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ABSTRACT

In the recent decades, endothelial dysfunction (ED) has been recognized as a significant contributing factor
in the pathogenesis of many pathological conditions. In interaction with atherosclerosis, hypercholester-
olemia, and hypertension, ED plays a crucial role in the pathogenesis of coronary artery disease, chronic
renal disease, and microvascular complications in diabetes mellitus. Although ED plays a significant role
in the pathogenesis of several pregnancy-related disorders such as preeclampsia, HELLP syndrome, fetal
growth restriction, and gestational diabetes mellitus, the exact pathogenetic mechanisms are still a matter
of debate. The increased prevalence of these entities in patients with preexisting vascular diseases high-
lights the essential pathological role of the preexisting ED in these patients. The abnormal uteroplacental
circulation and the release of soluble factors from the ischemic placenta into the maternal bloodstream
are the main causes of the maternal ED underlying the characteristic preeclamptic phenotype. Besides the
increased risk for maternal and fetal poor outcomes, the preexisting ED also increases the risk of develop-
ment of future cardiovascular diseases in these patients. This study aimed to look deeper into the role of
ED in the pathogenesis of several pregnancy-related hypertensive and liver diseases. Hopefully, it could
contribute to improvement of the awareness, knowledge, and management of these conditions and also to
the reduction of the adverse outcomes and additional long-term cardiovascular complications.

Keywords: Endothelial dysfunction, hypertensive disorders of pregnancy, gestational hypertension, pre-
eclampsia, HELLP Syndrome, acute fatty liver of pregnancy

INTRODUCTION

In the past, the endothelial monolayer was
considered mainly a mechanical barrier between
the blood and the blood vessel wall. However,
recent evidence indicates that the single layer of
continuous endothelium lining arteries, veins and
lymphatics is in fact an active biologic interface
between the blood and potentially thrombogen-

ic subendothelial tissues. It is now clear that the
endothelial cells (ECs) have an important role in
providing many functions and that the endothelial
dysfunction (ED) is significantly involved in the
pathogenesis of many pathological conditions in
the body. The wider concept of the endothelial
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cell function made ED a very intriguing topic in
the recent decades.

1.1. Endothelial cell function in normal vas-
cular homeostasis

It is estimated that the adult human body
contains about 1x10'* ECs that line all vessels in
the body forming a distributed dynamic interface
[1]. The vascular ECs secrete many cytokines in
an endocrine, paracrine, or autocrine way and pro-
vide the homeostasis in the microcirculation [2].
The most important function of the endothelium is
to regulate the vasomotor tone, vascular permea-
bility, cellular and nutrient trafficking, hemostatic
balance, immunity, interaction with the circulating
blood cells, cellular proliferation, angiogenesis
and survival [3,4].

1.1.1 Regulation of the vascular tone: One
of the most important endothelial cell functions
is the regulation of the vascular tone of the blood
vessels, 1.e., maintaining the vessel in a relatively
dilated state and providing an optimal organ per-
fusion and oxygen tissue supply. The regulation
of the vascular tone is provided by the capacity
of the ECs for balanced release of vasoactive
substances as well as by their capacity to properly
respond to the circulating vasoactive mediators.
The most important vasodilatory mediators re-
leased by the ECs are nitric oxide (NO), prosta-
cyclin adenosine and endothelium-derived hyper-
polarizing factor (EDHF) [5]. Being synthetized
by the endothelial NO synthase (eNOS), NO is
the most important and the strongest endothe-
lium-derived relaxing factor. NO diffuses into
the vascular smooth muscle cells and activates
guanylate cyclase, which leads to cyclic guano-
sine monophosphate-mediated vasodilatation [3].
The endothelium has the capacity to respond to
various physical stimuli, but it seems that the
shear stress is the most important stimulus for
vessels dilatation, the so-called flow-mediated
dilation (FMD). In addition, a variety of agonists,
including acetylcholine, histamine, thrombin, ad-
enosine diphosphate, bradykinin, norepinephrine,
vascular endothelial growth factor (VEGF), and
serotonin can increase the synthesis and release
of NO [6]. These mediators stimulate vasorelax-
ation on intact endothelium, and vasoconstriction
when the endothelium is removed or perturbed
[7]. Although NO is mainly recognized as an es-
sential vasodilator molecule, it has been also con-
firmed that NO provides several other functions
important for the maintenance of the vascular

homeostasis. By inhibition of platelet adhesion
and aggregation, NO plays a role in modulation
of the prothrombotic potential of the ECs, inhibits
the monocyte and macrophage endothelial adhe-
sion, reduces the vascular smooth muscle migra-
tion and growth and reduces the endotoxin-and
cytokine-induced expression of tissue factor (TF)
[7]. Prostacyclin is the second important mediator
involved in the regulation of the vascular tone. It
is derived via the cyclooxygenase pathway and
acts by a hyperpolarization of vascular smooth
muscle cells. The ECs have the ability to mediate
the maintenance of the vasodilator tone via this
different, NO-independent pathway that becomes
involved in terms of reduced NO bioavailability
[8]. It is estimated that prostacyclin has a modest,
more limited role in the maintenance of vasodila-
tor tone than NO [9]. In addition to ECs import-
ant ability to release vasodilator mediators, they
also have the capacity to release vasoconstrictive
mediators. The most important vasoconstrictors
are endothelin-1, thromboxane A2 (TXA2),
norepinephrine, leukotriene, angiotensin II and
platelet-activating factor (PAF) [10]. Among all,
endothelin-1 is the most potent vasoconstrictor
and it is considered an important vasoconstrictive
mediator, especially in the pathogenesis of condi-
tions mediated and developed by predominantly
increased vascular resistance.

1.1.2 Vascular permeability: One of the
functions of the endothelial layer is to provide a
continuous and compact semipermeable barrier
that provides the vascular integrity and prevents
an extravasation of circulating elements. The
competent barrier function is provided by sever-
al molecules such as Glycocalyx, the endothelial
junction proteins [vascular endothelial cadherin
(VE-cadherin)], vascular endothelial protein ty-
rosine phosphatase, Src-homology phosphatase 2
(SHP2)], and Annexin A2. The ECs are covered
by the endothelial glycocalyx (EG), a major pro-
teoglycan-containing constituent which maintains
the tissue integrity, contributes to cell signaling,
prevents leukocyte and platelet adhesion and
provides antithrombotic activity [11]. VE-cad-
herin and Annexin A2 maintain close inter-endo-
thelial junctions and contribute to the preserved
endothelial integrity [7]. The most important fac-
tors that affect the interaction with the EC surface,
which have the capacity to stimulate extravasation
of circulating elements and tissue edema and to
impair the endothelial barrier function, are tumor
necrosis factor-alpha (TNF-alpha), thrombin and
Angiopoietin 2 (ANGPT2) [12].
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1.1.3 Antiadhesive function: It is well
known that one of the most important functions
of the ECs in a steady, non-inflamed state is to
inhibit the leukocyte adhesion and to maintain
an anti-adhesive surface [13]. The antiadhesion
is provided by Endomucin, a membrane-bound
glycoprotein expressed by the ECs in the post-
capillary venules that enables the neutrophils ad-
hesion to the Intercellular Adhesion Molecule-1
(ICAM-1). Several membrane proteins, such as
vascular cell adhesion molecule-1 (VCAM-1),
ICAM-1 and E-selection, are biomarkers that
reflect the ECs activation [14]. Endothelial acti-
vation increases the expression of adhesion mol-
ecules on the cell surface, promotes interaction
between the ECs and circulating leukocytes and
migration of adherent monocytes [15]. By that,
the endothelial activation mediates the mediate
the inflammatory process.

1.1.4 Hemostasis: There are many complex
mechanisms mediated by the ECs function that are
involved in providing the hemostatic balance in
the body. The complex function of the competent
ECs has the ability to provide balance between
the prothrombotic and antithrombotic and also
between fibrinolytic and antifibrinolytic state.
The vascular ECs play a role in all three import-
ant components of the hemostasis: the vessels,
the blood platelets and the plasma clotting and
fibrinolysis [5]. Under physiological conditions,
by production of adenosine, NO and prostacyclin,
and by removal of Adenosine diphosphate (ADP),
the endothelium prevents platelet adhesion and
activation [5]. Regarding the coagulation process,
by blocking the tissue factor pathway inhibitor,
activation of protein C via thrombomodulin and
activation of antithrombin III, it inhibits the pro-
cess of thrombin formation [5]. Also, the ECs
inhibit the fibrin deposition [5]. The balance in the
fibrinolytic system is provided through the bal-
anced synthesis and release of the two proteins,
the tissue plasminogen activator (TPA) and the
plasminogen activator inhibitor-1 (PAI-1). Hence,
in terms of hemostasis, the quiescent ECs normal-
ly display a vasodilatory, thromboresistant, an-
ti-adhesive and anticoagulant phenotype [9]. Ac-
tivated ECs have the ability to stimulate all phases
of the hemostatic process. They promote platelet
adhesion and aggregation, decrease synthesis of
thrombomodulin (TM), TPA and heparan sulfate,
increase expression of TF and PAI-1, generate the
procoagulant microparticles, recruit circulatory
monocytes and neutrophils capable of initiating
or amplifying coagulation [16]. The von-Wille-

brand factor (VWF), a largely endothelium-de-
rived glycoprotein released into the circulation by
activated endothelial cells and megakaryocytes
is considered an indicator of ED [17]. The vWF
plays an important role in vascular hemostasis,
including promotion of platelet adhesion to the
endothelium and stabilization of Factor VIII [17].

1.2 Endothelial cell activation

The term “endothelial cell activation” is a
broad term indicating a change in the ECs func-
tion as a response to continuous exposure to sev-
eral different physical and chemical stimuli [18].
The term was initially based on the observation
that cultured ECs demonstrated increased leuko-
cyte adhesion following exposure to inflamma-
tory mediators [7]. It is well known that normal
endothelium is highly responsive to alterations in
the local extracellular milieu and as a response
to a different type of stress, the ECs go through
functional alteration leading to imbalance in the
production of vasoactive mediators [19]. Hence,
contrary to the quiescent ECs, the activated ECs
have vasoconstrictive, pro-adhesive, and proco-
agulant properties [7]. The most frequent causes
of mild and transient common environmental
stresses that can activate the ECs are the shear
stress, proteolytic activity, soluble mediators,
cell contacts or small changes in oxygenation,
temperature or pH [7]. ECs activation is not nec-
essarily linked to a disease and it can occur as a
response to a transient bacteremia, minor trauma,
or some host-derived products [e.g., complement,
cytokines, chemokines, serine proteases, fibrin,
activated platelets and leukocytes, elevated glu-
cose, reactive oxygen species (ROS), hypoxia-in-
duced factors, or hemodynamic changes] [20].
Also, activation of one type of ECs may not meet
the definition of ECs activation at another site.
For example, some ECs express certain mole-
cules constitutively, whereas ECs in other sites
express the same molecule only when activated.
ECs activation is not an all-or-nothing response.
The ECs activation can occur in one specific en-
vironment by activating local defense mecha-
nisms such as local vasoconstriction, leukocyte
adhesion and migration, vascular permeability or
programmed cell death [21]. However, when the
host endothelial response becomes generalized,
a dysregulated, severe inflammatory response
occurs that could lead towards systemic inflam-
matory response syndrome and/or consecutive
multiple organ dysfunction.
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1.3 Endothelial dysfunction

When the ECs are repetitively or continu-
ously exposed to different physical or chemical
stimuli, the EC function becomes seriously dis-
turbed, and this condition is known as ED [22]. ED
as an entity refers to ECs structural changes, loss
of integrity and hyper-adhesiveness of the vas-
cular lining toward platelets leading to impaired
balance in the production of vasoconstrictors and
vasodilators, pro-atherogenic and antiatherogen-
ic, promoting and inhibiting growth factors and
pro-coagulant and anti-coagulant factors [7,22-
24]. All the above contributes to impaired or ex-
cessive angiogenesis, decreased barrier function,
and increased inflammation activation [1]. The
literature data suggests that not only the extent
of injury, but also the ECs repair capacity is im-
portant for the maintenance of the endothelial in-
tegrity. The repair mechanisms are represented by
the ability of the ECs to replicate locally and to
replace the lost and damaged cells. Moreover, it
seems that recruitment of the circulating endothe-
lial progenitor cells that originate from the bone
marrow is an alternative mechanism for endothe-
lial repairment and maintenance [25]. Hence, the
balance between the exposure to risk factors and
the capacity for repair determines the endothelial
phenotype and behavior [26]. Severely affected
endothelium not only becomes dysfunctional,
but it may also lose the integrity, and endothelial
particles of activated or apoptotic cells and whole
endothelial cells could be detached into the cir-
culation [27].

1.4 Indicators of endothelial dysfunction

The presence of ED can be estimated in
several ways, such as by measurement of some
direct products of ECs that are released when the
endothelium is activated (NO derived products,
inflammatory cytokines, adhesion molecules,
regulators of thrombosis), or by measurement of
some markers of endothelial damage and repair
[9]. The most frequently measured products in
the circulation are E-selectin, VCAM-1, ICAM-
1, P-selectin, TPA, PAI-1 and vWF [1,14,19] as
well as the detached particles from the activated
or apoptotic ECs [27]. The circulating endothe-
lial progenitor cells can provide information by
the expression of characteristic surface markers.
The measurement of circulating endothelial cells
and circulating endothelial progenitor cell levels
provides a novel and exciting means to follow the
determinants of endothelial injury and repair [9].

1.5 Endothelial dysfunction in the pathogen-
esis of organ-specific vascular diseases

The scientific interest related to ED orig-
inates from the evidence that ED has been in-
volved in the pathogenesis of many pathological
conditions such as atherosclerosis, hypercholes-
terolemia, hypertension, coronary artery disease,
microvascular complication of diabetes, liver
cirrhosis, chronic renal disease (CRD) [28, 29].
ED has been shown to precede the development
of clinically detectable atherosclerotic plaques
in coronary arteries [28], and it is considered a
pivotal event in the development of microvascu-
lar complications in diabetes mellitus [29]. ED
has also been related to CRD [3], but the exact
sequence of events is not fully understood [30].
In liver disease, it is known that ED impairs the
endothelium-dependent relaxation in the liver mi-
crocirculation and contributes to increased hepatic
vascular resistance, leading to portal hypertension
(PH). Also, there is strong evidence regarding the
important involvement of ED in the pathogenesis
of most of the pregnancy-related conditions such
as gestational hypertension, preeclampsia, HELLP
syndrome, fetal growth restriction (FGR) and ges-
tational diabetes mellitus (DGM). Moreover, the
presence of ED-mediated pregnancy complication
has been strongly related to an increased risk of
future ED-mediated conditions such as arterial
hypertension, cardiovascular and cerebrovascular
diseases [31].

