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ABSTRACT

Over the past decade, the prevalence of metabolic syndrome has increased significantly worldwide, and in most countries
around the world this non-communicable disease has become a major health threat. Today, the mechanisms of metabolic
syndrome influence on the development of various pregnancy complications are actively discussed. Studies of the patho-
physiological mechanisms of the relationship between metabolic disorders and placental-associated pregnancy complications
deserve special attention. The placenta performs essential functions throughout pregnancy and serves as a site for nutrient
exchange and gas exchange between the pregnant woman and the fetus. Metabolic changes in women are closely associated
with a number of placentally mediated obstetric complications, including preeclampsia, placental insufficiency, macrosomia,
fetal growth restriction and antenatal fetal death. It is believed that it is in the first trimester of pregnancy that trophoblast cells
are most sensitive to metabolic changes in homeostasis, which leads to their ischemia, impaired proliferation, invasion and
angiogenesis. In pregnancies complicated by metabolic syndrome, the placenta is exposed to inflammation, oxidative stress,
dyslipidemia, hyperglycemia, and altered hormone levels. Such metabolic changes can affect the development and function
of the placenta, leading to abnormal fetal growth, as well as metabolic and cardiovascular disorders in children in the long
term. Despite the wide range of pregnancy complications with metabolic syndrome, the mechanisms of their development have
not been sufficiently studied. The purpose of this review was to summarize current knowledge about the pathophysiological
mechanisms of the influence of metabolic syndrome on the development and function of the placenta.
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Ponb nnauentbl B popMUpPOBaAHUM FrecTaLMOHHbBIX
0CJI0)KHEHMM Y XKeHILUH C MeTaboIM4eCcKUM CUHAPOMOM

A.A.Opasmypapos, E.B. MykoBHuKoBa, W.B. bekbaeBa, A.A. Opasmypaposa, M. K. CyneiiMaHoBa

Poccuiickuii yuuBepcuTeT apyxbbl Hapozo, I. MockBa, Poccus

AHHOTALMA

3a nocnefHee fecATUNETHE PacMPOCTPAHEHHOCTb METabOIMHECKOTO CMHAPOMA 3Ha4MUTESIbHO BbIPOCIa BO BCEM MUpe, a B 60/1b-
LUMHCTBE CTPaH MMpa 3T0 HeMHPEKLMOHHOE 3aboeBaHue CTao 0CHOBHOM Yrpo3oi ANs 340p0oBbs. Ha ceroaHsLWwHMiA AeHb Me-
XaHU3Mbl BUAHWSA MeTaboNMyecKoro CMHAPOMa Ha pasBUTUE PasIUYHbIX OCNOXKHEHMI GepeMEHHOCTM aKTUBHO 00CYKAAIOTCS.
OTaenbHOro BHUMaHUA 3aciyXuBalT UCCea0BaHUsA NaTodU3NONOTMYECKUX MEXaHM3MOB B3aUMOCBA3N MeTabonyeckux Ha-
PYLLIEHMI M NNaLLEHTapHO-acCOLMMPOBAHHBIX OCNIOXHEHUI BepeMeHHOCTW. [TnaLeHTa BbINOHAET BaHenLLmMe GYHKLMIA Ha npo-
TAKEHWUM BCeN 6ePEMEHHOCTM 1 CNYKUT MECTOM 06MeHa NuUTaTeNbHbIX BELLECTB M ra3006MeHa Mexay bepeMeHHOI 1 NNofoM.
MeTabonuueckue 3MeHeHWs B OPraHU3Me JKEHLLMHBI TECHO CBA3aHbI C PAAOM NaLeHTapHO-0N0CPeA0BaHHbIX aKyLLEPCKUX
OC/IOXHEHWUM, BKJTIOYas NPE3KNaMNCHIo, NNaLEeHTapHYI0 HeA0CTAaTOYHOCTb, MAaKPOCOMMIO, 338Ky PocTa NyIoAa U aHTeHaTab-
Hyto rubenb nnoaa. CumTaloT, 410 UMeHHo B | TpUMecTpe BepeMeHHOCTH KNeTku TpodobnacTa Haubonee YyBCTBUTENbHBI K Me-
Tab0MYECKUM U3MEHEHNAM B FOMeO0CTase, YTo NPUBOAMT K WX WULLEMUM, HapyLUEeHMIo NposudepaLmuy, MHBA3WM 1 aHr1oreHesa.
Mpu 6epeMEHHOCTH, OCIOXKHEHHO! METaboIMYECKMM CUHAPOMOM, NNaLeHTa NoABEepraeTcs BO3AENCTBUIO BOCMAEHMS, OKUC-
JnTenbHOro cTpecca, AuchunuaeMuu, runepriimkeMui n U3MEHEHHOIO YPOBHA rOPMOHOB. |-|0}J,06Hble MeTabonuyeckue CABUTn
MOTYT NOBAWATb Ha Pa3BuTUE U YHKLMOHMPOBAHWE NNALEHTbI, NPUBECTU K aHOMaNbHOMY POCTY N0Aa, a Takke K MeTabonm-
YECKUM W CepAeYHO-COCYAMUCTBIM HapyLIEHUAM Y fieTel B AOrOCPOYHON nepcneKTuBe. HecMoTps Ha 0BLIMPHbIN CMEKTp oc-
NO}KHEHUIA HepeMeHHOCTV NpY MeTaboNMYecKoM CHHAPOME, MEXaHW3MbI UX Pa3BUTUA U3Y4eHbl HELOCTATOuHO. Llenblo AaHHOro
0630pa cTano 0606LLeH1e COBPEMEHHBIX 3HAHWUN 0 NaTODU3NONOTMYECKUX MEXaHU3MaX BIIMSIHUA METaboNMYeCcKoro CUHAPOMa
Ha pa3BuTHE U QYHKLMIO NNALEHTI.

