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Objective. Establish the relationship between the action of antiangiogenic factors sFLT-1 and endoglin, as well as mari-
nobufagenin in the formation of symptoms of preeclampsia in the clinic and experiment. Materials and methods. In the
first experimental phase, preeclampsia-like state was simulated in pregnant rats, the changes in the content of substances
reflected in the target tissues were studied, as well as the effect on their concentrations of anti-marinobufagenin antibo-
dies. In the second (clinical) phase, changes in the content of sFlt-1 and endoglin-1 in placental tissues, as well as mari-
nobufagenin in blood plasma and activity of Na‘*/K'-ATPase of erythrocytes in pregnant women with preeclampsia were
studied. Results. In rats, an increase in systolic blood pressure, and marinobufagenin plasma levels was observed during
the formation of a preeclampsia-like condition. Administration of antibodies to marinobufagenin caused a decrease in blood
pressure. Found that during the formation of a preeclampsia-like condition, there is an increase in the content of sFlt-1
in the placenta and thoracic aorta and endoglin in the placenta. In patients with preeclampsia, it was found that the in-
crease in blood pressure occurs against the background of an increase in the content of marinobufagenin in blood plasma,
as well as a decrease in the activity of Na*/K'-ATPase of erythrocytes. The formation of preeclampsia is accompanied by
a significant increase in the level of antiangiogenic factors endoglin and sFlt-1 in the placenta. Summary. In patients with
preeclampsia, the development of clinical symptoms is accompanied by an increase in the placental tissues of the content
of antiangiogenic factors endoglin and sFlt-1 and the content of marinobufagenin in blood plasma. The obtained data
are confirmed by the results of an experiment performed on pregnant rats with modeling of preeclampsia-like condition.
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3HAYEHUE AHTUAHTUOTEHHbIX BELWECTB 3HOOIMMUHA U sFLT-1, A TAKXE
SHAOONEHHOro AUrMTANNC-NOAOBHOI0 ®AKTOPA MAPUHOBY®ATEHUHA
B MATOTEHE3E NMPE3KNAMMNCUU
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Lenb — ycTaHOBWTb B3aMMOCBS3b LENCTBUS aHTMAHIMOreHHbIx daktopoB sFLT-1 1 3HgornuHa, a Takxe MapuHobydareHuHa
B (DOPMMPOBAHMM CMMMTOMOB NPE3KNAMNCUM B KIMHMKE M 3KCnepumeHTe. Matepuanbl m Metoabl. Ha nepBoi sKcnepuMeH-
TanbHON (ase y GepeMeHHbIX KpbiC NMpU MOLENMPOBAHUM MPE3KNaMMCUA-NOLOOHOr0 COCTOSHUS WUCCNeAO0BaAN U3MEHeHUe
COAEPXaHMA B TKaHAX OTPAXKEHHbIX B LEM BELWECTB, a TaKXe BMSHME HAa MX KOHLEHTPaLMM aHTMMapMHOOydhareHMHOBbIX
aHTuTen. Ha BTOpoi (KNMHMYeCKoM) dase Npou3BeAEeHO M3ydyeHue M3MeHeHus copepxanus sFlt-1 u sHaornuHa-1 B TKaHAX
NNaLeHTbl, @ TakXke MapuHobydareHMHa B naa3sMe KpoBM W akTMBHOCTb Na'/K'-ATMa3bl 3pUTPOLUTOB y HepeMeHHbIX XKEHLUMH
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C npesknamncueii. Pesynbtatbl. Y Kpbic npu GOPMUPOBAHUM NpPEe3KNaMNCcUa-nogobHOro COCTOSIHUS OTMEYEHO YBeNnuyeHue
CUCTONMYECKOro apTepuanbHOro OaBfieHUs, a TakXKe COAEepXaHus B Mna3Me KpoBM MapuHobydareHuHa. BeepeHwe aHtuten
K MapuHobydareHnHy BbI3bIBaNO CHUXXEHWE apTEPUANbHOMO AaBAeHMS. YCTAHOBNEHO, YTO NPy GOPMUPOBAHMM MpPe3KIaMNCUs-
nofo6HOro COCTOSIHMS NPOUCXOAMT NOBbIWEHWE cofep)aHus sFlt-1 M 3HAOorMMHA B nnaueHTe M rpyaHon aopte. Y naumMeHToK
C NPOSIBNEHUSIMU MPEIKNAMMCUM YCTAHOBNIEHO, YTO MOBbILIEHWE YPOBHSI apTepuanbHOrO AABNEHWs NpoTekaeT Ha doHe mno-
BbILUEHWUS COAEPXKaHMS B Nia3Me KpPOBM MapuHobydareHuHa, a Takxke CHuKeHus akTuBHOCTM Na'/K'-ATMasbl 3puTpoLMTOB.
(MopmMupoBaHMe NpesKIaMNCUU CONPOBOXAAETCS AOCTOBEPHBIM MOBbILEHWEM YPOBHSI aHTUAHTMOrEHHbIX AaKTOPOB 3HAOINUHA
n sFlt-1 B nnaueHTe. BoiBoapl. [pu npeaknamncum y GepemMeHHbIX pa3BUTUE KAMHWUYECKOW CUMMTOMATMKKM COMPOBOXAAETCS
yBe/NMYEHNEM B TKaHAX MIALEHTbI COAEPXaHUS aHTUMAHTMOreHHbIX GakTopoB 3HAOMMHA U SFlt-1 n conepxaHus B nnasme Kpo-
BM MapuHobydareHnHa. MNonyyeHHble AaHHble NOATBEPXKAAKTCS pe3ynbTaTaMu IKCNEPUMEHTA, BbIMONHEHHOTO Ha HepeMeHHbIX
KpbiCax C MOAENMPOBaHUEM MPe3KNaMncma-nogobHOro CoCTOSHUS.