ENDOTHELIAL DYSFUNCTION
IN PREGNANCY

2.1 The physiology of normal pregnancy

Pregnancy is a physiological state associ-
ated with many complex hemodynamic, meta-
bolic and humoral disturbances [32]. In normal
pregnancy there is an increased production and
responsiveness to vasodilators, and decreased
sensitivity to vasoconstrictive hormones [33].
Consequently, due to the increased vasodilatory
tone and decreased maternal vascular resistance,
normal pregnancy is associated with decreased
blood pressure and increased sympathetic acti-
vation, maternal blood volume, cardiac output,
and blood flow to the kidneys and uteroplacental
unit [34]. Due to the stimulation of the renin—an-
giotensin—aldosterone system, and non-osmotic
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vasopressin release, there is also a fluid retention
[35]. Regarding hemostatic abnormalities, due
to sequestration of blood cells in the intervillous
space, there is a natural decline in platelet count
throughout the gestation [36], increased leuco-
cyte concentration and increased TX2-induced
platelet aggregation [37]. Pregnancy is accompa-
nied by insulin resistance, mediated primarily by
placental secretion of diabetogenic hormones in-
cluding growth hormone, corticotropin-releasing
hormone, placental lactogen (chorionic somato-
mammotropin), prolactin, and progesterone [38].
Hormonal changes during normal pregnancy are
associated with a physiological decrease in the
oxidation of long- and medium-chain fatty acids,
resulting in an increased maternal serum level
of fatty acids over the course of gestation [39].
Most disturbances develop due to the normal
physiological process in response to the fetus de-
velopment. However, in some cases, as a result of
some products of the placental unit and also due
to the complex interaction between the mother
and the fetus, some specific pregnancy-related
disorders can develop.

2.2 Endothelial dysfunction in pregnancy

ECs usually react to physiological distur-
bances and they adapt their function in line with
the transitory changes in the environment. Con-
sidering their rich functional capacity, the ECs
are able to resist and compensate many different
disturbances. However, in terms of continuous
and repetitive ECs stimulation, a more remarkable
structural and functional impairments can occur.
The important function of the endothelial layer
has been well established in physiological but
also in many pathological conditions. Considering
the fact that normal pregnancy is associated with
many complex abnormalities of different nature,
it 1s expected that the ECs function, and preg-
nancy-related ED would be of great importance
in the pathogenesis of several pregnancy-related
conditions. During pregnancy, the ECs go through
many changes in the structure, integrity and func-
tion and, consequently they have been related to
numerous gestational complications, such as pre-
eclampsia, FGR and GDM [3].

In order to analyze the relation between ED
and pregnancy-related pathological conditions,
in September 2022 we performed a systematic
search on PubMed®/MEDLINE database by
using the following MESH terms: “pregnancy”,

“liver disease”, “fetal growth restriction”, “gesta-

tional diabetes mellitus”, “hypertensive disorders
of pregnancy”, “gestational hypertension”, “pre-
eclampsia”, “eclampsia”, “HELLP syndrome”,
“acute fatty liver of pregnancy,” with a data filter
on (AND) “endothelial dysfunction”. The selected
studies were additionally analyzed according to
the year of publication, study design and the topic
relevance. Data from a selected number of studies
most relevant for the evaluated topic were addi-
tionally summarized and analyzed for the needs

of this article.

The focus of this article were the pregnan-
cy-related pathological conditions in which the
ED has been proven to play a significant role in
the pathogenesis of the entities. Hence, we ana-
lyzed the ED in the pathogenesis of FGR, GDM,
preeclampsia, eclampsia, HELLP syndrome and
acute fatty liver of pregnancy (AFLP). The preg-
nancy-related entities in which the ED does not
play a central role in the pathogenesis such as Hy-
peremesis gravidarum or Intrahepatic cholestasis
of pregnancy were not in the scope of this article.
Also, we analyzed the pathogenetic mechanisms
and the presentation of the hepatic involvement
within these conditions.

2.2.1 Endothelial dysfunction: Impaired
process of placentation

Many human and animal studies have been
performed in order to clarify the complex and
multifactorial pathogenesis of the ED-mediat-
ed pregnancy related disorders. In this context,
the so-called two-stage theory has explained
the most important aspects of the pathogenesis
of these mechanisms and the role of ED [40].
The literature data suggest that ED occurs in
the vasculature of the placental and maternal
systemic circulation. The first stage refers to the
impaired placentation process, while the second
stage refers to the consecutive maternal systemic
ED. Within the abnormal placentation, there are
two well-defined related, but separate processes
that predispose to abnormalities in the maternal
circulation: the abnormal spiral artery remodel-
ing and the impaired trophoblast invasion. It has
been proven that these two distinct, but related
processes are underlying the hypertensive disor-
ders of pregnancy and FGR [41,42]. During the
normal placentation process, the cytotrophoblast
cells of the developing placenta migrate through
the decidua and through a part of the myometri-
um and invade both the endothelium and high-
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ly muscular tunica media of the maternal spi-
ral arteries. Thus, these vessels transform from
small muscular arterioles to large low resistance
vessels, enabling large blood flow capacity for
providing an optimal nutrient and oxygen ex-
change between the mother and the fetus [43]. In
parallel with this, the process of trophoblast dif-
ferentiation also occurs. Normally, the invading
trophoblasts transform their adhesion molecule
expression from those characteristic of epithelial
cells (integrin alpha6/betal, alphav/beta5, and
E-cadherin) to that characteristic for endothe-
lial cells (integrin alphal/betal, alphav/beta3,
and VE-cadherin) [44]. Contrary to the normal
placentation process, in preeclampsia, cytotro-
phoblast cells infiltrate the decidual portion of the
spiral arteries but fail to penetrate the myometrial
segment [45]. Consequently, instead of develop-
ment of large, tortuous vascular channels, the spi-
ral arteries remain narrow, resulting in placental
hypoperfusion. Also, in patients with preeclamp-
sia, the process of differentiation of trophoblast
does not occur, and instead of transformation
from epithelial to endothelial phenotype, the in-
vading trophoblasts continue to express adhesion
molecules characteristic for the epithelial cells
[46]. Although these two abnormal processes
occur separately, still, it is considered that the im-
paired invasion of the trophoblast into the spiral
arteries could be partly caused by the process of
defective trophoblast differentiation [47]. Both
processes lead to consecutive placental hypoper-
fusion, hypoxia and ischemia [45]. The ischemic
placenta produces a variety of factors that cause
the ED in the maternal circulation responsible
for the abnormalities in the second stage of the
abnormal preeclamptic pathogenesis.

2.2.2 Systemic endothelial dysfunction

The second stage of the two-stage theory
explains the maternal systemic abnormalities
and multiorgan dysfunction caused by the factors
secreted by the ischemic placenta [48]. The hy-
pertensive disorders of pregnancy are associated
with widespread systemic ED in different vascular
beds affecting the function of different vital organs
and systems in the body. The localized ED could
develop in the liver, kidneys, brain, or heart, and
is considered a major contributor to end-organ
damage by itself [49].

2.3 Endothelial dysfunction in fetal growth
restriction

The most common obstetric definition of
FGR is an estimated weight below the 10th per-
centile for gestational age in the second half of
pregnancy [50]. FGR can occur solely, or it can
develop in parallel with hypertensive disease in
pregnancy, mainly with preeclampsia. The etiolo-
gy of FGR is related to multiple maternal, fetal and
placental factors. As in most pregnancy-related
disorders, it has been considered that the initial
triggering factor for the development of the condi-
tion originates from the hypoxic placenta [51], or
in other words, FGR develops as a consequence of
ED in the placental vasculature. The impairment
in the placentation process seems to be similar to
that occurring in preeclampsia. The impaired vas-
cular remodeling and decreased vascular volume
impair the ability of the placental ECs to properly
respond to vasodilatory impulses. The impaired
placental blood flow and fetal oxygen supply on
one hand, and the progressive development of an
oxidative stress environment on the other, lead to
a consecutive reduction in the fetal growth [52].

Many investigations analyzed the impaired
placentation in FGR in terms of differentiating this
process among normotensive patients with FGR
and patients with preeclampsia and FGR. In other
words, they tried to define the role of placental
vasoconstriction and oxidative stress in the patho-
genesis of FGR. The results have indicated that
oxidative stress is present in both groups [53], but
it seems that it is induced by different mechanisms.
Despite the dominant role of fms-like tyrosine
kinase-1(FIt-1) in the process of preeclampsia,
the oxidative stress in normotensive FGR is in-
duced by different, Flt-1-independent signaling.
In these patients, a significantly higher values of
endoglin have been measured, a factor that in-
hibits the process of angiogenesis. Endoglin was
found to be significantly increased in women with
normotensive FGR between the first and second
trimesters [3]. According to the literature, FGR
without preeclampsia is usually not associated
with a significant elevation of serum markers of
endothelial injury like sVCAM-1 or hyaluronan,
which are increased in cases of preeclampsia with
or without FGR [3].
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Regarding outcomes, it has been confirmed
that FGR is associated with increased fetal and
neonatal morbidity and mortality, and that neo-
nates with FGR have an increased risk of future
development of atherosclerosis, hypertension,
coronary artery disease and CKD [30].

2.4 Endothelial dysfunction in gestational
diabetes mellitus

GDM is a pregnancy-related disorder de-
fined as glucose intolerance with onset or first
recognition during pregnancy [54] and it affects
about 3%-25% of the pregnancies worldwide
[55]. GDM seems to be associated with several
other conditions, such as hypertensive disorders
of pregnancy (gestational hypertension and pre-
eclampsia), large-for-gestational-age newborn,
birth trauma to mother or newborn, operative de-
livery, polyhydramnios, perinatal mortality, fetal/
neonatal hypertrophic cardiomyopathy, neonatal
respiratory problems and metabolic complications
(hypoglycemia, hyperbilirubinemia, hypocalce-
mia, polycythemia) [56]. The risk factors asso-
ciated with developing GDM are older maternal
age, high body mass index, previous personal
history of impaired glucose tolerance, GDM in
previous pregnancy, significant weight gain in
early adulthood or between pregnancies, excessive
gestational weight gain during the first 18 to 24
weeks of pregnancy, family history of diabetes,
polycystic ovary syndrome [38,57].

Considering the similar involvement of the
pathophysiological impairment in GDM and in
type Il diabetes mellitus, GDM is considered a
prediabetic state. The shared mechanisms in both
conditions are the presence of insulin resistance
(IR), hyperglycemia, biochemical abnormalities,
and hyperlipidemia [58]. Normal pregnancy is
physiologically related to some level of insulin
resistance that can increase as the pregnancy ad-
vances. However, the IR that develops in nor-
mal, healthy pregnancy does not usually cause
additional significant disturbances. The classical
view suggests that GDM is a consequence of the
increased demand for glucose during pregnancy,
the IR and the relative insufficiency of insulin
secretion [59]. Basically, it is a state of imbal-
ance between the pancreatic insulin release and
the IR associated with the pregnant state, and it
represents the pancreatic inability to overcome
the IR. [38].

It has been speculated that the increased
insulin concentration has the capacity to induce

expression of some proteins in the placenta that
are involved in the regulation of angiogenesis
and could be later involved in progression of
the ED-mediated disturbances. There are several
membrane proteins that are considered to be relat-
ed to the ED in these patients such as VCAM-1,
ICAM-1, E-selectin, PAI-1 [14]. VCAM-1 and
ICAM-1 belong to the immunoglobulin super-
family [1] Endothelial activation increases the
expression of the adhesion molecules and pro-
motes the attachment and migration of adherent
monocytes, what precedes the endothelial damage
[15]. However, there are also studies that did not
discover significant differences in the VCAM-1
and ICAM-1 concentrations in maternal blood
when comparing GDM patients and controls [60].

VCAM-1 mainly plays a role in the leuko-
cyte-endothelial cell signal transduction, that is
in the interaction between ECs and lymphocytes,
monocytes, eosinophils, and basophils [1]. It is
also involved in the process of angiogenesis and
endothelial injury [61]. VCAM-I is expressed
when the EC is activated, hence, it is a biomarker
of ED. Regarding the relation between VCAM-1
and GDM, studies have confirmed significantly
higher VCAM-1 expression in the placental tis-
sue and higher serum VCAM-1 values in GDM
patients than in healthy pregnant women, [1, 62],
and also a decreased VCAM-1 levels in the group
of women with GDM three years after pregnancy
[63]. It seems that high expression of VCAM-1 in
GDM patients may damage placental vascular en-
dothelial and trophoblast cells, causing placental
dysfunction, fetal ischemia, hypoxia and risk of
stillbirth [64]. ICAM-1 vascular expression is rare
under normal physiological conditions. [CAM-1
binds to lymphocyte function-associated antigen
1 (LFA-1) and interacts with the circulating leuko-
cytes. Some pathological factors such as hypergly-
cemia and AGEs induce endothelial expression of
ICAM-1 and production of soluble ICAM-1[65].
Although there are contradictory findings, most
studies have confirmed an increased ICAM-1 ex-
pression in decidual endothelial cells collected
from women with GDM and increased soluble
ICAM-1 levels in patients with GDM [66], indi-
cating important role of ED in the pathogenesis
of GDM. Asymmetric dimethylarginine (ADMA),
which acts as an inhibitor of eNOS, induces oxida-
tive stress and causes low-grade inflammation and
a consecutive vascular endothelial dysfunction
[67]. ADMA has been investigated as a poten-
tial marker of ED in GDM. There are numerous
contradictory results of ADMA measurements
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presented in many studies [68]. However, some
studies have confirmed that patients with GDM
have significantly higher plasma ADMA levels
and significantly lower NOS and NO levels than
healthy pregnant women [69]. Hence, it is con-
sidered that the injury of ADMA to vascular ECs
further promotes the occurrence and development
of GDM [70]. PAI-1 is a globular protein which
coupled with TPA balances the fibrinolytic pro-
cess. Under inflammatory conditions, PAI-1 is
abundantly released from the vascular ECs [71].
Studies show abnormally elevated values of PAI-1
in GDM patients that are closely associated with
the IR [72]. Hence, it is considered that PAI-1 is
an important factor involved in the onset of GDM.

The causes for development and progres-
sion of IR are multiple and complex. The previous
research show that the main additional factor that
causes expression of significant IR is the devel-
opment of placental ED. The injured ECs in the
affected patients contribute to the worsening of
the IR and potential development of GDM. It is
believed that the main mechanism underlying the
GDM is the development of endothelial damage
caused by two main factors: chronic low-grade
inflammation and hyperglycemia [73]. The in-
creased concentration of inflammatory factors
can make the body less sensitive to insulin and
worsens the physiological pregnancy-related IR,
eventually leading to a persistent increase hy-
perglycemia in pregnant women [74]. Later, by
non-enzymatic glycosylation of proteins, lipids
and nucleic acids the hyperglycemia causes for-
mation of advanced glycation products (AGEs)
[75], which are considered to promote endothelial
oxidative stress and inflammation, and addition-
ally lead to vascular injury [76]. As a result of
these abnormalities, an increased generation of
ROS occurs providing additional support to the
ED in GDM [77]. AGEs also cause eNOS enzyme
inactivation, resulting in a decrease NO concen-
tration, reduced NO-mediated vasodilation and
hypertension [78].

