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ABSTRACT

Aim. To identify the effect of preterm birth on proliferation and hyperplasia of cardiomyocytes in the early postnatal

period of ontogenesis in rats.

Materials and methods. Preterm birth (on day 21 and 21.5 of gestation) in Wistar rats was induced by subcutaneous
administration of mifepristone. Immunohistochemistry was used to identify and calculate the number of Ki67-
positive and Mklp2-positive cardiomyocytes in the left ventricle of preterm and full-term rats on days 1, 2, 3, 4, 5,
and 6 of postnatal ontogenesis. Statistical analysis of morphometric parameters was performed using the Shapiro —

Wilk test and Mann — Whitney test with the Bonferroni correction.

Results. We revealed an increase in the number of Ki67-positive cardiomyocytes in the left ventricle of the rats:
on day 1 of postnatal ontogenesis (in the rats born on day 21 of gestation) and on days 35 of postnatal ontogenesis
(in the rats born on day 21.5 of gestation). Preterm birth in rats did not result in a change in the number of Mklp2-

positive cardiomyocytes in the left ventricular wall.

Conclusion. A change in the pattern of Ki67 expression by cardiomyocytes in the rats born 12 or 24 hours before
full term was demonstrated in the early postnatal period of ontogenesis. An isolated increase in Ki67 expression
without a change in Mklp2 expression by cardiomyocytes in the left ventricular wall of preterm rats indicates
acceleration of cardiomyocyte hypertrophy. Shorter duration of prenatal development is associated with more

pronounced morphological and functional rearrangements in the rat myocardium.
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PE3IOME

Henb. YcTaHOBUTH BIMSHUE TNPEXKIEBPEMEHHOTO POXKACHHSA Ha IpoLEcChl Mpoiudepanuyd U TUMEpIUIa3hu
KapJMOMHOIIUTOB B PaHHEM IIOCTHATAJIBHOM NIEPHO/IE OHTOT€HE3a Y KPBIC.

Marepuaibsl u MeToasbl. [IpexneBpemennsie possl (Ha 21-e u 21,5-e cyT GepeMeHHOCTH) KpbIC JuHUN Bucrap
MHYLMPOBAJIN IOJKOXKHEIM BBeJCHHEM MuQenprucroHa. IMMYHOIHCTOXMMHYECKH B JIEBOM JKEIIyJJOUKE IPEXK-
JICBPEMEHHO POKIECHHBIX U JIOHOLICHHBIX KpbIC Ha 1, 2, 3, 4, 5 1 6-¢ CYT OCTHATAJILHOTIO II€PUOJa OHTOIeHe3a
BBISIBJISUIN U TTOJICUMTHIBAIIHM KostnuecTBO Ki67-mo3utuBHBIX 1 MKIp2-1103UTHBHBIX KapAHoMHOIMTOB. C IIOMOLIBIO
kputepus [lanupo — Yuika u kpurepus ManHa — YutHH ¢ nonpaBkoit boHpeppoHH npoBein cTaTHCTHYeCKUH
aHaJIN3 MOP(QOMETPHYECKHX TTOKa3aTeeit.

Pe3yasTatsl. [IponemoncTpupoBano yBennueHue konmdectsa Ki67-I03UTHBHBIX KapAHOMHOLIUTOB B JIEBOM JKe-
JIyZIoUKe cepyla KpbIc: Ha 1-e CyT IIOCTHATAIBHOTO NepHo/ia OHTOreHe3a (y pOKICHHBIX Ha 21-e cyT GepeMeHHo-
CTH) U Ha 3—5-¢ CyT NOCTHATAJIBLHOIO IIEpHO/Ia OHTOTreHe3a (y pOXKJICHHBIX Ha 21,5-e cyT GepemenHoctH). [Ipex-
JIEBPEMEHHOE PO’KACHHE HE MIPUBOAUT K H3MEHEHMIO KosmdecTBa MKIp2-11o3nTHBHBIX KapJHOMUOIIUTOB B CTEHKE
JICBOT'O JKEIIyJO4Ka KPBIC.