KntoueBble cnoBa: 6EPEMEHHOCTb; npesKamMncums; MapMHOqu}aFEHMH; dHTUAHTUOTEHHbIE CbaKTOpr; SHAOOMUH; Uwemua.

INTRODUCTION

One of the most important factors contributing
to the formation of preeclampsia is insufficient tro-
phoblast invasion into maternal vessels, which leads
to a lack of complete remodeling of the latter and
creates the conditions for the development of isch-
emic placental insufficiency [3]. These processes
are associated with a significant dysregulation of
the ratio between pro- and anti-angiogenic fac-
tors [13, 14]. The activity of angiogenic substances
is largely determined by anti-angiogenic factors
such as vascular endothelial growth factor recep-
tor 1 (sVEGF-RI), also known as sFLT-1 [2, 4, 6-8].
The membrane protein endoglin, one of the most
important anti-angiogenic factors, influences the for-
mation of capillaries, regulates the permeability of
the vascular wall, and participates in maintaining
vascular tone [3]. Over-expression of anti-angiogen-
ic factors occurs in the formation of preeclampsia,
leading to the launch of an ischemic cascade. Also,
the development of preeclampsia is associated with
endogenous digitalis-like factors, such as marinobu-
fagenin (MBG), that block Na*/K*-ATPase (adenos-
ine triphosphatase) and contribute to the formation
of pathological vasospasm [1].

This study aimed to determine the relationships
between the anti-angiogenic factors sFLT-1 and en-
doglin, as well as MBG, in the formation of symp-
toms of preeclampsia in the clinic and experimen-
tally.

MATERIALS AND METHODS

The study consisted of two phases. In phase 1
(experimental), 36 pregnant Sprague—Dawley rats
weighing 225 to 250 g were randomly divided into
3 groups. Group 1 (control) consisted of 12 animals
that received a normal diet. In the remaining 24 rats,
daily administration of a 1.8% NaCl solution from
day 12 to day 19 of pregnancy simulated the for-
mation of a preeclampsia-like state. Then, 50 pg/kg
normal rabbit serum was intraperitoneally injected in

12 animals that made up group 2. In the other 12 rats
(group 3), 50 pg/kg polyclonal anti-MBH antibodies
were administered intraperitoneally. In all groups,
systolic blood pressure was determined using a tail
cuff, the level of proteinuria was measured, and the
level of MBG in the blood plasma was evaluated.
After euthanasia by exsanguination under 100 mg/kg
ketamine [5], the level of endoglin in the placenta,
as well as sFlt-1 in the placenta and annuli of the
thoracic aorta, were evaluated.