Regarding long-term outcomes, it is note-
worthy that patients with GDM are at increased
risk of future development of type 2 diabetes, met-
abolic syndrome, cardiovascular disease and even
type 1 diabetes [79-83]. More importantly, the
risks appear to be particularly higher in patients
with both GDM and a hypertensive disorder of
pregnancy [84].

HYPERTENSIVE DISORDERS IN
PREGNANCY

The hypertensive disorders of pregnancy
(HDP) are very important pathological topic in the
obstetric pathology. The mild forms are in general
well controlled and leave no significant maternal
or fetal consequences. However, pregnancies asso-
ciated with severe gestational hypertension (GH)
are related to increased risk of both, maternal and
perinatal morbidity [85-87]. The data confirm that
in these pregnancies there is a significantly higher
rate of preterm delivery, small-for-gestational-age
infants, and placental abruption. Moreover, it has
been established that the HDP are associated with
development of hypertension and other related
disorders later in life, such as cardiovascular dis-
ease, hyperlipidemia, CKD, diabetes mellitus.
When discussing the HDP, all entities could be
classified in four major categories [88].

3.1. Chronic hypertension (CH): Chronic
hypertension is a hypertension (stage 1: Systolic
130-139 mm Hg or diastolic 80-89 mm Hg and
stage 2: Systolic at least 140 mm Hg or diastolic
at least 90 mm Hg) detected before pregnancy, that
was present on at least two occasions before the
20th week of gestation, or persisted longer than
the 12th postpartum week [89].

3.2. Gestational hypertension (GH): Gesta-
tional hypertension is the most common hyperten-
sive disorder in pregnancy. It occurs in 6-17% of
healthy nulliparous women and in about 2-4% of
multiparous women [85,86,90]. GH is defined by
new onset of hypertension (systolic blood pressure
>140 mm Hg and/or diastolic blood pressure >90
mmHg) at >20 weeks of gestation in the absence
of proteinuria or new signs of end-organ dysfunc-
tion [89]. In most cases, GH resolves by the 12th
postpartum week. Since 10-50% of women ini-
tially diagnosed with GH progress towards the
development of preeclampsia in one to five weeks
[91], GH is considered a temporary diagnosis for
hypertensive pregnant women who do not meet
criteria for preeclampsia or CH [89]. The risk of
progression towards preeclampsia is increased in
patients with gestational age less than 34 weeks
at diagnosis, mean systolic blood pressure >135
mm Hg at 24-hour blood pressure monitoring,
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and in patients with elevated serum uric acid level
[92,93].

3.3 Preeclampsia superimposed upon chron-
ic hypertension: In this condition, preeclampsia
occurs in women with CH. It can be manifested
as a worsened or resistant hypertension, or as a
new onset of proteinuria, sudden increase in pro-
teinuria, and/or as a significant new end-organ
dysfunction after the 20th week of gestation in
women with CH.

3.4 Preeclampsia, eclampsia, HELLP:
Preeclampsia, eclampsia and HELLP Syndrome
(HE) are three conditions that share several mutual
underlying mechanisms and clinical phenotypes,
but also each poses some specific pathogenetic
disturbances and characteristics.

Despite the fact that all pregnancy disorders
have their one specific characteristics, still, the
presence of hypertension is a mutual and typical
landmark. The development of increased vasocon-
strictive tone is one of the most evident indicators
of ED. The hypertension develops due to the dis-
turbed endothelial control of the vascular tone that
occurs as a consequence of several mechanisms. It
is considered that one of the main reasons for the
development of hypertension in pregnancy disor-
ders is the inhibition of VEFG, a mediator that is a
powerful activator of the endothelial eNOS [94].
Despite the excess input of the vasoconstrictive
mediators such as angiotensin, endothelin-1, and
vasopressin, it is considered that the oxidative
stress increases the sensitivity to vasopressor me-
diators, a mechanism that additionally attributes
to the development of hypertension [95]. Finally,
the increased vasopressin concentration is also
considered to play a role in the mechanisms of
hypertension. Increased vasopressin during pre-
eclampsia may be a compensatory hypothalamic
response to the generalize hypovolemia, or per-
haps, a result of another mechanism, for instance
to a hypothalamic disturbance [96].

Endothelin-1 is secreted from the ECs and
it is the strongest vasoconstrictor that acts through
its interaction with endothelin-A (ETA) and en-
dothelin-B (ETB) receptors [97]. Moreover, the
function of endothelin-1 extends far beyond vaso-
constriction and it can also induce inflammation,
angiogenesis, proliferation of the vascular smooth
muscle cell, and even vasodilatation, depending
on the receptor subtype being activated [98]. ETA

receptors are localized into the smooth muscle
cells and evoke contraction, whereas ETB re-
ceptors are localized on both the endothelial and
smooth muscle vascular layers and stimulate con-
traction in smooth muscle and vasodilation in the
endothelium [99]. Endothelin-1 also contributes
to oxidative stress and increases inflammatory cy-
tokines and CD4+ cells [100]. Although the exact
mechanism of increased Endothelin-1 production
in patients with pregnancy disorders is unknown,
it could be a consequence of increased production
of sFlt-1 and matrix metalloproteinases (MMPs)
in ischemic, hypoxic placentas [101]. It has been
reported that VEGF enhances prepro-endothe-
lial-1 mRNA expression and induces endothe-
lin-converting enzyme-1, which is a key enzyme
in endothelin processing [102,103]. According
to the literature, endothelin-1 was significantly
higher in patients with preeclampsia compared
to those of healthy pregnant women [104,105],
and even more elevated in patients with HS [106].
Interestingly, serum endothelin was also found to
be significantly higher, even in the first trimes-
ter of pregnancy, in women who later developed
preeclampsia compared to those who remained
normotensive [107].

ENDOTHELIAL DYSFUNCTION IN
PREGNANCY RELATED HYPER-
TENSIVE AND LIVER DISEASE

4.1 Endothelial dysfunction in liver disease

One of the major characteristics of the ECs
is their capacity for certain phenotypic hetero-
geneity. Despite the signals from the flowing
blood, ECs also receive and respond to signals
from surrounding cells and tissues. Therefore,
the structure and behavior of the ECs signifi-
cantly depend on the local environmental stimuli
and their morphology, biosynthetic repertoire,
and behavior depends on their localization in
specific vascular bed [108,109]. ECs in differ-
ent tissues and organs have a different structure
[110] and also the ability to disparate different
site-specific synthetic properties depending on
the local environment [111]. For instance, the
ECs in the central nervous system form a contin-
uous endothelial layer provided by complex tight
intercellular junctions that form the blood-brain
barrier [7]. The EC in the endocrine glands and
renal glomeruli pose a transcellular pore which
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enables the hormone protein secretion and plas-
ma filtration [7]. The ECs of the sinusoids of the
liver, spleen, and bone marrow are “fenestrated”
and display gaps between adjacent cells and the
poorly formed underlying basement membrane
enabling an exchange of cells or particles [7].
The sinusoidal endothelial cells (SECs) in the
hepatic microcirculation have unique and dis-
tinct characteristics from any other vascular
ECs. SECs pose fenestrae on the cell surface
and practically lack a basement membrane. The
endothelial layer is very important for selecting
molecules and substances that are exchanged
between the sinusoidal lumen and the space of
Disse. Owing to the SECs structure, the circulat-
ing lymphocytes are able to reach the hepatocytes
directly [112] which makes the hepatocytes very
exposed and potentially vulnerable.

Certain morphological and functional spe-
cifics of the hepatic ECs play a crucial role in
the regulation of the intrahepatic vascular tone
and in the pathogenesis of portal hypertension
[113,114]. It is now well known that the ED of
the SEC is the initial event responsible for the
development of liver injury [112]. In interaction
with different stimuli such as inflammatory me-
diators, or alcohol, the SECs release different
vasoactive mediators that diffuse into the hepatic
stellate cells (HSCs) and cause their relaxation
or constriction. Thus, the SEC activity regulates
the blood flow in the sinusoidal microcircula-
tion. In the contrary to the systemic ED that is
mainly manifested with increased vasodilatory
tone, the intrahepatic ED is characterized by in-
creased vasoconstriction. There are few reasons
for these developments. The increased generation
of vasoconstrictive substances such as endothelin
and TXA2 seems to play a certain role [115].
However, it is considered that the main cause for
the increased vasoconstriction is the reduced bio-
availability of NO in the hepatic microcirculation
that makes a major contribution to the hepatic
endothelial dysfunction [116]. The reduced NO
bioavailability is a consequence of the balance
between the reduced NO production, increased
NO breakdown due to the oxidative stress and
inflammation [117], and also of the reduced va-
sodilatory response to NO [118]. In patients with
liver disease, ROS are shown to decrease the
bioavailability of NO in EC by directly reacting
with NO [77]. Several inflammatory mediators
are considered to be involved in downregulation
of the endothelial nitric oxide synthase (eNOS)
activity and NO bioavailability within the hepatic

circulation, among which TNF-alpha, nuclear
factor-kB (NFkB), Toll-like receptors (TLRs)
and Angiotensin I seem to be the most important
ones [116] Also, in an advanced stage of liver
damage, the intrahepatic vasculature seems to
display increased sensitivity to vasoconstrictive
mediators [119]. The increased vasocontractile
tone leads towards impaired flow-mediated re-
laxation and increased intrahepatic vascular re-
sistance. The abnormalities in the hepatic micro-
circulation are the basic mechanism responsible
for the remodeling of the sinusoidal capillary
bed and the development of PH. In patients with
advanced liver disease, the vascular remodeling
leads to a process called capillarization, indicat-
ing a defenestration of the sinusoidal endotheli-
um and development of subendothelial basement
membrane [120,121].

Opposite to the hepatic vasoconstriction, in
patients with advanced liver disease, the ED in the
systemic circulation increases the periphery vaso-
dilatory tone. There are many vasodilatory factors
responsible for the development of the ED in the
peripheral circulation. However, the increased
portal pressure in the hepatic microcirculation
mediated by the NO-synthetase stimulates the sys-
temic ED that leads to hyperactivity of the ECs
in the systemic arteries and increases peripheral
vasodilatation [122]. There are many factors that
are assumed to increase the hyperreactivity of the
systemic ECs. However, it has been confirmed
that the PH by itself acts as an endothelial stress
and stimulates NO production. It also increases
the endothelium dependent relaxation, that is, the
PH indirectly participates in the development and
progression of the vasodilatation in the splanch-
nic circulation. These complex disturbances in
the hepatic microcirculation and in the systemic
circulation, and also their mutual interactions are
responsible for the development of the hyperdy-
namic circulatory disturbances observed in pa-
tients with advanced chronic liver disease.

4.2 Endothelial dysfunction in preeclampsia

Preeclampsia is a multisystem progres-
sive disorder specifically related to pathological
pregnancy and characterized by the new onset of
hypertension, proteinuria and multisystem pro-
gressive disorder. It occurs after the 20th week
of gestation, but most cases occur between 34
and 37 weeks. One systematic review detected
preeclampsia in 4.6% of pregnancies worldwide
[123]. The most important risk factors for pre-
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eclampsia are past history of preeclampsia or
placental insufficiency (fetal growth restriction,
abruption and stillbirth), family history of pre-
eclampsia in a first-degree relative, preexisting
hypertension, diabetes, chronic kidney disease, or
some autoimmune diseases (antiphospholipid syn-
drome, systemic lupus erythematosus), advanced
maternal age, obesity, multifetal gestation, the use
of assisted reproductive technology [124-126].

The diagnostic criteria for preeclampsia are
the presence of new onset of hypertension and
proteinuria or the new onset of hypertension and
significant end-organ dysfunction with or with-
out proteinuria after the 20th week of gestation
in a previously normotensive patient [88,127].
During pregnancy, hypertension is defined as sys-
tolic blood pressure >140 mmHg and/or diastol-
ic blood pressure >90 mmHg [43], while severe
hypertension is defined as systolic blood pressure
>160 mmHg and/or diastolic blood pressure >110
mmHg [43]. In preeclampsia, proteinuria can be
defined as more than 0.3 g protein in a 24-hour
urine specimen, as more than 0.3 g/g by urine
protein/creatinine ratio, or as more than 2+ pro-
tein (equivalent to 100 - 300 mg/dL) on a paper
test strip dipped into a fresh, clean voided mid-
stream urine specimen [88,128]. However, more
recent guidelines consider some specific organ
dysfunctions (renal impairment, liver disease,
neurological or hematological complications,
as well as uteroplacental dysfunction and fetal
growth restriction) as diagnostic criteria in pre-
eclampsia [32,129]. It is not clear whether GH
and preeclampsia are independent diseases with a
similar phenotype (hypertension) or whether GH
is an early mild stage of preeclampsia. According
to some epidemiological data and the significantly
different recurrence rate, more evidence suggest
that preeclampsia and GH are independent dis-
eases [130,131].

In most typical cases of preeclampsia, the
disease starts to manifest in the third trimester,
mainly after the 34th gestational week, by grad-
ual development of hypertension and proteinuria.
In patients with atypical presentation, the onset
of symptoms begins before the 20th gestational
week or two days after delivery, it may present
only with gestational hypertension or proteinuria
alone, or predominantly with symptoms of sig-
nificant end-organ dysfunction [43]. A subentity
defined as “preeclampsia with severe features”
(formerly severe preeclampsia) is characterized
by the presence of severe hypertension and/or spe-

cific signs or symptoms of significant end-organ
dysfunction such as: headache, visual abnormal-
ities (scotomata, photophobia, blurred vision, or
temporary blindness), upper abdominal, retroster-
nal, or epigastric pain, altered mental status (con-
fusion, altered behavior, or new-onset dyspnea/
orthopnea [132]. Patients with preeclampsia are
at increased risk for life-threatening events, in-
cluding placental abruption, acute kidney injury,
cerebral hemorrhage, hepatic failure or rupture,
pulmonary edema, stroke, cardiac failure, and pro-
gression to eclampsia [43]. The clinical spectrum
of preeclampsia is composed of two main sub-
types. The first one is the early-onset preeclampsia
(<34 weeks of gestation) and the second one is the
late-onset preeclampsia (>34 weeks of gestation).
It is now considered that different pathophysio-
logical mechanisms are mainly responsible for
the two different phenotypes related to different
clinical outcomes [133, 134]. Early-onset disease
has been associated with more severe maternal
and fetal clinical findings and worse maternal/
fetal outcomes [134].