3akiioyeHue. B paHHEM IOCTHATAIBHOM MEPUO/IE OHTOTeHE3a MPOICMOHCTPHPOBAHO H3MEHEHHE MaTTepPHa IKC-
npeccun Ki67 xapAnOMHOLUTaMHU KPbIC, POXKICHHBIX Ha 12 mmn 24 4 paHee cpoka. M30impoBaHHOE yBEIHMYCHUE
skcrpeccuu Ki67 6e3 msmenenus sxkcnpeccuu Mklp2 xkapArnOMHOLIIMTaMHU B CTEHKE JIEBOTO YKy JOUKA TPEKAEB-
PEMEHHO POJK/ICHHBIX KPBIC CBUJIETEIBLCTBYET 00 aKcesepaluy THIepTpoun KapAHOMHOIUTOB. MeHbIas po-
JIOJDKUTETBHOCTh BHYTPHYTPOOHOTO NEPHOa PA3BUTHS aCCOLIMUPOBAHa ¢ OoJiee BRIPaXKEHHBIMU MOPHODYHKIINO-
HaJIHBIMH TIEPECTPOHKAMU MHOKAp/ia KPBIC.

KnrodeBble c10Ba: mpexaeBpeMEHHOE POXKICHUE, KapTHOMHOINT, MPordepanus, THIePIUIa3us, THIEPTPODHS,
HKCTICPUMEHT

KOHq).]'Il/lKT HUHTEPECOB. ABTOpBI JACKIAPpUPYIOT OTCYTCTBUE SAIBHBIX U INOTCHUUAJIBHBIX KOHq)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J'[PIKaIlPIeI>i HaCTOSIU.[efI CTaTbu.

Hcrounuxu ¢punancupoBanus. VcciaenoBanue BEIOIHEHO B paMKax [IporpaMMBI CTpaTerHIeckoro akajeMude-
ckoro nuaepctsa «IIpuopurer — 2030».

CooTBeTcTBME NMPUHUMIAM 3TUKM. VccnenoBanue o100peHO JOKAIBHBIM 3THYECKHUM KomuTeToM Cubl' MY
(mportokou Ne 8475/1 ot 30.11.2020).

Jns nutuposanus: eanosa B.B., Munsto 1.B., Cepedpsixosa O.H., Cyxonono 1.B. Briusiaue npexneBpeMeH-
HOTO POXJICHUS KPBIC HA TPONUQEPAINIO U TUTIEPILIA3UIO KAPIHOMHUOIUTOB. bloaiemens cubupckoi meouyumbl.
2022;21(4):72-78. https://doi.org/10.20538/1682-0363-2022-4-72-78.

INTRODUCTION

Preterm birth (birth before 37 completed weeks
of gestation) increases the risk of early development
of cardiovascular diseases [1, 2], such as coronary
heart disease [3], hypertension, and heart failure
[4]. Preterm birth is associated with structural and

functional immaturity of organs, which is the reason
for their adaptive morphogenesis in the postnatal
period. Thus, there are no differences in the heart
structure between full-term and preterm children in
the prenatal period; initial structural changes in the
heart in preterm children emerge in the postnatal
period [5]. It is known that the morphological and
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functional features of the heart in preterm children are
determined already at the third month of the postnatal
period of ontogenesis: an increase in the relative mass
of the right and left ventricles is observed, compared
with that in full-term infants [5]. Over time, the
structural features of the heart in preterm children are
preserved [6] and serve as a prerequisite for earlier
development of cardiovascular diseases in this group
of individuals [7].

It remains unclear how preterm birth leads to
the formation of structural and functional features
of the heart, though researchers pay close attention
to this problem [8]. At the same time, correction of
structural features in the heart of preterm children in
the early postnatal period of ontogenesis can prevent
the development or reduce the risk of cardiovascular
diseases in adulthood [9—11].

Determination and detailed characterization of
morphological and functional changes in the heart
of preterm children in the early postnatal period are
priority tasks, which solution is hampered by the
lack of histologic studies. Single studies devoted
to the histologic characteristics of the myocardium
in preterm children are difficult to interpret, since
the hearts of stillborn babies are used as controls
[12], while it is adaptation of the heart and blood
vessels to the conditions of ex utero functioning
that is of great interest. Therefore, it is relevant to
identify and study the dynamics and consequences
of postnatal morphological and functional features
of the heart in preterm animals in the experiment.
The aim of the study was to establish the effect of
preterm birth on proliferation and hyperplasia of
cardiomyocytes in the early postnatal period of
ontogenesis in rats.