KnioueBblie cnoBa: MeTabonmyeckuii CUHAPOM; NNnaueHTa; recTaLOHHbIN caxapru7| aunaber; 0XUpeHue; npeaKniamrcus,
nnaueHTapHaa Heao0CTaTO4YHOCTb; 0630[3.
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BACKGROUND

The placenta connects the blood circulation of the pregnant
woman with that of the fetus. Thus, it ensures the transfer of
nutrients to the fetus and regulates the exchange of respira-
tory gases, which promotes the growth and development of
the fetus [1, 2]. Under unfavorable conditions, it can adapt to
maintain fetus viability, with the greatest emphasis on main-
taining the development and functioning of the brain. Thus, it
undergoes morphological and functional changes [1].

Metabolic syndrome (MS) is closely associated with nu-
merous obstetric complications, including preeclampsia, pla-
cental insufficiency, macrosomia, fetal growth retardation,
and antenatal fetal death. Additionally, it is associated with
the development of metabolic and cardiovascular disorders in
children from the intrauterine period to adulthood [2-5].

In pregnancies complicated by MS, the placenta is ex-
posed to increased inflammation, oxidative stress, dyslipi-
demia, and altered hormone levels [6, 7]. Such shifts in ho-
meostasis lead to disruption of placental development and
function, which is associated with health complications in
both the pregnant woman and fetus [8].

In this review, we have summarized the current know-
ledge regarding the impact of MS on placental development
and function and the associated complications during preg-
nancy, childbirth, and the postpartum period.

INFLUENCE OF MS ON THE
TROPHOBLAST IN EARLY PREGNANCY

In early pregnancy, the trophoblast is most sensitive to me-
tabolic changes. Even small shifts in homeostasis can sig-
nificantly and negatively impact placental development and
pregnancy outcome [8-10]. Metabolic changes in pregnant
women are associated with altered levels of growth factors,
cytokines, and adhesion molecules [8, 9], indicating the for-
mation of an unfavorable environment for placental deve-
lopment.

DISORDERED TROPHOBLASTIC CELL
PROLIFERATION IN MS

Active trophoblast proliferation ensured normal placental for-
mation. /n vitro studies have demonstrated that hyperglycemia
induces cell cycle arrest in the GO phase in trophoblasts and
disrupts phosphatidylinositol phosphate signaling pathways
that are involved in cell proliferation [10].

MS can inhibit cell proliferation via epigenetic modifica-
tions, which affects the expression of microRNAs' (miRs) in
the cell [11]. Both hyperglycemia and dyslipidemia enhance
miR-137 expression, leading to overexpression of interleu-
kin-6 and inhibition of trophoblast cell proliferation [12]. Fur-
thermore, in MS, the activity of miR-136 increases, which

T RNA — ribonucleic acid.
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inhibits trophoblast proliferation by suppressing the syn-
thesis of the transcription factor E2F1. Transcription factor
E2F1 is an important regulator of the cell cycle that mediates
the transition from the presynthetic to synthetic phase [13].