The recent investigations in the area have
made a deeper insight into the role of many po-
tential pathogenetic factors that could possibly
play a role in the pathogenesis of preeclampsia.
Evidence suggests that genetic, immunological,
vascular and environmental factors interact and
contribute to the development of preeclampsia
[135]. Some epidemiological data suggest the
potential role of some maternal, paternal and fe-
tal genetic factors involved in the pathogenesis
of abnormal placentation and the increased risk
of development of preeclampsia-related abnor-
malities [136,137]. It has been confirmed that a
genetic locus on chromosome 13 is responsible
for the production of some of the anti-endothelial
factors, a polymorphism of PAI-1 4G/5G plays a
role [138], and the variants of the gene for angio-
tensinogen and eNOS have also been pointed as
contributing genetic factors [136]. Regarding the
immunologic factors, it has been established that
some interaction between maternal, paternal, and
fetal HLA types could contribute to the possible
immunologic intolerance between the mother and
the fetus. [85,138].

Abnormalities in the placenta are believed
to be a critical feature of the preeclampsia syn-
drome. The incomplete spiral artery remodeling,
placental hypoxia, oxidative damage, and shear
stress from uteroplacental blood flow impose a
substantial immunological burden resulting in
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development of proinflammatory environment
that can induce placental apoptosis or necrosis
and release of circulating inflammatory markers
[139]. Trophoblast differentiation during endo-
thelial invasion involves alteration in expression
of a number of different classes of molecules,
such as cytokines, adhesion molecules, extracel-
lular matrix molecules, metalloproteinases, and
the class Ib major histocompatibility complex
molecule, HLA-G [140]. Preeclampsia is a state
of oxidative stress in which mitochondria are the
major source of ROS [141]. The placental stress
related to abnormal placental development pro-
motes a proinflammatory milieu, accompanied
by increased TNFa, decreased IL-10, changes in
T cell ratios, and disrupted vasodilatory function
[142-144].

Mammalian placentation requires extensive
angiogenesis for the establishment of a suitable
vascular network and for optimal fetal oxygen
and nutrients supply. A variety of proangiogenic
[ VEGF, Placental growth factor (PIGF) and antian-
giogenic factors] are produced by the developing
placenta, and the balance between these factors
i1s important for normal placental development.
The VEGF represents a major proangiogenic fac-
tor. By binding to its tyrosine kinase receptors
VEGFR1 and VEGFR2, VEGF stimulates the an-
giogenesis, vascular permeability, cell migration
and proliferation, and inhibition of cell apoptosis
[145]. VEGF stimulates the NO production by
upregulation of eNOS expression in ECs and also
by induction of prostacyclin synthesis [ 146]. PIGF
is also a member of the VEGF family and it is
important for the blood vessel development and
maintenance of endothelial function [147]. Con-
trary to VEGF, PIGF specifically signals through
VEGFR-1 binding [148].

VEGF and PIGF are the most important
mediator responsible for the normal placentation
process.

In patients with preeclampsia, the placen-
ta-derived factors cause ED in different vascu-
lar beds in the maternal circulation along with
many complex abnormalities. There are several
mediators responsible for the development of the
typical preeclamptic phenotype. Increased placen-
tal production of several antiangiogenic factors
causes the systemic ED typical for preeclampsia.
Consequently, there is also an increased concen-
tration of circulating cellular fibronectin, factor
VIII antigen, and thrombomodulin [149,150]. The
impaired ED cell function leads to decreased pro-

duction of endothelial-derived vasodilators, such
as NO and prostacyclin, increased production of
vasoconstrictors, such as endothelin and TXA2
and an impaired flow-mediated and acetylcholine
mediated vasodilation [151]. Several placenta-de-
rived and circulating factors have been identified
as the major cause for the maternal ED. Among
them, the most important factors are Flt-1, the
soluble Flt-1 (sFlt-1), and Endoglin.

According to the relevant data, increased
placental expression and secretion of Flt-1 appear
to play a central role in the pathogenesis of pre-
eclampsia [152-155]. sFlt-1 is probably the most
important placental factor responsible for at least
some features of preeclampsia [156]. The soluble
Flt-1 is (sFlt-1) produced by the placenta, mac-
rophages, endothelial cells, and vascular smooth
muscle cells [157]. sFIt-1 is a naturally occurring,
circulating antagonist to VEGF and PIGF. The
VEGF represents a major proangiogenic factor.
VEGFA stimulates angiogenesis, vascular per-
meability, and cell migration by binding to its
tyrosine kinase receptors VEGFR1 and VEGFR2
[144]. VEGF stimulates the NO and prostacyclin
production in the ECs [146,152]. The evidence
that confirms the unique ability of the placental
cytotrophoblasts to enhance sFlt-1 production in
vitro when oxygen availability is reduced [158]
suggests that the sFItl production is most likely
triggered by the placental ischemia [158]. After
it is released into the maternal circulation, the
increased concentration of sFlt-1 interacts and
antagonizes the proangiogenic biologic activity
of circulating VEGF and PIGF, it binds to them
and hence, prevents their interaction with their
endogenous receptors [159]. In fact, the main
mechanism of action of sFIt-1 in preeclampsia
is sequestration of VEGF. Also, the prolonged
hypoxic placental environment stimulates mRNA
expression of Flt-1 and the sFLT-1 peptide is
released in cultured primary cytotrophoblast and
syncytiotrophoblast cells [158]. By inhibition of
VEGEF and PIGF action, the sFlt-1 additionally
impairs the placental angiogenesis, additionally
simulates mRNA expression of Flt-1 and secre-
tion of hypoxia-induced mediators including
sFIt-1. Also, it has been confirmed that through
the reduction of PIGF and VEGF bioavailability,
sF1t1 presents a significant cause of proteinuria,
glomerular endotheliosis and hypertension in
obstetric complications [160]. An increased ratio
of sFIt-1:PIGF, accompanied by an increased
Endoglin is most predictive of developing pre-
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eclampsia and has been considered as a diagnos-
tic tool for detecting preeclampsia [155].

The clinical features of fully-expressed
preeclampsia can be explained as responses to
generalized ED [161]. The maternal ED caused
by the placenta-derived mediator is underlying
the pathogenic mechanisms that later express as
the typical preeclamptic symptoms and signs. The
development of hypertension that almost defines
preeclampsia is due to the increased concentra-
tion and action od endothelin-1, Angiotensin II
and other vasoconstrictive hormones, including
vasopressin and the inhibitory effect of Flt-1 on
VEGF. The increased vascular permeability is
due to the impaired endothelial barrier integrity
caused by the effect of some placental factors.
The main proposed underlying mechanism is the
early-onset release of the HtrA serine peptidase
4 (HTRA4) derived from the ischemic placenta,
which according to some research cleaves the en-
dothelial junctional protein VE-cadherin [162].
The impaired endothelial barrier integrity enables
vascular leak and emphasizes the hypovolemia,
which compensatory stimulates the vasopressin
secretion. The nonselective proteinuria that de-
velops in patients with preeclampsia is a result
of the impaired integrity of the glomerular fil-
tration barrier that becomes permeable for non-
selective protein excretion [163]. This is at least
partly due to the deficient VEGF signaling [43].
Several mechanisms play a role in this process,
such as the podocyte loss from the glomerulus,
the nonselective protein excretion and the reduced
tubular handling of the filtered proteins [43,164].
The presence of other symptoms and signs (co-
agulopathy, headache, seizures, visual symptoms,
epigastric pain, and FGR) is a consequence of ED
in the vasculature of target organs, such as the
brain, liver, kidney, and placenta.

The hepatic affection is not uncommon in
patients with preeclampsia and it could be attribut-
ed to several mechanisms. The vasospasm and the
reduced hepatic blood flow lead to an increased
resistance within the hepatic vascular bed. The
periportal and sinusoidal fibrin deposition precipi-
tates consecutive sinusoidal obstruction. Also, the
microvesicular fat deposition probably contributes
to the hepatic injury within preeclampsia [39,40].
In most severe cases, the intense liver ischemia
leads to development of large hematomas, capsu-
lar tears, and intraperitoneal hemorrhage [164].
The clinical manifestations of hepatic dysfunction
include right upper quadrant or epigastric pain

caused by the hepatic swelling and the stretching
of Glisson’s capsule, liver tenderness, elevated
transaminase concentration, coagulopathy, and,
in the most severe cases some of the bleeding
complications.

Preeclampsia is the leading cause of ma-
ternal and perinatal morbidity and mortality in
pregnancy [165]. The fetus is at an increased
risk of FGR and medically or obstetrically in-
dicated preterm birth. The relationship between
preexisting vascular disease and susceptibility to
developing preeclampsia may be explained by
the preexisting endothelial cell damage in these
patients [ 166]. Moreover, preeclampsia is signifi-
cantly associated with increased risks of cardio-
vascular diseases later in life [31,167].

4.3 Endothelial dysfunction in eclampsia

Eclampsia refers to the occurrence of
new-onset, generalized, tonic-clonic seizures or
coma in a woman with preeclampsia (including
gestational hypertension and HS) in the absence
of other neurologic conditions that could account
for the seizure [168]. Eclampsia is a convulsive
manifestation of preeclampsia and it is one of
the most severe manifestations within the heter-
ogenous preeclamptic phenotype. In patients not
receiving antiseizure prophylaxis, an eclamptic
seizure occurs in 2-3 % of patients with severe pre-
eclampsia and in 0-0.6 % of those without severe
features [169]. The exact mechanisms that cause
the seizures in preeclampsia are not precisely un-
derstood. There are two concepts trying to clarify
the pathogenesis of seizures in eclampsia, and
both models include the role of hypertension and
ED in the pathogenesis of the entity. According to
the first model, the hypertension causes a break-
down of the autoregulatory system of the cerebral
circulation, leading to cerebral hyper perfusion,
ED and vasogenic and/or cytotoxic edema [168].
According to the second model, hypertension
causes activation of the autoregulatory system,
leading to vasoconstriction of cerebral vessels,
hypoperfusion, localized ischemia, ED and va-
sogenic and/or cytotoxic edema [170]. Also, the
cerebral inflammation is considered to be an addi-
tional factor that plays a role in the pathogenesis
of eclampsia [171].

4.4. Endothelial dysfunction in HELLP Syn-
drome
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HS is a pregnancy-related entity character-
ized by hemolysis, elevated liver enzymes, and
a low platelet count (hemolysis, elevated liver
enzymes and low platelets). Since hypertension
and proteinuria are present in approximately
85% of the HS cases, HS has been considered
a variant of the severe form of preeclampsia.
However, HS can occur in pregnant women with
no hypertension or proteinuria. HS develops in
0.1 to 1% of the pregnancies overall and in 12%
of pregnant women with severe preeclampsia
[172]. Most cases of HS are diagnosed between
28 and 36 weeks of gestation, but symptoms may
present up to 7 days postpartum [173]. Patients
often complain of nausea, vomiting, malaise,
headache, abdominal pain and tenderness in
the right upper quadrant. In most severe cases,
thrombocytopenia-related bleeding (mucosal,
hematuria, petechial hemorrhages, ecchymosis)
may occur [174]. Some affected patients do not
have concurrent hypertension or proteinuria,
and some authors consider HS a separate dis-
order from preeclampsia [175]. By using the
Tennessee classification, in most cases the di-
agnosis is easily established [176]. However,
the American College of Obstetricians and Gy-
necologists proposed diagnostic criteria for HS
(LDH >600 IU/L, AST and ALT elevated more
than twice the upper limit of normal and Platelet
count <100,000 cells/microl) [88]. Additionally,
according to the severity of thrombocytopenia,
the Mississippi classification subclassifies the
HS in three classes [177]. During evaluation,
HS should be distinguished mainly from AFPL,
thrombotic thrombocytopenic purpura, pregnan-
cy-related hemolytic-uremic syndrome, and from
systemic lupus erythematosus [172].

The cause for development of HS is not ful-
ly understood and the pathogenetic mechanisms
are still a matter of debate. It is known that HS
develops as a result of interaction between genetic
(maternal and fetal), placental, autoimmune and
some environmental factors [178]. Although an
isolated causative genetic abnormality has not yet
been identified, it is known that multiple genetic
variants are responsible for the development of
HS [179] According to the literature, the possibly
involved genetic factors are the mutations in the
Fas gene, the VEGF gene, the gene for coagulation
factor V Leiden, the glucocorticoid receptor gene,
the Toll-like receptor gene, the G1528C mutation,
alocus at 12q, and a genetic defect associated with
deficiency in the fetal long-chain 3-hydroxyacyl
CoA dehydrogenase (LCHAD) [180].

Recent studies have pointed out the im-
portant role of placenta-derived inflammatory
cytokines released from the ischemic placenta
and the role of immune dysfunction in the HS
pathogenesis [180]. Endoglin is important pla-
cental mediator considered to be important fac-
tor for the development of severe preeclampsia,
HS and FGR [181,182]. This protein is located
on the ECs, syncytiotrophoblast, and columnar
cytotrophoblasts prior to uterine invasion and
exists in either a proangiogenic membrane-bound
form or an antiangiogenic soluble form (sEng)
[181]. Endoglin serves as a receptor for the cy-
tokines transforming growth factor-beta 1 and 3
(TGF-B1 and TGF-B3), which are important for
placental angiogenesis, cell proliferation, differ-
entiation and apoptosis. Despite the inhibition of
the TGF-B1 binding to receptor type II (TBRII)
on the ECs, it also causes vascular damage and
increases permeability. Because TGF-§ cannot
bind to its receptor, its circulatory concentration
is increased, explaining the rise in TGF- in pre-
eclamptic women [183]. The TGF-B1 rise could
be also due to the phagocytosis of the necrotic
trophoblasts by the ECs and the circulatory re-
lease of TGF-B1, IL-6 and additional stimula-
tion of placental endoglin secretion [184]. Not
only that sEng is elevated, but also the endoglin
concentration is higher than the concentration of
sFIt1 in HS patients [ 185]. The soluble endoglin is
also elevated in the sera of preeclamptic women
two to three months before the onset of clinical
signs of preeclampsia, it correlates with disease
severity, and decreases after delivery [46]. More-
over, TGF- B1 is responsible for the production of
VEGF by the stellate cells in the space of Disse,
and hence, it is thought that this process impairs
the production of VEGF by the pericytes [185]
which could explain the pronounced endothelial
damage within the hepatic vascular bed.

There few others important mediators in
HS. Fas receptor (Fas) and Fas ligand (FasL) are
part of the TNF receptor family and regulate the
inflammatory response via activation and prolifer-
ation of CD4+ T lymphocytes. Expression of FasL
1s not detected in the liver endothelial cells, but in
HS patients the liver sinusoidal endothelial cells
exhibit an increased expression of Fas [186]. Ex-
posing the liver sinusoidal endothelial cells to an
increased TNFa level drives a higher expression
of Fas and, thus, greater susceptibility to apop-
tosis. In HS, the FasLL coming from the placenta
binds Fas and can cause an apoptotic cell death
in the liver of HS patients [187]. In patients with
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HS there is also elevated concentration of sFlt-
1, endothelin-1, galectin, the angiopoietins and
ADMA [100,188]. As in preeclampsia, the sFlt-1
secretion is also increased in HS patients, but it
seems that some other placental factors are more
closely related to the complex pathogenesis of HS.