MATERIALS AND METHODS

Wistar rats of both sexes were used in the
experiment. A full gestation period for Wistar rats
is 22 days. Rats born two days before full term are
not viable. Rats born one day before full term are
characterized by a sufficient degree of structural
and functional immaturity of organs and are used as
models for studying the effects of preterm birth [13,
14]. Based on clinical data, according to which the
severity of the morphological and functional changes
in the heart and blood vessels correlates with the degree
of prematurity [15, 16], as well as on the information
that even a moderate degree of prematurity leads to
impaired functioning of the cardiovascular system
in adulthood [17], we formed two groups of rats in

the study: rats born 12 and 24 hours before full term,
respectively (Table 1).

Table 1

Characteristics of the experimental groups

Time of
mifepristone
injection, days

Duration of prenatal
development in experi-
mental animals, days

Experimental group

of pregnancy
Control group, n =30 22.0 -
Group 1, n =30 21.5 20.5
Group 2, n =30 21.0 20.0

The offspring were obtained from the intact male
(aged 2 months, 180 £ 20 g) and female (aged 3
months, 180 + 20 g) Wistar rats, the latter were kept in
individual cages. In females, the phase of the estrous
cycle was determined daily. In the proestrus, a male
was placed with a female for a night. The following
morning, the male was removed from the cage, and
vaginal smear of the female rat was analyzed to verify
coitus. The day of detection of spermatozoa in the
vaginal smear was considered to be the first day of
pregnancy. Pregnant females were kept in individual
cages and fed with LbK 120 R-22 feed for pregnant
laboratory rodents (Delta Feeds, Russia). Preterm
labor was induced on days 21 and 21.5 of pregnancy
by subcutaneous administration of mifepristone (1 ml,
10 mg / kg of body weight, Sigma-Aldrich, USA) to
the rats [18].

The rats were euthanized on days 1, 2, 3, 4, 5, and
6 of postnatal ontogenesis by CO, inhalation. The
rat heart was fixed in the buffered (pH 7.4) formalin
solution (BioVitrum, Russia) for 24 h, then it was
washed in running water, dehydrated in the Isoprep
solution (BioVitrum, Russia), and embedded in the
HISTOMIX paraffin mixture (BioVitrum, Russia).
The sections obtained on the automatic microtome
(HM355S, Thermo Fisher Scientific, China) were
used for immunohistochemistry. Ki67 (a proliferation
marker) and Mklp2 (a cytokinesis marker) were
detected on the sections by the indirect peroxidase
method. Ki67 is non-specific for determining true
mitosis and is expressed during endomitosis as well
[19]. On the contrary, Mklp2 (mitotic kinesin-like
protein 2) is a marker of cytokinesis, the final stage
of true mitosis. Therefore, Mklp2 makes it possible
to identify cells undergoing the final stages of mitosis
[20].

To unmask antigens, the deparaffinized sections
were exposed to high temperatures in the citrate buffer
(0.01 M, pH 6.0). Ab16667 (Anti-Ki67 antibody [SP6],
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1:300) and bs-7750r (Anti-Mklp2 antibody, 1:500)
were used as primary antibodies. Primary antibodies
were visualized using the Mouse and Rabbit Specific
HRP/DAB IHC Detection Kit — Micro-polymer
(Abcam, UK). After the immunohistochemical
staining, the sections were counterstained with Gill’s
hematoxylin.

Immunohistochemical  slides were studied
using the Axioscope 40 light microscope (Zeiss,
Germany) and the Canon PowerShot G5 digital
camera (Canon, China). To determine the localization
of immunopositive cardiomyocytes, the thickness
of the left ventricular myocardium was arbitrarily
divided into three parts: subepicardial, middle, and
subendocardial. The number of Ki67-positive and
Mklp2-positive cardiomyocytes per | mm? of the left
ventricular wall section area was counted.

Control group

Group 1

Group 2

Statistical analysis was carried out using SPSS
16.0 (IBM, USA). The Shapiro —Wilk test and the
Mann — Whitney test with the Bonferroni correction
were used. The results of the morphometric study
were presented as the median and the interquartile
range Me (Q,; Q,). The differences were statistically
significant at p < 0.01.

