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ABSTRACT

Preeclampsia (PE) is one of the major obstetric syndromes, manifested by a persistent increase in blood pressure and associated
complications, and in severe cases — by systemic damage to the organs of mother and fetus. Due to complexity of the etiology of this
disease, key and reliable molecular markers that could be used as predictors for early diagnostics of PE or as therapeutic targets for
its treatment have not been found yet. This review analyzes the data accumulated to date on the most important molecular processes
underlying the development of PE — an imbalance between the synthesis of proangiogenic and antiangiogenic factors (soluble fms-
like tyrosine kinase sFlt-1, endoglin Eng, placental growth factor PIGF and vascular endothelial growth factor VEGF), fetoplacental
molecules (PAPP-A and PP-13), disturbances of immunological reactions (T-helper lymphocytes TH, killer cells uNK, TLRs receptors),
genetic and epigenetic mechanisms (abnormal expression of miRNA, circRNA, IncRNA), activation of the effectors of the profibrotic
signaling pathway of the cardiotonic steroid marinobufagenin and transcription factor Fli1. Current data highlights the complex profile of
the etiology and pathogenesis of PE. Alteration in the balance of pro- and anti-angiogenic factors may be one of the earliest molecular
mechanisms underlying abnormal placentation and placental ischemia. Disruption of epigenetic mechanisms regulating placentation
and vascular growth, particularly abnormal alterations in the expression of several types of microRNAs, also play an important role in
the development of PE. Further development of pathophysiological events associated with adverse pregnancy outcomes in PE includes
oxidative stress and immune responses, as well as the development of vascular fibrosis.
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MOHGKYHFIprIe MeéXaHU3MbI MNMpeaKnamMncuun

N.A. Epwos" 2, Al. Bacunbes', B.A. Pesnuk’, A.H. Taiiy’,
E.A. LLkyHosa', K0.B. KowkuHa', H.W. Aranakosa?

' CaHkT-TeTepOyprekuil rocyaapCTBEHHbIN NeauaTpuieckuii MeauumuHckui yuueepeuteT, CaHkT-TMeTepGypr, Poccus
2 VAHCTUTYT 3BOMIOLMOHHOI chranonorvm v 6uoxummm um. .M. CedeHosa Poccuiickoli akagemim Hayk, CankT-MeTep6ypr, Poccus

