeclampsia
are characterized by high cardiac output, but in the presence of fetal growth restriction, cardiac output is low:
Insights from a prospective study. Am. J. Obstet. Gynecol. 2018, 218, 517.e1–517.e12. [CrossRef] [PubMed]

34. Secomb, T.W. Hemodynamics. Compr. Physiol. 2016, 6, 975–1003. [CrossRef] [PubMed]
35. Verlohren, S.; Melchiorre, K.; Khalil, A.; Thilaganathan, B. Uterine artery doppler, birth weight and

timing of onset of pre-eclampsia: Providing insights into the dual etiology of late-onset pre-eclampsia.
Ultrasound Obstet. Gynecol. 2014, 44, 293–298. [CrossRef] [PubMed]

36. Lisonkova, S.; Joseph, K.S. Incidence of preeclampsia: Risk factors and outcomes associated with early-
versus late-onset disease. Am. J. Obstet. Gynecol. 2013, 209, 544.e1–544.e12. [CrossRef]

37. Easterling, T.R.; Benedetti, T.J. Preeclampsia: A hyperdynamic disease model. Am. J. Obstet. Gynecol. 1989,
160, 1447–1453. [CrossRef]

http://dx.doi.org/10.1111/1471-0528.14257
http://dx.doi.org/10.1016/j.fertnstert.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26453266
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03545
http://dx.doi.org/10.1016/j.prostaglandins.2018.09.006
http://dx.doi.org/10.1007/s11906-020-1035-7
http://dx.doi.org/10.1007/s10072-019-03792-9
http://www.ncbi.nlm.nih.gov/pubmed/30880362
http://dx.doi.org/10.1186/s12916-014-0157-7
http://www.ncbi.nlm.nih.gov/pubmed/25241701
http://dx.doi.org/10.1016/j.tjog.2018.02.013
http://www.ncbi.nlm.nih.gov/pubmed/29673668
http://dx.doi.org/10.1016/j.fertnstert.2016.01.014
http://dx.doi.org/10.1111/j.1552-6909.2010.01172.x
http://dx.doi.org/10.1016/j.preghy.2018.05.013
http://dx.doi.org/10.1081/PRG-120021060
http://www.ncbi.nlm.nih.gov/pubmed/12908998
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.117358
http://www.ncbi.nlm.nih.gov/pubmed/18824660
http://dx.doi.org/10.1007/s11906-015-0595-4
http://www.ncbi.nlm.nih.gov/pubmed/26362531
http://dx.doi.org/10.2215/CJN.12081115
http://www.ncbi.nlm.nih.gov/pubmed/27094609
http://dx.doi.org/10.1007/s11906-017-0766-6
http://dx.doi.org/10.1016/j.ajog.2017.10.226
http://www.ncbi.nlm.nih.gov/pubmed/29102503
http://dx.doi.org/10.1016/j.ajog.2018.02.007
http://www.ncbi.nlm.nih.gov/pubmed/29474844
http://dx.doi.org/10.1002/cphy.c150038
http://www.ncbi.nlm.nih.gov/pubmed/27065172
http://dx.doi.org/10.1002/uog.13310
http://www.ncbi.nlm.nih.gov/pubmed/24448891
http://dx.doi.org/10.1016/j.ajog.2013.08.019
http://dx.doi.org/10.1016/0002-9378(89)90869-7


J. Clin. Med. 2020, 9, 2245 21 of 25

38. Bosio, P.M.; McKenna, P.J.; Conroy, R.; O’Herlihy, C. Maternal central hemodynamics in hypertensive
disorders of pregnancy. Obstet. Gynecol. 1999, 94, 978–984.

39. Rang, S.; van Montfrans, G.A.; Wolf, H. Serial hemodynamic measurement in normal pregnancy, preeclampsia,
and intrauterine growth restriction. Am. J. Obstet. Gynecol. 2008, 198, 519-e1. [CrossRef]

40. Hall, D.; Gebhardt, S.; Theron, G.; Grové, D. Pre-eclampsia and gestational hypertension are less common in
HIV infected women. Pregnancy Hypertens 2014, 4, 91–96. [CrossRef]

41. Foo, F.L.; Mahendru, A.A.; Masini, G.; Fraser, A.; Cacciatore, S.; MacIntyre, D.A.; McEniery, C.M.;
Wilkinson, I.B.; Bennett, P.R.; Lees, C.C. Association between prepregnancy cardiovascular function and
subsequent preeclampsia or fetal growth restriction. Hypertension 2018, 72, 442–450. [CrossRef] [PubMed]

42. Vonck, S.; Lanssens, D.; Staelens, A.S.; Tomsin, K.; Oben, J.; Bruckers, L.; Gyselaers, W. Obesity in pregnancy
causes a volume overload in third trimester. Eur. J. Clin. Investig. 2019, 49, e13173. [CrossRef] [PubMed]

43. Vonck, S.; Staelens, A.S.; Lanssens, D.; Tomsin, K.; Oben, J.; Dreesen, P.; Bruckers, L.; Gyselaers, W. Low volume
circulation in normotensive women pregnant with neonates small for gestational age. Fetal Diagn. Ther. 2019,
46, 238–245. [CrossRef] [PubMed]