There are still many unclear and unfamiliar
facts regarding HS pathogenesis. The pathogenetic
mechanisms for development of HS are complex.
If HS is a severe form of preeclampsia, then it is
expected that there is an involvement of the same
mechanisms as in preeclampsia. It is known that
the physiological and pathological changes of the
disease are similar to those of HDP, but the initial
mechanism of'its development into HS is still un-
clear [189]. However, there is certainly some kind
of variation in the pathogeneses that stimulates
intense hepatic inflammation and activation of
the coagulation system. As in preeclampsia, the
initial trigger for the ED in HS is assumed to be
some mediators released from the placenta into the
maternal blood stream that induce maternal ED.
For instance, the sFlt-1concentration is elevated
in both conditions. Still, probably the release of
different types of placental factor in different sus-
ceptible patients would lead to the development
of different phenotype.

The abnormalities that occur in HS could
be explained by several factors. Initially, it seems
that specific placental factors are released from the
ischemic placenta that causes maternal endothelial
damage presented and manifested by production
of antiangiogenic factors, exposure to TNFa, and
high levels of active VWF. On the other hand, an
interesting aspect of the HS pathogenesis is the
involvement of the complement. It is considered
that in some patients with HS, the thrombotic mi-
croangiopathy, the main landmark of this entity,
is caused by complement dysregulation [172],
and that the complement dysfunction could be
the key mediator in the pathogenic mechanisms
of HS [190]. In line with this assumption is the
fact that women with mutations in complement
regulatory proteins appear to be at an increased
risk of severe preeclampsia [191]. The interaction
between these factors leads to the development
of specific inflammatory milieu that causes the
microangiopathy, that is, the unexplained maternal
systemic small blood vessel spasm and the red
blood cells sequestration when passing through
the spastic blood vessels [192]. Macroangiopathic
hemolysis is the curtail abnormality in patients
with HS. Later, the exposure of collagenous tissue

after endothelial cell damage leads to platelet ac-
tivation, aggregation, and excessive consumption
resulting in thrombocytopenia [193]. The micro-
angiopathy is clinically most evident within the
hepatic tissue. However, despite liver damage,
the microangiopathy is also responsible for the
renal dysfunction, hypertension, and it increases
the vulnerability to an ischemic insult.

The predominant liver affection is the sec-
ond characteristic of HS. Liver dysfunction that
occurs in HS patients is a reflection of the pro-
nounced microangiopathy within the hepatic sinu-
soids resulting in sinusoidal vasospasm and fibrin
deposition. This leads to obstruction of the Disse
space caused by the erythrocytes [185], increased
formation of microthrombi, hepatocyte ischemia
and necrosis, and ultimately liver injury [164,185].
Practically, the microangiopathy seen in HS en-
hances hepatocyte damage because it significantly
restricts the portal blood flow [194]. The intense
and diffuse microangiopathy can sometimes prog-
ress to development of large hematomas, capsular
tears, or intraperitoneal hemorrhage.

The third important presentation of HS
is the remarkably impaired coagulation and the
tendency for development of disseminated intra-
vascular coagulation (DIC). Although it can be
often registered in preeclampsia, the presence of
coagulation cascade activation seems to be more
pronounced in HS patients. The main activator
of the coagulation cascade in HS patients are the
activated platelets, the increased levels of coagu-
lation factors, and most importantly, the thrombot-
ic microangiopathy and the intense intravascular
hemolysis [180].

Regarding outcomes, patients with severe
preeclampsia complicated with HS have signifi-
cantly worse adverse pregnancy outcomes in com-
parison to women with preeclampsia without HS
[189]. The maternal outcomes are generally good,
although, serious complications such as DIC, pla-
cental abruption, acute kidney injury, and less
frequently subcapsular liver hematoma, hepatic
rupture, pulmonary edema, and retinal detachment
can occur [172]. Regarding the infant outcomes,
the prognosis is mainly related to the gestational
age at onset, gestational age at delivery and birth
weight [189].

4.5. Endothelial dysfunction in acute fatty
liver of pregnancy
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AFLP is arare obstetric emergency charac-
terized by maternal liver dysfunction as a result
of microvesicular fatty infiltration of the hepato-
cytes. It typically presents between the 30th and
the 38th gestational week and it is the most com-
mon cause of acute liver failure in pregnancy.
Potential risk factors for AFLP include past AFLP,
preeclampsia or HS, multiple gestation, fetal
long-chain 3-hydroxyacyl CoA dehydrogenase
deficiency, male fetal sex, low body mass index,
nulliparity [195,196]. Despite the nonspecific
symptoms, the development of manifestations
of acute liver failure presented with jaundice,
encephalopathy, coagulopathy and/or hypogly-
cemia is the typical landmark of the entity [197].
Multisystem involvement, including acute kidney
injury, encephalopathy, coagulopathy, pancreati-
tis, pulmonary edema, and/or adult respiratory
distress syndrome, strengthens the diagnosis of
AFLP [197]. Many AFLP patients have hyperten-
sion, with or without proteinuria. Coexisting HS
occurs in 20%, and 20% to 40% of patients are
also diagnosed with preeclampsia [198].

Although the pathogenesis of AFLP is not
fully understood, still some important mechanisms
have been clarified. The literature data suggest that
in most cases, AFLP occurs due to a dysfunction
in the mitochondrial fatty acid oxidation metabo-
lism. The dysfunction may occur in the maternal,
in the fetal, or in the mitochondrial function of
both. There are two enzymes involved in mito-
chondrial fatty acid oxidation, and mutations in
these enzymes are thought to be closely associated
with AFLP: mitochondrial trifunctional protein
and its alpha subunit LCHAD [199]. Being di-
agnosed in 20% of AFLP patients, the presence
of fetal LCHAD deficiency is the most frequent
cause for AFLP [200] and G1528C mutation is
the most commonly related mutation associated
with LCHAD deficiency [200]. Due to the feto-
placental growth and development, the concen-
tration of free fatty acids increases during normal
pregnancy, particularly in the advanced gestation.
Considering the increased metabolism, in case of
defective maternal-fetal fatty acid metabolism,
intermediate products would accumulate in the
maternal blood and hepatocytes inducing a liver
injury [200]. However, one of the breakthroughs
in the pathogenesis of AFLP has been the discov-
ery of fetal fatty acid oxidation disorders linked
to acute fatty liver in the mother [201] and that
AFLP is even more related to the fetal LCHAD de-
ficiency. Earlier reports demonstrated that mothers
of neonates with LCHAD deficiency have a 79%

chance of developing AFLP or HS [200,201]. In
fetuses homozygous for LCHAD deficiency, the
fetoplacental unit cannot perform the fatty acid
oxygenation properly, so the intermediate prod-
ucts of fatty acid metabolism increase and enter
the maternal circulation [202]. Since the mother is
a heterozygous for LCHAD deficiency, her ability
for fatty acid oxidation is also diminished, and
consequently, long-chain metabolites accumulate
in the maternal blood and hepatocytes, resulting
in toxic effects. The cytotoxic effect of the ele-
vated concentration of free fatty acids and the
increased reactive oxidative and nitrosative stress,
activate the proinflammatory pathway and induce
apoptosis [39,203]. Hence, in this setting, the un-
oxidized fatty acids are transferred to the mother
through the placenta, rather than accumulating in
the fetus, representing a threat for the maternal
liver function.

In the contrary to preeclampsia and HS, the
ED does not have a central role in the pathogenesis
of AFLP. However, it seems the ED could proba-
bly emphasize some aspects of the pathogenesis
of this entity. According to the literature, one of
the hallmark findings in patients with AFLP is the
presence of multiorgan fatty infiltration. Not only
in the liver, but there is also an increased fatty
infiltration in the kidneys, pancreas, and also in
the placenta [204]. The increased amount of fatty
acid in the placenta stimulates the development
of hypoxic placental dysfunction and consecu-
tive impaired fetal oxygen supply. It is assumed
that the hypoxic placenta could precipitate the
development of consecutive ED. Since acute liver
failure of any cause is closely related to coagu-
lopathy due to decreased production of procoag-
ulant and also anticoagulant factors, a balanced
coagulopathy development secondary to the liver
dysfunction accompanies AFLP. It is usually pre-
sented by impaired primary hemostasis, decreased
production of fibrinogen, reduced levels of antifi-
brinolytic pathway components, and upregulation
of TPG, all of which promote hyperfibrinolysis
and DIC [205]. It is considered that the coexisting
ED contributes to development of consumption
coagulopathy with enhanced fibrinolysis and in-
creased vascular permeability [206].

Although AFLP was associated with high
mortality, the rates have significantly decreased
over the past several decades [195,196]. AFLP
is associated with an increased risk of perinatal
mortality and morbidity mainly due to maternal
decompensation and/or preterm birth [196,196].
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CONCLUSION

ED is increasingly recognized as a complex
and important entity that plays a crucial role in the
pathogenesis of many important conditions. The
interaction between the numerous hemodynamic,
hormonal, metabolic and immunological pregnan-
cy disorders, and the ED in specific vascular beds
is crucial for the development of many abnormali-
ties within the pregnancy-related hypertensive and
hepatic diseases. The more focused insight into the
different aspects of ED in the specific pathophys-
iological settings gives the opportunity for appli-
cation of more effective, specific target therapies
which could also contribute to the reduction of the
fetal and maternal poor outcomes.

ACKNOWLEDGEMENTS

The authors are very grateful to Jane Mi-
sevski, MD for critical revision of the manuscript
for important intellectual content, and to Lence
Danevska for proofreading of the manuscript.

Conflict-of-interest statement. The author
declares that there is no conflict of interest regard-
ing the publication of this paper.

REFERENCES

1. THe Y, Wu N. Research Progress on Gestational
Diabetes Mellitus and Endothelial Dysfunction
Markers. Diabetes Metab Syndr Obes 2021;14:
983-990.

2. Gao YH, Liu JZ, Wang RS, et al. Research prog-
ress on the relationship between vascular en-
dothelial cell function and diabetes mellitus. J
Shanxi Datong Univ 2020;36(04):50-54.

3. Kornacki J, Gutaj P, Kalantarova A, et al. Endo-
thelial Dysfunction in Pregnancy Complications.
Biomedicines 2021;9(12):1756.

4. Wagner DD, Frenette PS. The vessel wall and its
interactions. Blood 2008;111(11):5271-81.

5. Becker BF, Heindl B, Kupatt C, et al. Endo-
thelial function and hemostasis. Z Kardiol
2000;89(3):160-7.

6. Govers R, Rabelink TJ. Cellular regulation of
endothelial nitric oxide synthase. Am J Physiol
Renal Physiol 2001; 280(2):F193-206.

7. Hajjar, K.A., & Aird, W.C. (2021) The endothe-
lium: A primer. In T.W.Post L.L.Leung (Eds),
UpToDate.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Busse R, Edwards G, Félétou M, et al. EDHF:
bringing the concepts together. Trends Pharma-
col Sci 2002;23(8):374-80.

Deanfield JE, Halcox JP, Rabelink TJ. Endothe-
lial function and dysfunction: testing and clinical
relevance. Circulation 2007;115(10):1285-95.
Kinlay S, Behrendt D, Wainstein M, et al. Role of
endothelin-1 in the active constriction of human
atherosclerotic coronary arteries. Circulation
2001;104(10):1114-8.

Dogné S, Flamion B, Caron N. Endothelial Gly-
cocalyx as a Shield Against Diabetic Vascular
Complications: Involvement of Hyaluronan and
Hyaluronidases. Arterioscler Thromb Vasc Biol
2018; 38(7):1427-1439.

Lee WL, Slutsky AS. Sepsis and endothelial per-
meability. N Engl J Med 2010; 363(7):689-91.
Wakefield TW, Myers DD, Henke PK. Mecha-
nisms of venous thrombosis and resolution. Ar-
terioscler Thromb Vasc Biol 2008;28(3):387-91.
Gobl CS, Bozkurt L, Yarragudi R, et al. Bio-
markers of endothelial dysfunction in relation
to impaired carbohydrate metabolism following
pregnancy with gestational diabetes mellitus.
Cardiovasc Diabetol 2014;13:138.

Liao JK. Linking endothelial dysfunction
with endothelial cell activation. J Clin Invest
2013;123(2):540-1.

Ferro D, Quintarelli C, Saliola M, et al. Preva-
lence of hyperfibrinolysis in patients with liver
cirrhosis. Fibrinolysis 1993; 7:59-62

Kiouptsi K, Reinhardt C. Physiological Roles of
the von Willebrand Factor-Factor VIII Interac-
tion. Subcell Biochem 2020;94:437-464.
D'Amico G, Morabito A, Pagliaro L, et al. Sur-
vival and prognostic indicators in compensat-
ed and decompensated cirrhosis. Dig Dis Sci
1986;31(5):468-75.

Szmitko PE, Wang CH, Weisel RD, et al. New
markers of inflammation and endothelial cell ac-
tivation: Part 1. Circulation 2003;108(16):1917-
23.

Brown KA, Brain SD, Pearson JD, et al. Neutro-
phils in development of multiple organ failure in
sepsis. Lancet 2006;368(9530):157-69.
McCuskey RS, Urbaschek R, Urbaschek B. The
microcirculation during endotoxemia. Cardio-
vasc Res 1996;32(4):752-63.

Caballero AE. Endothelial dysfunction in obesi-
ty and insulin resistance: a road to diabetes and
heart disease. Obes Res 2003;11(11):1278-89.
Iwakiri Y, Groszmann RJ. Vascular endothe-
lial dysfunction in cirrhosis. J Hepatol 2007;
46(5):927-34.

Galle J, Quaschning T, Seibold S, et al. Endo-
thelial dysfunction and inflammation: what is the
link? Kidney Int Suppl 2003;(84):S45-9.



130

Elena Curakova Ristovska et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Asahara T, Murohara T, Sullivan A, et al. Isola-
tion of putative progenitor endothelial cells for
angiogenesis. Science1997;275(5302):964-7.
Hill JM, Zalos G, Halcox JP, et al. Circulating
endothelial progenitor cells, vascular func-
tion, and cardiovascular risk. N Engl J Med
2003;348(7):593-600.

Woywodt A, Bahlmann FH, De Groot K, et al.
Circulating endothelial cells: life, death, detach-
ment and repair of the endothelial cell layer.
Nephrol Dial Transplant 2002;17(10):1728-30.
Mano T, Masuyama T, Yamamoto K, et al. Endo-
thelial dysfunction in the early stage of athero-
sclerosis precedes appearance of intimal lesions
assessable with intravascular ultrasound. Am
Heart J 1996;131(2):231-8.

Tooke JE. Microvascular function in human di-
abetes. A physiological perspective. Diabetes
1995;44(7):721-6.