In phase 2 (clinical), we studied changes in
the placental levels of sFIt-1 and endoglin and
serum levels of MBG in pregnant women with
preeclampsia. We enrolled 16 patients with pre-
eclampsia (group 1) aged 29 + 2 years with a ges-
tational age of 36 +1 weeks. The control group
(group 2) included 14 women with physiological
pregnancy aged 26 £ 1 years with a gestational age
of 37 £ 1 weeks. Prior to biological sample collec-
tion in both groups, systolic and diastolic blood
pressures were determined, and the level of protein
excretion in the urine was measured. Then, in ali-
quots of blood plasma, MBG levels and erythro-
cyte Na'/K'-ATPase activity were determined. Af-
ter delivery, the prepared placental homogenates
obtained from women of both groups were frozen
and their levels of angiogenic factors (endoglin and
sFlt-1) were later determined by Western blotting.
The placental tissue samples in both phase 1 and
phase 2, as well as the annuli of the thoracic aorta,
were prepared according to a previously developed
technique [11]. In order to estimate the amount
of MBG in blood plasma, monoclonal anti-MBG
antibodies 4G4 were used. Western blotting using
commercial sets of specific antibodies was used
to determine the amount of endoglin and sFIt-1.
Statistical data processing was performed by non-
parametric analysis methods using the application
software packages GraphPad Instat and GraphPad
Prism (GraphPad Software Inc., USA) and Micro-
soft Office 2007.
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RESULTS

In animals, the administration of a 1.8% NaCl
solution (groups 2 and 3) for one week resulted in
significantly higher systolic blood pressure. In the
control group (group 1) receiving a normal diet,
the systolic blood pressure was 107 =2 mm Hg.
In group 2, during the formation of an experi-
mental preeclampsia-like condition, systolic blood
pressure increased to 117 +£2 mm Hg (p <0.05).
Administration of antibodies to MBG (group 3)
resulted in a significantly decreased systolic blood
pressure of 93 =3 mm Hg, which was significantly
different from both group 1 (p < 0.05) and group 2
(p <0.01).

The level of proteinuria was lowest in the con-
trol group (group 1) with normal pregnancy and
a standard diet (15 = 2 mg/day). In group 2 with
a high-salt diet, proteinuria significantly increased
to 24 £ 1.5 mg/day (p <0.05). The use of anti-
bodies to MBG (group 3) did not affect the daily

excretion of protein in the urine (27 £ 2 mg/day;
p <0.05).

In group 1, the MBG level was 0.49 = 0.11 nmol/L,
whereas in group 2 with an experimental pre-
eclampsia-like state, it increased significantly to
1.54 + 0.34 nmol/L (p < 0.05). Our previous studies
indicate that administration of specific antibodies to
MBG can reduce this indicator [10]. General data of
the indicators under study are presented in Figure 1.

Significant increases in the anti-angiogenic fac-
tors endoglin and sFlt-1 were found in placental
tissue during the formation of a preeclampsia-like
state. In particular, in group 1 (control), the con-
centration of endoglin was 1.0 £0.15 c. u., but in
group 2 it increased to 6.1 0.4 c. u. (p <0.01)
and in group 3 it increased to 6.4+0.3 c.u.
(p <0.01). In group 1, sFlt-1 was 1.0+ 0.15 c. u.
With the induction of a preeclampsia-like state,
sFlt-1 increased to 2.8 £ 0.3 c.u. (p <0.05), while
the administration of antibodies to MBG also did
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Fig. 1. The level of systolic blood pressure (a), daily proteinuria (b) and MBG in blood plasma (c) in the experimental groups.
C - group of rats with a normal diet (first, control); PLSAb(-) - group of rats with preeclampsia-like condition (second),
which were not injected with antibodies to MBG; PLCAb(+) - group of rats with preeclampsia-like condition, which were
injected with antibodies to MBG (third)
Puc. 1. YpoBeHb cMCTONMYECKOrO apTepuanbHOro AaBneHus (a), cyTouHoi npotenHypuu (b) u MBI B nna3sme KpoBu (c) B 3Kc-

nepuMeHTanbHbIX rpynnax. K — rpynna kpbic ¢ 06b14HOI AneToit (nepsas, koHTponb); NMMCAb(-) — rpynna kpbic ¢ npe-
3KNaMNcUA-noAo06HBIM COCTOSSHUEM (BTOpas), KOTOpbIM He BBoAuAM aHTuTena K MBI; MMCAb(+) — rpynna Kpbic ¢ npe-
3KNaMNCcUA-NoA06HbIM COCTOSIHUEM, KOTOPbIM BBOAMAM aHTUTena K MBI (Tpetbs)
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not affect this indicator (group 3, 2.7 +£0.3 c. u.).
Similar data were obtained in the study of thoracic
aortic annuli samples; sFlt-1 was 1.0+ 0.15 c. u. in
group 1, 3.5+0.3 c. u. in group 2 (p <0.05), and
3.6+ 0.4 c. u. in group 3 (p <0.05). General data
are presented in Figure 2.