44. Gyselaers, W.; Thilaganathan, B. Preeclampsia: A gestational cardiorenal syndrome. J. Physiol. 2019, 597,
4695–4714. [CrossRef]

45. Brosens, I.; Puttemans, P.; Benagiano, G. Placental bed research: I. the placental bed: From spiral arteries
remodeling to the great obstetrical syndromes. Am. J. Obstet. Gynecol. 2019, 221, 437–456. [CrossRef]

46. Ragab, A.; Goda, H.; Raghib, M.; Barakat, R.; El-Samanoudy, A.; Badawy, A. Does immediate postpartum
curettage of the endometrium accelerate recovery from preeclampsia-eclampsia? A randomized controlled
trial. Arch. Gynecol. Obstet. 2013, 288, 1035–1038. [CrossRef]

47. Brosens, I.; Brosens, J.J.; Muter, J.; Puttemans, P.; Benagiano, G. Preeclampsia: The role of persistent endothelial
cells in uteroplacental arteries. Am. J. Obstet. Gynecol. 2019, 221, 219–226. [CrossRef]

48. Falco, M.L.; Sivanathan, J.; Laoreti, A.; Thilaganathan, B.; Khalil, A. Placental histopathology associated
with pre-eclampsia: Systematic review and meta-analysis. Ultrasound Obstet. Gynecol. 2017, 50, 295–301.
[CrossRef] [PubMed]

49. James, J.L.; Chamley, L.W.; Clark, A.R. Feeding your baby in utero: How the uteroplacental circulation
impacts pregnancy. Physiology (Bethesda) 2017, 32, 234–245. [CrossRef]

50. He, N.; van Iperen, L.; de Jong, D.; Szuhai, K.; Helmerhorst, F.M.; van der Westerlaken, L.A.;
Chuva de Sousa Lopes, S.M. Human extravillous trophoblasts penetrate decidual veins and lymphatics
before remodeling spiral arteries during early pregnancy. PLoS ONE 2017, 12, e0169849. [CrossRef]

51. Huppertz, B.; Weiss, G.; Moser, G. Trophoblast invasion and oxygenation of the placenta: Measurements
versus presumptions. J. Reprod. Immunol. 2014, 101–102, 74–79. [CrossRef]

52. Kakogawa, J.; Sumimoto, K.; Kawamura, T.; Minoura, S.; Kanayama, N. Transabdominal measurement of
placental oxygenation by near-infrared spectroscopy. Am. J. Perinatol. 2010, 27, 25–29. [CrossRef] [PubMed]

53. Roth, C.J.; Haeussner, E.; Ruebelmann, T.; Koch, F.V.; Schmitz, C.; Frank, H.G.; Wall, W.A. Dynamic
modeling of uteroplacental blood flow in IUGR indicates vortices and elevated pressure in the intervillous
space—A pilot study. Sci. Rep. 2017, 7, 40771. [CrossRef] [PubMed]

54. Hutchinson, E.S.; Brownbill, P.; Jones, N.W.; Abrahams, V.M.; Baker, P.N.; Sibley, C.P.; Crocker, I.P.
Utero-placental haemodynamics in the pathogenesis of pre-eclampsia. Placenta 2009, 30, 634–641. [CrossRef]
[PubMed]

55. Gyselaers, W.; Peeters, L. Physiological implications of arteriovenous anastomoses and venous hemodynamic
dysfunction in early gestational uterine circulation: A review. J. Matern. Fetal Neonatal Med. 2013, 26, 841–846.
[CrossRef]

56. Arishe, O.O.; Ebeigbe, A.B.; Webb, R.C. Mechanotransduction and uterine blood flow in preeclampsia:
The role of mechanosensing piezo 1 ion channels. Am. J. Hypertens 2020, 33, 1–9. [CrossRef]

57. James, J.L.; Whitley, G.S.; Cartwright, J.E. Shear stress and spiral artery remodelling: The effects of low shear
stress on trophoblast-induced endothelial cell apoptosis. Cardiovasc. Res. 2011, 90, 130–139. [CrossRef]

58. Sánchez-Aranguren, L.C.; Prada, C.E.; Riaño-Medina, C.E.; Lopez, M. Endothelial dysfunction and
preeclampsia: Role of oxidative stress. Front. Physiol. 2014, 5, 372. [CrossRef] [PubMed]