AHHOTALUA

Mpeaknamncns (M3) — oguH 13 BOMbLUINX akyLWepckux CMHAPOMOB, NPOSBSIOLLMACS CTOMKUM NOBbILLIEHWEM apTepuanbHOro Aas-
NEHNs 1 COMYTCTBYIOLMMM OCINIOXHEHWSMM, @ B TSKENbIX Cry4Yasix — CUCTEMHbIM MOpaXeHWeM OpraHoB Matepw u nnoga. /3-3a
CMOXHOCTM 3TMONOMMN 3TOro 3ab0oNeBaHns 4O CUX MOpP He HaldeHb! KNIYEBbIE W JOCTOBEPHbIE MOMEKYNAPHbIE MapKepbl, KOTOpble
MOXHO 6bIN0 Bbl MCMONB30BATH Kak NPEANKTOPbI ANS paHHEe! AnarHocTuku M3 nnun kak TepaneBTUYeCKk1e MULLIEHN 4115 ee NeYeHns.
B 0630pe aHanu3mpyroTCs HaKOMMEHHbIE K HACTOSLLEMY BPEMEHN AaHHbIE O BaXHENLLIMX MOMEKYNSPHbIX NpoLeccax, Nexalliux B oc-
HoBe pa3suTus 130, — gucbanaHce MeXay CMHTE30M NPOAHTMOreHHbIX U @HTUAHIMOTEHHBIX (hakTopoB (pacTBOpUMON fms-nofobHo
TUPO3nHKWHA3bl sFIt-1, aHgornuHa Eng, aktopa pocta nnaueHTsl PIGF u dakTopa pocta aHgoTenusa cocynos VEGF), detonna-
LeHTapHbIx Monekyn (PAPP-A 1 PP-13), HapyLueHus nMmyHonornieckinx peakuui (T-xennepos numdouumtos TH, KNeTok-kunnepos
uNK, peuentopoB TLRs), anureHeTnyeckux mexaHuamax (aHomansHoi akenpeccin miRNA, circRNA, IncRNA), aktusauum adpdek-
TOPOB NPOHUOPOTUYECKOrO CUTHAMBHOMO MyTH KapAMOTOHUYECKOTO CTepomaa MapuHobydareHHa 1 TpaHCKpUNLMOHHOTO hakTopa
Fli1. CoBpemeHHble JaHHble MOAYEPKVUBAIOT CIOXHBI NPOdnnb aTMonorMn 1 natoreHesa 3. ViaMeHeHne COOTHOLIEHUS YpOBHEN
NPOAHIMOTEHHBIX U aHTUAHTMOTEHHbIX (haKTOPOB MOXET ObITb OOHUM U3 Hanbornee paHHUX MONEKYNSAPHbIX MEXaHU3MOB, MexXaLmx
B OCHOBE aHOMarlbHOW NnaLeHTauuy 1 UWeMUW NnaLeHTbl. HapyLweHns anureHeTUYeckUX MexaH3MoB perynsauumn nnaleHTaummn v
poCTa COCyAOB, B YACTHOCTW aHOManbHbIE U3MEHEHMUS SKCNPECCUN HECKONbKIX TUMOB MUKPO-PHK, Takke urpatoT BaxHy'o ponb B pas-
BuTN [13. [lanbHenwuee passuTve NaTon3nMonorniecknx cobbITuin, CBA3aHHOE ¢ HebnaronpuaTHLIMM UCxodamu 6epeMeHHOCTM Npu
M3, BKItOYAET OKCMAATUBHBIN CTPECC M UMMYHHbIE peakLymm, a Takke passuTia gmbposa cocyaos.

KntoueBble croBa: Npeaknamncus,, aHTUaHroreHHble akTopbl, DeTonaLeHTapHble MONEKyIbl, MMMYHOMNOMMYECkUe peakLm, anu-
reHeT4Yeck1e MexaHuaMbl, NpodnbpoTIYECKe haKTopbI
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INTRODUCTION

Preeclampsia (PE) is one of the major obstetric syn-
dromes of complex etiology, manifested by a persistent
increase in blood pressure and a number of concomitant
complications [17, 46, 52]. Despite significant progress in
the development of medical technologies, effective pre-
vention and treatment of PE remain limited, and in the
case of severe course of this disease, first of all, preterm
delivery is necessary to prevent systemic damage to the
organs of the mother and fetus. This is largely due to the
lack of reliable data on the molecular mechanisms under-
lying the development of PE and key markers that could
be used for its early diagnosis or therapy.

However, several decades of scientific research have
shown that placentation processes are disrupted in the
early form of PE, and genetically determined pathologies
of the maternal cardiovascular system play an important
role in the development of the late type of PE [17, 46, 52].
Placentation, including differentiation and invasion of the
extravillous trophoblast, is controlled by a variety of fac-
tors, including cytokines, growth factors, chemokines, and
cell adhesion molecules [6, 14, 48]. Invasion of a defective
trophoblast and inadequate transformation of the uterine
vascular network leads to excessive production of reactive
oxygen species and a change in the balance of activity of
antioxidant defense enzymes. In a hypoxic environment,
placental tissue is affected, and placental endothelial cells
acquire increased susceptibility to apoptosis [6].

In addition, the study of the molecular mechanisms of
PE has led to the understanding that the development of
this condition is based on the same phenotypic and geno-
typic factors as in other pathologies that increase the risk
of hypertension and heart disease. For example, in recent

years, several circulating biochemical factors have been
discovered, the imbalance between the synthesis of which
in the body is associated with the occurrence of PE [9,
34, 46, 48]. These biomarkers include pro-angiogenic and
anti-angiogenic factors such as soluble fms-like tyrosine
kinase sFlt-1, endoglin, placental growth factor PIGF and
vascular endothelial growth factor VEGF (vascular endo-
thelial growth factor). Similar changes in the ratio of PIGF/
sFit-1 are also observed in heart failure, coronary heart
disease, and chronic kidney disease [49, 57]. Therefore, it
is proposed to use the determination of the levels of these
molecules for the early diagnosis of PE. In addition, the
development of PE is accompanied by impaired immune
responses and abnormal activity of genetic factors [5, 28].
This review classifies the current understanding of the role
of angiogenic dysfunction, impaired synthesis of molecu-
lar placental factors, inflammatory reactions, and genetic
factors in the development of PE (Fig. 1).