RESULTS

In the left ventricular myocardium of rats,
Ki67 and MKklp-2 were detected in the cytoplasm
of different cells: endotheliocytes, fibroblasts, and
cardiomyocytes (Figure). In the observed periods,
Ki67-positive cardiomyocytes were diffuse in the
left ventricular myocardium in all experimental
groups, while Mklp2-positive cardiomyocytes had
predominantly subendocardial localization.

Figure. The left ventricular
myocardium in rats: of the control
group (full-term animals) (a, b),
of group 1 —rats born on day 21.5
of gestation (¢, d), of group 2 —
rats born on day 21 of gestation
(e, f), on day 1 of postnatal
ontogenesis. Asterisks indicate
Ki67-positive  cardiomyocytes
(a, ¢, e), and arrowheads indicate
MklIp2-positive  cardiomyocytes
(b, d, f). Counterstaining with
Gill’s hematoxylin.
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In the left ventricular myocardium of rats in
all studied groups, the number of Ki67-positive
cardiomyocytes exceeded the number of Mklp2-
positive cardiomyocytes (Table 2). Changes in
the number of Ki67-positive cardiomyocytes and
Mklp2-positive cardiomyocytes per 1 mm? of the left
ventricular section are shown in Table 2.

In all experimental groups, the number of Ki67-
positive cardiomyocytes in the left ventricular wall
of rats peaked on days 2-3 of postnatal ontogenesis,
after which it progressively decreased. In the rats
of group 1, a delayed increase in the number of
Ki67-positive cardiomyocytes in the left ventricular
wall was observed, compared with the control

group. An increase in the number of Ki67-positive
cardiomyocytes in the left ventricular wall of the rats
from group 1 was found on days 3—5 of postnatal
ontogenesis. On the contrary, in the rats of group
2, the number of Ki67-positive cardiomyocytes in
the left ventricular wall exceeded that in the rats of
group 1 and the control group on day 1 of postnatal
ontogenesis.

The number of Mklp2-positive cardiomyocytes in
the left ventricular wall of rats in all studied groups
progressively decreased during the experiment,
Preterm birth did not result in a change in the number of
MklIp2-positive cardiomyocytes in the left ventricular
wall of the rats.

Table 2
Changes in the number of immunopositive cardiomyocytes in the left ventricle of rats, number of cardiomyocytes in 1 mm?,
Me (95 Q)
Postnatal ontogenesis, day
Group 1 2 | 3 | 4 5 6
Number of Ki67-positive cardiomyocytes
43.8 (37.5; 50.0) | 87.5(68.8;98.4) | 68.8 (62.5;85.9) | 43.8(25.0;50.0) | 46.9 (37.5;50.0) | 34.4(20.3; 48.4)
Control group
- p,=0.000 - p,=0.001 - -
Group 1 28.1 (14.1;42.2) | 78.1 (68.8; 115.6) | 96.9 (71.9; 123.4) | 78.1 (57.8;93.8) | 62.5(51.6;75.0) | 50.0 (37.5; 67.2)
p =0.007 p,=0.000 p=0.008 »=0.000 p=0.001
71.9 (56.3; 81.3) | 84.4 (75.0; 100.0) | 65.6 (51.6;95.3) | 43.8 (37.5; 68.8) | 46.9 (31.3;62.3) | 43.8 (31.3;56.3)
Group 2 =0.000 B =0.000
51 =0.000 p,=0.000 B le 0.002 B B
Number of Mklp2-positive cardiomyocytes
25.0 (0; 50.0) 12.5 (0; 50.0) 12.5(0; 31.3) 0 (0; 25.0) 0(0; 0) 0(0; 0)
Control group .= 0.002 = 0.000 .= 0.000 .= 0.000 .= 0.000 .= 0.000
Group 1 25.0 (0; 50.0) 0(0;31.3) 0(0;31.3) 0(0; 25.0) 0(0; 0) 0(0; 0)
p,=.009 p,=0.000 p,=0.000 p,=0.000 p,=0.000 p,=0.000
Group 2 12.5(0; 31.3) 0(0;31.3) 0 (0; 25.0) 0(0; 0) 0(0; 0) 0(0; 0)
p,=0.000 p,=0.000 p,=0.000 p,=0.000 p,=0.000 p,=0.000

Note: the level of statistical significance of differences in comparison with the control group (p), in comparison with group 1 (p,), in comparison
with the corresponding parameter for the previous period (p,). The level of statistical significance of differences in the number of Ki67-positive and
Mklp2-positive cardiomyocytes per I mm? of the left ventricular wall section in rats of similar groups at corresponding times (p,).