59. Kalapotharakos, G.; Murtoniemi, K.; Åkerström, B.; Hämäläinen, E.; Kajantie, E.; Räikkönen, K.; Villa, P.;
Laivuori, H.; Hansson, S.R. Plasma heme scavengers alpha-1-microglobulin and hemopexin as biomarkers
in high-risk pregnancies. Front Physiol. 2019, 10, 300. [CrossRef]

http://dx.doi.org/10.1016/j.ajog.2007.11.014
http://dx.doi.org/10.1016/j.preghy.2013.11.008
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.11092
http://www.ncbi.nlm.nih.gov/pubmed/29967040
http://dx.doi.org/10.1111/eci.13173
http://www.ncbi.nlm.nih.gov/pubmed/31545513
http://dx.doi.org/10.1159/000495507
http://www.ncbi.nlm.nih.gov/pubmed/30726847
http://dx.doi.org/10.1113/JP274893
http://dx.doi.org/10.1016/j.ajog.2019.05.044
http://dx.doi.org/10.1007/s00404-013-2866-0
http://dx.doi.org/10.1016/j.ajog.2019.01.239
http://dx.doi.org/10.1002/uog.17494
http://www.ncbi.nlm.nih.gov/pubmed/28436167
http://dx.doi.org/10.1152/physiol.00033.2016
http://dx.doi.org/10.1371/journal.pone.0169849
http://dx.doi.org/10.1016/j.jri.2013.04.003
http://dx.doi.org/10.1055/s-0029-1234038
http://www.ncbi.nlm.nih.gov/pubmed/19644789
http://dx.doi.org/10.1038/srep40771
http://www.ncbi.nlm.nih.gov/pubmed/28102332
http://dx.doi.org/10.1016/j.placenta.2009.04.011
http://www.ncbi.nlm.nih.gov/pubmed/19497617
http://dx.doi.org/10.3109/14767058.2013.766705
http://dx.doi.org/10.1093/ajh/hpz158
http://dx.doi.org/10.1093/cvr/cvq396
http://dx.doi.org/10.3389/fphys.2014.00372
http://www.ncbi.nlm.nih.gov/pubmed/25346691
http://dx.doi.org/10.3389/fphys.2019.00300


J. Clin. Med. 2020, 9, 2245 22 of 25

60. Apicella, C.; Ruano, C.S.M.; Méhats, C.; Miralles, F.; Vaiman, D. The role of epigenetics in placental
development and the etiology of preeclampsia. Int. J. Mol. Sci. 2019, 20, 2837. [CrossRef]

61. Lv, Y.; Lu, C.; Ji, X.; Miao, Z.; Long, W.; Ding, H.; Lv, M. Roles of microRNAs in preeclampsia. J. Cell Physiol.
2019, 234, 1052–1061. [CrossRef] [PubMed]

62. Jia, N.; Li, J. Role of circular RNAs in preeclampsia. Dis. Markers 2019, 2019, 7237495. [CrossRef] [PubMed]
63. Weiss, G.; Sundl, M.; Glasner, A.; Huppertz, B.; Moser, G. The trophoblast plug during early pregnancy:

A deeper insight. Histochem. Cell Biol. 2016, 146, 749–756. [CrossRef] [PubMed]
64. Moser, G.; Windsperger, K.; Pollheimer, J.; de Sousa Lopes, S.C.; Huppertz, B. Human trophoblast invasion:

New and unexpected routes and functions. Histochem. Cell Biol. 2018, 150, 361–370. [CrossRef] [PubMed]
65. James, J.L.; Saghian, R.; Perwick, R.; Clark, A.R. Trophoblast plugs: Impact on utero-placental haemodynamics

and spiral artery remodelling. Hum. Reprod. 2018, 33, 1430–1441. [CrossRef] [PubMed]
66. Ko, N.L.; Mandalà, M.; John, L.; Gelinne, A.; Osol, G. Venoarterial communication mediates arterial wall shear

stress-induced maternal uterine vascular remodeling during pregnancy. Am. J. Physiol. Heart Circ. Physiol.
2018, 315, H709–H717. [CrossRef]

67. Zhang, S.; Lin, H.; Kong, S.; Wang, S.; Wang, H.; Wang, H.; Armant, D.R. Physiological and molecular
determinants of embryo implantation. Mol. Aspects Med. 2013, 34, 939–980. [CrossRef]

68. Schumacher, A.; Zenclussen, A.C. Human chorionic gonadotropin-mediated immune responses that facilitate
embryo implantation and placentation. Front. Immunol. 2019, 10, 2896. [CrossRef]

69. Boeldt, D.S.; Bird, I.M. Vascular adaptation in pregnancy and endothelial dysfunction in preeclampsia.
J. Endocrinol. 2017, 232, R27–R44. [CrossRef]

70. Makrigiannakis, A.; Vrekoussis, T.; Zoumakis, E.; Kalantaridou, S.N.; Jeschke, U. The role of hcg in
implantation: A mini-review of molecular and clinical evidence. Int. J. Mol. Sci. 2017, 18, 1305. [CrossRef]

71. Ivanov, P.; Tsvyatkovska, T.; Konova, E.; Komsa-Penkova, R. Inherited thrombophilia and IVF failure: The
impact of coagulation disorders on implantation process. Am. J. Reprod. Immunol. 2012, 68, 189–198.
[CrossRef] [PubMed]

72. Boij, R.; Svensson, J.; Nilsson-Ekdahl, K.; Sandholm, K.; Lindahl, T.L.; Palonek, E.; Garle, M.; Berg, G.;
Ernerudh, J.; Jenmalm, M.; et al. Biomarkers of coagulation, inflammation, and angiogenesis are
independently associated with preeclampsia. Am. J. Reprod. Immunol. 2012, 68, 258–270. [CrossRef]