PRO-ANGIOGENIC
AND ANTI-ANGIOGENIC FACTORS

For normal blood supply to the fetus, a full-fledged
vascular network of the placenta is necessary [10, 14, 36],
the formation and functioning of which, in turn, depends on
factors regulating the growth of blood vessels — proangio-
genic (vascular endothelial growth factor — VEGF, placen-
tal growth factor — PIGF, transforming growth factor-f —
TGF-B), and antiangiogenic (soluble sEng endoglin and
soluble fms-like tyrosine kinase sFIt-1). Throughout preg-
nancy, these factors are released into the mother’s blood-
stream, helping to adapt her cardiovascular system to a new
state. However, if placental cells experience hypoxia and
prolonged nutrient deficiency, an imbalance occurs between
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the synthesis of proangiogenic factors VEGF, PIGF and
TGF-B and antiangiogenic factors sFlt-1 and sEng, which
contributes to the development of pathophysiological effects
observed in PE [9, 18, 31, 46, 48]. Disproportionately high
levels of antiangiogenic factors (sFlt-1 and sEng) compared
with proangiogenic ones (PIGF, VEGF, and TGF-) cause
the generation of oxidative stress, endothelial dysfunction,
extensive immune response, and activation of the maternal
blood clotting system, which further leads to the develop-
ment of renal endotheliosis, hypertension, and proteinuria
[14, 46].

Placental growth factor (PIGF)

Proangiogenic placental growth factor (PIGF) is a gly-
cosylated dimeric protein mainly expressed by trophoblast
cells in the placenta, although small amounts of it are also
found in some other tissues, such as the heart and ske-
letal muscles [11, 15, 54]. The main function of PIGF is to
regulate the development and maturation of the placental
vasculature in the early stages of gestation, in particular,
differentiation and invasion of the trophoblast into the de-
cidual tissue. In the first trimester of pregnancy, the con-
tent of PIGF in the circulating blood is low, but it increases
significantly in the second trimester and reaches a peak
by the 30th week, which promotes proliferation and growth
of the trophoblast, after which it decreases. Therefore, low
levels of PIGF in the bloodstream, often observed in PE,
are a sign of abnormal placentation [50, 52]. In pathologi-
cal conditions, PIGF binds to the soluble antiangiogenic
factor sFlt-1, which inhibits the interaction of PIGF with its
membrane receptor and leads to a decrease in the level of
its free form circulating in the mother’s blood.

Vascular Endothelial Growth Factor (VEGF)

Vascular endothelial growth factor VEGF also belongs
to the family of glycoproteins. By binding and activating
its VEGFR receptor, it regulates the differentiation, growth
and apoptosis of vascular endothelial cells, which ensures
the formation of blood vessels and the lymphatic network.
These functions are extremely important for maintaining
endothelial cell homeostasis, blood vessel permeability,
and transport of small molecules [39]. During pregnancy,
VEGF is secreted by trophoblast cells and is one of the
most important factors in maturation and maintenance of
a functionally complete vascular network of the placenta
8, 52, 54].

The levels of PIGF and VEGF factors circulating in
the mother’s bloodstream are regulated by partial oxygen
pressure. With the development of hypoxia due to de-
fective placentation, hypoxia-induced factor-1 (HIF-1), a
transcription factor responsible for regulating the expres-
sion of genes encoding proteins involved in the process
of angiogenesis, including PIGF, VEGF, and their Flt-1
receptor, is activated in placental cells. Under conditions

of hypoxia typical for PE, the level of PIGF decreases, but
the VEGF content increases [48].