Yzydorczyk C, Armengaud JB, Peyter AC, et al.
Endothelial dysfunction in individuals born after
fetal growth restriction: cardiovascular and renal
consequences and preventive approaches. J Dev
Orig Health Dis 2017;8(4):448-464.

McDonald SD, Malinowski A, Zhou Q, et al.
Cardiovascular sequelae of preeclampsia/ec-
lampsia: a systematic review and meta-analyses.
Am Heart J 2008;156(5):918-30.

Westbrook RH, Dusheiko G, Williamson C.
Pregnancy and liver disease. J Hepatol 2016;
64(4):933-45.

Lopes van Balen VA, van Gansewinkel TAG, de
Haas S, et al. Physiological adaptation of endo-
thelial function to pregnancy: systematic review
and meta-analysis. Ultrasound Obstet Gynecol
2017;50(6):697-708.

Duvekot JJ, Cheriex EC, Pieters FA, et al. Early
pregnancy changes in hemodynamics and vol-
ume homeostasis are consecutive adjustments
triggered by a primary fall in systemic vascular
tone. Am J Obstet Gynecol 1993;169(6):1382-
92.

Tkachenko O, Shchekochikhin D, Schrier RW.
Hormones and hemodynamics in pregnancy. Int
J Endocrinol Metab 2014;12(2):¢14098.

Reese JA, Peck JD, Deschamps DR, et al. Plate-
let Counts during Pregnancy. N Engl ] Med
2018;379(1):32-43.

Ciobanu AM, Colibaba S, Cimpoca B, et al.
Thrombocytopenia in Pregnancy. Maedica
(Bucur) 2016;11(1):55-60.

Durnwald, C.(2021). Gestational diabetes mel-
litus: Screening, diagnosis, and prevention. In
T.W.Post, D.M.Nathan & E.F.Werner (Eds),Up-
ToDate

Castro MA, Fassett MJ, Reynolds TB, et al.
Reversible peripartum liver failure: a new per-
spective on the diagnosis, treatment, and cause

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

of acute fatty liver of pregnancy, based on
28 consecutive cases. Am J Obstet Gynecol
1999;181(2):389-95.

Roberts JM, Hubel CA. The two stage model of
preeclampsia: variations on the theme. Placenta.
2009;30 Suppl A(Suppl A):S32-7.

Kaufmann P, Black S, Huppertz B. Endovascular
trophoblast invasion: implications for the patho-
genesis of intrauterine growth retardation and
preeclampsia. Biol Reprod 2003; 69(1):1-7.
Pijnenborg R, Vercruysse L, Hanssens M. The
uterine spiral arteries in human pregnancy: facts
and controversies. Placenta 2006; 27(9-10):939-
58.

Augus,P., & Sibai,B.M. (2022). Preeclampsia:
Clinical features and diagnosis. In T.W.Post,
C.J.Lockwood (Eds), UpToDate.

Zhou Y, Damsky CH, Fisher SJ. Preeclampsia
is associated with failure of human cytotropho-
blasts to mimic a vascular adhesion phenotype.
One cause of defective endovascular invasion in
this syndrome? J Clin Invest 1997;99(9):2152-
64.

Roberts JM, Redman CW. Pre-eclampsia: more
than pregnancy-induced hypertension. Lancet
1993;341(8858):1447-51. Erratum in: Lancet
1993;342(8869):504.

Karumanchi, S.A., Lim,K.H & August,P.(2021).
Preeclampsia: Pathogenesis. In T.W. Post V. Ber-
ghella (Eds) UpToDate.

Huppertz B. Placental origins of preeclampsia:
challenging the current hypothesis. Hypertension
2008;51(4):970-5.

Redman CW, Sargent IL. Preeclampsia and the
systemic inflammatory response. Semin Nephrol
2004;24(6):565-70.

Bakrania BA, Spradley FT, Drummond HA, et al.
Preeclampsia: Linking Placental Ischemia with
Maternal Endothelial and Vascular Dysfunction.
Compr Physiol 2020;11(1):1315-1349.

Battaglia FC, Lubchenco LO. A practical classi-
fication of newborn infants by weight and gesta-
tional age. J Pediatr 1967;71(2):159-63.

Zhang J, Merialdi M, Platt LD, et al. Defin-
ing normal and abnormal fetal growth: prom-
ises and challenges. Am J Obstet Gynecol
2010;202(6):522-8.

Zur RL, Kingdom JC, Parks WT, et al. The Pla-
cental Basis of Fetal Growth Restriction. Obstet
Gynecol Clin North Am 2020;47(1):81-98.
Pathirage NA, Cocquebert M, Sadovsky Y, et
al. Homeobox gene transforming growth factor
B-induced factor-1 (TGIF-1) is a regulator of vil-
lous trophoblast differentiation and its expression
is increased in human idiopathic fetal growth re-
striction. Mol Hum Reprod 2013;19(10):665-75.
Pons R.S, Rockett F.C, de Almeida Rubin B, et
al. Risk factors for gestational diabetes mellitus



THE ROLE OF ENDOTHELIAL DYSFUNCTION IN THE PATHOGENESIS OF PREGNANCY-RELATED PATHOLOGICAL...

131

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

in a sample of pregnant women diagnosed with
the disease. Diabetol. Metab. Syndrome 7 (Sup-
pl) 2015; A80.

Thorpe LE, Berger D, Ellis JA, et al. Trends and
racial/ethnic disparities in gestational diabetes
among pregnant women in New York City, 1990-
2001. Am J Public Health 2005;95(9):1536-9.
Dodd JM, Crowther CA, Antoniou G, et al.
Screening for gestational diabetes: the effect of
varying blood glucose definitions in the prediction
of adverse maternal and infant health outcomes.
Aust N Z J Obstet Gynaecol 2007;47(4):307-12.
Getahun D, Fassett MJ, Jacobsen SJ. Gestational
diabetes: risk of recurrence in subsequent preg-
nancies. Am J Obstet Gynecol 2010;203(5):467.
el-6.

Yefet E, Schwartz N, Sliman B, et al. Good gly-
cemic control of gestational diabetes mellitus is
associated with the attenuation of future maternal
cardiovascular risk: a retrospective cohort study.
Cardiovasc Diabetol 2019;18(1):75.

Yuan NX, Zhai H, Du DQ, et al. Progress in re-
search on the pathogenesis of gestational diabetes
mellitus. J Guangxi Med Univ 2019;36(02):321—
324

Diaz-Pérez FI, Hiden U, Gauster M, et al.
Post-transcriptional down regulation of ICAM-1
in feto-placental endothelium in GDM. Cell Adh
Migr 2016;10(1-2):18-27.

Yang R, Gulixiaxi MHYTIJ. Relationship be-
tween levels of APN, VCAM-1 in umbilical
cord blood and macrosomia born by women with
gestational diabetes mellitus. Chin Med Herald
2016;13(24):109-112

Mordwinkin NM, Ouzounian JG, Yedigaro-
va L, et al. Alteration of endothelial function
markers in women with gestational diabetes
and their fetuses. J] Matern Fetal Neonatal Med
2013;26(5):507-12.

Bajaj HS, Ye C, Hanley AJ, et al. Biomarkers of
vascular injury and endothelial dysfunction after
recent glucose intolerance in pregnancy. Diab
Vasc Dis Res 2018;15(5):449-457.

Zhao LL, Yang XQ. Expression and correlation
of TNF-a and VCAM-1 in gestational diabetes
mellitus. ] Med Res 2019;48 (04):78-82

Su N, Fu DX, Wang GY, et al. Relationship be-
tween hs-CRP sICAM-1 and insulin resistance in
patients with gestational diabetes. Shanxi Med J
2013;42(04):372-374.

Lappas M. Markers of endothelial cell dysfunc-
tion are increased in human omental adipose
tissue from women with pre-existing maternal
obesity and gestational diabetes. Metabolism
2014;63(6):860-73.

Syngelaki A, Kotecha R, Pastides A, et al.
First-trimester biochemical markers of placenta-

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

tion in screening for gestational diabetes melli-
tus. Metabolism 2015;64(11):1485-9.

Arya S, Ye C, Connelly PW, et al. Asymmetric di-
methylarginine and arginine metabolites in wom-
en with and without a history of gestational dia-
betes. J Diabetes Complications 2017;31(6):964-
970.

Jin ZW, Huang HM. Changes in plasma asym-
metric dimethylarginine level in patients with
gestational diabetes mellitus and its correlation
with plasma NO and NOS levels. Shandong Med
J2018;58(03):56-58.

Wang L, Zhang SY. A new marker of vascular
endothelial injury-asymmetric dimethylarginine.
Chin J Clin 2011;5(16):4795-4798.

Yan YH, Lu JQ, Feng ZJ, et al. Investigation
on correlation between PAI-1 and insulin resis-
tance in patients with gestational diabetes mel-
litus. Matern Child Health Care Chin 2010;25
(25):3541-3543.

Salmi AA, Zaki NM, Zakaria R, et al. Arteri-
al stiffness, inflammatory and pro-atherogenic
markers in gestational diabetes mellitus. Vasa
2012;41(2):96-104.

Carpenter MW. Gestational diabetes, pregnancy
hypertension, and late vascular disease. Diabetes
Care 2007;30 Suppl 2:S246-50. Erratum in: Dia-
betes Care 2007;30(12):3154.

Li HB, Ling M, Zhou SR. Relationship between
inflammatory factors and insulin resistance in
patients with gestational diabetes mellitus. Chin
Community Doctors 2020;36(33):126—127.
Forbes JM, Thallas V, Thomas MC, et al. The
breakdown of preexisting advanced glycation
end products is associated with reduced re-
nal fibrosis in experimental diabetes. FASEB J
2003;17(12):1762-4.

Wendt T, Bucciarelli L, Qu W, et al. Receptor for
advanced glycation endproducts (RAGE) and
vascular inflammation: insights into the patho-
genesis of macrovascular complications in dia-
betes. Curr Atheroscler Rep 2002;4(3):228-37.
Frisbee JC, Stepp DW. Impaired NO-dependent
dilation of skeletal muscle arterioles in hyper-
tensive diabetic obese Zucker rats. Am J Physiol
Heart Circ Physiol 2001;281(3):H1304-11.
Ando R, Ueda S, Yamagishi S, et al. Involve-
ment of advanced glycation end product-in-
duced asymmetric dimethylarginine generation
in endothelial dysfunction. Diab Vasc Dis Res
2013;10(5):436-41.

Retnakaran R, Qi Y, Connelly PW, et al. Glucose
intolerance in pregnancy and postpartum risk of
metabolic syndrome in young women. J Clin En-
docrinol Metab 2010;95(2):670-7.

Retnakaran R, Qi Y, Connelly PW, et al. The
graded relationship between glucose tolerance
status in pregnancy and postpartum levels of



132

Elena Curakova Ristovska et al.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

low-density-lipoprotein cholesterol and apolipo-
protein B in young women: implications for fu-
ture cardiovascular risk. J Clin Endocrinol Metab
2010;95(9):4345-53.

Vounzoulaki E, Khunti K, Abner SC, et al. Pro-
gression to type 2 diabetes in women with aknown
history of gestational diabetes: systematic review
and meta-analysis. BMJ 2020;369:m1361.

Shah BR, Retnakaran R, Booth GL. Increased
risk of cardiovascular disease in young women
following gestational diabetes mellitus. Diabetes
Care 2008;31(8):1668-9.

Kessous R, Shoham-Vardi I, Pariente G, et al. An
association between gestational diabetes mellitus
and long-term maternal cardiovascular morbidi-
ty. Heart 2013;99(15):1118-21.

Pace R, Brazeau AS, Meltzer S, et al. Conjoint
Associations of Gestational Diabetes and Hyper-
tension With Diabetes, Hypertension, and Cardio-
vascular Disease in Parents: A Retrospective Co-
hort Study. Am J Epidemiol 2017;186(10):1115-
1124.

Hauth JC, Ewell MG, Levine RJ, et al. Preg-
nancy outcomes in healthy nulliparas who de-
veloped hypertension. Calcium for Preeclamp-
sia Prevention Study Group. Obstet Gynecol
2000;95(1):24-8.

Buchbinder A, Sibai BM, Caritis S, et al. Na-
tional Institute of Child Health and Human De-
velopment Network of Maternal-Fetal Medicine
Units. Adverse perinatal outcomes are signifi-
cantly higher in severe gestational hypertension
than in mild preeclampsia. Am J Obstet Gynecol
2002;186(1):66-71.

Hnat MD, Sibai BM, Caritis S, et al. National In-
stitute of Child Health and Human Development
Network of Maternal-Fetal Medicine-Units.
Perinatal outcome in women with recurrent pre-
eclampsia compared with women who develop
preeclampsia as nulliparas. Am J Obstet Gynecol
2002;186(3):422-6. Erratum in: Am J Obstet Gy-
necol 2003;189(1):244.

Gestational Hypertension and Preeclampsia:
ACOG Practice Bulletin, Number 222. Obstet
Gynecol 2020;135(6):€237-e260.

Melvin, L.M., &Funai,E.F. (2022).Gestational
hypertension. In T.W .Post C.J.Lockwood (Eds),
UpToDate.

Yoder SR, Thornburg LL, Bisognano JD. Hyper-
tension in pregnancy and women of childbearing
age. Am J Med 2009;122(10):890-5.

Saudan P, Brown MA, Buddle ML, et al. Does
gestational hypertension become pre-eclampsia?
Br J Obstet Gynaecol 1998;105(11):1177-84.
Melamed N, Ray JG, Hladunewich M, et al.
Gestational hypertension and preeclampsia: are
they the same disease? J Obstet Gynaecol Can
2014;36(7):642-647.

93. WuY, Xiong X, Fraser WD, et al. Association of

uric acid with progression to preeclampsia and

development of adverse conditions in gestation-
al hypertensive pregnancies. Am J Hypertens
2012;25(6):711-7.

Pandey AK, Singhi EK, Arroyo JP, et al. Mech-

anisms of VEGF (Vascular Endothelial Growth

Factor) Inhibitor-Associated Hypertension and

Vascular Disease. Hypertension 2018;71(2):el-

es8.

Burke SD, Zsengellér ZK, Khankin EV, et al.

Soluble fms-like tyrosine kinase 1 promotes an-

giotensin II sensitivity in preeclampsia. J Clin

Invest 2016;126(7):2561-74.

Santillan MK, Santillan DA, Scroggins SM, et

al. Vasopressin in preeclampsia: a novel very

early human pregnancy biomarker and clin-
ically relevant mouse model. Hypertension
2014;64(4):852-9. Erratum in: Hypertension.

2015 Mar;65(3):€9.

Jain A. Endothelin-1: a key pathological fac-

tor in pre-eclampsia? Reprod Biomed Online

2012;25(5):443-9.

Thorin E, Webb DIJ. Endothelium-derived endo-

thelin-1. Pflugers Arch 2010;459(6):951-8.