73. Du Clos, T.W.; Mold, C. Pentraxins (CRP, SAP) in the process of complement activation and clearance of
apoptotic bodies through Fcγ receptors. Curr. Opin. Organ Transplant. 2011, 16, 15–20. [CrossRef] [PubMed]

74. Herrler, A.; von Rango, U.; Beier, H.M. Embryo-maternal signalling: How the embryo starts talking to its
mother to accomplish implantation. Reprod. Biomed. Online 2003, 6, 244–256. [CrossRef]

75. Ashary, N.; Tiwari, A.; Modi, D. embryo implantation: War in times of love. Endocrinology 2018, 159,
1188–1198. [CrossRef]

76. Maliqueo, M.; Echiburú, B.; Crisosto, N. Sex steroids modulate uterine-placental vasculature: Implications
for obstetrics and neonatal outcomes. Front. Physiol. 2016, 7, 152. [CrossRef]

77. Berkane, N.; Liere, P.; Oudinet, J.P.; Hertig, A.; Lefèvre, G.; Pluchino, N.; Schumacher, M.; Chabbert-Buffet, N.
From pregnancy to preeclampsia: A key role for estrogens. Endocr. Rev. 2017, 38, 123–144. [CrossRef]

78. Chamley, L.W.; Holland, O.J.; Chen, Q.; Viall, C.A.; Stone, P.R.; Abumaree, M. Review: Where is the
maternofetal interface? Placenta 2014, 35, S74–S80. [CrossRef]

79. Rafaeli-Yehudai, T.; Imterat, M.; Douvdevani, A.; Tirosh, D.; Benshalom-Tirosh, N.; Mastrolia, S.A.;
Beer-Weisel, R.; Klaitman, V.; Riff, R.; Greenbaum, S.; et al. Maternal total cell-free DNA in preeclampsia and
fetal growth restriction: Evidence of differences in maternal response to abnormal implantation. PLoS ONE
2018, 13, e0200360. [CrossRef]

80. Shirasuna, K.; Karasawa, T.; Takahashi, M. Role of the NLRP3 Inflammasome in Preeclampsia.
Front. Endocrinol. (Lausanne) 2020, 11, 80. [CrossRef]

81. Umapathy, A.; Chamley, L.W.; James, J.L. Reconciling the distinct roles of angiogenic/anti-angiogenic
factors in the placenta and maternal circulation of normal and pathological pregnancies. Angiogenesis 2019.
[CrossRef]

82. Rebelo, F.; Schlüssel, M.M.; Vaz, J.S.; Franco-Sena, A.B.; Pinto, T.J.; Bastos, F.I.; Adegboye, A.R.; Kac, G.
C-reactive protein and later preeclampsia: Systematic review and meta-analysis taking into account the
weight status. J. Hypertens 2013, 31, 16–26. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms20112837
http://dx.doi.org/10.1002/jcp.27291
http://www.ncbi.nlm.nih.gov/pubmed/30256424
http://dx.doi.org/10.1155/2019/7237495
http://www.ncbi.nlm.nih.gov/pubmed/31191755
http://dx.doi.org/10.1007/s00418-016-1474-z
http://www.ncbi.nlm.nih.gov/pubmed/27510415
http://dx.doi.org/10.1007/s00418-018-1699-0
http://www.ncbi.nlm.nih.gov/pubmed/30046889
http://dx.doi.org/10.1093/humrep/dey225
http://www.ncbi.nlm.nih.gov/pubmed/29955830
http://dx.doi.org/10.1152/ajpheart.00126.2018
http://dx.doi.org/10.1016/j.mam.2012.12.011
http://dx.doi.org/10.3389/fimmu.2019.02896
http://dx.doi.org/10.1530/JOE-16-0340
http://dx.doi.org/10.3390/ijms18061305
http://dx.doi.org/10.1111/j.1600-0897.2012.01156.x
http://www.ncbi.nlm.nih.gov/pubmed/22620672
http://dx.doi.org/10.1111/j.1600-0897.2012.01158.x
http://dx.doi.org/10.1097/MOT.0b013e32834253c7
http://www.ncbi.nlm.nih.gov/pubmed/21150611
http://dx.doi.org/10.1016/S1472-6483(10)61717-8
http://dx.doi.org/10.1210/en.2017-03082
http://dx.doi.org/10.3389/fphys.2016.00152
http://dx.doi.org/10.1210/er.2016-1065
http://dx.doi.org/10.1016/j.placenta.2013.10.014
http://dx.doi.org/10.1371/journal.pone.0200360
http://dx.doi.org/10.3389/fendo.2020.00080
http://dx.doi.org/10.1007/s10456-019-09694-w
http://dx.doi.org/10.1097/HJH.0b013e32835b0556
http://www.ncbi.nlm.nih.gov/pubmed/23188419


J. Clin. Med. 2020, 9, 2245 23 of 25

83. Wang, X.Y.; Zhang, F.; Zhang, C.; Zheng, L.R.; Yang, J. The biomarkers for acute myocardial infarction and
heart failure. Biomed. Res. Int. 2020, 2020, 1–14. [CrossRef] [PubMed]