TGF-beta

Transforming growth factor-B (TGF-§) is a represen-
tative of a superfamily of pleiotropic factors that control
a wide range of physiological functions, including in the
cardiovascular and hematopoietic systems [22, 26]. Pro-
longed exposure to TGF-B on endothelial cells stimulates
the expression of the gene and protein endothelial nitric
oxide synthase eNOS, an enzyme that synthesizes en-
dogenous nitric oxide, a mediator of vasodilation. TGF-$
signaling is mediated by type | and type Il receptors and
modulated by an additional endoglin receptor.

During pregnancy, TGF- plays one of the key roles in
the development of the placenta, especially in the regula-
tion of trophoblast differentiation in the first trimester of
pregnancy [26, 52]. Initially, TGF-B activity is necessary
for trophoblast invasion and cell transition from cytotro-
phoblast to extravillous trophoblast, and at later stages
of gestation, TGF-B signal transmission induces normal
vascularization and angiogenesis in placental endothelial
cells. In addition, TGF- functions as an anti-inflammatory
growth factor that regulates the activity of placental and
decidual macrophages, which ensures maternal tolerance
to the semi-allogeneic fetus. Since the development of PE
is associated with placental disorders, it is assumed that
TGF-B is involved in the pathogenesis of this disease and
may be a potential target for its therapy.

Soluble fms-like tyrosine kinase 1 (Flt-1)

The protein Flt-1 (Fms-like tyrosine kinase 1), also
called VEGFR-1 (vascular endothelial growth factor re-
ceptor 1), exists in two forms — as a transmembrane cel-
lular receptor with a molecular weight of 180 kDa and as
a circulating molecule sFit-1 (soluble sFit-1) with a mass
of 100 kDa. PIGF and VEGF factors are ligands for both
types of this protein, however, it is the insufficient or ex-
cessive content of sFIt-1 that is associated with the deve-
lopment of diseases based on aberrant angiogenesis [32,
52, 57]. The mechanism of action of sFlt-1 is mainly re-
lated to its ability to bind VEGF and PIGF, acting as their
natural antagonist and limiting their bioavailability. Since
the content of sFlt-1 in the blood increases in conditions
associated with impaired angiogenesis, it has been pro-
posed as a marker for early diagnosis and severity of kid-
ney damage, diabetic nephropathy, hypertension, tumors,
atherosclerosis and some other diseases.

During pregnancy, the main site of Flt-1 synthesis is
the placenta, where it is expressed by trophoblast cells
[37, 54]. On the one hand, it protects cells from exces-
sive VEGF concentrations in tissues, on the other hand,
by binding and inhibiting proangiogenic PIGF and VEGF
in the maternal circulation, circulating sFlt-1 can disrupt
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the integrity of endothelial cells, provoking dysfunction
of the endothelium and the microcirculatory bed of tar-
get organs. Excess circulating sFlt-1 is one of the key
factors in the development of clinical symptoms associ-
ated with PE, such as hypertension, proteinuria, perinatal
cardiomyopathy, and other adverse maternal and fetal
outcomes. However, an excessive content of sFlt-1 may
exist even before the development of hypertension and
proteinuria, which makes this protein one of the signifi-
cant markers for the early diagnosis of PE [48, 54].

Endoglin

Endoglin (Eng), or CD105 differentiation cluster, is
a transmembrane glycoprotein with a molecular weight
of 65 kDa. Eng was initially detected in B lymphocytes,
but it is also expressed in mature cells of both the innate
(macrophages and mast cells) and adaptive (T cells) im-
mune systems [40]. A change in Eng activity in myeloid
cells leads to spontaneous inflammation, which makes it a
factor regulating the maturation of immune cells and pro-
viding immune responses. Later, Eng attracted attention
due to its abnormal activity in pathologies associated with
impaired angiogenesis, including hereditary hemorrhagic
telangiectasia type 1 (HHT-1) [18, 47]. In this case, it acts
as a co-receptor for the TGF-$1 and TGF-B3 molecules. In
primary hemostasis and inflammation, Eng also functions
as an integrin counter-receptor in endothelial cell adhe-
sion signaling pathways.