DISCUSSION

The study used a generally accepted model of
preterm labor induction in rats [21-23]. Before
delivery, a decrease in the concentration of
progesterone is observed in the rat blood plasma. It is
known that morphological and functional changes in
the uterus and placenta of rats caused by injection of
mifepristone, a competitive progesterone antagonist,
are identical to those developing before delivery in
full-term pregnancy [21-23]. Mifepristone does not
inhibit lactation [24], has no toxic effect, and does not
cause stillbirth and infant death [18, 25, 26].

During the last day of prenatal ontogenesis, the mass
of the rat heart increases from 15.8 to 25.9 mg [27];

the volume of the left ventricle increases from 4.14 to
6.72 mm?® [28]. An increase in the size of the rat heart
in prenatal and early postnatal ontogenesis is due to
proliferation of cardiomyocytes. It was demonstrated
that on days 1-2 of postnatal ontogenesis, an increase
in the pool of cardiomyocytes (hyperplasia of
cardiomyocytes) continues, which is consistent with
thedataofF.Lietal. [29]. It was shown that hyperplastic
myocardial growth in postnatal ontogenesis mainly
affects the subendocardial part of the myocardium. On
days 3—4 of postnatal ontogenesis, rat cardiomyocytes
lose the ability to complete cytokinesis: true mitosis
is completely replaced by endomitosis (hypertrophy
of cardiomyocytes). To assess whether preterm
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birth will alter the time of myocardial transition
from hyperplasia to hypertrophy, we studied the
dynamics in the number of Ki67- and MkIp2-positive
cardiomyocytes in preterm rats from day 1 to day 6 of
postnatal ontogenesis.

Preterm Dbirth is not accompanied by a
compensatory increase in the number of Mklp2-
positive cardiomyocytes or a change in the
temporal pattern of Mklp2 expression in the rat left
ventricular myocardium. An isolated increase in Ki67
expression without a change in Mklp2 expression
by cardiomyocytes in the left ventricular wall of
preterm rats indicates acceleration of cardiomyocyte
hypertrophy, which may be the cause of a decrease
in the myocardial flow reserve. An increase in Ki67
expression by cardiomyocytes of the left ventricular
wall in preterm rats reflects the so-called catch-up
growth and is an adaptive response of a structurally
immature heart to an increase in the hemodynamic
load due to the birth and growth of the animal.

It should be noted that an increase in the number
of Ki67-positive left ventricular cardiomyocytes
in rats born on day 21 of gestation, compared with
the animals of the control group and the animals
born on day 21.5 of gestation, is observed already
on the first day of postnatal ontogenesis. Greater
structural immaturity of the heart may be the cause
of more pronounced morphological and functional
changes in the organ following the birth. Taking into
account short duration of the fetal stage of prenatal
ontogenesis in rats (for Wistar rats, it lasts from day
18 to day 22 of embryogenesis) and high intensity
of organogenesis during this period, it is likely that
the 0.5-day difference in the duration of pregnancy
can be the cause of a different effect of preterm
birth on the morphological and functional condition
of the rat myocardium. Further studies are required
to understand in detail the causes of the observed
differences in the effect of preterm birth on the
proliferation of cardiomyocytes in rats born 12 and
24 hours before full term.

CONCLUSION

In early postnatal ontogenesis, a change in the
pattern of Ki67 expression by cardiomyocytes in the
rats born 12 or 24 hours before full term was revealed.
An isolated increase in Ki67 expression without
a change in Mklp2 expression by cardiomyocytes
in the left ventricular wall of preterm rats indicates
acceleration of cardiomyocyte hypertrophy. Shorter
duration of the intrauterine development is associated

with more pronounced morphological and functional
changes in the rat myocardium.
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