84. Kleinrouweler, C.E.; Wiegerinck, M.M.; Ris-Stalpers, C.; Bossuyt, P.M.; van der Post, J.A.; von Dadelszen, P.;
Mol, B.W.; Pajkrt, E.; EBM CONNECT Collaboration. Accuracy of circulating placental growth factor,
vascular endothelial growth factor, soluble fms-like tyrosine kinase 1 and soluble endoglin in the prediction
of pre-eclampsia: A systematic review and meta-analysis. BJOG 2012, 119, 778–787. [CrossRef] [PubMed]

85. Ma, W.Q.; Wang, Y.; Han, X.Q.; Zhu, Y.; Liu, N.F. Association of genetic polymorphisms in vascular endothelial
growth factor with susceptibility to coronary artery disease: A meta-analysis. BMC Med. Genet. 2018, 19, 108.
[CrossRef] [PubMed]

86. Draker, N.; Torry, D.S.; Torry, R.J. Placenta growth factor and sFlt-1 as biomarkers in ischemic heart disease
and heart failure: A review. Biomarks Med. 2019, 13, 785–799. [CrossRef]

87. Ikemoto, T.; Hojo, Y.; Kondo, H.; Takahashi, N.; Hirose, M.; Nishimura, Y.; Katsuki, T.; Shimada, K.; Kario, K.
Plasma endoglin as a marker to predict cardiovascular events in patients with chronic coronary artery
diseases. Heart Vessel. 2012, 27, 344–351. [CrossRef]

88. Kolla, V.; Jenö, P.; Moes, S.; Lapaire, O.; Hoesli, I.; Hahn, S. Quantitative proteomic (iTRAQ) analysis of 1st
trimester maternal plasma samples in pregnancies at risk for preeclampsia. J. Biomed. Biotechnol. 2012, 2012,
305964. [CrossRef]

89. Gleissner, C.A.; Erbel, C.; Linden, F.; Domschke, G.; Akhavanpoor, M.; Helmes, C.M.; Doesch, A.O.;
Kleber, M.E.; Katus, H.A.; Maerz, W. Galectin-3 binding protein, coronary artery disease and cardiovascular
mortality: Insights from the LURIC study. Atherosclerosis 2017, 260, 121–129. [CrossRef]

90. Muttukrishna, S.; North, R.A.; Morris, J.; Schellenberg, J.C.; Taylor, R.S.; Asselin, J.; Ledger, W.; Groome, N.;
Redman, C.W. Serum inhibin A and activin A are elevated prior to the onset of pre-eclampsia. Hum. Reprod.
2000, 15, 1640–1645. [CrossRef]

91. Sugatani, T. Systemic activation of activin a signaling causes chronic kidney disease-mineral bone disorder.
Int. J. Mol. Sci. 2018, 19, 2490. [CrossRef]

92. Taylor, B.D.; Ness, R.B.; Olsen, J.; Hougaard, D.M.; Skogstrand, K.; Roberts, J.M.; Haggerty, C.L. Serum leptin
measured in early pregnancy is higher in women with preeclampsia compared with normotensive pregnant
women. Hypertension 2015, 65, 594–599. [CrossRef]

93. Katsiki, N.; Mikhailidis, D.P.; Banach, M. Leptin, cardiovascular diseases and type 2 diabetes mellitus.
Acta Pharm. Sin. 2018, 39, 1176–1188. [CrossRef] [PubMed]

94. Bersinger, N.A.; Smárason, A.K.; Muttukrishna, S.; Groome, N.P.; Redman, C.W. Women with preeclampsia
have increased serum levels of pregnancy-associated plasma protein A (PAPP-A), inhibin A, activin A and
soluble E-selectin. Hypertens Pregnancy 2003, 22, 45–55. [CrossRef] [PubMed]

95. Roldán, V.; Marín, F.; Lip, G.Y.; Blann, A.D. Soluble E-selectin in cardiovascular disease and its risk factors.
A review of the literature. Thromb. Haemost. 2003, 90, 1007–1020. [CrossRef] [PubMed]

96. El-Sherbiny, W.; Nasr, A.; Soliman, A. Metalloprotease (ADAM12-S) as a predictor of preeclampsia:
Correlation with severity, maternal complications, fetal outcome, and doppler parameters.
Hypertens Pregnancy 2012, 31, 442–450. [CrossRef] [PubMed]

97. Wang, X.; Chow, F.L.; Oka, T.; Hao, L.; Lopez-Campistrous, A.; Kelly, S.; Cooper, S.; Odenbach, J.; Finegan, B.A.;
Schulz, R.; et al. Matrix metalloproteinase-7 and ADAM-12 (a disintegrin and metalloproteinase-12) define a
signaling axis in agonist-induced hypertension and cardiac hypertrophy. Circulation 2009, 119, 2480–2489.
[CrossRef] [PubMed]

98. Bian, Z.; Shixia, C.; Duan, T. First-trimester maternal serum levels of sflt1, pgf and adma predict preeclampsia.
PLoS ONE 2015, 10, e0124684. [CrossRef]

99. Sibal, L.; Agarwal, S.C.; Home, P.D.; Boger, R.H. The role of asymmetric dimethylarginine (ADMA) in
endothelial dysfunction and cardiovascular disease. Curr. Cardiol. Rev. 2010, 6, 82–90. [CrossRef]