During phase 2 of the study, an increase in blood
pressure was measured in all patients with preeclamp-
sia: systolic blood pressure was 112 +£2 mm Hg in
the control group and 150 =4 mm Hg in preeclamp-
tic patients (p < 0.001). Diastolic blood pressure was
also affected; it was 72 +£2 mm Hg in the control
group and 99 + 2 mm Hg in patients with preeclamp-
sia (p <0.001).

Patients with preeclampsia had a clinically
significant level of proteinuria (average per day,
2.12+0.46 g/l). In the control group, protein was
not detected in the urine of some patients or its

amount did not reach clinically significant levels
(average per day, 0.08 £ 0.04 g/l; p <0.01).

An increase in blood pressure and urinary pro-
tein excretion in patients with preeclampsia were
determined alongside an increase in the blood
plasma concentration of MBG. Its level in women
with physiological pregnancy was 0.9 + 0.06 nmol/L
compared to 1.7 + 0.07 nmol/L in women with pre-
eclampsia (p <0.001).

An increase in the MBG level was accompanied
by a decrease in the activity of erythrocyte Na'/
K*-ATPase: 3.11 = 0.1 pmol Fn/ml per hour in the
control group compared to 1.44 + 0.08 pmol Fn/ml
per hour in the preeclamptic patients (46.3% of the
amount in the control group; p <0.001). Moreover,
processing of preeclamptic patients’ blood plasma
samples with antibodies to MBG 3E9 mAbs led to
a significant increase in the Na'/K*-ATPase activity
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Fig. 2. The level of biological factors in the placenta and thoracic aorta: a - the content of endoglin in the placenta; b - the
content of sFlt-1 in the placenta; ¢ - the content of sFlt-1 in the thoracic aorta. C - group of rats with a normal diet
(control); PLCAb(-) - group of rats with a preeclampsia-like condition that was not injected with antibodies to MBG;
PLCAb(+) - group of rats with a preeclampsia-like condition that was injected with antibodies to MBG

Puc. 2.

ypOBEHb 6uonoruueckux CbaKTOpOB B njaueHTe u rpyn.Hoﬁ aopTe: a — coaepXXaHue 3HAOINMHA B NNALEHTE; b - copep-

*aHue sFlt-1 B nnaueHTe; ¢ — copepxanue sFlt-1 B rpyaHoi aopte. K — rpynna Kpbic ¢ 06bI4HOM AUETON (KOHTPOb);
MMNCAb(-) — rpynna Kpbic C Npe3KnaMncua-noAo6HbIM COCTOSSHUEM, KOTOPbIM He BBoAunKu aHTutena Kk MBI; MMCAb(+) —
rpynna KpbiC C Npe3K1amMncUa-noso6HbIM COCTOSHMEM, KOTOPbIM BBOAMAM aHTUTena K MBI
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Changes in the level of clinical and laboratory parameters studied in the examined groups of patients, M£*S
M3MeHeHne ypoBHS UCCNEA0BaHHbIX KMHMKO-NabopaTopHbIX NoKasaTenel B 06C1eA0BaHHbIX rpynnax naumMeHTok, M= S

Indicators /
Iloka3arenu

Physiological pregnancy (n = 14) /
Odusnonornyeckas 6epeMeHHOCTH (1 = 14)

Preeclampsia (n = 16) /
TIpesknamncust (n = 16)

Systolic blood pressure, mm Hg /
CHCTOIHYECKOE apTepHalibHOE JaBJie-
HUE, MM PT. CT.

112+2

150+ 4

Diastolic blood pressure, mm Hg /
Juactonuyeckoe apTepuasbHOe
JaBJICHUE MM PT. CT.