Taddei S, Virdis A, Ghiadoni L, et al. Role of

endothelin in the control of peripheral vascu-

lar tone in human hypertension. Heart Fail Rev
2001;6(4):277-85.

100.  Morris R, Spencer SK, Kyle PB, et al. Hy-
pertension in an Animal Model of HELLP Syn-
drome is Associated With Activation of Endothe-
lin 1. Reprod Sci 2016;23(1):42-50.

101.  Granger JP, Spradley FT, Bakrania BA.
The Endothelin System: A Critical Player in the
Pathophysiology of Preeclampsia. Curr Hyper-
tens Rep 2018;20(4):32.

102.  Matsuura A, Kawashima S, Yamochi W, et
al. Vascular endothelial growth factor increas-
es endothelin-converting enzyme expression in
vascular endothelial cells. Biochem Biophys Res
Commun 1997;235(3):713-6.

103. Matsuura A, Yamochi W, Hirata K, et al.
Stimulatory interaction between vascular endo-
thelial growth factor and endothelin-1 on each
gene expression. Hypertension 1998;32(1):89-
95.

104.  Bernardi F, Constantino L, Machado R, et al.
Plasma nitric oxide, endothelin-1, arginase and
superoxide dismutase in pre-eclamptic women. J
Obstet Gynaecol Res 2008;34(6):957-63.

105.  Aydin S, Benian A, Madazli R, et al. Plasma
malondialdehyde, superoxide dismutase, sE-se-
lectin, fibronectin, endothelin-1 and nitric oxide
levels in women with preeclampsia. Eur J Obstet
Gynecol Reprod Biol 2004;113(1):21-5.

106.  Karakus S, Bozoklu Akkar O, Yildiz C, et al.
Serum levels of ET-1, M30, and angiopoietins-1

94.

95.

96.

97.

98.

99.



THE ROLE OF ENDOTHELIAL DYSFUNCTION IN THE PATHOGENESIS OF PREGNANCY-RELATED PATHOLOGICAL... 133

and -2 in HELLP syndrome and preeclamp-
sia compared to controls. Arch Gynecol Obstet
2016;293(2):351-9.

107.  Shaarawy M, Abdel-Magid AM. Plasma en-
dothelin-1 and mean arterial pressure in the pre-
diction of pre-eclampsia. Int J Gynaecol Obstet
2000;68(2):105-11.

108.  Yano K, Gale D, Massberg S, et al. Phe-
notypic heterogeneity is an evolutionarily
conserved feature of the endothelium. Blood
2007;109(2):613-5.

109. Aird WC. Endothelial cell heterogene-
ity. Cold Spring Harb Perspect Med 2012;
2(1):a006429.

110.  Hajjar KA. Vascular biology. In: Clinical
Hematology, Young NS, Gerson SL, High KA
(Eds), Mosby Elsevier, Philadelphia 2006. p.125.

111.  Amatschek S, Krichuber E, Bauer W, et
al. Blood and lymphatic endothelial cell-spe-
cific differentiation programs are stringently
controlled by the tissue environment. Blood
2007;109(11):4777-85.

112.  Braet F, Wisse E. Structural and functional
aspects of liver sinusoidal endothelial cell fenes-
trae: a review. Comp Hepatol 2002;1(1):1.

113.  Iwakiri Y, Groszmann RJ. The hyperdynam-
ic circulation of chronic liver diseases: from the
patient to the molecule. Hepatology 2006;43(2
Suppl 1):S121-31.

114.  Wiest R, Groszmann RJ. The paradox of ni-
tric oxide in cirrhosis and portal hypertension: too
much, not enough. Hepatology 2002;35(2):478-
91.

115.  Graupera M, Garcia-Pagan JC, Abraldes JG,
et al. Cyclooxygenase-derived products modu-
late the increased intrahepatic resistance of cir-
rhotic rat livers. Hepatology 2003;37(1):172-81.

116.  Vairappan B. Endothelial dysfunction in
cirrhosis: Role of inflammation and oxidative
stress. World J Hepatol 2015;7(3):443-59.

117.  Clapp BR, Hingorani AD, Kharbanda RK,
et al. Inflammation-induced endothelial dysfunc-
tion involves reduced nitric oxide bioavailabili-
ty and increased oxidant stress. Cardiovasc Res
2004;64(1):172-8.

118.  Dudenhoefer AA, Loureiro-Silva MR,
Cadelina GW, et al. Bioactivation of nitroglyc-
erin and vasomotor response to nitric oxide
are impaired in cirrhotic rat livers. Hepatology
2002;36(2):381-5.

119.  Mehta G, Gustot T, Mookerjee RP, et al. In-
flammation and portal hypertension - the undis-
covered country. J Hepatol 2014;61(1):155-63.

120.  Mori T, Okanoue T, Sawa Y, et al. Defenes-
tration of the sinusoidal endothelial cell in a rat
model of cirrhosis. Hepatology 1993;17(5):891-
7.

121.  Bhunchet E, Fujieda K. Capillarization
and venularization of hepatic sinusoids in por-
cine serum-induced rat liver fibrosis: a mecha-
nism to maintain liver blood flow. Hepatology
1993;18(6):1450-8.

122.  Llach J, Gin¢s P, Arroyo V, et al. Prognostic
value of arterial pressure, endogenous vasoactive
systems, and renal function in cirrhotic patients
admitted to the hospital for the treatment of asci-
tes. Gastroenterology 1988;94(2):482-7.

123.  Abalos E, Cuesta C, Grosso AL, et al. Global
and regional estimates of preeclampsia and ec-
lampsia: a systematic review. Eur J Obstet Gyne-
col Reprod Biol 2013; 170:1.

124.  Bartsch E, Medcalf KE, Park AL, et al. High
Risk of Pre-eclampsia Identification Group.
Clinical risk factors for pre-eclampsia deter-
mined in early pregnancy: systematic review
and meta-analysis of large cohort studies. BMJ
2016;353:11753.

125. O'Brien TE, Ray JG, Chan WS. Maternal
body mass index and the risk of preeclamp-
sia: a systematic overview. Epidemiology
2003;14(3):368-74.

126.  Nevis IF, Reitsma A, Dominic A, et al. Preg-
nancy outcomes in women with chronic kidney
disease: a systematic review. Clin J Am Soc
Nephrol 2011;6(11):2587-98.

127.  Visintin C, Mugglestone MA, Almerie MQ,
et al. Management of hypertensive disorders
during pregnancy: summary of NICE guidance.
BMJ 2010;341:¢2207.

128.  Fishel Bartal M, Lindheimer MD, Sibai
BM. Proteinuria during pregnancy: defini-
tion, pathophysiology, methodology, and
clinical significance. Am J Obstet Gynecol
2022;226(28S):S819-S834.

129.  Tranquilli AL, Dekker G, Magee L, et al. The
classification, diagnosis and management of the
hypertensive disorders of pregnancy: A revised
statement from the ISSHP. Pregnancy Hypertens
2014;4(2):97-104.

130.  Hjartardottir S, Leifsson BG, Geirsson
RT, et al. Recurrence of hypertensive disor-
der in second pregnancy. Am J Obstet Gynecol
2006;194(4):916-20.

131. Brown MA, Mackenzie C, Dunsmuir W,
et al. Can we predict recurrence of pre-ec-
lampsia or gestational hypertension? BJOG
2007;114(8):984-93.

132.  Sibai BM. Maternal and uteroplacental he-
modynamics for the classification and prediction
of preeclampsia. Hypertension 2008;52(5):805-
6.

133. Roberts JM, Rich-Edwards JW, McElrath
TF, et al. Global Pregnancy Collaboration. Sub-
types of Preeclampsia: Recognition and De-



134

Elena Curakova Ristovska et al.

termining Clinical Usefulness. Hypertension
2021;77(5):1430-1441.

134.  Lisonkova S, Joseph KS. Incidence of pre-
eclampsia: risk factors and outcomes associated
with early- versus late-onset disease. Am J Ob-
stet Gynecol 2013;209(6):544.¢1-544.¢e12.

135. Ilekis JV, Reddy UM, Roberts JM. Pre-
eclampsia--a pressing problem: an executive
summary of a National Institute of Child Health
and Human Development workshop. Reprod Sci
2007;14(6):508-23.

136.  Lachmeijer AM, Dekker GA, Pals G, et al.
Searching for preeclampsia genes: the current
position. Eur J Obstet Gynecol Reprod Biol
2002;105(2):94-113.

137.  Skjaerven R, Vatten LJ, Wilcox AJ, et al.
Recurrence of pre-eclampsia across gener-
ations: exploring fetal and maternal genetic
components in a population based cohort. BMJ
2005;331(7521):877.

138.  Giannakou K, Evangelou E, Papatheodor-
ou SI. Genetic and non-genetic risk factors for
pre-eclampsia: umbrella review of systematic re-
views and meta-analyses of observational stud-
ies. Ultrasound Obstet Gynecol 2018;51(6):720-
730.

139.  Furuya M, Ishida J, Aoki I, et al. Pathophys-
iology of placentation abnormalities in preg-
nancy-induced hypertension. Vasc Health Risk
Manag 2008;4(6):1301-13.

140. Lim KH, Zhou Y, Janatpour M, et al. Hu-
man cytotrophoblast differentiation/invasion
is abnormal in pre-eclampsia. Am J Pathol
1997;151(6):1809-18.

141.  Aouache R, Biquard L, Vaiman D, et al. Ox-
idative Stress in Preeclampsia and Placental Dis-
eases. Int J Mol Sci 2018;19(5):1496.

142.  Ozeki A, Tani K, Takahashi H, et al. Pre-
eclamptic patient-derived circulating cell-free
DNA activates the production of inflammatory
cytokines via toll-like receptor 9 signalling in the
human placenta. J Hypertens 2019;37(12):2452-
2460.

143.  Xue P, Fan W, Diao Z, et al. Up-regulation
of PTEN via LPS/AP-1/NF-«kB pathway inhibits
trophoblast invasion contributing to preeclamp-
sia. Mol Immunol 2020;118:182-190.

144. He B, Yang X, Li Y, et al. TLR9 (Toll-Like
Receptor 9) Agonist Suppresses Angiogenesis by
Differentially Regulating VEGFA (Vascular En-
dothelial Growth Factor A) and sFLT1 (Soluble
Vascular Endothelial Growth Factor Receptor 1)
in Preeclampsia. Hypertension 2018;71(4):671-
680.

145.  Shibuya M. Vascular Endothelial Growth
Factor (VEGF) and Its Receptor (VEGFR) Sig-
naling in Angiogenesis: A Crucial Target for

Anti- and Pro-Angiogenic Therapies. Genes
Cancer 2011;2(12):1097-105.

146.  Neagoe PE, Lemieux C, Sirois MG. Vascu-
lar endothelial growth factor (VEGF)-A165-in-
duced prostacyclin synthesis requires the activa-
tion of VEGF receptor-1 and -2 heterodimer. J
Biol Chem 2005;280(11):9904-12.

147.  DeFalco S. The discovery of placenta growth
factor and its biological activity. Exp Mol Med
2012;44(1):1-9.

148.  Ferrara N, Gerber HP, LeCouter J. The bi-
ology of VEGF and its receptors. Nat Med
2003;9(6):669-76.

149.  Friedman SA, Schiff E, Emeis JJ, et al. Bio-
chemical corroboration of endothelial involve-
ment in severe preeclampsia. Am J Obstet Gyne-
col 1995;172(1 Pt 1):202-3.

150. Hsu CD, Iriye B, Johnson TR, et al. El-
evated circulating thrombomodulin in se-
vere preeclampsia. Am J Obstet Gynecol
1993;169(1):148-9.  Erratum in: Am J Obstet
Gynecol 1994;171(4):1165.

151. Pascoal IF, Lindheimer MD, Nalban-
tian-Brandt C, et al. Preeclampsia selectively
impairs endothelium-dependent relaxation and
leads to oscillatory activity in small omental ar-
teries. J Clin Invest 1998;101(2):464-70.

152.  Maynard SE, Min JY, Merchan J, et al. Ex-
cess placental soluble fms-like tyrosine kinase 1
(sFIt1) may contribute to endothelial dysfunc-
tion, hypertension, and proteinuria in preeclamp-
sia. J Clin Invest 2003;111(5):649-58.

153. Koga K, Osuga Y, Yoshino O, et al. Elevat-
ed serum soluble vascular endothelial growth
factor receptor 1 (sVEGFR-1) levels in wom-
en with preeclampsia. J Clin Endocrinol Metab
2003;88(5):2348-51.

154. McKeeman GC, Ardill JE, Caldwell CM, et
al. Soluble vascular endothelial growth factor re-
ceptor-1 (sFlt-1) is increased throughout gesta-
tion in patients who have preeclampsia develop.
Am J Obstet Gynecol 2004;191(4):1240-6.

155.  Suzuki H, Nagayama S, Hirashima C, et al.
Markedly higher sFIt-1/PIGF ratio in a woman
with acute fatty liver of pregnancy compared
with HELLP syndrome. J Obstet Gynaecol Res
2019;45(1):96-103.

156.  Widmer M, Villar J, Benigni A, et al. Map-
ping the theories of preeclampsia and the role of
angiogenic factors: a systematic review. Obstet
Gynecol 2007;109(1):168-80.

157.  Purwosunu Y, Sekizawa A, Yoshimura S,
et al. Expression of angiogenesis-related genes
in the cellular component of the blood of pre-
eclamptic women. Reprod Sci 2009;16(9):857-
64.

158. Nagamatsu T, Fujii T, Kusumi M, et al. Cy-
totrophoblasts up-regulate soluble fms-like tyro-



THE ROLE OF ENDOTHELIAL DYSFUNCTION IN THE PATHOGENESIS OF PREGNANCY-RELATED PATHOLOGICAL... 135

sine kinase-1 expression under reduced oxygen:
an implication for the placental vascular devel-
opment and the pathophysiology of preeclamp-
sia. Endocrinology 2004;145(11):4838-45.

159.  Mustonen T, Alitalo K. Endothelial receptor
tyrosine kinases involved in angiogenesis. J Cell
Biol 1995;129(4):895-8.

160.  Weissgerber TL, Rajakumar A, Myerski AC,
et al. Vascular pool of releasable soluble VEGF
receptor-1 (sFLT1) in women with previous pre-
eclampsia and uncomplicated pregnancy. J Clin
Endocrinol Metab 2014;99(3):978-87.

161. Redman CW, Sacks GP, Sargent IL. Pre-
eclampsia: an excessive maternal inflammatory
response to pregnancy. Am J Obstet Gynecol
1999;180(2 Pt 1):499-506.

162.  Gu Y, Groome LJ, Alexander JS, et al.
PAR-2 triggers placenta-derived protease-in-
duced altered VE-cadherin reorganization at
endothelial junctions in preeclampsia. Placenta
2012;33(10):803-9.