100. Gagnon, A.; Wilson, R.D. Society of Obstetricians and Gynaecologists of Canada Genetics Committee.
Obstetrical complications associated with abnormal maternal serum markers analytes. J. Obstet. Gynaecol. Can.
2008, 30, 918–932. [CrossRef]

101. Li, Y.; Zhou, C.; Zhou, X.; Li, L.; Hui, R. Pregnancy-associated plasma protein a predicts adverse vascular
events in patients with coronary heart disease: A systematic review and meta-analysis. Arch. Med. Sci. 2013,
9, 389–397. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2020/2018035
http://www.ncbi.nlm.nih.gov/pubmed/32016113
http://dx.doi.org/10.1111/j.1471-0528.2012.03311.x
http://www.ncbi.nlm.nih.gov/pubmed/22433027
http://dx.doi.org/10.1186/s12881-018-0628-3
http://www.ncbi.nlm.nih.gov/pubmed/29973139
http://dx.doi.org/10.2217/bmm-2018-0492
http://dx.doi.org/10.1007/s00380-011-0163-z
http://dx.doi.org/10.1155/2012/305964
http://dx.doi.org/10.1016/j.atherosclerosis.2017.03.031
http://dx.doi.org/10.1093/humrep/15.7.1640
http://dx.doi.org/10.3390/ijms19092490
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03979
http://dx.doi.org/10.1038/aps.2018.40
http://www.ncbi.nlm.nih.gov/pubmed/29877321
http://dx.doi.org/10.1081/PRG-120016794
http://www.ncbi.nlm.nih.gov/pubmed/12648442
http://dx.doi.org/10.1160/TH02-09-0083
http://www.ncbi.nlm.nih.gov/pubmed/14652631
http://dx.doi.org/10.3109/10641955.2012.690059
http://www.ncbi.nlm.nih.gov/pubmed/22676623
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.835488
http://www.ncbi.nlm.nih.gov/pubmed/19398663
http://dx.doi.org/10.1371/journal.pone.0124684
http://dx.doi.org/10.2174/157340310791162659
http://dx.doi.org/10.1016/S1701-2163(16)32973-5
http://dx.doi.org/10.5114/aoms.2013.35421
http://www.ncbi.nlm.nih.gov/pubmed/23847657


J. Clin. Med. 2020, 9, 2245 24 of 25

102. Matson, B.C.; Caron, K.M. Adrenomedullin and endocrine control of immune cells during pregnancy.
Cell Mol. Immunol. 2014, 11, 456–459. [CrossRef] [PubMed]

103. Hamid, S.A.; Baxter, G.F. Adrenomedullin: Regulator of systemic and cardiac homeostasis in acute myocardial
infarction. Pharm. Ther. 2005, 105, 95–112. [CrossRef] [PubMed]

104. Vokalova, L.; Balogh, A.; Toth, E.; Van Breda, S.V.; Schäfer, G.; Hoesli, I.; Lapaire, O.; Hahn, S.; Than, N.G.;
Rossi, S.W. Placental protein 13 (Galectin-13) polarizes neutrophils toward an immune regulatory phenotype.
Front Immunol. 2020, 11, 145. [CrossRef]

105. Berkane, N.; Liere, P.; Lefevre, G.; Alfaidy, N.; Nahed, R.A.; Vincent, J.; Oudinet, J.P.; Pianos, A.; Cambourg, A.;
Rozenberg, P.; et al. Abnormal steroidogenesis and aromatase activity in preeclampsia. Placenta 2018, 69,
40–49. [CrossRef]

106. Duvekot, J.J.; Cheriex, E.C.; Pieters, F.A.; Menheere, P.P.; Peeters, L.H. Early pregnancy changes in
hemodynamics and volume homeostasis are consecutive adjustments triggered by a primary fall in
systemic vascular tone. Am. J. Obstet. Gynecol. 1993, 169, 1382–1392. [CrossRef]

107. Lanssens, D.; Smeets, C.J.P.; Vandervoort, P.; Grieten, L.; Gyselaers, W. Intrathoracic fluid changes from
preconception to postpartum as measured by bio-impedance monitoring. J. Matern. Fetal Neonatal Med. 2020,
33, 1625–1627. [CrossRef]

108. Tiralongo, G.M.; Lo Presti, D.; Pisani, I.; Gagliardi, G.; Scala, R.L.; Novelli, G.P.; Vasapollo, B.; Andreoli, A.;
Valensise, H. Assessment of total vascular resistance and total body water in normotensive women during
the first trimester of pregnancy. A key for the prevention of preeclampsia. Pregnancy Hypertens 2015, 5,
193–197. [CrossRef]

109. de Haas, S.; Ghossein-Doha, C.; van Kuijk, S.M.; van Drongelen, J.; Spaanderman, M.E. Physiological
adaptation of maternal plasma volume during pregnancy: A systematic review and meta-analysis.
Ultrasound Obstet. Gynecol. 2017, 49, 177–187. [CrossRef]

110. Kalafat, E.; Thilaganathan, B. Cardiovascular origins of preeclampsia. Curr. Opin. Obstet. Gynecol. 2017, 29,
383–389. [CrossRef]

111. Gyselaers, W.; Vonck, S.; Staelens, A.S.; Lanssens, D.; Tomsin, K.; Oben, J.; Dreesen, P.; Bruckers, L. Body fluid
volume homeostasis is abnormal in pregnancies complicated with hypertension and/or poor fetal growth.
PLoS ONE 2018, 13, e0206257. [CrossRef] [PubMed]

112. Tobias, A.; Mohiuddin, S.S. Physiology, water balance. In StatPearls; StatPearls Publishing: Treasure
Island, FL, USA, 2020. Available online: https://www.ncbi.nlm.nih.gov/books/NBK541059/ (accessed on 30
May 2020).