In addition, Eng can exist as a circulating soluble form
of sEng, an extracellular domain of a membrane protein
cleaved by metalloproteinases. sEng acts as an endo-
genous TGF-B inhibitor capable of suppressing TGF-f
and activin receptor-like kinase 1 signaling, as well as
eNOS activation in the vascular network. This disrupts
angiogenesis and vascular hemostasis, contributing to
vasoconstriction, altering vascular permeability, which ul-
timately leads to hypertension [35, 55]. At the same time,
sEng is an antagonist of membrane-bound endoglin and
competes with fibrinogen for binding to integrin, disrupting
thrombosis.

With these properties, Eng is one of the main factors
of placental impairment in PE. Indeed, the manifestation
of clinical symptoms of PE, in particular the development
of hypertension, correlates with the overexpression of
Eng in the endothelial cells of the vessels of the placenta
and trophoblast, which, in turn, leads to an increase in
its soluble form in the maternal circulation [35]. A meta-
analysis of 20 clinical trials showed that the level of sEng
in the blood plasma of pregnant women with PE was sig-
nificantly higher than that of women with uncomplicated
pregnancy almost throughout pregnancy, although it did
not reach statistical significance in the first trimester [35].
Moreover, the sEng content increased both in early-onset
PE and in its late form. These data allowed us to propose

Eng and soluble sEng as prognostic markers of PE, as
well as as therapeutic targets.

FETOPLACENTAL MOLECULES

Pregnancy-associated plasma protein A (PAPP-A)

PAPP-A (Pregnancy-Associated Plasma Protein-A,
also called pappalizin-1) is a fetoplacental-specific Zn?*-
binding metalloproteinase with a molecular weight of
200 kDa, synthesized by trophoblast cells and secreted
into the maternal bloodstream. By participating in the pro-
teolytic cleavage of the insulin-like growth factor binding
protein (IGFBP), PAPP-A regulates the action of local
insulin-like growth factor (IGF), an enzyme that stimulates
the development of the placenta and fetus [50]. In addi-
tion, this protein participates in bone remodeling proces-
ses, controlling the maximum increase in bone mass du-
ring puberty, folliculogenesis, wound healing, and athero-
sclerosis [30].

The level of PAPP-A in blood plasma gradually in-
creases throughout the entire period of pregnancy, ex-
ceeding its content in non-pregnant women by 100 times
during the first trimester and by 10,000 times during the
third trimester. After childbirth, the PAPP-A content rapid-
ly drops to basal values [30, 48]. However, with abnormal
placentation or placental dysfunction, the concentration
of PAPP-A decreases. It has been shown that a drop in
PAPP-A levels in the first trimester of pregnancy may be
associated with an increased risk of developing early PE.
Thus, at the beginning of the second trimester of preg-
nancy, in women who subsequently developed PE, the
PAPP-A content decreased to one-third compared with
the values observed in women without PE. That is why
PAPP-A has been proposed as a marker for predicting
PE [50].

Placental protein 13 (PP-13)

PP13 is a homodimeric carbohydrate — binding pro-
tein of 139 amino acid residues with a molecular weight of
32 kDa, belonging to the galectin family and synthesized
in the syncytiotrophoblast [53, 58]. The structural and
functional properties of PP-13 are vital for the develop-
ment of the placenta and embryogenesis due to the speci-
ficity of its conservative carbohydrate domain for recogni-
tion of glycoconjugates containing B-galactosides. Having
the ability to initiate apoptosis in maternal T cells, PP-13
regulates trophoblast invasion and, ultimately, effective
placentation and implantation of the embryo. By binding
to B-actin in trophoblast cells, PP-13 ensures their migra-
tion to the placental bed, along with increased secretion
of prostacyclines necessary for remodeling spiral arteries
during early placentation. PP-13 also plays an important
role in trophoblast differentiation and syncytialization,
which promotes the secretion of immune proteins and pla-




cental hormones necessary for embryo development and
maternal immune tolerance to the fetus.