The miR-362-5p regulates the intracellular PI3K/AKT sig-
naling pathway by directly increasing the secretion of gluta-
thione disulfide reductase. In MS, the activity of miR-362-5p
decreases, which results in the inhibition of trophoblast cell
proliferation [14]. Under conditions of altered homeostasis in
MS, the expression of miR-520h increases, which inhibits cell
proliferation by reducing the activity of the serine/threonine
kinase complex (mTOR) in trophoblastic cells [15].

DISORDERED TROPHOBLAST INVASION

MS causes superficial migration and insufficient invasion
of the trophoblast, resulting in the abnormal remodeling of
the uterine spiral arteries [16]. In a rat model, insulin resis-
tance resulted in changes in trophoblast invasion, impaired
placental blood flow, and increased vascular resistance,
which were directly associated with an increase in the inci-
dence of stillbirth and fetal hypotrophy [16].

As the trophoblast invades the decidualized endometrium,
the extravillous trophoblast produces enzymes of the fibri-
nogen activating system, matrix metalloproteinases (MMPs),
and tissue inhibitors of metalloproteinases, which regulate
extracellular matrix remodeling and trophoblast cell invasion
[17]. Belkacemi et al. revealed that in MS, trophoblast inva-
sion is reduced by approximately 62%, and the activity of uro-
kinase-type plasminogen, a fibrinogen activation system en-
zyme, is lowered [18].

An increase in the E-cadherin levels and a decrease in
the Twist1 protein and vimentin levels in trophoblast cells
due to hyperglycemia and dyslipidemia disrupt the epitheli-
al-mesenchymal transition process. This transition facilitates
trophoblast invasion as well as regulates the differentiation of
syncytiotrophoblast and cytotrophoblast [19].

Collectively, the aforementioned findings indicate that
metabolic disorders in pregnant woman inhibit trophoblast
invasion and migration in the first trimester of pregnancy.
Furthermore, the aforementioned pathophysiological mecha-
nisms may account for pregnancy complications such as pre-
eclampsia, placental insufficiency, fetal growth retardation,
and antenatal fetal death.

TROPHOBLASTIC HYPOXIA IN MS

Several have demonstrated that MS is associated with pla-
cental hypoxia [20—22]. In a mouse model, insulin resistance
and dyslipidemia were associated with an increase in expres-
sion of hypoxia-inducible factor-1a. Furthermore, increased
expressions of tumor necrosis factor-a, interleukin-1p, and
vascular endothelial growth factor (VEGF) were observed,

DOl https://doi.org/10.17816/KMJ626829



OB30PHI

which resulted in placental hypoxic stress and impaired pla-
cental vascular development [20].

Hypoxia-inducible factor-1 regulates the transcription
process under hypoxic conditions [22]. Furthermore, ischemia
increases the expression of transforming growth factor-p,
which inhibits trophoblast cell differentiation [22]. Expression
of both hypoxia-inducible factor-1a and transforming growth
factor-p decreases as the oxygen concentration increases,
which creates an environment for adequate trophoblast dif-
ferentiation and ensures extensive cytotrophoblast invasion
into the spiral arteries [21, 22].

Nteeba et al. demonstrated that under hyperglycemic
conditions, the thickness of trophoblast membranes increa-
ses significantly due to massive collagen deposition. Such
a transformation leads to changes in the oxygen concentra-
tion gradient in the placenta, which induces local hypoxia at
the placental junction between the pregnant woman and fetus
[23]. Moreover, MS can disrupt trophoblast development by
reducing the response of stem cells to low oxygen levels [23].

ANGIOGENESIS IN THE PLACENTA IN MS

Angiogenesis in the placenta continues throughout pregnancy,
which allows for adequate fetomaternal blood flow [24-28].
Trophoblast cells secrete angiogenic factors during remo-
deling of the uterine spiral arteries. VEGF destroys vascular
smooth muscle and endothelial cells. Placental growth fac-
tor, which is expressed in trophoblast villi, promotes angio-
genesis under hypoxic conditions [24].