113. Melchiorre, K.; Sharma, R.; Khalil, A.; Thilaganathan, B. Maternal cardiovascular function in normal
pregnancy: Evidence of maladaptation to chronic volume overload. Hypertension 2016, 67, 754–762.
[CrossRef]

114. Gyselaers, W.; Vonck, S.; Staelens, A.S.; Lanssens, D.; Tomsin, K.; Oben, J.; Dreesen, P.; Bruckers, L. Gestational
hypertensive disorders show unique patterns of circulatory deterioration with ongoing pregnancy. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2019, 316, R210–R221. [CrossRef] [PubMed]

115. Vonck, S.; Staelens, A.S.; Lanssens, D.; Tomsin, K.; Oben, J.; Bruckers, L.; Gyselaers, W. Development of a
biophysical screening model for gestational hypertensive diseases. J. Biomed. Sci. 2019, 26, 38. [CrossRef]

116. Gyselaers, W.; Tomsin, K.; Staelens, A.; Mesens, T.; Oben, J.; Molenberghs, G. Maternal venous hemodynamics
in gestational hypertension and preeclampsia. BMC Pregnancy Childbirth 2014, 14, 212. [CrossRef]

117. Gyselaers, W.; Staelens, A.; Mesens, T.; Tomsin, K.; Oben, J.; Vonck, S.; Verresen, L.; Molenberghs, G.
Maternal venous doppler characteristics are abnormal in pre-eclampsia but not in gestational hypertension.
Ultrasound Obstet. Gynecol. 2015, 45, 421–426. [CrossRef] [PubMed]

118. Vonck, S.; Staelens, A.S.; Mesens, T.; Tomsin, K.; Gyselaers, W. Hepatic hemodynamics and fetal growth:
A relationship of interest for further research. PLoS ONE 2014, 9, e115594. [CrossRef] [PubMed]

119. Gyselaers, W.; Mesens, T.; Tomsin, K.; Molenberghs, G.; Peeters, L. Maternal renal interlobar vein impedance
index is higher in early—Than in late-onset pre-eclampsia. Ultrasound Obstet. Gynecol. 2010, 36, 69–75.
[CrossRef] [PubMed]

120. Gyselaers, W.; Mullens, W.; Tomsin, K.; Mesens, T.; Peeters, L. Role of dysfunctional maternal venous
hemodynamics in the pathophysiology of pre-eclampsia: A review. Ultrasound Obstet. Gynecol. 2011, 38,
123–129. [CrossRef]

http://dx.doi.org/10.1038/cmi.2014.71
http://www.ncbi.nlm.nih.gov/pubmed/25132453
http://dx.doi.org/10.1016/j.pharmthera.2004.08.012
http://www.ncbi.nlm.nih.gov/pubmed/15670621
http://dx.doi.org/10.3389/fimmu.2020.00145
http://dx.doi.org/10.1016/j.placenta.2018.07.004
http://dx.doi.org/10.1016/0002-9378(93)90405-8
http://dx.doi.org/10.1080/14767058.2018.1519797
http://dx.doi.org/10.1016/j.preghy.2015.02.001
http://dx.doi.org/10.1002/uog.17360
http://dx.doi.org/10.1097/GCO.0000000000000419
http://dx.doi.org/10.1371/journal.pone.0206257
http://www.ncbi.nlm.nih.gov/pubmed/30383796
https://www.ncbi.nlm.nih.gov/books/NBK541059/
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.06667
http://dx.doi.org/10.1152/ajpregu.00075.2018
http://www.ncbi.nlm.nih.gov/pubmed/30673301
http://dx.doi.org/10.1186/s12929-019-0530-0
http://dx.doi.org/10.1186/1471-2393-14-212
http://dx.doi.org/10.1002/uog.13427
http://www.ncbi.nlm.nih.gov/pubmed/24890401
http://dx.doi.org/10.1371/journal.pone.0115594
http://www.ncbi.nlm.nih.gov/pubmed/25536071
http://dx.doi.org/10.1002/uog.7591
http://www.ncbi.nlm.nih.gov/pubmed/20178114
http://dx.doi.org/10.1002/uog.9061


J. Clin. Med. 2020, 9, 2245 25 of 25

121. Siegmund, A.S.; Kampman, M.A.M.; Oudijk, M.A.; Mulder, B.J.M.; Sieswerda, G.T.J.; Koenen, S.V.;
Hummel, Y.M.; de Laat, M.W.M.; Sollie-Szarynska, K.M.; Groen, H.; et al. Maternal right ventricular
function, uteroplacental circulation in first trimester and pregnancy outcome in women with congenital
heart disease. Ultrasound Obstet. Gynecol. 2019, 54, 359–366. [CrossRef]