Being a fetoplacental-specific molecule, PP-13 has
also been proposed as a biomarker for predicting PE [58].
Concentrations of PP-13 in serum or plasma decrease
during the first trimester, but then gradually increase as
pregnancy progresses. However, the level of PP-13 in the
blood serum during the first trimester in patients who de-
veloped PE in the early stages was significantly lower than
in women with uncomplicated pregnancy [53]. Moreover, it
has been shown that low levels of PP-13 in the blood du-
ring the first trimester of pregnancy increase the risk of PE.

IMMUNOLOGICAL FACTORS

The results of research in recent decades have con-
firmed the most important link between the pathogenesis
of PE and disorders of the maternal immune system.
Good regulation of immunological reactions is necessary
to ensure a normal pregnancy, while in PE, incomplete
remodeling of spiral arteries, placental hypoxia and oxi-
dative tissue damage induce excessive inflammatory pro-
cesses followed by apoptosis or necrosis and the release
of pro-inflammatory molecules [5, 20, 48]. Cytokines,
metalloproteases (MMPs), and angiogenic factors are
necessary for placental maturation; therefore, decidual
natural killer cells (NK) are present in large numbers in tis-
sues at the beginning of gestation to regulate their levels
[60]. A similar role is played by decidual macrophages,
which also ensure the immune tolerance of the maternal
organism to the fetus by immunosuppression of cytokines
and phagocytosis of dead trophoblast cells. In addition,
trophoblasts regulate vascular growth and apoptosis pro-
cesses by synthesizing tumor necrosis factor (TNFa) and
other growth factors [43].

In PE, the most critical changes in the functioning of the
immune system include an abnormal proinflammatory shift
in the population profile of T helper lymphocytes (TH) and a
decrease in the level of natural killer uterine cells (UNK) [43,
48]. The PE phenotype is closely related to the abnormal
reprogramming of TH cells from the Th2 subpopulation to
Th1, which supports inflammation, since Th1 cells secrete
numerous pro-inflammatory cytokines, including IL-12 and
IL-18. Another immune anomaly observed in PE is an in-
crease in the level of CD19+CD5+ B lymphocytes, which is
the main cause of the formation of polyreactive antibodies,
in particular autoantibodies to the angiotensin Il type 1 re-
ceptor (AT1R) [12, 27, 48].

Natural uNK killer cells are one of the subpopulations
of uterine cells localized at the mother—fetus interface and
are involved in the early development of the placenta, for
example, they regulate trophoblast invasion and remode-
ling of spiral arteries [33, 56]. uNKs express NK immuno-
globulin-like receptors (KIR), which bind to HLA-C mole-
cules (human leukocyte antigen) extravillous trophoblast.

However, the number of uNKs and their association with
placental cells differ between normotensive pregnancy and
PE. Thus, a distinctive feature of PE is a deficiency of the
maternal cell fractions CD56+/NKp46+ and CD56+bright/
NKp46+, which occurs three to four months before the
onset of the disease [56]. Moreover, some studies have
shown that disruption of the interaction between the KIR of
UNK cells and the HLA-C of the trophoblast is an important
risk factor for PE due to polymorphism of the genes enco-
ding maternal KIR and fetal HLA-C [56].

Uterine uNKs also secrete the anti-inflammatory cyto-
kine interleukin 10 (IL-10), which is essential for maintai-
ning a normal pregnancy due to its ability to prevent mater-
nal immune responses to a semi-allogeneic fetus, reducing
endoplasmic reticulum stress and antiangiogenic factor
activity. However, with PE, IL-10 levels decrease and TNFa
expression increases [7, 43].

Processes induced by oxidative stress play an equally
important role in the development of PE. Excessive produc-
tion of reactive oxygen species by mitochondria stimulates
apoptotic caspases and the release of cf-mtDNA (cell-
free mitochondrial DNA) [6, 44]. CpG dinucleotides within
cf-mtDNA are recognized by TLRO (toll-like receptor 9) en-
dosome receptors, which triggers pro-inflammatory reac-
tions, including cascades of interferon (IFN), AP-1 protein
(MAPK/activator protein-1) and NF-kB (nuclear factor kap-
pa B). CF-mtDNA and TLR9 activation play a major role in
the development of PE, however, other TLRs (TLR4, TLR3)
may also be involved in pathological processes in this di-
sease. Abnormal expression of TLR3, TLR4, and TLR9
is associated with increased blood pressure, decreased
vascular vasodilation, impaired spiral artery structure due
to impaired trophoblast invasion, decreased VEGF levels,
and increased sFlt-1 levels, leading to abnormal placenta-
tion and placental dysfunction [23, 25].