Angiopoietins (types 1 and 2) and their receptor Tie-2 are
important in the destruction of blood vessels [25]. Fibroblast
growth factor and platelet-derived growth factor are involved
in vasculogenesis and angiogenesis [26]. Fms-like tyrosine
kinase-1 is a soluble form of VEGFR-1 with high affinity for
VEGF, but without a signal transduction function [27]. Solu-
ble endoglin inhibits transforming growth factor- and blocks
the activation of endothelial nitric oxide synthase, thereby dis-
rupting angiogenesis [28]. Several studies have demonstra-
ted a decrease in the secretion of VEGF, placental growth fac-
tor, and urokinase-type plasminogen and a simultaneous
increase in the concentration of antiangiogenic factors, such
as soluble fms-like tyrosine kinase-1 and soluble endoglin in
trophoblast cells in MS [18, 29, 30].

In the placenta of patients with MS, increased levels of
VEGF, angiopoietins, endoglin and endothelin can lead to an
imbalance between angiogenic and antiangiogenic factors
[31]. Furthermore, Tirpe et al. demonstrated that mild gly-
cemia in women with gestational diabetes mellitus and lipi-
demia in obese patients did not change VEGF expression by
themselves, which contrasts with the findings in MS [32].
Algudah et al. demonstrated that the level of FK506-binding
protein, which acts as an antiangiogenic protein and inflam-
matory regulator, decreased in the placenta of mice with obe-
sity and long-term hyperglycemia [33]. However, there are
controversial data demonstrating that hyperglycemia and
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obesity promote angiogenesis via phosphatidylinositol-3-ki-
nase (PI3K) signaling in the placenta [34, 35]. Membrane-type
MMP-1 (MT1-MMP) reportedly plays a key role in angiogene-
sis and vasodilation [34, 35].

Hiden et al. demonstrated that in fetoplacental endotheli-
al cells in women with hyperglycemia and a body mass index
> 24.9 kg/mZ, the expression of total and active MT1-MMP in-
creases by 54% relative to women with normoglycemia and
a body mass index < 24.9 kg/m? [35]. Furthermore, antibodies
blocking MT1-MMP reduce angiogenesis in vitro by 29%, and
high levels of insulin and insulin-like growth factor-2 stimu-
late MT1-MMP expression by transmitting PI3K signals via in-
sulin receptors [34].

Despite the controversial information regarding angiogen-
esis in the placenta in patients with MS and the factors that
determine it, the balance between angiogenic and antiangio-
genic factors is disturbed. This may account for the patho-
genesis of preeclampsia, fetal growth restriction, and placen-
tal insufficiency.

IMMUNE RESPONSE IN THE PLACENTA
IN MS

During pregnancy, the uterus is colonized by numerous im-
mune cells, the most common of which are decidual natural
killers (dNK) and macrophages [34-36].

The peak concentration of dNK coincides with the onset of
spiral artery remodeling. As pregnancy progresses, the dNK
concentration gradually decreases [36, 37]. Because dNKs
produce tumor necrosis factor-a, placental growth factor,
VEGF, and MMPs, the main biological function of dNK is as-
sociated with spiral artery remodeling [38]. In a mouse model
with MS, dNK deficiency resulted in decreased vessel density
and impaired spiral artery remodeling [39].

In MS, the placenta is infiltrated by peripheral blood NK
cells [40]. McElwain et al. and Monaco-Brown et al. demon-
strated that the number of cytotoxic CD16* and CD56~ NK cells
increases both in the maternal blood and placental extravilli in
patients with MS [41, 42]. Furthermore, the CD16* and CD56~
levels were directly proportional to the duration of MS [41, 42].

Macrophages secrete interleukin-33, granulocyte colony-
stimulating factor, chemokine CXCL1, transforming growth
factor-B, and tumor necrosis factor-a, which are involved in
the regulation of invasion and migration of trophoblast cells
[40]. Leptinemia and hyperglycemia stimulate the in vitro re-
lease of interleukin-8, interferon-y, tumor necrosis factor-g,
chemokine CXCL1, and granulocyte colony-stimulating fac-
tor in concentrations higher than that observed in normal
pregnancy. These create a proinflammatory environment at
the placental junction between the pregnant woman and fe-
tus [34, 36, 371.

Cytokines secreted by macrophages into the villous stro-
ma do not enter the systemic circulation and accumulate in
the placenta [39, 40]. This may contribute to the initiation of an
intraplacental inflammatory cascade with the accumulation of
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multiple proinflammatory mediators, which can cause chro-
nic villitis [39, 40].

Collectively, the aforementioned findings indicate that pre-
pregnancy chronic inflammation in female patients triggers
a cascade of events that create an inflammatory environment
in the uterus. The inflammatory environment during fetal de-
velopment may negatively impact the health of the offspring
in the long-term, including the risk of development of neu-
ropsychiatric disorders (e.g., autism and attention deficit hy-
peractivity disorder) and metabolic diseases (e.g., obesity and
type 2 diabetes mellitus) [43].