122. Bokslag, A.; Franssen, C.; Alma, L.J.; Kovacevic, I.; Kesteren, F.V.; Teunissen, P.W.; Kamp, O.; Ganzevoort, W.;
Hordijk, P.L.; Groot, C.J.M.; et al. Early-onset preeclampsia predisposes to preclinical diastolic left ventricular
dysfunction in the fifth decade of life: An observational study. PLoS ONE 2018, 13, e0198908. [CrossRef]
[PubMed]

123. Gyselaers, W. Maternal venous hemodynamic dysfunction in proteinuric gestational hypertension: Evidence
and implications. J. Clin. Med. 2019, 8, 335. [CrossRef] [PubMed]

124. Staff, A.C. The two-stage placental model of preeclampsia: An update. J. Reprod. Immunol. 2019, 134–135,
1–10. [CrossRef] [PubMed]

125. Andreas, M.; Kuessel, L.; Kastl, S.P.; Wirth, S.; Gruber, K.; Rhomberg, F.; Gomari-Grisar, F.A.; Franz, M.;
Zeisler, H.; Gottsauner-Wolf, M. Bioimpedance cardiography in pregnancy: A longitudinal cohort study on
hemodynamic pattern and outcome. BMC Pregnancy Childbirth 2016, 16, 128. [CrossRef] [PubMed]

126. Staelens, A.S.; Van Cauwelaert, S.; Tomsin, K.; Mesens, T.; Malbrain, M.L.; Gyselaers, W. Intra-abdominal
pressure measurements in term pregnancy and postpartum: An observational study. PLoS ONE 2014, 9,
e104782. [CrossRef]

127. Lozada, M.J.; Goyal, V.; Levin, D.; Walden, R.L.; Osmundson, S.S.; Pacheco, L.D.; Malbrain, M.L.N.G.
Management of peripartum intra-abdominal hypertension and abdominal compartment syndrome.
Acta Obstet. Gynecol. Scand. 2019, 98, 1386–1397. [CrossRef]

128. Malbrain, M.L.; Cheatham, M.L. Definitions and pathophysiological implications of intra-abdominal
hypertension and abdominal compartment syndrome. Am. Surg. 2011, 77, S6–S11.

129. Regli, A.; De Keulenaer, B.; De Laet, I.; Roberts, D.; Dabrowski, W.; Malbrain, M.L. Fluid therapy and
perfusional considerations during resuscitation in critically ill patients with intra-abdominal hypertension.
Anaesthesiol. Intensive Ther. 2015, 47, 45–53. [CrossRef]

130. Dreesen, P.; Schoutteten, M.K.; Velde, N.V.; Kaminski, I.; Heylen, L.; Moor, B.; Malbrain, M.L.N.G.;
Gyselaers, W. Increased intra-abdominal pressure during laparoscopic pneumoperitoneum enhances
albuminuria via renal venous congestion, illustrating pathophysiological aspects of high output preeclampsia.
J. Clin. Med. 2020, 9, 487. [CrossRef]

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/uog.20148
http://dx.doi.org/10.1371/journal.pone.0198908
http://www.ncbi.nlm.nih.gov/pubmed/29894501
http://dx.doi.org/10.3390/jcm8030335
http://www.ncbi.nlm.nih.gov/pubmed/30862007
http://dx.doi.org/10.1016/j.jri.2019.07.004
http://www.ncbi.nlm.nih.gov/pubmed/31301487
http://dx.doi.org/10.1186/s12884-016-0918-8
http://www.ncbi.nlm.nih.gov/pubmed/27251149
http://dx.doi.org/10.1371/journal.pone.0104782
http://dx.doi.org/10.1111/aogs.13638
http://dx.doi.org/10.5603/AIT.a2014.0067
http://dx.doi.org/10.3390/jcm9020487
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Epidemiology of Preeclampsia 
	Predisposing Risk Factors 

	Pathophysiology 
	Types of PE 
	Placentation Process 
	Spiral Artery Remodeling in Normal Pregnancy and Preeclampsia 
	Vascular Uterine Adaptation Involves More than Spiral Artery Remodeling 
	Hemodynamics of the Intervillous Space 

	Immune System, Implantation, and Vascular Remodeling 
	Fetal–Maternal Communication 
	Pre- and Peri-Implantation Signaling 
	Endocrine, Biological and Chemical Signaling 
	Syncytiotrophoblast Extracellular Vesicles 

	Maternal Hemodynamics 
	Peri-Implantation Hemodynamics 
	Body Water Volume Expansion and (Subclinical) Cardiovascular Dysfunctions 
	Venous Hemodynamics 
	Venous Congestion 
	The Role of Intra-Abdominal Pressure 


	Integrated Pathophysiology of PE 
	Immunomodulation 
	Maternal-Fetal Crosstalk 
	Maternal Hemodynamics and Venous Congestion 

	Conclusions 
	References