EPIGENETIC FACTORS

In recent decades, evidence has emerged that the
development of PE is closely related to disorders of ge-
netic and epigenetic mechanisms, in particular, changes
in the expression of microRNAs (miRNAs), circulating
RNAs (circRNAs), and long non-coding RNAs (IncRNAs)
[12, 21].

Micro-RNA

Several microRNAs belonging to the C19MC cluster
(chromosome 19 microRNA cluster) and expressed al-
most exclusively in the placenta play an important role
in the regulation of placentation processes, including tro-
phoblast differentiation and migration and angiogenesis
[24, 45]. These micro-RNAs are secreted by the primary
trophoblast and released into the maternal circulation
as exosomes. The content of C19MC in the trophoblast
increases as early as the 5th week of pregnancy and
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further increases until the third trimester. However, in PE,
the synthesis of these microRNAs is disrupted. Thus,
overexpression of miR-515-5p, often observed in PE, is
associated with suppression of syncytiotrophoblast diffe-
rentiation. An abnormally high level of miR-517/a/b/c in the
extravillous trophoblast in the first trimester of pregnancy
leads to the release of excess antiangiogenic protein sFlt-1
and a decrease in the invasive abilities of the trophoblast,
while miR-519d inhibits trophoblast invasion and migra-
tion. Abnormal activation of miR-518b in the placenta in
PE contributes to excessive trophoblast proliferation.
Increased expression of miR-517-5p reduces the proli-
ferative and invasive abilities of human chorio-carcinoma
cells. In addition, once in the maternal circulation, these
microRNAs can cause immune cell dysfunction, contribu-
ting to a systemic inflammatory response, the development
and progression of PE, as well as affect maternal immune
tolerance during pregnancy and protection against infec-
tions [24, 45]. With the development of early PE, the level
of miR-124 in the placenta also increases, which is con-
sidered as a negative regulator of angiogenesis, although
the exact role of this miRNA remains unknown [59].

Circular RNAs

Circular RNAs (circRNAs) are non-coding RNAs with
circular covalently closed structures formed by reverse
splicing [12, 28, 63]. Being more stable than linear RNAs,
circRNAs compete directly with miRNAs in the processes
of cell migration and invasion. Recent studies have shown
that impaired circRNAs expression may be the cause of
pathophysiological processes in pregnancy complica-
tions, including underlying the development of PE. For
example, changes in the expression profile of circRNA
hsa_circ_0004904 and hsa_circ_0001855 in combination
with RARP-A have been proposed to be used as a bio-
marker for early diagnosis of PE before the onset of ob-
vious symptoms [29]. Overexpression of circRNA_06354
can provoke early-onset PE by altering the expression of
molecules of the hsa-miR-92a-3p/VEGF-A signaling cas-
cade, which leads to dysregulation of invasion and migra-
tion of trophoblast cells into spiral arteries [62]. Another
representative of this type of RNA, circNIRK3, has several
miRNAs as targets, including miR-124 and miR-558, and
a decrease in its level is a potential cause of PE progres-
sion due to deregulation of miRNAs expression [59, 61].