IMPACT OF MS ON THE PLACENTA
IN LATE PREGNANCY

Maternal MS leads to an increase in the mass and transport
surface of the placenta, which can contribute to fetal mac-
rosomia [44, 45]. In a meta-analysis, Kubler et al. identified
a linear correlation between the placental volume in the first
trimester of pregnancy and the body weight of the new-
born [44]. However, there is also a controversial opinion that
the placental mass is inversely proportional to its effective-
ness due to changes in the vascular network structure [46].

Sureshchandra et al. and Daskalakis et al. demonstrated
a delay in the maturation of the villous chorion in the placen-
ta of women with obesity, which manifested as a reduction
in the number of villi [47, 48]. Furthermore, the villi were im-
mature, which resulted in a significant decrease in the effec-
tiveness of the placenta [48]. Such changes can lead to fetal
growth retardation and the birth of children who are small for
gestational age.

ENDOCRINE FUNCTION
OF THE PLACENTA

The placenta performs several endocrine functions throughout
pregnancy, including the synthesis of hormones in the syncy-
tiotrophoblast cell layer such as human chorionic gonadotro-
pin, placental lactogen (PL), and placental growth hormone
[49]. Maternal MS reportedly leads to a decrease in the levels
of PL RNA and placental growth hormaone [50, 51]. This dis-
ruption in the regulation of PL synthesis can affect the fetus’
metabolic status in adulthood [51].

To study the complications caused by PL deficiency, Flee-
nor et al. created a mouse model that lacked PL receptors.
The parameters of the mouse model were compared with
those of healthy mice. They determined that the offspring
of PL receptor-lacking mice exhibited a lower body weight
and higher blood glucose concentration than healthy mice on
the seventh day of life. During the first weeks of life, the re-
ceptor-lacking mice also experienced growth retardation and
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developed hypoglycemia. Over the next months of follow-
up, the receptor-lacking mice developed obesity, hyperlep-
tinemia, fasting hyperglycemia, and insulin resistance [52].
These results indicate that PL may be involved in the regula-
tion of fetal growth and development of its metabolic status.

NUTRIENT TRANSPORT
IN THE PLACENTA

Placental transport proteins localized in the syncytiotropho-
blast are responsible for the selective transport of fatty acids,
glucose, oxygen, amino acids, and vitamins [53, 54]. MS is as-
sociated with a decrease in expression of transport proteins,
which may affect nutrient supply to the fetus.

The placenta regulates the delivery of fatty acids to the de-
veloping fetus via lipid transportation and metabolism [54, 55].
The maternal surface of the syncytiotrophoblast contains en-
dothelial lipase, which hydrolyzes triglycerides to release fatty
acids [54-56]. Maternal dyslipidemia and hyperglycemia con-
tribute to decreased fatty acid oxidation in the placental mito-
chondria [56-58]. Furthermore, both obesity and gestational
diabetes mellitus are independently associated with a de-
crease in the expression of endothelial lipase messenger RNA
and its membrane transport proteins FATP1 and FATP4 [59].

The human placenta comprises three isoforms of the glu-
cose transporter, namely GLUT1, GLUT3, and GLUT4 [58, 59].
GLUT1 expression in the basement membrane increases in
obese women who give birth to macrosomic infants, and it
positively correlates with the birth weight of the infants [57-
591. Similar results have been observed in female patients
with gestational diabetes mellitus, in whom GLUT1 expres-
sion in the placental basement membrane increases by ap-
proximately two times the expression level in normoglyce-
mic women [60].

Controversially, Nogues et al. demonstrated that the RNA
expression of GLUT1 messenger significantly reduces only on
the embryonic side of the placenta in women with MS. Fur-
thermore, they proposed that the placenta can adapt the ex-
pression of its carrier genes to balance the excess nutrient
need of the fetus [61].

CONCLUSION

MS affects the formation and functioning of the placen-
ta at the molecular, genetic, and cellular levels. It disrupts
the intracellular processes in the trophoblast, its invasion,
and the oxygen—transport function of the placenta. These
changes are associated with complications such as placental
insufficiency, preeclampsia, fetal growth retardation, macro-
somia, antenatal fetal death, and development of metabolic
disorders in children in the long-term.
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