72+2

99 +2

The level of daily proteinuria, g/1/
VYpoBeHb CyTOYHOU MPOTEHHYPHUH, I/

0.08 +0.04

2.12+0.46

MBG level in blood plasma, nmol/l /
VYposens MBI B miiazme kposu,
HMOJIB/II

0.9 +£0.06

1.7 +£0.07

Activity of Na'/K'-ATPase of erythro-
cytes mmol Fn/ml per hour (% control
value) / AktuBHocTH Na'/K'-ATda3zst
SPUTPOLUTOB MKMOJIb DH/MII B yac
(% KOHTPOJIBHOW BEITNYUHBI)

311 +£0.1

Without 3E9 mAbs /
bes 3E9 mAbs

With 3E9 mAbs /
C 3E9 mAbs

1.44 £0.08 (46.3) | 2.31+0.19 (74.3)

Note. MBG — marinobufagenin. [Ilpumeuanue. MBI' — mapuHOOydareHuH.

level to 2.31 £ 0.19 pmol Fn/ml per hour (74.3% of
the control indicator). This value significantly dif-
fered from the value obtained from plasma samples
in the absence of antibodies to MBG (p < 0.01).
Correlation analysis performed using the non-
parametric Spearman coefficient revealed a signifi-
cant relationship between increased blood plasma
MBG levels and elevated systolic blood pressure
(r,=0.84, p <0.05). A similar correlation was estab-
lished when comparing changes in diastolic blood
pressure and MBG levels (r,=0.84, p <0.05).

Increases in both systolic and diastolic blood pres-
sures correlated with a change in the activity of
erythrocyte Na'/K'-ATPase (r,=-0.60, p <0.05).
There was also a significant inverse correlation be-
tween increased blood plasma MBG and decreased
activity of the Na"/K*-ATPase of erythrocytes
(r,=-0.72, p <0.05). General information of the in-
dicators evaluated in the clinical study is presented
in the Table.

The determination of the levels of two anti-angio-
genic factors in the placenta, endoglin, and sFLT-1,
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Fig. 3. The level of endothelin-1 (a) and sFLT-1 (b) in the placenta of the examined groups of patients. C - control group, physio-
logical pregnancy; PE - main group, preeclampsia. ** Significant differences between group K and PE, p < 0.001

Puc. 3. YpoBeHb coaepanus s3HaornuHa-1 (a) u sFLT-1 (b) B nnaueHTe 06cnenoBaHHbIX rpynn naumeHTok. K — rpynna koHTpons,
dusmonornueckas 6epemeHHocTb; M3 — ocHOBHasA rpynna, npesknamncus. ** [loctoBepHble pasnuuusa mMexay rpynnoit K

u N3, p<0,001

enabled the finding of significant increases in the
content of both substances in the studied samples
during the formation of preeclampsia. In particular,
the concentration of endoglin was 1.0 £0.07 c. u.
in physiological pregnancy, and was signifi-
cantly higher at 2.1 £0.15 c. u. in preeclampsia
(p <0.001).

The same changes were revealed when studying
the content of sFLT-1: 1.0 £ 0.11 c. u. in physiologi-
cal pregnancy compared to 2.3 +0.15 c. u. in pre-
eclampsia (p <0.001). Information on the changes
in anti-angiogenic factors is presented in Figure 3.

DISCUSSION

The experimental formation of a preeclampsia-
like state was accompanied by an increase in the
levels of anti-angiogenic factors endoglin and sFLT-1
in the placenta and thoracic aorta. These changes oc-
curred alongside a significant increase in the blood
plasma concentration of MBG and were accompa-
nied by the development of classical clinical mani-
festations of preeclampsia, such as increased blood
pressure and significant proteinuria. These findings
were also confirmed by clinical trials. In particular,
patients with preeclampsia had significant increases
in endoglin and sFLT-1 levels in the placenta. Blood
plasma MBG levels also increased significantly and
were associated with an increase in blood pressure.
An increase in anti-angiogenic factors promotes the
development of ischemic placental insufficiency due
to dysregulated trophoblast invasion, resulting in in-
complete remodeling of maternal vessels. This is
exacerbated by a significant increase in blood plas-
ma MBG, which leads to decreased activity of Na'/
K*-ATPase. This mechanism was confirmed in the
clinical study. As a result, the intracellular sodium
content is increased and, as a consequence, Na™-Ca™

exchange is activated, with subsequent vasoconstric-
tion and tissue ischemia [9, 12]. According to our
data, the emerging disorders are of a complex nature
and involve the participation of several biochemical
cascades.

CONCLUSION

During the development of preeclampsia, increas-
es in the blood plasma MBG and placental anti-
angiogenic factors endoglin and sFLT1 occur, which
underlines the complex nature of its pathogenesis.
The results obtained clinically were confirmed by
an experimental study modeling a preeclampsia-like
state in rats.

The work was supported by grant No. 18-15-
00222 Conducting basic scientific research and ex-
ploratory research by individual research groups.

The authors express gratitude to A.Ya. Bagrov
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