163.  Moran P, Lindheimer MD, Davison JM. The
renal response to preeclampsia. Semin Nephrol
2004;24(6):588-95.

164. Mikolasevic I, Filipec-Kanizaj T, Jakop-
cic I, et al. Liver Disease During Pregnancy:
A Challenging Clinical Issue. Med Sci Monit
2018;24:4080-4090.

165. Tomimatsu T, Mimura K, Matsuzaki S, et al.
Preeclampsia: Maternal Systemic Vascular Dis-
order Caused by Generalized Endothelial Dys-
function Due to Placental Antiangiogenic Fac-
tors. Int J Mol Sci 2019;20(17):4246.

166.  Levine RJ, Qian C, Maynard SE, et al. Serum
sFlIt1 concentration during preeclampsia and mid
trimester blood pressure in healthy nulliparous
women. Am J Obstet Gynecol 2006;194(4):1034-
41.

167.  Harskamp RE, Zeeman GG. Preeclampsia:
at risk for remote cardiovascular disease. Am J
Med Sci 2007;334(4):291-5.

168. Norwitz, E.R. (2022). Eclapmsia. In
T.W.Post C.J.Lockwood & S.C.Schachter (Eds),
UpToDate.

169.  Sibai BM. Magnesium sulfate prophylaxis in
preeclampsia: Lessons learned from recent trials.
Am J Obstet Gynecol 2004;190(6):1520-6.

170.  Marra A, Vargas M, Striano P, et al. Pos-
terior reversible encephalopathy syndrome:
the endothelial hypotheses. Med Hypotheses
2014;82(5):619-22.

171.  Johnson AC, Tremble SM, Chan SL, et al.
Magnesium sulfate treatment reverses seizure
susceptibility and decreases neuroinflammation
in a rat model of severe preeclampsia. PLoS One
2014;9(11):e113670.

172.  Sibai, B.M. (2021). HELLP syndrome (he-
molysis, elevated liver enzymes, and low plate-

lets). In T.W.Post, C.J.Lockwood & K.D.Lindor
(Eds), UpToDate.

173.  Sibai BM, Ramadan MK, Usta I, et al. Ma-
ternal morbidity and mortality in 442 pregnan-
cies with hemolysis, elevated liver enzymes, and
low platelets (HELLP syndrome). Am J Obstet
Gynecol 1993;169(4):1000-6.

174.  Sibai BM. Diagnosis, controversies, and
management of the syndrome of hemolysis, ele-
vated liver enzymes, and low platelet count. Ob-
stet Gynecol 2004;103(5 Pt 1):981-91.

175. August, P, & Sibai,B.M. (2021). Hyperten-
sive disorders in pregnancy: Approach to differ-
ential diagnosis. In T.W. Post, C.J.Lockwood &
L. L. Simpson (Eds), UpToDate

176.  Ditisheim A, Sibai BM. Diagnosis and
Management of HELLP Syndrome Complicat-
ed by Liver Hematoma. Clin Obstet Gynecol
2017;60(1):190-197.

177.  Martin JN Jr, Rose CH, Briery CM. Un-
derstanding and managing HELLP syndrome:
the integral role of aggressive glucocorticoids
for mother and child. Am J Obstet Gynecol
2006;195(4):914-34.

178.  Stojanovska V, Zenclussen AC. Innate and
Adaptive Immune Responses in HELLP Syn-
drome. Front Immunol 2020;11:667.

179.  Petca A, Miron BC, Pacu I, et al. HELLP
Syndrome-Holistic Insight into Pathophysiology.
Medicina (Kaunas) 2022;58(2):326.

180.  Abildgaard U, Heimdal K. Pathogenesis
of the syndrome of hemolysis, elevated liv-
er enzymes, and low platelet count (HELLP):
a review. Eur J Obstet Gynecol Reprod Biol
2013;166(2):117-23.

181.  Nassiri F, Cusimano MD, Scheithauer BW,
et al. Endoglin (CD105): a review of its role in
angiogenesis and tumor diagnosis, progression
and therapy. Anticancer Res 2011;31(6):2283-
90.

182.  Venkatesha S, Toporsian M, Lam C, et al.
Soluble endoglin contributes to the pathogenesis
of preeclampsia. Nat Med 2006;12(6):642-9. Er-
ratum in: Nat Med 2006;12(7):862.

183. Alam S, Ahmad S, Zafeer F et al. Role of
TGF-B1 in The Pathogenesis of Pre-Eclampsia.
Ann. Int. Med. Dent. Res 2017, 3, 1.

184.  Opichka MA, Rappelt MW, Gutterman DD,
et al. Vascular Dysfunction in Preeclampsia.
Cells 2021;10(11):3055.

185.  van Lieshout LCEW, Koek GH, Spaander-
man MA, et al. Placenta derived factors involved
in the pathogenesis of the liver in the syndrome
of haemolysis, elevated liver enzymes and low
platelets (HELLP): A review. Pregnancy Hyper-
tens 2019;18:42-48.

186.  Abramovici D, Friedman SA, Mercer BM, et
al. Neonatal outcome in severe preeclampsia at



136

Elena Curakova Ristovska et al.

24 to 36 weeks' gestation: does the HELLP (he-
molysis, elevated liver enzymes, and low platelet
count) syndrome matter? Am J Obstet Gynecol
1999;180(1 Pt 1):221-5.

187.  Strand S, Strand D, Seufert R, et al. Pla-
centa-derived CD95 ligand causes liver dam-
age in hemolysis, elevated liver enzymes, and
low platelet count syndrome. Gastroenterology
2004;126(3):849-58.

188.  Romaniuk MA, Croci DO, Lapponi MJ, et
al. Binding of galectin-1 to allbfs integrin trig-
gers "outside-in" signals, stimulates platelet acti-
vation, and controls primary hemostasis. FASEB
J2012;26(7):2788-98.

189. Huang H, Liu B, Gao X, et al. Clinical
Classification, Pregnancy Outcomes and Risk
Factors Analysis of Severe Preeclampsia Com-
plicated With HELLP Syndrome. Front Surg
2022;9:859180.

190. Fang CJ, Richards A, Liszewski MK, et
al. Advances in understanding of pathogen-
esis of aHUS and HELLP. Br J Haematol
2008;143(3):336-48.

191.  Salmon JE, Heuser C, Tricbwasser M, et
al. Mutations in complement regulatory pro-
teins predispose to preeclampsia: a genetic
analysis of the PROMISSE cohort. PLoS Med
2011;8(3):e1001013.

192. McCormick PA, Higgins M, McCormick
CA, et al. Hepatic infarction, hematoma, and
rupture in HELLP syndrome: support for a vaso-
spastic hypothesis. ] Matern Fetal Neonatal Med
2022; 35(25):7942-7947.

193.  Zeng M, Luo Y, Xu C, et al. Platelet-endo-
thelial cell interactions modulate smooth mus-
cle cell phenotype in an in vitro model of type
2 diabetes mellitus. Am J Physiol Cell Physiol
2019;316(2):C186-C197.

194. Koenig M, Roy M, Baccot S, et al. Throm-
botic microangiopathy with liver, gut, and bone
infarction (catastrophic antiphospholipid syn-
drome) associated with HELLP syndrome. Clin
Rheumatol 2005;24(2):166-8.

195.  Knight M, Nelson-Piercy C, Kurinczuk JJ,
et al. UK Obstetric Surveillance System. A pro-
spective national study of acute fatty liver of
pregnancy in the UK. Gut 2008;57(7):951-6.

196. Nelson DB, Yost NP, Cunningham FG.
Acute fatty liver of pregnancy: clinical outcomes
and expected duration of recovery. Am J Obstet
Gynecol 2013; 209:456.¢1.

197. Lee, R.H., & Reau, N. (2022). Acute fatty
liver of pregnancy. In T.W. Post, K.D.Lindor &
C.J.Lockwood (Eds),UpToDate

198.  Liu J, Ghaziani TT, Wolf JL. Acute Fatty
Liver Disease of Pregnancy: Updates in Patho-
genesis, Diagnosis, and Management. Am J Gas-
troenterol 2017;112(6):838-846.

199. Santos L, Patterson A, Moreea SM, et al.
Acute liver failure in pregnancy associated with
maternal MCAD deficiency. J Inherit Metab Dis
2007;30(1):103.

200. Ibdah JA, Bennett MJ, Rinaldo P, et al. A
fetal fatty-acid oxidation disorder as a cause of
liver disease in pregnant women. N Engl J Med
1999; 340:1723.

201.  Browning MF, Levy HL, Wilkins-Haug LE,
et al. Fetal fatty acid oxidation defects and ma-
ternal liver disease in pregnancy. Obstet Gynecol
2006;107(1):115-20.

202.  Natarajan SK, Ibdah JA. Role of 3-Hydroxy
Fatty Acid-Induced Hepatic Lipotoxicity in
Acute Fatty Liver of Pregnancy. Int J Mol Sci
2018;19(1):322.

203.  Tang W, Huang Z, Wang Y, et al. Effect of
plasma exchange on hepatocyte oxidative stress,
mitochondria function, and apoptosis in patients
with acute fatty liver of pregnancy. Artif Organs
2012;36(3):E39-47.

204. Naoum EE, Leffert LR, Chitilian HV, et al.
Acute Fatty Liver of Pregnancy: Pathophysiol-
ogy, Anesthetic Implications, and Obstetrical
Management. Anesthesiology 2019;130(3):446-
461.

205. Allison MG, Shanholtz CB, Sachdeva A.
Hematological Issues in Liver Disease. Crit Care
Clin 2016;32(3):385-96.

206.  Minakami H, Morikawa M, Yamada T, et al.
Differentiation of acute fatty liver of pregnancy
from syndrome of hemolysis, elevated liver en-
zymes and low platelet counts. J Obstet Gynae-
col Res 2014;40(3):641-9.



THE ROLE OF ENDOTHELIAL DYSFUNCTION IN THE PATHOGENESIS OF PREGNANCY-RELATED PATHOLOGICAL... 137

Pe3ume

YJIOTATA HA EHJOTEJIHATA JUC®YHKIIUJA BO IIATOI'EHE3ATA
HA ITATOJIOIIKHU COCTOJBH TIOBP3AHHN CO BPEMEHOCTA: ITPEIJIE[

Eaena IlypakoBa PucroBcka', Marnanena I'enagueBa-Aumutpoa’, beru Tonoposcka',
Baagumup MuanBojeBuk?, UBan Pankosuk®, Urop Camapuuckun’, Maja bojagmnocka®

! VHuBep3uTeTCKa KIIMHMKA 33 TaCTPOCHTEPOXENaTonoruja, MeauiuacKy GakyaTeT, YHuBep3ureT ,,CB.
Kupun u Metoauj* Bo Cromnje, Cxomje, PC Makenonuja

2 Opnien 3a MHTEpHA MeuIHA, Meakommac Anujanca, MeauuuHcku dakynaret, YauBep3uTeT Bo benrpa,
benrpan, Cpouja
3 Onnen 3a uHTEpHA MeauIMHa, Meakommac Anujarca, benrpan, Cpouja

* VHUBep3UTETCKA KIIMHKUKA 3a THHEKOJIOTH]ja U aKyIIepcTBO, MenuiuHcku haxkyaret, YauBep3uTer ,,CB.
Kupun u Meronuj* Bo Cromje, Cxomje, PC Makenonuja

> VHUBep3UTETCKa KIMHKMKA 3a peBMarojoruja, Meautmucku dakynrer, CYausepsurer ,,CB. Kupun n
Metonuj“ Bo Ckorje, Crorje, PC Makenonuja

Bo nocnenuute nenennu enpotennara nucdynkimja (EJ]) e mpemno3nacHa kako 3HaYaeH (PaKTOp IMITO
YUYECTBYBa BO ITaTOreHe3ara Ha MHOT'Y TIATOJIOIIKY cOcTojOu. Bo mHTEepakImja co aTepockieposara, Xumep-
xoJiecteposieMujara u xureprensujara, EJ] urpa kiydHa yiora Bo maroreHe3ara Ha KOpoHapHaTa apTeprcka
OosecTt, XxpoHHYHaTa OyOperxHa O0JIeCT I MEKPOBACKYIapHATE KOMITIHKAITIH Kaj arjaberec Mmenutyc. Mako
EJI urpa 3HauajHa yiora Bo maroreHe3ara Ha HEKOJIKY HapyllyBarma MOBP3aHu cO OPEMEHOCTA, KAKBH IIITO
ce peexamricujara, cuaapomor HELLP, deramHara pecTpuKIiHja BO pacTOT M IeCTAlUCKUOT aujaberec
MEJIUTYC, TOYHUTE MATOTCHETCKU MEXaHU3MH CE YIIITE Ce MPeMET Ha JiebaTa. 3roieMeHaTa mpeBajieHIa Ha
OBHE CHTUTETH Kaj TTAIIMEHTH CO TIOCTOjHHU BaCKyJIapHHU 3a00JTyBarba ja HarracyBa CYIIITHHCKATA ITaTOIOITKa
yJora Ha rpeTxonHo noctojuarta EJI xaj oBre manuenT. AOHOpMaiHaTa yTeporuialieHTapHa U pKyITalja
7 0CJI000yBAFETO COMYOMITHU (haKTOPH 01 ICXEMUTHATA TIJIalleHTa BO MajUHHHOT KPBOTOK CE IJIABHHUTE
npuunad 3a EJ] kaj Majkara, mTo JeKH BO OCHOBATA HA KAPAKTEPUCTUIHUOT MPEeeKIaMIITHUeH (DEHOTHIT.
ITokpaj 3roIeMeHNOT PU3HK 3a JIOITH MCXOMH Kaj MajkaTta 1 kaj getycot, moctojuara EJI, ncro Taka, ro
3ToJIEMyBa ¥ PU3UKOT OJ] pa3BOj Ha MIIHU KapAHOBACKyJIapHH 3a00TyBama Kaj oBue manueHTn. OBaa cTy-
Jivja MMallIe 1eJ Jia moriieiHe noaiadboko Bo yiorara Ha EJ[ Bo maToreHe3ara Ha HEKOJIKY XHIIEPTCH3UBHU
3a00TyBama 1 3a00JTyBama Ha MPHUOT Ipo0 MOBp3aHu co OpeMeHocTa. Toa O6u MOKeITo 1a pHIoHECe 3a
1o100pyBame Ha CBECTA, HA 3HACHECTO U Ha YITPABYBABETO CO OBUE COCTOjOH, a HCTO TaKa, U 32 HAMAITyBarhe
Ha HETaTHMBHUTE UCXOJU U JOTIOJIHUTEIHH JOJTOPOYHH KapAHOBACKYIAPHH KOMILTHKAIINH.

Kayunu 360opoBu: enporenujanna quchyHKIMja, XUMEPTEH3UBHE HapyllyBamba Ha OpEMEHOCTa,
recraimcka Xureprensuja, npeexiammcuja, HELLP cunapom, akyTeH MacTeH 1pH Jpo0 BO OpeMeHOCT