Long non-coding RNAs

Recently, some placental pathologies and pregnancy
complications, including PE, have been associated with
abnormal expression of long non-coding RNAs (IncRNAs),
positioning them as potential regulators of multiple mo-
lecular pathways involved in the pathogenesis of placen-
tal diseases [16, 38, 42, 51]. In addition, different types
of IncRNAs were identified at different stages of the di-

sease, which once again confirms the difference between
the pathophysiological mechanisms of early and late PE.
Increased or decreased expression of specific INCRNAs
can lead to changes in trophoblast proliferation, invasion,
migration, and apoptosis. Thus, in PE, the expression of
IncRNA Linc00261 increases, which leads to a decrease in
the level of miR-558 and disruption of trophoblast invasion
and migration [13]. Therefore IncRNAs have also been
proposed to be used as PE markers. However, despite
the description of several circulating INcRNAs (AF085938,
AK002210, BC030099, and G36948), their potential as
diagnostic markers of PE is low due to their low content
and difficulties in quantification.

FACTORS OF FIBROSIS DEVELOPMENT

The most well-known mechanism of fibrosis deve-
lopment and fibroblast activation is the activity of factor
TGF-B [22]. However, fibrogenesis may also be asso-
ciated with hypoxia and stimulation of hypoxia-indu-
cible factor alpha (HIFa), lysophosphatidic acid, sphin-
gosine-1-phosphate, plasma coagulation cascade, and
matrix metalloproteinases capable of stimulating fibro-
blasts [26].

Another profibrotic mechanism described in the tis-
sues of the cardiovascular system in hypertensive dis-
eases is associated with abnormal production of the car-
diotonic steroid marinobufagenin (MBH) [4, 19]. Binding
of MBH to the Na/K-ATPase of cell membranes triggers
a cascade involving the interaction of Src kinase with
the epidermal growth factor EGFR receptor, followed by
translocation of PKC-d into the nucleus and inhibition of
the transcription factor Fli1, which functions as a nega-
tive regulator of the collagen gene promoter [19, 41]. As
a result, excessive synthesis and accumulation of col-
lagen-1 in tissues is induced.

The development of PE is closely related to an in-
crease in MBH synthesis and fibrosis of the tissues of
the cardiovascular system, involving a Fli1-dependent
mechanism. Thus, in umbilical vessels and placentas
obtained from patients with PE, Fli1 expression de-
creased by 4-9 times, while the levels of pro-collagen-1
and collagen-1 increased by 2.5-3 times [3]. Similar re-
sults were obtained in pregnant Sprague-Dawley rats, in
which a PE-like condition was modeled by excessive salt
intake (1.8%) with water [1]. The development of experi-
mental PE in animals was accompanied by a 7-fold de-
crease in Fli1 levels and a 4-fold increase in collagen-1
synthesis in the thoracic aorta. However, administration
of antibodies to MBH to rats returned the level of Fli1 to
almost normal, although it did not affect the content of
collagen-1 [1]. At the same time, induction of a PE-like
state did not lead to activation of TGF-{.

A direct link between MBH and Fli1-dependent
fibrosis processes has been confirmed in in vitro expe-




riments. Thus, treatment of umbilical artery fragments
obtained from healthy women in labor with nanomolar
concentrations of MBH (1-10 nM) for 48 hours resulted
in a 4-5-fold decrease in Fli1 expression and a 2-3-fold
increase in the synthesis of pro-collagen-1 and colla-
gen-1[3]. Moreover, silencing of the FLI1 gene in umbili-
cal artery explants obtained from healthy women in labor
after treatment with Fli1 siRNA not only suppressed Fli1
expression at the protein level, but also induced a sig-
nificant increase in the levels of pro-collagen-1 and col-
lagen-1 [2]. The relationship between MBH, fibrotic pro-
cesses, and Na/K-ATPase activity was confirmed after
treatment of fragments of healthy umbilical arteries with
canrenone, an active metabolite of spironolactone used
in antihypertensive therapy, which completely restored
Fli1 expression and partially inhibited MBH-induced col-
lagen-1 synthesis [3].

CONCLUSION

Thus, current data highlight the complex profile of
the etiology and pathogenesis of PE. A change in the ra-
tio of pro-angiogenic and anti-angiogenic factors may be
one of the earliest molecular mechanisms underlying ab-
normal placentation and placental ischemia. Disorders of
the epigenetic mechanisms of regulation of placentation
and vascular growth, in particular, abnormal changes in
the expression of several types of microRNAs, also play
an important role in the development of PE. Further de-
velopment of pathophysiological events associated with
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